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Abstract

The present state of knowledge of residual stresses
due to machining is critically reviewed and the need for
a better understanding of the influence of mechanical
factors on the formation of residual stresses is
indicated.

It is assumed that the action of a cutting tool in
generating the residucl stresses is equivalent to that
of the 'ploughing force'. An analytical approach is
presented for determining the residual-stress distribu-="
tions in orthogonal cutting, employing a numerical-
integration process. A strain-hardening material is
assumed, with stress-strain behaviour of the type
0 =%xe® a computer programme is developed, based on
the model, and the computation performed for a range
of the parameters involved,

For rapid and accurate experimental determination
of residual-stress distributions, a new technique is
developed, involving continuous monitoring of the
bending deflection with continuous layer removal. The
experimental data is processed by computer to obtain
Calcomp plots of the stress distributions.

' The results obtained in plain turning of steel XC-45
show the influence of cutting speed, depth of cut, rake-
angle, the cutting-edge angle and the wear of the tool,
on the residual-stress distributions. High tensile
stresses of the order of 1.5 times the initial yield
strength of the material are revealed, thereby indicating
that the residual stresses generated are of practical
importance.

A comparison of the experimental and analytical
results shows that the model may be successfully employed
to predict the influence of the cutting conditions and
the work-material properties on residual-stress
distributions.
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1. Introduction

The need for greater reliability of machine elements
is growing with the recent advances in engineering in
general and aero-space technology in particular. Often,
it is the surface of a stressed component that suffers
the most severe operating conditions and ﬁence it is the
surface quality that determines its operating life. Thus
the concept of 'surfacesintegrity'l*, defined as the extent
to which the physical and mechanical characteristics of
the surface layers of a component match those of ;he bulk
material, has come to be generally accepted. Consequently,
investigations leading to the determination of the opera-
ting ranges for process variables to yield the maximum
surface'integrity are assuming prominence in metal-
processing research.

Eesidual stress in the surface layers is one of the
main characteristics in determining the,gurface integrity.
Residual stresses are defined as the stresses existing
in a body in the absence of any externally applied load.
They are produced when there is a non-uniform plastic
deformation such as occurring(due to mechanical,chemical,
therﬁal, or other origin. It is usual to distinguish
between micro- and macro-residual stresses. The former
arise when there are microstructural inhomogeneities and

they are distributed over areas of the order of the

¥ Numbers in superscript represent the serial numbers

of references.
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individual grain size. The latter can arise even in a
homogeneous body and are distributed over much larger
areas. Residual macrostresses are important in determin-
ing the fatigue strength and corrosion resistance of
'components. In this investigation only macrostresses
are considered.

It has been demonstrated that residual tensile
stresses at the surface are detrimental to the fatigug

2=1T and stress—-corrosion resistanceS—lO. Residual

strength
stresses can cause warping and distortion on mac@ining,
and consequently difficulty in obtaining the desired
dimensions on a precision component. The problem of
'dishing' of thin compressor rotors during machining is
well known. Beneficial effects have been obtained by
introducing controlied compressive residual stresses by
the methods of méchanical prestressing like strain-
strengthening, shot-peening and tumbling. These methods
have been capitaliséd upon by the automotive, aircraft
and other industriess.

If is to be expected that the nature and distribution
of the fesidual stresses induced by a process are
dependent bn the process variables. Hence by a proper
choiée of these variables it should be possible to obtain
the most beneficial, or the least harmful, residual-stress
- configuration in the component. . For this it is necessary
to have a clear knowledge of the influence of the process

variables on the residual stresses produced.

Since a considerable proportion of engineering
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components are finished by conventional machining, it is
appropriate that this should be the earliest to receive
attention. In the present investigation, it was proposed
that the residual stresses induced in the basic cutting
process be studied. With a view to evaluating the existing
knowledge on the subject of residual stresses due to
machining, literature review was undertaken and is given
in some detail in chapter 2.

From the review it appeared that research in this
field was experimental and was mainly concerned with
stresses due to grinding. Owing to the dissimilar condi-
tions under which the various investigations were
performed and to the author, some doubts on the accuracy
of the methods employed for residual-stress determination,
it did not seem podsible to draw general conclusions.
Research intthick-chip processes liké“turning and milling
was limited. Henriksen who had much exﬁerimental work.in
this sphere to his ecredit reported all his data in terms
of 'resultant stress' which repreéented‘the load carried
per inch width of a 'stressed layer' of unspecified
thickness. Thus, although his results were useful in
revealing the stress-inducing effect of the érocess.on
the surface, they did not indicate the actual value‘of
stress at the surface or the peak value of stress in the
stressed layer. Nevertheless these are‘importanf from
the point of:view of the fatigﬁé strength and resistance
to corrosion. Russian investigators have produced some

useful experimental data on stresses in turning and
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milling. However, apparent controversies still exist,
and the need for an analytical basis for explaining the
mechanism of stress formation is evident.

The formation of residual stresses during machining
is associated with the plastic deformation due to
mechanical working, the thermal expansion and contraction
effects, and the volume changes due to microstructural
transformations. A theoretical analysis of the complete
problem of fredicting the residual-stress distributions
due to machining, given the conditions of machining and
the material behaviour, poses considerable difficulties.

11 12 ,nd Merwin and

The contributions of Weck ™™, Gurney
Johnson13 were concerned with the theoretical predictions
of residual stresses induced in welding, flame heating
and rolling respectively.

An attempt has been made in this investigation to
solve a part of the residual-stress problem in the basic
cutting process usiﬁg a simplified model which takes into
account only the plastic deformation due to mechanical
working. The modifying effects éftemperature and structural
transformations are to be inferred qualitatively. The
details of the theoretical analysis are given in chapter 3.
It was not expected that the theoretical model would
yield precise values for the residual stresses. Apart
from the other idealisations used for the model, the
difficulty in taking into exact account the complei

strain-rate field prevailing in the cutting zone during

cutting, and the difficulty of obtaining experimental
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data pertaining to the material behaviour at the high
strain rates, are the factors which prevent precise
quantitative prediction of residual stresses from being
made, Hence, it was only hoped that the model would
clearly demonstrate the influence of the cutting variables
on the .nature of the residual-stress distribution.

For the purpose of obtaining more precise information
which could be used to test the theoretical model, it was
proposed to obtain experimentally residual-stress
distributions due to plain turning. In view of t@p fact
that experimental determinations of residual-stress
distributions are very time-consuming, it was necessary
to make a careful choice of the range of parameters for
study. From a review of the existing data given in
chapter 2, it appeared that a useful contribution to the
information available could be made by investigating the
effect of cutting speed. The effect of other parameters
namely the rake angle, depth of cut and tool wear have
been briefly investigated to provide the background
againét which the predictions of the theoretical model
could bérchecked. The plain-turning operation was chosen
for experimental investigation for two reasons. Firstly,
it produced an axisymmetric component which was convenient
for residual-stress analysis. Secondly, it was quite
easy to vary the cutting speed énd other parameters over
a wide range. Thus although orthogonal cutting (e.g. in a
lathe) might provide data which would facilitate direct

comparison with the theoretical model, the difficulty of



obtaining suitable specimens for residual-stress analysis
with chatter-free surfaces necessitated the use of plain
turning.

The expected steep gradients of stress, confined to
thin surface layers, called for a special method of
measurement of residual stresses. The available destruc-
tive and nondestructive methods were reviewed and are
examined in some detail in chapter 2. It was felt that
a bending-deflection technique using thinwalled tubular

specimens, having the diameter-to-thickness ratio greater

than ten, would be the most suitable for the proposed
investigation. The tube was machined on the outer
surface under the test conditions and sections of the
tube wall were then removed for residual stress analysis.
Basically, this involved removing material from the
stressed surface electro-chemically, whilst continuously
monitoring the change in curvature of the specimen,
using a sensitive méasuring technique. - ._

Initially, a modification of the method develoﬁed

by Den‘ton14

was employed. Denton used a discontinuous
techniqﬁe, in which layer removal and measurement of
change of curvature were carried out alternately and on
sepafate pieces of equipment. These modifications
consisted in

(2) stress-free and uniform removal of stressed
layers by electropolishing i
and (b) more precise measurement of deflections by an

interferometric method. The method enabled direct

16



measurement in terms of wavelengths of light to be made
and obviated the need for reliance on the calibration of
mechanical measuring devices. Some residual-stress
distributions were successfully measured using this
technique., However it sufferred from two disadvantages

on account of the step-by-step nature of the layer removal.
Firstly, it introduced errors in repositioning of the
specimen. Secondly, it was time-consuming.

In vie% of these drawbacks, a new technique was
subsequently developed, involving continuous mea§urement
of specimen deflection as the stressed layers wer;
continuously removed. A detailed account of the technique
is given in chapter 4. The technique enabled the stress
distributions in the axial and circumferential directions
to be determined more accurately and in a shorter time,
The>experimental data were processed on a digital computer.
A computer programme was developed for making the
necessary correctioﬁs for the re-distribution of stress
arising from surface-layer removal. In chapter 5, the
results of the experimental investigation and those of
the theoretical model employing a step-by-step numerical
solution on the computer are examined.

The work of the present investigation may be
summarised as follows:

(a) Existing literature in the field of residual
stresses due to machining was critically reviewed and
the areas which requiredfurther investigation were

pointed out.

17
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(b) An analytical model was proposed, which serves
to indicmnts the influence of the cutting variables on the
nature of the residual-stress distribution induced in the
work-piece. ,

(¢) A technique which enables rapid and accurate
measurement of residual-stress distributions in machining
to be made, was develgped,

(@) The influence of some cutting variables on
residual-st}ess distribution in plain turning was
investigated, primarily that of the cutting speeql The
influence of rake angle, depth of cut and tool wear was
also briefly studied. The results were examined in the

light of the proposed model.
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2. Review of 1iterature

2.1. Residual stresses due to machining

This section comprises a review of work on
residual stresses due to conventional machining operations
like grinding, turning and milling, in which material
removal is purely by means of the mechanical action of
a cutting tool. The object was to find out from the
existing experimental data, areas which required further
attention, and also to evaluate the theories advanced

for explaining the observed residual-stress results.

2.1.1. Stresses due to grinding

A large proportion of the work on residual
stresses due to machining has been concerned with the
grinding process, and the techniques used have all been
experimental. '

Grinding stresses were studied by Glikman and

Stepanovl6, Frisch and Thomsenl7,'Marshal and Shaw18,

19,20 21

Letner y Colwell, Sinnot and Tobin“—, Field and

22

Kahles and others. Notable contributions were also

made by Russian investigator323’24.

Glikman and Stepanov16 emﬁloyed layer removal by
acid etching to determine stresses in low-carbon steel.
They reported tensile stresses of the order of 25,000 psi
(172 MN/m.sq.) on ground surfacés in their experiments
using 'heavy cuts that éaused severe heating to be

developed'. Frisch and Thomsen'l7 found tensile stresses

as high as 50,000 psi (344 MN/m.sq.) in SAE 1020 annealed



20

.steel, due to surface grinding with a depth of cut of
only 0.0003 in. (0.0076 mm). They too employed acid
etching for layer removal.

Shawz5 argued, referring to Lilh's work using
X~-ray technique, that etching did seem to introduce
compressive stresses in hardened steel to the extent of
about 10,000 to 20,000 psi (68.8 to 137.6 MN/m.sq.) and
hence this must be accounted for in residual-—-stress
determination.

Letnerlg’zo

investigated the residual stresses in
hardened steels using a variety of grinding wheels and
grinding fluids. He too employed acid etching and
measured deflections using a comparator based on
differential-transformer principle. His results indicated
that there was no significant difference in the stresses
due to the use of different grades of grinding wheel.
Water-based grinding fluids did not appear to have any
influence either, but certain grinding oils appeared to
reduce the magnitude of peak tensile stresses. Fig. 2.1.
shows some results obtained by Letner, and indicates the
existence of both tensile and compressive stresses in
- ground surfaces.

Recent investigations by Field and Kah19522
showed that the important variables in grinding were
wheel grade, wheel speed, depth:of cut and cutting fluid. .

Fie1d2®

stated that 'gentle grinding' conditions employing
'soft friable wheels, low wheel speeds, active oils as

cutting fluids and low-stress (ie. light) down feed',
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resulted in low values of residual stress.

Work by Russian investigatorsz3’24 indicated that
the genepal picture could be much more complex than this.
They found, for instance, that residual compressive
stresses could be created at very high wheel speeds.
Behaviour with respect to the depth of grinding was
different for commercially pure iron and annealed carbon
steel U8 (R)*. The former showed compressive stresses
for depths of grinding of the order of 0,005 mm. At
depths of cut of 0.025 mm the stresses were found to be
tensile and at higher depths of cut compressive stresses
were generated again. However, results obtained in
grinding annealed carbon steel U8 (R) showed that increase
in depth of cut caused progressive increase in the tensile
residual stresses. Tests on hardened U8 (R) carbon
steel showed that the residual stress patterns were
closely related to the microstructural changes taking
-place in the surface and the subsurface layers, which
were in turn controlled by the prevailing temperature
cycles., The magnitude of residual stresses in the
grindiné of annealed and hardened U8 (R) carbon steel
under similar conditions, was found to be approximately |
the same, but the depth of their distribution was much
greater in the case of hardened steel. Further details

- of the Russian work can be found in references 23 and 24.

¥ The letter R enclosed within brackets will be used

to indicate Russian specification.

pra—



The overall ﬁicture from the foregoing is that
the residual stress formation in grinding is strongly
influenced by the metallurgical state qf the metal, its
specific heat and thermal conductivity, besides, of course,
the variables of the grinding'process itself (wheel speed,
wheel grade, depth of cut and cutting fluid). Although
the factors influencing the residual stresses have been
found, there appear to be controversies as regards the‘
effect of even the main factors, namely the depth of cutb
and the wheel speed. From the existing data, it_goes not
seem possible to make generalised conclusions which
enable prediction of the nature of residual stresses
induced in a given grinding situation; experimental

determination appears to be necessary.

2.1.2. Stresses due to turning

Work in this area is limited, and apart from some .
Russian contribution, most of it is due to Henriksen® 30,
Earlier investigations took the form of determining the
depth of workhardened layer undgr machined surfaces by
hardness and X-ray measurements. |

Herbertst (1926.) and Digges3? (1932) performed
hardness survejs on turned surfaces. Their results’
indicated an increase in the depth of hardening with an
increase ip the size of cut and.a decrease in the positive

33 employed X-ray

-rake angle. Thomassen and McCutcheon
methods for determining the depth of workhardened layer
in turning and milling of leaded brass. They reported

that the depth affected increaséd with feed and depth of;

22
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cut, feed having greater effect. In milling,a 'dull
cutter' produced about 300% increase in the depth of
layer as compared to a 'sharp' cutter.

These results are useful in assessing the severity
of a machining operation in terms of the extent of the
workhardened layer and the degree of hardening. However
they do not give any indication of the magnitude and
sign of the residual stresses induced.

Attempts at residual stress measurement in.thick—

chip machining began with Henriksen and Ruttman3qi

Henriksen27_30

ipvestigated therstress produced by single-
point cuttipg tools in orthogonal cutting, plain turning
and planing. His results were all reported, as menbioned
earlier, in terms of 'resultant stresses' representing
the 1ogd carried per inch width of the stressed layer.

It is not clear as to the nature of the.existing stressv
distribution, nor as to the depth of the stressed layer.
Thus, it is possible to find stress distributions like
those reported by Field and Zlatin34 for milling, for
Whicﬁ the 'resultant stressf is compressive while the
actual étress at the surfage is tensile. Hence these
results are of limited use, other than for'indicating

the overall stress—inducing effect of the process.

Fig. 2.2 and 2.3 show the results of Henriksgn's work

in orthogonal cutting of plain—éarbon steels. They.
indicate that the 'resultant stress' increased with. an
increase in depth of cut, or a decrease in rake angle,

29

or carbon content. Similar tests by Henriksen®” using-
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side~cutting tools ihdicated that the depth of cut was
not a significant factor except when low (<0.016 in.).
The 'stress' increased with a decreasg in nose radius or
an increase in end-cutting edge angle. 'Side—cutting edge
-angle did not'appear to have any effect.

C,’olwell35 used single-point tools on magnesium
and aluminium, and obtained estimates of the 'dominant
stress' produced, without going into any actual stress
measurement. He conjectured that the nature and magnitude
of the stress would depend primarily on the geomgj;y and
wear condition of the tool and also on cutting speed,
size of cut, and the effectiveness-of lubrication between
the tool flank and the cut surface. His studies on
reaming were reported to have indicated that the stresses
in the circumferential direction were dominant, when
cutting was performed dry, in the presence of a built-
up edge (BUE)*. The use of carbon tetrachloride
eliminated BUE and resulted in an increase in the
dominant coméressive stresses. At larger values of feed
the dominant stress became tensile.

ﬁussian investigators took a good deal of interést

36-45

- in the basic principles and techniques of measure-

ment46_52 of residual stresses as well as in determining

residual-stress distributions due to wvarious production

23,24,53-56 14 i5 felt that any research work

¥ TPor brevity, Built-up edge will hereafter be referred

to as BUE.



'in residual stresses due to processing will profit from
a detailed study of the published Russian work.

Matalin®> reviewed (1956) much of the work done
in the Soviet Unibn on residual stresses due to machining.
He pointed out that the factors that influenced the
formation of residual stresses in turning were cutting
speed, feed, cutting fluid, geometry of the tool and |
properties and microstructure of work-material. The
following summary of results may be drawn from his report:

(2) Cutting speed - Steel 45 (R) showed only
tensile stresses under low (150 m/min.), as well ;s high,
cutting speeds, with positive rake angles. Steel KhMA (R)
showed compressive stresses at high speeds. As the
speed increased, the stresses tended to become more
compressive. Similar behaviour was observed in the case
of steel 30XTC (R).

(b) Peed - Increase in feed increased the
magnitude of residuél compressive.stresses and the depth
over which they were distributed in turning steel 20 (R),
as well as steel 50 (R).

(c) Rake angle — The magnitude and sign of
residual stresses and the depth of their distribution
was primarily determined by the_rake angle.Fig. 2.4
summarises the results obtained.

(d) Tool wear and cutting-edge radius.— Increase
in the efféctivevcutting—edge radius and increase in
tool wear caused, in a nonhardenable Work—material, an

increase in tensile residual stresses. With alloy steels

25
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which exhibited hardening, bluntness or wear resulted in
compressive stresses to be generated.

Matalin's report contains further details and
qualitative reasoning to explain some of the observed
results.

Investigations by Kravchenk053 threw much light
on the general pattern of residual stresses due to turning.
His work was concerned with the influence of cooling on _
residual stresses induced in alloy steel KhN77TYUR (R),
steel 45 (R) and steel E1827 (R), using tool tips_of hard
alloy VK8 (R). Fig. 2.5 shows some typical results.
Tests on 211 materials showed the same essential features
for the stress distributions due to turning. The
stressgs were confined to thin layers, less than about
125 pum, and were mainly tensile at the surface. The
application of the cutting fluid resulted in an increase
of 15% to 130% in the peak tangential stresses.

In a recent (1967) Russian-book24, some detailed
Russian investigationsof residual stresses were included.
A typigal stress distribution due to turning is given in
Fig. 2.6. This shows the existence of high compressive
stresses in a thin (2—3;Lm) surface layer, sharply
changing to high tensile stresses between 0,02 - 0.04 mm
from the surface and then'again to low compressive
stresses in deeper layers. Theldistributions given by
Matalin and Kravchenko did not exhibit the first

compressive layer. It was stated24 that in the finish-

machining range, an increase in the cutting speed tended



27

to slightly increase the tensile stresses in the second
layer. »

Flank wear primarily affected the value and spread
of the stresses in the tensile layer. Increase in the
carbon content decreased the depth of the stressed zone.
Incfease in the content of carbides of tungsten increased
the depth of the tensile layer. Cutting fluids sulpho-
frezol and ?mulsion were found to reduce the value and
depth of spread of the tensile stresses. The last-

mentioned result appears to contradict the general trends

shown by Kravchenko's results.

