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a b s t r a c t

Dies and molds steels are essential materials in the manufacturing industry of engineering

products. These materials are usually machined in the hardened condition and therefore,

can be problematic to transform them in chips. Calcium treatment can be a viable alter-

native to increase machinability without compromising the main properties of the steel.

The present work investigates the machinability of the calcium treated mold steel, AISI P20

UF, and compares it to the non-treated version of the same material, AISI P20, in slot

milling tests with triple coated (TiN, TiCN and Al2O3) cemented carbide tools. A consoli-

dated method that minimizes the number of tests needed for the determination of the

extended Taylor's equation coefficients was used and the power consumption was

measured during the machining experiments. SEM was used for the exploration of the

wear of the used tool and its mechanism. The results showed that the calcium treated steel

presented a considerably higher tool life, and although the treatment did not affect the

power consumption directly, indirectly it reduced it because of the positive reduction of the

tool wear rate allowing the power to be kept at lower levels for more extended periods.

Attrition (adhesion) and abrasion were the primary tool wear mechanisms observed when
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machining the non-treated steel and attrition for the calcium treated material. In this latter

case, because of the longer tool lives, chippings of the cutting edge were also present.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dies and molds produce large amounts of components as

close as possible to the final shape and dimensions [1]. Typi-

cally, dies and molds with complex shapes and sculptured

surfaces of a relatively high hardness material make them

challenging to manufacture [2]. Besides, injection molds must

have exceptional surface quality [3] and also be resistant to

corrosion [4]. Due to the significant increase in the use of

plastic in recent decades, the demand for steel for injection

molding has increased [5]. Due to the growing demand for

these products and the ever-growing demand for these high-

est qualitymaterials, it becamenecessary to develop steel that

would reduce the time it takes to manufacture dies (process-

ing time) due to better machinability [6] while maintaining

constant mechanical and application properties [7].

Today, in industry, chromium-molybdenum die and mold

AISI P20 steel is widely used. This material is classified as tool

steel used for the manufacture of extrusion dies, injection

molds for processing plastics, blow molds, profiling tools etc.

[8]. Microalloying elements such as titanium and vanadium

make it possible to obtain high hardness for VP20 steel and

blocks with dimensions up to a cross-section of

400 � 1200 mm2. A low percentage of chromium helps reduce

costs and avoids the use of high cooling rates providing a

reduction in residual stresses.

According to De Souza et al. [9], milling operations are the

most critical steps in the manufacturing process of dies and

molds. The most crucial parameter is tool life, which directly

depends on tool wear. Among the researchers involved in the

study ofmilling of AISI P20 steel, taking into account wear, the

following can be pointed out. Hoseiny et al. [10] studied the

machinability of a pre-hardened AISI P20 in terms of cutting

force and tool life. The authors observed that the microscture

modifications generated by the different heat treatments

resulted in sigficant different tool lives as a consequence of

the lower cutting forces and smaller amplitude variations of

cutting force in the workpieces with smaller martensite paket

sizes. Tahir et al. [11] showed for the milling process of AISI

P20 under various cutting conditions that the wear of the

cutting tool is related to the signal of vibration. In their study,

higher feed rates and cutting speed resulted in vibration in-

crements leading to higher tool wear rates. Mansor et al. [12]

studied tool tip vibrations while increasing tool wear when

machining workpieces from AISI P20. They stablished that

vibration analysis can be used to determine a correlation be-

tween the tool wear evolution and the vibration data. Rizal

et al. [13] showed an approach for classifying and monitoring

tool wear during milling of AISI P20 steel using multi-sensor

signals. The authors stated that an indirect parameter for

determining tool wear can be the power consumption. In
addition, the developed system was able to give an early

warning before the tool got severe worn. Pimenov et al. [14]

succeed to develop a system to monitor the condition of a

cutting tool by controlling wear and cutting power during a

milling process. They also identified the impact of tool wear

on the surface roughness. Arruda et al. [15] monitored tool

wear when milling AISI P20 steel based on information ob-

tained from the main engine's power and reported that it is

possible to correlate the power consumption with tool wear

during milling operations.

