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This thesis is concerned with the lap welding of zinc coated mild steel sheet, a process
of growing interest to the manufacturers of cars, washing machines and other

components made from sheet steel and subject to corrosion.

Conventional clamping and welding of this material results in explosive ejection of the
zinc vapour and an unsatisfactory weld. Several techniques are presented for the
removal of the zinc from the interface or the control of the zinc vapours. Of these
processes discussed in the thesis the use of a gap between the sheets to vent the zinc
vapour is shown to produce satisfactory welds. The process is modelled and tested by
experiment. The resulting welds made both by this gap technique and by welding
uncoated material were tested for fatigue, impact resistance, mechanical strength,

hardness and corrosion resistance to salt solutions.

The welds were made using a variety of lasers and the comparison in performance of

these lasers is presented.

Techniques were studied for the modification of the weld composition both by alloying
the weld ingot, coating the weld ingot or by recondensing the zinc vapour over the
solidified weld. The corrosion properties of these welds is presented together with the
corrosion of the standard welds. It was found that a corrosion resistant Zn-Fe alloy

forms at the edges of these welds which sacrificially prolongs the life of the weld.

The thesis discusses these issues in the following sequence:

1. Background to laser welding and the current technology and application of zinc

coated steel - chapter 1 & 2.

2. Description of the five lasers used in this work: - chapter 3



The Control Laser 2 kW FAF CO, laser,

The AVCO 15 kW transverse flow EB excited CO, laser,

The United Technologies 10 kW transverse flow CO, laser,

The MLI 8 kW transverse flow AC excited CO; laser,

The Ferranti 400 W slow flow CO, laser.

Description of the welding experiments and resu'ts - chapter 4 & 5.

The Techniques used were :-

Double pass welding, end edge welding, gap welding, modification of the weld
composition, welding using dimples as method of setting the gap size.

Analysis of the gap welding process - chapter 6.

Analysis of the corrosion properties of the welds made by various techniques -
chapter 7.

Conclusions and future work - chapter 8.
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Cutting kerfs using p-polarised and s-polarised beam. Where V is
cutting direction and P is plane of polarisation.

Influence of beam polarisation in welding with 5 kW laser power.
Penetration against the welding speed for p-polarised and for s-
polarised beam under same welding conditions, laser power
1.77 kW.

Weld width against welding speed for p-polarised and s-polarised
beam under same welding conditions. Laser power; 1.77 kW.

The weld microsections at various welding speeds using p -polarised
beam.

The weld microsections at various welding speeds using s - polarised
beam.

Experimental arrangement of SF/FAF oscillator amplifier,
producing pure Gauss an beam.

The Gaussian beam profile.

Weld penetration and width as function of welding speed.

The beam profile of AVCO laser.

Weld penetration and width as a function of welding speed.

Weld penetration and width as a function of welding speed.

Weld penetration and width as a function of welding speed.

The beam profile of MLI laser.

Welding speed against penetration and width for MLI laser. Laser
power;5.8 kW, sheet thickness 0.7 mm.

The beam profile of MLI laser.

Welding speed against penetration and width for UTRC laser. Laser
power 2 kW,

Melting efficiency against welding speed. Laser power; 1.62 kW,

sheet thickness 1.5 mm.



Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

5.38

5.39

5.40

5.41

5.42

5.43

Welding speed against melting efficiency. Laser power; 2kW, sheet
thickness 0.875 mm.

Welding speed against melting efficiency. Laser power; 2kW, sheet
thickness 0.7 mm.

Welding speed against melting efficiency. Laser power; 1.77 kW,

sheet thickness 0.7 mm.

Welding speed against melting efficiency. Laser.power; 2 kW, sheet
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Welding speed against melting efficiency. Laser power; 2 kW, sheet
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Welding speed against melting efficiency. Laser power; 1.54 kW,
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Welding speed against melting efficiency. Laser power; 1 kW, sheet
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Welding speed against melting efficiency. Laser power; 2 kW, sheet
thickness 0.7 mm.

Welding speed against melting efficiency. Laser power 5.8 kW,

sheet thickness 0.7 mm.

Welding speed against melting efficiency for AVCO high power laser.

Sheet thickness; 0.7 mm.

Weld penetration against 1/V for bead on plate weld. Laser power

1.60 kW.

Plot of penetration T, against reciprocal of speed, 1/V, for double

pass welding.

Penetration as function of 1/V, side jet welding technique. Laser

power 2.00 kW.

Penetration against 1/V for p-polarised and s-polarised beam under
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Plot of penetration T, against reciprocal of speed, (1/V), for
stainless steel injected weld.

Plot of penetration T, against reciprocal of speed, 1/V, for Gaussian
beamn mode.
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Multimode beam.
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Plot of penetration T, against reciprocal of speed, 1/V, for 8 kW
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Penetration against 1/V. Laser power 5.8 kW.

Penetration against 1/V for UTRC laser.

Joining efficiency against melting efficiency for different techniques
in welding zinc coated steel by using Control Laser Limited (CLL).
Joining efficiency against melting efficiency at higher power for
AVCO laser.

Joining efficiency against melting efficiency for various lasers used.
Joining and melting efficiency as a function of gap size for a constant
welding speed of 15 mm/s. Laser power, 1.00 kW.

Specimens after tensle test.

The hardness of fusion zone and heat affected zone as a function of
welding speed.

Design of box sections. Where b = 50.5, ¢ = 30 mm, and d = 15
mm.

The static collapse mode of the box section, (a) front view and (b)
side view of the same specimen.

The dynamically crushed specimen arranged from left to right with
increasing impact energy, (a) front view and (b) side view of the
same specimen.

The collapse mode affects the energy absorption capability of the box

section, (a) front view and (b) s'de view of the same specimen.
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Absorbed energy against axial deflection.

Velocity against time.

S-N diagram corresponding to each welding conditions.
View of the fatigue machine at CETIM.

Welding configurations for fatigue tests.

Fatigue life for various weld configurations (Omax = 100 M Pa).

The diagram representing the welding of zinc coated steel sheet with
a small gap at the interface between the two sheets.

The model representing (a) the points of pressure variation and (b)
the new boiling zinc position.

Photographs showing that the two sheets are pulled together due to
the escape of the zinc vapour at the interface, and due to the

condensation of the vapour.

Plot of gap, g, against Vt‘,_n/(tp)"2 shows a straight line.

Plot of experimental and theoretical results for minimum gap size

against Vtzn/(tp)"").

Micrographs showing the effect of gap size on weld profile.

Data points plotted for o/tp against AVtzn/(tp)3’ 2

3/2 for welds with

Data points plotted for g/tp against AVtzn/(tp)
different sheet thickness, and different zinc coating thickness.

The weld pool schematic during shrinkage.

Plot of g/tp against AVtzn/(tp)3 2 for three kinds of welds (i)

sound welds (ii) welds showing pitting and (iii) drop out welds.

Anodic and cathodic Tafel curves for corrosion of metal M showing
the principle of cathodic protection.

Schematic mixed potential diagram for a zinc-steel couple in aerated
salt water solution.

Mechanism of corrosion rate increase from igoyr 10 I'cory = iger ON

scribed specimen in deaerated solution.
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Schematic diagram of corrosion cell for measuring polarisation.
Typical plot for polarisation at potential close to Egqy-

Schematic diagram for measuring the flow of current from zinc
coating to the steel weld and to determine the Evans diagram.

Anodic polarisation curve for zinc coated steel sheet.

Cathodic polarisation curve for zinc coated steel sheet.

Typical data for polarisation of zinc coated steel sheet at potential
close to Ecqfy-

Polarisation resistance vs time for unwelded (UNW) and normal
welded (NRM) specimens.

Corrosion current vs time for unwelded (UNW) and normal welded
(NRM)specimens.

Rest potential vs time for unwelded (UNW) and normal welded
(NRM) specimens.

Corrosion current vs time for unwelded (UNW), normal welded
(NRM) and nickel injected weld (NKL) specimens.

Rest potential vs time for unwelded (UNW), normal welded (NRM)
and nickel injected weld {NKL) specimens.

Corrosion current vs time for unwelded (UNW), normal welded
(NRM) and stainless steel injected weld (SST) specimens.

Rest potential vs time for unwelded (UNW), normal welded (NRM)
and stainless steel injected weld (SST) specimens.

Corrosion current vs time for unwelded (UNW), normal welded
(NRM) and tool steel injected weld (TST) specimens.

Rest potential vs time for unwelded (UNW), normal welded (NRM)
and tool steel injected weld (TST) specimens.

Corrosion current vs tme for unwelded (UNW), normal welded
(NRM) and tool steel coated weld (TSTA) specimens.

Rest potential vs time for unwelded (UNW), normal welded (NRM)

and tool steel coated weld (TSTA) specimens.
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Corrosion current vs time for unwelded (UNW), normal welded
(NRM) and zinc incorporated weld (ZIC).

Rest potential vs time for unwelded (UNW), normal welded {NRM)
and zinc incorporated weld (ZIC).

Corrosion current against time of heat affected zone Fe-Zn alloy,
compared with unwelded (UNW) and normal welded (NRM)
specimen. Exposed heat affected zone 0.6 cm?2.

Rest potential against time of heat affected zone Fe-Zn alloy,
compared to unwelded (UNW) and normal welded(NRM) specimen.
Exposed heat affected zone 0.6 cm2.

Corrosion current vs time for unwelded (UNW), normal welded
(NRM) and zinc powder incorporated weld (ZPI).

Rest potential vs time for unwelded(UNW), normal welded (NRM)
and zinc powder incorporated weld (ZPI).

Current variation with time for coupled zinc coating and normal
steel weld (NRM).

Evans diagram for coupled zinc coating and normal steel weld
(NRM) after24 hr exposure.

Evans diagram for coupled zinc coating and weld with injection of
nickel powder (NKL) after 24 hr exposure.

Evans diagram for coupled zinc coating and weld with injection of
stainless steel powder (SST) after 24 hr exposure.

Evans diagram for coupled zinc coating and weld with injection of
tool steel powder (TST) after 24 hr exposure.

Evans diagram for coupled zinc coating and weld with tool steel
powder incorporation (TSTA) after 24 hr exposure.

Evans diagram for coupled zinc coating and weld with zinc vapour
incorporation (ZIC) after 24 hr exposure.

Evans diagram for coupled zinc coating and weld with zinc powder
incorporation (ZPI) after 24 hr exposure.

Current variation with time for coupled zinc coat'ng and different
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modified composition welds.

Laser welded zinc coated steel specimen before corrosion.
Intermetallic zinc-iron alloy formed at HAZ at steel-zinc coating
contact point.

Zinc coating on steel far from the weld, no evidence of intermetallic
compound.

Laser welded zinc coated steel specimen after the corrosion of zinc
coating revealed intermetallic Fe-Zn alloy (black layer).

The schematic diagram representing the formation of intermetallic
as a result of welding of the zinc coated steel sheet.

SEM analysis on intermetallic (black) layer showing the presence
of zinc-iron alloy.

The SEM analysis in Figure 7.34 on a patch showing that the

intermetallic alloy started corroding.



In 1975 the annual cost of iron loss in the world on account of corrosion was
= £ 20,000 m ; it is therefore not surprising that great efforts were made to reduce
this. One of the more common methods adopted is the application of a zinc coating and
= 2 million tons of zinc were used annually for this purpose [1]. More recent figures
[2] show that the Western world currently uses about 4.5 million tons of primary
zinc each year for various applications, and 2.2 million tons of zinc are used

worldwide each year for coatings.

Zinc coated steel is an important commercial material. It is relatively cheap
and yet due to the cathodic protection afforded by zinc it is durable. Its uses are
mainly in the automobile industry but they also extend to nearly all sheet metal

industries such as those making domestic appliances, doors and ventilating systems.

Zinc coated steel is solidly established as the choice material for combating
against corrosion in the automobile bodies. Manufacturers have for a long time used
surface-finished sheet which, plus paint, has held rust at bay. However, the demand
for rust proofing is now so strong that the undersides of cars are required to be made
of surface-protected material as well. This means above all for private cars: steel

sheet zinc coated on both sides.

The use of galvanised steel has increased from underbody members to the
exterior panels. Today most cars contain some coated steel, the type of zinc coating

will vary with location on the car. The main movement for the introduction of this




material into the standard ranges of cars has been since 1975 when consumer
pressure in the States in particular demanded a longer cosmetic life than 18 months.
Today our cars are expected to be corrosion protected cosmetically for 5§ years and

perforation protected for 10 years. This is possible thanks to coated steels.

Fortunately zinc coated steel in its many forms is doing an outstanding job of
reducing both perforation and cosmetic corrosion. It offers a two-fold corrosion
protection mechanism [3-5]. The zinc coating initially keeps the corrosive
environment away from the steel surface, should the coating become perforated and
moisture reach the exposed steel surface, the zinc coating becomes sacrificial and
cathodically protects the exposed steel until the adjacent zinc is consumed in the
electrolytic cell reaction. The protective property of zinc is not limited to its
sacrificial action but also may provide mechanical blocking of corrosion sites, such as

small cracks or gaps in the coating, by precipitation of the corrosion products of zinc.

Zinc coated steel is produced in a variety of ways, from the traditional hot dip
galvanizing, through controlled thickness electrolytic single or double sided sheet, to
multi layer deposits of Zn/Ni, Zn/Al (ZINCAL), Chrome/Chrome oxide (ZINCROX),
electrolytic Zn/Mn and even ZnCoW. Methods of coating includes hot dip galvanising,
spraying, electroplating, sherardizing, and painting with zinc rich paints; the

advantage and disadvantages of these methods have been outlined by Porter [1].

However welding zinc coated steel poses many problems due to the marked
differences in the physical and mechanical properties of the two metals. The
difficulty of welding zinc coated steel by conventional means arises from the high
surface resistance of the coating which causes overheating and splash in a
conventional resistance seam welding process. Some improvements were obtained
with preventive measures. For example, in seam welding of coated steels, the coating
was being picked-up by the electrode which resulted in a variable resistance between
the electrode and the component to be welded thereby giving rise to a variable heating

effect and inconsistent weld quality. This problem was overcome by constantly



presenting an uncontaminated copper electrode to the workpiece. However, in doing
so overheating of the copper electrode occufed and the picking up of the zinc coating

formed a series of complex brasses which led to cracking of the weld [6,7].

Other conventional techniques such as arc welding [8], shielded metal arc
welding, gas metal arc welding, submerged arc welding or oxyacetylene welding [9]
suffer from similar problems. Arc welding is particularly difficult due to the
interference of the zinc vapours with the arc stability which also reduces the
electrode life. However resistance spot welding is normally used in automatic welding
of car bodies. Approximately 80% of welds in an automobile are resistance spot welds
[4]. When welding zinc coated steel in lap configuration, the zinc at the interface
between the two sheets melts and due to the electrode pressure the zinc is squeezed out
of the weld area before the weld is formed. But this is a slow process and hence there

is a need to develop a welding system which can more efficiently weld zinc coated steel.

An alternate technique which would allow high speed welding and crack free
welds would obviously be beneficial. A possible alternate process which could be
applied for welding of zinc coated steel is laser welding. This process is of great
interest to the automobile industry. In this process, the heat necessary is not
developed as a result of the basic electrical resistance of the material but is supplied

directly from the energy of the laser beam.

Laser beams have now been used in a great variety of areas: for example they
are used to measure, to cut many types of materials and also for welding. Many of the
industries using zinc coated steel are also highly mechanised and value the
possibilities of automatic or robotic processing as well as enhancing the production
speed. These are two of the main advantages that laser offer over most competing
processes. It is thus interesting to study the possibilities of welding this material

with a laser.



1.2 Application of Lasers in Welding

The word "LASER" is an acronym for Light Amplification by Stimulated
Emission of Radiation. The laser light travels in a single direction, forming a
straight, nearly parallel beam of concentrated light which keeps its intensity, even
over long distances. Some lasers generates visible light but others generate infrared

or ultraviolet rays which are invisible.

Since lasers were invented twenty nine years ago, in 1960, the state of laser
technology has advanced to the availability of multikilowatt lasers. The development
of these lasers provide a reliable source of high average and peak powers. A laser
beam is a source of optical frequency radiation which is monochromatic (i.e of one
wave length), coherent (all waves in the cross section of the beam are in phase and

have very little divergence).

Until the 1970's, the application of laser in welding had been mostly for
precision work within the micro industry (i.e electronic components for printed
circuits) [10]. Due to the increasing powers available the lasers application in the

welding process has increased to a great extent.

More recently the automobile industry has invested in lasers for performing
welding tasks, where once electron beam welding (EBW) would have been the natural
choice. Now lasers (due to their minimum heat input) are taking over their role
frequently, where low distortion welding is called for. Both laser welding and EBW
are non-contact fusion processes in which a beam is finely focused to penetrate to a
controlled depth. The main advantages of the laser over EBW is that the laser doesn't

require a soft vacuum, also a laser can be used at more than one work station.

Lasers are now finding production line application in industrial environments.
The laser is an industrial tool capable of producing intense heat in a material during

laser-material interaction. The heat produced during the interaction can be used as



an energy source for material processing. Material processing applications for lasers
are growing rapidly. They include welding, cutting, heat treatment, surface

modification, cladding, alloying, surface marking, hole drilling etc.

The unfocussed raw output of the laser generally does not provide sufficient
power density to raise the temperature of most materials above their melting or

boiling points, but with a focussed beam rapid heating and melting can be achieved.

A general model depicting a laser processing application would include the
following:

(i) the laser,

(ii) optics to direct and focus the raw beam onto the sample being worked,

(iii) the material itself.

The parameters of the laser beam are:

(i) total power and power stability,
(ii) power distribution or "mode",
(iii) wavelength,

(iv) beam diameter.

The main characteristics of the focussing optics are:
(i) focal length,
(i) tendency to spherical aberration, cleanliness,

(i 1) location of the focus.

The main properties of the workpiece and workstation are:
(i) surface reflectivity,
(i) traverse speed,

(ii’) thermal diffusivity.



Many researchers have studied the effect of these parameters on materials

processing (for details see chapter 2).

1.3 Laser Weldin

In automotive industries, lasers are widely used in production for welding and
cutting of sheet metals. The advantages offered by lasers are speed, quality, increased
productivity and, therefore, reduced cost. Lasers provide a broader range of design
possibilities and manufacturing methods, compared to tungsten inert gas (TIG),

electron beam (EB), manual metal arc (MMA), or plasma methods.

In most welding processes the energy is deposited at the surface of the material
and is brought into the interior by conduction, but in laser and electron beam welding
the energy is deposited in a deep and narrow cavity which is created by the incident

high intensity beam.

When a laser beam is focussed onto an opaque metal surface the radiant energy

will be utilised in four principle ways:

(i) reflected,
(ii) absorbed and used in melting,
(iii) absorbed and used in vaporisation,

(iv) absorbed and used in conduction.

When a focussed beam of sufficient power is incident on a metal surface
"keyholing® occurs [11...19]. The metal is initially highly reflective for 10.6 pm
wavelength CO, laser radiation. But a small fraction of the energy is absorbed in the
metal thus heating it. As the metal gets hotter the reflectivity decreases and the metal
absorbs more of the radiation incident on it. As more energy is absorbed, the metal
heats to the point where it melts and movesby surface tension forces. As the

temperature increases, due to the interaction of the beam, vapourisation takes place.



This creates a hole in the material, called a keyhole. The keyhole acts as a black body
and absorbs all the incoming laser radiation. The keyhole is filled with metal vapour.
The pressure of the metal vapour keeps the hole open. As the substrate is moved
relative to the laser beam the keyhole moves through the material and the molten
metal flows from the front to the back of the keyhole where it resolidifies. The hole is

completely surrounded by a layer of molten metal.

The power density required to produce keyholing in metal is in the range of 103
to 105 W/mm2. At power densities below this range heating without extensive
vaporisation occurs, not suitable for welding or cutting process which require
keyholing. Above this range extensive vaporisation and particle-emission occurs

which is undesirable.

1.4 Qutline of Problem of Welding Zinc Coated Steel

However, the laser welding of zinc coated steel has always presented a problem
due to the low boiling point of zinc (906 °C) relative to the high melting point of steel
(1530 °C). This mismatch is particularly important in lap welding where a zinc
layer is present at the interface between the two sheets. Under these conditions the
laser keyhole generates a very high vapour pressure in the zinc layer and there is an
explosive ejection of zinc vapour from the keyhole which destroys weld continuity.
Thus it is of great interest to develop a method of laser welding zinc coated steel to

produce a satisfactory weld.

1.5 Materials

The materials used in this study were thin sheets of:

(i) uncoated mild steel of thickness 0.7 mm,

(ii) zinc coated steel of thickness 0.7 mm, with coating thickness 7.5 or



10pum,
(iii) zinc coated steel of thickness 0.875 mm, with coating thickness 7 .5 um,

(iv) zinc coated steel of thickness 0.55 mm, with coating thickness 10 um.

The steel substrate was a BS 1449 extra deep drawing grade (CR2) with
maximum composition limits (in weight percent) of C; 0.08, Mn; 0.45, S; 0.03, P;
0.025, Fe; balance [20]. The reason for choosing this material for investigation lies

in the wide applications of the material for automotive industries.

1.6 Research Aim bjective

The present work on the welding of steel sheets is divided into the following

sections:

1. A literature survey of the work done on laser welding by previous workers.
2. An experimental investigation to establish the optimum processing
parameters involved in the welding of zinc coated steel sheets.

Survey of methods to solve the complex problem of welding zinc coated steel.
. Comparison of the results obtained from different lasers.

A study of the quality of the weld bead obtained.

o O & W

Construction of a model to simulate vapour exhaust from the weld bead - the
gap model.
7. A study into the corrosion properties of the zinc coated sheet in the presence

of exposed weld and to find a method to coat this exposed surface.
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Chapter 2
Literature Review
\_ -
2.1 Introduction

Since a number of scientific areas are involved in this study, the literature
review is divided into two parts. The first part discusses the physics and types of
lasers and the work done on laser welding by previous workers. The second part
describes the galvanising process, types of zinc coating and the use of zinc coated steel

in automobile industries.

In the past few years laser welding has become an acceptable and reliable
processing tool for the manufacturing industry. It has found applications in areas
where conventional processes are not able to perform work because of heat input,
distortion, vacuum, location etc. Commercial laser welding systems are available
with a few watts of pulsed 1.06 um wavelength radiation from Nd-YAG laser to multi-
kilowatts of continuous (cw) 10.6 um wavelength radiation from a CO, laser. These

systems are capable of melting nearly all types of metals and alloys.

Since the development of the high power CO, laser in the sixties, laser
processing of materials has become a significantly important research field. Lasers
provide an intense heat source which is very useful for welding, cutting, cladding,
heat treatment etc. Each of these applications has now become a separate widespread
research field. Hence in this part of the literature survey, no attempt is made to
review the whole field of laser processing, but only the important aspects of CO,
lasers, laser material interaction mechanisms, and an in-depth review of papers

concerning laser welding will be covered.




2.1.1 Fundamentals of Lasers

The basic physics for producing laser light is the spontaneous emission and
stimulated emission. There are three different ways in which radiation can interact
with matter causing change in energy levels: (i) Fluorescence, (ii) Absorption and,

(iii) Stimulated emission

2.1.1.1 Fluorescence

There are several ways in which an electron can be raised from a lower to
higher energy level. Thus when this excited state is achieved, an electron may decay
spontaneously to the lower energy level even in the absence of external

electromagnetic field, emitting radiation energy.

2.1.1.2 Absorption

When light interacts with an electron lying in a lower energy level it raises the

electron to a higher energy level. Thus the incident light is absorbed by the electron.

2.1.1.3 Stimulated Emission

Stimulated emission is a reverse process of absorption. An electron in the
higher energy level is stimulated by incoming radiation of frequency v, to release its
energy and fall to a lower energy level. In other words stimulated emission results,
when during an induced downward transition, a photon 'liberates' a new photon rather
than being absorbed. The new photon has the same phase as the first photon. These
photons can generate two more photons which have the same frequency and travel in
the same direction. By this process a rapid accumulation of photons is obtained which
are in phase with the incident photon. The CO, lasers have exited states based on

molecular vibration (discussed later).
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2.1.2 Properties of Lasers

The electromagnetic radiation from a laser has very special properties such as
monochromaticity (i.e., it consists of only one wavelength), coherence and

polarisation.

2.1.2.1 Coherence

The term "coherence" describes the different parts of an assembly of
electromagnetic waves which are in phase with one another. There are two types of
coherence named as spatial and temporal coherence, which are often used to refer to
the output of lasers. Spatial coherence describes the phase relation in a plane
perpendicular to the direction of propagation, while temporal coherence describes the

phase relation in the direction of the beam.

2.1.2.2 Polarisation

The laser light travel in the form of transverse waves of electric and magnetic
vectors which are perpendicular to the propagation vector (i.e., direction of travel of
the wave). Polarisation refers to the orientation of the electric and magnetic vectors

of the photons in a beam of radiation relative to the workpiece.

The simplest form of polarisation is the plane or linear polarisation for which
the electric field orientation is constant with time, only the magnitude and sign of the
field changing. If the electric field always points along the y-axis, the wave is said to
be linearly polarised in the y-direction. Similarly if the light propagated in a given
direction consists of independent wavetrains whose plane of vibration are randomly
oriented about the direction of propagation then the laser light is called unpolarised.

In circularly polarised beams the electric vector is rotating.
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2.1.3 Types of Lasers

Lasers can be made from many different solids and liquids as well as from
gases. The method of excitation for lasing varies too; it can be by electricity, light,

chemical reaction or even another laser. The lasers can be classified as:

(1) Solid State Lasers
(2) Liquid or Dye Lasers and
(3) Gas Lasers

2.1.3.1 Solid State Laser

'Solid state' lasers are made from rods or slabs of solid, transparent material,
such as synthetic ruby, emerald, Yttrium Aluminum Garnet (YAG) and Nd doped glass.
They are excited into lasing by some energy input such as a brilliant flash of light or
just focussed intense light. These lasers have to be made from clear crystals that will
let in the light. The very first laser was a solid state ruby laser. The most common
industrial solid state lasers are Neodymium-Yttrium Aluminum Garnet (Nd-YAG) and

Neodymium glass (Nd-glass).

2.1.3.2 Liquid or Dye Lasers

Organic dye lasers have a different construction from gas or solid state lasers.
They employ liquid solutions of certain dye materials. The dye matenals are dissolved
in organic solvents, commonly methyl alcohol. Thus the active medium for dye lasers
is a liquid. Although dye lasers are not as common as either gas or solid state lasers,
liquid lasers possess unique advantages [21] for certain applications. Solid state
lasers have the possibility of damage to the active material due to thermal stress and
gas lasers have a smaller concentrat'on of active lasing atoms simply because the
atoms are much further apart, making them larger for the same power, but liquid

lasers have significantly higher concentrations of active atoms that can be varied
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easily. The laser medium is cheap and relatively damage free and is not bulky nor as
difficult to handle as a gaseous system. The important feature of dye lasers is that
they produce beams of different tunable wavelength. This happens because in a liquid
excited atoms provide a broad range of light. The laser has a prism to split this light
into narrow wavelengths and so the beam can be tuned to different wavelengths, from
near UV to near infrared. They are, unfortunately, very inefficient and currently

only operate at low power.

2.1.3.3  GasLasers

Lasers in which gases are used as the lasing medium are referred to as gas
lasers. Gas lasers can be operated continuously or on a pulsed basis; their output
frequency range varies from ultraviolet to the infrared. Depending on the nature of
the lasing medium, three types of gas lasers are distinguished: atomic, ionic and
molecular. Although there are different methods of excitation, most lasers are

usually excited into lasing by an electric discharge.

2.1.3.3.1 Advantage in Using Gas as Lasing Medium

There are many advantages [22] in using gas as an active medium. Although the
volume of the material can be large as compared to a solid active medium, there is no
possibility of damage to the material such as occurs in high power ruby and glass
lasers. The material is homogeneous so that problems involving optical
inhomogeneity that are common in solid lasers are avoided. Heat can be removed
readily by transporting the heated gas out of the region of the interaction, in fact in

suitable types of gas lasers, high power can also be achieved in this way.

2.14 Types of Carbon Dioxide Lasers

The carbon dioxide laser is by far most efficient gas laser and the most

powerful continuously operating laser. The CO, laser works in the infrared at a
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wavelength of 10.6 um [23]. A few of the industrial applications of CO, lasers are

welding, cutting, drilling and heat treatment.

There are three basic designs for CO, lasers, which are referred to as
transverse flow (TF), slow axial flow (SF) and fast axial flow (FAF). For axial flow
lasers the flow of gas, the discharge and the laser beam are co-axial while for
transverse flow lasers, the discharge, laser beam and gas flow are orthogonal to each
other. In all cases the gas is recirculated. Cooling is achieved by convection in TF and
FAF, in contrast to slow axial flow in which the cooling is achieved through the cavity

walls.

2.14.1 Lasing Action in Qo_z Lasers

The most important molecular laser uses CO, gas as its active medium. The CO,
molecule is a linear molecule and undergoes three different types of vibrational
oscillations as illustrated in Figure 2.1(a). These three vibrational configurations
are called vibrational modes, and can be represented by V,, V, and V5. V, is a
symmetrical stretching vibration (expansion and contraction), V, is a bending
vibration and V5 is an antisymmetrical stretching vibration. The gas mixture is
composed of carbon dioxide, nitrogen and helium gases. Nitrogen molecules are
excited from the ground state to the lowest vibrational state V; by collision with
electrons in the gas discharge tube. The excited nitrogen molecules collide with
carbon dioxide molecules and transfer their energy to CO, molecules because the
excited N, energy level is nearly the same energy level as the upper laser level of the
CO, molecules. This upper level vibrates in an antisymmetrical stretching mode, V3,
and the excited molecule then decays to one of the two lower energy levels, the Vs,
bending mode or, the V; symmetrical stretching mode. Laser operation then proceeds
at the wavelength of either 9.6 or 10.6 um respectively [22] as shown is Figure
2.1(b).

The addition of nitrogen and helium (gas mixture is typically 5% CO,, 18% N,
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and 50% He) considerably increases the overall power and efficiency of the laser.
The role of nitrogen molecules is to improve coupling of the energy into the upper
laser level through a collision process with the CO, molecule. The good thermal
conductivity of the helium serves to increase the laser efficiency by speeding up the
transition from the symmetrical stretch mode energy level (the receiving end of 10.6

um laser transition) to the ground level, maintaining a large population inversion.
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Figure 2.1 (a) Three modes of vibration in CO> molecule.

(b) Energy-level diagram of COs.

2.1.5 Welding Parameters

Until 1965, the laser had been used for the microwelding of electronic circuit
boards, welding inside vacuum tubes and other similar low energy applications where
conventional welding processes were not suitable. Since the development of high
power cw CO, laser, the application of deep penetration welding has also occurred.
The high power density energy beam can be used in many fields of materials

processing. Figure 2.2 shows some of the operational regimes for laser materials
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processing, plotted against power density (Watts/cm2) and interaction time
(seconds) [24]. Interaction time can be approximated to the beam diameter (D)
divided by the traverse speed (V) i.e., D/V. The regimes are welding, cutting,
drilling, cladding, etc.

When a metal is irradiated by a laser beam the processing depends upon many
factors including the characteristics of the laser light, characteristics of focussing
optics, the physical and chemical properties of the solid and nature of the ambient
atmosphere. An important asset of laser welding is the high level of control which is
available over the variables affecting the process. The weld can be tailored to meet
the exact requirements of the job and the results can be readily duplicated. These

parameters are described here.
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Figure 2.2 Operational regimes for laser materials processing [24].
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2.1.5.1 Laser Parameters

2.1.5.1.1 Effect of Laser Power on Penetration

Laser power is the single most important factor affecting the welding process.
It controls both the limit of penetration and the range of processing speeds. A
Gaussian beam has a power intensity pattern with a peak in the centre and a decline in
intensity to the edges. The power intensity distribution, I, as a function of, r, from

the centre of a Gaussian beam is given by [17]

I(r) = lex -2; (2.1)

Where |, is the intensity of the beam at the centre and r, is the Gaussian beam
radius, i.e., the radius at which the intensity has fallen to its central value by a factor
of @2, r is the radial position from the central Gaussian peak and I(r)is the laser

beam intensity at radial point r.

The relationship between power and penetration has been studied by many
workers. Baardsen et al. [25] and Lock et al. [26] showed a relationship between
laser power and welding speed. They reported that penetration increases almost
linearly with the increase in laser power (Figure 2.3 (a) & (b)). Willgoss et al.
[27] showed a relationship between laser power and penetration using 7 kW laser
power for stainless steel 316. They found a linear relationship in the power range of
2.5 to 7 kW, but below 2.5 kW beam power welding without keyhole formation

occurred, and hence a decrease in penetration was observed, (Figure (2.4)).

For a Gaussian intensity distribution, the temperature in the beam centre at

the surface of an infinite plane workpiece is given by [28]
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Where A is absorptivity, K is heat conductivity, | is beam intensity, rsis focus

radius, x is thermal diffusivity and t is interaction time.
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Figure 2.3 (a) Weld bead penetration as a function of laser power at various

welding speeds [25], (b) Minimum power for efficient welding [26].
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Figure 2.4 Penetration depth of laser welds as a functon of beam power for 316

stainless steel [27].
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2.1.5.1.2 Effect of Beam Mode on Penetration
The power distribution across the beam is referred to as the mode structure.

The beam mode structure can be represented in either symmetrical of cylindrical

symmetry by TEM,,,. Figure 2.5 shows some mode structures of the laser beam.

*0000@

o]} 02 o3 04

Figure 2.5 Transverse mode structures in cylindrical symmetry.

TEMy is the lowest order mode, referred to as the "Gaussian® mode. The
TEM,o+ mode is the so called "doughnut® mode. Factors that affect the mode structure
include the geometry of the laser cavity and optics, the gain of cavity, inhomogenities
in the laser medium, and the pumping power [29]). The affect of mode structure on
laser processing is reported by Sharp and Steen [30], and Sharp et aL [31]. Sharp
et al. showed that a higher order mode increases the width of the melted zone, but
decreases the penetration. Sharp and Steen reported that the peak temperature
distribution across the track is more uniform with the doughnut mode than with the

Gaussian mode.

2.1.5.1.3 Wavelength

Figure 2.6 shows the refladinty of varauws wmatend, as a function of
mzih of the (aswn. The shorter wavelength gives less reflectivity and
hence higher absorption of the laser beam, while the longer wavelengths are highly
reflective to a range of materials and gives less absorption of the beam and hence the

laser processing of the materials are badly affected (see also section on reflectivity).
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Figure 2.6 The reflectivity of some metals (Fe, Al), a semiconductor (Si), and
rocksalt (NaCl) as a function of electromagnetic wavelength. The data corresponds to

normal incidence and 20° C [32).

2.1.5.1.4 Effect of Spot Size on Weld Penetration

The spot size of a laser beam is one of the most important parameters in laser
processing since it determines the power intensity of the beam. Ready [33] defined
the unfocussed beam diameter as being the radius at which the power density has
fallen to 1/e of the central value while Duley [17] defined it as the radius at which
the intensity has fallen to 1/e2 of its central peak value. Ready [33] and Duley [17]

have shown that for a Gaussian beam the minimum spot size Dy is given by

D - 2Af (2.3)
t =D
or
2.4Afm (2.4
D, = 22270 )

Where, m; mode factor, Dy; focussed beam diameter, f; focal length of the lens, A;
wavelength of the incident radiation, D; diameter of beam at lens. Thus the smaller

the #/D ratio the smaller is the beam diameter. Therefore when a higher power
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density is required, a low output of TEMgg mode may be more advantageous than a
higher output power in higher order modes. For efficient welding a focussed beam
with small #/D value i.e., (F-number) and a low order mode (i.e., small mode factor

m) is desirable.

2.1.5.2 Characteristics of focussing optics

2.1.5.2.1 Focal Length

The focal length of the focussing optics also plays an important role. The longer
focal length lens gives a longer depth of focus, but reduced penetration due to a bigger
focal point. Work done by Ready [33], Seaman [34] and Engel [35] has shown that
the use of a shorter focal length lens gives better penetration as it produces a smaller
focal point and hence a higher power density on the surface of the metal. This
advantage has to be weighed against the reduced accessibility of the process (i.e., the
smaller distance between the lens and the workpiece), and a small depth of field.

Hence a compromise must be made.

2.1.5.2.2 Effect of Focal Position on Penetration

The location of the focal point position is critical to maintaining adequate power
density. Additionally, the positioning of the focal point with respect to the surface of
the joint allows the user to control the width and penetration of the weld nugget. At
the focal point, the power density is at its maximum. A knowledge of the effect of
variation in focal position relative to the surface to be welded is therefore important.
The effect of focus on penetration depth and on the shape of fusion zone has been
studied by several workers [27,34-40]. The optimum position of focus was found by
these workers to be just inside of the material. Engel [35] found the optimum
position of focus (the position which gives the maximum penetration) for several
metals (for example 1018 steel) to be in the range of 1.27 to 2.54 mm below the

surface (Figure 2.7). Wilgoss et al. [27] studied the effect on weld profile, by
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moving the focal point 2.5 mm distance each time towards the workpiece. When the

beam was focussed well above the level of workpiece surface a large "nail head"

(width broadening) with a consequent loss of penetration was observed. Too deep

focus inside the workpiece gave a V-shaped weld. Wilgoss et al. [27] reported that

an almost straight sided weld was formed with the focus 1 mm below the surface of the

workpiece (Figure 2.8). Alexander J. [36] used a 5.65 kW laser and a welding speed

of 40 mm/s. She found that the maximum penetration is obtained with the focus of the

beam 2 mm below the surface of the workpiece. Banas [38] and Eboo [40] found that

the most effective penetration was achieved with focus at the surface. Seaman [34]

suggested that the optimum position depends upon laser power.

Figure 2.7 Narrowest weld
is produced when penetration
is maximum. Laser power 1.5
kW, welding speed 50 in/min,
focal length of the lens 2.5 in,
all dimension are in inches,

material 1018 steel [35].

Figure 2.8 Transverse
profile as a function of focus
position (Material 310,
power 5 kW, speed 16 mm/s)
[27].
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2.1.5.3 Properties of Workpiece

2.1.5.3.1 Reflectivity

For an opaque solid, the fraction of the incident radiation absorbed is ¢ = 1-R,
where ¢ is the emissivity and R, is the reflectivity at normal incidence. The
reflectivity R, varies with the angle of incidence of the light on the surface, the
wavelength of laser radiation, its polarisation, and the temperature of the material.
Figure 2.6 shows the normal incidence, room temperature reflectivity of several
types of materials as a function of wavelength [32]. It is evident that for laser
processing of Si and NaCl a wavelength between 1 & 10 um is suitable and for Fe and
Al the shorter wavelength are suitable. But at the wavelength of CO, laser (10 um)
both metals are highly reflective. As the material becomes hotter, the reflectivity,
and hence, the coupling coefficient (laser intensity absorbed/incident laser intensity)
changes, depending upon the material's intrinsic optical properties at the wavelength

of the laser.