2.1.3. Stresses due to milling

Stresses»due to end, face, and side milling wefe
investigated by Field and Zlatin34. They employed end-
milling and slab-milling cutters on AISI E4340 steel
heat treated to 300 Brinnel, and measured the stress
distributions under the surface to a depth of 0.007 in.
(0.178 mm) in the direction of feed. A typical result
is shown in Fig. 2.7. At higher speeds, the peak tensile
stresses were found to be lower than at the lower speeds.

l57 subsequently obtained residual-stress

Zlatin et a
distributions while investigating the effects of tool
wear and cutting fluid, in the face milling of a rénge
of materials. |

Matalin23

cited some Russian work in the face
milling of steel 45 (R) while stating that at speeds
upto 210 m/min. tensile stresses upto 950 MN/m.sq. were

produced. With a further increase in the cutting speed



(490-610 m/min.) compressive siresses were developed in
the surface layer.

Mi‘tryaev54

carried out a detailed investigation
on the hardening and residual stresses in the face
milling of heat-resistant, and titanium, alloys. He
drew the conclusion that the amount of hardening and
residual stressing could be controlled within limits
through speed, feed and geometry of the cutter. Low
ductility titanium alloys VT6 (R) and O0T4 (R) showed

- only a slight degree (8 to 20%) of hardening on the work
surfaceland the depth of hardening varied from

.050 = ,150 mm. The residual stresses on the work
surface were mainly compressive and of magnitude 700 to
900 MN/m.sq. Ductile materials (steel 1Kh18N9T (R) and
alloy EI766 (R)) were subjected to much greater hardehing
(20-50%), spread over 0.150 - 0,400 mm. Mainly tensile
stresses were fouﬁd.on the work surface. Tool wear and
low feed rates (< 0.03 mm/tooth) contributed to a
considerable increase in hardening and compressive
residual stresses. - |

58

itkin studied the hardening and residual stfesses'
in fqrm—milling a heat-resistant alloy E1617 (R). He
reported that an increase in axial réke, and the cutting
speed, reduced the depth of work-hardening. He found
~that tensile stresses were predbminant, and that the

ratio between the depth of residual stresses and the

work-hardened layer decreased with increase in feed rate.

28
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2,1.4. Mechanism of formation of residual stresses

Tentative explanations for the observed changes
in the residual stresses with cutting conditions were
advanced by several investigators.

Glikman and Stepanovil

tried to explain the
stresses in grinding by considering the thermal factor:
alone. 'Although this factor appears to play a significant
role, it cannot be the only one. Compressive siresses
observed by Letnerzo in the absence of any apparent
microétructural changesAcannot be explained by taking

only the thermal factor.

The’view taken by Christenson and.Littmansg that
both mechanical and thermal effects could be significant,
appears to be reasonable. They argued that grinding
temperatures could be high‘enough to produce sufficient
nonuniform expansion in the work to cause compressive
yieldiﬁg of the material Jjust beneath the ground surface,
thus generating residual tensile stress;>if the heating
ﬁas insufficient to cause yielding, the cold work of the
surfacé in chip formation might produce compressive .
stress.,

Russian investigator524 explained the appearance
of compressive residual surface stress in grinding (in a
material which did not exhibit any phase transformations)
" by postulating that plastic def&rmation due to mechanical
forces predominated over that dge to thermal effects.

Where tensile stresses appeared, thermal effects were

considered to have had the greater influence. In a
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material where phase.transformations could occur, the

additional factor of volume changes accompanying phase
transformations was employed to explain the observed

behaviour.

29

Henriksen attempted to explain the stresses

due to thick-chip maqhining by taking only the mechanical
effects into account. He assumed that at moderate '
_speeds the temperature was small enough so that its
effect could be ignored. He further reasoned3o that the
pattern of grain flow on the finished surface inq;cated
the presence of tensile residual stresses. It is
observed at this point, that often the residual stresses
due to plastic deformation are opposite in sign to thosé
that have caused the plastic flow.

Colwell35 held the view that stresses due to
mechanical sources might be tensile or compressive
depending upon the conditions of cut and the work-
material, Referriné to Baldwin's work, he stated that
compressive stresses might be due to a surface type of
rolling action taking place bétween the tool and the
work., ﬁe cited some photo-elastic studies of the
stressed zone near the cutting tool as the possible
means of explaining the tensilé‘residual stresses,

Matalin2§ considered the results of experimental
. Gata in turning, milling and grinding, in formulating
the following qualitative picture‘for the mechanism:

Théfe are four principal factors controlling the

residual-stress distribution.



(1) Severe plastic deformation of the upper
layers of the work-piece is accompanied by an increase
of the specific volume of the deformed metzl. This
causes the development of compressive stresses in the
upper layers and the corresponding tensile stresses in
the lower layers.

(2) The layers near the surface of the work-
Plece are plastically elongated in the direction of
cutting. This results in compressive stresses in the
layers near the surface and tensile ones in the %ayers
further away. )

(3) Due to the rise of temperature in the cuttlng
zone, there is a localised heating of the upper layers,
leading to plastic deformation in them. This results
in residual tensile stresses in the upper layers.

(4) Phase transformations in the surface layers
are accompanied by the corresponding changes in the
specific volunme, reéulting in residual stresses of
corresponding magnitude and sign in the surface layers.

Matalin23 was able to éxplain the experimental
resultsrunder various cutting conditions by taking a
suitable combination of these factors. However, in the
absence of quantitative evidence as to the relative
effects of the various factors involved, it is not
possible to establish the validity of these explanations.
Nor will they be of use in successfully predicting the
residual stresses to be expected in a given cutting

situation.
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The need is therefore evident for investigation
into the basic cutting process to establish . precisely
the relative contributions of each of the factors above
to the development of residual stresses. In particular,
the mechanical effect of the forces in cutting is deemed
to be the dominant factor in thick-chip processes.

The following general programme was therefore
adopted:- .

(1) Construction of an analytical model for
determining the residual-stress distributions due.to the
mechanical effect of the forces in cutting, and

(2) Developﬁent of an adequately sensitive
experimental technique for the measurement of residual
stresses in machining, which involve steep stress

gradients confined to narrow layers beneath the surface.



.. and Hertz's

2.2, Existing methoas of experimental determination of

residual stresses

2.2.1., General

The sufject of experimental determination of
residual stresses received considerable attention in the
past, and a number of qualitative and quantitative methods
can be found iﬁtiiterature. There were contributions‘to
this field in symposia on internal stresses in metals.

Books on the subject were produced by Heindlhofenég;

61

"Almen and Black6, American Society for Metals ™ and

)62. General reviews

National Research Council (U.S.A.
were presented from time to time by Barrett®3 (1944),
Fora®? (1948), Martin® (1957), and Denton®® (1966).
The_relevant methods of residual-stress determina—
tion were examined in the light of recent developments,
to enable the choice of a suitable method for the
present investigation to be made. T~
The two main methods of quantitative determination
of residual stresses, namely the X-ray method and the
mechanical method involving the removal of stressed
layers, are discussed in the next two sections., Other
methods include qualitative aséessments using_brittle

67’68,and strain-etching techniques69; Knoop7

71,72

lacquers 0

hardness tests were employed for
quantitative determinatiqn of residual stresses. However,
in a plastically deformed metal specimen with var&ing

degrees.of work-hardening within, the change in hardness

i
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results from the combined effects of work-hardening and
the residual stresses and it is difficult to separate

their contributions. Stengel and Gaymann72

pointed out
other problems associated with the method and stated the
aceuracy obﬁaipable to be of the order of + 10 kp/mm2
(+ 100 MN/m.sq.) on polished steel surfaces.
Hole~drilling methods originally proposed by
Mathar73 were further studied by Lake et a174. It
appears that these can be employed where a quick assess-
ment of the surface stresses to the accuracy of 29% is
adequate. |
A number of techniques 6f ultrasonic stress

£ review

measurement were recently tried. From Sharpe's
1t seenms that although the techniques were applied with
some success, further development is necessary before
they can be employed‘for precise quantitative determination
of residual stresses.

Several methods based on the modifications in the
electro-éhemieal potential76 and the magnetic properties

77

of ferromagnetic materials’'' were recently explored as

78 suggested

possible means of stress detection. Oliver
new methods involving electron emission, proton
annihilation and nueclear resonénce. Again, the value of
these methods in the precise determination of residual

"stresseé is yet to be establishéd.

2.2.2. X~-ray method

The principles and methods of application of X-ray
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stress measurement ére treated in detail by several
investigator562’66’79_84. The method is based on the
measurement of lattice strains of specially oriented sets
of lattice planes in the region examined. A collimated
X-ray beam of a suitable wavelength is used and the
high-angle interference lines of the specimen are _
recorded by means of diffractometers or back-reflection
cameras, Lattice strains are determined from these line
shifts. Relating the lattice strains to the strain
calculated from the theory of elastieity for an i§otropic
material is the main feature of the X-ray stress
analysis., |

An gssessment of the method in the light of some.
recent developments75’8o’81’83 brings out the following
aspects:

1., ILocalised stress in a small area limited to a
few square millimeters is obtained and again this is
determined from the lattice distortion of only a certain
group of favourably oriented grains. Hence the values
obtained are not representative of the average stress
situatiép, which is often of interest in fatigue and
distortion analyses.

2. 1In polycrystalline ietals subjected to plastic
deformation, the calculated stress values are due to
.. both macro- and microstresses and these are not easily
separablg.

3. ZX-ray elastic constants that must be used to

convert lattice strains to stresses are not absolute



constants, but depend on the degree of plastic deformation.
In a two-phase alloy these are not only dependent upon

the elastic anisotropy of the measured phase, but also
upon the interaction effects due to the difference in

the elastic properties of the two phases.

4. Only the metals and alloys which give a
resolved diffragtion ring can be examined. MNany high-
strength steels, for instance, give very diffuse back-
reflection diffraction rings which cannot be measured
accurately. Again, if the surface of the specimqq is
not sufficiently smooth or if the grain size is coarse,
diffuse rings will result, making the analysis difficult.

5. The equipment is expensive and the analysis
more ‘time-consuming compared with some mechanical
methods.

Accuracy of the X-ray stress measurement.depends
on the accuracy of the diffractometer alignment,
diffraction~peak location, specimen preparation and the
stress~factor determination. Figures quoted for the
accurécy by various investigators are listed in Table 2.1.

In this investigation, X-ray stress measurements
were carried out on some specimens to examine the
suitability of the method. Thé accuracy obtained was of
thé order of + 2000 psi (+ 13.8 MN/m.sq.)

Where depth determinations of stress are regquired
layer removals_have to. be made with successive exposures
. 0of the surface. .Thus the method offers no special

advantages for the purpose envisaged, andin view of the
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limitations cited and the difficulties pointed out the

method was not pursued for the present investigation.

2.2.3. Mechanical methods involving layer removal

Essentially, these methods require that a thin
layer of stressed metal be removed from the specimen in
the region where stress determination is desired, and |
the resulting strain in the remaining part be measured.
The measured strain is then related to the residual

*x
stress on certain assumptions . The distribution of the

residual stress from the surface inwards may be obtained
by successive layer removals to the required depth.

The various methods that were presented from time
to time differed in the geometry of the specimens
handled, in the complexity of the stress-state within
the specimen and in the resulting expressions emp;oyed
to relate the strains or deflections with stresses,
apart from the details of the experimental technique
used for layer removal and strain measurement. Reviews
of these methods were made by Barrett63, Ford64, Martin65,
Denton66, and others. A study of these methods
indicated that two of them deserved closer consideration

for the present investigation. These are the Sachs

¥ e.g. 1. Only elastic re-distributions of stress
take place on successive layer removal, and
2. distribution of stress within layers is

either uni-form or linearly varying.



boring method, and the bending~-deflection method.

Sachs boring method can be applied to determine
the axisymmetric stress distribution in solid shafts and
tubes. The method involves boring out successive layers
of material and measuring the resulting longitudinal and
circumferential strains. The strains are then related
to the stresses in the original shaft or tube64. : |

Although Sachs method can be applied in principle
to the measﬁrément of residual stresses due to machining,
it is not considered suitable for the purpose fo? the
following reason. In the case of machined surfac;s
steep gradients confined to nafrow region are expected.
Hence the layers removed have to be very thin (=~ 5p) and
the measurement of the resulting small strains in the
Sachs method will involve large errors.

The bending-deflection methods have the merit of
giving greater deflection for a given thickness of layer
removed and hence higher accuracy of stress determination,
Moreover, the danger of plastiec flow occurring during
the redistribution of stress upon layer removal is not
there ih these methods66. The method involves the
measurement of changes in the diameter of a slit tube or
the curvature of a plate upon the removal of successive
layers from the specimen.

The first accurate method of determining the
circumferential stresses in thin-walled tubes was given
by Davidenko‘86. The method consisted in slitting the

tube along a generator, which resulted in a partial relief

38
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of stresses. The distribution of stresses relieved was
calculated from the change in diameter due to slitting.
The remaining stresses in the tube were determined from
the changes in tube diameter corresponding to successive
removal of stressed layers. By superposition, the
original stress distribution in the tube could be found.
Davidenkov ignored the end effects of the tubular
specimen. To justify this assumption the method required

the use of a tube of sufficient length ¢ given by,

mean radius of the tube

i

> 12 /Rmto where Rm

t, = thickness of the tube

il

His method for determining the axial stresses in the tube
consisted in cutting out a narrow strip parallel to a
generator, and measuring the initial change in curvature
and the subsequent changes in curvature upon layer
removal.
However, Davidenkov. as well as Sachs and Espey.-r85
did not take inmto account the change (=‘06é) in the
longifudinal stresses due to the relief of circumferential
stresseénoé s upon cutting out the strip. This could
result in large errors in the longitudinal stress
determined4o’s6. |

Denton and Alexander8econsidered in detail the
earlier methods and pointed out the errors in the
treatment of experimental data. They proposed a new

method and provided exact expressions for use with the

digital computer. - N
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86 method-for determining the circumferen-

Their
tial and axial stresses requires the measurement of
circumferential stresses in two tube specimens one of
which is long enough for the end effects to be ignored
and the other is short enough for the assumption of
complete relief of axial stresses to be valid. If Obﬂ (y)
and Gbs (y) represent the circumferential stresses at

any depth 'y' for long and short tubes respectively,

then they may be related as follows:

Ogg (¥) =0gp (¥) = v O, (v) - (4.1)

" From this equation G%L (y) (the axial stress at depth 'y')
can be determined from the known value of v the
Poisson's ratio.

The effect of tube lenéth on anticlastic bending
was considered in detail by Pomeroy87. On the basis of
tﬁis work, he concluded that when accuréte values of
residual stresses were required, the use of a long length
of tube to obtain a plane-strain éonfiguration should
be avoided.

88

‘Pomeroy employed for his experiments the
method originally proposed by Birger4o for thin-walled
tubes. This consists in analysing two specimens A and B
of narrow width from the same tube, one parallel to the
generator and the other perpendicular to it, aé shown

in Fig.4.1.'

It appeared that a bending-deflection method
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would be suitable for determining the residual stresses

due to machining in a thin-walled tube. Since the

'beam' specimens encountered in Birger's method seemed

to offer less difficulties than the long tubes of the
86

method due to Denton and Alexander ~, the former

method88 was used. The details of the method are

given in chapter 4.
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3. An analytical approach for determining the

distribution of residual stresses due to machining

3.1, General

Althoughh there have been several experimental
investigations concerned with the problem of determining
the residual stresses due to machining, analytical
approaches to the problem have been very few. Recent
work of Okushima and Kakino89, and that of Barash and
Schoechgo have only yielded approximate methods for
obtaining the depth of the workhardened layer in
orthogonal cutting. Valuable contributions have been
made by Merwin and Johnsonl3f1§%d by Gurneylz, regarding
the analytical determination of residual stresses ig
.rolling and flame heating, respectively. However, no
theoretical analysis exists for the determination of

residual stresses in machining, doubtless on account of

the complexity of the problem. : -

3.2. Basic approach

To begin with, the case of orthogonal cutting is
considered, as this does not involve the needless
complications due to the additional parameters arising
in practical cutting, Once & solution has been obtained
for orthogonal cutting it may be extended for the
particular cutting operation by subsequent analysis.

A majority of the metal cutting theories of the

past have assumed that the cutting tool is geometrically
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sharp93_98. Some of these theories concern themselves

with the shear zone existing above the cutting edge, as
shown in Fig.3.1l. (a)=(d), and hence do not account for
the plastic.deformation and residual stresses in the
surface after machining. In certain cases, Fig.3.1l.
(e)and (f), the shear zone is shown to extend below the
-cutting edge, but the tool force is considered to be |
distributed entirely on the rake face. However, the
the cutting edge is not geometrically sharp in reality,

and experimental resultsodr99,100

were found to ghow
better agreement with theory when the effects of the
rounded nose of the tool were taken into account.
Fig.3.2., shows the tool with a rounded nose acting
on the workpiece through the region ABCD, where AB
represents the contact with the rake face, BC with the nose
and CD with the clearance face of the tool. The
resultant tool force Ry is known to be distributed over
the surface ABCD' in a complex fashion. The precise
distribution particularly around the tool nose and within
the contact at the clearance face have not yet been
determiﬁed, nor the stress and strain fields in the
region around the nose and beneath the contact surface.
However, it is evident that the material in the
vieinity of the tool edge suffers severe strain, and as
._the tool advances, a part of the material goes into the
chip and the rest into the surface layers of the work-

piece. Thus, the material upto.a certain. depth below -

the surface would have experienced nonuniform plastie
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deformation giving rise to residual stresses beneath
the surface.

To arrive at the residual-stress configuration,
the stress and strain histories within the work-piece
must be considered, as it moves relative to the tool.
Thus, the material originally at a point such as 1 ‘
(Fig.3.2.) at the section MN which is far ahead of the
tool, has negligible stresses to begin with. Stresses
rise with the progress of cutting, uhtil a peak value
is attained and fall again to low values. Howevqg, the
material will only have been subjected to elastic
strains throughout, if the track 1-1' is sufficiently
far below the tool edge, as shown in Fig.3.2. The
material at a point such as 2, on the otherhand, is
strained plastically, as it passes into the shear zone
at  E and a stress will remain after exit at F from the
plastic shear zone. The magnitude of the residual
stress at any point a certain depth below the surface,
will depeﬁd upon the actual strain history at that depth
from the start to the finish of cutting. The material
atka poiht such as 3 is of no interest from the point of
view of residual stresses in the work-surface, since it
eventually goes into the chip; Thus, from the strain
"history of the material, the stress history, culminating
in residual stresses, may be constructed.

The strain history of the material constituting
the surface layers, is governed by the stress and

temperature fields prevailing around the tool nose.
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These in turn are primarily dependent upon the mechanical,
pPhysical and chemical properties of the material of the
work and the tool, i.e. cutting conditions (e.g. cutting
speed and feed), tool geometry (e.g. rake angle, relief
angle and cutting edge radius), tool wear, type and
manner of application of the cutting fluid, and the
rigidity of the work and the tool set up.

Thus, the problem of predicting the residual
stresses, given the properties of the work, tool and the
various cutting parameters, may be considered to\ge
twb—fold. Firstly, the stress and temperature fields
for the given cutting situation are to be determined;
secondly, residual stresses are to be deduced from the
stress and temperature distributions.

The first part of the problem is a complex one.

A solution in the closed form employing,elastic-plastig
constitutive relations, and equilibrium and compatibility
conditions for the machining problemis a far-fetched
one, in the present state of the theory. Temperature
and sfrain—rate effects complicate the problem further.
Solutioﬁs have been obtained in the past, separately
for the mechanical.and thermal aspects of the problem,
employing simplified models?4—98’loo—lo3. However,
these do not yield precise information in the tool-nose
region, which is of interest in the present analysis.
It is felt that the finite element method applied to an

104-106

elasto-plastic material will prove fruitful in

. obtaining the required stress, strain and temperature



fields. However, this aspect is considered worthy of a
separate investigation.

In the present anaiysis, a somewhat simplified
model has been used for estimating the strain distribution
near the tool nose, by considering the mechanical effect
of the forces in cutting (sections 3.3. and 3.4.).

Once the strain distribution, and hence the
strain history, of the material during cutting has been
determined, the second part of the problem requires that
the stress history be constructed to arrive at the
residual stresses., A step-by-stép numerical analysis,
employing Hill's107 total stress-strain relations for a
workhardening material, is used in the present investiga;

tion. The details are given:in section 3.5.