Also, a fundamental criterion in the manufacture of dies

and molds is to ensure the required surface quality, namely

the processed surface's roughness. Regarding the milling of

AISI P20, the following studies have considered the surface

roughness of this steel. Arruda et al. [16] investigated the

surface roughness for ball end milling of AISI P20 steel and

used Taguchi method to determine the best combination of

machining parameters that optimize surface roughness.

Zhang et al. [17] investigated surface topography during same

process of the samematerial and developed amodel to predict

the surface roughness for different milling parameters. Yet,

tool wear was not considered in these studies. Wang et al. [18]

investigated tool wear, surface profile and topology when

milling AISI P20 steel and among other finding stated that not

the carbide but the friction and heating are the main reason

for surface defects.

In some steels to improve machinability, calcium treat-

ment is an interesting option [19]. This treatment, in addition

to reducing the sulfur content, increases workability and, at

the same time, improves themicrostructure and, possibly, the

mechanical properties [20]. The work by Evangelista Luiz and

Machado [21] explains how this treatment works. The calcium

addition modifies the composition of the oxides (changing

them from Al2O3 to Al2O3 þ CaO) and globalizes them. In high

sulphur content steels, the MnS inclusions are enriched by

CaS, enveloping the modified oxides inclusions. The result of

the treatment is a lowering of the wear of the tool during

machining without impacting the steel's main properties.

According to Priyadarshi et al. [22], calcium treatment im-

proves the workability of steels at any sulfur content and

forms a protective layer on the surface of the tool during

processing. Due to the high cutting temperatures, calcium-

containing oxides soften on the surface of the tool and

adhere to it, forming a physical barrier that reduces wear [23].

Treatment with calcium has become routine in the pro-

duction of many commercial steels, including stainless steels,

and several studies have been presented showing the effec-

tiveness of the procedure in improving machinability.
�Anmark and Bj€ork [24] studied the effect on tool wear for

machining (hard turning) of the EN 19MnVS6 tool steel with

focus on the of Ca-rich inclusions, using CBN tools. The Ca-
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Fig. 1 e Schematic possibilities of changing oxide and sulphides inclusions in the as rolled condition after Ca treatment [27].
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treated steel resulted in longer tool life when compared to the

standard steel, reducing to tooling costs in about 50%.

The oxygen that remains dissolved in the molten metal,

after the carbon is reduced to the desired amount, can form

some oxides in the steel, which, when combined with other

oxides, form compounds that result in non-metallic in-

clusions [25]. As a result, the metal is frequently subjected to

deoxidation processes, usually made with elements such as

silicon and aluminum. Both form inclusions, when combined

with oxygen, of the silica and alumina types. The conven-

tional deoxidation practices with aluminum, result in in-

clusions of alumina, which are oxides of high hardness and

abrasiveness, harmful to machinability. As the elimination is
Fig. 2 e Binary system dia
difficult and costly, an attempt was made to produce steel by

modifying these oxide inclusions [26].

Oxides harder than the steel matrix are responsible for

abrasive wear since the friction between these particles and

the surface of the tool produces an accelerated wear. Hollapa

and Helle [27] have shown an evolution in the techniques for

treating liquid steel with calcium, see Fig. 1, which until

recently was more problematic due to the high vapor tension

of this element. These techniques consist of injection with

carrier gas or by addition with cored wire, leading to deoxi-

dation that changes the aluminum inclusions to a calcium

aluminate phase, with a melting point and softening tem-

perature lower than that of alumina. Nowadays calcium is
gram CaOeAl2O3 [28].

https://doi.org/10.1016/j.jmrt.2021.05.021
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Fig. 3 e Effect of the calcium treatment on aluminum deoxidised steels shifting the hard alumina rich inclusions to low

melting point calcium aluminates, like C12A7 type inclusions [28].

Table 1 e Inclusions as function of the amount of calcium
in a steel deoxidised with aluminum.