As the laser light falls on a surface it heats up the surface and hence increases
the absorptivity of the laser beam to the workpiece [32] until the laser intensity
approaches a critical value [, the absorption instantaneously rises to higher values

approaching unity and hence the laser processing efficiency increases considerably.

Herziger [41-43] showed that the reflectivity R, of a steel surface decreases
with increasing intensity (Figure 2.9 (a)). Above the critical value of the intensity
lc, R decreases sharply to a smaller value, which is often below the limit of
measurement. Simultaneously with the decrease of reflectivity R a strongly enhanced
coupling of the laser energy into the workpiece is observed. Welding depth against
laser intensity (Figure 2.9 (b)) shows that the welding depth increases at the same
value of intensity at which the reflectivity decreases. In addition to laser intensity,
the welding depth also depends upon processing and laser parameters such as welding

speed and laser power [44]. Figure 2.10 shows the welding depth as a function of
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welding speed. At a certain threshold speed the welding depth decreases sharply. This
threshold cut- off point also depends upon the beam intensity.
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Figure 2.9 (a) The measured reflectivity at different laser beam intensities show a
sharp decrease at the threshold intensity for plasma formation. (b) The welding
depth verses laser intensity demonstrate a sharp increase above a critical intensity.
The threshold of welding depth corresponds to the threshold intensity for the

formation of a laser induced plasma [42].
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Figure 2.10 Welding depth versus welding speed at various laser intensities [42].

2.1.5.3.2 Effect of Welding Speed on Penetration

The second primary control over weld penetration is provided by welding speed.

The welding speed, like power, determines under given conditions of welding the depth
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of penetration that can be achieved in the material. The relationship between traverse
speed and penetration has been reported by many workers [35,36,45,46]. The
results of penetration verses welding speed [47] are shown in Figure 2.11. It can be
seen that increasing the welding speed decreases the penetration. Merchant [16]
reported that insufficient penetration results if the welding speed is too fast and if the
speed is too low, the molten material simply falls out of the keyhole before it
resolidifies. At very low speeds there is an increased interaction between laser beam
and plasma which lessens the penetration [26]. Metzbower [48] reported the
scalability of high power laser welding for A36 steel, and is illustrated in Figure
2.12. This shows that the power required to weld various thickness of steel is a

function of welding speed.
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Figure 2.11 Laser welding 430 stainless Figure 2.12 Laser power required
steel, penetration versus speed at various for welding A36 steel at different

powers [47]. speeds [48].

Mazumder and Steen [49] showed for a particular power there is a range of
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welding speed beyond which full penetration can not be achieved. The lower speeds
give excessive melting and loss of material while higher speed gives improper
penetration. Their results for range of welding speeds against power for 6Al-4V-Ti
is shown in Figure 2.13. The range of welding speed (i.e., range between maximum
and minimum weld speed) for successful welding decreases with increasing thickness,

as reported previously by Adams [50].

Herziger [42] reported that at a certain threshold speed the welding depth
decreases sharply, which also depends on the laser beam intensity Figure 2.10. This

sharp decrease may be due to the poorer keyhole stability at threshold speeds.

Welding, speed, mm/s

Power, kW

Figure 2.13 Welding speed against power for Culham/Ferranti 5 kW CO, laser
[49].

2.1.5.3.3 Thermal Properties

During laser/material interaction light is absorbed in the material generating
heat, which causes one or more phase changes to occur. This can consume much of the
available energy. The specific heat C, density p, and latent heat L, determine the
fraction of the energy consumed. The thermal conductivity x, and thermal diffusivity
a = x/p C , determine how rapidly the heat is conducted away from the irradiated

region and the consequent temperature distribution.
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Some materials posses a combination of thermal and optical parameters
rendering them difficult to work. For example, the high thermal conductivity of
copper and aluminum removes heat very rapidly from the region of interaction.
Further, the high reflectivity of these metals in the solid state gives inefficient
coupling of the incident light into the material. Thus high power densities are needed

to obtain requisite temperature rises.

2.1.5.3.4 Effect of Gas Shielding on Penetration

During a welding operation it is necessary to blanket the weld by a shielding gas
to prevent the weld from oxidising. Helium and argon are both inert gases commonly
used in laser welding. Due to the ionisation of the shielding gas, plasma can be
produced during laser welding. At high speeds this enhances the coupling and at low

speeds the plasma thickness interferes with the beam.

Seaman [51], Bousseau & Signamarcheix [52] and Herziger [53] investigated
the effect of different shielding gases on penetration. They found that Helium gas gives
better penetration than any other gas. This was due to the higher ionisation potential
(24.6 eV) and consequently reduced absorption of radiation. On the other hand argon
increases the plasma which develops above the melting zone and also increases the
absorption of energy, hence reduced penetration is obtained at low speeds. Seaman
reported that both the composition and flow rate of shielding gas influence the depth of
penetration. The addition of 10% argon to helium is beneficial as it gives increased

welding speeds while maintaining satisfactory blanketing.

Herziger [53] reported that the flow rate of the shielding gas influences the
depth of penetration and an increased plasma absorption above the workpiece occurs at
a critical shielding gas flow rate when using argon (Figure 2.14). Thus if the
shielding gas parameters are not properly matched to the processing parameters, a
laser induced shielding gas plasma is generated. Herziger showed a relationship

between welding velocity and penetration depth with various shielding gases as shown
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in Figure 2.15. A shielding gas influence is visible at low processing velocities by

using 2kW power.
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Figure 2.15 Relation between welding
velocity and penetration depth determined

with various shielding gases [42].

A second function of the shielding gas is focussing lens protection. The lens is

close to the keyhole from which vapour and molten metal is ejected with considerable

force.

material from hitting the lens while protecting the weld.

In laser powers up to 2 kW a gas stream coaxial to the laser beam can stop this

In multi-kilowatt lasers the

ejection is more vigorous and separate shielding is requ’red for the lens and the weld.

Arata et al. [54] used a side blown gas assist jet to blow the plasma away. They found

that increase of gas fiow rate removed the plasma from the beam-metal interaction

point very effectively. The penetration depth increased with gas flow rate up to a

certain limit and gradually decreased with gas flow. Too high a gas flow rate did not

increase the penetration further but removed the molten metal, thus affecting the

weld shape and the beam hole.
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2.1.5.3.5 Effect of Gap Between the Sheets on Penetration

Engel [35,55] reported that, for lap joints, the air gaps between the pieces to
be welded severely limit the penetration and/or rate of the welding. Thus a
compressive clamping, as in Figure 2.16, should be used to maintain separation less
than 25% of the material thickness. When materials of different thickness are
welded, the thinner material should be welded to the thicker [35,55,56]. Shewell
[57) reported that for pulsed laser spot welding of lap joints the maximum gap for

ferrous and nickel alloys is 0.15 times the material thickness, and it is less for

higher conductive materials.
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Figure 2.16 Clamping and tolerances for (a) butt joint, and (b) lap joint,

dimensions are in units of material thickness t [55].

Baranov et al. [58] studied the influence of gap size on the formation and
strength of a spot lap joint in laser welding. They found that the joint strength
decreased with increasing gap, as a result of reduction of the area of the fusion zone

and of the depth of penetration of the bottom plate.

Baranov et al. [58) showed that on increasing the gap size there is a reduction

in the breaking load, P, the diameter of the fusion zone, D, and the depth of
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penetration of the bottom plate, A, (Figure 2.17). Velichko et al. [59] reported that
the dependence of the tensile strength of a spot weld on the gap width becomes less as
the depth-to-width ratio of the weld decreases (Figure 2.18), which is due to the
decrease in the fusion zone dimension as the gap increases. Baranov et al reported
that, by making the upper plate thinner the strength of the welded spots decreases, as
the gap increases. They found that, the shape of the weld poo! also dhanges at different
gap sizes [58].

For butt joints it is not necessary to level the edges of materials to be laser
welded, and sheared edges edges are acceptable if they are square and straight. Engel
[35] found that, the fit-up tolerance should be less than 15% of the material
thickness as shown in Figure 2.16. To avoid laser beam wandering, misalignment and
out-of-flatness of the parts, should be less than 25% of material thickness.
Mazumder [49] reported that, the transverse alignment should be kept within half of
the focussed beam diameter. Compressive clamping of the material is recommended,
buckling is not a problem unless the material to be welded is thinmer than 0.25 mm

[35].
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Figure 2.17 Gap size, Z, versus shear Figure 2.18 Strength of spot welded lap

stress, Py, tensile stress, P;, diameter  joints in 1Kh18NST steel versus gap

of the fusion zone, D, and depth of between the sheets. In every case the
penetration of the bottom plate, A, thickness of lower sheet was 0.5 mm, and
for steel 47NKhR + Ni joint [58]. with different upper sheet thickness

1-86 =03mm, 2-8=02mm,
3-38=0.1 mm [59].
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2.1.6 Ripple Formation During Weld Solidification

In laser welding, alloying or surface melting a flat surface 1s never achieved.
Instead, due to considerable fluid flow in the small melt poal during the laser
processing, a significant roughning called rippling [60] results (see Figure 2.19).
Hawkes et al. [61)] reported three kinds of ripples depending upon the processing
parameters: (i) a fine ripple pattern with a wavelength of around 5 ~15 um observed
at all processing speeds, (ii) a coarse ripple pattern with wavelength ~100 um, also
at all speeds, (iii) Central humping with under cutting at the sides of the track,
observed only at certain critical speeds. Hawkes [61] reported that the fine
(5~15um) ripple formed are independent of fluid flow since they were present in
almost all samples produced in wide range of processing conditions and on various
alloys with different properties. Ishizaki [62] suggested that the fine ripple pattern
which defines the solidification front may be caused by periodic oscillation of the

liquid contact angle at the solidification front.
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Figure 2.19 Surface roughness of a welding seam [66].
Many reasons put forward by researchers [36,60-65] about the formation of

coarser ripples and humping were related to fluid flow. Anthony and Cline [60]

showed that surface tension gradients generated by temperature gradients provide the
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driving force for fluid flow (i.e., Marangoni force). When a Gaussian beam irradiates
the metal surface, due to Gaussian intensity distribution, a temperature gradient
extends radially away from the centre of the beam. Under the beam, the temperature
of the liquid is at its highest and the surface tension of the liquid is at its lowest value.
As the temperature of the liquid decreases away from the centre, the surface tension
of the liquid usually increases. The high surface tension at the edges pulls the liquid
away from the centre and results in a depression at the centre and an elevation at the
edge of the molten pool. A pressure head is developed due to the height difference and
this induces a counter flow of liquid back towards the region of the lower liquid level
beneath the beam, as shown in Figure 2.20, for the steady state condition. In the
unsteady state condition, ( i.e., scan speed not equal to zero), as the solidification rate
of liquid metal is high, the liquid solidifies before it flows back to the centre and hence
results in a roughened surface as shown in Figure 2.19. According to Anthony and
Cline [60], if the laser beam speed exceeds a critical value, the liquid does not have
sufficient time to form ripples, and hence rippling from surface tension gradients can
be avoided. However, experimental evidence shows that such a critical speed does not

exist.
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Figure 2.20 A cross section perpendicular to the laser beam path through the melt

in the steady state condition [60].
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Intermittent flow of the molten trail is thought to be caused by variety of
mechanism. Copley et al. [63] suggested that the intermittent flow is due to the
periodic melting caused by variation in power coupling. The variation in power
coupling is due to the formation of a bow wave ahead of the beam that changes the beam
liquid incident angle. Moore et al. [64] considered that the variation of vapour
pressure or sometimes plasma expansion above the molten poo! depresses the liquid
surface and also causes intermittent flow of fluid. As the beam moves ahead, the liquid
at the leading edges of the pool flows back around the sides of the depression and

merges again behind it and solidifies to give the characteristic rippling pattern.

Alexander [36] reported that intermittent melting leading to ripple formation
is a result of periodic beam power fluctuation caused by the fluctuation of the power
supply unit of the laser system. Beyer et al. [66] using a cw-CO, laser found that
the ripples are formed due to the fluctuation of plasma, caused by the variation of
metal vapour density i. e., the expansion of plasma above the keyhole (see section

2.1.8 ).

Kotecki et al. [65] investigated the formation of ripples on the surfaces of GTA
spot and seam weld in thin metal sheet using high speed motion pictures. They found
that ripples were observed to form solely due to oscillation of the weld pool during
solidification. Using a high speed camera they observed that the weld pool surface
shows virtually no oscillation while the arc is on. An arc plasma exerts sufficient
physical pressure on the weld pool surface to displace liquid metal from the position
it would occupy if the pressure were absent. When the arc is shut off, the plasma
pressure on the top of the pool is suddenly removed and surface tension pulles the pool
back towards its equilibrium position. This sets the pool into oscillation. Since
solidification occurs while the pool is oscillating, the changes in surface displacement

due to oscillations become frozen into the solidified metal and appear as ripples.
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2.1.7 Weld Bead Humping and Undercutting

With the use of lasers in automotive industries it is expected to increase the
production line by increasing the welding speed of a weld. Unfortunately increasing
the welding speed leads to undercutting and humping of the weld bead. Albright et al.
[67] found that five types of weld bead exist at higher traverse speed (i) smooth
weld, (i) weld bead with cutting and regular and irregular hole formation, (iii)

undercutting, (iv) ropy bead and (v} humping.

The relationship between weld pool shape and size and characteristic weld face
surface is summerised in Figure 2.21 . Cutting and hole formation were associated
with long, full penetration weld pools. Ropy bead, undercut and humping occur when
an elongated projection, or pool "tail” develops in the back of the weld pool. Albright
found that the five characteristic weld types occupied distinct regions on a plot of
laser beam power verses traverse speed as shown in Figure 2.22. Ropy bead,
undercut and humping occurred in that order with increasing travel speeds beyond the

smooth weld region.

=——=<
Cutting
hf’.
© = 2
Hole formation
© >

Smooth weld

Humping bead

Figure 2.21 Weld pool shapes in order of increasing travel speed [67].
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Figure 2.22 Discontinuity regions in power versus travel speed for 0.01-in thick

type 304 stainless steel [67].

Bradstreet [68] found that humping is always associated with undercutting.
Undercutting occurs as a result of surface tension forces, when the weld metal
solidified too rapidly, before the groove is completely filled. While humping is a
regular series of swellings in the weld face. He proposed that humping is caused by
differences in pressure within the molten weld pool. Wealleans and Adams [69]
investigated the effect of welding variables on weld bead characteristics. They
concluded that both the surface tension and the solidification rate of the weld metal had

significant effects on the development of undercut.

2.1.8 Laser Materials Interaction and the Influence of Laser

Indu Plasma on Weldin

Unfortunately many of the materials that are of interest for laser processing
are highly reflective in the visible and infrared part of the electromagnetic spectrum
making a poor processing efficiency. But to increase the absorption of an incident

laser, a layer of high absorptivity can be deposited on the target surface {70].

When a laser beam strikes the metal surface part of it is absorbed and the rest

is reflected. A photon of laser light is absorbed by a free electron or lattice phonon.
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The energy of the photon is transferred to the electron, raising its speed or energy
level. This collides with the lattice nuclei and phonons causing them to vibrate, which
we detect as heat. The heat is then conducted into the material. When the surface
reaches the melting temperature, a liquid interface propagates into the material. With
continued irradiation, the surface begins to vaporise and a "keyhole” is generated. If
the laser intensity is high, absorption in the vapour leads to a high temperature

plasma, which may seriously interfere with the beam.

In general, the definition of a plasma is a gas of free positive and negative
charges, a condition probably reached before the absorption of the laser radiation.
However this point is not critical because the life time of free charges in an
atmosphere of gas is very short. Thus the free charges must be generated at a rate
sufficient to produce a free charge density which will absorb the laser radiation.
When this occurs the plasma is said to be initiated which simply refers to its

observability on a microscopic scale.

As the plasma begins to absorb laser radiation, the temperature of the plasma
increases. A pressure wave is generated which moves along the laser beam axis. As
the plasma continues to absorb energy and with increase in temperature it begins to
move into the surrounding region via rad ation along the beam axis with a velocity of
105 cm/s [41]. These conditions describe a Laser Supported Absorption (LSA) wave
[71-72). Dixon and Lewis [72] using a 400 Watts pulsed Nd-YAG (1.06 pm
wavelength) found that at low power the plasma requires a longer initiation time and
with the increase in power the plasma inihation time decreases. Also with the help of
high speed photography they found that multiple plasmas exist during one laser

welding pulse of 7.8 m sec pulse and at 325 Watts of power.
The plasma additionally absorbs the laser radiation and re-rad ates the energy

at shorter wavelengths with the shorter wavelength radiation absorbed by the

surface, thus increasing the coupling of energy into the surface. This laser-induced,

36



surface initiated vapour-breakdown plasma is generally referred to as a Laser
Supported Absorption (LSA) wave. The extreme cases of the LSA wave can be defined
according to penetration depth T = 1/a (a Is absorption coefficient) of the laser
radiation into the induced plasma [73]. In the limit (T — <o) the induced plasma is
essentially transparent to the incident radiation corresponding to a weakly ionized
vapour state. In the limit (T - 0) the incident radiation is fully absorbed within a
thin layer of induced plasma, thereby, completely shielding the workpiece from
further energy coupling. The absorption of all incident radiation in this thin plasma
layer, with subsequent explosive propagation away from the surface is referred to as
a Laser Supported Detonation (LSD) wave. In an intermediate region between both the
extreme cases occurs what Is referred to as a Laser Supported Combustion (LSC)

wave with enhanced coupling of the beam energy into the surface (Figure 2.23).

CONDUCTION

Figure 2.23 Laser supported combustion (LSC) wave [71].

For low intensities an opaque plasma is observed which is confined to the
surface region towards the laser. The plasma improves the energy coupling [42] into
the workpiece by heat conduction, optical radiation, and beam lensing changing
altogether the beam distribution and the beam power in the interaction zone. With
increasing intensity the degree of ionization is also increasing and the attenuation of

the incident laser radiation by the laser induced plasma is growing [44].

For high intensities the plasma plume starts to decouple from the surface

(Figure 2.24) because of the attenuation so that little laser energy is delivered to the
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workpiece surface. After complete decoupling, the optically dense plasma plume
completely shields the workpiece surface i.e., the vaporisation and consequently, the
processing is interrupted [74]. Since the substrate no longer supplies incandescent
particles, and the plume begins to dissipate, yielding an optical thin plasma, its
attenuation effect is dimimshed. In addition the plume has propagated back towards
the laser to a position where the intensity is lower. The transparency of the plasma

plume becomes higher and plasma ignition starts again.
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Figure 2.24 Framing images of the plasma formation above a steel surface at

different intensities of a pulsed CO, laser (interframe time 50ns). At laser

intensities above 2 x 107 W/cm2 the plasma detaches from the target [74].

The laser induced plasma changes dramatically the processing conditions. In
the limit of weak absorption the plasma plume changes the original beam geometry.
In the limit of strong absorption the plasma substantially absorbs the incoming
radiation. In either case, the processing is no longer controlled by the laser
parameters, but rather by the generated plasma plume influencing the processing
results and - by optical feedback - intensity and mode structure of the laser itself.
The working process may become totally irregular. In particular the welding of zinc
coated steel is prone to plasma blocking problems due to the ready generation of

plasma.

Figure 2.25 shows a processing diagram for laser welding [42]. The dotted
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line, which is in agreement with experimental observations, is the calculated critical
intensity for a laser induced plasma near the processing surface. The straight line for
plasma shielding has been taken from investigations of high-speed photography. The

shaded region shows the optimum laser parameters for high efficiency machining.
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Figure 2.25 Processing diagram showing the calculated threshold intensities for

plasma formation and plasma shielding [42].

In laser welding, the penetration depth can be increased considerably if the

laser induced plasma is adequately controlled by aerodynamic or other measures [75].

The interaction of high power laser radiation with metals and other solids is
capable of providing industry with a variety of novel and useful processing tools.
However the overall efficiency of this new technology is limited in many instances, by

difficulty of obtaining effective coupling between incident laser radiation and the
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workpiece. High reflectivity, plasma shielding and gas absorption all conspire to
reduce the overall coupling of laser radiation to solids and particularly to metals. At
room temperature most elemental metals and alloys absorb less than 10% of incident
radiation of wavelength 10.6 um, the wavelength of CO, laser, so that some 90% of
incident laser power is wasted unless steps are taken to artificially reduce sample
reflectivity. During sample processing the ejection of material from the laser

interaction region may create a plasma that can also absorb incident laser radiation.

During the welding process the laser induced plasma is formed at beam
intensities above 10° W/cm2. The plasma consists of metal vapour. The value of
metal vapour density is an important factor in plasma formation and plasma
absorption. The metal vapour density ny(t) can be calculated by a model developed by
Krokhin [76] and Afanav'ev [77]. The model was slightly modified to take into
account power losses by thermal conduction [78]. The vapour density, ny(t) is given

by
J21t TK/r
Al - v f
n,(t) =Const. tan"z?'d (2.5)
f

Where A; absorptivity, I; laser intensity, T,; the temperature of vaporisation,
K; thermal conductivity, r;; focus radius of the beam, x; thermal diffusivity, t;
interaction time. Typical values for ny, are between 10'8 (cm-3) and 10'® (cm-3).
During laser processing the material is evaporated from the surface of the material
producing free electrons, these free electrons form the plasma. Electrons inside the
interaction volume are accelerated in the laser radiation field by inverse
Bremsstrahlung until the kinetic energy is as high to ionize the ambient gas or
metallic vapour increasing the number of electrons by avalanche ionization [79].
Thus the vapour density is essential for the formation of laser induced plasma, which
is determined by the power density distribution and the power losses by heat

conduction.
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Beyer et al. [66,78], using a cw CO, laser for welding of metal found that the
visible plasma was not constant. By looking at the plasma with a high temporal
resolution, a strong fluctuation was visible (Figure 2.26). During this fluctuation
the plasma disappeared completely for a time of 0.2 ms. There exist two reasons for
the fluctuations of the plasma, one was the laser power fluctuation and the other was
the variation of metal vapour density. But using a laser with small fluctuations only
the second reason was of interest. Thus the fluctuation in the plasma was found to be
due to the variation of the metal vapour density. This happens if more or less molten
material moves into the cross-section area of the laser beam inside the vapour

capillary (keyhole).

P = 2kW I~105wem2 v=60mm/s
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Figure 2.26 Streak photograph of the laser induced plasma during the welding

process with a cw CO, laser. Strong plasma fluctuations are visible [66].

Using an Ar-laser beam reflected from the melt pool just after the keyhole,
Beyer et al. [66] measured the frequency of oscillation of the moiten metal. They
found it to be in the range of some hundred cycles per second. They related it to the

surface rippling of the weld seam which is also some hundred cycles per second.

2.1.8.1 Dynamic Behaviour in Laser Welding

Gatzweiler et al. {80] presented a model of dynamic behaviour in laser beam
welding. They found that the plasma fluctuations (Figure 2.26) and the sound

emission (Figure 2.27) reflect the pressure variations in the keyhole.
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The plasma expands only for overcritical outflow because in this case the
pressure pg (Figure 2.28) is higher than the pressure p, in the environment. As the
ratio of p, to pg for overcritical outflow is constant, a higher internal pressure
results in a higher overpressure at the exit as well as a higher mass flow rate out of
the keyhole. The consequence is a broader expansion of the plasma, a higher change of
pressure and an increased height of the plasma. The outflow plasma reaches the
maximum of its width at a certain distance above the workpiece. Due to the short

influence of this high pressure it does not destroy the keyhole.

In the Figure 2.29(a), the recoil pressure is lower than the capillary
pressure and the convective heat transport is reduced. The temperature and the
thickness of the melt at the front increases. With increasing temperature, the
evaporation rate increases exponentially. If the pressure is superior to the capillary
pressure, after a certain time delay, the melt moves from front to rear. The metal
vapour density is superior to the critical value and a plasma develops (Figure
2.29(b)). The increasing pressure results in an increase of the mass flow rate out of
the keyhole as well as of the rate of condensation of atoms and recombination of ions
and the volume of the keyhole. These three factors and the convective heat transport,
which reduces the evaporation rate, also reduces the density of the atoms and ions and

thus the pressure.

The decrease of pressure results in a drop of the mass flow rate, the rate of
condensation and recombination and after a certain time also of the volume of the
keyhole. Moreover depending upon the pressure of the processing gas, it penetrates

into the keyhole (Figure 2.29(c)).
In the case of full penetration welding, if the average pressure in the keyhole is

low, the keyhole opens at the bottom side . This opening is reduced or closed if the

internal pressure increases because the pressure forces melt to the bottom side.
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Figure 2.27 Radiation and sound emission measured during welding with 100 Hz
pulse frequency. At the begining of the laser pulse, several metal vapour fluctuations
as well as the plasma fluctuations detected, go hand in hand with the pressure

variations [80].

P; : Internal Pressure
Pe : Pressure at the Exit
P, : Pressure in the Environment

Figure 2.28 Schematic representation of the keyhole [80].
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Figure 2.29 Dynamic model for penetration welding [80].

2.19 Conventional Processes for Welding Zinc Coated Steel

While imparting excellent corrosion properties to steel, zinc coatings can
adversely affect the weldability of steel. When galvanised steel sheets are brought
into the welding process, special adjustments have to be made to the resistance and gas
shielding conditions to get we ding results on a par qualitatively with those obtained
from non-galvanised materials. Moreover the protective gas nozzle has to be cleaned
after a certain number of welds to ensure that the flow of gas from the nozzie will
remain uniform and the weld will be properly covered with protective gas. Some of

the processes used at present are briefly described here.



2.1.9.1 Shielded Metal Arc Welding

Shielded Metal Arc Welding (SMAW) is an arc welding process in which
joining of the metals is produced by heat from an electric arc that is maintained
between the tip of a covered electrode and the surface of the base metal be ng welded
[81]. A sketch of the shielded metal arc welding process is shown in Figure 2.30.
Shielded metal arc welding of galvanised steel is accomplished with similar
procedures and amperages to those for uncoated steels, however, certain manipulation
of the electrode is useful in vapourising the zinc coating ahead of the weld pool.
During welding, repeated, intermittent movement of the welding arc ahead of the weld
pool will melt and vaporise the zinc coating. This procedure reduces porosity by
" decreasing zinc vapour entrapment, and also lowers the probability of zinc

penetration cracking.

Nielbock [82], using 0.8 mm electrogalvanised and hot dipped galvanised sheet,
found that the zinc evaporated from the overlapped joints escapes through the molten
puddle resulting in the deterioration of the weld and affecting the arc welding process.
He found that the zinc if trapped in the melt causes porosity formation. Nielbock
reported that welds free of porosity can be made at the expanse of reducton in the
welding speed. The slower welding speeds accompanied by an increase in the energy of
expansion promotes the evaporation of the zinc layer in the immediate neighbourhood
of the electric arc ahead of the melt, so that less of the vapour has to escape through
the melt. He found that the welding speed has to be reduced with the increase in zinc

thickness for optimum welding.

2.1.9.2 Gas Metal Arc Welding

Gas Metal Arc Welding (GMAW) is an electric arc welding process that
produces joining of metals by heating them with an arc established between a
continuous filler metal (consumable) electrode and the workpiece [83]. A sketch of

the process is shown in Figure 2.31. Shielding of the arc and the molten metal is
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usually obtained by argon or helium gas. Owing to the use of inert gas the GMAW
process is also called Metal Inert Gas (MIG) welding Gas metal arc welding of
galvanised steel is conducted with similar procedures to those for uncoated steel,
however, the travel speed must be decreased to allow for vaporisation of zinc ahead of
the weld pool, and larger root openings must be used to allow zinc vapour to escape.
Gregory [8] found that a large amount of spatter is evolved when MIG welding

galvanised steel.

Welding with silicon deoxidised filler increases the probability of zinc
penetration cracking while low silicon wire has low cracking susceptibility. Using
CO, shielding and short circuit transfer, spatter is increased when welding galvanised
steel as compared to bare steel. Spatter adherence can be reduced by spraying the gun

and workpiece with an antispatter compound prior to weld'ng.
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Figure 2.30 Shielded metal arc welding. Figure 2.31 Gas metal arc welding.

2.1.9.3 Submerged Arc Welding

Submerged Arc Welding (SAW) is an arc welding process in which joining of
metals is produced by heating them with an arc between a bare consumable electrode
and the workpiece, the arc being shielded by a blanket of granular, fusible material
placed over the welding area. This process differs from other arc welding processes
in that the welding area, including the arc, is covered by the granular, fusible

material. Figure 2.32 is a skeich of the SAW process.
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As for the previous two processes, submerged arc welding of galvanised steel
utilises similar procedures compared with similar welding of uncoated steel. A
typical joint configuration, if the joint faces are galvanised, is a 70° V-groove with a
0.66 mm (0.026 in) wide root face to allow for escape of zinc vapour. Similarly,
when welding a square groove joint with galvanised faces, a root opening of 1.5 mm to
3.3 mm (0.06 in. to 0.13 in.) will alow zinc vapour to escape an unbacked joint.
However, the quality of the weld will remain dependent of current, travel speed and
Z'nc coating thickness. Typical problems include an irregular weld bead face and slag
removal is usually more difficult when compared with welding bare steel. Suggested
root openings for fillet welds are similar to those previously mentioned for square

groove welds.
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Figure 2.32 Submerged arc welding. Figure 2.33 Oxyacetylene welding.

2.19.4 Oxyacetylene Welding

This process employs the use of a fuel gas combined with oxygen as a heating
medium. The oxyacetylene welding process, owing to its high flame temperature is
the most commonly used gas welding process. Figure 2.33 is a sketch of the
oxyacetylene welding process. The use of flux may or may not be required, depending
on the degree of the protection of the weld needed during welding. The low heat input
inherent with this process produces a relatively large heated zone, therefore, zinc

vapourisation is also quite widespread. This results in exposure of the underlying
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steel after which welding can proceed in the same manner as for bare, low carbon

steel.

2.1.9.5 Resistance Spot Welding

Figure 2.34 shows the sketch of the resistance spot welding process. In most
automotive industries the method of resistance spot welding has been widely used.
Resistance spot welding is idealy suited for joining sheet materials and is well
adapted to mass production industries. In addition, operating costs for this process
are relatively low. The American Welding Society defines Resistance Spot Welding as;
"A resistance spot welding process wherein coalescence at the faying surface is
produced in one spot by the heat obtained from the resistance to the flow of electric
current”. Ideally the point of highest resistance, that is the point where the most heat

is generated, is at the faying surface [4].

In resistance welding, much work has been performed on the effect of material
parameters [84-87], process parameters [88-95], electrode life, configuration and
composition [96-97]. Production of a satisfactory weld will depend upon the amount
of current and local electrical resistance [88-90]. More welding current is needed
when spot welding galvanised steel than would be required for the equivalent thickness
of uncoated steel [86]. This is a general feature of all coated steels and has been

attributed to the physical properties of the coating interfaces.

For uncoated sheet joined in lap configuration the copper elecirode to steel has a
low resistance while at the steel to steel faying surfaces the contact resistance is high
which produces ohmic heating at the desired location. In the case of galvanised steel
the low melting point of zinc results in the early melting either at the electrode/sheet
interface or at the sheet/sheet faying surface. The pressure applied by the electrodes
causes displacement and spreading of the molten zinc resulting in increased contact
areas and shunting of the welding current. Alloying of the electrode fip due to repeated

contact with the molten zinc causes rapid deterioration and changes the electrical
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properties and effective area of the contact surface. Higher electrode temperature due
to the necessary increase in current (shunting) clearly increases the rate of

electrode damage.

The higher melting point and electrical resistance and lower activity of the
intermetallic compounds in zinc-iron alloy coatings are more favourable to electrode
life [85,98]. In fact the welding behaviour of sheet coated on both sides with the
zinc-iron alloy approaches that of cold rolled steel. Experience has shown that for
welding zinc coated steels, the welding current (for constant time) has to be increased
by 20 to 30 % and the electrode force by 20%. Electrode life may be decreased by
50% or more based on a conservative estimate of 10,000 welds on bare steel
[91,99]. Spot welding calls for special precautions because of the reduction in

electrode life.

2.1.9.6 Resistance Seam Welding

In resistance welding, contact resistance is considered to be an important
factor. It is quite possible that during the welding operation, the electrode/steel
resistance may be changed due to a progressive chemical reaction between the surface
film and the electrode material. Seam welding of coated steel presents problems of the
coating being picked up by the electrode. This pick-up results in a variable
resistance between the electrode and the component to be welded thereby.giving rise 1o
a variable heating effect and inconsistent weld quality. The problem of electrode
pick-up is overcome by constantly presenting an uncontaminated electrode to the

workpiece. In case of laser welding no such problems are encountered.

It is generally considered that the resistance seam welding of coated steel is a
critical process requiring very closely defined operating limits. A sketch of the seam
welding process is shown in Figure 2.35. As with resistance spot welding, the major
problems encountered are the avoidance of electrode pick-up and difficulties in

determining optimum welding conditions. In forming a seam weld, the electrodes are
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subjected to a more severe mechanical and thermal treatment than during spot
welding. It is also more difficult to effectively water cool seam welding electrodes.
Consequently, conventional seam welding practice is not recommended for the welding
of most coated steels, particularly if zinc coated, because of the problems of excessive
contamination of the electrode wheels, thus resulting in the need for excessive wheel
maintenance. However certain modifications to the basic system were made to enable
satisfactory resistance seam welding [6,7]. In resistance seam welding, a spring
loaded scraper device is located ahead of the rollers to remove any heavy build-up of
coating on the roller electrode. In some cases the electrode/sheet resistance is
maintained constant by feeding a copper wire between the electrode wheels and the
sheet surface. By this method any coating pick-up is continuously removed on copper
wire and the weld is effectively made by "clean™ electrodes at all times. Figure 2.35

shows the seam welding using wire roller electrodes.

Resistance welding requires access to both sides of the workpiece, while lasers
can weld from a single side. The electrodes mark both pieces, causing cosmetic
problems. Electrode maintenance is required because they oxidise and pick up metal

from the workpiece. Lasers can lap weld sheet metal without contact.
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Figure 2.34 Resistance spot welding. Fgure 2.35 Resistance seam welding.
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2.1.9.7 fon Weldin

In this process, current concentration is achieved by shaping the workpiece so
that when two halves are brought together in the welding machine current flows
through limited points of contact. A projection is raised in one sheet (as shown in
figure 2.36) of a lap joint through which the current flows to cause local heating and
collapse of the projection. Both the projection and the metal on the other side of the

joint with which it makes contact are fused so that a localised weld is formed.
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Figure 2.36 Projection welding process.

Thorne et al. [100] utilised a high current short duration energy pulse which
concentrates the heat generated at the weld interface and did not allow the heat to be
dissipated before the projection collapsed and the weld nugget was grown. Total heat
input to the weld was minimised due to the lack of losses because of the short time of
welding. Fast follow-up of the welding electrode is essential due to the rapid collapse
of the projection. If the follow up speed is insufficient, the actual weld force will

decrease to the point where severe expulsion occurs and the weld quality is lost.
Jessop and Roswell [101] studied the projection welding of m’ld steel and zinc

coated steel (both hot dipped and electrogalvanised). They found that with mild steel,

heating occurred in the sidewalls causing the projection to collapse. Heat also
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generated at the interface and thus the total heat generation resulted in melting the
whole of the projection and surrounding metal giving a fusion weld. With the hot
dipped and electrogalvanised steel, heat was likewise generated at the interface and at
the projection sidewalls, but when the projection collapsed no melting of the steel
occurred. They found that the molten zinc which formed around the periphery of the
weld shunted the current and thereby limited the heat generated. To avoid this the
weld must be made before the sheets get close enough for the zinc to shunt the current.
At high heat conditions severe expulsion of zinc and steel occurred which resulted in a
cavity at the centre of the weld and the high current density in the sidewalls causes

them to shear.

2.1.10 High Energy Density Welding

These processes employ power densities which are significantly higher
than conventional welding processes. These include plasma arc welding, electron

beam welding and laser welding.

2.1.10.1 Plasma Arc Welding

Plasma Arc Welding is an arc welding process in which fusion is produced by
heating with a constricted arc between an electrode and the workpiece. Figure 2.37
shows a sketch of the plasma arc welding process. It is similar to the gas tungsten arc
welding in that a tungsten electrode is also used. However owing 1o the converging
action of the orifice gas nozzle, the arc in the PAW process is more constricted than
GTAW process, and consequently welds produced are narrower and deeper. No data has

been available for welding zinc coated steel with this process.

2.1.10.2 Electron Beam Welding

This is a high energy density process that accelerates a beam of electrons onto a

workpiece (Figure 2.38). Tremendous heat is generated in a small volume,
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Figure 2.37 Keyhole welding with Plasma arc process.

generating a keyhole and producing deep penetration welds. The primary disadvantage
of electron beam welding is that high vacuum is required to prevent beam scattering.
Production parts must shuttle through air locks, which slow cycle times and are a
major maintenance problem. Non-vacuum electron beam welds may be performed,

but are not as well focused due to scattering.

Secondary problems include magnetic deflection and X-ray emission. Since
electrons are charged, they are deflected by magnetic fields, requiring electron beam
welded parts to be demagnetised. Emission of X-rays, strongest at the highest
voltages, requires radiation shielding for personnel protection. Lasers can perform
an equivalent weld, within their range, without vacuum chambers, demagnetisation,
or X-ray shields. Electron beam welding of zinc coated steel is virtually impossible
due to the additional problem of maintaining the vacuum. To-date no data has been

available for welding zinc coated steel using an electron beam.
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2.1.10.3 Laser Beam Welding

A simple diagram of the laser welding process is shown in Figure 2.39. The
galvanised sheets must have a certain width for producing part of the car in certain
single press operations. Since this material is produced in Europe only in a certain
limited width, CO, lasers are used to produce the necessary size of the sheet by
welding two parts together. Lasers have been used by many researchers [102-106]
fo weld zinc coated steel in butt configuration for the above mentioned purpose without
any difficulty. But the problem arises in the welding of galvanised steel in lap
configurations (see section 1.4). Many authors [107-113] working on the welding
of the galvanised steel in lap configuration, found that a gap between the sheets is
necessary for welding with laser. Heyden et al. [113] using a pulsed laser predicted
that no gap is needed for welding zinc coated steel if the pulse frequency is matched

with the volume of the evaporated zinc.

Decker et al. [114] studied the influence of surface layers on the metallugical
properties of laser beam welds. Using zinc coated sheets, nontof the coating elements

was found in the welding material.

cathode
focussing
. mirror
focussing O deflection laser generation “
lens :
A coil K ~
| 7 mirror
IONON
r workpiece =—g,
workpiece vacuum L —1
pump = R =

Figure 2.38 Electron beam welding. Figure 2.39 Laser beam welding.
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2.2 Materials

Sheet steel is the main material used for the construction of the body of a motor
vehicle. Steel is relatively cheap, has good mechanical properties, and can be
economically formed to make parts with complicated shapes. The parts can then be
welded to form a compiete car assembly. Over the past few years the car industries
has increased the use of zinc coated steel due to consumer pressure requiring car

bodies to be durable, economical and corrosion resistant.