3.3, The model

The work expended by the tool during cutting may
be regarded as composed of the work of shear deformation
in the chip, and the work of deformgation of the material
beneéth_the finished surface. Correspondingly, the
resultant cutting force R;may be considered to be divided
into two components P and Q (Fig 3.2.). Phe component Q
along AB on the rake face, is considered responsible for
the deformation in the chip, whereas P distributed on
the rounded edge BC and the clearance face CD, is taken
to be responsible for the deformation in the machined

surface.

This concept has been emﬁloyed by several workers
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in the fie1go?:98-100

, and it affords a better explanation
of the observed metal-cutting phenomena, than the
assumption that the resultant tool force R;is entirely
distributed on the rake face. The component P has been
variously termed as 'ploughing force'! by Albrechtgg,

100

Boothroyd s, and Okushima and Kakin089, tindentation

force' by Masuko, and 'clearance-face force' by Zorev98.
These investigators have presented various experimental
and analytical means of obtaining the component P. 1In
the present analysis, it is assumed that this component
P* is responsible for the deformation in the work surface:
and hence the residual stresses in it.

Thus, the orthogonal-cutting operation is
represented, for the purpose of obtaining residual
stresses, by the following idealised model:

(1) The system is equivalent to the action of a
line load (of constant magnitude and direction) moving on.
the surface y = 0, of a semi-infinite solid y > O
(Fig.3.3.).

'(2) The material of the solid is homogéneous and
isotropic, and its stress-strain behaviour is of the type
0 =x en

(3) Plane-strain conditions brevail, so that €,

is zero and all other stresses and strains are independent

..of =.

*¥ The term 'ploughing force' will be zdopted, sinée it

is the most widly used, to describe the coﬁponent P,
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The outline of the procedure is, first to determine
the elastic-plastic strain field under the static
concentrated load representing the ploughing force.

Then,  the distribution of the strain at any particular
depth below the surface under the static load is equated
to the strain history at any point at that depth, with
the load movement along the surface. From the strain
history, the elastic-plastic stress history is constructed,

t0 arrive at the residual stresses.

3.4, Strain field within a semi-infinite so0lid, under

2 concentrated line load

Considering the egquilibrium of a wedge, of a
strain-hardening material of the type O = ke in
plane-strain, under a concentrated line load, after the
analysis given by‘Sokolovskiilo8, the stress and strain

componenté in cylindrical coordinates, at any point (r,0)

(Fig.3.3.), are obtained as (vide Appendix 3.1.)

0. = 2.C°<P-g(9) /ry Og= T_g =0, ‘C =+1 (3.1)
€ - € - -0 o<APg(9)>-1/n, . _E (3) (3.2)
i Kr | B \3

Here, £(8) is a function defined as follows:

cos (£6+6)
g(e) = for n >
cos &

Ko



49

1
= (1+ 6o)® for n= -
2
1 n % 1
= — {eme -%e-mg} for n £ -
(1-8) 2 (3.3)
where £2 = (2n-1) /n2
2 = (1-2n) /n2
and m
P = Concentrated edge load per unit length in

the z direction, : -~

§ and Xare constants determined by applying the

conditions of equilibrium, which are:

+ /2
P sin/S = - Jﬂ O; r sin 6 46
~ /2
+ /2 . _
P cosf = - ./- 0, r cos & do B (3.4)
;7@/§

¥ This is a modified and re-derived form of that given
by Sokolovskii. The derivation is given in appendix 3.1,
and includes the reason why this modification was ‘
necessary. Briefly, however, solutions were required for
the values of inblination P in the entire range from 0 to
/2, for which the relationship given by Sokolovskii
appeared to require complex variables. The re-derived

form used here renders this unnecessary.
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To solve equations for o and 6 y X 1is first
eliminated by division to yield:
T\'/2

J. 0; r sin 9 4o

= .
tanp = - /2 (3.5)
/2 |
J G} r cos © 4o
-
For a wide range of alloys (e.g. steels, copper

and aluminium alloys) n < %, and the equation (3.5)

takes the form

n
_[ Ca e - 0 e ™ g) sin 6 46
ﬂ/2

‘ban/s = - (3.6)

T\'/2
m e -m 6,2
(em " ~ 0 e ) cos 6 4o
- Ty

For a range of values of § , the right-hand side
of the equation (3.6) was evaluated numerically by
Simpson's rule and the corresponding values of ‘p were
determined employing the computer programme ALFA (vide
appendix 3.2). o was then computed from the relations

(3.1) and (3.3) as:

“ éiﬁp ,
K = - ”/2 n‘ (3-7)
2t J~ (e © - §o™m 9) sin © 46

(1~ 6)™
- ‘_/2 .
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Graphs of P (X) and J& (9 ) are as shown in
Fig.3.4. - 3.6, From these, the values of < and §
corresponding to a given value of /3 can be read off.

The stress and strain distributions under the load
could then be computed from equations (3.1) and (3.2).
fhe distributions were obtained, using subroutine STRAIN
(vide appendix 3.2), in terms of the Cartesian components,
The components of stress and strain at any point (x,y)
in the Cartesian system were computed employing the

following relationslogz

r? = «/ x* + y° , tan©6 = x/y

O = 0. sin® @

0& = .0, cos® ©

o, = o. /2

T;y = - O} sin 8 cos ©

éxx = - eyy =:-€,c05286

lyy = -2 € sm2o (3.8)

Typical stress and strain distributions. at a

certain depth are shown in Figs.. 3.7 and 3.8.
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3.5, Numerical method for the determination of

residual-stress distribution within a solid,

given its strain history

Merwin and Johnson13 analysed the plastic deforma-
tion in rolling contact and obfained residual stresses.
In the present analysis, a similar approach is followed,
but a workhardening material is considered, instead of
the assumption of rigid-plastic behaviour of Merwin and
Johnson. Further, in their analysis, the strain history
within the'material was obtained considering purely.
elastic behaviour under static loading, whereas in the
present analysis plasticity is taken into account, as
given in section 3.4.

In order to obtain the strain history, it is .
assumed that as the load moved along the surface, the
strain field (as under the static load) moved with it
through the material. Thus, the strain vs. displacement
of load curve is considered to be the same as the
strain’ distribution in the X-direction at that depth,
obtained as given in section 3.4.

To begin with, the permissible residual sfress
and.strain distributions in a semi-infinite sdlid, after
the passzge of the load are consideredls. The plane-

- strain condition implies that the residual stresses(T&a)r,

(T__) ( éz)r , (1.) ( 3 ‘) * are identically

zx’'r ? yz'r ? zx’r

* Dhe suffix 'r' denotes residual stress or straim



53

zero and the other components are independent of z.
Further, under steady and'continuous plastic deformation,
the solid will retain a plahe surface after the passage
of load, and hence ( ex)r must be zero and the non-zero
stress and strain components will also be independent of
x. Considering equilibrium, with no load on the surfaqe,
and ( T__)_ cannot exist.

r? Xy’'r
Therefore, the only possible system of residual stresses

reduces to:

it follows that (G&)

(0 ). = £,(y), (0,). £5(¥)
(0p), = (Tyep)p = (T =0 (3.9) -

Thus, the only non~zero residual stresses are the
direct stresses pgrallel to the surface and these may
vary, with depth below the surface. Similarly, the

possible residual strains are:

y'r xy’r ’

(€. = (€ =(3_)_ =(3_)_ =0 (3.10)

x’‘r yz'r r

The non—éero residual strains are the direct
strain (éiy)r which accounts for the compression of the
s0lid normal to its surface and the shear strain (.{xy)r
which produces a tangential displacement of the surface.

In constructing the stress history, during the



elastic part of the strain cycle, the following elastic
stress-strain relationships(Hooke's Law) for plane

strain are used:

G% =2 G GX ete.,
(Y
Xy = G“lxy
5 2(1 +v) c '( )
and = G 3.11
m ) (1—2'\7) m

with Gﬁ = (G£+ O&+ O;)/B and € = (€X+ 6y+ EZ)/3

1 t -
where G& s T&y etc. are the deviatoric stresses,
t
EX,, ixy ete. are the deviatoric strainms,

G is the elastic shear modulus, and
VvV is the Poissons ratio.

During plestic deformation the complete stress-
strain relations of Hilllo7, for a work-hardening
material, are considered. For plane stréin, these may

be written, together with von Mises! yield criterion as

3 0. 40 4o,
de' = - ? -_— + X ete.,
x 2 H o 2G
1 ——
“”x ) E TX?' ao . dez ,
2 2 H G 2G
(1 - 2v) -
€, = - do,  and (3.12)
. 2(1 +v) G
2 2

é |2 l2 ! l2
3 (0 + 0y + 0, + 2T ) (3.13)
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In deriving the equations (3.12), it is assumed that O

can be expressed denoting the plastic strains by the

superscript p, as:

([

where A€P is the effective plastic—strain increment-

given by: i

—_— 2 2 2 2
a€p =j% {(d_ei) + (d€§3) + (a€) + (digy) /2} (3.14)

H' is the siope of the effective stress vs. effective
plastic strain curve. For a material whose true stress
vs. true strain curve is given by O = kén, H' may 5e

obtained as follows.

- p,0\"
0O =k (6 +ZE)
1
! ae? (1 /o\n 1
i LU =) ey (3.15)
H do On \k E

Equations (3.12) give strain increments in terms of the
stresses and stress increments. However, using the

differential form of the yield criterion (3.13)
_— — _ -3. 1 1 1 [ ] t t ] U ’
G a0 = 3 {(Gx 80, + O a0+ O 40,) + 2T dTXy} .

it is possible to solve for the stress increments

explicitly in terms of the strain increments and stresses,

as follows.

C. aw
? t 9 X .
a0, =2G{deX - 3 & ete.,
’ o (H /G + 3)
t 1
a W
aT' =2 G —1—"1 9 Ly -t
Xy 5 2 _2
0 (H /G + 3)
2(1 +v) G ,
SO ae , (3.16)

(1 + 2V) o
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' 1 ) 1 ] 1 1 U
where dW = (a€_ O_+ de, Og+ €, O+ dixy Tey)

— 3 aw
Also, d€P = (3.17)

o (E /G + 3)

To obtain the residual stress at any point at a -
given depth y, a step-by-step numerical analysis is
performed, étarting.from é position for the load
sufficiently far away so as to cause negligible stresses
and strains at the point. The load is then gradually
moved towards the point until the stress there is just
below the initial yield value, Commencing from this
elastic-stress state, the stress increment, corresponding
to the strain increment resulting from a small displace-
ment Ax of load, is obtained using the appropriate
stress-strain relations, (3.11) or (3.16)*. The process
is repeated until the load has moved sufficiently far
away from the point so as to cause negligible change in
stress upon further movement. The stresses (G&)" , (O;j:,

r
"

" . .
(O:Y)r , and CTxy)r obtained at the end of such a

computation are different from the residual stresses.

This is because, the strain history has been assumed

*¥ 1In the event of the strain increment causing partly
- elastic and partly elastic-plastic modes of stressing,
the strain increment is split into the corresponding

parts as given in ref.LH. .
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to be identical to the strain distribution under static
load, and the strain is thus allowed to assume zero
values at the end of the cycle. As a result, nonzero
values (O&); and (Tiy): might after all be expected.
Thus the condition of equilibrium remains to be satisfied
(equations (3.9)).

To restore equilibrium, the strains are permitted

n _ .
to relax elastically, until (O&)r = (Tiy)r = 0. In this
relaxation process, conditions of plane strain and
symmetry require that (éz)r = 0 and (Ex)r = 0 (equations -

(3.10)). The residual stresses (O;)r and (O%)r are thus

given by:
(O)p = (O = v (O,), / (1 =V)
(0,) = (000 = v (T), /(1 -9) (3.18)

To obtain the distribution of residual stresses
with depth below the surface, the process of integration

is repeated for different depths below‘the surface.

3.6, Computer programme

A computer programme (MAIN) was develdped for the
purpose of computing the residual stress distributions,
given the material properties k¥, n, E and v and the
magnitude of the ploughing force P, and its inclination
p s and the associated values of Xand § . Appendix 3.2
contains a flow-chart and listing of the programme, and

the main features are described briefly in the following.
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Considering the strain distribution such as in
FPig. 3.7, it was noted that in general, a strain incre-
ment may produce loading or unloading and in the former
case, the loading may be purely elastic or elastic-
plastic. The programme was therefore written to suit
an arbitrary strain history. ‘

The step length AX was allowed to vary so as to
ensure that the strain increment in any component was
equal to or less than a chosén value, taken to be 0,001,
On account of the finite size of the strain increment,
the computed value of plastic~strain increment during
loading'was sometimes found to be negetive (cf. Yamada

et a1'll)

. Where this was encountered the step size
was progressively reduced until the plastic strain
increment became positive.

To secure this control of steprsize while keeping
the computation time within reasonable limits, the
trapezoidal rule was employed for the numerical
integration. Alternative integration schemes (Runge-

Kutta, Runge-Kutta-Gillt

10y were tried but abandoned
since there was considerable inerease in the time of
computation which did not appear to warrant the expected
minor improvement in results., '

The computation was made at intervals of
0.010 X 1073 m. in depth, starting from y = 0.025 X 107> -m,
The use of the model involving concentrated load was

expected to result in excessive walues of stress and

strain at small depths very near the point of application
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of load. Hence the computation for any depth was
stopped when a strain gradient larger than a certain
value (chosen to be 0.1 for Ax = 0.002 X 10™> m.) was
encountered,

Residual-stress distributions were computed for
various combinations of the material properties (k and.n)
and the ploughing force (P and B ), to represent a wide
range of machining conditions on engineering alloys.
Table 3.1. gives the conditions for which computation

was performed.
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4, Ezgerimentai technigue and analysis

In this chapter, the general bending-deflectiom
method and its analysis is given first (section 4.1);
This is followed by a description of the particular
experimental technique developed in this investigation

(section 4.2).

4,1, The bending-deflection method and analysis

A.1.1. Outline

For the reasons mentioned in section 1, plain
turning in-a lathe was employed for obtaining the test
surfaces, Thus, the specimen used for analysis was a
thin-walled tube (b /R <0.1) with the stressed surface
on the outside of the tube.

The review given in section 3.2 indicated that
the bending-deflection method originally due to Birger4o
would offer advantages when both the axial and
circumferential-stress diétributions in the machined
tube were to be determined. However, the expfessions
obtained by Birger for calculating the residual stresses
involve the determination'of'slopes and integrals, and
are not in a form convenient for computation.

Hence, equations were developed as given in the
. following sections, in a form suitable for a digital

computer, after the work of Denton and Alexander86.



The following assunptions have been made,
(1) The material of the tube is isotropic.
(2) The distribution of residual stresses is
axially symmetrical.
(3) The tube is circular with concentric inner
and outer surfaces.
(4) The tube is thin enough to allow any
residual-stress component to be neglected.
(5) The principal stresses are in the
circumferential and axial directionsul
Essentially, the method consisted in analysing
two specimens A and B of narrow width, removed in a
stress-free manner from the machined tube, one (B)
parallel to a generator and the other (A) perpendicular

to it, as shown in Fig, 4.1. After the ring segment A

is separated from the tube, the residual circumferential

stress fA (y) in it at a depth 'y' from the surface,

may be written.as4o,

£, (1) =04 (y) - v0, (y) - R, (y) or simply

£y =04 - VO, - R, (4.1)

Where Ob and 0, are the circumferential and axial
stresses respecfively, in the original tube. RA is
'reaction stress' due to the distortion of the ring
segment upon being removed from the tube and this could
be estimated either by mechanical means or by employing

resistance strain-gauges (section 4.1.5).
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Similarly, for the strip B, the stress existing

after separation from the tube is given by,

Where RB was determined as indicated before. fA and fB
were determined (vide sections 4.1.2 - 4.1.5) from
successive removal of stressed layers and the measure-
ment of the corresponding changes in the curvature and
thickness of layer removed. Equations (4.1) and (4.2)

could then be solved to obtain Gé and O;.

4.1.2. Relationshiv between the average stress in a

layer and the change in curvature

When a layer of small thickness 'a' has been
removed from the surface of the 'beam' specimen, the
stress Oﬁ in the layer, Just before removal, may be
obtained assuming uniform stress distribution accross
the layer. Applying Winkler's theory for curved beams,

a change in the mean radius of the tube from R to R' is

related to = mean stress Gﬁ in the layer by the

equation86
EbR!
Gﬁ - a+b) b
a + R (1 - 7))

s

Where b = thickness of tube wall after layer removal

OR1
b' = R' {n (%%,——}-%)

Young's modulué.

(4.3)

E

B
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A4.1.3. Redistribution of stresses due to layer removal

With the removal of each layer, there is a
redistribution of stresses, so that the equilibrium of
stresses and moments accross the remaining tube wall is
maintained. ¥For equilibrium conditions to be satisfied,
the direct-force and the bending-moment components borne
by the layer before its removal, must be borne by the
remaining cross;section, after the layer is removed.

Thus, the increase in stress in the remaining
tube wall due to direct-force component in the réﬁoved

layer with a mean stress of Oh is given by

0; = -%— 0, (4.4)

The increase in stress due to bending-moment component

1
bt R! _ _
Op = ‘E(B“ - h+R‘) o B5T=b ) (4.5)

R'-R b

where h is the distance from the centre of the tube wall
tolthe middle of the layer. The residuzal stress f' in

a layer in thes original beam specimen is then obtained:

fr = 0, - (0, +0g5) . (4.6)

where the term E(Ca + O%) is the increase in stress

due to the removal of all the previous layers.
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4,1.4, Correction for the variation of stress within

the layer

The stress within a layer is not uniform, in
general, aﬁd a better estimate of the stress distributioni
is obtained by meking a correction assuming the stresses
to vary linearly accross the layer. If the total
variation of the stress within the layer is 2 s, then

the component of bending moment per unit length, to be

2
accounted for is é%; . Hence the corrected value_of

stress £ is given by

Sa2

f = £ x 3a (a + b) . . (4-7)

The positive sign must be used in equation (4.7) when

f' 1is increasing towards the interior of the wall.
Denton and Alexander suggested that s be obtained from
the plot of f' vs. y. In the present investigation this

was computed directly from the values of f' in the layers.

4,1.5., Determination of reaction stresses

The ring segment A was obtained by first parting
off a complete ring from fhe tube and then making two
cuts parallel to the generator. The change in radius
of the ring (from R, to R,) after the first cut was
determined using the technique described in section 4.2,
The partial stress-relief on account of slitting is

equal to the stress system that would be induced in the
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slit ring, if it were forced back to its original
radius. Thus, the stresses released may be expressed by

Winkler's theory:

(b(') R, > 1 ( ‘8)
R = E — hend 4.
A b, h+R, Ry DBy'TBg
Ry-R, b,
2Ry + D
where b ' = Ry {n _—10
‘ " \2Ry - Db,

The reaction stresses for the strip, were-—
obtained by employing two resistance strain éauges
attached as shown in PFig. 4.1. The technique is
described in section 4.2.4, If the stresses indicated
by the outer (B]l) and inner (B?) gauges are Gl and G2
respectively, then the reaction stress RB may be

written as

Gl - G2 h Gl G2 T
R, = ( ) + ¢ ) (4.9)

bo 2
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4.2. Development of the experimental technique

A,2.)l. General requirements:

In developing the experimental technique the
following objectives were envisaged:

(1) The technique should yield measurements
of stress distribution with_adequate resolution over a
thickness of the order of 0,05 mm ‘(0.002 in.) to a
reasonable degree of accuracy. In the present investiga-

tion, an accuracy of + 10 MN/m2 was aimed at.

(2) The complexity and length of time involved
in the entire technique should be reduced as far as
possible. Residual-stress measurements have normally
béen both_time~consuming and demanding as regards. care
and skill. 1In viéw of the growing need for extensive
experimentation in this field, it was felt that an
improyement in this respect would in itself be worth=
while, '. .

(3) The method should be applicable to as wide
a range of specimen shapes as possiblejzhat it could be
used Qn“working components,

The bending-deflection method adopted Basically
requires a technique for determining the changes in

curvature of the specimen for the progressive removal of

. known thicknesses of stressed metal.

