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Abstract The effect of martensitic packet size on the machinability of a prehardened mold steel
at a hardness of ~ 40 HRC (typical hardness for prehardened mold steels) was studied in terms of
cutting force and tool life. The machinability tests were performed in end milling using coated
cemented carbide tools at three different cutting speeds. The results showed that an increase in
the martensite packet size led to higher cutting force and shorter tool life. The increase in cutting
force was related to the increase of work hardening. The work material with a coarser martensite
packet size showed a higher amount of work hardening that can explain the higher cutting force.
The longer tool life in the workpieces with finer structure was correlated to smaller amplitude of

the variation in cutting force.
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1. Introduction

The demand for prehardened mold steels has greatly increased due to their more practical and
economic efficiency over the post roughing hardened steels. The former are machined after they
are hardened to the final in-service hardness while the latter are machined (rough machining) in
the soft annealed condition prior to hardening. Hence, among the many properties required from
these steels, machinability is of crucial importance since machining is the most costly process in
manufacturing of molds [1-4].

It is well known that microstructure has a great influence on the machinability of steels [5-7] and
grain size is one the microstructural features that has a major influence on properties of
workpiece material. Hence, investigation on the effect of the grain size on machinability has
attracted considerable interest [8-14]. However, there are few systematic investigations since
grain coarsening may reduce the hardness that directly affects the machinability and obstructs the
independent study of the role of grain size. Early studies by Thoors [13] on the effect of prior
austenite grain size in turning of a microalloyed forging steel with high speed steel (HSS) tools
showed a better machinability with coarser grains at high material removal rate (MRR) i.e. higher
feed rate and depth of cut, while better machinability was seen with smaller grains at lower MRR.
Vojcak [14] studied the machinability of AISI 1018 carbon steel under various microstructural
conditions in plunge turning by HSS tools. It was observed that increasing the grain size from 20
um to 56 um reduced the tool wear by 10-50 % depending on structure.

Most of these studies have been focused on ferritic-pearlitic or austenitic steels, but steels with a
martensitic microstructure have not been considered in this respect. Moreover, the machinability
has been tested mainly in turning as a continuous cutting process but interrupted cutting
operations such as milling have not been sufficiently studied.

One of the main characteristics that may cause martensitic microstructures to behave differently

from others is its specific substructure within the prior austenite grains. Lath martensite is the

2



typical microstructure for modified AISI P20 alloy in hardened (quenched and tempered)
condition [15,16]. In this kind of steels a prior austenite grain is divided into several packets
which are group of laths with the same habit plane [17,18] and packets are subdivided into
blocks, which consist of laths with a small misorientation [19-23].

It is widely accepted that martensitic packet and block boundaries have high angle misorientation
and therefore the packets and blocks are considered as effective grain sizes in lath martensitic
structures that contribute to mechanical properties e.g. strength [24-27]. Therefore, apart from the
prior austenite grain size, packet and/or block size should be considered as relevant parameters to
correlate microstructure with machinability in lath martensitic structures.

In the present work, the machinability of modified AISI P20 mold steel at prehardened condition
(~ 40HRC) with different prior austenite grain and packet sizes is examined in end milling as one
of the most feasible machining operations in mold making. The machinability is studied in terms
of cutting force and tool life and the results are related to the microstructural characteristics.

2. Experimental Procedure

2.1 Material and heat treatments

The chemical composition of the steel is given in Table 1. The steel is Uddeholm Impax HH that
resembles modified AISI P20. It was hot rolled to a cross section of 50 mm x 200 mm, followed
by a stress relieving treatment at 650°C for 9 hours and air cooling to room temperature. For
machinability and mechanical tests, workpieces of 50 mm x 100mm x 200 mm were austenitized
at 900°C, 950°C, 1000°C and 1050°C (designated T,900, T,950, T,1000 and T,1050,
respectively) for 30 min in order to obtain different prior austenite grain sizes followed by
quenching in oil and double tempering at 540°C for 2 x 2 hours. A hardness of 40-42 HRC was

reached for all treated workpieces.