Car manufacturers are aiming to guarantee cars for 5 years against cosmetic
corrosion (on the outer surface of the car body) and for 10 years against perforation
corrosion (propagating from the inner surface of car body) [115]. This challenge is
particularly difficult to meet in regions where salt damage may occur as a result of
snow-melting agents that are sprinkled on roads to ensure safe traffic in the winter.
To meet this challenge the automotive industry has dramatically increased the usage of

zinc coated steels.

It is estimated [5] that approximately 40% of the world production of zinc is
consumed in hot-dip galvanising of iron and steel, and this adequately demonstrates
the worldwide use of zinc as a protective coating. The success of zinc can be largely

attributed to ease of application, low cost and high corrosion resistance.

2.2.1 Galvanising

The application of a zinc coating on steel is termed ‘galvanising’. Galvanising is
one of the oldest, simplest and generally the cheapest method used for the protection of
steel against corrosion. The term "galvanising” is derived from Luigi Galvani who was
Professor of Physiology at the University of Bologna, italy during the second part of
Eighteenth century [116]. It was Galvani who discovered the first chemical process
for generating electricity. Galvani found that by dipping two dissimilar metals into an

electrolyte and connecting them electrically, a current flowed between them. Zinc
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behaves in this manner when coupled to steel and provides sacrificial protection to

steel (see section 7.1.1).

2.2.2 Application of Zinc Coating on Steel

Zinc coatings can be applied by a range of techniques that afford varying
degrees of protection and serve different technical requirements. The actual
structure and composition of zinc coatings depends upon the method of deposition.

There are five common methods for the application of zinc to steel:

(i) Hot dip galvanising, (ii) Electrogalvanising (Electroplating),

(iii) Metal spraying, (iv) Sherardising and (v) Zinc rich primers.

The methods of application of zinc have been investigated by many researchers

and are described briefly here:

2.2.2,1 Hot Dip Galvanising

The coating on galvanised material is appied by immersion in molten zinc.
Figure 2.40 describes the process diagrammatically. Details of the method have been
described elsewhere [1,5,117-122]. The steel strip is passed through a molten zinc
bath at about 450-480 °C. A reaction [119] takes place between solid iron (or steel)
and molten zinc which forms an alloy of (Zn/Fe) at the contact line. A small amount
of aluminium (0.1-0.3 %) is added to the molten zinc bath to depress the formation

of zinc-iron alloy on the steel surface.

When the strip is galvanised it is drawn continuously through the bath and on
emerging is passed through rolls or an air jet to remove excess zinc. The actual
thickness of the coating depends upon the time of residence of the steel strip in the
molten bath. The thickness is controlled by means of air knives before the zinc

solidifies.
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Figure 2.40 Hot dip galvanising process.

2.2.2.2 Electrogalvanising

Electrogalvanising is one of the important methods for producing coated strips.
Many researchers [115,122-125] have described the process, hence, complete

detail is not necessary here.

The metallic strip is passed through a solution of flowing zinc salt (ZnSO4 or
ZnCl,) i.e., through a plating cell. The steel strip is made the cathode of the cell
(Figure 2.41), so that metallic zinc is deposited at the exposed surface of the strip.
The cell is lined with zinc anodes. The zinc anode dissolves replacing the metal lost at
the cathode. The overall process is metal (zinc) transfer from anode to cathode via
the solution. The main cathodic process is usually the reduction of dissolved ions to

metal in the form of an adherent and coherent coating.

This process occurs at rather low temperature (50-75 °C) so that no alloying
effect with the substrate and no heat treatment of the steel will occur. The deposited
thickness is easily controlled by the number of coulombs passed per square meter,
and binary alloys (or even ternary alloys) may be obtained by making use of suitable

bath compositions and electrolysis conditions.
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Figure 2.41 Electrogalvanising process.

2.2.2.3 Zinc Spraying [1, 5]

In this process, zinc powder is mixed with a stream of combustible gas or air.
The stream is fed into a central nozzle, surrounded by an annular orifice. The orifice
is fed with a fuel-gas and oxygen mixture which would give a blow-pipe flame on
ignition. The passage of the powder through the flame results in the melting of most of
the particles. Compressed air or other gas is fed through a second annular orifice
surrounding the gas ports, with the result that the molten powder particles are

projected forward as in the molten metal process.

Besides zinc powder, a wire can also be used. The wire 1s fed axially into a

blow-pipe flame where it melts and a jet of compressed air atomises and sprays it.

2.2,2.4 Sherardising [1, 5]

In this process an iron or steel article is packed in a powder containing zinc
dust and a dilutent such as silica or sand. The powder and the articles are then placed
in a steel drum which is slowly rotated while the temperature is ra sed to between
350 and 400° C, i.e., below the melting point of zinc. The temperature is maintained
for 3 10 hr depending upon the size of the components and the coating thickness

required. Usually, rapid cooling is obtained by removing the drum from the furnace
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and spraying it under a water jet while rotating slowly.

2.2.2.5 Zinc Rich Primers [2, 115, 126]

A typical zinc rich primer is produced by mixing very fine metallic zinc
powder into a resin system to develop a complex film. Zinc rich primers, such as
Dacrometal and Zincrometal are also available. In the Dacromet process, the metallic
coating is obtained from lamellar zinc in suspension in an aqueous chromic solution
containing organic compounds. After curing at a rather high temperature (300° C),
most of the organic species are removed and the protective layer contains mainly zinc
and chromium oxide, thus providing a weldable primer layer. The Dacromet system

on steel is called Dacrometal.

At present a continuous strip coating can be obtained by a method based on two
layers: the first is the Dacromet layer about 2 um thick baked at only 150 °C, while
the second layer is of Zincromet, a zinc-rich resin designed to allow resistance
welding and to protect the Dacromet layer during forming, the whole system being

baked at 260 °C.

2.2.3 Additional Properties of Galvanised Steel

The corrosion performance of the coating is only one of a number of factors
which must be considered before a particular coated steel is chosen for a specific
application within the car body. A coating must also have the adhesion and flexibility
to withstand deformation when formed into sub-assembled parts by roll forming or
stamping operations. Since the end user must further assemble these coated parts,
the coating system must be weldable. The coating must also be compatible with

conventional topcoat or exterior finish coatings.
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2.2.3.1 Formability

Galvanised steels in general exhibit somewhat different base metal and surface
characteristics in comparison to cold rolled mild steel that they have replaced.
Surface effects play an important role in its forming behaviour. The electro-
galvanising variables have a considerable effect on the surface topography and large
differences may exist between products. The surface roughness difference between
coatings may result in significant variations in press performance for materials of
similar base metal properties. Increased tooling/steel friction may result from
coarser deposits unless an adequate lubrication practice is followed at the stamping
plant. Successful use of galvanised steels for formed automotive panels requires good
tooling maintenance, adequate lubrication and particular attention to the stamping
operation. Major gains in formability of the galvanised products can be obtained by

the reduction in the carbon content of the base steel [127].

2.2.3.2 Weldabili

The automotive industry widely employs welding in the joining and assembly of
components. The weldability of the steels and the safety of the welded joints are
important considerations affecting the development of automotive steels. Production
of a satisfactory weld by spot welding will depend upon the amount of current and local
electrical resistance. For welding zinc coated steels, the welding current (for
constant time) has to be increased by 20 to 30 % and the electrode force by 20%.
Electrode life may be decreased by 50%. The weldabilty of galvanised steel using

different methods is already discussed in section (2.1.9).

2.23.3 Paintability

For the protection of exterior surface of automotive body panels two side coated

steel is required. For the exterior surface, the paint adhesion is as important as

corrosion resistance. The alloy side of the one and a half side galvanised steel (1-1/2
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SGS) product (Figure 2.42) has proven to be desirable for exterior panels because of
its smooth surface, superior paint adherence and corrosion resistance (both cosmetic
and perforation). The porosity of the alloy surface provides a high efficient

mechanical keying of the paint system primer.

2.2.3.4 spha

Sheet steels, whether coated or uncoated, are normally given a phosphate
treatment by automobile manufacturers as a pretreatment to the subsequent primer
painting, for corrosion resistance and adherence of paint coating. Compatibility of
this treatment to the precoated sheet has to be borne in mind while selecting a
particular precoated sheet. Zinc phosphate coating on bare cold rolled surface
essentially consists of hopeite {Zng(PO4)>.4H,0}, and phosphophyllite
{ZnyFe(PO4)2.4H,0 crystals [128,129]. With respect to zinc coated sheets, no
formation of phosphophyliite takes place, because phosphophyliite is produced on Fe-
Zn alloy when the Fe content in the alloy coating is more than 28% [129). These
crystals gives a better paint adhesiveness to the sheet steel. Phosphating reduces the
corrosion rate by increasing the polymer/substrate adhesion and slowing down crack

growth at the interface.

2.2.3.5 Surface Finish

The surface characteristics of galvanised sheet are of primary importance
and have an impact on most of the fabrication processes used in automotive production.
The free zinc side should be smooth which implies a temper rolled minimised spangle
surface (for hot dipped material) free of coating defects. A smooth surface is

necessary for uniform friction against the punch during the stamping.

2.2.4 Types of Zinc Coatings Available

There are many types of zinc coatings available. Different areas of a vehicle
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require different zinc coatings and coating thicknesses to meet appearance and
performance criteria [130]. The various combinations of surfaces available are

summarised in Figure 2.42.

2.2.4.1 One Side Galvanised Steel

In this case, free zinc is applied to one side of the steel sheet either by hot dip
or electrolytic process. The uncoated side is mainly used for outer body panels as it
provides a good surface for paint appearance, while the free zinc inside the car
protects against perforation corrosion. The electrolytically coated one side galvanised

products provide good characteristics for acceptable appearance after stamping.

Since the thickness of the electrodeposited layer can be readily controlled during
deposition (and is usually maintained at approximately 10 pm in these applications)
the electrogalvanised material has advantages over the thicker coafings produced by
hot dipping. Since there are no embrittling intermetallics and the ooating is thinner,
formability is good compared with hot dipped (galvanised) material. Surface finish is
intrinsically superior because of the absence of spangle and the suitability of the
electrogalvanised material for a phosphatising prepainting treatmemt. However, the
duration of the sacrificially protective effect of the thin coating is a limiting factor in

the applicability of the material.

2.2.4.2 One and Half Side Galvanised Steel

In this type of material, one side of the sheet is coated with free zinc, and a thin
layer of zinc-iron alloy is formed on the other side. This product is mainly produced
by the hot d'p process [99, 131]. The coating, when passed through the furnace, is
heated on one side only to convert that side into iron-zinc alloy. This product is used
for exposed body panels. The zinc-iron alloy provides cosmetic protection on the
outer side exposed panels and the free zinc side provides perfaration protection.

Belleau and Kelley [127] found that one and half side (differentially coated)
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galvanised steel is a suitable corrosion resistant substitute for the traditional cold
rolled steel in automobile bodies and is very useful for exposed application. One
drawback of the product to date has been its susceptibility to surface defects, being a
hot dipped product, which has limited its use on critical surface panels, such as the
hood and deck lid outer panels.

bare steel

v

05

free zinc 2GS

Differentially
Coated Steel
1-1/2 SGS

Zn/Fe alloy 2 Side alloy

Coated Steel
25GS

Figure 2.42 Types of galvanised coatings [31]. Where OSGS = One Side Galvanised
Steel, 2SGS = 2 Side Galvanised Steel, 1-1/2 SGS = one and a half Side Galvanised
Steel.

2.2.4.3 Two Side Galvanised Steel

This material employs free zinc on both sides of the steel sheet with equal or
differential coating thicknesses. It is used mainly for unexposed applications where
corrosion protection is required from both sides. A few automobile manufacturers
have recently incorporated two side galvanised for exposed applications. This
material is primarily produced by the hot dip process, but is also available as
electrolytically coated. Out of all galvanised sheet steel, this product is the most

widely available.
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2.2.4.4 Two Side Galvannealed Steel

This material has a zinc-iron coating on both sides of the sheet with equal or
differential coating thicknesses. The product is mainly produced by the hot dip
process where free zinc is alloyed in a galvannealing furnace above the zinc bath. The
most common usage in the automotive industry is for unexposed panels. This material
has better resistance welding and paintability characteristics than two side galvanised

steel.

2245 Iron-Zinc Alloy Electroplated Steel

Two side zinc-iron alloy coated products have been available from steel makers
for some years, but their application to automotive components is recent. The iron-
zinc alloy is electronegative to iron. Due to the nature of the process
electrogalvanised steel exhibits higher coating uniformity and therefore higher
surface quality than hot dip products [132]. These steels are being considered for

exposed as well as unexposed applications.

Fe-Zn alloy was originally developed for the purpose of preventing inside-out
perforation type corrosion, and for the purpose of obtaining better formability than
galvannealed steel. For the exterior surface, paint adhesion is considered to be as
important as corrosion resistance. Fe-Zn alloy showed a good paintability. Fe-Zn
alloy showed better weldability than galvanised steel, because iron-zinc alloy is
harder and has a higher melting point than pure zinc. Moreover, as iron-zinc alloy

has a poor reactivity with the copper electrode, the electrode life is prolonged [132).

2.2.4.6 Zinc-Nickel Coated Steel

This product is produced exclusively by the electrolytic process which employs
a zinc-nickel alloy on one or both sides of the sheet. Because this coating is less

reactive than free zinc, or zinc-iron coating, typical coating thicknesses are lower.
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Presently, the majority of zinc-nickel steel is produced in Japan [133]). This
product exhibits good weldability, better coating adhesion and paintability [134].

This alloy is electronegative to iron and shows good corrosion resistance.

2.24.7  Galfan Coating

This coating consists of zinc-5% aluminum plus a small addition of mischmetal
(a naturally occurring mixture of rare earth elements) < 0.1%. The corrosion
resistance of Galfan is more than twice that of conventional galvanised steel under
similar conditions and similar coating thicknesses [135]. This coating also have good
ductility under cold forming conditions and behaves comparably to conventional
galvanised steel with respect to spot weldability and paintability. Several paint
systems now used for conventional galvanising are equally satisfactory for Galfan

[135].

The adherence of the coating is superior to conventional galvanised coatings.
However, in the galvanising process, new fluxes are required since the conventional

galvanising fluxes break down in the presence of 5% aluminum content of Galfan.

2.24.8 Zn-Fe/Zn-Ni Double Layer Electroplated Steel Sh

In order to obtain good formability and good weldability, coated steel sheet with
a thin and high corrosion resistant plated layer are required for automobiles. Zn-Ni
is considered to be the most preferable from the view point of commercial production
and corrosion resistance. Paint adhesion to Zn-Ni electroplated steel sheet, however,
is inferior to that of cold-rolled and galvanised steel sheets. In order to improve this
characteristic, a double-layer alloy electroplated steel sheet was developed [136].
The steel sheet was composed of an upper Zn-Fe (80-90% Fe) alloy layer which had
good paint adhesion and a lower Zn-Ni (10-15% Ni) alloy layer which has good
corrosion resistance. This coated steel sheet was revealed to be suitable for the

automotive use.
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2249 Zn-Cr-CrOx (Zincrox) Electrogalvanised Steel

This new Multilayer Electro Galvanised (MEG) product (Zincrox), consists of a
continuously superimposed electrolytic layers of Zn-Cr-CrOx. The coating is still
99% Zn, but the thin layers of Cr-CrOx have solved critical problems: formability,
conventional weldability, welding fumes, electrode wear, paint adhesion, and

resistance to the most severe corrosion tests with a reduced zinc thickness [137].

The MEG product, Zn-Cr-CrOy, was given the trade name ZINCROX®. The
better conventional welding of ZINCROX can be explained by the Cr-CrOx layers which
prevent contact between the copper of the electrode and the zinc of the coating, thus

eliminating the possibility of brass formation and consequently electrode wear.

Catanzano [137] found that the corrosion resistance of the ZINCROX was 8-10
times higher than the galvanised product. This was due to the electrolytic Cr-CrOy
layer which deactivates the zinc and protects it from corrosion. This is the major
point in the thinking behind ZINCROX: the zinc is necessary but must be protected in
order to delay its main activation as far as possible. If coating damage occurs, the zinc

will have to be sacrificed, but not before.

The chrome oxide layer provides good paint bonding. The MEG product has high
base steel formability (cold process), high coating formability (electrodeposition),

excellent weldability (Cu-Zn contact neutrialised by Cr-CrOy coating).

2.2.5 Utilisation of Zinc Coated Steel

Zinc coatings are successfully used in a very wide field to protect iron and steel
goods from corrosion attack. The building trade is one of the largest users of zinc
coated steel. The frameworks of large modern buildings can be either galvanised or
zinc sprayed before erection, or sprayed on site. Where a framework is accessible,

zinc-rich paints provide an excellent way of renovating old buildings. Apart from the
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structural aspect, galvanised sheeting is used for roofing, ventilation ducts and
gutters, as well as for water tanks and cisterns, and galvanised pipe is used for public

and domestic services.

Zinc coated structures are used in pylons carrying electrical transmission
lines, in masts for radio, television and radar aerials, and for supports for overhead
wires on electrified railways. An interesting new use of galvanised steel is for
reinforcement of concrete. This reduces the risk of spalling and staining or can

enable the depth of cover to be reduced leading to slimmer structure of lower cost.

More recently British Steel has increased the production of galvanised steel to
fulfill the requirement of galvanised steel for automotive and building industries

[138].

2.2.5.1 Zinc Coated Steel in the Automotive Industry

The use of zinc coated sheeting for automobile bodies is developing rapidly and has
become a sales argument. Pierre [139] has reviewed the use of zinc coated steel by
all the European and American vehicle manufacturers as well as the types of zinc
coating used. Electrogalvanised (zinc coated) steel has become a material of choice in
the fabrication of automobile bodies that will meet the guarantee lifetime of 5 years
resistance to cosmetic corrosion and 10 years resistance to perforation that have been

adopted by the industry [115].

Figure 2.43 give exploded views of the body work of the Peugeot 309,
illustrating the extensive use of zinc coated steel in car manufacturing industries.
The individual manufacturers have particular preferences for using certain types of
coated steel in specific components. Figure 2.44 gives a range of different coated steel
products used to construct a car body [130]. Table 2.1 lists typical automotive
applications for the various coated steels ava’lable. It is apparent that for a given

application individual automobile manufacturers use different material. Two side hot
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dip galvanised is the major material utilised by U.S automobile manufacturers for
protection of unexposed components. Its high availability and proven corrosion
protection make it an attractive product, but difficulties in spot welding this material
with existing equipment have limited its application at many automobile

manufacturers.

Figure 2.43 Body structure of Peugeot 309 showing the zinc coated parts [139)].

4. Front mudguard (Zincrometal)

Sheet Electrogalvanised on One Side

1. External panel 2. Sheet carrying headlamps

3. Upper radiator stay 5. Panel, frame and hinges for front door
6. Panel, frame and hinges for rear door

7. Front bumper 8. Front bumper

9. External panel of boot lid 10. Lower channel of boot lid

11. Upper boot-lid stay 12. Supporting frame for opening roof
13. Patrol cap

Sheet Electrogalvanised on both sides

14. Stiffner for front door panel 15. Stiffner for rear door panel

16. Fuel tank
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Figure 2.44 Typical automotive body panels fabricated from metallic coated steels

[130].

No. Trade name Coating Type Application
1. CR1FF Colled rolled steel Hood,

2. Galvatite Hot dipped Wheel arches,
3. Galvatite 1Z Hot dipped and reheated to Floor pan,

give Fe-Zn alloy (8% Fe)

at zinc-iron interface.

4. Zinctec Electroplated zinc Door inners and outers,
5. Nizec (11-15% Ni) Electroplated Boot and door inners,
6. Durasteel 1 um organic resin on Nizec  Door inners.
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ABLE 2 nt Automotiv f Zin t h 1

2 Side Coated 1 Si ate 1-1/2 Side

Free Zin¢c Zinc-Iron Free Zinc Zinc-Iron Zinc-Nickel Zinc/Zinc-Iron

Exposed: Unexposed; Exposed: Exposed: Exposed: Exposed:

Doors, Floorpan Hood, Deck, Hood, Deck Fenders, Fenders, Doors
Liftgate, Components, Fenders, Fenders, Doors, Liftgate
Tailgate Rail, Hood, & Doors Doors Quarters Unexposed;
(Differenti Deck Inner  Roof, Quar Roof, Quar Door Inners,
ally coated) Panels, Front ters, Lift- ters, Lift- Liftgate Inners
Engine Cross- gate gate
member
Unexposed;

Floorpan, Rails
Hood & Deck Inner
Panels, Engine
Crossmember, Rear
Suspension Cross-
member, Suspension
Control Arms,

Radiator Yoke.
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Electrolytic zinc coated sheet steel is now widely used for automotive
applications due to its superior surface quality and formability. In 1984 the
worldwide availability was 11.4 million metric tons of hot dipped and 3.8 million
metric fons of electrolytically coated steel. But there has been a strong trend towards
electro-zinc type coatings and this is mirrored by the installed capacity from
1982 to 1 9872‘has increased twofold [140]. Table 2.2 lists the changeover in steel

makers electro-galvanised capacity.

le 2.2 Ch ver in Steel Makers Ele alvanised aci
(/1000 t)
1982 1083 1985 1086/87
Nippon Steel Corp 1060 1420 1660 1660
Nippon Kokan 268 422 422 588
Kawasaki Steel Corp. 370 370 430 790
Sumitomo Metals 180 540 540 540
Kobe Steel Ltd. 216 216 216 570
Nisshin Steel Corp. 0 0 0 120
Total 2094 2968 3268 4274
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3.1 Introduction

This chapter discusses the design and working principles of the CO, lasers. The
experimental strategy for welding zinc coated steel is briefly described and the
methods of evaluation of the weld properties are illustrated. The lasers used in this

project were:

(i) 2 kW CLL laser at Imperial College London, and Liverpool University, U.K.
(ii) 15 kW AVCO laser at RTM, Vico Canavese, Turin, Italy.

(iii) 9 kW UTRC laser at Senter for Industriforskning, Oslo, Norway.

(iv) 8 kW MLI laser at Quantum Laser Corporation, Edison N. J. USA.

(v) 400 W FERRANTI laser MF400 at Imperial College, London, U.K.

3.2 Design and Working Principle of CO, Lasers

The basic working principle of all the lasers used are described here.

3.2.1 Working Principle of CLL Laser

CLL laser is a 2kW continuous wave CO, laser which works in infrared at a
wavelength of 10.6 um. This is particularly suitable for welding, cutting, drilling
and heat treatment. The laser is designed on fast axial flow system and the basic
features are shown in Figure 3.1. This figure shows the flow diagram of the laser and
general layout of the system. A gas mixture of helium, carbon dioxide and nitrogen is

used as a lasing medium. A roots blower circulates the mixture of gases through the
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system at 75 m3/min. The gas in the laser tube is at a relatively high pressure of
30-35 Torr (mm of Hg) in order to increase the number of molecules in the light

path.

Water cooled heat exchangers were used to cool the circulating gases. A rotary
vacuum pump is used to evacuate the system initially and subsequently to remove
fraction of the gas mixture which will be passed through a catalytic regeneration oven
to remove plasma generated mixtures of CO, NO, N,O etc. The discharge tubes were
supported on a rigid 4 meter long laser bench. The total cavity was 8 m long, folded
once to give the laser length of 4 m. The gas mixture flows into the optical cavity at a
high speed of 500 m/s. Inside the optical cavity a plasma was generated by a D.C.
electrical discharge of 30 kV and 150 mA/tube. The cavity produces an output beam
of diameter 20-25 mm which was transmitted through a partially transmitting zinc-
selenide (Zn-Se) window. The actual size of the beam is dependent on the cavity
optics and alignment. The output beam is then directed to the laser head by means of
water cooled mirrors. The mirrors were made of copper and were coated with gold to
give 100% reflectivity. A 45° mirror directed the beam into the lens assembly
where the beam was focussed, by a potassium chloride lens of the desired focal length,

onto the workpiece.

The gas mixture is continuously consumed by the laser and since helium
represents a large proportion (>70%) of the constituents gas mixture, a recirculator
has been incorporated as standard to minimise the cost of helium. The mixture of
gases is recirculated after cooling by water cooled heat exchangers. There is also a

purge cycle to replenish the gases.

The laser uses an output window made of water cooled partially transmitting
zinc selenide which has 35% reflectivity to 10.6 pm radiations. The laser I'ght
emitted from the output window was then directed to the focussing head and work
station via a 45° mirror. The light path was through a shutter box into which a 45°

mirror can be introduced by means of an air operated shutter valve. From this
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Figure 3.1 Design and flow diagram of 2kW Control Laser Ltd.
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mirror the light was deflected into the cone of a water cooled calorimeter which acted
as an output power measuring device. The laser beam is dumped into calorimeter when
not in use. The calorimeter acted as a blackbody and absorbed all the incoming
radiations. Thermocouple measure the incoming and out going water temperature
flowing around the calorimeter which determined the power of the beam. The power
of the beam was then displayed on a digital voltmeter. When the beam was used, the
calorimeter mirror was retracted and the beam was directed to the workpiece by
means of mirrors and focussing lens. The power of the laser can be increased by
increasing the current through the discharge tube upto 150 mA/tube. Detailed
description about the construction and operation of the laser can be found in the

operating manual for BOC Model 901 [141].

The output power can be affected by a number of factors that includes the
discharge tube pressure, the gas composition, the tube current and cavity optics.

These are briefly describe here:

3.2.1.1 The Effect of Discharge Current

The discharge current determines the rate at which CO, molecules in the laser
tube are pumped by direct electron excitation and via collision with excited N,
molecules. The maximum output power thus increases with increasing current in the
discharge. However a point is reached on increasing the current at which the heating
effect at the tube axis becomes substantial so that the gain decreases. The output
power will then saturate at a particular point as the discharge current is increased
and may actually decrease as the current is further increased. The output beam of CLL
laser is normally stable at a current of 150 mA and the power is unaffected by minor
fluctuation in the electrical supply. A lower power could be achieved by reducing the

discharge current.
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3.2.1.2 The Effect of Tube Pressure

The discharge current for maximum power output from a particular tube
depends on the gas pressure. The reduction in the gas pressure reduces the laser
power. Under normal conditions the laser is operated at 40-45 torr pressure, but
this can be reduced to 20-25 torr by altering all three gas regulators such that the
gas mixture remains the same. Alterations in the gas mixture can be made according

to the BOC manual.

3.2.1.3 The Effect of Gas Composition

Reducing the pressure of one of the constituent gases (He, N,, CO,) will alter
the gas composition. A gas composition less than the optimum gas mixture will reduce
the output laser power. Carbon dioxide gas is the most important constituent of the
lasing gas mixtures, because of its vibrational and rotational transitions that cause
the lasing action [33]. But the gas composition, set at around the optimum value, is
not a sensitive variable on the laser performance. However small quantities of

hydrocarbon vapour, SFg vapour and thus molecules capable of absorbing radiation in

the cavity do have a devastating effect in performance.

3.2.1.4 The Effect of Cavity Optics

Clean optics also play an important part in maintaining the output beam power.
Unclean mirrors contain dirt particles. Any particle or scratch on the mirror
surface can lead to a serious fall of power due to scattering caused by particles and
scratches. Every effort should be taken to keep the laser optics clean. Extra care
should be taken with ZnSe output window since any dirt on the surface would cause
local absorption of laser power and subsequent cracking of the window. Slight

misalignment in the cavity optics greatly reduces the output laser beam power.

76



3.2.2 Work ipl AV r

The AVCO HPL industrial laser is a continuous wave CO, laser with a wavelength
of 10.6 um. The device converts electrical energy into optical energy in an electron
beam stabilized discharge and has a rated output power of 15 kW. Figure 3.2 shows
the essential parts of the laser. The laser itself consists of a steel chamber
approximately 2 m cube. Inside the main chamber is a closed cycle wind tunnel which
circulates the lasing gas mixture. The lasing action occurs inside the unstable
resonator optical cavity. The lasing medium is a gaseous mixture of He, Np, CO5 and
CO in the ratios of 6:4:1:1. A high electron beam ionizes the gas raising its electrical
conductivity enough to allow current to flow between the sustainer electrodes and
therefore, through the medium on the optical cavity. Electrons constituting the
sustainer current excited the gas molecules which emitted the photons of laser light.
The flow path of gas mixture goes through the channel to a water cooled heat
exchanger, followed by a chilled ethylene glycol/water mixture heat exchanger, then

to the blowers and finally back to the channel.

The gas pressure in the wind tunnel, nominally 0.1 atm (76 torr) is maintained
by an industrial process control device. The wind tunnel turns the flow of gas into a
converging section that directs the flow into the channel. The channel - also called
unstable resonator optical cavity - is where the actual lasing process takes place and
is shown in Figure 3.3. Mounted on the inside and outside walls of the channel are the
cathode and anode respectively. The laser gas flows downward between the electrodes
while the current flows across the 10 cm space from the cathode to the anode. The gas
flow, the current flow and the laser cavity optical axis are all mutually perpendicular
as shown in Figure 3.3. A 400 Hz motor-generator is used to operate the blowers

that circulate the lasing gas mixture in the main chamber.
Since some degradation of the gases occurs during the lasing process a small

portion of the circulating flow is replenished automatically on a continuous basis

during laser operation. At the channel ends are the mirror that defined the optical
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Figure 3.2 The essential parts of AVCO HPL industrial laser.
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cavity of the system. Detailed description about the construction amd operation of the

laser can be found in the operating manual [142].

3.2.3 Working Principle of UTRC (United Technology Research
Centre) Laser

UTRC laser consists of three modules joined in series to build a 10 kW laser.
Each module provides a laser power capability of 3 kW, and equipped with its own gas
circulation and discharge sections. The modules are integrated imto a single system
with a common optical section and control. This is a standard transverse flow DC

excited laser.

A sketch of a three module system is depicted in Figure 3.4. The beam transfer
cabinet located at the output end of laser houses accessories to montior and control the
beam and a periscope to direct the beam to a work station, as shown in Figure 3.5.

The other cabinets contain the power supply, discharge ballast and control system.

All the mirrors used are gold plated and water cooled. Output beam is
transmitted out of the optical cavity by focussing the beam through an aerodynamic
window as shown in Figure 3.5. The laser had an unstable resonating cavity. A He-Ne
laser is mounted on the optical platform inside the CO, laser which is used to align
both the cavity and any external optics used in directing and focusing the beam on the
workpiece. The He-Ne beam is injected into the optical cavity, where it replicates the
CO, cavity mode. This visible beam emerges from the optical cavity at the same size
as the CO, beam and is automatically boresighted with it. By visualising the shape and
uniformity of the He-Ne beam, the optical cavity can be tuned to & lasing condition
before the power is applied to the system. The external alignment uses another He-Ne

laser situated in the beam transferring cabinet.

To observe the beam intensity distribution during tuning, a low power image of
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Figure 3.4 Schematic diagram of three module UTRC laser.
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Figure 3.5 Beam transfer schematic.
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the entire beam is directed to a fluorescent screen. The image of the beam is displayed

on a TV screen. Details of the UTRC laser system is given in reference [143].

3.2.4 Working Principles of MLI Laser

The MLI laser is a transverse flow laser with a ring cavity shown in Figure 3.6.
One of the major problems with transverse flow lasers is that the gases heat up as
they flow through the plasma discharge causing an uneven amplification and hence a
strong tendency to multimode oscillations which are more difficult to focus. The MLI
laser overcomes this to some extent by having a ring beam which causes the heating
effect to switch from side to side as shown in the Figure 3.6. The cooled gas mixture
enters through the centre of the ring cavity where it is spread to all four side walls

passing through the beam path. As the gases pass through the discharge they heat up
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Figure 3.6 Schematic diagram of MLI laser.
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causing a reduction in amplification. The gases are then recycled through heat

exchangers prior o entering the discharge again.

The laser has an unstable cavity having an expanding beam. The output is taken
around the perimeter of a final sclapper mirror. The ring beam from the unstable
cavity is more uniform than with standard transverse flow lasers. The MLI laser is

AC pumped at 10kHz.

3.2.5 Working Principle of Ferranti Laser (MF400)

The MF400 is a slow axial flow CO, laser with 12 m of water cooled discharge
tubing mounted on a cylindrical optical bench. The optical cavity is folded to produce a
compact device as shown in Figure 3.7. Each folded leg has two separate central
anodes each feeding one discharge tube. Each anode is fed through a separate ballast
resistor from a single H.T. source. The H.T. current is stabilised using saturable
reactors in the primary circuit of the H.T transformer. A lasing gas mixture (He;
72%, Njy; 19%, CO,; 9%) is fed into the tubes at an input pressure of 30-50 psi The
gases are drawn through the discharge tubes by a vacuum pump. The exhaust gas from

the pump is processed in a recirculation oven and fed back to the laser. Small

Folding Mirrors

1Sm

Figure 3.7 Slow axial flow CO, laser (Ferranti).
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losses of the gas mixture are compensated for by feeding in pulses of fresh gas

mixture at automatically timed intervals.

The out put beam is deflected by a mirror in the output channel which deflects it
into a water cooled calorimeter. The rise in temperature of the calorimeter cooling
water is used to measure the power of the beam. The deflecting mirror is moved out of
the path of the output beam when a solenoid is activated allowing the laser beam to

emerge from the laser head.

The MF400 laser operates at a high voltage (15 kV) and produces a maximum of
400 W beam of radiation at a wavelength of 10.6 um. The discharge is DC excited.
The mode structure is of a very low order (TEMyg) due to the low Fresnel number
(r2/Ll, r; tube radius, L; tube length and A; wavelength) of the long thin optical
resonator. This makes these lasers particularly easy to focus. Unfortunately the slow
flow principle has insufficient cooling to allow high gaijns as in the conyectively cooled
lasers (transverse flow and fast axial flow), so most slow flow lasers are less than 1
kW. Complete details of the Ferranti MF400 laser system is given in operating

manual [144].

3.3 Operation of the Equipment

This section describe the necessary arrangements needed for an experiment. This

includes the estimation of focal point, beam alignment and operation of the equipment.

3.3.1 Focussing Assembly and the Estimation of Focal Point for
CLL Laser

The optical arrangement for CLL laser is shown in Figure 3.8. The beam, after
passing through the ZnSe window, is directed by a number of water cooled, beam
guidance mirrors to a focussing assembly called a laser head. The laser head was

designed in such a way as to allow the shielding gas to flow coaxially with the laser
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beam to serve the functions of shrouding the workpiece and protect the lens from
spatter. A plano-convex lens is normally used for focussing the beam. The lens is
made from ZnSe or KCI. ZnSe is stronger and has a less tendency to absorb moisture
from the air and so can last much longer provided it is not damaged by process spatter.
However, as KCl is much cheaper than ZnSe it is usually used in the laboratory. At
the lower end of the lens holder assembly a nozzle of required diameter is positioned

coaxially with the beam.

The position of the focus was estimated by passing a perspex sheet slightly
inclined to the beam axis across the laser beam under the focussing laser head. The
focus can be observed from the longitudinal beam print on the perspex sheet as
illustrated in Figure 3.9. A sheet metal was then placed at the estimated focal point

and laser was fired with argon shrouding to observe a blue flash at the focal point.

rooftop mirrors
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Figure 3.8 Schematic of laser layout.
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Figure 3.9 Beam print obtained by passing the laser over an inclined perspex sheet

to estimate the focal point position and the spot size of the beam.
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The depth of focus was determined by measuring the distance within which the blue
flash was observed. The exact focal position was then taken as the mid position of the

blue flash range.

3.3.2 Beam Alignment

Infrared CO, laser radiation at 10.6 um wave ength is invisible, hence prior to
processing one needs to know where the beam will strike on the workpiece surface.
Mis-alignment of the beam can cause many problems, e. g., if the beam is not aligned
with the nozzle it will be truncated and consequently there will be a loss of incident
beam power and the nozzle may gets very hot or even damaged. Mis-alignment with
the laser head and lens assembly may cause the burning of the O-ring seal around the
lens. This would lead to the cracking of the lens due to the smoke causing surface
absorption on the lens. Hence a system is needed to align the laser beam with the lens,
nozzle and the workpiece. A small He/Ne laser was fitted to the main laser head in
such a way that its beam (0.6238 um) was collinear with the infrared beam. This is
illustrated in Figure 3.8. The movable arm which inserted the prism for the He/Ne
beam into the main beam path was interlocked to the main beam shutter to prevent
firing if it was in place. The procedure adopted to align the laser beam with lens,

nozzle and the workpiece is described here:

1.  Alignment of He/Ne beam with CO, beam.

(a) (i) Place fire brick at a position near to the CO, laser,
(ii) fire CO, laser to make a mark on the brick,

(iil) align He/Ne beam using mirror '5' in Figure 3.8 with the CO,
spot.

(b) (i) Place fire brick just prior to laser head,
(ii) make mark with CO, beam,

(iii)align He/Ne laser us ng mirror '5' in Figure 3.8.
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(c) Check alignment at first position as in (a). If this in no longer
aligned then the He/Ne laser mount will need adjusting. This is

not usually the case.

2.  Alignment of He/Ne beam with 45° mirror, lens nozzle and workpiece.

Using upstream mirror adjust He/Ne beam to be central on each
successive element until the beam falls centrally on the lens. If
the beam is not central with the nozzle then the tilt of the laser

head should be adjusted.

3. Check alignment.

(i) Remove nozzle and make a perspex burn print using CO, beam,

(ii) Replace nozzle and make another burn print.

If the alignment is correct then the prints should be identical.

3.3.3 Work Tabl

3.3.3.1 The X-Y Hydraulic Table

An X-Y hydraulic table was used for moving the sample underneath the laser
beam. The X-axis movement was controlled by hydraulic piston while Y-axis was
manipulated manually. The table top consists of two aluminum plates separated by a
channel. The sample was positioned over the channel and held in place by clamps. The
table can be raised or lowered by using four threaded legs, which also allowed the
table top to be levelled. The speed of the table was adjusted by a needle vaive
controlling the flow of hydraulic fluid. The speed was calculated by a timer which

gave the number of seconds for 100mm movement of the table in X-direction. This
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table was available at Imperial College, London. The high power lasers used at all
other locations were equipped with automatic and computer controlled workstations

similar to that at Liverpool University.

3.3.3.2 The CNC X-Y Table and Z-Axis Moving Optics

A CNC laser work station supplied by Control Laser Ltd. (CLL) was upgraded at
Liverpool University [145]. The station consisted of a CNC X-Y table and Z-axis
moving optics. The X-Y table moved the workpiece under the beam while Z-axis
moving optics controlled the laser beam focus and spot size on workpiece by altering
the lens/workpiece distance. The X-Y table made of aluminum, had two permanent
magnetic DC motors/tachos coupled to the stainless table lead screw through a

pulley/belt mechanism. The X-Y table rested on an adjustable drill stand.

The Z-axis moving optics was also supplied by CLL, which consisted of a 45°
adjustable mirror, lens holder and nozzle assembly. The lens assembly can be moved
up and down through a rack and pinion mechanical system. A permanent magnetic DC
motor/tacho was directly coupled to the pinion. All the axis were controlled by CNC

controller. Figure 3.10 showed the CNC working station used at Liverpool University.