~



4.2.2, Considerations leading to the technique involving

continuous removal of stressed layers

Most investigators in the past (e.g. ref. 20, 30,
66) have employed layer removal in diécrete steps, the
corresponding deflection and thickness of layer removed
being measured at each step. Denton14 described one
such technique for the determination of residual stresses
in sunk tu.besf . In the ear%y part of the present
investigation, the technique due to Denton was mq@ified
and improved to make it suitable for the determination
of stresses due to machining. These modifications
consisted in developing:

(1) 2 method for uniform and stress-free
removal of layers by electropolishing, and

(2) am interferometric method, . using a combina-
tion ‘of monochromatic and white light sources, for the
measurement of deflection.. This enabled direct
measurement of dgflection in terms of wavelengths of
light to be made.

VGA detailed account of the technique and an
analysis of the accuracy of stress determination by this
method have been given elsewherell2. Although this
téchnique gave stress distributions to a reasonable
degree of accuracy, (+ 9.0 MN/'m2 (+ 1300 psi.) in a
layer of thickness 0,00625 mm (0.00025 in.)), it

required a considerable amount of time and labour. At

this stage, stress determination by X-ray method was



68

carried out to investigate its suitability for the
present purpose. It was found that the accuracy obtained
was less ( = + 2000 psi.) and that the time consumed

was greater than the mechanical method. Hence the

X-ray method was not pursued.

A techniqué involving continuous removal of
layers and continuous monitoring of deflection was
subsequently developed. A comparison of the X-ray
technique, ‘the 'discrete step' meéchanical method, and
the continuous layer removal technique, is given in
Table 4.1. This clearly indicates the merits of—fhe

continuous~layer removal technique. An account of its

development follows.

4.2.3. Development of the technique involving continuous

layer removal

Principally, the fechnique required that the
following aspects‘should be both continuous, and
automatically recorded:

(1) 1layer removal in the stressed region and
the assessmept of the thickness of metal removed with
elapsed time, and ,

(2) monitoring of specimen deflection.

To.begin with, the following basic set up was
considered. Thé narrow 'beam' specimen from the work-
piece was held vertically in a suitable holder, so that
it became, in effect, a cantilever beam built in at the

lower end. Stressed metal was then removed over a
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cértain area from the specimen and the deflection of the

free end of the specimen was recorded.

4,2.3.1. DMethod of material removal

In earlier investigations, stressed layers have
been removed by acid etching, grinding, mechanical
polishing and spark erosion. The unsuitability of such

methods has been discussed previouslyllz. Electropolish-

—_—

ing provides continuous material removal in a uniform

and stress-free manner, and therefore was employed.

Also it has been.increagingly used in other recent
investigations49’88’113.

Various electrolytes have been suggested for
different materials and the details of these can be
found in references 114 and 115. 0f the two different
electrolytes tried, the composition of the one found
more suitable is given in table 4.2,

Torselect suitable values for voltage and current
during electropélishing, the process was studied over a
range of values of the applied voltage. Fig. 4.2.
shows tﬁat upto a voltage of Vi,
between current density and voltage is almost 1inear.

the relationship

A 'matt' surface was obtained on the specimen. A slight
increase of voltagg from Vl to V2 resulted in a decrease
in current density. Beyond this point the current
strength remained substantially constant with increase
in voltage, upto Vé. Further increase in voitage

produced a rapid rise in the current density. When the
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voltage was held within the portion CD of the characteri-
stic, a steady current condition and a bright polished
surface were obtained. These observations_agree with

the earlier work reported in this fie1d114. Thus, a
voltage V = 10yvolts and the corresponding current
density Iy = 0.65 amperes per square inch (900 amp/sq.m)
were employgd._

Fig. 4.3 shows the experimental arrangement with
the specimen (1) held in a glass holder (2) and then
positioned in a tank (3) containing the electrolyte.

The cathode was a suitably shaped stainless-steel strip
(4) fixed to the glass holder, with a uniform gap of
about 1" betﬁeen the electrodes. The specimen surface
was marked outside the layer-removal area with a non-
conducting paint.- Vertical positioning of the specimen
aided the dispersion of gas bubbles formed during
polishing, ensuring that non-uniform metal removal did

not result from the accumulation of the bubbles.

4.2.3.2. Assessment of the thickness of layer removed

“With the "discontinuous".technique the amount
of material removed at each stage can be assessed by
direct measurements of the average thickness of the
specimen. In the continuous method +his must be done
either by some means of ﬁonitoring the average thickness
of the specimen while it is being electropolished and
without interfering with the measurement of deflection,

or by predicting the thickness removed from the
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conditions of polishing. The latter method was used in
this investigation.

The volume of metal removed (U) is related, by
Faraday's law , to the current (I) and the time (%) for

which it is passed:

where Kf is a constant involving the equivalent weight
of the metal. Hence the average thickness (a) of metal

removed . .
a = Kff a/A

where A is the area of the anode. However, Kf cannot
be evaluated analytically due to the uncertain valency
of the Fe-ions during the actual process, there being
either divalent or trivalenj_Fe—ions during the different
phases of the electolysisll4. Further, there is also
evolution of some oxygen, with the expenditure of
energy which cannot be easily accognt for. Direct
calibration was therefore employed.

Results obtained (Fig. 4.4) show that the volume
of metal removed may be regarded as varying linearly
with the quantity of charge (q). This is also borne

out by the experiments of Fedotev et a1114, Pomeroy88,

and Doill®,
Thus the thickness of layer removed at any
instant during electropolishing was obtained by

calculating the average metal removal rate from the
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measured initial and final thicknesses.of the specimen
and the magnitude of the charge passed. The magnitude
of the charge was determined by obtaining a continuous
recorq of current with time and by integrating the I-%
curve, using a digital computer (vide computer programme,

appendix 4.1).

4,.2,.3.3. MNeasurement of deflection

As %he stressed metal was continuously removed
by electropolishing, the deflection was continuOQ§1y
monitoredﬂby a sensitive capacitive transducer* (12),
and a U.V. recorder (13), as indicated in Fig. 4.3.

The changes in the curvature of the specimen
could be related to the recorded displacements by
calculation from the measqred geometry of the specimen-
extension arm combipation. However, a more direct
method was employed, which incidentally afforded a check
on the linearity of the transducer readings. The method
involved calibrating fhe deflection readings with the

slope changes of the free end of the specimen.

* This was a Distance Meter (DM 100B) by Wayne Kerr,
and with the probe employed (IMBl) it was nominally
capable of 2% accurcy in distance measurement over the
range of 125 um, with a discrimination better than

0.5% of the range.



Calibration of the displacement readings

To obtain the slope changes, a semsitive photo-
microptic autocollimator (15) (Hilger and Watts) wad
positioned at the level of the metal plate (10) behiﬁd
which a front-silvered mirror (9) was fixed (Fig. 4.3.).
TheAaccuracy of measurement by the autocollimator was ‘
+ 0.2 seconds of arc (see appendix 4.2). From the
autocollimator readings, taken simultaneously with the
U.v. recording of the deflection, calibration curves
were obtained; a typical example is shown in Fig:\4.5.
A linear relationship exists; thus a distance of 1 mm
on the U.V. trace corresponds to approximately 1.5 sec.
at the autocollimator. The accuracy of reading from -
either was of the same order. In addition to the
advaﬁtage of continuous recording, the distance meter
enabled a data logger to be used, so that the results
could be directly processed by a digital computer.
Nevertheless, in this work, the autocollimator readings
have been employed for the majority of the specimens.

Readings by the autocollimator were related to

the changes in curvature, as in appendix 4.3.

Assessment of deflection due to stress relief

The deflection measured was found to be
influenced by the following:
(1) +the bending-deflection due to stress-

relief upon layer removal
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(2) ehangeé in curvature due to thermal
gradients across the specimen

(3) any spurious effects due to improper
clamping, 'settling' at_the supporting feet of the
specimen-holder or tank, and the deformation of the
mounting of the measuring unit.

Factor (3) was made negligible only after a
considerable period of development. This led to the
use of_glass for the material of the holder. The
holder, tank and tray_(s) (Fig. 4.3.) were each mounted
on three glass 'feet'. A robust support was employed
for the transducer probe. The complete apparatus was
mounted on a surface table with antivibration mountings,
and situated in a metrology laboratory wiﬁh temperature
control to within + 1.0%. (see Fig. 4.6). Further
improvements in the techique were effected until the
deflection due to sources (3) was negligiblé. The
autocollimator was used here to check the drift of a
specimen mounted’as for an actual test, but without
electropolishing.

buring electropolishing, the deflections
observed were due to the combined thermal effects and
stress-relief. It was therefore necessary either to
account for the thepmally—induced bending, or to make
it negligibly small.

Attempts were made'to avoid the thermal effects
by 'intermittent' layer removal, allqwing 2 uniform

temperature to be reached in between, at which readings



75

were taken. Although the method avoided resetting
operations, the overal} time required was practically
the same, In addition, the deflections measured included
spurious effects associated with switching on and off.

Further attention was therefore paid to the
continuous technique. It was observed that upon
switching on, both the current and the voltage quickly
reached their maximum values (Fig.4.7). It was expected
that this would cause a gquick release of heat at the
'exposed' surface of the specimen. The resultingx
temperature gradient within it would initially produce
a deflection of the specimen soon after switch on, as
observed. However due t0 rapid heat conduction through
the specimen, the temperature differential should fall,
reducing the thermal deflection after a short period of
time, and the deflection observed thereafter should be
substantially due to stress-rellef

A A number of tests under various volteges and

current densities were performed on apnealed specimens,
to study the thermal deflection alone. A typical
record of the current, voltage and the specimen deflection
is shown in Fig..4.7. These indicated an initiai
deflection cycle, thence attaining a stable condition
within a relatively short time (less than 2 minutes
. under the range of polishing conditions employed). The
temperature of the electrolyte increased slowly during
polishing, but Wlthout affectlng the deflection of the

annealed specimen. The average temperature was
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therefore unimportaﬁt, for the reasons already given.
Thus the deflection due to stress-relief alone could
be.obtained, commencing about two minutes after switch-
on. To qbtain stress-measurements as near as possible
to the original surface, a low current-density was
employed to minimise the material removed during the

initial 'settling' period.

4,2,4, Experimental details

4.2.4.1. Specimen preparation

Specimens for analysis were prepared from a
hot-rolled bar of OECD -~ XC45 steel. The composition
(percent by weight) and properties of the material were

as follows:

c Mn si P S
0.47 0.80 0.50 0.01 0.01

Physical properties :-

Vicker's Hardness 1890 MN/mz‘
 Elastic limit 400 MN/m?
Ultimate tensile strength 690 MN/m°

The specimens were turned on a VIF high—speed
lathe. The bar was turned down to the outside diameter
~of 2,30 in. (58.5 mm),‘followed by drilling and boring,
by using a similar.procedure, to a nominal bore size
of 2 in. (=51 mm). A close-fitting clearance plug was

glued to the open end using Araldite so that this end
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could be supported in the tail-stock centre.

» The surfaces for investigation were then
produced using STORA P20 N2’triangu1ar carbide bits
held in clamped tool holders. Details of the cutting
conditions for the specimens are given in Table 4.3.
After the required length of surface was turned, the
tube was parted off using a low cutting speed (<40 sfpm,
12.2 m/min.) and low feed. The specimens for
circumferential stresses were obtained in the form of
rings of 3/8 in. (=29.5 mm) width, by parting off in

the same manner.

4.2.4.2, Neasurement of reaction stresses

Circumferential svecimen

Thg change in radius upon slitting the ring was
dgtermined. Two fine parallel lines spéced about
0.14 in. (3.6 mm) apart were scribed, using the
Measuring Machine (MU214B). The initiai\spacing (gl)
-between the lines was measured and the ring was slit
open by‘a cut along a generator, between the scribed
lines. OSpark erosion, was employed siﬁce it-enabled
the specimens to be clamped lightly, without the risk
of imposing further stresses. After slitting, the
spacing (gz) between the lines was measured again,
The change in radius was then calculated from the

following relationship (derived in appendix 4.4).
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The reaction stresses RA could then be obtained from

equation (4.8).

Axial specimen

Two bonded wire strain gauges were employed, one
at the outer and the other at the inner surfaces, along
the length of the tube (fig. 4.1). The gauges were of
Type PS - 20 (Tokyo Sokki Kenkyujo), active dimensions
ZQ mm X 3 mm, resistance 120 + 0.3 and gauge factor
2.10. The gauges were fixed with a recommended polyester
adhesive, For\strain measurement, Carrier Amplifier
and Demodulator, Type SE 423/1E of SE laboratories, was
used in conjunction with a U.V. recorder (Type SE2005).
After initially balancing the gauge circuits, the
specimen strip carrying the strain gauges was cut out
by spark erosion. The strains indicated by the inner
and outer gauges were determined, and the corresponding
stresses Gl and G2 were calculated. The reaction

stresses Ry could then be determined from equation (4.9).

4.2,4.3. Analysis by layer removal

The initial thickness of the specimen was
measured on a Matrix Diameter Measuring Machine (1)
(Fig.4.8), of N.P,L. design, fitted with a fiducial

pressure indiecator (2). The machine had a least count

78
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of 0.00001 in. (0.25 wm) and repeatability was better
than this. The specimen (3) was mqunted during the
measurement on a perspex bench (4). Two brass sleeves
(5) carrying 1 mm dia. steel balls each, were mounted
on the anvils to minimise errors of misalignment. The
measurement was obtained on the micrometer drum (6)
afﬁer orientating the specimen to give the minimum
reading with the aid of the fiducial indicator.

It %as shown earlier that the measurement of
thickness was quite critical for the precise determina-
tion of stress. Hence, thickness was assessed as the
mean of 28 readings taken at different posifions along
the width and length of the specimen. Accuracy attained
thereby in the measurement of thickness was of the
order of + 16 X 1072 in. (see appendix 4.2).

The D.C. supply was arranged by using a Majoreg
rectifier unit to provide a constant voltage of _
10 volts at a setting limiting the current to 1.0 amp.

(max.). After the specimen was set up, sufficient time
was allowed for drift to settle down; this was checked
with thé help of the sensitive null indicator of the
photo-microptic autocollimator. Electropolishing was
then performed, usually for a period of about 40 minutes
to obtain a depth of removal of 0.002 in. (0.05 mm),.

From the eurrenf and deflection traces and the
other measurements data were prepared for the computer
programme which was developed for computing the

residual- stress distributions and for plotting these



by Calcomp (graph plotter). A flow chart, listing
and other details of the programme are given in
appendix 4.1. Appendix 4.2 includes an analysis of

the accuracy attained in stress determination.
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5. Results and discussion

5.1. Analytical results

Figs.5.1 - 5.8 show the residual-stress distribu-
tions computed on the basis of the analytical model for
the conditions listed in Table 3.1. A dimensional
analysis, given in appendix 5.1, indicated that it would
be advantageous to represent the distributions in terms
of non-~dimensional stress (GVK) and non-dimensional
depth below the surface (plr). This would facilitate
comparisons of stress distributions in different materials,
since the stress is given in relation to the strength
coefficient XK. Further,‘with this representation
identical distributions were obtained, as expected, for
different magnitudes of the ploughing force P (other
conditions being unchanged). Thus the parameters for
investigation were reduced to

(2) the angle of inclination p of the ploughing
force with the normal to the surface,

*(b) the strength coefficient K and

(c) the strain-hardening index n (from the

assumed stress-strain behaviour of the type Sg= KEo)

Effects of X and n

For a typiecal value of p=- 30°, Figs.5.1 - 5.4
show that over the range of compu%ation, n has a
dominant effect upon the general shape of the stress

distribution in the direction of cutting. Thus; as n is
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reduced from 0.4 to 0.1 the stress gradient increases,

the depth of distribution of tensile siresses decreases
and the compressive region_of the distribution becomes

more pronounced._ The effect of K is seen to be

relatively minor,

Effect of fB

Figs: 5.5 — 5.8 reveal the effect of p for a
typical value K = 0.6 X 103 MN/mz. Fig. 5.5 shows that
for n = 0.4 there is a marked change in the shape_ of the
distribution between the cases g = - 35° and - 40°. As
n increases the valué of/3 where this transition occurs
increases until below n = 0.2 no such transition is seen
for values ofja upto j.60°. This behaviour is associated
with the changes in the stress_and strain fields,:
brougpt.about”by a change in/3. When the load is normal
to the surface (B = 0) the stress and strain fields
(at_a qe?tain depth belqw surface) are as shown in
Fig. 3.7. ASIFI increases, the tangential force
component increases introducing assymetry into the
distributions, as shown in Fig. 3.8. Beyond a certain
value of B the influence of the tangential force will
be sufficient to cause a change in the shape 6f the
residual—stress-distribution, the value of/3 for this

transition obviously depending upon the value of n.
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Prediction of the résidual-stress distributions from

the cutting conditions

On the basis of the foregoing analytical results,
the influence of the cutting conditions on the residual-
stressAdisﬁributions in orthogonal cutting is now
considered. It is necessary to knqw therefore the
manner in which the values of P, K, n andp vary with the
cutting conditions. No independgnt tests have been
undertaken in this investigation; the pertinent informa-
tion is available in the 1iteraturetds 97-99,117,

Table 5.1 lists the values of K and n for various
materials. TFrom this, the effects of cold work and
alloying can be inferred. Stress-strain curves of the
form 0 = KE® are shown in Fig. 5.9 for various values -

of K and n to facilitate visualisation of the effects of

these parameters, on the shape of the curve.

Cutting sveed

- With an increase in cutting speed, the strain
rate iﬁéreases. The work of Oxley and Fenton118 on
low—garbon steel indicates that an increase in strain
rate results in a decrease in the value of n,.and a
comparatively small incfease in K. Results of Okushima
~and Kakino89 indicaté that there is no significant
change in the magnitude of P, with increase in speed.

Thus the effect of increasing the cutting speed is felt

largely through a decrease in n,



From Figs. S.i - 5.4, the effect of this can be
seen to be an increase in the stress gradient and a
reduction in the depth of‘distribution of stresses. The
results of the present investigation given later on,
show overall agreement with this. However, increase in
the cutting speed is usually accompanied by changes in
the mode of chip formation and the flow around the
cutting édge, in addition to changes in the temperature
in the zone of cutting. Consideration of the effect of
cutting_speed should therefore take.account of these
factors.

In the machining of two-~phase alloys an important
influence is exerted by the built-up edge, whose size
and shape is determined by the composition of the
material and the cutting conditionslzo. This is
discussed in section 5.2, with reference to the experi-
mental results obtained in‘the present investigation.

Inra material which does not undergo structural
transformations, the increase in temperature in the
cutting zone is expected to cause an increase in the
tensilevstresses in. the layers near the surface. If
structural changes occur, however, the accompanying
volume changes have to bé taken into account in inferring
the changes in the stress distribution. In steels that

. are sensitive to haraening,'a martensitic transformation
would result in an increase in thé specific volume
leading to a reduction in the ftensile siresses near the

23

surface. This picture is consistent with Matalin's
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results showing that the stresses beneath the surface
change from tensile to compressive with an increase in

cutting speed.

Rake angle

Results > on 81B45 steel show that with a
decrease in the rake angle from + 30°to - 150, p changes
fromv- 340 ?o - 150, while P decreases by a factor of
about 2. Assuming that n remains sensibly constant, it
can be inferred from Figs. 5.5 - 5.8 that smaller . tensile
stresses are to be expected for less positive rake
angles. Results of Kravehenko? S (Fig. 2.5) show this
trend.

Matalin23 reported in some cases compressive
stresses near the surface at large negefive rake angles
and high speeds (Fig. 2.4). The explanation given was
the occurrence of martensitic transformation. The model,
however shows (e.g. Fig. 5.5) that such distritutions
can possibly arise due to purely mechanical effects,
providedﬁ& is sufficiently large. The appearance of
large compressive stresses near the surface in grinding
and milling of low-carbon steels and materials which are
not susceptible to phase changes, can be explained on

this basis.

Devth of cut

Okushima'589 results indicate that the ploughing

force remains unaffected by chaﬁges in depth of cut

—————
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" above a certain minimum value (< 0.2 mm in Okushima's
tests). Thus no change is expected in the residual-
stress distribution With depth of cut other than at low
values of the latter. This is supported by Okushima's
measurements of the depth of deformed layer at various
depths of cut, showing no significant change. At depths
of cut smaller than this minimum, the ploughing force
increases with depth of cut, and stresses increase
correspondiﬁgly. Henriksen's results (Fig. 2.2) at

low depths of cut show this effect.