Inclusion Composition (%)

Calcium content
(ppm)

%
Al2O3

%
SiO2

%
CaO

%
MgO

%
CaS

4 62 11 27 e e

8 31 25 44 e e

10 21 28 51 e e

15 2 33 64 e 1
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largely utilized as inclusion modifier. In Al deoxidised steels,

Ca is used to modify alumina inclusions to calcium alumi-

nates with lower melting point and higher hot formability

(plasticity).

The principle of the modification of solid alumina in-

clusions is the reaction between dissolved calcium and Al2O3

in order to produce CaOeAl2O3 liquid inclusions avoiding the

formation of intermediaries phases of CA6, CA2, CA and CaO

(C and A taken as CaO and Al2O3, respectively). The relevant

reactions that may occur in Al deoxidised steels containing

alumina and sulphide inclusions are:

CaðlÞ¼CaðgÞ (1)

CaðgÞ¼ ½Ca� (2)

½Ca� þ ½O� ¼ CaO (3)

½Ca� þ ½S� ¼ CaS (4)

½Ca� þ ðxþ1 = 3ÞAl2O3 ¼CaO:xAl2O3 þ 2 = 3½Al� (5)

ðCaOÞþ 2 =3½Al� þ ½S� ¼ ðCaSÞ þ 1 = 3½Al2O3� (6)

[ ] in solution in steel and ( ) phases present in the

inclusions.

The binary system CaOeAl2O3 phase diagram in Fig. 2

shows that the CaO addition moves the high melting point

phases from the Al2O3 corner to lowermelting phase calcium-

aluminates with the composition of 12CaO.7Al2O3 at approx-

imately 50% of CaO.

The ternary system Cao-Al2O3eSiO2 in Fig. 3 shows the

predicated oxides compositions in aluminum deoxidised

steels treated with calcium [28].

A simulation using the software FactSage 7.3 was per-

formed at a temperature of 1500 �C in order to determine the

optimum Ca content for a steel deoxidized by aluminum. The

results are presented in Table 1. For 4 ppm of calcium the

inclusions are rich in Al2O3, which denotes an insufficient

modification with this residual calcium. For 8 ppm of calcium,
the inclusions pass to the CaOeSiO2eAl2O3 system. For

15 ppm Ca the system changes completely to calcium rich

aluminate.

The P20 mold steel used in the present investigation has

19 ppm of Ca and according to the predictions in Table 1, the

formation of calcium sulphides is expected. Scanning electron

microscope analysis of this steel was determined in a previous

work by one of the authors [29] and presented in Fig. 4. The

presence of calcium sulphide on the surfaces of the oxide

inclusions was observed. This “envelope” of calcium sulphide

minimizes the deleterious abrasive effect of the oxide in-

clusions on the cutting tool edge. The combined result of these

factors (oxides modification and CaS envelopes) are respon-

sible for the improvement of the machinability that will be

observed ahead.

Hoseiny et al. [30] investigated the AISI P20 material of

different microstructural conditions to find out the best

machinability. All samples were of same hardness and heat-

treated. The best machinability was provided by the mate-

rial containing spheroidized carbides and the worst by the

material with bainiticmicrostructure. However, no systematic

studies of the machinability of die and mold AISI P20 treated

with calciumare available in the accessed literature. Given the

advantages of calcium treatment on this steel properties, the

study of the machinability combined with tool wear is rele-

vant and promising for die and mold manufacturing. It is also

crucial to study the effect of the calcium treatment of AISI P20

https://doi.org/10.1016/j.jmrt.2021.05.021
https://doi.org/10.1016/j.jmrt.2021.05.021


Fig. 4 e Complex inclusion in the P20 steel treated with calcium used in the present investigation. a) backscattered electron

image, b) calcium x-ray map and c) sulphur x-ray map. 1000£ [29].
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steel on energy consumption, thinking in resource conserva-

tion. Thus, this work aims to study the effect of calcium

treatment of the plastic injection mold VP20 steel on the

machinability, considering the tool life, energy consumption

and the prevailing tool wear mechanisms during end milling

process.
2. Materials and methods

Two different types of AISI P20 plastic injection mold steel

were used. All the specimens were in quenched and tempered

condition and hardness of 34 HRC, and the only difference

between them is the calcium treatment. Table 2 exhibits the

chemical composition of the two usedmaterials in which AISI

P20 is the regular steel, and AISI P20 UF corresponds to the

same material (similar composition) with the calcium addi-

tion. Also, the sulphur and aluminium content in the calcium-

treated steel was significantly reduced.