Figure 3.10 CNC control working table at Liverpool University.
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3.3.4 Powder Feeding

A screw type of powder feeder (developed at Imperial College, London) was used
for injecting a metal powder into the weld pool through a side jet during certain laser

welding experiments. Figure 3.11 describes the design features of the powder feeding

system.
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Figure 3.11 Design and features of powder feeding system.

The powder feeder consists of a hopper containing metal powder. A standard
twist drill type of screw - used to feed the powder - was situated at the bottom of the
hopper. The screw was rotated by means of a variable speed motor. The quantity of
powder fed into the weld pool was controlled by the speed of the motor and by the flow
rate of argon gas used to entrain the powder. The argon gas carried the powder
particles to the impingement point of the focussed laser beam through a 3 mm

diameter copper tube.
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Weerasinghe [146] showed that the gas flow rate and speed of rotation of the feeder
had a significant effect on feed rate, feed uniformity, and particle velocity. For the
feeder to work successfully the powder must flow so that its angle of recline is less

then vertical. In this study an average particle size of 70 um (100 mesh) was used .

3.3.5 Workpiece Shielding

The oxygen-weld metal reaction can occur as a result of incomplete weld metal
protection from atmospheric air. Oxygen contamination can deteriorate the
mechanical properties of the weld metal. Seferian [147] showed that the strength,
toughness and ductility of mild steel welds all decrease v(vith increasing oxygen
content. Hence an effective shielding of the workpiece is necessary to obtain
uncontaminated and oxide- free weld surface. The arrangement for gas shielding of

the workpiece is shown in Figure 3.12.
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Figure 3.12 The arrangement of gas shielding of the workpiece and plasma removal.
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An inert gas is used for this purpose. The gas enters the laser head through a
small pipe and exits coaxially through the nozzle towards the workpiece. The gas had
two-fold purpose, firstly, the gas jet from the coaxial nozzle kept the lens cool and
protected it from metal vapour or particles ejected from the laser generated melt pool

and, secondly, it gave inert shielding of the workpiece surface in the interaction zone.

3.3.6 Overcoming the Plasma Problem

When the laser beam is absorbed on the metal surface it vaporises some of the
metal. These metal vapour will be ionised if sufficiently hot, forming a plasma. The
plasma is absorbing to the laser beam which can react with free electrons (inverse
Bremsrahlung). This heats the vapour further and blocks the beam from the
workpiece both by scattering and direct absorption, thus reducing the coupling
coefficient (energy absorbed/energy incident). A side blown gas assist jet was used to
displace the plasma plume above the metal surface to increase the coupling coefficient.
The experimental arrangement of gas shielding and the plasma memoval above the
workpiece is schematically shown in figure 3.12. The side jet also gave an effective

shielding of the hot reactive metal.

3.4 Experimental Strategy

Laser beam weldments of zinc coated steel were fabricated in lap configuration
using a continuous wave CO, laser. These lap welds were produced on 0.55, 0.7, and
0.875 mm thick sheets. The laser beam had a wavelength of 10.6 um (infrared) and a
diameter of 23 mm at the laser output window, with a doughnut beam configuration as
measured from an acrylic print. The beam was focused to a spot of approximately 0.2

mm diameter using a KCl lens of 125 mm focal length.

The experiments were performed with the intention of knowing (a) whether
sound weld in zinc coated steel can be achieved using lasers, (b) the effect of different

welding parameters in laser welding, (c) quality of the weld obtained, (d) possibility
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of modifying the weld composition to make it more corrosion resistant.

These objectives were achieved by making a series of welds with a laser using
various welding parameters. Most of the welds were made in lap configuration while a
few bead on plate welds were also made. The variable studied in the process were:
thickness of the sheet, thickness of the zinc coating, laser power, welding speed, side

jet gas flow rate, etc. The general procedure adopted was:

(i) check the beam mode structure by making a beam print on a perspex
sheet,

(ii) align the He/Ne laser with the main CO, laser, with the nozzle and with
the workpiece,

(iii) degrease the each specimen before welding,

(iv) mount the specimen on an X-Y table which can be moved under the
stationary laser beam,

(v) provide argon gas coaxially with the laser beam to protect the weld
from oxidation,

(vi) focus the laser beam on the workpiece,

(vii) move the table under the beam and fire on to the workpiece,

(viii) the welds were examined in detail by, metallography, SEM study,

tensile testing, fatigue testing, impact testing and corrosion studies.

The problem of welding zinc coated steel in lap configuration has already been
described in chapter 1. However it does serve to illustrate the problem to be solved.
It is necessary in welding this sort of material that either the zinc is removed from
the weld area (double pass technique), or it is condensed (metal injection technique
and side jet welding) or it is vented (end edge and gap welding). These ways of welding

are discussed in detail in chapter 4 and are briefly described here.
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3.4.1. Doubl Wel

In this technique the focussed laser beam was first passed at a high speed of
125 mnv/s and then with a slower speed to create the weld. The aim was to provide
sufficient preheat to the zinc coating at the interface between the two sheets such that
the zinc would move away from the weld area due to the surface tension forces during

the first non penetrating pass.

3.4.2 End Edge Welding

This arrangement was assumed to obtain a weld by passing the laser beam at the
edge of upper sheet with a minimum penetration to the bottom sheet so as to allow an
advantage in welding speed. It was also assumed that this arrangement would allow
sufficient vent area to the zinc vapour that can be exhausted without damaging the

weld.

3.4.3 Gap Welding

The welding of zinc coated sheet required a small gap between the sheets to help
vent the zinc vapour. Hence in this technique a fixed gap was formed using spacers for
a single weld. In an other experiment a variable gap was formed to estimate an

optimum gap size that could give sound weld from a single weld pass.

344 Welding With Modification of the Weld Bead Composition

in the welding of zinc coated steel, with a laser beam, the zinc layer in the welded
area volatilises and escapes leaving an exposed steel surface. Hence to protect this
exposed area from corroding the weld composition was modified using three technique,
(a) injection of metal powder into the melt pool during welding, (b) by using a side

blown gas assist jet, and (c) incorporation of zinc powder just after welding.
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3.4.4.1 Welding With Metal Powder Injection

The workpiece was moved under the stationary laser beam by the computer
controlled table and the powder - using argon gas carrier - was incorporated into the
melt pool. Nickel, tool steel, or stainless steel powders were fed into the weld pool in
separate experiments. Hence in this way the weld composition was modified to

\, B
obtained a weld that wouldf;)rotection to the weld from corrosion.

3.4.4.2 Welding Using a Side Blown Gas Assist Jet

This technique had two aims: (i) to establish whether improved beam
coupling could be obtained by reducing the plasma thickness in the beam path, (ii) to
incorporate into the weld bead zinc that had been volatilised as a result of the welding
operation. Thus argon gas was entrained through the side jet at a certain flow rate and

directed at the weld bead during welding.

3.4.4.3 Incorporation of Metal Powder Just After Welding

In this technique an experiment was carried out in which metal powder was
incorporated just after weld formation. The experimental arrangement employed a
side jet carrying metal powder. The powder was deposited at the trailing edge of the

hot weld where it was melted and formed a coating on the weld.

3.4.5 Lap Welding Using Various Laser Beam Modes

A number of lasers were used to weld mild steel and zinc coated steel in lap
configurations. All the lasers had different beam mode structure depending upon the
optical cavity. The beam mode obtained from lasers were Gaussian, Doughnut,

multimode and ring type as shown the Figure 3.13. The beam prints were obtained by
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(a) AVCO Laser

Input beam 400W Output beam 300W Amplified beam 1100W
(c) Oscillator Amplifier system

(d) CLL Laser (e) UTRC Laser

Figure 3.13 Beam prints obtained from various lasers.
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firing the laser on a perspex sheet for a very short time. Penetration and beam
coupling studies were performed with these beams in lap welds at various welding
speeds. The welds were produced by passing the workpiece under the stationary

focussed laser beam.

3.5 Evaluation Testin

3.5.1 M (1) h

The welds were sectioned for metallography. The specimens were mounted in
cold setting resin and left for 24 hours to harden. A specimen mounting press
machine was also used to mount the sample in conductive Bakelite for SEM study. The
specimens were polished in the usual way, first ground on an emery paper starting at
Grade 120 going upto 1200 in stages, and then polished on 14, 6, and 1 pum diamond
polishing wheels.

The polished specimens were eiched in a solution of 2% nital in order to
examine the fusion zone, heat affected zone and base metal. However to reveal
presence of Fe-Zn alloy after welding the cross section was etched with amyl nital
(one drop of HNO, in 10ml of amyl alcohol). The zinc coating was difficult to view
optically because of the small thickness of only 7.5 um. Metallography of the cross
section, using plastic setting resin, did not reveal many details, mainly because of
beveling at the edge of the cross-sectioned sample. Edge beveling occurred during the
grinding and polishing process as well as the etching process in which sharp corners
or edges were usually rounded off. To avoid this problem some specimen were
mounted using special edge retaining powders (Bakelite) that keep the edges of the
specimen flat. Hence the beveling can be avoided in this way and a detailed study can

be made in the thin zinc coating.
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3.5.2 Optical Microscopy

The Reichert projection microscope was used to observe the detail in the parent
metal, heat effected zone and the fused zone. The cross-section, longitudinal section
and surface topography of laser tracks were studied. Photographs of the fusion zone,
heat affected zone and the base metal were taken. The weld dimensions i.e., weld width

and penetration were measured using a Projection microscope.

3.5.3 Scanning Electron Microscopy

Scanning Electron Microscope (SEM) was used to supplement the optical
microscope to provide higher magnification and surface conditions. The scanning
electron microscope employs a beam of electrons directed at the specimen. An
electron gun, usually of the tungsten filament thermionic emission type, produces
electrons and accelerates them to an energy between about 2k e¥ and 40 k eV. Two or
three condenser lenses then focus the electron beam until it hits the specimen with a
diameter of 2-10 nm. Thus the fine beam of electron is made to scan across the
specimen surface. SEM has several advantage over the optical microscope in that, in
SEM the depth of focus in the image is very large and the resolution is typically
between 20-50 nm, while optical microscope does not give @ large depth of focus.
SEM can be used for the chemical analysis of the specimen using X-ray fluorescence,

back scattered electron, while optical does not.

Scanning Electron Microscope JEOL-CF JSM-35 was used for the EDAX analysis
of the specimen. In particular, it was used to investigate how much zinc was held in

the fusion zone.

3.54 Joining Efficiency

The joining efficiency is a crude form of coupling efficiency which shows, how

much of the available laser energy is effectively utilised for welding and how much is,
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for various reasons, dispersed. The aim in welding is to join two surfaces. Thus an
optimum weld would have no width only depth. Thus the joining efficiency, area
joined/J is a better measure of quality than the melting efficiency. The joining

efficiency can be defined as

=VT 2k
n] 5 m~/kJ

= Area jo ned/unit of energy delivered.

where, V; welding speed, m/s, T; penetration, m, P; available laser power, Watts.

The joining efficiency was calculated for each experiment. A constant joining

efficiency can be used to predict the weld fusion depth.

355 Melting Efficiency

Melting efficiency is defined as the ratio of the energy required to melt the

material in the weld to the total energy delivered to the workpiece. Hence

pVA(CT +L )100
n= pm__m
P

) = percentage of delivered energy used to melt the substrate.
Where

P = laser power delivered to the workpiece Watts

n = melting efficiency %

p = density of the material kg/m3
Cp = specific heat capacity kJ/kg-"C
Tm = Temperature of melting °K

Ly, = latent heat of melting kd/kg

A = cross section area of the fusion zone m2
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After measuring the fusion zone area these variable parameters were then used
to calculate the melting efficiency for all the welds. This parameter gave a more

detailed view of how the incident power was used.

3.5.6 Specific Energy

This is the term often used in correlating welding data, it is proportional to the

energy deposited/unit area of the surface.

Specific energy = % J/ m?
pT(C T +L ).100
Specific energy = P . pm__m J/ m?
v n

When P and D are also constant then

1NeT

Where, D; Beam diameter on the surface, m.

3.5.7 Measurement of Fusion Zone Area

A square millimeter grating was xeroxed onto a transparency and the
transparency was then placed over the weld profile. The number of squares within
the fusion zone were counted. This was then divided by an appropriate factor in order

to get the actual area of the fusion zone.

3.5.8 Weld Quality

The quality was evaluated by counting the number of pits or holes in a 100
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mm length of weld. This gave an average value of pits/cm as a comparator between

these techniques. Pitting was the main deleterious effect of the zinc on the weld.

3.5.9 Tensile Testing

Some specimen were made to enable the production of tensile tests specimens.
Mechanical tests were performed to compare the tensile strength of the weld with that
of the parent material. Specimen size for tensile tests on laser welded sample is
shown in Figure 3.14. The weld was present at the centre of the specimen. The
sample prepared, as specified in Figure 3.14, was placed in the grips of the testing
machine. An axial load was applied on the sample through mechanical lever system
until the specimen is broken. Yield strength, percentage elongation and percentage

reduction in area was also calculated.
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Figure 3.14 Tensile test specimen.

3.5.10 Microhardness Mea men

Leitz microhardness tester was used to investigate the hardness of the fusion

zone, heat affected zone and the base material. In general the hardness values were

taken at three points and the average of the three was taken.
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3.5.11 Impact Testing

The test was carried out on thin-walled box section steel structural members
supplied by RTM Research Centre, Turin, Italy. The box sections were subjected to

static and dynamic axial crushing and its effects were examined.

3.5.12 Fatigue Testing

A few welded samples of uncoated steel were sent to CETIM and RENAULT for

fatigue testing. The results are described.

3.5.13 Corrosion Testing

Welds fabricated were used for corrosion testing. Two techniques were used
to determine the corrosion rate of the zinc coating in the presence of the weld, (a)

polarisation technique and (b) Galvanic coupling technique.

3.5.13.1 Polarisation Technique

Some unwelded specimens were also prepared in order to compare the corrosion
rates of welded and unwelded samples. The procedure followed was to allow the
specimen to freely corrode in the test solution whilst monitoring the corrosion rate
established at intervals during a 50 h period by means of the linear polarisation

technique.

3.5.13.2 alvani u Techniqu

To investigate the galvanic current established between the weld and the

surrounding zinc and to construct an Evans diagram [148] for the system.

The specimens were galvanically coupled in 1N NaCl solution of pH 4 at 30°C.
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Variation in the galvanic current with respect to time was monitored by means of a
zero resistance ammeter when the value of resistance set on the resistance box was
zero. This test was periodically interrupted to allow the determinat on of the Evans

diagram.

A series of tests were performed on each type of weld i.e., normal weld (NRM),
nickel injected weld (NKL), stainless steel injected weld (SST), tool steel injected
weld (TST), tool steel incorporated just after welding operation (TSTA), zinc
vapour incorporated weld (ZIC) and weld made by zinc powder incorporation.

3.6 Design and Manufacturing of Press Tool for Setting Gap Size

During the welding of zinc coated steel it was realised that wsing shims as a

method of setting the gap had limitations, these were:-

(i) gaps could only be set in steps of 0.05 mm,
(ii) the use of shims effectively reduced the venting area to a thin band ahead
and behind the weld pool,

(iii)variations in gap size were large.

An alternative method was required. It was decided to put small dimples in the
surface of one sheet to keep the sheets apart. Thus a method of induaing the dimples in
the surface of the sheet had to be found. The method had to be simple and easy to use
and be reasonably accurate. The method chosen was to press a smal hard ball into the
surface of the sheet, deforming it into a die and the force required to do this was

implemented using a fly press.

Figure 3.15 shows the design of the tool used. A ball bearing was used to deform
the surface of the steel sheet into a lower die, consisting of a small chamfered hole.
The size of the dimples was controlled using the fly press stop. Initially, control of

dimple size was attempted using the face of the punch but this caused 800 much damage
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fo the sheet surface. The spacing and configuration of the dimples were investigated to
ensure that the gap stayed within the set limits. This also has the advantage of not
restricting the venting area and that the method could lend itself to use in the mass

production industries.

In addition to the use of dimples a clamping arrangement was implemented. This
used a ridged base block and straight clamping bars as shown in Figure 3.16. The
samples were clamped on a variable speed X-Y table so that they could be moved under
the stationary laser beam. The samples were positioned correctly using a helium-

neon laser which was aligned with the main CO, laser.
RTM research centre, Italy, showed an interest in this method of setting the gap

size. A few samples were produced and sent to RTM for trials on their high power

laser. The results obtained are also presented.

104



aaaaaaaa

L1

ie (sec iew).
cla$p
d block m
: J
3 v
- <4—support

N

machine table
Figure 3.16 Clamping system for welding zinc

105

coat

ed steel in la figuration.



o ; _ ™~
| Chapter 4 |

Proceulng'r echnlques-nesults and by slon

L :

4.1 Introduction

Laser welding of zinc coated steel in butt configuration has not shown any
problem so far. However, the problem arises when welding zinc coated steel with a
laser in lap configuration. This can lead to the explosive ejection of zinc vapour from
the 'keyhole' formed by the laser beam when the material is penetrated. This zinc
vapour arises from the volatilisation of the zinc coating that is present between the
overlapping sheets and is a consequence of the low boiling point of zinc (906° C)
compared with the high melting point of steel (1530° C). The explosive ejection of
zinc vapors from the keyhole can destroy the weld bead and severe undercut can

result.

This chapter deals with the possible ways in which zinc coated sheet steel can be
welded in lap configuration. Also the problems during the welding of this material are
identified. This has been shown that a small gap between the sheets helps to exhaust
the zinc vapour (generated at the interface between the two sheets) through the gap
thus giving a good quality sound weld. The laser welding parameters, such as speed,
power, flow rate of argon gas and gap between the sheets was varied in order to find
out the effect of these parameters on the penetration, width, melting and joining

efficiency and the weldability of zinc coated sheet.

4.2 Laser Welding of Zinc Coated Steel

Figure 4.1 illustrates the welding of zinc coated steel by laser into two tightly

clamped sheets in lap configuration. Figure 4.2 shows a resulting weld bead. The
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Figure 4.1 Laser welding of zinc coated steel into two tightly clamped sheets in lap

configuration shows explosive ejection of molten metal and zinc vapour.

Figure 4.2 A lap weld made by laser into two sheets of zinc coated steel tightly

clamped, showing serious disruption of the weld.

Figure 4.3 Longitudinal cross section of a lap weld made by tightly clamping two

zinc coated sheets together showing a lot of porosities in the weld.
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serious disruption of the weld by the escaping zinc vapour is obvious and makes this
welding technique unacceptable. The longitudinal cross section (Figure 4.3) of one
such weld showed a lot of porosities in the weld. However it does serve to illustrate
the problem to be solved. It is necessary in welding this sort of material that either
the zinc is removed from the weld area (double pass technique), or it is condensed
(metal powder injection technique and side jet welding) or it is vented (end edge and

gap welding). These ways of welding are discussed here.

4.2.1 Techniques Used for Welding Zinc Coated Steel Sheet

A 2kW CLL laser was used for the welding of zinc coated steel. The method

adopted were:

(i) Double pass welding, (ii) End edge welding, (iii) Gap welding, (iv) Welding using

side jets, (v) Welding with metal powder injection.

4.2.1.1 Double Pass Welding

Figure 4.4 shows the lap welding configuration used for double pass welding.
By this technique it was hoped that the zinc would move away from the weld area due
to surface tension forces during the first non penetrating pass. Thus, the focussed
laser beam was first passed at a high speed and then passed again with a slower speed
to create the weld. Argon gas from the nozzle coaxial with the laser beam was used for

shrouding the workpiece.

zinc coated sheets

weld\‘ ‘

Figure 4.4 Double pass welding.
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In this experimental arrangement a rigid clamping system was used to ensure
that no gap is present between the two sheets. First a series of bead on plate welds
were made on a 0.7 mm thick zinc coated steel sheet with varying the welding speed at
a constant laser power. The aim was to find a speed at which there was only a slight
melting of the zinc coating at the bottom of the sheet. Three speed were selected for
first pass from the above runs. They were 60, 65 and 70 mm/s for a laser power of
1.54 kW. These speeds were expected to give a better understanding about the
removal of zinc due to surface tension forces at the interface between the two sheets.

The laser was then passed for the second run at a speed of 25 mm/s to create the weld.

One of the resulting weld beads after second pass in this technique is shown in
Figure 4.5, the other two weld bead were similar to the one shown here. It can be
seen that the weld bead has lot of pits on the surface. Further the visual observation
showed that a lot of pits and deterioration of the weld bead had already occurred during
the first pass showing that the zinc at the interface have been vapourised and exploded
out of the keyhole. This has made the technique unacceptable for welding zinc coated
steel. It must be remembered that it is difficult to obtain such a speed for first pass
that the penetration of the beam is just near to the zinc coating at the interface, where
it only melts the zinc coating without vapourising it. A higher welding speed for first
pass could lead to non-melting of the zinc coating at the interface, thus giving no
advantage of this technique. A lower welding speed will vaporise the zinc coating at
the interface between the two sheets, this on first pass will give a weld with serious
deterioration on the surface. Thus it can be concluded that the first pass will need a
very high accuracy to achieve such a condition that the temperature of the zinc coating
at the interface does not exceed the boiling point of zinc. This might help to move the
molten zinc away from the welding area due to surface tension forces, which will

make the welding of zinc coated steel by this technique possible.
In an other experiment a loose clamping of the specimen to the working table

was maintaned. Two small G- clamps were used at the two ends of the specimen to

grip it to the working table. Hence the two ends of the specimen had almost no gap,
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but it was revealed that for this type of clamping system an upside bend in the upper
sheet, and hence a small gap, is left between the two sheet, which was not expected to

be constant through out the length of the weld.

A series of welds were made on a 0.875 mm thick zinc coated steel by varying
the welding speed. Careful studies of the weld bead revealed three kinds of weld bead
morphologies, (i) little melting at the top surface (ii) pitting, and (iii) sound weld
bead. Figure 4.6 shows a weld bead which had all three kind of morphologies in one
run. It is evident from the figure that a part of the weld (marked as ‘'a’) showed
hardly any true welding. It seems that only the top zinc coating has been melted with
a very little penetration to the substrate. Thus it is most likely that the zinc plasma
generated at the beam metal interaction point is shielding the laser beam from

transmitting to the workpiece. The weld also showed pitting 'b' and sound weld bead ‘c'.

Cross section of the welds were made at these three point (2, &, <, in Figure
4.6) for each type of weld surface. Figure 4.7 (a), (b) and (c) shows the cross
sections of these welds. It is evident from the Figures 4.7 (a) that a very little
penetration was found in case of weld with zinc plasma blocking the beam. In case of
weld with pitting the cross section (Figure 4.7 (b)) showed a zero gap between the
two overlapped sheets. This lead to the zinc vapour ejection from the keyhole thus
deteriorating the weld bead. It was found that the penetration of the laser beam had
also been affected due to the zinc vapour exploding out of the weld pool. In the case of
pitting in the weld bead and beam blocking by zinc plasma the penetration is seriously
reduced as is apparent in Figure 4.7 (a) & (b). On the other hand in the case of sound
weld bead the cross section (Figure 4.7 {c))showed a small gap between the sheets.
This provided an alternate route for the zinc vapour to exhaust and hence a sound weld
has been resulted. The sound weld bead has shown a full penetration to the bottom

sheet.

The lack of a gap between the sheets led to the explosive ejection of zinc vapour

which in turn led to the laser beam blocking due to zinc plasma. This seriously
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Figure 4.5 The weld bead after second pass show the serious disruption of the weld

due to zinc vapour ejection for the keyhole.

(a) (b) (c)
Figure 4.6 A weld bead showing three phenomenon (a) the plasma blocking of the
laser beam, (b) weld bead pitting due to the ejection of zinc vapour from the keyhole,

and (c) a sound weld bead.

| M—
417 pm

417um

(b)
Figure 4.7 Cross section of the weld (a) very little penetration due to plasma
blocking of the beam, (b) undercut or pitting due to ejection of zinc vapour from the

keyhole and (c) sound weld with full penetration of the beam to the bottom sheet.
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reduces the weld penetration. Hence it was difficult to know the real penetration
when there is pitting or plasma blocking problem, thus for beam penetration
measurement the microsections were to be obtained from that region of weld where it

showed no pitting and a reasonably good weld bead surface.

There was no evidence of the removal of zinc from the interface due to
surface tension forces. Thus the sound welds obtained in this technique were due to
the presence of a small gap at the interface rather then due the removal of molten
zinc. Hence this technique of double pass welding is not suitable for the welding of
zinc coated steel. But the presence of a small gap is recommended for the sound

welding of this material.

4.2.1.2 End Edge Welding

The end edge welding configuration is shown in Figure 4.8. It was felt that
this arrangement would allow the seam to be sealed with minimum penetration giving
advantages in speed and subsequent surface treatment such as painting. It was also
felt that if the ends were properly presented then sufficient vent area would exist to
allow the zinc to be exhausted without damaging the weld. Shrouding of the weld area
was achieved by a coaxial argon jet. The shroud gas flow rate was approximately

4 litres/min.

weld zinc coated sheets

v v

Figure 4.8 End edge weld'ng.
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Figure 4.9 Three possible ways in which the beam can strike the edge of the

specimen.

In this type of welding the beam alignment with the workpiece is also an
important factor which affects the weld penetration. As shown is Figure 4.9 three
possibilities may exist (i) the beam may strike the bottom sheet with very slight
melting of the top sheet, (ii) half of the beam may strike the upper sheet and the
remaining half goes down to the bottom sheet with melting of both sheets, (iii) all the
beam may fall on the upper sheet and penetrated down to the bottom sheet as a lap

weld. In all cases the beam penetration would be expected to be different.

In the first case i.e., when beam strikes on to bottom sheet then there will be
only a slight melting of the upper sheet. Although the two sheets can be joined
together but the width of the weld at the joining of the two sheets would be very small

and will not be expected to 4wt a aaramabhitensile strength of the weld.

In the second case, when half the beam spot strikes the upper sheet and
remaining half of the beam spot strikes the bottom sheet, more of the material from
the upper sheet melts and moveSdown to the bottom sheet and hence there would be
much wider width of the weld at the joining giving a good sound weld. The tensile
testing of such a weld (discussed later) showed that the fracture occurred in the base

metal away from the weld.

In the third case, when the whole beam spot strikes the upper sheet, then the

welding is no more an end edge but a lap weld. Hence the ideal condition of welding
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(a)

1.5 mm
Figure 4.10 Two kinds of welds normally obtained using the end edge welding

technique (a) weld with pitting in the surface, and (b) sound good quality weld.

(a)

(b)

Figure 4.11 The microsections of welds (a) zero gap between the sheets lead to a
weld showing pits on the surface, and (b) the presence of a gap between the two

sheets gave a good quality weld.
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two sheets in end edge configuration is to allow the beam fall on the end edge such that
half of the beam strikes the upper sheet and the remaining half of the beam strikes
the bottom sheet. Under such conditions both the sheets are melted and joined to give

an ideal width of the weld at the joining.

The weld bead obtained by this technique showed a similar type of welding
behaviour as discussed in double pass welding. Two types of weld bead were normally
seen (a) weld bead with pitting and (b) sound weld without pitting (Figure 4.10 (a)
& (b)). The microsection of two such welds are shown in Figure 4.11 (a) & (b). It
can be seen that the tightly clamped sheets which had no gap between the sheets
showed pits on the weld surface. The sheets which had a small gap between them were
welded without any deterioration of the weld. Thus the use of this technique for
welding of zinc coated steel require a certain gap for zinc vapour to be vented. Hence a
sound and good quality weld can be obtained if a small gap is maintained between the

two sheets.

4.2.1.3 Gap Welding

The previous two techniques initiated the idea for welding zinc coated steel with
a gap. Also the RTM Laser Centre, Italy, recognizes the need to vent the zinc vapour
from the weld area [197). This it does by arranging a gap between the pieces to be
welded. In some experiments a fixed gap was formed using spacers as shown in Figure
4.12. In other experiments a variable gap was formed as shown in Figure 4.13. The
aim was to produce a weld with variable gap under highly similar welding conditions
for each gap size. The only way to achieve high accuracy was to vary the gap between
the two overlapped sheets and to weld in just one laser pass. Thus the gap was varied
starting from zero at one end to 0.3 or 0.4 mm at the other end. A shim of 0.4 mm
was inserted between the sheets at one end. The laser was passed through the
overlapped sheets to create a weld. Hence by welding this way an estimate of the

optimum gap size could be obtained from a single weld pass.
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Figure 4.12 Welding with a fixed gap formed by spacers between the two sheets.

laser beam
variable gap
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welding direction

Figure 4.13 Welding with a variable gap between the sheets.

4.2.1.3.1 Effect of Gap Size on Welding Performance of Zinc

Coated Steel

In this study a thin sheet of 0.55 mm was used with a zinc coating thickness of

10 um on one side only. Welding was performed with both the zinc coating thickness

placed at the interface giving a 20 um thickness of zinc at the joining point. A fixed

gap was given for each welding run using spacers according to Figure 4.12.

Figure 4.14 (a) to (f) shows the effect of gap between the overlapped sheets on

welding performance of znc coated steel. It is apparent from the Figure 4.14 (a)
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Figure 4.14 (a) to (f) shows the effect of gap between the overlapped sheets on
welding performance of zinc coated steel. Laser power; 1.54 kW, sheet thickness;
0.55 mm, welding speed; 20 mm/s, gap size; (a) 0.0, (b) 0.07, (¢) 0.11, (d)
0.18, (e) 0.33, (f) 0.36 mm.
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that a zero gap between the sheets led to the deterioration of the weld bead and lot of
molten metal was blown out of the keyhole by evaporating zinc vapour. Similarly a
smaller gap lead to porosities in the weld bead (Figure 4.14 (b) & (c)). While a gap
of 0.18 mm between the sheets gave a good sound weld (Figure 4.14 (d). A larger gap
of 0.33 mm gave a weld which showed a concave depression in the weld surface as can
be clearly seen in Figure 4.14 (e). Further larger gap of 0.36 mm gave a weld which
appeared like a cut (Figure 4.14 (f)). This could have been the result of a poor
thermal contact with the second sheet, allowed the pool to be effectively held only by
the top sheet of 0.55 mm thickness. According to Quigley [149] if the weld width is
larger than the depth then there is a risk of surface tension pulling the melt to the

sides, as shown in Figure 4.15, resulting in an undercut.

Thus an optimum gap size can lead to a good sound weld free of pit or concave
depression in the weld bead. Here the gap of 0.18 mm was found to be suitable for
welding this material. According to the gap model presented in chapter 6, the
optimum gap size for sound quality, calculated for this run is 0.14 mm. Thus a gap
less than 0.14 mm lead to pitting and porosities, while a gap greater than 0.14 gave

sound welds up to a limit arising from drop out.

solid d : 5

2r
4>

2r>d

Figure 4.15 Surface tension pulls the molten metal towards the edges if width of

the weld is greater than the sheet thickness.
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In the second experiment a 0.7 mm thick sheet with a zinc coating of 7.5 um

was used. A variable gap between the two sheets was given as shown in Figure 4.13.
Figure 4.16 (a) to (d) shows weld bead during a single run at four different points
starting from zero gap to a larger gap of 0.4 mm. It is apparent from Figure 4.16
(a) that a zero gap between the sheets led to the deterioration of the weld bead. As the
gap size increases the weld begins to show a better surface. At an optimum gap size
(Figure 4.16 (b) a good quality weld bead is seen. A larger gap gave a weld which
showed a concave depression in the weld bead (Figure 4.16 (c) and its cross section is
given in chapter 6 (Figure 6.6 (c)). Further larger gap gave a weld bead which
showed that the molten metal pushed down to the bottom sheet filling the gap between
the sheets, but an undercut, as shown in Figure 4.16 (d) is left in the top sheet which

can seriously affect the strength of the weld.

The cross section of all these weld bead (Figure 4.16) are shown in (Figure
6.6). It is clear that a gap of 0.1 mm gave a good quality weld in this type of
experiment. In the presence of a gap, the joint formation takes place as a result of
flow of the molten metal of the top sheet through the gap to make contact with the
bottom sheet. There is a partial flow of the metal of the top sheet into the gap, and
with sufficient large gap depression or concavity is formed in the top sheet. Hence to

obtain a good sound weld, free of pit or holes, an optimum gap size is necessary.

4.2.1.3.2 Effect of Gap Size on Weld Penetration and Width

In laser spot welding of a lap joint the presence of a gap decreases the weld
penetration. Also the joint strength decreases with increasing gap, as a result of
reduction of the area of fusion and of the depth of penetration of the bottom sheet [58].
But since a gap is necessary for welding zinc coated steel sheet, it is interesting to
investigate the influence of gap size on the weld penetration for zinc coated steel. For
this work an arrangement already described in Figure 4.13 was used. This
experiment is different from the one described above in the sense that a full

penetration to the bottom sheet was not aimed. The aim was to study the effect of gap

119



(a)

(b)

(c)

(d)

Figure 4.16 (a) to (d) The weld bead during a single run at four different points

starting from zero gap to a larger gap of 0.4 mm. Laser power; 1.54 kW, welding

speed; 20 mm/s, sheet thickness; 0.7 mm.
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size on the penetration of the beam. Hence a lower laser power of 1 kW was used in

this study.

After passing the laser in a single pass a weld was obtained which had a variable
gap along the length of the weld. Cross sections were made at four different points to
obtain the weld micrograph at different gap size. The weld penetration, width and the

gap size was then measured.

Figure 4.17 (a) to (d) shows the microsection of the weld at four point with
increasing gap size. Figure 4.17 (a) shows a zero gap between the overlapped sheets
and a full penetration to the bottom sheet is resulted, but is also evident that the zinc
vapour has exhausted through the keyhole thus blowing out the molten metal leaving
unacceptable pits on the weld bead. In figure 4.17 (b) & (c), it can be seen that the
presence of a gap has reduced the weld penetration and a non-through weld
resulted, suggesting a lower welding speed is needed for a full penetration weld. It is
interesting to note that the presence of a small gap between the sheet helped to exhaust
the zinc vapour through the gap and thus a sound weld free of pits or porosity is
obtained. Further too high a gap (Figure 4.17 (d) reduces the width of the weld at the
interface between the two sheets, which could not be acceptable for the strength of the

weld.

From the examination of the cross sections of welds, it can be seen that the depth
of penetration and the weld width at the interface between the two sheets decreases as
the gap size is increased (Figure 4.17), and also the shape of the weld is different at

different gap sizes.

The penetration and width of the weld were plotted as a function of gap size in
Figure 4.18. It is apparent from the curve that the weld penetration decreases as the
gap is increased. Also the width of weld increases with the increase in gap size. The
presence of gap leads to the extensive heating of the top sheet and is apparent from the
Figure 4.17 (a) to (d) that the heat affected zone (HAZ) also have a larger width for a
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(a)

(c)
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Figure 4.17 The microsections of the weld at four point with increasing gap size.
Laser power; 1 kW, welding speed; 15 mm/s; sheet thickness 0.7 mm, gap; (a) 0.0,

(b) 0.09, (c) 0.15, (d) 0.28 mm.
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large gap size.
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Figure 4.18 Penetration and width of the weld as a function of gap size. Laser
power; 1.00 kW, welding speed; 15 mm/s, sheet thickness 0.7 mm; zinc coating 7.5

pm.

4.2.1.4 Welding With a Side Blown Gas Assist Jet

This technique was primarily aimed to estabish whether improved beam
coupling could be obtained by reducing the plasma thickness in the beam path.
Secondly the objective was to incorporate into the weld bead zinc that had been
volatilised as a result of the welding operation (this is discussed in section
4.2.1.5.2). Welds were produced using the arrangement shown schematically in
Figure 4.19 . Argon gas was entrained through the side jet at a certain flow rate and

directed at the beam metal interaction point during welding.
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Figure 4.19 Laser welding with side blown gas assist gas.

4.2.1.4.1 Effect of Assist Gas Jet Velocity on Weld Penetration

Laser beam is a useful tool for material processing, especially for welding of
materials. However, laser beam produces plasma during welding due to its high
energy density. This plasma prevents the laser beam from passing to the materials.
In this work an attempt has been made to suppress this laser generated plasma by
using an argon assist gas. For th’s purpose an argon jet made of copper tube was fixed
near to the nozzle at an angle of 10° to the working table. The distance of the argon jet
from the beam impingement point was 10.0 mm and it was 3.0 mm above the
workpiece. The point of impact of the argon gas from side jet was away from the beam
impingement, i.e., the gas was drected almost parallel to the workpiece and slightly

off set from the sheets to be welded.

A series of welds were made with this set up. Figure 4.20 illustrates the
results obtained using this technique. The figure shows a dependence of penetration on
gas jet velocity at a laser power of 2 kW and a welding speed of 33 mm/s. At zero
velocity of argon gas , the penetration is rather shallow compared to that with a
certain gas jet velocity. However the penetration increases as the side blown gas jet

is introduced. The penetration reaches to about 1.6 times, at a gas jet velocity of
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222 m/s, compared to that with zero gas velocity. Further higher gas jet velocity

showed a decrease in penetration.

During laser welding a significant amount of metal is vaporised at the interaction
point and the vapour is then ionised by the incoming laser beam, forming a thick
dense cloud called "plasma”. This plasma scatters the incoming laser beam and only
allows enough of the laser beam to penetrate to the workpiece to maintain the
vaporisation. Hence less penetration is achieved in the workpiece. When the plasma
is blown away by the side jet assist gas, then a thin plasma formed above the
workpiece does not interfere with the beam and allows most of the beam to be utilised
for deeper keyhole formation. A further increase in the gas jet velocity does not
increase penetration any more, instead there is a small decrease in penetration. The
reason for this phenomenon might be related to the plasma removal. Alexander [36]
found that a small amount of plasma at higher welding speeds is helpful in coupling
the beam to the workpiece. Thus in this experiment, higher gas jet velocity may lead
to the removal of most plasma above the workpiece that might otherwise be helpful in

beam coupling to the workpiece.
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Figure 4.20 Weld penetration as a function of side blown gas jet velocity. Laser

power, 2 kW, welding speed, 33 mm/s.
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The work is in agreement with Arata et al. [54], where, they (using a laser
power of 5§ kW and a welding speed of 10 mm/s on SM41 steel) found that the
penetration obtained with no side jet assists gas, for deep penetration welding, was 4
mm, but with side jet assist gas at a certain flow rate, a penetration of 6 mm was
achieved. At low argon gas flow rate, more plasma is produced and even less
penetration is obtained as compared {o penetration without gas assist. The amount of
plasma decreases with increasing gas flow rate and hence a deeper penetration is
achieved. They found that using a gas flow rate of over 12 IVmin, a 1.5 times deeper
penetration is obtained than with no assist gas flow (Figure 4.21). Lock et al. [26]

reported that, a far deeper penetration is obtained with side jet assist gas than

without side jet.

Materials SM4)l [w, = Skw vy = 600mm/min
n " 3nl.| hn = 10m;m
6, = 50° 0Oy =1.0

Assist Gas: Ar

» " -
'] ' Ll 2 2

~
A

Penetration Depth hp (ma)
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& 6 8 10 12 18 24 30
Gas flow rate (l/min)

Figure 4.21 Dependence of penetration depth on gas flow rate [54].