Cutting~-edege radius

Ploughing force has been found tq increase
linearly with the cutting-edge radius89. Thus,
considerable influence is seen to be exerted by the
latter, an increase in the radius bringing about a
proportionate increaseAin_the d?Pth of distribution of

the stresses (see Figs. 5.1 - 5.8). Results obtained
by Okushima89 bear this out.

Tool wear

98 show that

Extensive results reported by Zorev
the clearance face force inqreases_With the flank-wear
land approximately linearly. Thus, with tool wear én
increase in P and a decrease inwplmay be expected. TFor
this change, the model predicts an increaée in the

tensile stresses and the depth of their distribution

(see e.g. Figs. 5.5 - 5.8). This condition is of ecourse



detrimental to the surface integrity. However, increased
heat generation at the clearance face will affect the
distribution favourably in the case of hardenable steels,
if the temperatures are high enough for the martensitic

transformation to occur.

Material of the work-piece

Prom Table 5.1 it can be seen that, in general,
increasing alloying in.steel causes an inérease in K and
a decrease in n. Further, an increase in cold wqfk
appears to decrease n, |

The model shows that these changes result in
steeper stress distributions confined to shallower
depths, considering that under similar conditions of cut,

(P/K) has Dbeen shown98

to remain approximately constant,
Conversely, a decrease in carbon content in plain-
carbon steels causes a deeper penetra#ion of the stress
distribution and it is apparent that this accounts for
the increase in the 'resultant stress' (see Fig. 2.3)
found by Henriksen3o. |

dbpper alloys are expected to give rise to
distributions With tensile stresses extending over

comparatively large depths with low stress gradients.

Hardness distributions

The flow streés at any given depth below surface
corresponding to the effective plastic strain has been

taken to be an index of hardness achieved as a result
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of deformation. The distributions of 'hardness' thus
obtained are shown in terms of the nondimensional
hardness index (GZK)_and the nondimensional depth (ﬁﬁi)
in Figs. 5.i0 - 5.15._ .

‘Figs. 5.10 - 5;11 show that the hardness near the
surface is little affected by K. The effect of B can
be seen to be small (Figs. 5.12 - 5.15). ILarge values
of p (= - 60°) produce a lower degree of hardening
throughout the range investigated. The value of n is
seen to exert a dominant effect on the degree anq\depth
éf hardening, these increasing with'inérease in n.

Thus while the residual-stress distributions
show significant changes with’both.p and n, the
corresponding changes in the nature of the hardneés
distributions are comparatively small., It is note-
worthy that no indication as to the sign of the stresses
beneath the sgrface can be esfimated from the hardness
distributions. The value of the latter in determining
the surface integrity of the compqpent is therefore
limited. ‘
Aihe depth of hardening should decreasg with aﬁ
incrgase in cutting speed and carbon content. -Thié is
supported by Russian investigations24, but not by
results obtained by Camatinillg. A decrease in rake
~angle should incrgase the depth of hardening, as also
found by Camatini. The large incfease in the depth of-

hardening reported by Herbert3l, and Digges32 with the

increased wear and bluntness of the tool ean be explained



by considering that P increases proportionately with the

298 99

wear lan and the cutting-edge radius--.

5.2, Exverimental results

Test conditions used in the experimental work

have been given in Table 4.3.

Repegatability

An analysis of the accuracy éf stress determined
by the continuous process (see appendix 4.2) gives the
zone of uncertainty to be + 4.2 MN/'m2 in a layerﬁgf
5/Lm thick, as compared with + 13.1 MN/m2 for the
discrete-layer-removal technique, and + 13.8 MN/'m2 for
the X-ray technique.

Fig. 5.16 shows the superimposition of three

distributions obtained on three segments taken from the

same specimen, The close agreement between the distribu-

tions demqnstrates the repeatability of the experimental
technique. |

In Fig. 5.17 are superimposed the distributions
in two segments from a single specimen, dete:mined by
employing different values of current (average values
0.196 and 0.146 amperes). Good agreement is evident,
showing that reduced current can be successfully
employed for obtaining stress measurements nearer to

the surfacé.
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Circumferential stress in the machined tube

Pig. 5.18 shows .circumferential gnd axial residual-
stress distributions in the turned tube, derived from
. the distributions fqr the ring and strip specimens
taken from the tube. It can be seen that the circumferen-—
tial stress distribution in the tube is nearly the same
as that in the ring specimen in ﬁhe region where tensile
stresses exist (depth = 0.02 mm). Below this depth, the
stresses in the ring have lower compressive values than
in the original tube. The axial stresses in the tube
are limited to low compressive values (22150 MN/mZ).
Thus, the stresses of importance are the tensile
circumferential stresses, these being given to a fair
degree of accuracy by the circumferential stresses in a
ring specimen. This lends support to the view taken by
most investigators in the past that the stresses of

significance are those in the direction of cut.

Comparison between the experimental and predicted stress

distributions

Fig. 5.19 shows a typical stress distribution
obtained experimentally, together with the pridicted
distribution for the corresponding condition. The
. values of n and K taken for the material (XC-45 steel)
were 0.26 and 0.368 X 10° N/m? (see Table 5.1). The
values of P and B yiglding a fair combarison were found

to be respectively 0.156 X lO5 N/m and - 30°. -
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Comparison of the analytical curve for these conditions
and the experimental results shows reasonbly good

agreement.

General features of the residual-siress distributions

The distributions in Figs. 5.16, 5.17, 5.20 - 5.35
exibit high tensile stresses beneath the surface falling
sharply tq low cqmpressive valueé within a small depth
(0.01 - 0.04 mm). The magnitude of the tensile stress

can reach values up to 600 MN/m2 (1.5 times the initial

yield strength) near the surface (at a depth of
220,005 mm). Stresses of this nature are known to be
deleterious to the fatigue strength and corrosion
resistance of the component. Thus it can be seen that
the residusl stresses in turning are of considerable
practical importance. _ _

Results obtained by Kravchenko (Fig. 2.5), and
Matalin®s during turning of steel 45 (R), (of a composi-
tion similar to that of the present work) also show
these/essential features. The typical d@stribution
given iﬁ ref. 24 for plain turning of 0.4% carbon steel
(Fig. 2.6) also follows similar features except that it
exhibits in a layer of 1 - 2 um from the surface, high
compressive stresses which abruptly change to large
tensile values, In view of the fact that the primary
finish of é turned surface is usually worse than about
2l;m, it is considered that measurement of the stress

distributions within the 1 - 2 um range is not realistic.
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In the present investigation, careful studies of the
nature of the specimen deflection at low currents have
not revealed any evidence of the existence of this first

compressive layer.

Influence of the cutting speed

‘The following characteristics of the distributions
have been considered for comparison over the speed range
15 - 478 m/min.” ‘

(1) Peak tensile stress

(2) Stress at 0.005 mm below surface

(3) Depth of the tensile region

(4) Average slope of the tensile portion of the

distribution A

From the curve A —1A.o£ the Fig. 5.36 it can be
seen that stress at a depth 0.005 mm below the surface
has low values: (50 MN/mg) at cutting speeds up to
40 m/ﬁin.’ With an increase in speed above 40 m/min, the
stress rapidly risés reaching a peak value 2t 53 m/min.
and thgn falls with a further increase in speed. Studies
of the mode of chip formation, and an examination of the
finished surface and the underside of the chip, suggested
that this could be attributed to the changes in the size
and shape of the built-up edge. Thus, the incidence of

a‘negative—wedge type of built-up edge revealed in the

* Tor the range 15 — 75 m/min, results from an earlier

112

investigation by the author have been used.



investigations of Heginbotham and GogialQl, is considered

responsible_for the large increase in the level Qf stress

with the increase in speed from 41 to 53 m/mings.

Further increase in speed causes the built-up edge to

' diminish, the @isgppearance occuring for XC-45 steel at

about 80 m/mileO. Correspondingly, the stress is found

to decrease with increase in speed up to 70 m/min.

Russian invgstigations in turning of steel 45 (R) have
revegled similar behaviour in this speed range . .

(Fig. 5.37) and it was attributed to the built-up_edge.

Beyond this point the stress shows a gradual

increase with increase in speed up to about 160 m/min.

A significant fall then occurs between 160 - 200 m/min.

The reason for this may be found from the recent work of

Bet2122

on XC45N steel Qa material of composition similar
to the one employed in this investigation) showing a
mafked change in the conditions around the tool point at
a cutting speed of about 200 m/min. Photographs obtained
by using an electron scanning microscope showed the
‘existenge of a stagnant ('dead') zone of metal in front
of ‘the cutting edgé over a2 wide range of speeds. At

200 m/min., the 'dead zone' was found to move clear of
that part of the tool-edge giving rise to the cut surface,
whence the tool_edge produced a 'burnished' effect on

the cut surface. The onset of this burnishing may be
expected to resul? in a decrease in the magnitude of the

ploughing force P, leading to a decrease in the residuval

stresses.
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Increase in speed beyonq 200 m/min. causes a
gradual increase in the stress. The rise of temperature
inrthe cutting zone withrspeed is considered to have_a _
dual effect.' Itvsuperimposes thermal residual stresseé,
'tensileAin nature, near_the surface. Also it has a
stress—relieving effect, tending to reduce the magnitude
of stresse; near the surface. The net increase in the
tensile stresses with cutting speed that has been
observed»suggestg that the stressfrelieving<effect has
a secondary role, Towards the higher range, the_gtresses
increase »less rapidly indicating that this effect gainsin

importance as speed is increased.

Depth of tensile stresses

‘ The genepal_decrease in depth with cutting speed
shown in Fig. 5.36, is as predicted by the model., This
may also be explained considering the 9stablished97ﬁ8
changes in the shape of the shear zone. . An increase in
speed reduces the extent Qf the shear zone below the cut
surface., Correspondingly, the total depth of spread of
the strésses and that of the tensile region decrease.
However, in the range of speeds over which built-up edge
exisfs, the changes in depth of distribution are
associated wiﬁh the changes in the built-up edge
.configuration. The average slope of the tensile region

shows 2 gradual increase with increase in speed

(Fig. 5.38), in accordance with the prediction.



Effect of depth of cut

Fig. 5.20_shows that_when.the depth of éut was
increased fyomv1.19 mm tp 2.4‘mm, the depth of distribu-
~ tion has qureased slightly without a significant change
in the average slope of the tensile region. It might_
appear that this is not“in accord with the prediction.
However, in turning an increase in depth of cut alters
the direction of chip flow and the'resultant force,

giving rise to the observed effect.

Effect of rake angle

Fig, 5.33 reveals that there was no significant
change in the stress distribgtions with a change of
rake angle from + éo to - éo_ .Albrecht'sgg results
indicate that a large change in rake angle would be
necessary to affect a‘significant change inp. Hence, -
the change in rake angle in this work is evidently too
small to resglt in any discernible change in the stress

distribution.

Effect ;f tool-wear

Fig. 5.34 shows that a wear land of 0.15 mm
produceq no significant change in the_residual-stress
pattern, cqmpared_with_a 'sharp! tool. However the wear
" land, produced by simulated cutting,was on the side-
cutting edge and hence for small values this might not

have much effect on the ploughing force responsible for
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the residual stresses in turning. Significant wear in
the nose-radius region however, might be expected to
result in increased depth of the distribution of

stresses.

Effect of approach angle

The change of the cutting-edge angle from 90° to
45° resulted in a marked rise of the stresses, as well
as the depth below the surface of the significant

stresses (Pig. 5.35). It would seem that it is

beneficial, from stand point of residual stresses, to

use as large a cutting-edge angle as possible.

[——"
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6. Conclusions and suggestions for further work

6.1. Conclusions

(1) The predictions of the analytical model

" show good agreement with experiment. The model can be
employed to pfedict the nature of residual-stress
distributions due to the mechanical effect of forces in
cutting. ,

(2) The bending-deflection techinique developed
gives reproducible results with an accuracy of sﬁress
determinatiom of + 4.6 MN/m® in a layer 5pm thicﬁ, and
is to be preferred to the mechanical method of 'discrete'
layer removal, or the X-ray method.

(3) High tensile stresses, of the order of 1.5
times fhe initial yield strength of the material, can
be induced beneath the surface due to turning. Since
such stresses are detrimental to fatigue life, they
constitute an aspect of considerable practical importance.

(4) In the turning of 0.47% carbon steel (XC-45),
cutting speed has a pronounced effect upon the nature
of the residual-stress distribﬁtion.

At low cutting speeds (< 40 m/min.) comparatively
low tensile stresses (=100 MN/mg) extending to depths
upto 0.1 mm beneath the surface are found under the
conditions employed.

In the range (40 - 80 m/min.), changes in the peak
stress values occur with changes in the built-up edge,

the maximum value in speed range being at gbout 50 m/min.
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A marked4f311 in the stress occurs between
160 - 170 m/min., which appears to correspond to the
reported chapges taking place in the flow round the
cutting edge, influenced by the dead-metal zone. At
" these conditions the tool edge is in effective cutting
contact with the surface, which becomes burnished, and
of good finish. Beyond 260 m/min. the stresses show a
further increase.

Thus, under the conditions employed, the desirable
cutting speed is between 200 - 250 m/min., to gité
relatively low residual stresses together with a good
surface finish,

The subcutaneous stresses are tensile in nature
over awide range of speeds (15 - 480 m/min.) and
generally the depth of distribution of the stress is
reduced,_and the stress gradient increased, with increase
in speed.

(5) The present analysis confirms experimental
work reported in the literature, indicating that large
negative rake angles, radiussed cutting edges and flank-
worn to;is produce large tensile stresses distributed
over comparatively large depths, in steels which do not
undergo phase transformations during cutting.

(6) Results of the analytical model show that an
increase in strain rate, alloying or degree of cold-
work tends to reduce the depth of the distributions of
stress and increase the stress gradient. Also copper

alloys give rise to residual stresses extending to



deeper layers and with lower stress gradients than
plain-carbon or alloy steels.

(7) The depth of the work-hardened layer and the
degree of hardening are primarily dependent on the
strain—hardening‘index n of the material (in the stress-
strain behaviour of the type 0 = k€®)., Thus the depth
of hardening is greater_for copper alloys than for plain-
carbon and alloy steels.

Increase in the cutting-edge radius causes a
proportionate increase in the depfh of the work-hardened
layer. Rake angle has a negligible effect.

(8) Although residual stresses are usually
accompanied by changes in hardness in the surface layers,
the latter QO not indicate the magnitude and the nature
of stresses. The hardness distribution therefore has
no other specially relevant or unique value as an
indicator of the important effects ofvthe machining

process upon the surfaces it produces.

6.2. Suggestions for further work

(1) A detailed study of the conditions of flow
around the cutting edge to reveal the precise manner
in which P and B change with cutting conditions. Thus
a more accurate quantitative prediction may be possible,
which takes intéraccount the situation aétually existing
at the cutting edge.

(2) The use of the finite element method would

enable a more realiétic strain aistribution within the



work-piece to be obtained and residual stresses to be

evaluated at the surface as well as within the material.
It may be possibie to incorporate the effeéts of strain
rate and temperature using this approach, thus yielding

a better estimate of the stress distribution in cutting.
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Table

2.1

Accuracy of stress determination by X-ray technique in

steel, quoted by various investigators.

Accuracy (+ MN/mQ)

Investigators

Sharpe75 f20.7
Grimaldi et a1.84 15.01
Taira and Yoshioka83 10.0
Norton and Rosanthal14 10.31
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Table 3.1

Conditions for which residual-stress distributions based

- on the analytical model, were comouted

102

™

Figure No. X (X 103 MN/mZ) n (degrees)

5.1 0.2,0.4,0.6,0.8 | 0.4 ~30

572 " O.‘3 "

5.3 1 0.2 11]

5.4 " 0.1 "

5.5 0.6 0.4 |0,-15,-30,-45,-60
576 " 033' n

5'7 1y 0.2 "

5.8 "o 0.1 "

For all the cases,

E

v = 0.3

¥ Figures show stress distributions in the direction

of cutting.

0.2067 X 107° W/m

2

.k,«



X-ray method

Mechanical method with

layer removal in
discrete steps

Mechanical method involving

- continuous layer removal

Specinl equipment and
facilities necessary

Time for experiment

Costs
Accuracy obtained

Special features

X-ray unit, back-reflection

camera, facilities for
developing the film,
photodensitometer.

3

Two exposures (minimum)
taking 2 hours each,

15 minutes for developing
and analysis.

Cost of equipment, film
and developing.

+ 13.8 MN/m?

’

Expensive equipment.

Universal Measuring .
Machine, Twymann-Green
interferometer, mono-
chromatic and white
light sources, Angle-
dekkor,

4 hour (minimum) per
layer, including

10 minutes for setting
up per layer.

Cost of equipment.
2

+ 13.1 MN/m“ in a

layer 5um thick.

High demands on care
and skill.

Displacement transducer,
and either a U.V. recorder
or an autocollimator.

15 minutes of set-up time
and 45 minutes of actual
layer removal, per specimen.

Cost of equipment,
U.V. recorder paper.

4,2 MN/mz in a layer ’
Spem thick.

Suitable for data-logging
and online computation.

Table

4.1

€0ty

g e
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Table 4.2

Conditions employed for electropolishing the specimens.

Constituent % Composition by volume
Perchloric acid (60%) 20
Glycerol 10
Alcohol 70
Voltage = 10 Volts D.C.
Current density = 900 Amperes/m2

Spacing between the electrodes = 25 mm,



Table

4.3

Summary of conditions employed for turning the test

surfaces.

A feed of 0.24 mm/rev. was employed for

all specimens.

105

Specimen | Cutting speed | Depth of cut | Tool geometry*
No. m/min. (mm) (Y —ox— A k€~ Vg )
1 15 1.19 (6 5 0 90 60 0.76)
2 26 " w
3 - 41 " "
4 54 v "
5 67 o "
6 75 " "
7 96 " "
8 112 " "
9A 187 " "
10A 264 " "
11A,11B,11C 155 " "
12A,12B 319 " "
13A 472 n "
14A 159 " "
154 319 " "
16A,17A 240 2.40 "
18A 238 1.19 (6 5 0 .45 60 0.76)
19A 238 " (-6 5 0 90 60 0.76)
214 241 " (6 5 0 90 60 0.76)
22A 112 " n

¥ The tool geometry is shown in Fig 4.9;



Table

5.1

Typical values for X and n a2t low-strain rates and room

temperature (from Kalnakjianll7)

No. Material X (107 n/m?) n
1 Low C-steel, ann. 07318 0.26
0¥ XC-45 steel, HR. 0.368 0.26
3 1112 steel, ann. 0.449 0.19
4 1112 steel, CR. 0.444 0708
5. 4155 steel, ann, 0.600 0.17

6 4135 steel, CR. 0.650 0.14
7 4340 steel, ann. 0.378 0.15
8 1100-0 Al. 0.106 0.20
9 2024-T4 AEf 0.407 0.16

10 6061—T6 AE.' 07240 0.05

11 Copper, énn. 0.198 0.54

12 70-30 Brass ann. 0.555 0.49

13 85-15 Brass CR. 0.351 0.34

14 304 stainless, ann. 0.785 0.45

¥ Prom tensile tests performed in the present

investigation.
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P — Ploughing force
Q — Rake-face force
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Fig.3.3. Coordinate systems and notation for stresses.
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Fig.3.4. Relationship between B and & for various values of n. (See also Fig.3.5)
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.8.5. Relationship between B and § for various values of n
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Fig. 4.1 Orientation of specimens A and B, and
location of strain gauges A,,A,,8, and B,
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SPECIMEN ND. 11C

MACHINING PROCESS - TURNING.  WORK MATERIAL - XC-45 STEEL.  TOOL MARTERIAL - CARBIQE P-20.
CUTTING GPEEO - 1S5 M/MIN. FEED - 0.24HMM/REV.  DEPTH OF CUT -1.13 mH.
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GPECTMEN NO. 136

MOCHINING PROCESS - TURNING WORK MATERIAL - XC-4Y STLEL. TOOL. MATERIRL - CARRGIDY 7-20.
CUTTING GPEED - 472 M/MLIN. FEED - D.21MN/REV. BEPTH 6F CUT -1.19 unM.
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Appendix 3.1

Stress and strain fields within 2 semi-infinite solid

under a line load

The: equilibrium of a wedge of semi-angle A,
acted upon by 2 line load P pver unit length along its
apex, is considered (Fig.l)f after the analysis given by
SokolovskiiIOS. Exponential work-hardening behaviour
0 = k(€)™ is assumed for the material.