2.2. Microstructural characterization

Prior austenite grain boundaries were revealed by the thermal etching method [28,29]. For this

purpose, a 2 mm wide and finely polished surface was created along the longitudinal axis of
3



cylindrical samples 4 mm in diameter and 10 mm in length. Samples were austenitized in a
radiation furnace at the selected temperatures and subsequently cooled down to room temperature
at a rate of 10°C/s. This method involves preferential transfer of material away from the grain
boundaries when the steel is exposed to a high temperature in an inert atmosphere. Thus, during
austenitization of a pre-polished sample, grooves are formed at the intersections of the prior
austenite grain boundaries with the polished surface. As optical micrographs in Fig. 1 illustrate,
these grooves remain intact and are clearly visible after cooling to room temperature, outlining
the prior austenite grain boundaries. The prior austenite grain size was measured on these optical
micrographs using the Nomarski differential interference contrast microscopy technique [30] on a
light optical microscope (LOM). The equivalent circular diameter of about 230 prior austenite
grains was measured for each treated sample and the mean grain size was calculated.
Determination of martensitic packets was done by Electron Channeling Contrast (ECC) [31,32]
on quenched and tempered samples. Samples were polished to 1 um diamond paste, followed by
polishing with colloidal silica to remove any possible mechanical damage from former
metallographic preparation steps. The packets were revealed using a JEOL JSM-6500F field
emission gun scanning electron microscope (FEG-SEM) in backscatter mode. The packet size
was measured by linear intercept method on the micrographs. Figure 2 shows the packet
boundaries in the micrographs of quenched and tempered samples.

A 2 % Nital etching solution was also used to reveal the microstructure of quenched and
tempered material in an FEI Quanta 600 F FEG-SEM in secondary electron mode.

Quantitative X-ray diffraction analyses were made to determine the fraction of retained austenite.
For this purpose, 15 mm x 35 mm x 10 mm (width X length x thickness) samples were machined.
After grinding and final polishing using 1 um diamond paste, the samples were electropolished to
obtain an undeformed surface. They were then step-scanned in a XRD 3003 PTS diffractometer
using unfiltered Cr Ka radiation. The scanning speed (260) was less than 0.3 degree/min. The
machine was operated at 40 kV and 30 mA. The volume fraction of retained austenite was
calculated from the integrated intensities of (111), (200) and (220) austenite peaks, and those of
(110), (200) and (211) peaks of ferrite.



2.3. Machinability tests

The machinability tests were conducted on a three axis CNC, Modig 7000 Machining Center,
with maximum power of 10 kW and spindle speed of 15000 rpm. The cutting tool was a Sandvik
Coromant R390-016A16-11L with a diameter (D) of 16 mm, tool cutting edge angle (k) of 90°
and inclination angle (As) of 13.43°. The inserts were of Coromant R390-11 T3 08M-PL 1030
WC-Co type cemented carbide type with PVD TiAIN multilayer coating. The cutting parameters
for the machining experiments are given in Table 2.

The cutting forces were measured with the help of a piezoelectric three-component Kistler
dynamometer type 9257A at a sampling rate of 25.6 kHz. The measurements were done on 38
mm long pieces cut from the heat treated specimens using a new insert to eliminate any influence
from wear on the cutting forces.

Tool life tests have been performed on the heat treated blocks with the criterion of 0.2 mm

maximum flank wear (VB = 0.2 mm).

2.4. Mechanical testing

Tensile properties and Charpy-V impact toughness were measured as they can influence the
machinability [33,34]. Tensile tests were performed according to EN 10002-1:2001 standard on a
Zwick Z250/SW5A machine with a maximum load of 250 kN. Samples were cut in two
orientations of LT (long-transverse) and TL (transversal-long). Three tests were performed for
each heat treatment and orientation at room temperature.

Charpy-V notch impact tests were performed in a Roell Amsler RK150 machine with nominal
energy of 150 J and release angle of 150°, according to standard EN 10045. Similar to tensile
tests, the Charpy-V impact tests were carried out for two specimen orientations and repeated

three times for every heat treatment.