4.2.1.5 Welding With Modification of the Weld Bead Composition

During the welding of zinc coated steel, with a laser beam, the zinc layer in the
welded area volatilises and escapes leaving an exposed steel surface. Thus there is a
need to protect this exposed area from corroding. The aim of these experiments was to

obtain a fusion zone which should resist the corrosion of the material even though the

zinc had been removed from the weld area.
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High power lasers can be used to modify the composition of the weld with the
injection of metal powder into the keyhole. Such mod fications can improve the
corrosion resistance of the weld, if a suitable materal is selected. The processing
conditions used were selected in order to facilitate the welding of zinc coated steel in

lap configuration, together with alloying of the metal powder during welding.

A CO, laser (Control Laser Ltd.) was used to fabricate lap welds in the zinc
coated steel. The laser beam had a wavelength of 10.6 um (infrared) and a diameter of
23 mm with a doughnut beam configuration as measured from an acrylic print. The
beam was focused to a spot of approximately 0.2 mm diameter using a KCI lens of 125
mm focal length. For each experimental weld the specimen was mounted on a 3-axis
computer controlled table which moved under the stationary laser beam. A stream of
argon gas was used to provide an inert gas shield over the hot reactive weld and to

reduce plasma formation.

The normal welds were produced by simply passing the workpiece under the
stationary focussed laser beam. A small gap was maintained between the two
overlapped sheets to help vent the zinc vapour at the interface. The welding speed was

varied until a fully penetrating weld was obtained.

Three techniques were developed to modify the composition of this exposed weld
bead: (a) injection of metal powder into the melt pool during welding, (b)
redeposition of volatilised zinc by use of a side blown gas assist jet, and (c)

incorporation of metal powder just after weld formation.

4.2.1.5.1 Welding With Metal Powder Injection

The experimental arrangement is shown schematically in Figure 4.22. Welds
were produced in the zinc coated steel by moving the workpiece under the stationary

laser beam using a computer controlled table. In this technique a powder feeder
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(described in Chapter 3) was used to feed metal powder at the beam impingement
point through a small copper pipe which carried the powder particles in an argon gas
carrier. Nickel, tool steel, or stainless steel powders were fed into the weld pool in
separate experiments. The composition of the various powders used is listed in Table
(4.1). The feed rate of the powders was low (approximately 0.2 to 0.3 g/s) since at
higher rates excessive powder shielded the workpiece from the beam and produced
inefficient welding. In addition higher feed rate lead to the pulsing of the outlet

powder.

LASER HEAD

-——
laser beam 45 mirror

focusing ——=p
lens

<«4— shielding
— gas Inlet
£ W—

weld
bead powder
\ e injection
E " ] ]
Z }

t‘ gap between
workpiece sheets

Figure 4.22 Schematic diagram showing the incorporation of metal powder in the

weld bead.

Using this technique of metal powder injection similar problems also existed as
explained earlier i. e., the pit formation. For those welds in which the gap was not
specifically controlled showed two phenomena on the same weld length (i) pitting on
the weld bead and (ii) sound weld bead. In the case of nickel and stainless steel
injected welds, in which the gap was not specifically controlled, showed this problem.

The weld bead surface was similar to that described in Figure 4.6. Hence from the
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previous experience it can be concluded that pits formation occurred due to zero gap
between the sheets and a sound weld is a result of the presence of small gap. Aithough
the two weldSi. e., nickel injected and stainless steel injected (Figure 4.23 (b) &
(c)) did not show any gap between the two sheets it is unlikely that all the zinc
vapours exploding out of the keyhole were condensed due to the injection of metal
powder, since visual observations confirmed the presence of pits on the weld bead.
For the case of tool steel injected welds a small gap of approximately 0.15 mm was
maintained between the two sheets, hence all the welds obtained in this case did not

show any pit formation on the weld bead.

Using the technique of metal powder injection the cross sections of the welds
obtained for normal weld, nickel injected weld, stainless steel injected weld and tool
steel injected weld are shown in Figure 4.23 (a) to (d). It can be seen that each type
of weld has different microstructure due to the alloying of weld metal with various
elements. In the case of weld with nickel injection, it was found that the nickel was
not mixed thoroughly with the molten metal. EDAX analysis showed that the white
phase (Figure 4.23 (b)) had a much higher amount of nickel (approximately 33%),
as compared to homogeneous parts of the weld metal which had a small amount of
nickel (2.1 %). A small fraction of zinc was also present in the weld metal. This is
due possibly to the zinc condensation on the powder particle which were passing
through the zinc plasma. The EDAX analysis on weld metal without any metal powder
injection did not show any presence of zinc in the weld metal. EDAX analysis on two

such specimen are shown in Table 4.2.
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le 4 mposition of Metal Powders for Inje n

Welding
No. Metal powder Composition wt 7
Nickel 99.9
Tool steel C =1.0, Cr = 40, B = 4, Fe = Bal.
Stainless steel C<0.03,Cr=17, Ni = 11, Mo = 2.2, Fe = Bal.

Table 4.2 Weld Metal Composition of Normal and Nickel Injected

Welds

Sr. no. Element Normal weld Nickel injected weld
Wt 7. wt 7

1 Fe 99.22 97.26

2 Zn 0.00 0.056

3 Ni 0.10 2.12

4 Si 0.44 0.41

5 Cr 0.027 0.00

6 Mn 0.21 0.16
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A 'nail head' (enlarged width of the weld at top) is seen in case of nickel
injected welds at slower speed while the welds without any metal powder injection
do not show any nail head. At slower speeds more powder is incorporated into the
melt pool and this probably causes the nail head to be formed i.e., the enlargement of
the weld at the surface. At intermediate speeds a better coupling (discussed in next
chapter) was obtained between the beam and the workpiece, possibly due to the
presence of a small amount of powder cloud at the beam metal interaction point. At
higher speeds these nail heads are not present. Visual observations revealed that only
the powder particles were melted and also a slight melting of the workpiece occurred.
Due to the presence of excess material (metal powder) most of the beam was
prevented from going into the material to form a keyhole. Melting efficiency at these
higher speeds showed far less value than the usual value (see next chapter Figure

5.32 & 5.33).

In the case of stainless steel injected weld similar results to those for nickel
injected welds were obtained. For slow welding speeds an enlarged weld width (nail
head) as can be seen in Figure 4.23 (c) was similar to that obtained in the case of
nickel injected weld. Again at intermediate welding speeds a better beam coupling
(discussed later) was obtained using an optimum feed rate of stainless steel powder.
At higher welding speeds melting of powder together with a small melting of the

substrate occurred due to the metal powder shielding the workpiece from laser beam.

In the case of tool steel injected welds, it was found that tool steel powder was
mixed with the weld metal. The cross section of the weld is shown in Figure 4.23 (d).
The tool steel powder composed of Cr; 40%, B; 4%, C; 1% and Balance Fe. According
to the work done on welded and casted specimen on this material by Dr. H. Berns at
Bochum University [150] there is a primary solidification of Cr-Borides of
(Cr,Fe)3 B, - type, which are embedded in a (Cr,Fe)3C/Martensite eutectic. There
is also a possibility of solidification of a eutectic hard phase of (Cr,Fe)o3 (B,C)g-

type. Hence after solidification a network of cracks may be expected.
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(a)

(b)

(c)

(d)

Figure 4.23 The weld microstructure with metal powder injection (a) normal
weld, (b) nickel injected weld, (c) stainless steel injected weld and (d) tool steel

injected weld.
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It has been seen that not all the weld in the case of tool steel injected weld had a
net work of cracks. A few cracks were  foumol at a slow welding speed when
more of the tool steel powder has been incorporated. At relatively higher welding
speed cracks were not seen. In order to avoid the problem of cracking in the weld, the
powder was Incorporated just after weld formation and is discussed in the later

section.

The corrosion behaviour of all these metal powder injected welds is discussed
in Chapter 7. These specimen were subjected to tensile testing to determine the
strength of the weld. The result (see chapter 5) showed that the fracture occurred

far from the weld.

4.2.1.5.2 Welding With Redeposition of Volatilised Zine

The main objective in this technique was to incorporate into the weld bead, zinc
that had been volatilised as a result of the welding operation. By using this technique
it was hoped that the redeposited zinc will form a thin layer onto the bare weld and
would be considered to provide improvements in the protection of the weld bead

against corrosion.

Welds were produced using the similar arrangement to that shown
schematically in Figure 4.22, except that no metal powder was incorporated. Argon
gas was entra'ned through the side jet at a certain flow rate and was directed at the
weld bead during welding operation. Many welds were fabricated with the side jet in
different positions. The most expedient was that in which the side jet was positioned
in front of the beam at the leading edge of the weld. This pushed the zinc plasma,
which was formed during the interaction of the laser beam and the zinc coated steel,
back onto the trailing edge of the weld. In this way a small amount of zinc was

condensed onto the weld bead behind the laser beam.

Figure 4.24 shows a weld bead using this technique. The zinc vapours that had
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been deposited on the weld surface were found to be comprised of small pimples and
was considered to be in the form of a very thin layer with bare weld revealed between

the pimples.

A series of welds were performed using this technique to achieve a condition
under which a maximum amount of zinc, that had been volatilised during welding
operation, is redeposited on the weld bead. The laser power and welding speed were
taken as constant parameters. The flow rate of the argon gas from the side jet was
varied from zero to 40 litres/min in steps of 10 litres/min. It was found that
without any argon gas from the side jet a very small amount of zinc vapour is
deposited. At a certain higher flow rate of the gas a higher amount of zinc is
redeposited on the weld bead. Too high a flow rate pushed down and/or blown away the
the molten metal and hence left a concave surface in the weld bead, which can
seriously affect the strength of the weld. Hence an optimum flow rate of the assists

gas is of importance to redeposit the volatilised zinc.

The EDAX analysis were obtained at a certain area on the weld bead at same
magnification for each weld type at different flow rate of side jet assist gas. The
analysis on weld bead with no gas flow from the side jet showed the presence of a
small amount of zinc (Figure 4.25 (a)). With the introduction of side jet gas the
amount of zinc on the weld bead gradually increases with the increase in gas flow rate
as is evident by the increase in peak height of the zinc element in Figure 4.25 (a) to
(e). As is apparent from the analysis, a side jet gas flow rate of 30-40 litres/min is
optimum flow rate at which a maximum amount of zinc can be redeposited on the weld

bead.

Figure 4.26 illustrates a part of the weld bead and surrounding zinc coating by
using the welding technique of redeposition of volatilised zinc. It should be
remembered that all the zinc that had been volatilised cannot be redeposited. Besides
the redeposition of zinc on the weld bead, a substantial amount of zinc is lost to the

environment during the welding process and a small amount of zinc is redeposited on
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Figure 4.24 The micrograph showing the redeposition of volatilised zinc on the

weld bead.
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Figure 4.25 The EDAX analysis on weld bead at different flow rates of argon gas
from the side jet. The peak height of zinc increases with increase in flow rate of gas

from (a) to (e).
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either sides of the weld bead due to the design of the side jet pointing at the larger area
than the width of the weld. This hot zinc vapours melts the base metal zinc coating
just next to the weld and is found in the form of lumps of iron-zinc alloy. The EDAX
analysis showed that these lumps mostly consists of zinc with a small amount of iron
as is apparent in Figure 4.27. The small amount of iron might have come from the
plasma which contain some iron vapours together with zinc but is more likely to have
come from diffusion from substrate. The corrosion resistance of such a weld in which
the zinc vapours were redeposited on the weld bead was found to be better than the

normal weld and is discussed in detail in Chapter 7.

4.2.1.5.3 Incorporation of Metal Powder Just After Welding

It has been described earlier that the injection of tool steel powder into the weld
pool leads to the formation of cracks in the weld metal. The presence of a eutectic
hard phase (Cr, Fe)o3, (B, C)g-type produces a net work of crack during
solidification of the material. The corrosion rate on such a modified weld was
found to be lower than that of normal welded specimen (see chapter 7), hence this
material is advantageous in terms of the corrosion resistance. Hence to avoid the
presence of cracks in the weld metal, it was decided to blow the tool steel powder just
after the welding operation, instead of blowing directly into the keyhole. The
objective was to utilise the high temperature of the weld to melt the powder particles
at the weld bead and consequently to coat the welded surface with a new corrosion

resistant layer.

Since the tool steel had a higher melting temperature close to the melting
temperature of mild steel, it was decided to blow the powder very near to the
beam, but just after the beam. So that the weld metal is still hot enough to melt the
tool steel powder. Thus there is always a possibility that a small amount of powder

particles can slip into the keyhole.
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Figure 4.26 The part of a weld bead and the surrounding zinc coating in the form of

lumps as a result of redeposition of volatilised zinc.

FeK

i

1
. zZnK |
1 i
I\ i f
i\ (1 Jy |
J'MV’\’""M""'*"*-"”"’“‘f-‘l‘r‘ﬂh*ﬂvww’{“-f' R T L.-M/ bord

Figure 4.27 The EDAX analysis on the lumps around the weld bead shows that it

mostly consists of zinc with a small amount of iron also present.
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The weld bead obtained for such an operation produces a positive result.
The weld bead obtained using this approach is shown in Figure 4.28. The cross
section of the same weld is presented in Figure 4.29. It is evident from the figure
that the reasonably good and smooth weld bead can be made using this technique. The
cross section of the weld clearly showed that the metal powder had been melted by the
hot reactive weld and then solidified to give a good coating on the weld bead. The
coating thickness varied between 50 to 75 um. The corrosion test on zinc coated steel
in the presence of such a weld bead showed a lower corrosion rate than a normal

welded specimen (see chapter 7).

It is evident that the weld microstructure is very different from that of normal
welded specimen. The study into the microstructure of such weld was not attempted.

Future work on to the microstructure of the modified composition weld is suggested.

In another experiment, instead of tool steel powder, zinc powder was
incorporated just after weld formation. The experimental arrangement was similar
to that described earlier (Figure 4.22) except that the side jet carrying zinc powder
was adjusted in such a way as to allow the zinc powder to be deposited at the trailing
edge of the weld hot spot where the weld was still hot enough to melt the zinc powder
(m.p. 419.5° C). The position of the side jet was also important because of the low
boiling point of zinc. The side jet was positioned across the weld as to avoid the
powder going directly into the beam. The low boiling zinc powder, if staying in the

beam path, will produce lot of zinc plasma and shielding of the workpiece can occur.

Figure 4.30 (a) & (b) shows the cross section of two welds in which zinc
powder was incorporated just after weld formation. The two weld were produced in
almost under same conditions except that in case (a) the flow rate of zinc powder was

slightly higher than in the case of weld (b).

Figure 4.30 (a) shows the cross section of a weld in which a higher gap between

the sheets led to a concave depression on the weld bead. The position of the small pipe
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feeding the zinc metal powder was at a small angle to the workpiece. Due to the
depression on the weld bead the powder particles fell at one edge of the weld,
simultaneously a higher flow rate of the powder led to the accumulation of the
particles at one edge of the weld and a small portion at the other edge is left bare. It
has been seen that the powder particles were not fully melted in this case up to the top

surface.

Figure 4.30 (b) shows the cross section of a weld made under similar conditions
described above, except that the flow rate of zinc powder was slightly lower than the
one mentioned above. Also a smaller gap was maintained between the sheet. The
smaller gap between the sheets led to a smooth weld surface at the top with no
depression in the weld bead. Hence a smooth zinc coating was achieved at the weld bead

using this technique.

The cross section of the weld (Figure 4.30 (b)) revealed that coating thus
obtained is very uniform showing that all the zinc powder that had fallen on to the hot
weld bead, has been melted even at the heat affected zone (HAZ) of the weld. The
enlarged view of the zinc powder incorporated coating thus obtained is shown in
Figure 4.31 (a) & (b). Some cracks were found on the coating at the centre of the
weld bead (Figure 4.31 (a)), where the temperature of the weld was much higher
than the HAZ temperature. From the corrosion point of view these cracks in the
coating do not have any s'gnificant detrimental effect. Because the zinc coating
provides the sacrificial protection to the steeli\i\fma crack or porosity exists in the
coating. The sacrificial action of zinc coating is discussed later in Chapter 7, but the
weld obtained using this technique provide more zinc to the weld bead and has shown a

better protection against corrosion than the normal welded specimen.

On the other hand the coating obtained at the HAZ was very uniform without any
cracks as is apparent in Figure 4.31 (b). Hence the temperature of the weld is also
an important factor to be considered. Thus the distance at the point where the zinc

powder falls onto the weld bead to the point where beam metal interaction takes place
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Figure 4.28 The weld bead obtained as a result of tool steel powder incorporation

just after welding.
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Figure 4.29 The weld microstructure showing a coating of tool steel has been
produced at the top surface during the incorporation of powder during the welding

operation.
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Figure 4.30 (a) Cross section of a weld with zinc powder incorporation just after
welding, laser power; 1.8 kW, welding speed; 25 mm/s, flow rate of zinc powder;

0.28 g/s, gap; 0.14 mm.
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Figure 4.30 (b) Cross section of a weld with zinc powder incorporation just after
welding, laser power; 1.8 kW, welding speed; 25 mm/s, flow rate of zinc powder;

0.23 g/s, gap; 0.08 mm.
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Figure 4.31 Zinc coating obtained as a result of zinc powder incorporation just

after weld formation (a) at the weld surface, (b) at the heat affected zone.
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is also an important parameter. A point very near to the keyhole will result in a
higher temperature and the zinc particle will experience a higher temperature. At a
further distance away from the keyhole the temperature will be less and all the zinc

powder falling onto the weld bead may not be melted.

Thus by using this technique a zinc coating was formed on the weld bead and also
at the HAZ thus providing more zinc for the corrosion protection to the steel substrate

and the weld.

4.3 Weld Quality Assessment

All the welds produced were assessed visually and with the help of a low
power maghnifying glass. Pitting was the main deleterious effect of the zinc on the
weld. The weld quality was evaluated by counting the number of pits or holes in a 100
mm length of the weld. This gave an average value of pits/cm as a comparator between
these techniques. The zinc vapour at the interface require a certain gap to be vented
out. If the gap is not present the vapours are exhausted through the keyhole taking
molten metal with it and thus leaving pits and holes on the weld bead. If a small gap is
present then the vapours are exhausted through the gap, without disturbing the

keyhole and hence, a sound weld free of pits and holes can be obtained.

The use of Talyserf machine to measure the surface roughness was not possible
because the roughness of the sample exceeded the measuring range of the instrument
available';‘?w”:hutgwas toogood for the welded sample where there went  many pits
and holes in the weld bead. Hence a visual examination together with number of pits
counted gave a good assessment of the weld bead quality. Transverse and longitudinal

(for a few welds) microsections also gave a good assessment of the weld quality.
The weld quality measured as pits/cm varied with each technique and along the

length of individual welds. In all cases of good quality pit free welding the weld section

showed that a gap between the plates had been present. The pitting was clearly due to
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the presence of the zinc at the interface since some of the side jet experiments
performed with no zinc at the centre but only on the outer faces showed no pitting

even with the sheets tightly clamped.

In the experiment of double pass welding, using CLL laser, where the gap was
not specifically controlled the sheets were distorted during welding, thus giving a
variation in the gap width and obscuring any other effects on controlling pit
formation. Figure 4.32 shows a graph of gap size against the number of pits/100 mm
weld length. This figure suggests that there is an optimum gap width at which good

quality welds can be obtained.

A more detailed study of the effect of the gap was made. The results are shown
in Fig 4.32 to 4.37. These f{iguressuggest that there is an optimum gap width at
which a sound and good quality weld is obtained.

For the case of nickel injected weld, a 10 um zinc layer was present at the
interface. It was found that for a gap of 0.14 mm between the two sheets, a good
quality weld without pits or holes was obtained (Figure 4.33). As the gap between the
sheets reduces the number of pits increases, showing the weld bead quality is affected
due to the zinc vapours exhausting through the keyhole. For stainless steel welds
pitting was found in only one weld from a series of welds. Similarly tool steel
injected welds had a large gap and none of the welds showed any pit formation. Thus

the data axenot available for these welds.

Various other lasers were used for we ding this material in lap configurations,
their performance and results are discussed in chapter 5. It has been found that the
poor quality i.e., pits formation has been a result of zero gap or less gap then the
required, irrespective of the type of laser used. Thus the weld quality obtained using

various lasers is discussed here.

For the case of Gaussian beam mode the quality is plotted against the gap in
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Figure 4.34. It is evident that a gap of 0.1 mm between the sheets for 10 pm zinc
layer at the interface, gave a good quality weld showing almost no deterioration of the
weld. But as the gap size is reduced the weld quality is badly affected showing a lot of

pits or holes on the surface of the weld. Hence reducing the gap size, a poor quality

weld is obtained.

For AVCO laser welds at higher powers (3-8 kW), and 15 pm zinc layer at the
interface, except a few welds most of the welds showed a poor quality (Figure 4.35 to

<
4.37), but a gap of 0.2 mm seems to be reasonable, since it gave oo  number of pits.
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Figure 4.32 Weld quality vs gap size for double pass welding.
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Figure 4.33 Weld quality against gap size for nickel injection weld.
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Figure 4.34 Weld quality vs gap size.
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Figure 4.35 Weld quality against gap size for multi mode beam.
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Figure 4.36 Weld quality against gap size for multimode beam.
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Figure 4.37 Weld quality against gap size for multi mode beam.

4.4 sessments of Resul n Welds Mad ing Dimples as
Method of Setting the Gap Size

4.4.1 Welding Using Fast Axial Flow CLL Laser

In the following experiments a CLL 2 kW CO, laser (10.6 um wave length) was
used to perform lap welds in sheets of steel clamped together on an X-Y table. A small
gap was maintained between the two overlapping sheets by making dimples on one of

the sheet as described in chapter 3.

As shown in Table 4.3 the main experimental parameters - laser power,
focal length, welding traverse speed, sheet thickness, zinc coating thickness and gas
flow rate - were each maintained at a constant value and the gap size was varied in

order to assess the effect on weld quality.

4.4.1.1 Tests Using Plastic Resin To Assess Gap Size

In a preliminary experiment sheets which were prepared with dimples in the
surface to set the gap size were tested by clamping two sheets together as described in

Chapter 3 (Figure 3.16). Prior to clamping a small amount of plastic resin was

146



placed between the sheets to bond them together. Once the two sheets were clamped on
the rigid block they were left overnight to cure. When they were unclamped the
plastic resin sheets were measured to obtain the gap size. This gave an indication of

the effectiveness of the dimples as a method of setting the gap size.

A comparison of the nominal gap with that determined by infiltration of plastic
resin when dimples are used to separate sheets prior to welding is shown in Table 4.4.
These results using the new indentor showed an improvement in accuracy and
consistency of gap size compared with the use of shims. Errors in gap size have been
about 11% maximum using the new indentor. This technique was found to be useful in
performing further experiments and it is considered that it could be implemented

later in a manufacturing environment.

Table 4.3 Weld Parameters During Laser Welding at Different Gap
Sizes,

Sr. laser welding sheet zinc coating no.of nominal measured % error in

no. power speed thickness thickness pits/ gap gap gap size
(kW) (mm/s) (mm) (um) 100mm(mm) (mm)

1 1.94 15 0.7 7.5 9 0.15 0.14 7

2 1.94 15 0.7 7.5 20 0.125 0.09 28
3 1.50 15 0.7 7.5 8 0.10 0.08 20
4 1.50 15 0.7 7.5 6 0.087 0.07 19
5 1.50 15 0.7 7.5 5 0.07 0.05 28
6 1.50 15 0.7 7.5 18 0.05 0.03 32
7 1.50 15 0.7 7.5 27 0.037 0.01 67
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Table 4.4 Comparison of Nominal and Measured Gap Size in Sheets

Prior to Weldin
Sr. sheet zinc coating  configuration nominal measured % error in
no. thickness thickness g gap gap size
(mm) (nm) (mm) (mm)
1 0.7 7.5 lap 0.10 0.11 11
2 0.7 7.5 lap 0.05 0.0505 1

4.4.1.2 Welds Made Using Dimples as a Method of Setting the Gap
Size

Samples were prepared using the indentor as described above. Thus two sheets
were clamped on the rigid block as shown in Figure 3.16. Then the laser beam was
passed over the surface of the sheets at a known feed rate. Some additional samples
were made with larger sheet sizes (150 x 200 mm} to enable tensile test specimens
to be made and tested. Also some welds were produced with the weld run passing
through the location of the dimples. From these experiments an indication of the
usefulness of the dimples as a method of setting the gap size was obtained together with

a count of the number of pits per 100 mm weld length.

4.4.1.3 Welds Produced With Dimples Between the Sheets

Results and operating parameters for welds implemented on samples produced
using the indentor are given in Table 4.3. This includes a listing of counted number of
pits per 100 mm weld length, gap size and percentage error in gap size. A plot of pits

per 100mm weld length vs gap size is shown in Figure 4.38.

From these results it can be seen that an improvement in visible defects is

obtained when a gap is present between the sheets. It can also be seen that there seems
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fo be an optimum gap size at approximately 0.07-0.10 mm. Thus it is shown that the
presence of a gap between the sheets enables a sound weld to be produced.

4.4.1.4 Welds Made by Passing the Beam Over the Dimples

Several welds were performed with the rum passing over the position of the
dimples on the sheet. It was noted that only a marg nal deterioration of weld continuity
was incurred. This could be due to the small size of dimples. As the weld passed over
them there still a large venting area available. Thus it is feasible to continuously run

the weld over the dimples, thus making setting the gap simpler.

4.4.1.5 _Quality of the Welds

it can be seen in the graph of pits per 100 mm weld length vs gap (Figure
4.38), that there is an increase in the number of pits at larger gap sizes. This was
due to the fact that the laser beam incident power was 1.94 kW. This is useful to
illustrate the effects mentioned previously, that at larger powers the traverse speed
is of great importance since if it is too slow material is evaporated and/or ejected
from the weld pool. Also, as the temperature at the keyhole is increased more zinc

vapour is created which may also disrupt weld continuity.
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Figure 4.38. Graph of pits per 100mm weld length vs gap using dimples as a
method of setting the gap size.
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442 Welding Using Laser at RTM Centre

RTM research centre, Italy, showed an interest in this method of setting the gap
size. A few samples were produced and sent to RTM for trials on their laser. The
welds were produced by passing the laser beam alongside the dimples. Some welds
were produced by passing the beam over the dimples. The results of the welds made in

this way are discussed here.

4421 Welds Ma sing Dimples a Meth f Setti he Ga
Size

Laser beam weldments of zinc coated steel were fabricated in lap configuration
using a continuous wave CO, laser at RTM research centre. These lap welds were
produced on 0.7 mm thick sheets with a zinc coating thickness of 7.5 or 10.0 um. The
welding parameters are listed in Table 4.5. The dimples were made on one side of the
sheet as a method of setting a gap between the sheets. Figure 4.39 (a) & (b) describe
the way in which the welding was performed. A majority of welds were produced as
shown in Figure 4.39 (a), in which the laser was passed alongside the dimples and
with variation of the distance of dimples from the beam metal interaction point. Two
welds (RM-6 & RM-12) were produced by passing the laser beam over the dimples
as shown in Figure 4.39 (b). From these experiments an indication of the usefulness
of the dimples as a method of setting the gap size was obtained together with a count of

the number of pits per 100 mm weld length.

4.4.2.2 Welds Produced With Dimples Between the Sheets

Results and operating parameters for welds implemented on samples produced
using the indentor to make the dimples are given in Table 4.5. This includes a listing

of counted number of pits per 100 mm weld length, of both under bead and under cut.

The variation of the distance of the dimples from the weld bead had a very slight
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effect on the weld bead quality. The number of pits/100mm increased slightly as the
distance is reduced. In all the cases the dimples had been able to form a small gap.
Figures 4.40 & 4.41 show the weld bead of the specimens RM-9 and RM-11. Figure
4.4 shows that the dimples are at a farther distance from the weld than for the weid
bead in Figure 4.40, yet there is only a slight difference between the weld quality
(Table 4.5). When the dimples are very near to the weld, as in Figure 4.40, weld has

not deteriorated at that point.

The cross section of the weld RM-9 is shown in Figure 4.42, which shows that
the presence of the dimples near the weld reduces the gap on that side of the weld.
Figure 4.43 shows that a smooth weld (RM-3) can be obtained with a gap of 0.1 mm

between the sheets. The corresponding weld bead is shown in Figure 4.44.

4.4.2.3 Welds Made Passing the Beam Over the Dimple

Two welds were produced with the beam passing over the position of the dimples
on the sheet. Figure 4.45 & 4.46 shows the weld bead of such run for specimen RM-6
& RM-12 respectively. Figure 4.47 shows the cross section of weld RM-6. It can be

noted that only a marginal deterioration of weld continuity was incurred.
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le 4.5, Laser Welding Param For Sh With Dimpl

Focal length of the lens = § in. or 127 mm
Shrouding gas coaxial with laser = Helium
Shrouding gas at interface between the two sheets = Argon

Thickness of zinc coating = 7.5 um

Sr. no. laser welding gap dimple distance weld quality
power  speed from the weld pits/100mm
(kW) (mm/s) (mm) (mm) under bead under cut
RM1 1.00 25.0 0.1 3.5 2 1
RM2 1.00 16.7 0.2 2.5 7 8
RM3 1.00 25.0 0.2 2.5 3 2
RM4 1.00 25.0 0.1 3.0 2 2
RM5 1.00 25.0 0.1 2.0 6 3
RM6 1.00 16.7 0.1 0.0 6 7
RM7 1.00 16.7 0.1 3.0 2 2
RM 8" 1.00 16.7 0.1 3.0 4 3
RM9 1.00 21.0 0.1 1.5 4 4
RM 10 1.00 16.7 0.1 - - 2 2
RM 11 1.00 25.0 0.1 3.5 2 1
RM 12 1.00 21.0 0.1 0.0 6 4
RM 13 1.00 25 0.1 2.5-4.5 4 3

*Focus 1 mm below the surface.
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Figure 4.39 Lap welding of zinc coated steel (a) with dimples to produce a gap

between the sheets, (b) by passing the beam over the dimples.

Figure 4.40 Weld bead of specimen RM-9, laser power 1kW, welding speed 21

mm/s.
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Figure 4.41 Weld bead of specimen RM-11, laser power 1kW, welding speed 21

mm/s.

Figure 4.42 Cross section of weld RM-9, laser power 1kW, welding speed 21

mm/s.

Figure 4.43 Cross section of weld RM-3, laser power 1kW, welding speed 25

mm/s.
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2.7 mm

Figure 4.44 Weld bead of specimen RM-3, laser power 1kW, welding speed 25

mm/s.

2.7 mm

Figure 4.45 Weld bead of specimen RM-6, with laser beam passing over the

dimples, laser power 1kW, welding speed 16.7 mm/s.

Figure 4.46 Weld bead of specimen RM-12, with laser beam passing over the

dimples, laser power 1kW, welding speed 21 mm/s.
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Figure 4.47 Welds cross section of specimen RM-6, laser power 1kW, welding

speed 16.7 mm/s.
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5.1 Introduction

There are many types of lasers available commercially. These lasers provide a
variety of different beam modes which depends on the design of the laser cavity. Thus
it is interesting to study the performance of these lasers in the welding of uncoated
and zinc coated steel sheets. The performance standard of these lasers can be
compared through the deepest penetration obtainable in a given material. The
experimental conditions and welding parameters differ for most systems, but a well
founded comparison can be made giving a proper representation of welding

proficiencies of each laser.

A number of experiments has been undertaken to present the data obtained from
different lasers, with the aim of comparing the results and identifying which laser
could be best suited for welding process. This chapter therefore describes the
evaluation of the welding capabilities of each of the lasers used and a comparative
assessment of their performance. It is shown that for welding purposes a Gaussian
beam is most suitable laser mode that can give the best deepest penetration. Results
of tensile tests performed on the welded specimen are also presented together with the
results of fatigue and impact tests on the welded specimens performed by the

collaborating partners.

5.2 Wel Us Various Lasers

This section describes the results of zinc coated steel welding by using

various lasers.
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5.2.1 Weldin ing F Axial Flow CLL r With D hn
Beam Mode

The major part of the welding study on zinc coated steel involved lap welds. Some
bead on plate welds were performed to get an idea of welding speed range for a given
power. Laser beam weldments of zinc coated steel were fabricated in lap
configuration using a continuous wave CO, laser. These lap welds were produced on

0.55, 0.7, and 0.875 mm thick sheets.

The laser beam had a wavelength of 10.6 pm (infrared) and a diameter of 23 mm
at the laser output window, with a doughnut beam configuration as measured from an
acrylic print. The beam was focused to a spot of approximately 0.2 mm diameter
using a KCI lens of 125 mm focal length. For each experimental weld the specimen
was mounted on an automatic tables as described in section 3.3.3. The specimen was
moved under the beam at a known feed rate to create a weld. The beam mode is

sketched in Figure 5.1.

Figure 5.1 The beam profile of CLL laser.

The effect of laser welding variables, i.e., power and welding speed were
investigated on a (bead on plate) 1.5 mm thick zinc coated sheet. These samples were
produced to give an indication of the welding response of the material under various
welding conditions. These welds were simple to produce and were considered to give a
good indication of the likely response under actual welding conditions. Experiments
were carried out to find a correlation between laser parameters and the

corresponding results of penetration of the weld zone. The range of laser parameters
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studied were, beam power 1-2 kW, and the welding speed. The cross section of the
weld zone profile was clearly defined in all the samples by the melted region. Depth
and width of the melted zone were defined in a way as mndicated in Figure 5.2, which

shows a typical weld profile produced by a laser.

Width, W

Penetration, T

Figure 5.2 Typical weld profile defining the depth and width of a weld.

5.2.1.1 Effect of Laser Power on Penetration

The laser power required for welding depends on the material, its thickness and
the welding speed. A series of bead on plate welds were produced in zinc coated steel

for different laser powers. The effect of power as a function of speed is shown in

Figure 5.3.
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Figure 5.3 Laser power against penetraton at constant welding

speed of 56 mm/s. Sheet thickness 1.5 mm.
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This figure shows the power variation from 700 W to 1620 W. Under the
conditions considered here, as indicated in Figure 5.3, the penetration depth generally
increases with power at constant speed. It can be seen that a linear relationship is
observed with a constant joining efficiency (VT P) of 44.5 mm2/kJ. From the graph
of laser power (P) versus penetration (T), it can be seen that the penetration just

starts at a laser power of 250 W for a welding speed of 56 mm/s.

5.2.1.2 f Weldin npP n width

Welding speed is a function of laser output power, the material and its
thickness. It has been found from a range of laser power and welding speed used that
there is a maximum speed for a given laser power and workpiece thickness above
which incomplete penetration results. Also there is a minimum speed below which
the fusion zone is very large and the molten metal drops out of the keyhole and the

weld bead shows irregular holes.

The variation of speed on penetration and width of a bead on plate weld is shown
in Figure 5.4, for a constant laser power. The figure shows a typical hyperbolic
curve for speed against both penetration and width. Generally the penetration
decreases hyperbolically as the speed is increased. The penetration against welding
speed for lap welds using different techniques are plotted in Figures 5.5 to 5.9 using
CLL laser. The welding parameters for bead on plate welds and for welds using
different techniques (described in chapter 4) are lsted in appendix 1 to 6, together
with the results obtained. It can be seen that the penetration decreases with the

increase in welding speed.

It has already been described in the previous chapter that the presence of a gap
reduces the weld penetration, the amount of variation depends upon the gap size. In
the case of lap welding a small variation in gap width (0.0-0.2 mm) lead to
variations in penetration and width of the weld. Thus the graph of penetration and

width against welding speed may show variations in the hyperbolic curve as is shown
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in Figures 5.5 to 5.9. In the case of double pass welding curve (Figure 5.5) an odd
point is due to a higher gap between the sheets led to the non-penetration of the beam
to the bottom sheet, and hence less penetratlon was obtained at that point. The
penetration could be expected to be higher, had there been a smaller gap between the
sheets so that the two sheets could be joined. In case of side jet experiments the
velocity of the assist gas jet was fixed at 278 mvs, i.e., at a speed of argon gas at
which a maximum penetration was achieved (see Chapter 4). The laser power was
kept constant and the welding speed was varied to create the welds. The graph of
penetration against welding speed is given in Figure 5.6. In both the cases of double
pass and side jet experiments the penetration decreases almost hyperbolically with
increase in welding speed. Also the width of the welds was decreased with an increase
in welding speed. In most cases the width of the welds were found to be larger than the

penetration,typical aspect ratio being 0.6 - 0.8.

For the case of metal powder injected welds the penetration and width of the
welds decreases more sharply. In these types of experiments it is found that at
constant laser power the feed rate of the powder together with the welding speed is
also an important parameter. For same welding speed too high flow rate of metal
powder interferes with the beam and leads to inefficient welding. The melted powder
accumulated on the weld bead with a very littie penetration to the substrate. A
controlled feed rate of powder gave efficient weld with just enough of the metal
powder going in to the melt pool. Too low a flow rate may not have enough metal for
modification of weld composition. Similarly for a controlled feed rate of metal powder
the welding speed is also important. Too slow a welding speed incorporated more
powder and the increased amount of metal powder interfered with the laser beam
producing inefficient welding. A controlled weld'ng speed allowed an optimum
thickness of metal powder at the beam metal interaction point that gives a good
penetration by trapping the radiations between the particles. A higher welding speed
does not allow enough time for the laser beam to penetrate to the substrate, the
presence of metal powder at the interaction pont also restrict the beam to just

melting of the powder with only a slight melting of the substrate. Hence for the case
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of nickel and stainless steel injected welds the penetraton decreases more sharply at
higher welding speeds (Figure 5.7 & 5.8). For the case of tool steel injected powder
the data for the whole sheet thickness (0 to 1.4) is not available only a very small

range of penetration (1.2 to1. 5 mm) is available.
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Figure 5.4 Typical hyperbolic curve for welding speed against weld penetration and
width at laser power 1.60 kW. Bead on plate welding.
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Figure 5.5 Weld penetration and width as a function of welding speed in double pass

welding. Sheet thickness; 0.875 mm.
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Figure 5.6 Weld penetration and width as a function of welding speed in side jet

welding experiment. Sheet thickness; 0.7 mm.
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Figure 5.7 Weld penetration and width as a function of welding speed for nickel

injected weld.
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Figure 5.8 Weld penetration and width as a function of welding speed for stainless

steel injected weld.
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Figure 5.9 Weld penetration and width as a function of welding speed for tool steel

injected weld.

5.2.1.3 Influence of Laser Beam Polarisation in Welding

The polarisation of the laser beam has a significant influence on laser materials
processing, especially for cutting of metallic materials. Olsen [151,152] first
discovered the effect of laser light polarisation on cutting processes. He found that the
absorption of laser beam on smooth surfaces can be described by the Fresnel formula
[163]). The reflectivity of a material surface irradiated by a laser beam can be

calculated as:

2
Rotan (9 0)

= (5.1)
tan (p,+9,)
sin’(¢.- 9.)