For plane strain, T, = T}z = 0 and O} , Oé ,

0; y T}g are functions only of r and 6. Eguations of

equilibrium for plane strain may be written in

cylindrical coordinates as

.a.o_:lj,L}. bTI‘€=‘+O-I‘—o—9=o

Or r 00 T

0T 1 00 2T

e, 8., LSS (1)
Or r Or T

The stress distribution is assumed to bhe of

the form

0,=0,(r,8), 0y =0="Tre (2)

The condition of equilibrium then reduces to

00, 0. . o (r 0} =0 (3)
— e e — =
Or T or Or T or >

¥ p, 175



Writing the stress-strain relationship as Sg= KED,

where

Sg= V/% {(Gé - 6;)2+ (Gé - O£)2+ (G} - 05)2}+ T;gz and

Bs= VG% {FGO - éz)2+ (ez - E})2+ (er - 69)2}+‘%r92
(4)

it follows that Sy= § |0,| and Eg= |€_| for this stress-
state. Hence the stress component G} can be represented

explicitly in terms of 8 and r :
Se= P t(8) /r, O, =~ C2 P %(6) /r, C =41 (5)

Esand Er can be written as

i 1
_ §5 n _ < P n -
| 1
‘ L P
Er: _Eg'= - C (Kr)n g (8) where t = g"

(6)

The parameter o« is introduced as a scaling factor,
determined as explained later. This allows a further
condition t (0) = O to be imposed without loss of
generality. |

The equation for compatibility under plane-—

strain conditions is given by

170
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o 26, % O (e . -€) =2 0 1
i Or i Or )+ 062 v Or ( ° r) O0r.06 (x rg)

Upon substituting for €_ and €, from equation (6),

equation (7) yields
ol g-0 (8)

Sokolovskii assumed the following form for the
solution of this differential equation, ¢'and 8 being

the constants of integration

g =C' (1 + 00), n = %

/ 1

g = C cos (16 + 5), n 35

and g = C cosh (m6 + 0), n <.%
where £° = (2n - 1) /n2 and m® = (1 - 2n) /h2 " (9)

The constant C'is eliminated using the condition

t (0) =1 to give

$(8) = (1 + 08) %, n = %
t={cos(£9+6)}n,n>%
cos 0
+ = {cosh (mo + 6) } n, n <_l (10)
cosh 6 2

il

The boundary conditions, Oy = T =0 when & = + A,
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are szatisfied since Gé and T}g are assumed to be

identically =ero.

Considering the equilibrium of the external load

+ A
P cosp ='-f O’rcosGrdG
- A
+A
Psinf =- .f' G} sin 6 r de (11)
- A

Substituting for O'r from equation (5), the equations (11)

must be solved to evaluate the constants X and 6. |
For n < 4 (which is the case for most engineering

alloys), equations (11) take the following form, when

Sokolovskii's solution (equations (10)) is used:

TY/Q
5 n
sinf3 = - _J o ¢ «{cosh (S + 0) sin 6 de
ﬁy cosh 6
- /2
n
Y2 e
COSP = — f 2 ¢ o c0osh (mo + 0) cos 6 do
— cosh 6 ‘
=172 (12)
A taking the value T/2 for the semi-infinite solid.
By division, /2
n
C cosh (mo + 0) sin © a0
v
tan[& = - /2 (13)

T\‘/Q

n
C cosh (me + 6) cos 6 de

- o
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from which 8 may be determined.

Anal-—tic solution for 8 could not be found and
hence numerical integration was performed for various
values of 0 to obtain the 6\543 relationship.

Thus, for real values of 8, the entire range for

|1 from O to /2 could not be covered.

However, assuming the solution of the differential

equation (8) to be of the general form

g =C (1 + 08), n=

g =G cos (Lo +0), n >

o= Nl o

g = A cosh mS6 + B sinh mé, n <

For n < % the condition g (0) = 1 results in A = 1

and hence
g = cosh me + B sinh m8
Z(B+l){m9 (B-1) —m@}
(B + 1)

= —(—]-—-:-—"-—8-5- (emg—- ﬁe"mg) where 5-:.];_%

Corresponding to equation (13), the following

one results.

/2

(14)



Equation (14) enables values of [B] from O to T/2 to be

covered by taking real values for 0. Graphs of 0 (R)

are shown in Fig.3.4 and 3.5. It can be seen from these

that the relationship 8 =1np, taken by Okushima and

Kakin089

y 18 not strictly valid.
Once the value of 8 is known for a given value

of p , X follows from equation (12):

sirlp
. J 2 C {~——l—-—— (emg - Se_mg)} sin © de
R (1 -8
- Yo

Fig.3.6 shows graphs of «(B).
The stress and strain distributions are then

given by the equations (5) and (6) resvectively.
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Fig. 1. The case of a wedge subjected to
a line load P. (Appendix 3.1.)



Appendix 3.2

Comvuter programme for determining residu2l-stress

distributions from the analytical model.

The interpretation of the main FORTRAN variables

is given in Table 1¥ The flow chart in Fig.l gives the
basic steps in the main programme (MAIN). Details
regarding the control of step size (Ax) and the limits
{for x (x; and x;), and ofh%r%features can be seeA'frbm
the 1isting‘of the programme. When n ) %, the value of
o< is calculated by fhe subroutine ALF. Subroutines
STRATN, ALF, XT and YID are self explanatory. -

i 'Wheh n< %, £ is obtained from a separate

programme ALFA and supplied to MAIN through data. A

listing of ALFA is also included.

®* p. 177
+ p. 178
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Names of the

177

>

Table 1

main variables in the programme RESID.

i, OEY -

B -
E,XNEW -
BETA,AL,LD -
YLD -
YINIT -

Y _
X -
DY, DX -
ST, SN -
SD -
SM -
EFST -
DSN -
DSND -
DSD -
EP -
DEP -
HRDI -
DT(I) -

S(I,J) -

Other

Strength coefficient K, and strain-hardening
index n.

Ploughing force P.

Young's modulus E, and Poisson's ratio-wv.

B, <and o) respectively.

Current yield stress.,

Initial yield stress (intersection of 0 = E
and 0 = KE™)

Depth below surface.

Distance along the direction of cutting.
Incremehts in Y and X respectively.
Components of stress and strain respectively.
Deviatoric—-stress components.

Mean stress Oﬁ. _
Effective stress O.

Components of strain increment.

Components of deviatoric-strain increment.
Components of deviatoric-stress increment.
Effective plastic strain.

Effective plastic-strain increment.
Nondimensional hardness index.

Location for storing the Ith value of depth
for which residual stresses arce computed.
Vector for storing residual-stress components
(F =1,2,3,4) for the depth DT(I).

variables are explained in the programme.



Fig.1. Flow chart for Programme

MAIN .

Read and write XK, XMEW,F,B8ETA,AL, LD,E,XNEW

|

Yy
DY=ay

STRAIN

[ X = Xx+DX]

STRAIN

Obtain strain increment DSND
and hence DSD, SD,DEP and EP

CALL

YLD
(EP,YLDZ)

X< Xg T

p X - X4 DX

—

F

Apply relaxation and
obtain S (3J) and HRDI

[ Y - Y+DYJ

20

or(r),s(x,7), HRp1
etec,,

% Yy; and ay are any desired numerical values.

178



Listineg of programme MAIN 179

$IBFTC MAIN . .
C PROGRAM FOR DETERMINING RESIDUAL STRESS DISTRIBUTION DUE TO

C THE PASSAGE OF A STRAIN FIELD OVER A SEMI-INFINITE BODYe
REAL LD

DIMENSION S(30e4)¢ST(4)+SN{4)1SN1{(4)+SD(4)sDSD(4)eSD1(4)sDSNLA)»
2DSND(4 ) sRD(4) sRSD(B )1 STDI4)+FX(10)+DT(30) +SPX{30)9+SPZ(30)+HRD1(30)
COMMON/D/ XK s XMEW o F ¢ DEL 2 E « XNEW
COMMON/SUN/XeY ¢ AL s SN ST
600 READ(S+44 ) XKs XMEW+F 1BETA ¢ E + XNEW
44 FORMAT(E1O4DsF10,3+E10419F10¢3+E1009F1042)
XK S=XK
FS=F
PI=355+/113.
BLK=E/(1e~2¢%¥XNEW) /3¢
G=E/2e /{1 e +XNEW)
READ(S+601)NCASE
601 FORMAT(12)
DO 67 NI=1+NCASE
READ(S+301)BETAsAL LD
301 FORMAT(23F10.5)
DO 900 IM=1.1
XK =XKS*FLOAT(IM)
F=FS*FLLOAT( IM)
NT =0
IF(XMEW.L.Te0+s5)¥GO TO 400
DEL=-BETA
CALL ALF{AL)
GO TO 401
400 DEL=LD
401 WRITE(6145)XKe XMEWsF +BETAsE+sXNEWsDEL sAL+LD
45 FORMAT /71X +8(2XsE15e5)/71X13(2XE1565))
Y=0,020E~3
DY=0,010E-3 .
C LOOPS FOR DIFFERENT DEPTHS BELOW SURFACE.
DO 20 1=1.20
C IP+INP+ICPsINCYIPL AND L66 ARE USED FOR COUNTING THE NUMBER OF
c ITERATIONS IN THE VARIUS LOOPS.
1P=0
INP=0
1CP=0
INC=0
IPC=0
L66=0
o STORE VALUES OF DERPTHS BELOW SURFACE IN ARRAY DT
DT(1)=Y*1.0E3
C COMPUTATION OF RESIDUAL STRESS FOR A GIVEN DEPTH BELOW SURFACE.
‘ YLD=(EX¥%#XMEW/XK)%¥%(1 ¢/ (XMEW=14))
c YLLD2=SQUARE OF THE CURRENT YIELD STRESSe
YLD2=YLD*YLD
Ep'—‘oo
YINIT=YLD
WRITE(&4+100)YLD
100 FORMAT{10X+16HINITIAL YIELD = +E1345)
X==1+,5SE~-3
69 CALL STRAIN
INC=INC+1
IPC=1PC+1
C DEVIATORIC STRESS COMPONENTS
SM=ST(3)



181

79

171

70
71

300

66

72

73

130

DO 3 K=143

SD{K)=ST(K)~-SM

SD(4)Yy=5T(4)

EFST=3.%(SD(1)X*SD(1)+SD(4)Y*5D(4))
IF(EFSTeGT o YLD2sAND«INC+EQe1)GOTO 181
IF(EFSTeGELYLD2)IGO TO 79

IF(XeGTeleSE-3)GO TO 99 ’ ’ .
X=X+04010E-3

GO TO 69

X=X—~0,010E~3

INC=1

GO TO 69

X=X-0010E-3

CALL STRAIN

SM=ST(3)

DO 171 K=1+3

SDI(K)I=ST(K) -5M

SD(4)Y=8T(4)

DO 71 L=1+4

SNI (L )=SN(L)Y

X=X+0+002E-3

DX=0+002E~3

GO TO 66

DX=DX/2+»

X=X-DX

CALL STRAIN

DO 6 L=14+4

DSNELI=SN((L)-SN1{L)

ADSN=ABS (DSN(L ) )

IF(ADSN«GT21603GO TO S50

IF(ADSNSGT«0.0012)G0O TO 72

CONTINUE

GO TO 7=

DX1=(DX/ADSN)}*0.001

X=X~-DX+DX1

DX=D¥X1

LE6=L66+1

GO TO 686

DSNM= (DSN( 1 )+DSN(2)+DSN(3))/3

COMPONENTS OF STRAIN INCREMENT.,.

DO 7 L=1,3

DSND(L. ) =DSN(L )} -DSNM

DSND(4)=DSN{4)

INC=INC+1 f
IPC=IPC+! :
COMPUT ING COMPONENTS OF DEVIATORIC STRESS INCREMENT ASSUMING
HOOKE**S L AVe

DC 8 L=1+¢3

DSO(L)=2+#¥G*DSND (L)

DSD(4)=G*DSND(4)

DSM=3 ¢ ¥BLLK¥DSNM

DEVIATORIC STRESS COMPONENTS AND MEAN STRESS AFTER STRAIN INCREMEN
DO 9 L=1+4

SDI(L)Y=SDL)Y+DSD(L"

SM1=SM+DSM
EFST1=1e5%¥(SD1(1)3%SD1(1)+SD1(2)%¥SD1(2)+SD1{3)1*SP1(3)1+2%#5D1(41)*5SD1
1¢(4)) : ' '
EFRT1=SQRTI{EFST1)

IF(EFST1.LE.YLD2)GO TO 18-



181

EFST=1.5%(SD{1)*SP(1)4+SD(2)*SD{2)4+5SD{3)*SD(3)+2.%SD(4)*5p(4))
EFRT=SQRT (EFST)
IF(EFSTeGELYLD2YGO TO 12
F1=165*(DSD(1)*DSD(1}+DSD(2)*DSD(2)+DSD(3)*DSD(3)+2-*DSD(4)*
1DSD(4))
GAM=F14+EFST~EFST1
R=(GAM+SORT{(GAM#GAM+A e ¥ (YLD2~EFST)%#F 1))/ (2e%F 1)
C STORE IN DSND(1) THE FRACTION OF DEVIATORIC STRAIN INCREMENT
C RESPONSIBLE FOR STRESSING BEYOND YLD '
DC 11 L=1.+4
DSDIL)=RXDSD(L.)
SDLY=SDIL)Y+DSD (L)
11 DSND(L)={1.-R)}%XDSND(L)
‘ EFST=15%(SD{1)%SD(1)+5D(2)%*SD(2)+5D(3)1%¥SD(3)+2.*¥SD(4)%*5D(4))
EFRT=SQRT(EFST)
DSM=R*DSM
SM=SM+DSM
DSNM=1( 1 ¢ —R) ¥*DSNM
GO 70 10
(o STRESS INCREMENTS USING PRANDTL-REUSS EQUATIONS,
12 R=0.,
10 DW=0e
DO 14 L=1e4
DDW=DSND(L)*5SD (L)
14 DW=DW+DDW ‘
RHD={ {YLD/XK)## (1 ¢ /XMEW) )/ (XMEWRYLD) =1 e/E
HD=1 ¢ /RHD
DWD =4+ 5¥DWXG/YLD2/(HD+3 4+ %¥G)
DC 15 L=1+3
15 DSDIL ) =2+ %#G*{DSND (L )~-DWD*SD({L))
DSD(A4I=2 4 #GH(DSND (4 ) /2.-DWD¥*¥SDI(4))
DSM=3 4, ¥BLLK¥DSNM
(o COMPONENTS OF PLASTIC STRAIN INCREMENT AND EFFECTIVE PLASTIC
(o STRAIN INCREMENT,
DEP=DW/YLD/(1 e +HD/3/C)
IF{DEPsLT«0e)GO TO 101
GO TO 102
101 ADEP=ABS (DEP)
I1CP=1
IF(ADEP L. Te045E-9)GC 7O 110
INC=INC-1 ’
GO TO 300
110 INP=INP+1
102 EP=EP+DEP
IP=IP+ICP
1CP=0
CALL YIELD(ERP.YLD2)
YLD=SQRT(YLD2)
HRD1 (1 )=YLD/XK

C NEW DEVIATORIC STRESS COMPONENTS AND MEAN STRESS.
DC 16 L=1+4
16 SD(L)=SDtL)Y+DSD (L)

SM=SM+DSM
EFST=15*%(SD{1)%#SD(1)1+SD(2)*SD(2) +SD(3)#SD(3)+2.%¥SD(4)%¥5D (41} )
YLD2=EFST
YLD=SQRT(EFST)
GQ 70 4
18 - DO 19 L=1+4
19 SD(L)Y=3D1 (L)



99
a0

81

21

200

22

52

50

53

20

716

700

701

702

705
703
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SM=5M1

IF{XelLTeleSE~-3)GO TO 70
GO TO 81
WRITE(6+80) INCLEFST
FORMAT(1Xe16HNO PLASTIC FLOWe94Xs [444XsE1465)

NT=1
HRD1(I)=YINIT
CONTINUE
DO 21 L=1+3
S¢(1«)=SD(L)+SM
S(1+4)=5D(4)

IF(NTsEQelI)GO TO 716

WRITE(6+200)Y
FORMAT ( 1HX+20HDERPTH BELOW SURFACE=+E123) .

WRITE(6+22)I+(S{1sM)eM=1194) :

FORMAT(16Xe I24+4(2XsE15e4))

Y=Y+DY

RESTORING EQUILIBRIUM BY RELAXATION.

SE101)1=S(1+1)=XNEW¥S(T+2)1/(1«=XNEW)

S{I+3)=S(1e3)=XNEW*S(1+42)/(1+—XNEW) "~

S{1¢2)=00
WRITE(G64223T+(S(I+M) yM=11+4)

WRITE(6+S2)INCIP+INPs IPCILEO
FORMAT( 1HX¢20HND. OF STRAIN STEPS=s14+4Xe+24HSTERPS WITH DEP.NEGETIV
IE—01494X919HNEGQ STEPS ALLOWED=+¢14+4X+s 13HNO« OF ITER.—O!4}4X'I4)

GO TO 20 ) ' . . o
VWRITE(6v53)INCvDSN(L)

FORMAT (1 HXs29HSTRAIN INCREMENT IS TOO LARGE’SX’I415X051505)

S{l1+1)=140£20

WRITE(6+200)Y

Y=Y+DY

CONTINUE.. .-

NT=20 -

XKT=XK*1 ,0E-6

ET=E#*] « 0E-6

BT=BETA/FP1#180.

FT=F#]+0E-5

WRITE(64700)

FORMATIIHI// /7777 720X s SHTABLE s 7X+S1HRESIDUAL STRESS VSe DEPTH BEL
10W SURFACE (PREDICTED))

WRITE(G6+T701 3XKT s XMEWET s XNEWFT+BT
FORMAT(//20Xe22HSTRENGTH COEFFICIENT =4E11+4+8HMN/M SQe +»2Xes30HSTRA
1 IN-HARDENING COEFFICIENT =:F6.3/720X+22HYOUNG'S MODULUS =+ E1l1
2e418HMN/M SQe+15Xs 17HPOISSON'S RATIO =F6e3 /20X +22HMAGNITUDE OF
3L0AD ZeF1164¢4HMN/ Mo 1SXs21HINCLINATION OF LOAD =¢FS5e13s4HDEGe//)

WRITE(6+702)

FORMAT(26Xy1 1HDERPTH BELOW'IEX’LBHSTRESS IN THE+10X+20HSTRESS PERPE
INDICULAR/30Xs THSURFACE+9Xs16HDIRECTION OF CUT+7X+23HTO THE DIRECT
210N OF CUT/33Xs 4H(MM) +15Xe 10HIMN/M SQe) 120X+ 1OHIMN/M SQe) /7))

DO 703 1T=1NT

SX=S5(1Tes1)%#1+0E-6

SZ=S({1Te3)#10E~6

SPX(1T)=5X

SPZ(1T)=SZ

IF{SXeGTe10006)GO TO 703

WRITE(G6»T7O05)DTIT)SXeSZ

FORMAT(Z2XesFS5e3918X1FT701923XeF7al)

CONTINUE

WRITE(6:704)



704

802

805
800

706
900
67
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FORMAT(// /55X s SHTABLE /55X ¢ 1 OH—— == ———m=uw )
WRITE(64700)

WRITE(69 701 )XKT o XMEWsET s XNEWF T+ BT

WRITE(6.802)

FORMAT ( 20X+ 1 4HNOND IMENS IONAL » 7X+ 1 4HNOND IMENS TONAL » 12X+ 1 4HNOND TMENS
1 IONAL +S5X ¢ 1 4HNOND IMENSIONAL /23X ¢ 1 1HDEPTH BELOW+8X+ 13HSTRESS IN THE»

26X+ 20HSTRESS PERPENDICULAR® 11X« 8HHARDNESS/ 27X 7THSURFACE +SX9 16HDIRE
3CTION OF CUT+3Xe23HTO THE DIRECTION OF CUTs13Xs6HVALUES//)

DO 800 JU=1«NT ‘
IF(SPX(J)eGT«1000,)GO TO 800
SPX(JY=SPX(J)/XKT

SPZ(JY=SPZ(J)/XKT

DT(JI=DT(J)*¥1 OE=-3/FEXK
WRITE(6+¢80S)DT(J) +SPXU) sSPZ{J) +HRDI(J)
FORMAT(26XsFBe3414X1F7e¢3919X2F7e3912XsFTe3)
CONTINUVE

WRITE(64704)

WRITE(6+706)

FORMAT(1H1)

CONTINUE

CONTINUE

GO TO 600

END



SIBFTC ALF

25

24

27

SUBROUTINE ALF{AL)

DIMENSICN R(20)
COMMON/D /XK + XMEW s F s DEL ¢ E « XNEW
HPI=3554+/226.