For the production of steel for the manufacture of moulds,

additional care is established from the acquisition of the raw

material to the dispatch of the ingot for the forging stage. The

preparation of the metallic charge with homogeneous raw

material both in physical form and in chemical composition

(previously presented), guarantees the initial values estab-

lished for the residuals that directly influence the requested

properties. The final adjustment of the chemical composition

is carried out later in the refining stages.

The treatment of steel aiming at obtaining low levels of

inclusion and adequate morphology of the same, starts

already in the primary refining or in the electric arc furnace,
Table 2 e The two work materials’ chemical composition (wt.

Material C Si Mn Cr Ni

AISI P20 UF 0.37 0.32 1.42 1.84 0.97

AISI P20 0.36 0.27 1.38 1.87 0.97
through the treatment of the slag to be transferred to the

ladle furnace where the secondary refining will be processed.

The refractory lining of the steel ladle also plays an important

role in the process of deoxidation and consequent desulfur-

ization (a sulphur content below 50 ppm is targeted), thus, the

use of basic MgOeC (Magnesia Carbon) refractories were

utilized.

Adjustments of temperature and chemical composition of

the metal and slag ensure that in the next stage of processing,

which is degassing, the steel is subjected only to the elimi-

nation of gases and the maintenance of the level and type of

inclusion, through the control of the calcium residual that was

previously added in the form of wire filled with calcium and

silicon (33% Ca). It was injected 2.5 m/t (90 g/t of Ca or 90 ppm)

of CaeSi wire (33%Ca) in a heat of 25 t. In the present study the

calcium injection was performed with the liquid steel tem-

perature of 1580 �C. After vacuum treatment in an operation

called degassing, when complete desulphurisation

(S ¼ 0.0018%) and with low oxygen (less than 20 ppm), the

calcium yield obtained was 21%.

Another very important phase in the steelmaking process

is the casting of the steel into moulds (ingot moulds), known

as ingot, in which there is a strict control regarding: steel

temperature, rate of rise in the mold and used refractories.

This aims at obtaining low levels of segregation and non-

metallic inclusions from the contact refractory. The forged

blocks of the present studywere obtained frombottompoured

10 t polygonal ingots. After forging, the blockswere heated in a

gas oven to perform the annealing cycle at 800 �C for 20 h. The

roughingmachining was carried out removing 10mmper face

in relation to the delivery dimensions.
% - Fe in balance).

Mo Al P S Ca (ppm)

0.17 0.006 0.015 0.0018 19

0.21 0.016 0.013 0.0150 e

https://doi.org/10.1016/j.jmrt.2021.05.021
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Fig. 5 e Production flow of the blocks of the present study.
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The quenching and tempering cycle was conducted aiming

at a hardness of 30e34 HRC. The material was heated in an

electric oven to 870 �C andmaintained at this temperature for

8 h. Cooling for quenchingwas carried out in an oil tankwith a

capacity of 90,000 litters. The tempering was also carried out

in an electric oven at a temperature of 580 �C for 34 h. The

cooling was in the calm air. The hardness obtained was 34

HRC. After the heat treatment thematerial went on to the final

machining stage. An ultrasonic testing was performed, with a

4 MHz head sensor, and no discontinuity was detected. Fig. 5

shows the production flow of the blocks.

After receiving the blocks, they were face milled to the

dimensions of 355 mm length, 250 mm width and 170 mm

hight, as shown in Fig. 6. End milling (slot milling, Fig. 1) tests

were performed in a CNC ROMI INTERACT IV vertical milling

machine in the dry condition. It had a spindle speed of

maximum 4000 rpm with a power of 16 kW. The tooling used

was a 20 mm of diameter milling cutter R215 44 20 BD 09C

manufactured by Sandvik with the capability of three

R215.44�09 02 08 M�WH 4030, TiN, TiCN and Al2O3 coated

tungsten-carbide inserts (ISO grade P25).