Roo—t2 %) (5.2)

. 2
sin (¢,+9,)

Where Rp is the reflectivity for light polarised in a plane parallel to the plane

of incidence, and Rs is the reflectivity for light polarised in a plane perpendicular to
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the plane of incidence. The angles ¢, and ¢, are the angle of incidence and the angle of
transmission. The Snell theorem [153] relates the transmission angle, ¢, to the

angle of incidence and the index of refraction, n, of the material, as:

sin ¢
nNe —=% (5.3)
sin o,

The index of refraction of a material depends upon the electric properties of the
material, which are dependent on the wavelength of the light. The Fresnel formula
gives a dependence of the absorptivity on the polarisation and on the angle of incidence
as shown in Figure 5.10 for a steel surface, irradiated by a CO, laser [151]. The
curves show, that laser material processing is influenced by the polarisation of the
laser light. This influence is most significant for processing materials with a high

reflectivity for normal incident radiation, i.e., metallic materials.
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Figure 5.10 Correlation between laser beam polarisation and the reflection at a

metal surface as a function of the incident angle [151].

At p-polarisation (i.e E-vector parallel to the plane of incidence) a marked

maximum in the absorption can be observed at the so called Brewster angle. On s-
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polarisation (i.e., E-vector perpendicular to the plane of incidence), however, only

very poor absorption is obtained [154].

When cutting with a linear polarised laser is performed in a material with a
high reflectivity, the absorption of energy in the cutting kerf depends upon the angle,
¢, between the plane of polarisation of electric vector, E, and the cutting d'rection, V,

as shown in Figure 5.11.

intensity of
absorption

p-polarised s-polarised

Figure 5.11 Cutting kerfs using p-polarised and s-polarised beam. Where V is

cutting direction and P is plane of polarisation [152].

When the angle, ¢, is 0°, the front of the cutting kerf will absorb more energy
than the sides. When the angle, ¢, is 90°, the front of the cutting kerf will absorb
less energy than the sides. This means that when cutting in the same direction as the
plane of polarisation, the cutting speed can be higher than when cutting in a drection
perpendicular on the plane of polarisation. Olsen [151] found that experiments with
an almost linear polarised CO5 laser showed maximum cutting rates for ¢ = 0° which

were about 50% higher than maximum cutting rates for ¢ = 90°.

Similar conditions of laser beam absorption as shown in Figure 5.11 can be
expected during laser welding. Welding with polarised beam has been reported by
Beyer et al. [155] and Behler et al. [156). Figure 5.12 shows the influence of

166



beam polarisation in welding with 5kW beam power. Above a speed of 3 m/min, the
welding depths changes between 3.9 mm and 2.8 mm as a function of beam
polarisation. The difference in penetration for p- and s-polarised beam pers sts at
higher welding speeds. Beyer et al. [155] found that above 3 m/min the welding
depth is 1.4 times higher in case of p-polarised beam than in the case of s-polarised
beam. However, no explanation of the better absorption of p-polarised beam as

compared to s-polarised beam has been reported.
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Figure 5.12 Influence of beam polarisation in welding with 5kW laser power
[155].

The effect of polarisation on the penetrability of CO» laser radiation was carried
out on a 0.7 mm thick zinc coated steel sheet with a zinc coating thickness of 7.5 um.
The welding parameters are listed in Appendix 7 for p-polarised beam and in
Appendix 8 for s-polarised beam. Experimental investigations were made on
penetration in the sheet steel by a plane polarised CO5 laser radiation. Two sets of
experiment were performed. The zinc coated steel sheet was welded under conditions
when the angle ¢ between the plane of polarisation and the welding direction was equal
to 0° (i.e., p-polarised) and 90° (i.e., s-polarised). The penetration and width of

the weld made were than measured.

Figure 5.13 demonstrate the influence of beam polarisation on the weld
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penetration under the same welding conditions. The weld penetration is plotted
against the welding speed. It is evident that the penetration decreases hyperbolically
with increasing speeds. Also a better penetration is achieved in case of p-polarised
beam than with s-polarised beam. It is worth noticing that the weld penetration is
about 1.5 time greater in case of p-polarised beam as compared to s-polarised beam.
This is in agreement with the work performed by Beyer et al. [155] as just noted,
and Garashchuk and Kirsey [157]. Garashchuk and Kirsey [157] found that the
penetration was 1.4 to 1.7 times greater in case of p-polarised beam than with s-

polarised beam. They also reported that a better quality weld is obtained in case of s-

polarised beam.
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Figure 5.13 Penetration against the welding speed for p-polarised and for s-

polarised beam under same welding conditions, laser power 1.77 kW.
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Figure 5.14 Weld width against welding speed for p-polarised and s-polarised

beam under same welding conditions.

Figure 5.14 shows the width of the welds performed using p- & s-polarised
beam. In the case of p-polarised beam the width of the weld at lower speed (20
mmv/s) is less than that of the width of weld made with s-polarised beam. But there
after there was hardly any pronounced difference between the width of the two kinds
of the welds. However, at higher speed (50 mm/s) the width of the weld obtained
with s-polarised beam is less than that of p-polarised. This is probably attributable
to the less absorption of s-polarised beam at higher speed as compared to p-polarised

beam.

Figure¢5.15 (a...f) to 5.16 (a...f) show the weld micrographs obtained using
p- and s-polarised beam. It can be seen that the weld is not penetrating to the lower
sheet in case of s-polarised beam (for welds at welding speeds of 35, 40 and 45
mmnvs) and the presence of a gap also resisted the beam penetration. On the other
hand for same welding conditions with p-polarised beam a better penetration is
obtained and the presence of a gap does not have much effect on the depth of

penetration as compared to s-polarised beam. The p-polarised beam has been found to
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(e) (f)

Figure 5.15 The weld microsections at various welding speeds using p-polarised

beam. Laser power; 1.77 kW, welding speed; (a) 20, (b) 25, (c) 30, (d) 35,
(e) 40 and (f) 50 mm/s.
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(e) (f)

Figure 5.16 The weld microsections at various welding speeds using s-polarised

beam. Laser power; 1.77 kW, welding speed; (a) 20, (b) 25, (c) 30, (d) 35,
(e) 40 and (f) 50 mm/s.
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gwe @ better coupling of the two sheets. While in case of s-polarised beam it

«o.s not been able to 4wt o W%ﬁhe lower sheets and there is no more contact
between the two sheets as is evident from Figure 5.16 (d, e, f). Hence to obtain a
better contact between the two sheets and to gain a deeper penetration the welding of

steel sheet with p- polarised beam is recommended.

522 Welding Using SF/FAF Oscillator/Amplifier System With
Gaussian Beam Mode

Material processing by laser requires a sufficiently high stable power and a
correct beam mode. In most laser designs, high power is achieved at the expense of
mode structure. The high power lasers use broader cavities, in which many
transverse modes are able to oscillate producing high order or multi mode beams. The
large plasma volumes used to amplify the beam within the optical cavities of such
designs, emphasise plasma irregularities which greatly distort the mode structure of
the resulting beam. This is partly due to temperature gradients in the plasma and
partly due to the intensity variations of the plasma. Such irregularities could be
greatly reduced if the laser beam is passed only once through the plasma, thus using it
as an amplifier rather than an oscillator. The main objective was to make a laser
oscillator/amplifier system to produce a h'gh power beam without distorting the
beam mode structure.

A near Gaussian TEM,, beam was generated from an SF/FAF oscillator
amplifier mode from a Ferranti MF400 oscillator generating 350 W feeding a Control
Laser 2 kW FAF laser operating as an amplifier. Details of the set up are explained in
reference [158] and the experimental arrangement is sketched in Figure 5.17. The
two laser were situated at a distance of 12 meters apart due to the existing
arrangement at the Imperial College. The divergence of the SF laser was measured to
be 2 m rad. Hence a collimator was required to ensure the beam size did not exceed

the amplifier tube diameter when it enters FAF/amplifier. The combined laser beam
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was very close to a pure Gaussian beam and had a maximum power of around 1 kW.
Improvement of beam mode structure was found in the amplified beam. This beam
was used to carry out some welding tnals in lap configuration. The Gaussian beam

profile is sketched in Figure 5.18.

400 W 2kW Fl.\F
SF Laser amplifier
2m radius
calorimeter
LBAt
l_l — L T-_ Calorimeter
S U7 m,
im radus LBA2 focusing

| lens
|< 12m >

workstation

Figure 5.17 Experimental arrangement of SF/FAF oscillator amplifier, producing

pure Gaussian beam.

A
Figure 5.18 The Gaussian beam profile.
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The welding experiments were carried out using the oscillator/amplifier
system. The experimental welding parameters together with the results obtained are

listed in Appendix 9.
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Figure 5.19 Weld penetration and width as function of welding speed.

The variation of welding speed undergoes the expected trend (Figure 5.19), the
penetration decreases hyperbolically with increasing speed. It is also evident that the
weld width is smaller than the penetration (aspect ratio 1.1-1.5), indicating that
much of the energy is utilised for deep penetration into the material, as opposed to
multimode beam in which the weld width is greater than the penetration (as discussed

later in sections 5.2.3¢ £2 4.

The beam produced by the oscillator amplifier system gave a pure Gaussian
mode structure and was found to be very useful for welding applications. The results
obtained were compared to the results of other lasers used. A significantly better
penetration was achieved using oscillator amplifier Gaussian beam. It is evident
from the Figure 5.53 that the Gaussian beam mode gave the best joining efficiency,
indicating that a low power Gaussian beam mode is far better than a high power multi

mode beam for welding applications. The cutting results obtained using the same
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system have also shown a considerable improvement in the cutting performance with

respect to the beam generated by FAF alone [159)].

Due to the long beam path and complexity of the system it was difficult to
maintain the alignment and stability of the beam for a longer period. Yet the result
show clearly that the use of such beams generated by oscillator/amplifier are very

useful for welding and cutting processes.

52.3 Welding Using AVCO Laser With Multimode Beam

The study was extended to high power lasers. This experimental work was
carried out by the author at RTM Laser Centre, Italy. For this study a series of welds
were fabricated on zinc coated steel at high powers up to 8 kW. The description of the
laser is presented in Chapter 3. The beam profile of AVCO laser is sketched in Figure
5.20 Beam coupling and penetration studies were made with 15 kW AVCO laser
(focussed spot size = 0.8 mm) giving a multimode beam. The welds were produced by
simply passing the workpiece under the stationary focussed laser beam. These welds
were made with laser powers up to 8 kW using a helium side jet. A small optimal gap
of 0.2 mm was maintained between the two overlapped sheets to help vent the zinc
vapour at the interface. The welding speed was varied until a fully penetrating weld

was obtained.

2
Figure 5.20 The beam profile of AVCO laser.

These experiments were performed to look into the welding parameters at high
power and thus an increased welding speed could be achieved in this way. The

processing parameters studied were laser power and welding speed. The constant

175



processing parameters were:

Material Zinc coated sheet
Thickness 0.7 mm
Zinc coating thickness 75um
Assist gas Helium

Focal length of the mirror 952 mm

Focal position On the surface of the workpiece

All the welding parameters for each set of experiments are listed in Appendix 10,
11, 12. Under each set of experiments, welds were made over a wide range of laser
powers and welding speeds. The aims of these welding trials were to find a suitable
welding parameters in order to successfully weld the zinc coated sheets at relatively
high speed. The results were assessed by means of measuring the depth of penetration
of the weld. Since the gap size affected the quality of the weld, the weld quality was
also studied as a function of gap size by counting the number of pits’holes per 100

mm of the weld length (discussed in chapter 4).

It has been described in the previous chapter that the lack of a gap between the
sheets led to the explosive ejection of zinc vapour which in turn led to laser beam
blocking due to zinc plasma thus reducing the weld penetration. Hence it was difficult
to know the real penetration when there is pitting or plasma blocking problem, thus
for beam penetration measurements the microsections were obtained from that region
of weld where it showed no pitting and better weld bead surface. For some of the
welds, microsections were also obtained from the region where it showed pits and

holes.

The penetration and width of the welds as a function of welding speed for different
laser powers are plotted in Figures 5.21 to 5.23. The curves decrease almost
hyperbolically with the increase in welding speed. These graphs also show that there

is a resistance to penetrating the bottom sheet at certain speeds depending upon the
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Figure 5.21 Weld penetration and width as a function of welding speed.
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Figure 5.23 Weld penetration and width as a function of welding speed.
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laser power. This is due to the presence of a gap between the two sheets (shown by

the dwell at 0.7 mm penetration Figures 5.21 to 5.23).

5.2.4 Welding Using MLI Laser With Ring Type Beam Mode

MLI laser had a ring type of beam mode. The beam profile is sketched in Figure
5.24. The experiment was performed on uncoated steel sheet in lap configurations by
Quantum Laser Corporation at New Jersey, U.S.A. The welding parameters and the
results for this set of experiment are given in Appendix 13. The weld penetration and
width are shown in Figure 5.25. It can be seen that the penetration and width
decrease hyperbolically with increase in welding speed. The width of the weld was

more than the penetration due to a larger spot size of 1 mm.

Figure 5.24 The beam mode of MLI laser.
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Figure 5.25 Welding speed against penetration and width for MLI laser. Laser

power; 5.8 kW, sheet thickness 0.7 mm.
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5.2.5 Welding Using UTRC Laser With a Top Hat Beam Mode

A series of welds were produced using a UTRC laser situated at Centre for
Industriforksning, Oslo, Norway. The beam profile is roughly sketched in Figure
5.26. The raw beam mode was like top hat and there was little power variations in
the beam mode both along x- & y- axis. Uncoated sheets of 0.7 mm thickness were
used to weld in lap configuration. The welding parameters and the results are listed
in Appendix 14. Beam coupling and penetration studies were made using this laser.
The penetration and width of the weld are shown in Figure 5.27. It can be seen that
the weld penetration and width decreases hyperbolically with increase in welding
speed. Also the width of the weld is lower than the penetration, due to a smaller focal

spot size of UTRC laser of 0.7 mm.

Figure 5.26 The beam mode of UTRC laser.
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Figure 5.27 Welding speed against penetration and width for UTRC laser. Laser

power 2 kW.
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5.3 Efficiencies

This part includes the melting and joining efficiency of the welding processes.

The joining efficiency gives a comparison between the various lasers used in this

study.
5.3.1 Melting Efficiency

It has been observed that only a part of total laser energy available is utilised
in the melting of the weldments. A part of the energy which enters the weld is used to
melt the weld, the remaining heats up the base metal in forming a heat affected zone.

In general, the efficiency is expressed as the ratio of output to input energies.

The melting efficiency can be calculated to find out how much power is being
utilised in the substrate for melting. The laser power need to melt a zone can be

calculated from the equation (5.4)

_PVA(CT +L )100 (5.4)
- P

n

= percentage of delivered energy used to melt the substrate.

Where, P = laser power delivered to the workpiece,Watts, n = melting efficiency %,
p = density of the material,kg/m3: Cp = specific heat capacity, kJ/kg-"C, Th =
Temperature of melting,’K, Ly = latent heat of melting, kdJ/kg, A = cross section area

of the fusion zone, m2.

This equation is derived from a heat balance on an element. It is the heat needed
to melt a volume of material V x A per second. The heat balance assumed that no heat
is lost by conduction, convection or radiation. Folkes [160] melting titanium using a

laser power of 1.5 kW for 0.3 mm deep penetration found that only 20% of the power
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had been used for melting and the remaining 80% was reflected. Mazumder [46] also

found a melting efficiency of 20% In mild steel sheet of 0.2 mm thickness.

The melting efficiency is calculated for each technique used. The melting
efficiency is plotted against welding speed in Figure 5.28 to Figure 5.38. It is evident
from the Figures that nm decreases with welding speed. Mazumder [46] found that the
melting efficiency increases with welding speed. This observation, however, does not
agree with the present study. This could be due to the fact that he used a different
material and a thin sheet of 0.2 mm thickness. At this penetration of 0.2 mm the weld
would be expected to be conduction limited and considerable energy lost at low speeds
by passing through the substrate. Hence the result would be different from a keyhole

welding process.

It is also noted that the melting efficiency increases with the increase in laser
power for same beam mode. A higher melting efficiency is achieved in case of a beam
mode with a bigger spot size because it increases the width of the weld and thus the
melted area. The Gaussian beam also gave a higher melting efficiency because it

increases the penetration and hence the melted zone.
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Figure 5.28 Melting efficiency against welding speed using CLL laser. Laser power;
1.62 kW, sheet thickness 1.5 mm.
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Figure 5.30 Welding speed against melting efficiency using CLL laser. Laser

power; 2kW, sheet thickness 0.7 mm.
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Figure 5.31 Welding speed against melt'ng efficiency using CLL laser. Laser power;
1.77 kW, sheet thickness 0.7 mm.
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Figure 5.32 Welding speed against melting efficiency using CLL laser.
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Figure 5.33 Welding speed against melting efficiency using CLL laser.

power; 2 kW, sheet thickness 0.7 mm.
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Figure 5.34 Welding speed against melting efficiency using CLL laser.

power; 1.54 kW, sheet thickness 0.7 mm.
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Figure 5.37 Welding speed against melting efficiency. Laser power 5.8 kW, sheet
thickness 0.7 mm.
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Figure 5.38 Welding speed against melting efficiency for AVCO high power laser.
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Sheet thickness; 0.7 mm.

5.3.2 Joining Efficiency

The total area of metal joined in unit time per unit of applied energy is
considered as useful practical method of comparing processes and their performance.
This is termed as the joining efficiency of the process. The experimental values of
depth of penetration T,are plotted against 1/V, (V; welding speed). The slope of the
curve (VT) when divided by the laser power P, gave the joining efficiency. Thus the
parameter (VT/P) is the simplest order of magnitude parameter for calculating the
laser performance at other speed and powers. A good correlation was found for

penetration T, against 1/V.
Figure 5.39 to 5.50 shows the penetration, T vs (1/V) for all the lasers used in

this work. For constant joining efficiency a straight line would be expected. The

result follow such a line quite well.
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Figure 5.39 Weld penetration against 1/V for bead on plate weld. Laser power 1.60
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The joining efficiency and the average melting efficiency for each process is
listed in Table 5.1. The melting efficiency is almost the same as the joining efficiency
except it includes the weld width. Thus a mark of merit is a high joining efficiency
and low melting efficiency. Joining efficiency is plotted against the melting efficiency

in Figure 5.51 for different techniques employed by using CLL laser.

It can be seen that the joining efficiency for bead on plate welds is higher than
that for the lap welds. This is due to the poor thermal contact between the two sheets
in lap configuration. Also in the presence of a gap between the sheets the penetration
is also reduced (as discussed earlier). There is a thermal coupling hiatus when the
melt pool arrives at the interface between the sheets. The reason for this problem
may be partly that the new surface has a reflectivity higher than the vapour hole
penetrating the sheets and partly the sudden appearance of large volume of zinc
vapour. Thus the partial penetration could be due to vapour reducing the power

density to the lower plate.

In case of nickel and stainless steel injected weld the joining efficiency is
higher, which is due to the presence of a powder cloud at the beam metal interaction
point trapping the laser radiation between the particles and hence increasing the
beam coupling with the substrate. Side jet welding, p- & s-polarised welding
(employed the use of a side jet to remove the plasma from the beam metal interaction
point) technique had a slightly higher joining efficiency than the double pass welding
technique in which no side jet was used. Figure 5.52 shows that the joining and

melting efficiency increases with increase in laser power for same laser beam mode.

Figure 5.53 is a plot of joining efficiency against melting efficiency for all the
techniques used in this work. The Gaussian beam is seen to be exceptional with nickel
and stainless steel injection welding being surprisingly efficient as well. The MLI
laser gave a higher melting efficiency due to (i) higher power and (i) wider beam
mode (spot size;1 mm), which increases the width of the weld, but the joining

efficency is st'l very low. This indicates that the wider beams are not very suitable
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for obtaining a deeper penetration. On the other hand the Gaussian beams are most
suitable for welding process which can give a very high joining efficiency even at low

power (1 kW), and is more efficient than high power multimode lasers.
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Figure 5.51 Joining efficiency against melting efficiency for different techniques

used for welding zinc coated steel by using Control Laser Limited (CLL).
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Figure 5.53 Joining efficiency against melting efficiency for various lasers used.

Table 5.1 Joining verses Melting Efficiency

Sr. Welding Technique Laser Joining Av. Melting

No power Efficiency Efficiency
(kW) (mm?/kJ) (%)

1 Bead on plate (BP) 1.62 34.6 10.5

2 Double pass (DP) 2.00 18.4 9.2

3 Side jet (SJ) 2.00 20.7 12.8

4 p-polarised 1.77 23.7 14.1

5 s-polarised 1.77 21.0 13.8

6 Nickel injection (Ni) 2.00 31.0 10.9

7  Stainless steel injection (SS) 2.00 30.1 11.6

8 AVCO Laser3kwW 3.00 20.8 11.9

9  AVCO Laser5kW 5.00 27.0 12.4

10 AVCO Laser 8 kW 8.00 28.2 13.5

11 Gaussian (CLL + FERRANTI) 1.00 54.0 18

12 MLI Laser 5.80 19.8 18.5

13 UTRC Laser 2.00 25.3 13.7
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5.3.3 Effect of Gap Size on Joining and Melting Efficiency

Figure 5.54 shows the plot of gap size aga'nst the joining and melting efficiency.
The joining efficiency depends upon the depth of penetration and welding speed and is
independent of the width of the weld. On the other hand the melting efficiency depends
upon the area of the fusion zone. As described earlier, the weld penetration decreases
with increasing gap, hence for constant welding speed the joining efficiency also
decreases with the increase in gap size as shown i Figure 5.54. Also it has been seen
in the previous chapter that the increase in gap size resulted in an increase in the
weld width of top sheet and a decrease in weld penetration. It is found that the melted
area is almost same for all welds. Hence there is not much difference in the melting

efficiency of the weld with the variation in the gap size.
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Figure 5.54 Joining and melting efficiency as a function of gap size for a constant

welding speed of 15 mm/s. Laser power, 1.00 kW.

54 Mechanical Tests

The mechanical tests performed on the welded specimen are presented in this

section. These include tensile, hardness, impact and fatgue tests.
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5.4.1 Tensile Tests

A "Hounsfield" hand operated tensile testing machine was used. All the
specimens were made with a gauge length of 82 mm with weld transverse to the
direction of tension as shown in Figure 3.10 (chapter 3). Several additional samples
were made to enable the production of tensile tests specimens. Specimen sizes and
loading conditions for tensile tests on laser welded sample are listed in Table 5.2
together with calculations of percentage elongation and percentage reduction in area.
Macroscopic photographs of the resulting specimens after the tensile test are shown

in Figure 5.55.

These results are useful since they show that fracture in plane, butt and lap
welded samples occurred away from the weld zone. This shows that the weld yield
strength is greater than that of the parent material. Calculations of percentage
elongation and reduction in area were obtained for each test and the results are fairly
constant implying that these results are an indication of material properties and not
of the properties of the welds themselves. The slight reduction in the values of
percentage elongation and reduction in area for the lap welds are possibly due to the

discontinuity caused by the weld's presence.

It is observed that the weld properties are similar to the unwelded material and
in all cases rupture take place at the or'ginal material instead of weld joint. A
similar observation was made for all end edge welds (22Z-8, 2Z-13, and 2Z-15), tool

steel injected, and nickel injected weld.
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1
Sr Type
No. of weld

(mm?2)

1 Butt 1 8.4
2 Butt 2 8.4
3 Pilain 8.4
4 Plain 8.4
5 Lapg=0.1 8.4
6 Lap g=0.058.4
7 Plain 8.4
8 2Z-8 8.4
9 2Z-13 8.4
10 22-15 8.4
11 NKL 8.4
12 TST 8.4

nsil

X-section Max

load
(kg)

250
244
247
256
250
247
264
259
256
250
241
256

ing of Wel

Max
Stress

(MPa)

290
283
286
297
290
286
308
302
299
292
281
299
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Original
length

(mm)

82.5
82.5
81.5
80.5
86.0
82.2
82.0
82.0
82.0
82.0
82.0
82.0

M

Final
length

(mm)

112
109.5
111
114
107
111
108
107
102
102
99
102

rial

%Elong

-ation

35.7
32.7
36.2
41.6
24.4
35.0
31.7
30.5
24.4
24.4
20.7
24.4

%Reduc

-tion

67.6
64.7
67.3
69.8
75.1
69.0
50.6
56.5
53.0
55.9
48.8
49.0
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Figure 5.55. Specimens after tensile test.
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5.4.2 Hardness Measurement

Microhardness traverse across the weld zone was performed on a few selected
samples to investigate the effect of welding speed on hardness within the weld zone and
heat affected zone. Hardness values of base material, heat affected zone and fusion
zone were measured. Microhardness traverse across the weld revealed that the
hardness at the weld fusion zone was higher than that of the parent material and the
heat affected zone. The hardness of base material was found to be 132 + 15 Hv and
that of heat affected zone was 232 + 20 Hv. The hardness of fusion zone was measured
at different points, the hardness value ranged from 350 to 370 Hv. Figure 5.56
shows the hardness of the weld fusion zone and the heat affacted zone. It is evident that
for same laser power the hardness in the fusion zone and heat affected zone increases
with increase in welding speeds. This shows that for higher cooling rates the
hardness of the fusion zone and the heat affected zone also increases. These hardness

values are in line with those found in welding this form of mild steel.
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Figure 5.56 The hardness of fusion zone and heat affected zone as a function of

welding speed.
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5.4.3

5.4.3.1 Impact Testing

The impact testing was performed at Impact Research Centre, Liverpool
University by R. S. Birch and Prof. Norman Jones. The test was carried out on thin-
walled box section steel structural members supplied by RTM Research Centre,
Turin, Italy. The box sections were subjected to static and dynamic axial crushing and
its effects were examined. The box sections were manufactured from 0.7 mm steel
using either a lap (type A) or flange (type B) joint with a CW CO, laser weld as
shown in Figure 5.57. A small gap was maintained between the sheets using a shim.

The specimen for impact test had a length of 160 mm, approximately.

—
34 -

/
Type 'A' weld Type 'B'

Figure 5.57 Design of box sections. Where b = 50.5, ¢ = 30 mm, and d = 15 mm.

(i) Static compression tests were carried out on a 25 Tonne Dartec

tensile/compression testing machine with a cross head speed of 0.05 mm.

(ii) The dynamic tests were performed on the 9 m drop hammer rig at the Impact
Centre, Liverpool University. Three tup masses and several drop heights between 2.5
and 8 m, approximately, were used. Velocity and load measurements were made using
a Laser Doppler Velocimeter (LDV) together with a DL 1080 20 M Hz transient

recorder.

The basic dimensions and data for each specimen are listed in Table 5.3.
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'ABLE Basic Dimens ions and Data For E im

Cods +type L M H Vi Pm s *Mode
of

(mm) (Kg) (m) (m/s) (kN) (mm) failure

1 A uncoated 165 - - static - - 6.4 96.5 2, 3
2 B uncoated 165 - - static - - 10.8 77.0 1, 4
3 B coated 165 - - static - - 12.6 96.5 1, 3
4 A uncoated 165 11.5 2.47 6.81 9.3 22.5 1

5 A uncoated 165 11.5 3.95 8.8 - - 31 1

6 A uncoated 165 11.5 7.2 11.79 8.8 67.5 1, 3
7 B coated 162 20 2.47 6.81 18.1 18.5 1

8 B coated 163 20 3.77 8.58 2.5 88 1, 4
9 B coated 163 20 5.95 10.8 - - 51.5 1, 3
10 Bcoated 163 20 5.95 10.64 18.5 51 1

11 B uncoated 162 20 2.48 6.88 18.8 16 1

12 Buncoated 162 20 5.95 10.71  16.9 48.5 1, 3
13 Buncoated 162 20 3.95 8.72 18.5 31 1

14  Auncoated 162 20 2.46 6.95 - - 32 2, 3
15 Auncoated 162 20 2.45 6.77 9.8 33 2,3
16 A uncoated 162 20 3.96 8.7 8.8 62 2, 3
17 Auncoated 162 20 5.95 10.8 - - 88 2, 4
18 Auncoated 162 20 5.96 10.68 8.9 109.5 2,3
19 Buncoated 162 20 8.08 12.6 - - 69 1, 3
20 B uncoated 162 20 8.09 12.42 14.6 79 1, 3
21 Booated 162 20 8.1 12.43 13.9 79 1, 3
22 Auncoated 162 20 8.12 12.47 12.1 143.5 2, 4
23 B uncoated 162 28 8.02 12.54 - - 108 2, 4
24 Bcoated 162 28 8.02 12.23 15.4 138.5 1, 4
25 Becoated 162 28 5.95 10.8 - - 120 1, 4
26 Buncoated 162 28 5.95 10.65 16.7 80 1, 3
27 Bcoated 162 28 5.95 10.62 13.9 86 1, 4

+ A = lap jointed type A
B = flange jointed type B
* 1 = regular progressive collapse
2 = irregular progressive collapse
3 = some overall buckling
4 = extensive overall buckling.
Where L = initial length of a specimen, M = tup mass, H = drop height, V; = impact
velocity, P, = mean axial collapse load, overall axial deformation.
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(i) Static Test The static collapse mode of the box was progressive with overall
buckling (Figure 5.58). In type A and type B uncoated specimens the overall
buckling occurred at an early stage of the collapse process while the coated type B
specimen was stable almost throughout the entire deformation history. More over

there was no evidence of weld failure in any of the specimens.

(i) Dynamic Test A photograph of the dynamically crushed specimens is shown in
Figure 5.59 with the impacted specimens arranged from left to right with increasing

impact energy.

The dynamic collapse modes were similar to those found in the static case.
However, the local buckling pattern or mode lengths tended to be shorter, more
regular and usually confined to the impacted end of the specimen. Overall buckling
was observed in many specimens. Several tests were carried out to examine the
repeatability of the impact tests using almost the same impact energy. It was found
that changes in the collapse mode would effect the energy absorption capability of the

box section. Specimen 17 and 18 shown in Figure 5.60 illustrate this effect.

Figure 5.61 shows the relationship between permanent overall axial deflection
and impact energy and it can be seen that type A specimens have an almost linear
relationship. Similarly, type B specimens have an approximately linear deflection-
energy relationship but there is significant scatter in the coated specimen results.
Examination of the coated specimens indicated a higher incidence of unstable overall

buckling failure.

The velocity-time history of the tup during crushing was recorded by a laser
Doppler velocimeter and a typical curve is shown in Figure 5.62 . This curve may be
differentiated with respect to time to give the decceleration of the tup and , therefore,
the variation of the axial force when multiplying by the tup mass. The mean loads
were found to be approximately 1.5 higher than those recorded during the static tests

and was probably due to the reduction in mode length and material strain rate effects.
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(b)
Figure 5.58 The static collapse mode of the box section, (a) front view and (b)

side view of the same specimen.

201



(a) Specimen 7 8 9 21

(b)
Figure 5.59 The dynamically crushed specimen arranged from left to right with

increasing impact energy, (a) front view and (b) side view of the same specimen.
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(a) Specimen 17 18

(b)
Figure 5.60 The collapse mode affects the energy absorption capability of the box

section, (a) front view and (b) side view of the same specimen.

203



Again, there was no evidence of weld failure in any of the specimens.
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Figure 5.61 Absorbed energy against axial deflection.
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Figure 5.62 Velocity against time.

In conclusion the performance of the laser welded joints appeared to be

satisfactory with no evidence of weld failure or tearing in the joint region.
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The results indicate that the zinc coated box sections are more likely to fail
with an unstable overall buckling form of collapse mode. This de-stabilising effect
may be due to the necessity of a gap being maintained at the joint interface during the
weld operation. It appears, from a careful study of the photographs, that the failure
mode of type A box with lap joints, although mostly irregular, was stable and
progressive while the type B flange jointed box tended towards an unstable overall
buckling mode. Further experimental work would be necessary to confirm these

results specially the possibility of destabilising effect of gap size.

5.4.3.2 Fatigue Test at Renault Motors

These tests was performed by Mr. De Boine of Renault Motors at Senlis
(Paris). Fatigue tests were performed on samples of steel sheets of 0.7 mm
thickness joined together by lap weld with complete penetration. The welds were
performed at Renault (France) and RTM (ltaly). The welding conditions are listed in

table 54.

Table 5.4 Laser Parameters for Fatigue Testing Specimens

Sr. no. Laser type Power Speed Cp Supplier
kW mm/s mm

1 A0 1.5 33 0.068 RTM

2 CILAS 1.25 33 0.016 RENAULT

3 CILAS 1.5 54 0.016 RENAULT

The overall size of the specimen was 250 x 40 mm.
The fatigue test was performed on a JACOTET servohydraulic machine. The test

frequency was 24 Hz and a stress ratio R (R = dyin/dmax) equal to 0.1 was applied.

All the tests were carried out till failure or stopped at 107 cycles. The S-N curves
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corresponding to each welding condition is shown in Figure 5.63.

The results obtained on RTM specimen were compared with Renault specimen.
No noticeable difference in results was found between RTM and Renault specimen due
to the welding conditions. A fatigue strength of about 85 MPa at 5 x 108 cycles was

found to be reasonable value regardless of the welding conditions.

No fatigue fracture within the fusion zone was observed in any case. The crack
propagation was observed along the interface between the fusion zone and the heat
affected zone. Observations of the fractured surface showed that the crack initiated at
the interface between the two sheets rather than from the external faces. No effect of

width of the gap was found in the initiation site.

Few cavities with a mean diameter of 0.15 mm were observed on the fractured
surface. These cavities were probably produced during the welding and do not appear
to have any significant effect on the fatigue life. Although the location of the crack
initiation is usually difficult to define, none of the cavities appear to be an initiation

site.

5.4.3.3 Fatigue Test at CETIM

These tests were performed by Mr. Flavenot of CETIM at Senlis (Paris).
Fatigue tests were performed on an electromagnetic fatgue machine (INSTRON Figure
5.64). A stress ratio (dmin/dmax) of 0.1 was applied. A test frequency of 90-110
Hz was used for various weld geometries shown in the Figure 5.65. The test was
considered to be achieved when the frequency decreases by 2 Hz. The use of this
criteriar was necessary to compare the different weld configurations, whose failure

mode much depends upon the weld geometry.

For the continuous linear welds the test is achieved when the crack is about 10

fo 50 mm long. The number of cycles necessary to increase the crack length from 10
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to 50 mm is very short (10,000 cycles). Hence the fatigue life is approximately

equivalent to the number of cycles for which the crack appears on the specimen.

For the continueous non linear welds crack appears on the external face of the
specimen at one or several peaks of the sinuous or triangular lines. The crack
propagates along the weld 2 to 3 mm and then in the base metal. The number of cycles
for propagation to the final number of cycles (for which the machine stops) is
greater. For discontinuous welds the crack appears on the external face of the

specimen at one or several welding points and then propagates through the base metal.

The graph of fatigue life at 100 MPa against number of cycles for each weld
configuration is shown in Figure 5.66. The fatigue life is maximum for the sample
without complete penetration. The second maximum fatigue life is in sample in which
the weld segments are parallel to the applied stress. Other weld configurations have
nearly the same fatigue life. But the spot welded samples have the least fatigue life, of
which laser welded samples have more fatigue life than the resistance spot welded

samples.

In all the cases the crack initiates on the interface between the welded sheets.
For the case to sinusoidal and triangular continuous welds the crack initiate at the
peak points of the welds and propagates through the base metal. These peak points acts
as a stress raiser hence the crack initiates from the point where the stress is
maximum. Similarly spot weded points also acts as stress raiser and crack initiates

from the welded spots.
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Figure 5.63 S-N diagram corresponding to each welding conditions. Where RTM
welding parameters are, power; 1.5 kW, welding speed; 2 m/min, and for Renault 1,
power; 1.25 kW, welding speed; 2 m/min, Renault 2, power; 1.5 kW, welding speed;
3.25 m/min, Renault 3, interrupted test of Renault.
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Figure 5.64 View of the fatigue machine at CETIM.
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Figure 5.65 Welding configurat'ons for fatigue tests.
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Chapter 6
The Gap Model for Welding Zinc Coated Steel

.

6.1 Introduction

The problem associated with the welding of coated steel sheet is outlined in
chapter 1. This problem can be solved by allowing a suitable gap between the sheets
during lap welding. Hence full penetration welds without pits or craters can be
obtained. There appears to be two basic phenomena which affect the quality of the
weld in coated material. Firstly, for large gaps, there is some drop out causing a dip
in the upper surface; secondly, at narrow gaps, there is blow out from zinc vapours.
It is observed with the blow out type welds that pitting occurs in a remarkably
regular manner. It must be remembered that the gap may not be constant along the
length of the weld, due to distortion while welding, and so the regularity is not

expected to be perfect. The cause of this regularity could be associated with the weld

pool size.

6.2 The Gap Model

Considering the welding of coated steel, the znc coating at the interface is
vaporised due to the intense heat produced by the laser Figure 6.1. Since the beam
spot is circular, the zinc 1s removed in the form of a semi circle just ahead of the
beam. The problem arises, what happens to zinc just ahead of the beam at point 1,

Figure 6.2. This is affected by :

1. The static pressure at point 1 = (Atmospheric + Ferrostatic head),

2. The volume of zinc vapours to be removed per second,
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_2t, V(@b + wp,

(6.1)
pV
where
w = width of weld fusion zone at interface between the plates, m,
b = boiling width of zinc, m,
t,, =thickness of zinc coating on each plate at interface, m,
p, = density of solid zinc, kg/m3
pv = density of vapour zinc, kg/m3
V = welding speed, m/s.
3. Due to the high vapour pressure developed at the interface the zinc can be

exhausted from the molten pool if its vapour pressure is greater than the static
pressure at point 1, causing pitting in the weld bead, but if the excess vapour

pressure does not exceed the ferrostatic head (say pi.gv.tp.a mm), then the exhaust of
vapour will not be through the "keyhole® or the molten pool but through the gap
Figure 6.1. Where 'a' is a wave factor to allow for variations in melt pool depth. It

is assumed to be unity here. tp is the thickness of the sheet. pI ‘s the density of the

liquid iron and 9, is the acceleration due to gravity.

4, However in flowing through the gap, the vapour blows over molten zinc which
forms waves and condense. This may seal off the gap and the vapour is then exhausted
through the weld pool. Also molten zinc may move away from the melt zone due to

surface tension effects.

213



solidified

welding causes keyhole molten metal

direction pitting
44—

T T LT LT LT LTS EETETLLETFS

IS TS TTSTTTIISTTTTISTIST

n €
pitting

s

1

zinc vapourised
coating zinc coating

Figure 6.1 The diagram representing the welding of zinc coated steel sheet with a

small gap at the interface between the two sheets.
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Figure 6.2 The model representing (a) the points of pressure variation and

(b) the new boiling zinc position.
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Figure 6.2 shows that the zinc vaporises between points 1 & 2. Now suppose
that the zinc vapour condenses at a short distance, r, from the weld pool at point 3.