K=1

N2=100

N=N2/2

IF(N#2NEJN2)STOP
H=355+/113«/FLOATI(N2)

TH==HP1

ZI=XI(TH«XMEWsDEL )X*COS(TH)
TH=TH+H
ZI1=X1{(TH+XMEW+DEL_)*COS(TH)
S=Z1+4«%*%Z11

N1=N-1

DO 2 I=1sN1
TH==HP I +H*FLOAT(2%*1)
ZI=XI(TH+«XMEWsDEL ) *¥COS{TH)
TH==HP I +H*FLOAT{(2%1+1)
Z11=XI{(THsXMEWDEL ) #¥COS(TH)
S=2¢%Z1+4¢#2Z11+S

TH=HP]

ZI=XI{TH«+XMEWDEL )RCOS(TH)
S=H¥(Z1+S) /3.

R(K)=S

WRITE(H+:25)SeN2

FORMAT U IHO 20X s THXSIN2/%#2F 10,5+ 110)

K=K+1

N2=N2#2

IF({KeGEe3)GO TO 3

GO TO 4

RD=(R(K—-1)=-R(K=-2))/R({K=~1)
RD=ABS(RD)

1F{RDeLELD,001)GO TO 8

GO TO 4

AL=COS(DEL)Y/2+/S
WRITE(&«24)AL
FORMAT(1HO+20X s 1 OHXALPHA = %+F 10s5)
WRITE(G6+27)IXK e XMEWIF s DEL ¢E ¢ XNEW

FORMAT (1 HOs 20X e 220H#K s MEWSF +DELTAL'EINEW/ % +6E123/)
RETURN

END



SIBFTC STRN
SUBROUTINE STRAIN
DIMENSION SN{4)+5(4)
COMMON/D/ XK + XMEW s F+ DEL o E s XNEW
COMMON/SUN/XeY s AL e SN S
IF(Xel.Te1+485E~3)G0O TO 20
DO 21 I=1+4

5(1)=0.
21 SN(1)=0,

GO TO 25
20 XC=XK

RADZ2=X¥X+YH*Y
RAD=SQRT(RAD2)
ANGLE=ATAN(X/Y)
24 Z1=X1( ANGLE + XMEWDEL )
STR=—2 ¢+ XAL*¥Z1/RAD*F
XK1=1e.
IF(STReLTe0¢ ) XKlixz==10
SNR=XK1% (ALX{ABS(F))*(ABS(Z1}))/XC/RAD) ¥¥ (]  /XMEW)
SNC=~5NR
S(1)=STR¥X*X/RAD2
S(2)=STR¥Y*Y/RADZ
S(3)=(SU1I+S(2)) /2
S(4)=~STR¥X*Y/RAD2
SN({2)=SNR*Y*Y/RADZ2+SNC*¥X¥X/RADZ2
SN(1)=~SNI(2)

SN(3)=0.

SN(4)=—=24 % (SNR-SNC ) ¥X*¥Y/RAD2
25 RETURN

END

SIBFTC XZI1
FUNCTION XI(THesXMEWsDEL)
IF(XMEWeGTe0e5)GO TO 1
IF(XMEWsEGes0eS5)GO TO 2
XKM=SQRT( (1 =2« %XMEW) /7 XMEW/XMEW)
BR=(EXP{XM%XTH)~-DEL*EXP (-XM¥TH) /(1 « ~DEL.)

GO TO 11
2 BR=(]1¢+DELX*TH)
GO TO 11
1 XN=SART( ( 24 ¥XMEW~1 ¢ ) S XMEW/XMEW )

T1=XN%{TH+DEL)
BR=COS(T1)/COS{XN%*DEL.)

11 IF(ABS(BR)sGE00,00001)YGO TO 10
XI:O.
GO TO 3

10 IF(BR)4+5+5

5 X 1=BR**XMEW
GO TO 3

4 XT1=~¢(ABS(BR)) ¥¥XMEW

3 RETURN

END
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$SIBFTC YLD
SUBROUTINE YIELD(EPYLD2)
COMMON/D/XK + XMEWs F s DEL s £ « XNEW
K=0.
SP=XK*EP®*%¥XMFW

S S=XK¥* (EP+SP/E) **XMEW
TV=(S~SP)/S
IF(TV=0,001)2+2+3

3 SP=S5

K=K+1

IF(KeGE«200)GO TO 4

GC TO S

WRITE(6+6)

FORMAT (20X +46H%*200 ITERATIONS EXCEEDED IN SUBROUTINE YIELDe*)

YLD2=S*S5

RETURN

END

NV RN 0

SDATA
0 +368E9 Oe26 O+ 368E5 Oe0 2067 .0E8 Oe3
1 .
—-0e523 Oes1882 ~107.0
SEOF



Listing of prozramme ALPA

$I1BFTC ALFA

. 44

27

34

4G

41
42

43

25

REAL LD

DIMENSION RI(20)sR1(20)

DATA AB1+AB2/1HI14+1HR/

NCASE=9

DO 67 N1=1+NCASE

READ (5444 ) XK+ XMEW+F sDEL s E « XNEW
FORMAT(E10s0sF 10¢3¢E1041+F10e3¢E10.04F1042)
WRITE(6+27)IXK« XMEWsF +DEL +E +» XNEW
FORMAT(1HO s 20X+ 22H%*K sMEW s F +DELTA'E +NEW/ % +6E12¢3/)
WRITE(6+34)

FORMAT(1HO ¢+ 15X s GHLAMDA ¢ I1SXeSHRATIO« 1SX+4HBETA» 15X +SHDEL TA
1PEs» 12X+ 3HAL 1 +12X ¢ 3HALZ/)
HP1=3554/2260

BETA=DEL

IF(XMEW=0+45)40+404+41
CM=SQRT((1¢—20e*XMEW) /XMEW/XMEW )
GO TO 42
CM=SORT( (2¢ X*XMEW=1 ¢ ) /XMEW/XMEW)
DEL=+BETA

DO 11 MK=143

DEL=80040

IF(MK+EQe2)DEL==800+0
IF(MKOEQ.B)DEL'—'O.

CONTINUE

K=1

N2=100

N=N2/2

IF (N¥2 e NE«N2)STOP
H=3554/113./FLOAT (N2)

TH==HPI
Z1=XI(TH+XMEWsDEL ) ¥*COS(TH)
CI=ZI*TAN(TH)

TH=TH+H
Z11=XI(THeXMEWsDEL Y *COS(TH)
ClI=ZI1%*TAN(TH)

S=Z1444«%2Z11

C=Cl+4¢%*CI1

N1 =N-1

DO 2 1=14N1
TH==HP I +H¥FLOAT(2%1)
Z1=X1{TH+XMEW:DEL)*COS(TH)
CI=ZIXTAN(TH)
TH=~HP I +H*FLOAT(2%1+1)
Z11=XI{THsXMEW+DEL ) ¥COS(TH)
Cl1i=Z11¥TAN(TH)
C=2.%Cl+8e%Cl14C
Sz2e%Z1+4#Z114S

TH=HP1
Z1=X1(THsXMEW+DEL ) ¥COS(TH)
CI=ZI#TAN(TH)

S=H*(Z1+S) /3

C=H*(CI+C) /30

R(K)=S

R1(K)=C

WRITE(6+25)S5+C N2

FORMAT( 1HO+20X s OHXS+CeN2/%32F10:5-2110)
K=K+1

N2=N2*%2

137

3Xe4HTY



Iy

90

20

19
31

30

11
67

1338

IF({KeGE«+3)GO TO 3
GO TO 4

RD=(R(K=~1)~R(K~2))/R(K~1)

RD1=(R1 (K~ l)—Rl(K—E))/Rl(K—l)
RD=ABS(RD)

RD1=ABS(RD1)

IF(N2.GE+1600)GO TO 8
IF(RDeLEeO0e001eANDeRD1+L.E«0001)YGO TO 8
GO TO 4

RAT10=C/S

LD=DEL

IF(ABS(LD)el.T2a0.00001)GO TO 90
DELTA=~0,5%ALOG(ABS(LD))
BET=ATAN(RATIO)

IF(LLD) 19420420

TYPE=ABI1

GO TO 31

TYPE=AB2

AL 1=COSI(BET)/2e/S _
AL2=SIN(BET)I/24/C AR e
wn1TE(6.30)Lo.RATIO.BET.DELTA.TYPE.AL1'AL2
FORMAT ( 1HXeF20e5+4F20e5+F 19, 5.F20.5.6X.A1.2F15.5)
IF(ABS(DEL) «LLE«0,1003G0 TO 11

DEL=DEL*0e5

GO TO 43 S

CONTINUE )

CONTINUE

STOP

END

T e
.

SIBFTC CX!

11

$OATA
e 716E9 0,050 ¢383ES5 05 2067.0E8 03

$EOF

FUNCTION XI{(TH+XMEWsDEL)
IF(XMEWLGT«0e5)1GO TO 1
IF(XMEWaEQa0+5)GO TO 2

XM=SART( (1 e~2 e #XMEW) S/ XMEW/XMEW )
BR= (EXP(XM*TH)—DEL*EXP(-XM*TH))/(lo-DEL)
GO TO 11

BR=(1+DEL%#TH)

GO TO 11

KXM=SQART( (2 %¥XMEW~1 ¢ )} /XMEW/XMEW)
T1=(XM*¥TH+DEL)

BR=COS(T1)/COS(DEL)

IF(ABS(BR) «GE«0,00001)GO TO 10

¥X1=0e

GO TO 3 -

IF(BR)YG+54+5

X1 =BR*%XMEW

GO 70 3

X1=-(ABS(BR) ) #*¥XMEW

RETURN

END
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Appendix 4.1

Prograrme for comnuting residual stresses from

exverirental data.

Fig.l%gives a flow-chart for the main programme
RZ5ID. The various subroutines called by RESID; have
the following functions.
CRATE reads-the input data.with an echo check and
calculates the thickness of metal removed and the
éorresponding deflection at the end of each minute of
polishing.
CORECT makes correction for redistribution due to layer
removal.
SLIT computes relief due to slitting.
RPLOT is for obtaining the Calcomp plots of the

distributions.

A listing of the programmé follows from p. 181,



Fig.i Flow chart for Programme RESID .

< CRATE > .

Compute the avergge stress svc(I)
inall the layers ( ‘uncorrected stress’)

s

CALL
CORECT

. ar .
.

Apply correction for the minor bending| i
c:;m,bonené‘ within /a)rer (,5/0/98 CO”CCZ‘-'wD

1

CALL \
SLIT

Residual Stress
vs

depth below surface




Listinz of prozrsime RZSID 191

PROGRAM RESID{ INPUT +QUTPUT +TARPES=INPUT « TAPES=0UTPUT + TAPE2S+TAPE27)
C COMPUTATION OF RESIDUAL STRESSES FROM EXPERIMENTAL DATA
DIMENSION A(90)s B(Q0O)sRR(G0)+ SUC(90)+ SCOR(90)Ys SD(90)s SBNG(90
1) +DEL(S0)sYY(90)EL(90)>GEO(2) +FLUID(2)
COMMON RsDELsABO+S+NsEsDRST
COMMON/CR/SPNOqSFPMoFEED'DEPTH9WEARoFLUID'GEO/RP/YYoSUC/CR/ISTvDS
READ (S5 70 YNPROB
70 FORMAT(12)
IREG=1
ICAL=1
CALL START
CALL PLOT(1¢09160+,-3)
43 CALL CRATE
DO 34 1=1sN
8(1)=B0-A(I)
34 CONTINUE
AK2=A(1)
DO 33 I=2sN
AK1I=A(1)
. A(Id)=A(1)-AK2
©  AK2=zAK1 f ' s
33 CONTINUE , PR
) A(N+1)=04 . .
NN=N+1 - :
1= 1
R=R-B0O/240
RO= R
C DELR 1S THE CHANGE IN RADIUS DUE TO THE PEMOVAL OF LAYER
711 DEL(I1)=DEL(I1)/3600e¢7180s%34141
DELR=-DEL ([ ) ¥R¥R/ (S+DEL ( 1 ) *R)
712 R=R+DELR

c RR(I) IS THE RADIUS AFTER THE REMOVAL OF THE ?1*TH LAYER

C THE RADIUS RR{1) 1S REFFERRED TO THE CURRENT CENTRAL PLANE .
RR(1) = R : .
P=B(1)}

AD= RR(I)*ALOG((2.*RR(I)+B(I))/(20*RR(I)—B(!l))
IF (1eGTel) GO TO 706
EK=1o-1e/7(1e~RR{I1)/7R0) /(1 .—~AD/P)
DUASTATIIHBI))/2.+RO%(1e—-P/AD)
GO TO 708

706 1F (DELR+EQsOe) GO TO 709

707 EK=1e=1e/{1e~RR{1)/7RR{1-1))/(1—AD/P)
DUA=(A(I)I+BI(1))1/2,+RR(I-1)1%(1.—-P/AD)

C SUC(I) IS THE UNCORRECTED STRESS IN THE *1¢tTH LAYER
708 SUCILI)I=ExB(1)Y*¥RR(I)/A(])/EK/DUA
GO 7O 710

709 SUC(1)=0,

710 CONTINUE

200 I=1+1
IF (1eGEe NN)Y GO TO 16
GO TO 711

C CORRECTION OF RESIDUAL STRESSES FOR REDISTRIBUTION
c DUE TO LAYER REMOVAL
16 SUC(1)=0,
SUC(2)=0,
. N1=3
i8 CONTINUE

DO 20 I=1sN
SCOR(1)=SUC(I)



20

62

60

133
165
201

202

80
81

142

141
203

600

415
303

304

CONTINUE
K=1

XM= (RRI{K)/BIKIIFALOG((RR(IKI+B(K)I/ 240}/ (RR(K}=B(K)/220))~160

SMALLE=XM¥RRI{K)I/(XM+1.0)

CALL COPECT(BsAK+SUCIE+RR+SD+SBNGIN*RO)
DO &0 J=1N

SCOR(JU)I=SCOR(UI-SD( J)I=-SBNG(J)

CONTINVUE

K=K+1

IF (KeGEGNN)Y GO TO 61

GO TO 62

CONTINUE

SLOPE CORRECTION

DO 165 I=N1+«N

IF (1sEQeN ¥} GO TO 133
F=(SCOR(I)=SCOR(I1+11)1*¥A(I)/(A(IY+ALTI+1))
SCOR(1)=SCOR(1)=F%A(1)/3+7/(A(1)+B(1))
CONTINUE

XM= (RO/BO)*#ALOG( (RO+B0O/2¢)/(RO-BO/2e) ) =10
SMALLE=XM¥RO/{XM+1 4

DO 141 I1=1+N
IF(1.EQ.1)GO TO 80
Y=¥Y=({A{(I=1)+A(1))/2e

GO TO 81

Y=(BO-A(1)}Y/2
YY(1)=B0/2:-Y
IF(ISTEQa0) GC TO 142
EL(1)=ST/BO0¥2+% Y+DS

GC TO 141

CALL SLIT(TTaY+E+RO+BODR)
EL(I)=TT

CONTINUE

192

wRITE(6’600)SPNO'SFPM'FEED'DEPTHO(GEO(!)'l=l'2)0WEARO(FLUID(I)0.

11=1+2)
FORMATI{ IR/ /7 77720%+ 2 TABLE
1DEPTH BELOW SURFACEe#//20X+#SPECIMEN NOe

2SS - TURNINGe WORK MATERIAL — XC-45 STEELs
3BIDE P=20.%#/20XexcUTTING SPEED —%4F460¢%M/MIN

RESIDUAL STRESS VSs
¥* 9 A/ 20X+ ¥ MACHINING PROC
TOOL MATERIAL - CA

FEED —~ *e¢F402¢%M

4/REV e DEPTH OF CUT = %#3F4.,2+%#MM*%/20X+%TOOL GEOMETRY %+2A10+%

SLANK WEAR = #e¢F4,4,2+%tMM CUTTING FLUID - %s2A10///)

WRITE(6+303)

DO 415 I=1+N
YY(I)=YY1)%25 4
SCORI(1)=SCOR(1)/7145038
EL(I)=EL(1)/145.,038
CONTINUE

FORMAT(28Xs *STRESS LOCATION#s6X1%STRESS INX6X e *¥REL IEF ON¥* s &6Xo
1%STRESS IN%#/30XexpELOVY SURFACEX* ¢&6X+xSLIT RING¥ e 7Xs XSLITTING%+ 2Xo
2%0ORIGINAL RING%*/39X+%(MM)I¥SXe% (MN/M S5Qe¢ ) #+5Xa X (MN/M S5Qe ) ¥ eSXe

3% (MN/M SQe)*/)

LL=2

DO 414 I=N1.N

SUCI1)=SCOR(I1)+EL (1)

LL=LL+1

IF(LLeNE«3)GO TO 414
WRITE(6+304)YY(1)+SCOR(IIELITI)sSUCIT)
FORMAT(36X+F7e5+3(7XeFB8e1))

LL=0 : ‘

CONTINUE
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WRITE(64305)
305 FORMAT( ///S8X+SHTABLE/S8X +SH—=———w===)

CALL RPLOTI(N«NPROB» REGs [CAL)
IF(C{ICAL=1)+EQ«NPROB) GO TO 44
GO TO 43

44 STOP
END
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$I1B8FTC CRATE
SUBROUTINE CRATE

c COMPUTATION FOR CURRENT THICKNESS VSe TIME VALUES

C AND RATE OF METAL REMOVAL
DIMENSION X{(90)4+¥Y(90)+DL{90)sAR(S0)+ IDL (G0 )YGEQ(2) +FLUID(2)
COMMON RsDLIARSBO+SK1E+DRST
COMMON/CR/SPNO s SFPM'FEED 'DERPTHIWEARFLUIDGEO IST

C ISPNO' IS THE IDENTIFICATION NUMBER OF THE SPECIMENe.
13 READ(S+ 14)SPNO
14 FORMAT { AS)

READ(S+40) IST +GF

Cc IF THE SPECIMEN IS CURVEDs ¢IST? IS SET TO ZERO,

c tGFt 1S THE STRAIN-GAUGE FACTOR.