The extended Taylor's equation was determined for both

work material tested, using the Santos et al. [31] proposed

method. The basic steps are:

1 According to the stipulated range of each input parameter:

feed rate, f (mm/rev) and depth of cut, ap (mm) and cutting

speed, vc (m/min). To evaluate the coefficient, 4 sets of

conditions were used for machining all being randomly

selected.

2 The four tests are carried out using a criterion of end of tool

life based on a pre-determined wear land size. The results

were categorized into array illustrating the progressive

wear for each test time. Using this approach is possible to

estimate Taylor's extended equation's (Eq. (1)) coefficients

and their respective standard deviations.

3 A new set of cutting condition is suggested considering the

results of the previous tests.

4 The new test is performed, and the tool life result is added

to the previous results. Values of the coefficient with

standard deviations are determined for Taylor's extended

equation.

5 The tool life error estimated by the equation is calculated

based on the experimental result. If this error converges to
Fig. 6 e Scheme of specimen and milling slots.

https://doi.org/10.1016/j.jmrt.2021.05.021
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Table 3 e Minimum and Maximum input parameters
values.

Input parameter Minimum Maximum

vc (m/min) 120 220

f (mm/tooth) 0.075 0.15

ap (mm) 1.0 3.0

Fig. 7 e Calculated tool life time for AISI P20 and AISI P20

UF using Eqs. (8) and (9).
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a value where little improvement in the extended Taylor's
equation's reliability is verified, the obtained coefficient is

accepted, and the error is considered systematic. On the

other hand, if the convergence criteria are not reached, the

algorithm returns to step 3.

This method's objective is to use the minimum quantity of

machining tests to determine the coefficients of Taylor's
extended equation. The usual extended Taylor's equation

takes into account the machining parameters (vc-f-ap) and the

end of the tool life criterion. However, after verifying that the

depth of cut did not affect the tool life significantly, having a

negative impact to the equation convergence, it was decided

to remove this term from equation. A modified Taylor's
extended Eq. (7) was then used to determine the tool lives.

T¼K$VBB
Z$vc

R$f S (7)

In Eq. (7), T is the tool life (min) and VBB the average flank

wear (mm). K, Z, R and S are the constant coefficients to be

determined. The milling tests were interrupted for tool wear

measurements using an Olympus SZ61 stereomicroscope,

after each pass of 355mm on the steel bar, which corresponds

to the length of the specimen. The maximum flank wear (VBB)

was carefullymeasured on the three tool inserts or themilling

cutter and the highest value considered for computing. The

end-of-tool-life criteria used was an average flank wear VBB-
¼ 0.4mm. Table 3 shows the ranges (minimum andmaximum

values) of each input parameters adopted, recommended by

the tool's manufacturer catalog. Machining power was

measured using current and voltage Hall sensors attached to

the electrical energy input lines, according to themethodology

described by [32]. The current and voltage signals were ac-

quired during the tool life tests at a rate of 6 kHz and the

average values of the power calculated. At the end of the tests,

the tools were cleaned in a shaker with alcohol and taken to a
Table 4 e Cutting parameters used in the milling tests of
AISI P 20 and P 20 UF steels.

Exp. test AISI P 20/AISI P20 UF

vc (m/min) f (mm/tooth) ap (mm)

1 123 0.141 1.70

2 196 0.098 2.62

3 208 0.090 2.05

4 128 0.084 2.66

5 219/220 0.088/0.082 2.48/2.15

6 159/220 0.148/0.091 3.00/2.19

7 220/120 0.117/0.093 2.84/2.18

8 220/120 0.79/0.113 1.81/2.21
scanning electron microscope (SEM), Zeiss model 940 A, for

tool wear mechanism analysis.
3. Results

Table 4 presents all the tested conditions for AISI P 20 and P 20

UF steels. The same type of insert was used to both materials,

so the four initial cutting conditions used in the experimental

method were the same to both materials. Since the fifth and

onwards cutting conditions depend on the tool life results of

all the previous tests, the method has suggested different

cutting conditions for the two steels in the last four tests.