Now applying the equation of Continuity between the two points 2 & 3. Then
VoA, = V3A, - condensate

Where v & v3 are the velocities of vapours at point 2 & 3 and Ap & Ag are the
areas at points 2 & 3. This condensation may reduce pressure and pull the sheets
together. A pulling action of the two sheets, on either side of the weld has been seen in
many welds and one such weld is shown in Figure 6.3. .This may be due to this

phenomenon, the rate of condensation determines flow distance and the pressure drop.

Figure 6.3. Photographs showing that the two sheets are pulled together due to the

escape of the zinc vapour at the interface and due to the condensation of the vapours.

To calculate the velocity of the vapours at point 2, we will assume ideal flow
and apply the Bernoulli's equation between the points 1 & 2. At point 1 the velocity is

zero. Thus

2|
R
+
JEN
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V= [—12 (6.2)

Where P, and P, are the pressure exerted by vapour at points 1 & 2, and AP,

is the difference of the two pressures.

Now consider the semi circular area just ahead of the beam spot Figure 6.2

(b), where the zinc vaporises.

The volume per second travelling at velocity, v,, which can be exhausted

through the gap at point 2 is

v21t(w + 2b)g
B 2

(6.3)

where ‘g’ is the gap between the two sheets.

Now the volume given in equation (6.3) can be equated with the volume of
vapours which must be exhausted to avoid a build up as given is equation (6.1), for a

limiting gap size, g. Thus

vzn(w + 2b)g _ 2tan(w + 2b)pi
2 p

v

41 Vp
V =202 (6.4).

2 =gp,

It is interesting to note here, that the weld width, w, and heat affected zone
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(new boiling width of zinc), b, have dropped out of the problem since their action in

generating and exhausting vapour are equal.

Now from equations (6.4) & (6.2), we have:

4Vt WPe _ 24P,
gp, Py
Solving for g. We get
4Vtznp
g = S (65)

exit n,/2vaP12

where Oonit* is the minimum gap required to exhaust zinc vapour.

Now it has been suggested by correlation with experiments and general

reasoning that AP, is related to the ferrostatic head in the weld pool:
AP4s = .
12=p9, pa (6.6)

where P, is the density of liquid iron and a is a wave factor to allow for variations in

melt pool depth and is assumed to be unity here.
Thus equation (6.5) becomes

_ 4 tzans

gexit -
Ty / 2pvplgvtp
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For good quality welds the gap, 'g’ should be equal to or greater than Ot Thus

g . =—==" (6.7)

where

4p

A = Constant = S (6.8)
T J 2pvplgv

To calculate A, the available dataox p_ = 7135 kg/m3, p, = 7320 kg/m3, g =

9.8 m/s2. Here we also need the density of zinc vapour at a temperature of 1800 °K
(i.e., at the melting point of steel). Now to calculate the density of zinc vapour, we
consider zinc vapour as an ideal gas. Then, we have

PV = nRT (6.9)

Now here P is the vapour pressure of zinc. To calculate the vapour pressure P,
Clausius Clapeyron equation [161] can be used. The equation can be written as
follows:

logp=AT"' +Blog T+ C.T+ D (mm Hg) (6.10)

The values of constants available for zinc from ref. [161] are:
A = -6620, B = -1.255,C = 0, D = 12.34

At a temperature of 1800°K, we have

log p = -6620 (1800)"" + (-1.255).log 1800 + 12.34
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Hence p = 37744.63 mm Hg = 49.7 atm = 50.35 x 10° N/m2
Now the data available a7e
P = 50.35 x 10° N/m2
n=1
R = 8.314 J/mole-°K
T = 1800 °K
V=?
Substituting these values in the equation (6.9), we get
V = 1 mole x 8.314 J/mole-°K x 1800 °K /50.35 x 10° N/m?2
or V =0.00297 m®

Now 1 mole of zinc has a mass = 0.065 kg. Hence the density of zinc vapour is

p,= 0.065/0.00297 kg/m3

or p =287 Kg/m3.

Now A can be calculated by putting the appropriate values in equation (6.8).
Thus
A =16.1 s/m1/2

Hence the equation (6.7) can be written for zinc coated steel as:

_1eawv (6.11)
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It is evident from equation (6.4) that the velocity of the zinc vapour, Vo is

directly proportional to the welding speed, V, and inversly proportional to the gap
size. The velocity of the vapour can be calculated for a particular run, in which the
datauregiven as follows:

tzn=75um, V = 25 mmy/s, g= 0.‘10 mm
p, = 7135 kg/m3 p, = 21.87 kg/m3.
Substituting these values in equation (6.4), we get:
v, = 0.78 m/s
Hence the velocity of the vapour at the boiling front for this run is 0.78 m/s.

6.3 Application of the Model

Now applying this theory to the best quality weld obtained, which showed no
pitting on the surface of the weld, we have the data for such a good quality weld
available from Table 6.5 as:

V=29 mm/s, g¢g=0.1mm, to = 0.7 mm, t,n=10 um.

The zinc coating in this case is only on one side of the sheet and only one zinc

layer is available at the interface. S nce our model is based on two layers of zinc at

the interface, hence tz, must be divided by 2 in order to evaluate constant (A).

Now from equation (6.7) we have
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Substituting the above values in this equation, we get

A = 18.25 s/(m)'/2

Since the value of A is very near to the theoretical value for a sound weld (i.e.,

172

16.1 s/(m) '°), hence a good quality weld is expected by this theory.

Now applying this theory for a narrow gap g, at which there is pitting in the

surface of the weld as given in Table 6.4. The available data ot
V = 34 mm/s, g = 0.04 mm, tp = 0.7 mm, tzn =10 pum.

Again t,, must be divided by 2, since only one zinc layer was present at the

interface. Thus putting these values in equation (6.12), we get:
A =622 s/(m)'?

The value of A is less than the value for good quality welds, thus at value of g =

0.04 mm, a deteriorated weld is resulted.

Now consider another example this time from a weld made using a variable gap
(Table 6.4). The gap was varied from 0.4 mm to zero. The gap was measured at two
points, (i) at no pitting and (ii) at the start of pitting. Now first consider the point

(i) at which there was no pitting, the data avai able axe

V = 21.23 mm/s, g = 0.345 mm, tp = 0.875 mm, th=75pum.
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Putting these values in equation (6.12) we get

A = 64.1 s/(m)'’?

The value of A calculated here is more than the expected value suggesting that
the actual gap size is more than the minimum required gap size. The actual gap size

can be calculated using equation (6.11), which comes out to be 0.09 mm in this case.

Now consider the case (ii), at which pitting started at a gap of 0.10 mm. The

data given one *

V = 21.23 mm/s, g = 0.1 mm, tp = 0.875 mm, tn=7.5pum.

Putting this data in equation (6.12), we get

A = 18.6 s/(m)"’2

The value of A is very close to the value for minimum gap size for sound welds.
In fact, a good quality weld should have been obtained at 0.1 mm, but the gap is
continuously reducing ahead of the beam, which reduces the available gap required by
vapours to exhaust, hence a build up of vapour resulted at 0.1 mm gap and exhausted

through the keyhole. Thus pitting started at 0.1 mm gap.

Now applying this model to a pitted weld, made at higher power, 5kW. The data

available from (Table 6.4) axe

V = 50 mm/s, g=0.15 mm tp = 0.7 mm Ln=75pum

12 This

Substituting this data in equation (6.12) resulted in A = 10.6 s/(m)
value of A is less than that of the value for sound quality welds, suggesting that the gap

given between the sheets is less than the required gap, hence pitting resulted. Thus it
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can be concluded that for a certain value of A equal to or greater than 16.1 s/(m)1 2,
sound welds without pitting can be obtained and the vapour will exhaust through the
gap. Below this value the weld will show pitting because the existing gap size is less
than the required gap for sound welds and the vapour is exhausted through the keyhole.
The exact gap size required for a sound weld in this case can be predicted using
equation (6.11). For this case the predicted gap size is 0.23 mm. Hence a gap of
0.23 mm or greater is required between the sheets for this run. Hence in this way

the gap size between the sheet can be predicted for particular laser paraﬁ*neters.

Now the theory is applied using A = 16.1 s/m'/2 to a few welds which had an
optimum gap size. The dataawgiven in Table 6.1. It can be seen that the plot of gap

2 s a straight line (Figure 6.4). It is interesting to note

size, g, against Vizn/(tp)
that the specimen which had a gap width lower than straight line resulted in pitting on
the weld bead (see Table 6.1 for quality of the weld 1J-1). Figure 6.5 shows a plot of
experimental and theoretical gap sizes for the same data of Table 6.1. It can be seen
that the experimental and theoretical values are very close to each other, and the

model we have presented here fits very well with the experimental values.

0.3

E 0.2
E NV
Q.
[} o
o
E
S 0.1
(-]
0.0 v v r v v
0.0 0.1 0.2 0.3 0.4 0.5
12
Vizn/(tp)

Figure 6.4 Plot of gap, g, against Vtz,,/(tp)1 2 shows a stra’'ght line.
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Figure 6.5 Plot of experimental and theoretical results for minimum gap size

against Vtzn/(tp)wz.

Now we apply the theory to a series of welds in order to assess the operating
conditions for a good quality weld. It has been found that a smaller gap or zero gap
leads to the deterioration of the weld bead because the zinc vapour explodes out of the
keyhole weld (Figure 6.6 (a)). An optimum gap size allows the zinc vapour to
exhaust through the gap and a good quality weld to be achieved (Figure 6.6 (b)).
While a large gap leads to a dip in the weld bead due to a drop out of the molten metal
down to the lower sheet making the width of the weld larger at the interface between

the two sheets, Figure 6.6 (c) & (d).

Equation (6.7) can be written as follows:

AVt
-t-°~= it (6.13)
P b

Now g/t, can be plotted against AVtzn/(tp)s 2 Table 6.2 shows the welding
parameters for a set of welds in which the gap size was varied keeping all the other

parameters constant.
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(c) (d)

Figure 6.6. Micrographs showing the effect of gap size on weld profile (a) zero gap
leads to the deterioration of the weld bead, (b) an optimum gap leads to a good quality
weld, (c) large gap size causes extensive heating of the top sheet and make a dip in the
weld bead, and (d) too large a gap size causes a drop of molten metal down to the

bottom sheet leaving a cut in the weld bead.
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Table 6.2 Laser Welding Parameters

Laser power, P

Welding speed, V

Thickness of zinc coating,
Zinc thickness at the interface, t,,

Sheet thickness, tp

sample

no.

2E-10
2E-11
2E-12
2E-13
2E-14

where S = sound weld; D = drop out; and P = pitting.

theoretical
minimum gap

mm

0.07
0.07
0.07
0.07
0.07

1.54 kW

20 mm/s

10 um (1 side)

i0pum
0.55 mm

measured  Quality

gap, g
mm

0.11
0.33
0.10
0.04
0.00

(pit/100mm)

S (2)
D (20)
S (2)
P (14)
P (26)
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0.200
0.600
0.182
0.073
0.000

AVtzn/(tp)

0.125
0.125
0.125
0.125
0.125
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Plotting g/tp against AVtzn/(tp)3 2 yields a graph as shown in Figure 6.7.

0.8
Theoretical line for minimum gap size
0.6 L 4
operating region

8 044
[

0.2 pitting

L
0.0 —e T v r v T .
0.0 0.2 0.4 0.8 0.8
32
AVtzn/(tp)

Figure 6.7 Data points plotted for o/tp against AVtzn/(tp)al 2,

Here the diagonal is the theoretical line taken from the model for minimum gap
size required for a sound weld. It is evident that the two points which had a smaller
gap than the required gap size and showed pitting are in the pitting region (lower
half) of the graph, and other points which gave good quality welds are in the operating
region (upper half). Now the theory is applied to a series of weld in which the sheet
thickness, the thickness of the zinc coating and the gap size were varied. Figure 6.8
shows a graph of g/tp against AVtzn/(tp)m’ for such welds. The data is available

from Table 6.3.
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theoretical line for mmimum gap size

N\

Operating region
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g/tp
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NERRE
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AVtzn/(tp)

3/2

Figure 6.8 Data points plotted for g/t; against AVt,n/(t5) for welds with

different sheet thickness, and different zinc coating thickness.

It can seen from the Figure 6.8 that there are two distinct regions. First there
is a region in which the g/tp is smallar than the required gap size, and where pitting
in the weld bead dominated, and secondly there is a region in which g/tp is larger then
the required gap size, and where good quality welds are obtained (see table 6.3 for
quality of the weld). However, too large a gap s'ze produces a dip in the weld bead by

the molten metal flowing down to the bottom sheset.

Now to find the cond tion under which the drop out occurs, we analyse as under:

During welding the weldment undergoes shrinkage and deformation. The weld
pool under consideration is schematically shown in Figure 6.9. The force pulling
sheets together comes from the shrinking weld pool.

The amount of metal pulled into the pool/ unit length of the pool « B AT w to.

Where B is the coefficent of thermal expansion; AT is the temperature; w is the width

of the weld pool and t,, is the sheet thickness.
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weld pool }

(ST OE TGP & = — ~ —

it

sheets pulled
towards the pool

Figure 6.9 The weld pool schematic during shrinkage.
Amount of the molten metal that drops out/unit length of the melt pool o wg.

Thus when

wg2AB AT w i,

we have drop out. where A is the constant of proportionality. Therefore,

g/tp = A B AT = constant, is the drop out limit.

It has been found from the available data that the drop out occurs for values of
g/tp greater than 0.35 (using Figure 6.6 (c)). Hence, to avoid drop out, g/t, must be
less than 0.35.

Now the theory is applied to a number of welds which showed (i) pitting (ii} no
pitting i.e., sound welds and (i) drop out welds. Table 6.4 shows a number of
selected welds which showed pitting on the weld bead, Table 6.5 refered to sound and
good quality welds, and Table 6.6 lists those welds which showed drop out on the weld
bead. The values of g/tp and AVt,, (tp)3 2 were calculated for each weld and are

plotted in Figure 6.10.
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Figure 6.10 Plot of o/tp against AVtz,,/(tp)3 2 for three kinds of welds (i) sound
welds (ii) welds showing pitting and (iii) drop out welds. The welding parameters

are listed in Tables 6.4 {0 6.6.

233



16€°0
6S€°0
9¢¢e’0
961°0
L81°0
8vi'0
rA AN
€60°0
9.0°0
660°0

c/e

L0
0020
LAY
g€ve'o
620°0
4S0°0
¥10°0
L10°0
690°0

'O

(d)/uziny  di/b

(64)
(22)
(1)

(2)
(ev)
(b1)
(v1)
(1)
(01)
(€2)

oo o 00 & o o o a o

wwool
/sud
Auenp

AN
L AN
S0
LL°0
¢0°'0
¥0°0
10°0
10°0
900

I'0

wuw

deb

painsesw

L2°0
20
€20
L AN
€0

(N
0L'0
80°0
L0°0
60°0

wuw

deb

[eonesosy)

L0
L0,
L0
L0
L0
L0
L0
S.8°0
G.8°0
S.8°0

ww
SS8UYOIY)

198Ys

Sl
St
Sl
St
0l
ot
ol
St
Sl
St

wrl

aoeIBU|

1e ouiz

(s2) s'L
(s2) §¢
(s2) s°¢
(se) s'L
(sH ol
(S1) 01
(s o1
(se) sz
(s2) s°2
(s2) s°¢

wm
Buneoo

ouiz

09
SS
0S
0¢
A4
ve
€€
0¢
91
X

s/wuw

psads

Buipjam

= DONURUOD

00°S
00°S
00°S
00°€E
00°1
00°t
00°2
00'¢
002
Ll

MY
Jamod

Jase|

g-ri
¢-ri
(A
¢l
v Vi
e-vi
€-0
9-N
v-N
¢

‘ou

e|dwes

234



c/e

2¢2s’o
LSE'0
860°0
0s2'0
0s2°0
0S¢0
€91°0
8v8°'0
cs9’0
18S°0

00%°0
1LE°0

00°0
9170
L21°0
000°0
000°0
120°0

0€°0
LS2°0

(di)juziny  dy/b

(12) d
(o1) d
(ov) d
$810d
(o) d
(82) d
(sz) d
(22) d
(2) d
(6) d

wwool
/sud
Aijenp

20
€20
00°0
60°0
20°0
00°0
00°0
S0°0
(XA
810

ww
deb

painseaw

9¢'0
§¢0
L0°0
LA
vio
vi°0
L1°0
6S°0
9%°0
0

wuw
deb

[eansloay)

L0
L0
L0
SS°0
SS°0
SS°0
L0
L0
L0
L0

ww
SSaUNOIY}

198ys

St
St
St
0¢
0¢
0¢
St
St
St
St

wrl
eoe8U|

le ouiz

(s2) s¢
(s2) s
(s2) s¢
(s1) o1
(s1) o1
(s1) ol
(se) s¢
(s2) s°2
(s2) 5L
(s2) s°L

wrl
Buneod

ulz

08
SS
St
0¢
0¢
0¢
S¢
oEl
001
06

s/ww

peeds

buipjom

00°8
00°S
001
14
14°M
140}
12}
00°8
00°8
00°8

MY
Jemod

Jese|

6-Sl
L-Hl
1°G-12
€-re
c-re
b-re
1'2-92
9-M1I
€-M1
c-Ml

e|dwes

235



€91°0
961°'0
9¢tL'o
vLL 0
901°0
AN

10°0
660°0
6v1°0

2/t

(DAY

gEvio
1) 2V
| ANV
00¢°0
L°0
LEL°0
92'0
6£°0
092°0

dy6

(0)
(€)
@)
(0)
()
(0)
(€)
(0)
(0)

0L'0
L1°0
oL'0
vio
20°0
cLo
€20
SYE'0
€2°0

w u o O u N nu 0 v

wwoolt wuw

/sud deb

Aenp painseaw

'O
vLo
60°0
AN
L0°0

1°0
90°0
60°0
€L'o

ww

deb

[eon8103y)

L0
L0 .
L0
L'0
L0
G§.8°0
S.48°0
S.8°0
G.8°0

ww
SSauyoIy}

198ys

Sp[e& Ajjrenb Pooy Pue pumos G'9 J[qeL

Si
St
0t
01
0t
Sl
St

St
St

wl
aoejJalul

1e ouiz

(s2) s'¢L
(s?) s¢L
(s1) o1
(S1) ot
(sh) ot
(s2) 5L
(s2) s°¢L
(s2) s¢
(s2) sz

wrl
Buneod

qulz

6e
oe
62
oy
ve
§¢
Sl
(%4
4>

s/ww

paads

Buipjam

“ PONURUOY

¥s'L 2°2-92
00°¢ ol
00°} I-vi
00°¢ $-0
00°¢ L-0
00°2 8-
00°¢ €-N
LL'} -1
L1 -1
MY
Jamod *ou

Jose|  e|dwes

236



860°0 oov'0 (0) S 820 10°0 L0 1 (S2) 52 Sl 00't ¢°G6-12

860°0 viz'o (0 s S1'0 200 L0 SL (s2) s SL 00} €6-12

860°0 621’0 (0) S 60°0 100 L0 SI (se) s¢ S 00°L 2°6-12

vL1°0 L2200 (@ s 91'0 ZLo L0 0z (sK) ol 0z 00} L-M2

vL1°0 vizo (@ s S1°0 210 L0 02 (s ol 02 00} 9-M2
wwool ww wuw wuw wrl wrl s/ww MY

/sud deb deb ssaudoIyl  edepsiul  Bupeod peads Jemod *ou

(vZiay - 96 Auenp painsesw [eoi8loay) 198ys 1e ouiz ouiz Gupjem Jese;  ejdwes

e/t

237



0§20
0s2°0
0se’o
£€91°0
€910
e¢es’o
82¢'0
0eL'o

£49°0
€49°0
L2870
62S°0
eve°0

12°0
622°0
00%°0

el TIAY - dyb

(s2) a LE°0
(V) a LE0
(oe) @ 810
(og) @ LE°0
) a ¥2'0
(o1) a 0S°0
(12) a 2ro
(s1) a 82°0
wwool ww

/sud deb

Aend painsesw

vio0
vL°0
vL°0
L1°0
'O
9€°0
91°0
60°0

ww
deb

ERNEILEIN

SS°0
S0
SS°0
L0
L0
L0
L0
L0

ww
sSauYoIy}

199ys

0e
0¢
0¢
Sl
Sl
St
St
St

wrl
edejla)ul

18 ouiz

33emS 947 U0 N0 403 YIIA SPIOM 9°0 91qEL

(s1) ot
(S1) ot
(s1) o
(s2) 52
(se) s2
(s2) s2
(s2) sz
(s2) s¢

wn
Buijeoo

ouiz

0¢
02
02
S¢
Se
08
S€E
02

s/wuw

paads

Buipjam

14l
14
14N
14° M3
14° M
00°8
00°€E
00'¢

MX
Jamod

1958

9-re
S-re
v-re
¥'2-9¢
£'¢-9¢
)
e-1l
b=l

e|dwes

238



It is evident from the Figure 6.10 that almost all the welds which have shown
deterioration and pitting in the weld bead fall into the pitting region defined by a
smaller gap size. Those welds which showed no pitting fell into the operating region
(O.K.) of optimum gap size. Welds with drop out in the weld bead fell into the region
of higher gap. Hence this model predicts the accurate gap s'ze required for welding
zinc coated steel. Sound welds can be obtained if the welding parameters are matched
in the operating region according to Figure 6.10. Hence this model is a useful tool for

welding zinc coated steel in lap configuration.

A few welding runs were performed by FIAT Motors, Italy, according to this
model using cw CO, laser at Liverpool University. A small gap was maintained
between the overlapped sheets. Their results confirmed that if the gap given was
more than the theoretically calculated gap a sound weld bead was achieved, but if the
gap given was less than the theoretically calculated gap, the weld bead showed pits in

the surface. The experimental data and the results are shown in Table 6.7.

Table 6.7 Laser Welding Parameters and Results Using the Model

Sr. laser welding zinc zinc at sheet theoretical nominal Quality

no. power speed coating interface thickness gap gap pits/
(kW) (mm/s) (um) (um) (mm) (mm) (mm) 100mm

1 1.9 22 10 20 0.8 0.13 0.15 0

2 2.0 30 10 20 1.2 0.14 0.15 0

3 2.0 35 10 20 1.2 0.16 0.15 4

6.4 How to Use the Model

It should be remembered that for a constant power and sheet thickness, there is

a range of welding speed beyond which weld'ng is not possible. Higher welding speeds
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lead to improper penetration, while lower welding speeds lead to extensive heating of
the workpiece and drop out of molten metal leaving holes in the weld bead. Our model
is based on that range of welding speed where welding is possible. Hence to use the
model one needs to first find the range of welding speed for full penetration to the
sheet. This can be done on an uncoated sheet. After selecting a certain welding speed, a
minimum gap size required to weld zinc coated steel sheet can be predicted by equation
(6.11). Alternatively a certain welding speed can be predicted for a particular gap
size. The laser power can be varied until full penetration to the bottom sheet is

achieved.

The increase in laser power serves to increase the range of welding speed.
Hence the increase in power affects the model only by increasing the welding speed.
Such an increase in welding speed requires the gap size to be increased according to
equation (6.11). But the gap size is limited for a good quality weld, smaller gap size
leads to the pitting of the weld bead and higher gap size leads to a drop out in the weld
bead. Thus at a higher gap and higher welding speed it is almost impossible to obtain a

good quality weld free of pits and drop out.
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7.1 Introduction

Sheet steel is the main material used for the construction of the body of a motor
vehicle. Steel is relatively cheap, with good mechanical properties, and can be formed
economically to make parts with complicated shapes. Car manufacturers are aiming
to guarantee cars for 5 years against cosmetic corrosion (on the outer surface of the
car body) and for 10 years against perforation corrosion (propagating from the inner
surface of car body) [115]. This challenge is particularly difficult to meet in regions
where salt damage may occur as a result of snow-melting agents that are deposited on
roads to ensure safe traffic in the winter. To meet this challenge the automotive

industry has dramatically increased the usage of zinc coated steels.

This chapter considers aspects of the corrosion resistance of laser welded
electrogalvanised steel sheet. In particular, this work considers the provision of
sacrificial protection of the weld by the zinc coating at a lower self corrosion rate
(and hence with a longer life) as a result of compositional modifications made to the
weld metal by the techniques of metal powder injection or redeposition of volatilised

zinc during welding.

Corrosion tests are made for a variety of reasons, for example, (i) to assess the
quality of a protective coating, metallic or non-metallic, (ii) to determine how long a
material will survive in a specified environment, (iii) to determine the corrosion
resistance of a new metal or alloy, while alloys of known corrosion resistance are

included for comparison, (iv) to study the corrosion mechanism.
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The corrosion testing parameters are temperature, aeration of electrolyte,
duration of the test and type of solution (i.e., the aggressive ions e.g., CI’).
Temperature is an important factor and should be controlled. An increase in
temperature exponentially increases the reaction rate. However, raising the
temperature can reduce the solubility of a dissolved gas, or it can form a protective

film of corrosion products tending to lower the corrosion rate.

Test duration is another significant factor. If the test is too short, the protective
film of corrosion product may not have time to develop and passivity may not be
achieved. Then the long-term corrosion rate is not obtained. If the test is too long the

specimen may be destroyed by corrosion or the data may no longer be needed.

Aeration is of importance since in many cases corrosion is theoretically
impossible without oxygen. Many corrosion mechanisms are controlled by the rate of

diffusion of dissolved oxygen to the metal surface.

In most of the applications the car body is normally phosphatised and painted for
better appearance and to improve its corrosion resistance. But a scratch or scribe
mark in the coating leads to the corrosion of the substrate which increases underneath
the paint coating. Standish [162] studied the atmospheric corrosion behaviour of
painted steel in two cases. In the first case aluminum killed cold rolled steel was
given a paint coating and in the second case the steel was given a phosphate treatment
before painting. In both cases a scribe was applied through the coating to reveal the
steel surface. The steel panels were then subjected to atmospheric corrosion and the
corrosion was monitored approximately each month for five months. Standish found
that the corrosion initiated beneath the paint film in a crevice formed by scribing.
The build up of corrosion products beneath the paint film drove a crack along the
paint/substrate interface thus spreading the corrosion. The build up of corrosion
products caused defects to form in the paint film. He found that phosphating reduced
the corrosion rate by increasing the polymer/substrate adhesion and slowing down the

crack growth at the interface.
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The application of a zinc coating to steel reduces the corrosion of the steel
substrate. Most of the car manufacturers are changing over to zinc coated steel due to
its better corrosion properties. There are two main reasons [5,163] why zinc is
chosen as a protective coating for iron and steel. The first is the natural resistance of
zinc itself against corrosion in most atmospheric conditions, and the second is the fact
that zinc is electronegative to iron and steel and can protect it sacrificially (see
section 7.2). Zinc is protected against further attack by a film of corrosion product.
It is remarkably resistant to atmospheric corrosion except perhaps in the most
heavily contaminated industrial areas, and even there its use as a protective coating is
still a sound practical and economic proposition. The natural res'stance of zinc is

therefore its most important property in relation to zinc coating.

The electrochemical property becomes important when the zinc coating is
damaged in any way to expose the steel, when sacrificial corrosion of zinc occurs and
the steel is thereby protected [164-174]). Moreover, the corrosion product of the
zinc normally fills the break in the coating and prevents further corrosion of the

exposed steel.

7.1.1 The Mechanism of Sacrificial Protection

The mechanism of the sacrificial protection of steel by zinc has been widely
investigated [5,171,172] and can be summarised as follows (Figure 7.1). For a
metal M immersed in an aerated aqueous electrolyte, a steady state free corrosion
potential, E.,,,. is established when the rate of the anodic (metal wastage) reaction
which generates electrons is balanced exactly by suitable cathodic reactions which

consume electrons.

For steel the anodic reaction is:

Fe » Fe*t+2e (7.1)
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and the cathodic reactions are:

1/20,+H,0+2¢" » 20H" (7.2)

and/or
H0+e - 1/2Hy+OH (7.3).

Then the corrosion rate w'll be given by i, (Figure 7.1). General corrosion
of steel would occur by the rapid periodic shifting of small anodic and cathodic sites,
or by the simultaneous operation of the above anodic and cathodic reactions over the

whole exposed surface.

If a potential is applied that polarises the corroding metal cathodically, electrons
are supplied. This serves to increase the rate of the cathodic reaction (equation 7.2
and/or 7.3) while decreasing the rate of the metal wastage reaction (equation 7.1).
As a result the cathodic reaction rate is increased to i'; while the rate of the metal
wastage reaction is reduced to i’y by the application of cathodic polarisation potential
e.. However, in the case of sacrificial protection of steel by zinc this polarising
potential must be supplied as a result of the self corrosion of zinc which generates

electrons by:
Zn 5 Zntt 4+ 2e° (7.4).

Figure 7.2 shows for a system controlled by oxygen reduction that polarisation of
steel o a potential, Ecoup o Close to the open circuit potent al of zinc as a result of
galvanic coupling results in a reduction of the corrosion rate of steel to ir,. However,
zinc must self corrode at a rate i, and hence this form of protection, while it is
highly effective, is accurately referred to as 'sacrificial’ since the life of zinc under

these conditions will be limited.

244



04

') o Simulated Experimental Cathedic a Simulated Experimental Anodic

Polarization Curve l.” -i‘-l‘ Pelarization Curve l," s i.-lc

02 |-

Active o= Polential, Voits (Arbltrary Scale -» Nobia

10? 10? 10! 1 1 10 10 1t 10
Current Density, wA/cm?
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Haynie [175] studied the environmental factors which affect the corrosion of
galvanised steel. He found that in polluted environments, sulphur dioxide reacts with
zinc of galvanised steel to form soluble zinc sulphate. Zinc corrosion damage has been
shown to vary directly with the atmospheric concentration of SO, [176-178). In
clean environments a protective film of zinc carbonate is formed on galvanised steel.
In the absence of acidic deposition and marine influences, the atmospheric corrosion
of zinc involves first the formation of zinc oxide, or hydroxide [179]. Equilibration
with atmospheric CO, then leads to the formation of basic zinc carbonates [180]. This
film also provides some degree of protection to the underlying zinc [181]. Rain
contributes significantly to the corrosion of zinc by dissolving the protective
corrosion product film [182]. The film structure and solubility may vary with the
season in which exposure started. The solubility of zinc carbonate is proportional to
the concentration of carbon dioxide (CO,) in solution [183], which in turn is
proportional to atmospheric level of CO,. The solubility of CO, in water decreases

with increasing temperature [184].

Berke and Friel [185] conducted electrochemical tests on galvanised and several
aluminum-zinc coatings whose long term atmospheric corrosion resistance was
known. They used different electrolytic solutions (1IN NaCl, 0.5 Na,SO,, 1N HCI, 1N
H>SO,) to rank each coating and then compared the ranking with the available data of
long-term marine and industrial exposures. They found that the relative corrosion
rates determined by polarisation resistance and mass loss of the coatings in aerated pH
4 chioride and sulphate solutions were in agreement with those observed in long-term
marine and industrial exposure, while the corrosion rates in 1IN HCI and 1N H,SO,
acid were exaggerated for the zinc coatings. Thus the linear polarisation testing in pH
4 solution showed promise as a screening tool for predicting the relative long-term

atmospheric corrosion performance of metallic coated steels.

Jones and Nair [164] studied the corrosion behaviour of pure Zn, Al-Zn and

Zn-Ni coatings on sheet steel. They found that (in both aerated and deaerated chloride
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solution of pH 7) steel was protected cathodically when exposed by machining a scribe
through a zinc or zinc-alloy coatings in the steel. In aerated solutions, the corrosion
rates of the coatings were high and thus the coating life time was low during
continuous immersion. In deaerated solution corrosion rates were considerably
lower, and hence the coating life time could be expected to be improved. For all
coatings, the corrosion rate in deaerated solutions with a scribe was higher than the
corrosion rate of the unscribe coating. This increase was a measure of the galvanic
current between the exposed steel in the scribe and the surrounding coating materials

(Figure 7.3).

Jones and Nair [164] found that there was no significant difference between the
corrosion potential (E¢qp) of scribed and unscribed specimens, which indicated that
the steel surface exposed by the scribe was cathodically polarised to a potential very
near the coating corrosion potential, resulting in cathodic protection of the steel
surface. They found that the corrosion is controlled by the combined reduction of

dissolved oxygen and hydrogen evolution.
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scribed specimen in deaerated solution [164].
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For the case of a Zn-Ni (13 % Ni, Bal. Zn) coating Jones & Nair [164] found
that the coating did not maintain an active potential with time, presumably because
the surface became enriched in nickel, which has a rather noble corrosion potential.
Hence the Zn-Ni coating appeared to protect steel by a barrier layer mechanism
rather than by galvanic dissolution after a certain period of exposure. Al-Zn (55%
Al, 43.4% 2Zn, 1.6% Si) coatings exhibited an active corrosion potential and lower
corrosion rate in both aerated and deaerated solutions. They reported that the Al-Zn
coating showed a considerably lower corrosion rate than pure zinc in both aerated and

deaerated solutions.

Watkins et al. [169] studied a number of metallic coatings on steel strip
including Zn, Zn-Fe, Zn-Ni, and Al for their sacrificial action. They reported that
there is a relation between the free corrosion potential of the coating with respect to
bare steel and the corrosion rate. The increasingly negative free corrosion potential
exhibited an increase in corrosion rate of the coatings. They found that the coating
types displayed the following order of increasing corrosion rate: Al, Zn-Ni, Zn-Fe,
Zn. This had the same order as that obtained by considering increasing negative
difference in potential with steel. The Zn and Zn-Fe coatings showed a relatively large
difference in potential with steel suggesting that the coating would be expected to
sacrificially protect bare steel. In the case of the Zn-Ni coating the preferential
depletion of zinc led to a more noble potential, hence prolonged exposure would not be
expected to provide a sacrificial action to the steel. The Al coating initially showed a
more noble potential than the bare steel for a short period of time and hence, it was

not expected to provide a sacrificial action to the bare steel.

The corrosion tests on 55 Al-Zn coating were also studied by Watkins et al.
[170). The tests on this type of coating showed a free corrosion potential close to that
of zinc, which indicates that the free corrosion potential was sufficiently negative
with respect to bare steel and hence this coating is expected to provide sacrificial
protection to the underlying steel. However, selected dissolution of the Zn rich phase

resulted in a progressively more noble potential and subsequent loss of sacrificially
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protective effect.

Lambert et al. [186] studied the mechanism of Zn-Ni alloy electrodeposited
coatings containing 13% Ni. They reported that during the early stages of corrosion
the Zn-Ni alloy coating behaved sacrificially to the steel substrate, but the coating
was not as active as an unalloyed zinc coating. As the corrosion proceeded the zinc
dissolved preferentially (dezincification) from the alloy coating, leaving a nickel rich
coating which was more noble. Thus the coating was transformed into a less
galvanically protective composite comprising deposits of zinc corrosion product and
the nickel rich metallic phase. However the Zn-Ni coating showed superior salt-
spray corrosion resistance than the unalloyed zinc. This is probably attributable to
the slower anodic dissolution kinetics leading to a lower corrosion rate and secondly to
the barrier protection provided by the composite remaining subsequent to

dezincification.

Hadden [187] reported the results of atmospheric exposure tests at Euston,
London, on heat treated galvanised sheets and wires. He showed that with up to 12%
iron in the coating (due to interdiffusion of iron during heat treatment), the life of
zinc coating was almost the same as that of unannealed coatings, but with a coating
containing 22% iron, the life of the coating increased to more than three times the
life of an unannealed coating. He suggested that the longer life of zinc coating is a
characteristic of the corrosion product. The rate of corrosion may be reduced because
of a thin black layer of an insoluble compound on the surface of the corrosion

products.

Campbell [188] confirmed that heat treatment of zinc coated steel to introduce
more than about 15% iron in the coating gives longer lives for specimens exposed to a
moderately severe industrial atmosphere. But the coating containing around 10%

iron gave shorter lives than the correspond ng un-heat treated coatings.
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7.1.2 Corrosion Resistance of Welded Joints

Shatov et al. [189] compared the corrosion resistance of welded joints in zinc
coated and uncoated pipes used in water supply systems. A nozzle of diameter 21.3mm
was welded with the main pipe of 26.8 mm diameter in T configuration. The weld with
respect to zinc coating showed three distinct regions: (i) in the region of heat affected
zone (HAZ) adjacent to the fusion boundary, where temperature exceeds 906° C, the
zinc burns out completely, (i) in the region in which the temperature is near the
melting point of zinc 419° C, the zinc melts and partially oxidises; (iii) the region
with a temperature of less than 419° C is characterised by the partial melting and

recrystallisation of zinc.

To ascertain the corrosion resistance of the welded joints, the pipe with the
nozzles welded to them were installed in a circuit for internal hot water (of
hydrocarbonate grade at 30-40° C) supply. The main corrosion rate was determined
by the weight loss method. They reported that the corrosion rate of uncoated pipes
was 20-25 times greater than that of zinc coated pipes. Wirth [103] using a laser
for welding zinc coated steel found that the the weld seam was very narrow and hence

the weld was still protected due to the presence of zinc around the weld.

Fedrizzi et al. [190] studied the corrosion behaviour of laser welded AlSI'304
and 316 stainless steel plates (5mm thick). They correlated the corrosion behaviour
to the microstructure of the weld. They found that during the first minutes of
immersion the weld bead acted as a cathode as a result of its better tendency to
passivity. Yet, after a few minutes the polarity changed, but there was no evidence of
galvanic corrosion. The microstructure mainly consisted of austenite. Also delta
ferrite presence was noted in various amounts and shape due to the different cooling
rates originating in the weld bead. They reported that the laser welded structure
showed better corrosion resistance than the base metal. However a shallow
intergranular corrosion attack was found at the interface between bulk material and

weld bead.
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72 Experimental

Welds fabricated under normal welding conditions and those in which weld

composition was modified as described in chapter 4, were used for corrosion testing.

7.2.1 Corrosion Testing

The zinc coated steel with weld at the centre, for all types of welds, were
subjected to two types of corrosion tests (i) linear polarisation technique and (ii)

galvanic coupling test.

Corrosion rate is found to be increased in the presence of an aggressive
electrolyte containing, for example, chloride ions. Similar conditions normally exist
when a car body gets wet during rain. The rain water picks up sodium chloride from
the road which is deposited on the roads for melting of snow. The salt water stays on
the car body for some time. But when it starts drying off, the sodium chloride
concentration is increased in the thin layer of electrolyte that remains. At this point
the corrosion of the metal sheet is found to be at its maximum. For laboratory
corrosion testing an electrolyte which contains chloride ions in the solution will
approximate the conditions the car body faced during corrosion. To simulate these
conditions, an aggressive electrolyte consisting of 1N NaCl (pH 4) was used in these

tests to accelerate the test [185].

7.2.1.1 Linear Polarisation Technique

The linear polarisation technique offers the advantage over other techniques in
that the test can be completed in a short time and because the polarisation applied is
small, the applied potential does not disturb the system, thereby permitting the
periodic monitoring of instantaneous corrosion rates. In addition very low corrosion

rates can be measured with the same precision and degree of accuracy obtained in
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measuring high corrosion rates [191].