40 FORMAT(I1+F10¢5)

c 'SFPM? IS THE CUTTING SPEED IN FEET PER MINUTE.

c IFEEDY IS THE FEED IN INCHES PER REVOLUTION.

c {DEPTH?' 1S THE DEPTH OF CUT IN INCHESS

c 'WEAR' 1S THE FLANK WEAR IN INCHES.

c IFLUID?' AND 'GEO' REPRESENT RESPECTIVELY THE CUTTING FLUID USED
c AND THE GEOMETRY OF THE CUTTING TOOL (ASME SPECIFICATION)

READ{(S+ 171 )SFPMsFEEDDERPTHIWEAR«(FLUID(I) v 1=1¢2)e{(GEO(I)el=1s2)
171 FORMAT(4F 10+4/74A10)
SFPM=SFPM/3.28
FEED=FEED*254+4
DERPTH=DEPTH*2S5+4
WEAR=WEAR¥25.4
Gl AND G2 ARE THE STRESSES OBTAINED FROM THE STRAIN GAUGE READINGS
'E* IS THE MODULUS OF ELASTICITYs
READ(S+S1)G1+G29E
1 FORMAT(ZF 10+S/7E1647)
1801 [S THE ORIGINAL THICKNESSs 'gF' THE FINAL THICKNESSe+ W' THE
WIDTHs 1C* THE CHORDAL LENGTHs -AND *R¢ THE OUTER RADIUS OF THE
EXPOSED AREA OF THE SPECIMEN,
READ(S+10)80+8F s+WsCR
(o) FORMAT(SF10.5)
tY{I)* ARE THE SCALED VALUES OF CURRENT CORRESPONDING TO tX{(1)¢ts
THE VALUES OF TIME FROM SWITCH-ONs FOR A TOTAL NUMBER OF tN?
POINTS FROM THE UeVe CHART,
tYOr 1S THE SCALED VALUE OF CURRENT BEFORE SWITCHING ON THE SUPPLY
READ(S+ 1 )N {X(I)sI=1eN)
1 FORMAT(12/(5F1045))
READ(S+2)YO+((Y(I)sI=1sN)
2 FORMAT(F10e57(5F1045))
IF(ISTeEQsQOIGO TO 46 :
C CIDLOIY IN MINUTES AND '*DL{1)* IN SECONDS OF ARCs+ TOGETHER
C REPRESENT THE ANGULAR DEFLECTIONe AT THE END OF THE t1¢'TH MINUTE
C FROM THE COMMENCEMENT OF POLISHINGe
C 1Kr 1S THE TOTAL NUMBER OF DEFLECTION VALUES READ IN.
READ(S+47)Ks((IDLI1)eDL{I))e1=10K)

0On

OO0y

OO0~

47 FORMATI I2/(S{I2+F4s14¢4%X)))
GO TO a8

46 READ(S+30)Ks ( (IDL(I)sDLII))sI=1eK)

30 FORMATILI2/(5(1 191 XsFas1+4X)))

48 WRITE(6+15)SPNO

15 FORMAT(1H1+ 19X+ #SPECIMEN NOe*+AS) B
WRITE(6+34)BO«BF+WsCeR

34 FORMAT(/EOXo*BOoBFerCsR/%s4FIOoSoF15 S)

WRITE(6+19)Y0:G1+G21E
19 FORMAT (/20X s #YO=% +1FG 25X e HC14G2+E/ 92 10:59E10.2)



17

16

18

32

31

42

41

26

28

27

43

33

11

20

WRITE(6+17)
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FORMAT( /720X s % NOo* e 16X RX{T )% 016XeRY(1)%X/ )

DO 18 1I=1eN
WRITE(G+16)IsX(1)sY L
FORMAT( 21X+12+410X>
CONTINUE

WRITE(6.+32)

)
F10e1 410X eF1042)

FORMAT(//20X9*N0.*04X0*A.C.R.*o3X0*N0.*04X0*A.C.R.*'3X’*NO.*04X0
1%A eCoRe%$IXIXNO o # 14X 9 %AsCoRe¥* 33X ¥NOe ¥ 14X 1 %AsCaRe*/)

WRITE(6+313((1sIDLII
FORMAT( (17X +S(a4Xs 12
IF(ISTeEQe0)GO TO 41
SD=—=(G1+G2)/2
ST==(G1-G2)/2e
R=ABS(E*B0/2¢/5T)
SB=ST+SD
WRITE(6+42)IR+SB
FORMAT(1HO s 19X e ¥RAD »

YsDLEIY)eI=14K)
3X11291XeF441)))

AFTER CUT-OFF =%+1X1F10+5¢5X+*STRESS RELIEF A

1T SURFACE UPON CUT-OFF = %sF10ele% PSle¥*)

GO TO 43

R1=R+(G2~G1)/2+/3:141

DR={(R¥ARSIN(G1/2+,/R)
DR=-DR
R2=R+DR

~R1%ARSIN(G2/2e¢/R1)1/73+141

IF((ABS(R2~R1))+LTe0.,00001) GO TO 28

R1=R2

GO TO 26

R=R2
WRITE(6:27)R+DR
FORMAT(1HO+ 19X+ *¥RAD»
1F10e5)

DO 33 1=1

AFTER SLITTING=%+F1045¢SXe%¥CHANGE IN RAD»=

DL(I)=IDLA(I}*6040+DL (1)

CONTINUE

FI=6e3

AREA=Q.0

DELTA=0.0

TP=0,0

J=1

TYO=Y(1)

TO=X(1)

T=30.0

NN=N=-1

DO 3 1=1sNN
TX=X(1+1)
IF(TXeGE.T) GO TO 6
DELTA=(Y(I4+1)}+TYOD-2
AREA=AREA+DELTA
TYO=Y(I+1)

TO=X(I+1)

GO 70 3

TY= Y(I)+(Y(I+1)—Y(I)

O%YOIX(X(1+1)~TO)/2.0/F1

)/ (XKCTI+1) =X (1)) *(T=X(1))

DELTA=({TY+TYO=-2,0xYO) #(T-=TO)/2+0/F1

AREA=AREA+DELTA
IF((T=TP) «NEe (604))
AR(J)=AREA

TP=T

J=J+1

TO=T

GO TO 20



44
45

12

25

TYO=TY

T=T+30.0
IFT{TX+30+)EQeT) GO TO 3
GO TO 11

CONTINUE

IF(ISTeEQ.0)GO TO 44
S=C

GO TO a5

S=2+. 0¥RX¥ARSINIC/2.,0/R)
VOL=S*W*(B0~8F)
RM=vOL/AREA
CUR=AREA/X(N)
WRITE(6412)S«VOL +RMsCUR
FORMAT(//20X+s %S eVOL 'RMsCURRENT/%¥3F10eS512F 15e99F 650 3)
ARl =S*W

K=K=-1

DO 295 I=1¢K

AR{I)I=AR{ 1)Y*¥RM/AR1
DLI)=DL(I)-DL(1+4+1)
CONTINUE

RETURN

END

$1BFTC CORRECT

10

11

56

55
100

SUBROUTINE CORECT(BsAs 1 eSUCIEsR+sSD+SBNGNIRO)
DIMENSION B(90)+A(90)+SUC(90)sR(F0)+SD(90) +SBNG(F0)
Y=(B8(I)-A{1+1))/2e¢
RD=R(1)

IF(I«EQsl) GO TO 10
RP=R(1-1)
DR=R(I)-R(1-1)
GO TO 11
RP=RO
DR=R(1)-RO
BD=RD*¥ALOG( (2 %¥RD+B( 1)) /{2, ¥RD~B(11)))
SEC=DR¥B(I1)/(RPXB(1)-(8D-B(1))*DR)
DO 55 K=1eeN

IF (KelLE«1)GO TO 56
SD(KYI=A(T)Y/B(1)X*SUC(])
SBNG(K)==EX{BD/B(1)-RD/{(Y+RD) ) *¥SEC
IF (KoeEQe N ) GO TO 100

Y=Y~ {(AIK}+A(K$:1)) /2
GO TO 55

SD(K)=0a

SBNG(K)=0.
CONTINUE

RETURN
END

SIBFTC SLIT

70°

SUBROUTINE SLIT(TTsY+E'RZ+580+DR)
RO=RZ-DR
BOD=RZ¥ALOG ({2 *¥RZ+BO)/ (2 +%¥RZ-B0))
SEC=DR¥BO/(B80%¥RO~-DR* (BOD-80))
TT=E#(BOD/BO~-(RO+DRI/{Y+{RO+DR) )) *SEC
RETURN

END

19
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$IBFTC RPL -

C

20

11

12

SUBROUTINE RPLOT(N+NPROB« IREG ICAL)

PLOTTING OF RESIDUAL STRESSES VS, DEPTH BELOW SURFACE.

DIMENSION YY(88)SUC(B8)+IBCDI7r+IX(3)+1Y(3)+IL1(10)+IL2(8)IL3(8B)
19Y(90)4S(T0) . ILO(2)+GEQ(2)+FLUIDI2)+IB(6)
EQUIVALENCE(Y(3)+s¥YY (1)) {(S(3)sSUC(1)) )
COMMON/CR/SPNO»SFPMsFEED s DEPTHsWEARWFLUID +GEO/RP/Y +S/CR/IST

DATA(IB(1I)+1=1+6)/5EHF G RESIDUAL AXIAL STRESS VSe DEPTH BELO
1W SURFACEe/
DATACIBCD(1)e1=1+7)/564HF1G, RESIDUAL CIRCUMFERENCIAL STRESS VS

1 DEPTH BELOW SURFACE/

DATACIX(I)eI=1+3)/24HDEPTH BELOW SURFACE (MM)/
DATACIY(I)eI=1+3)/26HRESIDUAL STRESS (10 N/M )/
DATAC(ILOC(I)YsI=1+42)/12HSPECIMEN NOoJ/
DATALIL1(1)+1=1+10)/91HMACHINING PROCESS — TURNING, WORK MATERIA
1L ~ XC-45 STEEL. TCOL MATERIAL - CARBIDE P-20./

DATACIL2(I)*1I=1+8)/72HCUTTING SPEED - M/MIN ., FEED - MM/R
1EV.,. DEPTH OF CUT - MM /

DATACIL3(1)+1=1+8)/75HTOOL GEOMETRY - FLANK
1WEAR -~ MM  CUTTING FLUID - /

N=N-2

DO 20 I=1sN

SUC(I)=SUC(I)/10,0

YY(N+1)==0,05

YY(N+2)=0,02

SUCIN+1)=-6040

SUCI{N+2)=20.0

CALL PLOT(0e0s+0e543) -
CALL PLOT(0.0s0,04+2)

CALL PLOT(4+0¢5+0,04+2)

CALL PLOT(+0e5+84,3+3)

CALL PLOT(0.0+84¢3¢2)

CALL PLOT(0«0e7.84+2)

CALL PLOT(11e¢717484¢3)

CALL PLOT(11e¢7+8¢3¢2)

CALL PLOT(11e2+803+2)

CALL. PLOT(1142404,043)

CALL PLOT{(11+4740e042)

CALL PLOT(11e7++0e5+2?

CALL AXIS{(2+5+3,0:2H 1297¢0206040.0+002)
CALL SYMBOL(S5e¢0¢245S90e1+1X20:0924)
IF(ISTeEQe0O)GO TO 11

CALL 5YMBOL(36041e51001¢1813040+55)
CALL PLOT(8e5¢1:4:¢3)

GO TO 12

CALL SYMBOL (36081659061 +1IBCDe00964)
CALL PLOT(9eS¢1e4+3)

CALL PLOT(360¢1e44+2)

CALL SYMBOL (3000121060741 0+4004+12)
CALL SYMBOL(3¢91116230407+SPNO20e0+6)
CALL SYNMBOL{3e021e0+060721L 1400991
CALL SYMBOL(3:0+04830.07¢1L2900172)
CALL NUMBER{(44+12¢048¢0.,072SFPM9s0+09-1)
CALL NUMBER(S+s50¢0e8+0+07+FEED0+01:2)
CALL NUMBER{(7¢50+048+0.07+DEPTH10,042)
CALL SYMBOL(3c0s04a61040741L34040+¢75)
CALL SYMBOL(4012+04640,07+GEQ+s0,C+20)
CALL NUMBER(6057+0464C 407 +WEAR3040+2)
CALL SYMBOL(BoZ25+0663007+FLUID10,0+20)



CALL AXIS(2.510,5¢2H 1216,0190,0+-50,0+20.,0)
CALL SYMBOL{Z2e042:5900111Y4904C426)

CALL SYMBOL(1¢9444410s1¢6H7 249040+46)

CALL LINE(YYsSUCeNsle~1s1)
IF(ICAL+EQ«NPROB)IGO TO 6

ICAL=ICAL+]

IF{IREG.EQ.3)G0O TO 8

IREG=1IREG+1

CALL PLOT(0,019,0+-3)

GO TO 10
8 IREG=1

CALL PLOT{13¢03-18¢0+~3)

GO TO 10
5 CALL ENPLOT(13.0)

ICAL=ICAL+1
10 RETURN

END
SDATA
]

1
22A
o} D0
369, 0.00098 0.047 0.0
AlR. (6 5 0 90 60 0.76)
0.13982 O.17388
30.0E006 .

0.09720 0.,09500 O «37417 1.00332 1.0623
17
0.0 8B40 Se5 150 2660
38 47 61 102 300
600, 200, 1200, 1500. 1800
2100, 2400,
1,09
4692 4,89 390 338 285
2¢55 2033 2e22 2411 2,05
2,05 2004 2004 205 2¢07
2«07 207
41
7 08,5 7 0166 6 5040 6 38.1 6 277
6 1964 6 128 6 07¢4 6 035 & 010
S 5967 5 5960 S 594 6 0044 6 D16
6 03,3 6 05,3 6 076 6 09.8 6 1266
6 153 6 1801 6 20.9 6 23.5 6 2642
6 29.1 6 31.6 6 34.4 6 36647 6 39.2
6 41.8 6 4465 6 4760 6 49.6 6 51.8
6 5404 6 5646 6 593 7 Ole3 7 035
7 0549
]
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Apvendix 4.2

Analysis of the accuracy of stress determination

To begin with, accuracy of the measurement of

specimen thickness and that of deflection are considered.

(2a) Thickness of the snecimem

The following table gives a set of measured

values of thickness (for specimen 22A) over the area of

layer removal, in units of 0.001 in.

Table 1

Circumferential Axial position
position 1 2 3 4
1 96. 40 97.17 97.15 [ 97.24
2 96.44 97.54 97.47 97.18
3 96.46 97.23 97.28 97.11
4 36.46 97.43 97.39 97.21
5 96.44 97.5% 97.58 97.30
6 96.57 97.55 97.60 97.44
7 96.65 97.40 97.48 97.44

Estimate of stendard deviation = 40.6 X 1072 in.

95% confidence limits for the mean thickness

(average of 28 readings), using t-distribution:

c8v] =+ 15.8 X107 in,
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Hence, the maximum relative error in estimating the

average thickness

—Légl— = 00,0016

(b) Thickness of layer removed

Measurement of thickness of the specimen after
layer  -removal, corresponding to the same positions as
in Table 1,yielded the following data for the average

thickness at ezch of the 4 axial positions.

Table 2

Axial position
1 2 3 4
Before removal 8. 48 98.73 98.54 38.43
After removal 96,41 96.65 96. 39 96,28
Thickness of 2.07 5 08 2.15 2.15
layer

From the 4 values for thickness of layer,

Mean 2.10 X 1673 in..

Estimate of s.d. 5.8 X 10~ in.

Il

Using t-distribution, 95% confidence limits for the

average layer thickness

18al = +9.3 x 1070 in.

2
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Hence the estimated maximum relative error in the

measurement of thickness
- |%al/a= 0.0044

(¢) Deflection

The following set of readings was tzken by the
autocollimator, the target being the front silvered

mirror attached to the specimen mounted as during layer

removal.
Table 3
Se. No. Reading
1 47 45.°7"
2] 4' 45.,9"
3 4' 45.9"
4 47 45.9"
5 4' 46,07
6 4' 45.9"
7 4 45,8"
8 41 45.7"
9 4' 45.8"
10 4' 46.0"
Mean = ‘4' 45 .8€"
Bgtimgte of s.d4. = 0.107"

95% confidence limits within which a single

deflection reading will lie (for normal distribution)
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: -6
= 4 0.21 seconds of arc or +1.0Xx10  radians.

(d) Circumferential length (S) of the exposed regcion
\<////,//~ s ~\\\;\\>/

>

The Measuring Machine (MU-214B) was used to measure c.

S was calculated from the relation (Fig.l):
c
S = 2R sin~t [—
2 R

The most probable error in S is given by

(Os . 83)2 (bs - 6c>2
6s] = [ — + [ —
OR Oc

Taking typical values,

R = 1.069 in. OR (mex) = 0.0005 in.
¢ = 1.00332 in. Oc (max) = 0.0005 in.
[0s|
— = 0.0005

S

(e) Stress released due to slitting

For the purpose of estimating the order of
accuracy in-the calculated value, simple-bending

~ expressionsmay be used:



9‘ ) g _ E (E 1) _ E (R, - Ro)
- = R - . _
¥y I R Rl R

-2  _
where Rm = Ro R

Since (Rl —-Ro) ~ Ag/27 , where A& is the change in
the spacing between scribed lines upon slitting
(appendix 4.3),

By Ag

o =

2
2T‘Rm

The most probable error in O

00  O(a 2 d0 dr )?
1601 = [{—e rae) 4= "
0( Ag) me

The following typical values have been used.

E = 30 X 106 psi y = 0,051 in,
Ag = 0.0134 in, O(Ag) = 0.00006 in.
R = 1.069 in. OR = 0.0005 in,
o |00] = 12 psi ~ 0.08 Mv/m®

(f) Average stress in a layer (by layer removal)

From equation (3) of appendix 4.3, the average

‘stress in a layer

E b° AG

0 = ——
63a

The most probable error in O is given by
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G . 5a\2
oot~ <6' )

| 8]

o

or

d

Qb

X (A)

o0 . 6‘0)2 (bo* . 8(ae

w2

N2 /d5. 85\
gE

R

aNe]

AB

>)2

Taeking typical values (svecimen 114),

03\2
()
S

a = 0,00005 in.
b = 0.10097 in.
A8 = 0.000065 radians,
Rm = 1,067 in.,
S = 0.9670 in,
0 = 68500 psi.
" From the sections (a) - (4),
|02l :
— = 0.0044
a
28| -
——— = 0,0032
b
| (a0)
—_— = 00,0318
al
[6s]
ang ——— = 0.0005
S
501 = o 2
Hence |00)] = 2210 psi or 15.2 Mi/m

To compare with the 'discrete!' method, a thickness of

layer of 0.00020 in. is considered:
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a = 0,00020 in.
AO = 0.000209 radians.
0(20)
= 0.00956

AQ ‘ N

\86\ = 606 psi or 4.2 I /m



Appendix 4.3

Relationship between the change in radius and the change

in slope at the free end upon layer removal

Referring to the above figure, A8 i1s the change in
slope upon the removal of a layer of thickness 'a' over
an area AB, with initial circumferential length Sl'-

Denoting changes in the quantities by using the prefix A,

: s s S.+ AS s
AR = R, -~ R :(_3 - A):(_-L___ - _.l>
o, o, )+ 40 e,

@l- AD - Sl- AS

91 (91 + AB)

R - AS - Rlz- AG
= (1)

(sJL + Rl- AQ)

Assuming the change in the mean circumferential length S

to be negligible,

20
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, - Rlz- AQ
AR = : (2)

(Sl + Ry AB)

However, AS may be taken into account as follws., If
0 is the average stress in the layer and b the thickness

of specimen,

alw aO‘S1
AS == = e—
bwk b E
1 S M 6 S, a0
== == = —3 (3)
Ry EI E b

(4)

o 1
AG = =
R
Substituting this value for AS in equation (1)

(6, 46 b/6 - S, AG)
AR =

91 (91 + AB)

A6 Ry (b/6 - Rl)
(Sl + AO Rl)

Where b/6 <« Ri

with sufficient accuracy from

and A K Gl, AR may be obtained

2
AR = ——= (5)



Appendix 4.4

Chance in radius due to slitting

%
7

RI and R2 are the mean radii andlgl and g5 the spacing
between the scribed lines, before and after slitting
respectively. It is assumed that the moment released
due to slitting causes a change in curvaiture wishout
affecting the mean circumferential length between the

scribed lines., Thus

2TR, - A (g) = 27R, - 4 (g,)

where A (g,) 2nd A (g,) are respectively the arc lengths
1 2

of the ring in the gaps gy and gs given by

/8
A(g) = R, {2 sin™t[Z2\L ete.
1 1 2R
1
1 g _ g
R, - R, = —— {R, sin % (=2-| - R, sint |-
o = & - 2 o, 1 28

and go <« 2R

where 8 <L 2R 5

1

1
R, - R, =% —— (g, - )
2 1 o 52 g1
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Appendix 5.1 °

Dimengion2l 2nalysis

Residual-stress distribution ovtained from the

model may be expressed as a function of the parameters:
0 = f(Y9P’k9 n, E’V’ﬁ)

Since n, v and p are dimensionless, O may be expressed

as
o = ¢y P xtEP | (1)

where m, n, £ and p are constant exponents and C is a

dimensionless factor.

Using P and L for units of force and length respectively,.

in equation (i),

F m (F 0o/ \Lp\P
I - 1 £ 2 £
1.2 \ L) (L2> <L2>

Hence, n + L + p = 1

Il
1
N

m-n-24-2p (2)
Putting {+ p = g , equation (2) gives

m = -n = (g -1)

Substituting this result in equation (1) and rearranging,

(8- clzm) ™ (#)°
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It follows that, by representing the residual-
stress distributions in terms of the nondimensional
stress (0 /k) and the nondimensional depth below
surface ( ?%E,)’ P will have no effect on the

distributions. .
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