In bothmaterials, eight different data sets were required to

ensure the convergence of extended Taylor's equation co-

efficients. The modified extended Taylor's equation for AISI P

20 and P 20 UF is presented in Eqs. (8) and (9).
Fig. 8 e Calculated tool life time using Eqs. (8) and (9) for a

fixed feed rate of 0.1135 mm/tooth.

https://doi.org/10.1016/j.jmrt.2021.05.021
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Fig. 9 e Calculated tool life time using Eqs. (8) and (9) for a

fixed cutting speed of 170 m/min.
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AISP P20

T¼ 7:998$106$VB0:9144$vc
�2:4613$f�0:429 (8)

AISP P20 UF

T¼ 6:23$106$VB1:5394$vc
�1:6016$f 0:7449 (9)

These equations were used to calculate the tool life as a

function of feed per tooth and speed of cutting (logelog scale)

as illustrated in Figs. 7e9.

Fig. 7 presented the surfaces generated using Eqs. (8) and

(9). The difference in tool life between the two materials
Fig. 10 e Flank wear vs time: (a) exp. condition 1; (b) exp.
increases in percentage when higher cutting speed is used.

Although tool life decreases with increasing speed, it de-

creases at a lower rate for calcium-treated steel. This can be

explained by the increment in heat generation caused by the

higher cutting speeds, which contribute to the formation of

calcium oxides protective layer on the tool surfaces [21e30],

reducing the wear rate.

The tool life increased for the calcium treated steel AISI P20

UF and decreased for non-treated AISI P20 as the feed per

tooth is increased. This is explained by the coefficient “S” of

the feed rate in the extended Taylor equation (Eq. (7)) being

positive for the former and negative for the latter. This

behavior can also be explained by the increment of heat

generation when higher feed per tooth is used. According to
�Anmark and Bj€ork [33], high temperatures soften the in-

clusions that will adhere to the tool surfaces, working as a

more effective lubricant on the cutting region.

Fig. 8 presents the tool life in minutes with respect to the

cutting speed using for a fixed feed per tooth (0.1135 mm)

while Fig. 9 presents the tool life aswith respect to the feed per

tooth for a fixed cutting speed (170 m/min). It is possible to

notice that the tool life are significantly higher for the calcium

treated AISI P20 UF steel.

The flankwear against time plots for the conditions of tests

1 to 4 for both work materials are shown in Fig. 10. All four

conditions (same for both materials), the AISI P20 UF steel

presented a longer tool life span than the non-treated steel. At

the beginning of the tests, when the average flank wear is still

low, the AISI P20 UF presented slightly higher tool wear than

the AISI P20. However, after the wear has reached these

values, the AISI P20 steel overtakes the calcium treated
condition 2; (c) exp. condition 3; (d) exp. condition 4.
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version, with the tools wearing faster and producing shorter

tool lives than with the AISI P20 UF.

This behavior at the beginning of the tests can be attributed

to the inertia of the formation of a protective layer, with

specific compositions such as the quaternary system of oxides

of Ca, Mn, Si and Al. This layer develops between the rake face

of the tool and the chip surface aswell as the flank surface and

the workpiece surface [34]. However, for the formation of this

protective layer, it is necessary to develop very high temper-

atures at the chipetool interface (1000e1250 �C) [35]. Carbide
tools containing titanium have strong chemical bonds be-

tween the titanium and oxide inclusions, forming a barrier to

the development of wear, increasing the life of the tools. Thus,

the efficiency of calcium-deoxidized materials in increasing

the machinability depends on the type of the cemented car-

bide tool used, being more efficient in those containing tita-

nium (ISO P grade), and on the cutting conditions, being more

efficient in the presence of high temperatures [34]. Only after a

few minutes of testing does the wear evolve and higher tem-

peratures develop, allowing the layer's formation to protect

the tool surfaces and enable a lower wear rate.