When a metal is not in equilibrium with a solution of its ions, the electrode
potential differs from the free corrosion potential by an amount known as the
polarisation (also called overvoltage or overpotential). Polarisation is an important
corrosion parameter which enables useful statements to be made about the rates of

corrosion processes.

Disc specimens of diameter 2 cm2 were cut from the welded sample with the weld
at the centre of the disc. Some unwelded specimens were also prepared in order to
compare the corrosion rates of welded and unwelded samples. A specimen holder was
used to expose an area of 1.77 cm?2 of the disc and provide an electrical contact for the

application of a polarising potential.

The polarisation cell (Figure 7.4) consisted of a flask containing an electrode,
the specimen holder and a probe filled with 1N NaCl solution which provided a salt
bridge to an external saturated calomel electrode (S.C.E). The working electrode is
the name given to the electrode being investigated. The auxiiary electrode is the
second electrode which is present specifically to carry the current in the circuit
created by the investigation. It is not required for measurement of potential.
Usually, it is made of any material which will not introduce contaminating ions into
the electrolyte. In this investigation a platinised titanium electrode was used. The
reference electrode is present to provide a very stable datum point against which the
potential of the working electrode can be measured. The cell was filled with 1N NaCl
solution of pH 4. This solution was employed to provide a short term test to simulate
the effect of aggressive electrolytes encountered in exposure to road salt
environments. The procedure followed was to allow the specimen to freely corrode in
the test solution whilst monitoring the corrosion rate established at intervals during

a 50 h period by means of the linear polarisation technique.
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Figure 7.4 Schematic diagram of cell for measuring polarisation.

The cell was partially immersed in a water bath maintained at 30°C. The
potentiostat employed was a Thompson Electrochem Autostat Auto 25 which was

software controlled by means of a BBC Master microcomputer.

Stern and Geary [192] derived the following relationship for the determination
of corrosion rate, i.,,, from polarisation data at potentials close to the free

corrosion potential:

b.b
i = 2 _ ¢ (7.5)
cor 273 (ba+ bc).Rp

Where, Rp is the slope of the potential vs current curve at the free corrosion

potential, i.e, the polarisation resistance.

The principle limitation of this techn'que 1s that the values of the anodic Tafel
constant (b,) and the cathodic Tafel constant (b.) are required for the determination
of the corrosion rate. Hence b, and b., determ ned from the gradient of the potential

versus logarithmic current curve in the activation polarisation region, must be
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derived from a separate experiment on a duplicate specimen involving polarisation at
large applied potentials to E.q ., (typically 200 or 300mV). In determining the
variation with time of iz, by means of equation (7.5), it is assumed that b, and b,
do not change with time. The theoretical basis of the technique and its application has
been reviewed by Mansfeld [193].

The values of b, and b, were determined in prior experiments in which two
samples were polarised one anodically and the other cathodically from 0 to 300 mV
and 0 to -300 mV with respect to the stabilized free corrosion potential at a scan rate
of 50 mV/min. The potential was then plotted against the logarithm of the current
required for polarisation and the b, and b, values were determined as the gradient of
the activation polarisation region. The values of b, obtained from the slope had a
very high value, (i.e bc — ) since the cathodic process was largely controlled by
limitation in the diffusion of dissolved oxygen (see Figure 7.2). Thus the above

equation (7.5) was modified [194] as follows for the calculation of corrosion rate:

i =—2_ (7.6).

Rp was then determined in subsequent tests in which samples were anodica ly
polarised from -20 to +20 mV with respect to the free corrosion potential. The
potential was plotted against the current required for polarisation and Ry values were
determined as the grad'ent at the free corrosion potential (Figure 7.5). For each weld
type, Ry was determined at regular intervals over a 50 h period of exposure and icorr

as a function of time determined from equation (7.6).
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Figure 7.5 Typical plot for polarisation at potential close to E.qy,-

Where, R, = AV/A|, Q-cm2,

7.2.1.2 Galvanic Coupling Test

Galvanic corrosion results from the reaction which occurs when two (or more)
dissimilar metals are in contact or are otherwise electrically connected in a
conductive solution. Because of the difference in the electrical potentials of the
dissimilar metals of the couple, a galvanic current is generated. The anode, the more
active metal of the couple, corrodes more rapidly than it would if it were uncoupled in
the same medium. The less active metal, the cathode, generally corrodes less than
would be the case if it were uncoupled in the same medium or it could be made

resistant to corrosion.

In this test the apparatus shown schematically in Figure 7.6 was used to
investigate the galvanic current established between the weld and the surrounding
zinc and to construct an Evans diagram [195] of potential versus current for the

system.

Two identical specimens of size 2.5 x 2.0 cm were coated with lacquer so that for

one specimen only the welded area was exposed while for the other specimen only the
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zinc coating was exposed. The area of the zinc was 5 cm2 and the area of the weld was

0.4 cm? resulting in a zinc to weld area ratio of 13:1.

The specimens were galvanically coupled in 1N NaCl solution of pH 4 at 30° C.
Variation in the galvanic current with respect to time was monitored by means of
Sycopel zero resistance ammeter when the value of resistance set on the resistance
box was zero and switches S1 and S2 were open (Figure 7.6). This test was
periodically interrupted to allow the determination of the Evans diagram. Here the
value of the resistance in the external circuit was increased in a step wise manner by
means of the resistance box. The galvanic current at each setting of the resistance was
recorded from the zero resistance ammeter while simultaneously the potential of both
elements of the couple was recorded with respect to the saturated calomel reference

electrode by selection of switches S1 or S2.

resistance
box R
zero resistance
ammeter (ZRA) r
S2 S1 calomel
o o
{ reference
/7 electrode
voltmeter ——————9 | mv exposed zinc
coating
exposed steel
weld —

Figure 7.6 Schematic d agram for measuring the flow of current from zinc coating

to the steel weld and to determine the Evans diagram [195].
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A series of tests were performed on each type of weld i.e., normal weld (NRM),
nickel injected weld (NKL), stainless steel injected weld (SST), tool steel injected
weld (TST), zinc vapour incorporated weld (ZIC) and weld made by zinc powder

incorporation (ZPI).

7.3 Results and discussion

7.3.1 Linear Polarisation Technique

The value of the anodic Tafel constant, b,, for the zinc coating was determined in
a separate experiment, and was found to be 36 mV/decade. This was the case for both
as received and normal welded samples with values being determined in duplicate in
each case. Figure 7.7 shows the construction of the tangent to the activation
polarisation region of the anodic branch of the curve. Figure 7.8 shows that the
cathodic branch of the curve is typical of current limitation by diffusion of dissolved
oxygen, hence justifying the use of equation (7.6). The anodic and cathodic curves
obtained for the zinc coating in the presence of modified weld composition (Table 7.1)

were essentially similar to that shown in Figures 7.7 & 7.8.

Typical data for polarisation from -20 mV to +20 mV to the free corrosion
potential is shown in Figure 7.9. The pronounced curvature that is displayed was
characteristic of all such tests carried out on these materials. This emphasises the

importance of determining Rp as the gradient of the tangent at E.q,,-

The variation of the polarisation resistance, Rp, with time for normal welded
zinc coated steel sheet and the unwelded material is shown in Figure 7.10. These
values of Rp were used to determined the variation of corrosion rate with time
(Figure 7.11) by use of equation 7.6. The corrosion rate can be expressed in terms
of corrosion current since corrosion current is directly proportional to the corrosion

rate. The variation of free corrosion potential with time for the same samples is
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shown in Figure 7.12.

Figure 7.7 Anodic
polarisation curve for
zinc coated steel sheet in
1N NaCl solution pH 4.

Figure 7.8 Cathodic
polarisation curve for
zinc coated steel sheet in
1N NaCl solution pH 4.

Figure 7.9 Typical
data for polarisation of
zinc coated steel sheet at
potential close 1o Ecorr
in 1N NaCl solution pH

4.
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Figure 7.10. Polarisation resistance vs time for unwelded (UNW) and normal

welded (NRM) specimens in 1N NaCl solution, pH 4.

Comparison of the corrosion rates of the unwelded and normal welded samples
(Figure 7.11) revealed that the zinc self corrosion rate was higher in the case of the
welded sample. This was expected since in the welded sample sacrificial protection of
the exposed steel weldment was taking place and hence the rate of zinc self corrosion
(equation 7.4) was higher. The potential/time data (Figure 7.12) showed that the
welded sample displayed a potential close to the open circuit potential of zinc,
indicating that the weld metal had been cathodically polarised to this potential. On
exposure beyond 40 h the corrosion rate (Figure 7.11) declined markedly. At this
point visual observations confirmed that while the weld metal had been completely
protected and showed no sign of corrosion, the zinc coating had become exhausted with
bare steel revealed beneath the coating location. The corrosion rate observed was then
approaching the corrosion rate of Zn-Fe alloy (discussed later) in the solution. These
results showed that while the e ectrogalvanised coating was effective in offering
sacrificial protection to the weld metal, the life of the coating was limited,
particularly in this aggressive testing solution and with the small coating/weldment

area ratio employed.
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The data for the variation with time of the corrosion current for material with a
weld containing injected nickel powder is shown in Figure 7.13, where the previous
data for the corrosion rate of the unwelded and normal welded specimen is also
included. The potential/time data (Figure 7.14) revealed that the weld metal was
polarised to potential close to the open circuit potential of zinc throughout the test. It
can be observed that the polarisation of the nickel injected weld to a potential close to
that of free corrosion potential of zinc has resulted in a significant increase in the self
corrosion rate of zinc compared with that required for the normal welded sample. One
explanation for this behaviour is that, since the potential of the nickel containing weld
metal will be more noble than that of the normal weld metal, a greater polarisation
potential is required to achieve a potential close to the open circuit potential of zinc
and hence zinc self corrosion rate is higher. The weld was observed to have been
completely protected during the exposure period. The lack of decline in corrosion rate
beyond 40 h can be attributed to the use of a thicker zinc coating in this case (see

Table 7.1).

Data for welded material containing injected stainless steel powder is shown in
Figures 7.15 and 7.16. Here, as in the case of the nickel powder injected weld, the
self corrosion rate of zinc required for polarisation of the weld metal to a potential
close to the open circuit potential of zinc was generally greater than that required for
the normal welded sample. This is probably attributable to the establishment of a

potential for the weld metal that was more noble than that of the normal weld metal.

Similar data for welded material containing injected tool steel powder is shown in
Figure 7.17 and Figure 7.18. Here the result of polarisation to a potential close to
the open circuit potential of zinc was to produce a self corrosion rate of the zinc
coating which was initially similar to that of the normal welded sample. After 18 h,
and for the remainder of the test, the corrosion rate of the tool steel weld showed a
somewhat lower rate of corrosion then the normal welded specimen. This lower rate
of corrosion can be explained in terms of the influence of chromium additions in

promoting a potential such that the polarisation required to achieve a potential close
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to the open circuit potential of zinc was smaller and hence, the zinc self corrosion

rate was smaller.

Data for the weld in which tool steel powder was incorporated just after the
welding processaze shown in Figure 7.19 and 7.20, where the previous data of
unwelded and normal welded specimen is also plotted. It is evident that the corrosion
rate of the tool steel incorporated weld is similar to that of the unwelded specimen for
an initial period of time (Figure 7.19). The corrosion rate then decreases with time
as is expected. The corrosion rate is lower than the normal welded specimen
suggesting an improvement in the corrosion resistance of the zinc coating in the
presence of a tool steel incorporated weld. The curve of corrosion rate versus time is
very similar to that of the curve for the weld in which the tool steel powder was
injected into the weld pool (Figure 7.17) except for the initial period, where the
injected tool steel weld showed a higher corrosion rate. The potential/time data for
the tool steel incorporated weld is shown in Figure (7.20). It can be seen from the
graph that the potential of the tool steel incorporated weld is close to the open circuit

potential of zinc. This approaches a more positive potential toward the potential of
Fe-Zn alloy (see later) at the end of the test.

The data for the variation with time of the corrosion current for the weld with
zinc vapour incorporation is shown in Figure 7.21. The potential/time data (Figure
7.22) revealed that the weld metal was polarised to a potential close to the open
circuit potential of zinc except towards the end of the test. The self corrosion rate of
zinc in this case was substantially lower than in the normal welded case for an initial
period. However this low corrosion rate was not sustained and after a few hours time
of exposure the corrosion rate of the zinc incorporated material was essentially
similar to that of the normal welded material. This shows that the incorporation of
zinc into the weld metal is advantageous from the point of view of the corrosion
resistance of the surrounding zinc coating. However the volatilised zinc retained as a
result of argon entrainment during laser welding was present as a relatively thin

layer deposited on the weld. On the exhaustion of this zinc layer, as a result of general
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corrosion in the electrolyte, the weld displayed corrosion properties similar to those
of normal welded material with a corresponding increase in the self corrosion rate of
the surrounding zinc. These results point to the advantage of zinc incorporation

during laser welding.

It was observed that while the zinc coating had been consumed as a result of
sacrificial action during the test, a dark layer remained in a zone of width of 2 mm on
either side of the weld. EDAX analysis identified this as Zn-Fe intermetallic alloy.
This layer, which initially had been covered with a layer of unreacted zinc which had
been consumed during the test, had been formed as a result of interaction between the

steel substrate and the zinc coating in the heat affected zone during welding.

In order the asses the corrosion behaviour of the heat affected zone Zn-Fe alloy,
the test ZIC was prolonged beyond 48 h. At the end of test the ZIC specimen was taken
out after the completion of 48 h, and was cleaned with acetone to remove the corrosion
products. The base metal steel and the heat affected zone (HAZ) Zn-Fe alloy was
revealed in this way. The specimen was then inserted again in the electrolyte and the
corrosion rate and the rest potential of the HAZ Zn-Fe alloy was monitored for the

next 48 h.

Figure 7.23 shows the corrosion rate of heat affected zone Fe-Zn intermetallic
layer (exposed area, Zn-Fe alloy; 0.6 cmz, bare steel + weld; 1.2 cm2) measured
using the linear polarisation technique. It is evident that the corrosion rate of the
Zn-Fe alloy is lower than that of the unwelded and normal welded specimen. Figure
7.24 shows the free corrosion potential of Zn-Fe intermetallic layer against time. It
is evident that the free corrosion potential of the specimen gradually shifted from an
initial potential typical of Zn-Fe alloy in this solution to a potential typical of steel.
This is attributable to the gradual dep etion of zinc from the intermetallic layer by

selective dissolution. Visual observations during the 48 h test confirmed that the Zn-
Fe alloy protected the base metal steel surface and the weld. There was no sign of the
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corrosion of exposed bare steel or the weld for at least 24 h, while the Zn-Fe alloy
was corroding and provided protection to the steel. Hence this intermetallic layer was

responsible for an additional period of protection of the weld and the bare steel.

The data for the variation with time of the corrosion current for the weld with
zinc powder incorporation (ZPI)areshown in Figure 7.25. The potential/time data
(Figure 7.26) revealed that the free corrosion potential of zinc powder incorporated
weld was similar to that of the unwelded specimen throughout the 48 h exposure. The
self corrosion rate (Figure 7.25) of the zinc incorporated weld was lower than that of
normal welded (NRM) specimen and very close to that of the unwelded (UNW)
specimen. But this lower corrosion rate was not sustained and after around 16 h
exposure the corrosion rate was very close to that of the normal welded specimen.
This behaviour persisted until 40 h exposure. After 48 h exposure the test was
continued for another 48 h. The corrosion rate increased at 50 h exposure but
decreased again thereafter until a period of 90 h exposure. The potential/time data
revealed that the free corrosion potential of the specimen gradually shifted to became
close to the potential of the Zn-Fe intermetallic layer after an exposure of 90 h. This
means that the zinc has lasted for quite a substantial period of time as compared to
that of the normal welded specimen. Hence this test suggested that the addition of zinc
powder has prolonged the sacrificial protection of the steel to at least twice the

duration as compared with the normal welded specimen.
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Figure 7.11 Corrosion current vs time for unwelded (UNW) and normal welded

(NRM) specimens in 1N NaCl solution, pH 4.
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Figure 7.12. Rest potential vs time for unwelded (UNW) and normal welded

(NRM) specimens in 1N NaCl solution, pH 4.
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Figure 7.13. Corrosion current vs time for unwelded (UNW), normal welded

(NRM) and nickel injected weld (NKL) specimens in 1N NaCl solution, pH 4.
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Figure 7.14 Rest potential vs time for unwelded (UNW), normal welded (NRM)
and nickel injected weld (NKL) specimens in 1N NaCl solution, pH 4.
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Figure 7.15 Corrosion current vs time for unwelded (UNW), normal welded

(NRM) and stainless steel injected weld (SST) specimens in 1N NaCl solution, pH 4.
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Figure 7.16 Rest potential vs time for unwelded (UNW), normal welded (NRM)

and stainless steel injected weld (SST) specimens in 1N NaCl solution, pH 4.
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Figure 7.17 Corrosion current vs time for unwelded (UNW), normal welded

(NRM) and tool steel injected weld (TST) specimens in 1N NaCl solution, pH 4.
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Figure 7.18 Rest potential vs time for unwelded (UNW), normal welded (NRM)

and tool steel injected weld (TST) specimens in 1N NaCl solution, pH 4.
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Figure 7.19 Corrosion current vs time for unwelded (UNW), normal welded

(NRM) and tool steel coated weld (TSTA) specimens in 1N NaCl solution, pH 4.
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Figure 7.20 Rest potential vs time for unwelded (UNW), normal welded (NRM)
and tool steel coated weld (TSTA) specimens in 1N NaCl solution, pH 4.

268



80

=+ UNW
L * NRM
- ZIC
60
t
gu
O g 4
§ ¢ ° \
) =3
g -
o \ \_
o 20 S — w_
0 v 2y v 2
0 10 20 30 40 50
Time, h

Figure 7.21 Corrosion current vs time for unwelded (UNW), normal welded

(NRM) and zinc incorporated weld (ZIC) in 1N NaCl solution, pH 4.
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Figure 7.22 Rest potential vs time for unwelded(UNW), normal welded (NRM) and
zinc incorporated weld (ZIC) in 1N NaCl solution, pH 4.
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Figure 7.23 Corrosion current against time of heat affected zone Zn-Fe alloy,
compared with unwelded (UNW) and normal welded (NRM) specimen. Exposed HAZ

area 0.6 cm?2 in 1N NaCl solution, pH 4.
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Figure 7.24 Rest potential against time of heat affected zone Zn-Fe alloy, compared
to unwelded (UNW) and normal welded(NRM) specimen. Exposed HAZ area 0.6 cm?
in 1N NacCl solution, pH 4.
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Figure 7.25 Corrosion current vs time for unwelded (UNW), normal welded

(NRM) and zinc powder incorporated weld (ZPI) in 1N NaCl solution, pH 4.
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Figure 7.26 Rest potential vs time for unwelded(UNW), normal welded (NRM) and

zinc powder incorporated weld (ZPI) in 1N NaCl solution, pH 4.

271



7.3.2 Galvanic Coupling Test

The variation of current with time (Figure 7.27) and the Evans diagram (Figure
7.28) for coupled specimens of the normal welded material in which the weld and
surrounding zinc coating were separately exposed to the electrolyte provided

additional information on the mechanism of cathodic protection in this case.

The galvanic current (Figure 7.27) declined from an initial value of
approximately 70 pA to take up after 10 minutes a value of 18 pnA. This value
increased gradually with time and reached 36 pA at the end of the test after 60 h
exposure. These latter values represent the current required to polarise the weld to

the open circuit potential of zinc and hence provide cathodic protection of the weld.

As shown in the Evans diagram (Figure 7.28) the potential of the couple was
determined by the polarisation characteristics of the cathode (the weld) and hence the
system is under cathodic control. The form of the cathodic branch of the curve agrees
well with that put forwarded by Budinski and Wilde [172] on theoretical grounds
(Figure 7.2) and hence confirms the assumption that the cathodic reaction is
maintained by mixed oxygen reduction and hydrogen evolution at the free corrosion
potential. The assumption that the cathodic Tafel constant, b, at the free corrosion
potential is large and hence equation 7.6, can be used is also seen to be justified by the
large gradient of the cathodic branch of the curve. There was little fundamental
variation in the Evans diagram with time of exposure except that the galvanic current

at the free corrosion potential of the couple varied as shown in Figure 7.27.

Since the system is under cathodic control the magnitude of the galvanic current
will be determined by the area of the cathode - that is, the corrosion rate of the zinc
coating required to protect the weld will be dependent on the area of the weld. In the
case of the couple the area ratio of zinc to weld was 13:1 while in the case of the
linear polarisation tests (Figure 7.11) the area rato was 7:1. Allowing for this

difference in area ratio, the corrosion rate of zinc in the galvanic couple is essentially
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similar to the difference in corrosion rates between the unwelded and normal welded
samples in the linear polarisation test (Figure 7.11). The galvanic couple test has
revealed that after an initial period this current is gradually increasing. It can
therefore be inferred that the variation with time of the corrosion rate of the welded
sample determined in the linear polarisation tests includes two components - a
component arising from the sacrificial corrosion of zinc to protect the weld and a
component representing the the self corrosion rate of zinc in this electrolyte (as

shown in Figure 7.11) that declines with time.

The Evans diagrams constructed for the coupled zinc coating and welds with
modified compositions (NKL, SST, TST, TSTA, ZIC and ZPI) are shown in Figures
7.29 to 7.34. It can be seen that in each type of weld the potential of the couple is
determined by the polarisation characteristics of the cathode (the weld) and hence the
system for each weld type is under cathodic control. The weld with zinc powder
incorporation (ZPI) (Figure 7.34) had a potential very close to that of the zinc
coating, still it tends to provide the information that the system is under cathodic

control.

The data for the variation of current with time for welds with modified
composition (NRM, NKL, SST, TST, TSTA, ZIC, and ZPI) is shown in Figure 7.35.
These results show that the galvanic current for sacrificial protection of the weld
with nickel injection (NKL), stainless steel injection (SST) and zinc vapour
incorporation (ZIC) showed relatively higher galvanic currents than that for the
normal welded specimen (NRM), while the welds with tool steel injection (TST),
tool steel incorporation just after welding (TSTA), and zinc powder incorporation
(zPI) exibited lower galvanic currents tham that for the normal welded specimen

(NRM).
The weld with tool steel powder incorporation (TSTA) showed that a very small

amount of galvanic current is drawn by the weld for sacrificial action. This means

that the corrosion rate of the zinc coating is lower in the presence of tool steel
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incorporated weld, as is also seen in the linear polarisation technique (Figure 7.19).
The free corrosion potential of (TSTA) weld was found to be -0.92 V, (Figure 7.32),
which is noble to the free corrosion potential of zinc. The difference in free corrosion
potentials between the zinc coating and the weld is reduced due to the presence of tool
steel as compared to that of the normal weld (NRM). The use of tool steel has lowered
the potential of the weld near to the free corrosion potential of the zinc coating, and
hence, a lower corrosion rate has been observed in the case of tool steel weld. Hence
this justified the idea put forward by Watkins et al. [169] that increasingly negative
free corrosion potential with respect to the bare steel exhibits an increase in
corrosion rate of the coatings. In other words a decrease in the difference of the free
corrosion potentials between anode and cathode leads to a decrease in the corrosion
rate of the coating. By this theory a more negative free corrosion potential of the weld
to a potential close to the coating's free corros’on potential will result in a lower
corrosion rate. Thus the use of tool steel in the weld led to a decreased corrosion rate

of the coating.

The most interesting result is that of the weld with zinc powder incorporation
just after the weld formation (Figure 7.35). The variation of galvanic current with
time data showed that the zinc on the weld bead was acting as an anode and corroded for
the first 30 h, while it protected the base metal zinc coating. The galvanic current
increased for the first 5 h and then it decreased for the next 25 h. However, after
30 h exposure the polarity was reversed and the zinc on the weld bead acted as cathode
and the corrosion started on the base metal znc which acted as anode. Testing
beyond 30 h showed that the corrosion rate of the zinc coating was the least (Figure
7.35) for the case of zinc powder incorporated (ZPI) weld as compared to all the

other modified composition welds.

The reason for the change in polarity could be attributed to the different
condition of the application of zinc on the material. The base metal zinc is
electrogalvanised at room temperature while the zinc applied at the weld had

undergone a heating and cooling process. In this technique the zinc powder had been
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melted by the hot reacting weld and then was cooled down to room temperature. This
means a variation in temperature was experienced by the coating thus obtained as a
result of incorporation of the zinc powder on the weld bead, thus changing the

properties of the coating at different depths.

When the top zinc coating on the weld bead is exhausted (as a result of corrosion
of the coating and sacrificial protection provided to the base metal zinc coating) the
new coating revealed consists of an iron zinc alloy with the amount of iron increasing
towards the base steel surface. The iron-zinc alloy had a more noble potential than
zinc (discussed earlier). This acted as cathode and was protected by the base metal
zinc coating. When the zinc coating at the base metal around the weld was exhausted

the Zn-Fe alloy provided an additional protection to the base metal and the steel weld

(described earlier).
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Figure 7.27. Current variation with time for coupled zinc coating and normal steel

weld (NRM) in 1N NaCl solution, pH 4.

275



-0.7

-0.8

Potential, V (S.C.E)

L

‘1.1 v .'r
109 10} 102

Current, uA

Figure 7.28 Evans diagram for coupled zinc coating and normal steel weld (NRM)

after 24 hr exposure in 1N NaCl solution, pH 4.
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Figure 7.29 Evans diagram for coupled zinc coating and weld with injection of

nickel powder (NKL) in 1N NaCl solution, pH 4, after 24 hr exposure.
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Figure 7.30 Evans diagram for coupled zinc coating and weld with injection of

stainless steel powder (SST) in 1N NaCl solution, pH 4, after 24 hr exposure.
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Figure 7.31 Evans diagram for coupled zinc coating and weld with injection of tool

steel powder (TST) in 1N NaCl solution, pH 4, after 24 hr exposure.
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Figure 7.32 Evans diagram for coupled zinc coating and weld with tool steel powder

incorporation (TSTA) in 1N NaCl solution, pH 4, after 24 hr exposure.
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Figure 7.33 Evans diagram for coupled zinc coating and weld with zinc vapour

incorporation (ZIC) in 1N NaCl solution, pH 4, after 24 hr exposure.
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Figure 7.34 Evans diagram for coupled zinc coating and weld with zinc powder

incorporation (ZPI) in 1N NaCl solution, pH 4, after 24 hr exposure.
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modified composition welds in 1N NaCl solution, pH 4.
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74 The Corrosion Morphology of Laser Welded Zinc Coated Steel

The material used in this study is electrogalvanised zinc coated steel. In this
material, the zinc coating is adhered to the steel but it does not form an alloy between
iron and zinc due to the process being carried out at low temperature (50-75°C).
The use of a laser to weld two sheets together causes the volatilisation of the zinc
coating at the welded area. The laser provides intense heat at the welded area. This
heat is utilised for the melting of steel but some of the heat is also conducted into the
base metal. Figure 7.36 shows a laser welded sample before corrosion starts. There
is a large difference between the melting and boiling points of steel and zinc (For steel
M.P = 1530° C, and B.P = 3000° C, for znc M.P = 419.4° C, and B.P = 907° C
[196]).

The heat conducted into the material on either side of the weld causes a reaction
between steel and the zinc coating at the heat affected zone. This forms an
intermetallic alloy adjacent to the weld bemeath the actual zinc coating at the steel-
zinc coating contact point. The cross section revealed that an Zn-Fe alloy existed at
the interface of the steel and the zinc coating (Figure 7.37). The thickness of the
intermetallic alloy decreases in the direction away from the weld (i.e., in the
direction perpendicular to both the laser beam and the direction of the welding), until
it has diminished completely at a certain distance. This is due to the decrease in the
temperature away from the welded area so that at a given distance the temperature of
the base material is not high enough to react with the zinc coating and to form an
intermetallic alloy (Figure 7.38). The weld and intermetallic layer is schematically

represented in Figure 7.40.

When the welded sample is subjected to a vigorous corrosion environment the
zinc coating is first to be corroded. The weld was found to be protected by the adjacent
zinc coating. The intermetallic layer can be revealed as a black layer on either side of
the weld once the overlying zinc coating has been removed by self corrosion (Figure

7.39, which shows a top view of weld bead and HAZ). EDAX analysis (Figure 7.41)
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on the black layer shows that it consisted of Zn-Fe alloy. The remaining zinc away
from the heat affected zone area will protect the HAZ area in addition to the weld.
When ali the zinc is exhausted the Zn-Fe alloy, due to its more electronegative
potential, as compared to iron weld, will act as an anode. Thus the corrosion, then
starts on the Zn-Fe alloy while the weld will remain protected. The intermetallic
layer corrodes at a lower rate than zinc, and can be compared to a Zn-Fe

electrodeposited coating [132].

The corrosion of the Zn-Fe alloy is shown in Figure 7.39. The Zn-Fe alloy
started corroding in the form of patches and the base steel was revealed beneath the
alloy. EDAX analysis (Figure 7.42) made of the patches showed only iron is present
in the patches and no zinc is there, i.e., the intermetallic alloy has corroded from that
part revealing the iron of the base metal. It can be seen from the Figure 7.39 that the
weld is still protected and there is no sign of the corrosion of weld. For a specimen
exposed for a longer time the visual observations revealed that when all the zinc from
the base metal and Zn-Fe from the HAZ was exhausted then the corrosion of the bare

steel and weld was started.
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Figure 7.42 The SEM analysis in Figure 7.39 on a patch which showed the

corrosion of intermetallic alloy.
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Table 7,1 Laser Welding Parameters for Modified Composition Welds

Serial Weld type Laser Welding Zncoating Weld Weld Area of coat-

no. power  speed thickness width area ing exposed
(kW) mm/s (um) (mm) (cm2?)  (cm?)
1 UNW --- --- 7.5 --- --- 1.770
2 NRM 1.54 20.0 7.5 1.5 0.225 1.545
3 NKL 2.00 32.7 10.0 1.3 0.195 1.575
4 SST 2.00 22.1 10.0 1.7 0.255 1.515
5 TST 1.54 20.0 7.5 15 0.225 1.545
6 TSTA 1.78 20.0 7.5 1.3 0.195 1.575
6 ZIC 1.54 20.0 7.5 1.5 0.225 1.545
7 ZPIl 1.80 25.0 7.5 1.2 0.180 1.590

Where UNW = unwelded specimen, NRM = normal weld, NKL = nickel injected weld,
SST = stainless steel injected weld, TST = tool steel injected weld, TSTA = tool steel

incorporated weld, ZIC = zinc vapour incorporated weld, and ZPI = zinc powder

incorporated weld.
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8.1 Conclusions

The following conclusions has been drawn from the welding of zinc coated

steel.

8.1.1 W Zin 1

Three phenomena identified during the laser welding of zinc coated steel with

similar laser parameters were:

(i) no welding but a slight melting of the workpiece,
(ii) deteriorated welds, and

(iii) sound welds.

The laser welding of zinc coated steel is a highly complex process. In the
first case it has been found that the zinc plasma formed as a result of welding
operation blocked the incoming laser beam and hence awb;- slight melting
resulted. This also depends upon the thickness of the zinc coating. A higher
thickness of the zinc coating will produce more zinc vapour and hence thicker zinc

plasma thus making the welding of this material more difficult.

In the second case the welds were deteriorated when the two overlapping

sheets were tightly clamped and no gap was left between the sheets. The welds
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showed a lot of pits and holes due to the explosive ejection of zinc vapour from the

keyhole.

In the third case the sound welds were produced due to the presence of a small
gap between the two sheets which helped vent the zinc vapour through the gap and
hence a weld free of pits and holes was obtained. Thus good quality welds can be

obtained in lap configuration using a small gap between the sheets.

8.1.2 The Formula for Welding Zinc Coated Steel

The following formula has been derived for welding zinc coated steel in lap

configuration.

g . =—F= (8.1)

where g,,;; the minimum gap size required between the overlapped sheets, A; the
constant equal to 16.1 s/(m)1/2, V; welding speed, t,,; zinc coating thickness, and

tp is thickness of the sheet.

The formula has predicted a gap size for welding zinc coated steel in lap
configuration, the gap size is directly proportional to the welding speed and zinc
coating thickness and inversely proportional to the square root of the thickness of
steel sheet. Alternatively, the model predicted a welding speed for a particular gap
size. The welding of zinc coated steel at higher welding speeds (and hence, at higher
laser powers) was found to be very difficult depending upon the zinc coating

thickness and the thickness of the steel sheet.

Four regions dependent on the gap setting were identified in the welding of

zinc coated steel:
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(i) Pitting region, in which the actual gap is less than that required for the
venting of the zinc vapour. Thus the zinc vapour generated explodes out
of the keyhole causing pitting in the weld bead (Figure 6.10),

(ii) Drop out region, in which the actual gap is very large and the molten
metal drops into the gap leaving a dip in the upper sheet which can
seriously affect the tensile strength of the weld (Figure 6.10),

(iii) Dropout and pitting region, in which the actual gap is large enough to
produce a dip in the upper sheet but too small to exhaust the zinc
vapour (Figure 6.10),

(iv) Operating region, in which the sound weld can be produced by matching

the welding parameters according to the formula (Figure 6.10).

8.1.3 Effect of Welding Parameters

(i) Effect of Gap Size on Penetration:
Since a gap is necessary for welding zinc coated steel, this leads to a
thermal barrier between the two sheets. Hence to overcome this
barrier the welding speed has to be lowered for a full penetration of the
bottom sheet. The reduction in speed is a function of gap size. The beam
penetration in the lower sheet decreases with increasing gap size,
possibly due to the thermal barrier aspect as well as the loss of focus of
the beam energy. It has been found in these experiments that for a gap
of 0.1 mm between the sheets the weld showed only 8 % decrease in
penetration, a higher gap of 0.3 mm showed a 21 % decrease in weld

penetration. Hence the welding speed can be adjusted accordingly with a

gap size.

(ii) Effect of Gap Size on Width:
The width of the weld at the upper sheet increases with increase in gap

size and the width at the interface decreases with increase in the gap
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(iii)

(iv)

(v)

(vi)

size. It has been found that for a gap of 0.1 mm, the width of the weld at
the interface is almost the same as that without any gap. Also, if the
width of the weld on the top sheet is more than the thickness of the sheet
then surface tension pulls the liquid towards its edges and an undercut

results.

Effect of Speed on Penetration:
The weld penetration decreases hyperbolically with increase in welding

speed for normal welds. The weld penetration decreases more sharply

with welding speed in the case of metal powder injected welds.

Effect of Side Jet on Penetration:
The use of a side jet effectively removed the zinc plasma at the beam
metal interaction point. An optimum gas flow rate from the side jet

gives a relatively deeper penetration.

Effect of beam polarisation on penetration:

Beam polarisation also effect the weld penetration. For electric vector
parallel to welding direction (p-polarised beam) the penetration is 1.4
times higher than for the s- polarised rad’ation. Welding zinc coated
steel with p-polarised beam penetrates the lower sheet better than the

s-polansed beam.

Effect of beam mode on joining efficiency:

The comparison of the welding periormance of different laser systems
available (with different beam mode structures or beam quality) in
terms of joining efficiency has been described which showed that the
beam mode is also an important parameter in the welding process. It
has been found that the Gauss'an beam mode gave the best joining

efficiency as compared to doughnut, multimode and ring type beams.
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(vii) Effect of Beam Mode on Penetration:
The Gaussian beam mode due to a smaller spot size gave best penetration

as compared to multimode, doughnut or top hat beams.

(viii)Effect of beam mode on width:
Due to a bigger spot size of the multimode beam the width of the weld is

higher for higher order mode.

(ix) Effect of metal powder addition on joining efficiency:
Joining efficiency (beam coupling) increases with the addition of metai

powder at optimum flow rate.

(x) Effect of gap size on joining and melting efficiency:
Joining efficiency decreases with increase in gap size while the melting

efficiency remains almost the same.

(xi) Effect of speed on melting efficiency:

Melting efficiency decreases by increasing the welding speed.

(xii) Effect of laser power on melting and joining efficiency:
Both melting and joining efficiency for same beam mode increase with

increase in laser power.

(xiii)Using dimples as a method of setting the gap size:
Use of dimples to establish gap size for sheet material in lap
configuration is a more accurate alternative to the use of shims. Welds
can be made successfully through the position of dimples thus
eliminating surface marks near the weld. An optimum gap size of
approximately 0.07-0.10 mm was determined to minimise defects
during the laser welding of zinc coated sheet in lap configuration using

dimples, on 0.7 mm sheet with a 7.5 um coating of zinc on both sides.
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(xiv) Mechanical Tests:
Tensile, fatigue and impact tests on welded material have shown that

fracture is not initiated at the weld, but in the base matenal,

8.14 Modification of Weld Composition

Three methods have been developed to modify the composition of the weld bead.

They were:

(1) the injection of metal powder into the melt pool,

(1i) using an off axis gas assist jet to redeposit volatilised zinc on to the weld
as it forms,

(iii) incorporation of metal powder on hot weld just after the welding which

produced a coating of the required composition on the weld.

8.1.5 Corrosion Testing

(i) The short term electrochemical test employed discriminates between the
coating self corrosion rate required for sacrificial protectiom of unwelded

and welded samples and also between different weld material types.

(ii) The zinc coating was found to be successful in offering sacrificial

protection to weld metal of all types during the life of the coating .
(iii) A corrosion resistant Zn-Fe intermetallic alloy is formed (as a result of laser
welding) on either side of the weld to a distance of approximately 2 mm. This

material prolonged the sacrificial action of the coating.

(iv) The following effects on the coating self corrosion rate for the sacrificial

protection of welds of modified composition were observed:
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(a) Injection of nickel powder or stainless steel powder resulted in a
higher coating corrosion rate compared with the normal weld.

(b) injection of tool steel powder resulted in a corrosion rate that was
slightly lower than that of the normal weld.

(¢) incorporation of volatilised zinc resulted in a corrosion rate that was
initially substantially lower than that of normal weld, but on
prolonged exposure corrosion rates became similar, indicating that
insufficient zinc had been incorporated into the weld metal.

(d) The incorporation of tool steel powder after the weld, which produces
a tool steel coating on the weld,‘showed a very low corrosion rate of
the zinc coating.

(e) The incorporation of zinc powder just after the weld formation
gave a lower rate of corrosion. The coating life time was prolonged to
almost double due to the presence of a higher thickness of zinc coating

(50-75 um) at the weld bead.

The weld bead obtained with zinc powder incorporation (ZPI) just after the
weld formation was found to be more corrosion resistant than the other modified
composition welds and this may prove to produce welds of higher corrosion resistance.
Hence the use of zinc powder to coat the weld just after the weld formation is

beneficial from the corrosion point of view.

8.2 Suggestion for Future Work

(a) The present work has established a potential for laser welding of zinc coated
steel as a method of high speed welding compared with conventional welding
processes. Further work on the welding of zinc coated steel is suggested using a
pulse laser and to obtain a correlaton between the pulsed frequency and the
plasma fluctuation for weld'ng zinc coated steel.

(b) Some further work could be done in getting the gap welding into the production

process.
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