It can also be observed that, under all the conditions shown

in Fig. 10, there was a sharp increase in tool wear for VBB

values between 0.15 mm and 0.2 mm. This sudden increase

occurred due to the wear having reached the tool substrate. In

Fig. 10(a), it can be seen that at the end of the tool's life, when

machining the work material VP20 UF, under the cutting

condition 1 (Vc ¼ 123 m/min, ap ¼ 1.7 mm and fz ¼ 0.141 mm/

tooth), there was an abrupt rise in the wear after 90min of cut.

What occurred was a small chipping of the cutting edge,

without which, due to the low level of wear of the tool before

chipping, the tool would possibly have a longer life.

Figs. 11 and 12 present SEM photos of the worn tools used

in the tool life test of condition 1 for the AISI P20 and AISI P20

UF steels, respectively. Although the tool used in themilling of
Fig. 11 e SEM image of flank wear of the tool used in the

machining of AISI P20 under the cutting condition 1.
the calcium-treated steel presented a longer tool life, it is

possible to observe that the flank wear was more uniform in

the tool used in the milling of the non-treated steel. In the

other three cutting conditions, Fig. 10(b)e(d) show that the

wear follows a normal evolution until the end of their lives,

with no chipping occurring that would cause a premature end

of life, as happened under the cutting condition 1. Looking at

the worn areas of the tools (Figs. 11 and 12), one can observe a

reasonable amount of work material adhered onto the flank

face of these tools, mainly on the areas where the coatings

have worn out, revealing the substrate of the tool, and also

parallel ridges (grooves) in the direction of material flow

(downward the flank face). These are indications that both

attrition (or adhesion) and abrasive wear mechanisms are

present [36].

The abrasivewearmechanism caused by the hard particles

that are present into the work material (carbide, nitrides and

oxides) or they can be hard particles from the tool material

itself (grains of carbides), detached by the simultaneous action

of the attrition wear mechanism [36]. The parallel ridges are

more evident on the scar area of the tool used to machine the

non-treated AISI P20 steel than the treated steel, possibly

because of the effect of the calcium softening the treated steel

oxide particles. In Fig. 12, as commented before, chippings are

observed near the cutting edge, responsible for the sudden

growth of the wear curve at the end of the tool life, when

machining the calcium-treated work material. These chip-

pings are not present in the tools used to cut the non-treated

version of the steel. When machining the calcium treated

steel, the tool lives are considerably higher, permitting higher

numbers of entrances and exits of the tool onto theworkpiece,

which makes the tools more vulnerable for chippings.
�Anmark et al. [37] found similar results in the dry turning

process of four different carburizing steels, one of them being

Ca-treated for improved machinability. The machining trials
Fig. 12 e SEM image of flank wear of the tool used in the

machining of AISI P20 UF under the cutting condition 1.
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Fig. 13 e Volume of material removed in the four initial

conditions.

Fig. 14 e Power consumption v.s. time: (a) exp. condition 3; (b) exp. condition 4.
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were performed at 0.1 mm/rev of f, 0.1 mm of ap and 170 m/

min of vc, using CBN with ceramic binder (TiCN and Al2O3)

inserts. The authors found that the Ca-treated carburized

steel had more than two times the other steels' tool life. Wear

profile of the tools used in machining the Ca-treated steel

presented less than one-third of the crater depth in relation to

the other materials. The formation of the slag deposits

[(Mn,Ca)S and (Ca,Al) (O,S)] on the rake surface can be attrib-

uted to the lower tool wear of Ca-treated steel.

Fig. 13 shows the tool life results in the form of volume of

material removed (VMR) until the end of the tool life for the

four first cutting conditions tested with both work materials.

According to these results, the material treated with calcium

showed better machinability than the conventionally deoxi-

dized material. For tests 1 to 4, the VMR was respectively 77%,

64%, 41% and 45% higher for the calcium treaded steel.

Therefore, the calcium treatment proved to be efficient,

allowing a considerable increase in the tool life in the

machining of this steel by the end milling process. Calcium

provides the improvements in the machinability by changing

the morphology, in the treated material, from hard and
abrasive oxides to softer oxides, and the formation of an oxide

layer at the chipetool interface that protects the tool surface,

thereby decreasing wear [21e30,34,35,38].

The machining power behavior during the tool life tests is

similar in all the cutting conditions investigated. Therefore,

only two of these curves are presented here. Fig. 14(a) and (b)

show the evolution of the average effective power as a func-

tion of the machining time for conditions 03 and 04.

Fig. 14 shows that the power consumption is initially

slightly favorable for the P20 work material. As the test pro-

gresses, there is tendency for the power consumption to in-

crease, which is due to the increase in tool wear. As the wear

was more accelerated when machining the P20, the power

curve for thismaterial also grows faster thanwhenmachining

the P20 UF steel. In machining, practically all the energy

consumed is spent on shearing materials (both primary shear

places and secondary shear planes). Since calcium practically

does not change the work material strength [39], the power is

not affected. On the other hand, wear has a very strong effect
on power consumption [40], which justifies higher power

growth when machining P20 material than calcium-treated

materials. It can be seen that indirectly the calcium treat-

ment enabled a reduction in the power consumption overall.
4. Conclusion

✓ The extended Taylor equations obtained for both work

materials demonstrated that the calcium-treated AISI P20

UF steel machinability is higher than the non-treated

version of the same steel, the AISI P20. Within the range

of the cutting conditions tested (cutting speed 120e220 m/

min; feed per tooth 0.075e0.150 mm), increasing the cut-

ting speed decreases both work materials' tool lives.

However, increasing the feed rate gave different results for

the two steels. Tool life decreases for the non-treated steel

and increases for the calcium treated. This is another

impressive result of the calcium treated version, because

higher productivity with lower tool wear can be achieved

when milling this steel. This is an indication that calcium
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treatment is a viable alternative for P20 plastic mold steel,

probably acting as described by references [21,27,29,38].

✓ The tool lives under the four first cutting condition tested

allowed direct comparison of the volume of material

removed of both calcium treated and non-treated steels.

The difference of the VMR in favor of the calcium treated

steel were 77%, 64%, 41% and 45% respectively higher, even

with a sulphur content 10 times lower.

✓ The tool wear against time plots for the twoworkmaterials

tested suggests that up to the point where the tools' coat-
ings are still present, the calcium treatment does not make

a significant difference in the tool wear. However, after

reaching the substrate, the calcium-treated steel perfor-

mance is significantly improved, with a wear rate much

lower than the non-treated version.

✓ SEM analysis of the wear mechanisms on the tool's scar

after the tool life tests showed that the attrition (adhesion)

and abrasion prevail when machining both steels. How-

ever, when machining the calcium-treated steel version,

the abrasive wear is conspicuously reduced, probably

because of the softening characteristics of this steel's oxide
inclusions. Chippings of the tool cutting edges were only

observed on the tools used to cut the calcium treated steel,

a consequence of the longer lives experimented by the

tools used to cut this material.

✓ The power consumption at the beginning of the milling

tests is similar for the two work materials. However, since

the calcium treatment retards the wear, the power con-

sumption is significantly higher for the non-treated steel at

the final stages of the tool life tests, because tool wear is

directly related to the power consumption.
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com �oxidos controlados e uma tecnologia Corfac. In: Anais
do 5º. Semin�ario Brasileiro do Aço Inoxid�avel, vol. 96. S~ao
Paulo: Inox; November, 1996. p. 223e38.

[26] Bhattacharya D. Developments in the machinability of steel.
In: 1st. Intl. Conf. On the behavior of materials in machining;
nov 8-10, 1988. 10.1-10.7.

[27] Holappa LEK, Helle AS. Inclusion control in high
performance steels. J Mater Process Technol August
1995;53(1e2):177e86.

[28] Slag atlas. 2nd ed. Düsseldorf: Verlag Stahleisen GmbH; 1995.
[29] Mesquita RA, Barbosa CA. Desenvolvimento de Aço com

Usinabilidade Melhorada para Moldes para Pl�astico de
Grandes Dimens~oes. Anais do 1º COBEF - Congresso
Brasileiro de Engenharia de Fabricaç~ao; 2001.
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