3. Results and Discussion



3.1. Microstructure and mechanical properties

Figure 3(a) shows the variation of prior austenite grain and packet size with austenitization
temperature. As expected, the size of prior austenite grains increases as austenitization
temperature increases. Their corresponding error bars are standard deviations of the mean value.
It should be noticed that the larger number of annealing twin boundaries in the microstructure of
Ty1050 sample (see Fig. 1(d)) is associated with coarser prior austenite grains as is well
established in the literature [35,36].

Figure 3(b) shows a nearly linear relationship between the size of the prior austenite grains and
that of packets. The equation related to the solid line is represented next to it in the same figure. It
is also well established that the packet size increases linearly with prior austenite grain size
[25,26,24].

Figure 4 shows the martensitic microstructure after quenching and tempering. It consists of
tempered martensite and a fine distribution of carbide particles precipitated within the martensite
laths and carbide films formed at the lath boundaries. The nature of these carbides was found to
be M3C as reported elsewhere [15]. As can be seen in the micrographs there is no significant
difference in steel microstructure in terms of carbide distribution and size, since all samples were
tempered at the same conditions and the majority of the primary carbides are dissolved during
austenitization. The amount of retained austenite in all heat treated steel samples was determined
by XRD to be less than 1% after tempering.

Tensile test results listed in Table 3 suggest that there is no significant effect of the
austenitization temperature on the yield strength and the tensile strength. On the other hand,
ductility (elongation and reduction of area) and impact toughness had improved for lower
austenitization temperatures. It is well established that the packet size controls the toughness of
steels with an inverse effect [26,37]. The reduction of the tensile ductility with an increase of the

packet size has also been reported previously [38].

3.2. Machinability: Cutting force

For the evaluation of cutting force, the resultant cutting force (Fyy) is calculated using the

Pythagorean equation:



ny = v\ sz + I:y2 (1)

where Fy and F, are cutting force components in the feed direction and normal to the feed
direction in the plane of cutting, respectively, which are the main cutting force components in

milling operations [33,39].

3.2.1. Effect of packet size

Fig. 5(a) shows the effect of the packet size on the cutting force at different cutting speeds. It can
be seen that generally the cutting force rises with an increase in packet size; yet, this effect is
dependent on the cutting speed. At the lower cutting speed (120 m/min) the cutting force is less
sensitive to the packet size. A slightly higher force (still within the standard deviation) during
cutting of T,950 compared to T,1000 is probably due to the larger yield strength of T,950. It is
well known that the shear force required to form a chip increases as the yield strength of work
material rises [40]. Hence, the effect of a smaller packet size in T,950 on the cutting force
reduction is compensated by its larger yield strength. Nevertheless, at the two higher cutting
speeds, the cutting force increases linearly with packet size, except for T,1050 (the largest packet
size) at the highest cutting speed (200 m/min). It can be seen that the cutting force drops abruptly
at this point. In order to examine the reproducibility of this result, the test was repeated under the
same conditions and similar results were obtained, confirming that this drop in cutting force is
not due to an experimental error. It is noteworthy to mention that there was, to some extent, a
better correlation between the cutting force and packet size than with the prior austenite grain
size.

The increment of the cutting force with packet size can be attributed to the increase in the degree
of work hardening. The cutting force is larger the smaller the shear plane angle is [41,40] and the
shear plane angle reduces as the work hardening becomes larger in the primary shear zone in the
chip [41,42]. Accordingly, Childs et al. [41] have considered the (Kmax — Ko)/Kmax (Where ko and
kmax are the shear stresses at the entry and exit to the primary shear plane , respectively) as an
indicator for machinability of materials as far as tool forces and stresses and power consumption
are concerned. Fig. 6 shows a linear relation between the work hardening ratio, determined by
Rm/Rpo2, and the reciprocal square root of the packet size. It indicates that the work hardening



ratio increases as the packet size becomes coarser. The work hardening decrease accompanying a
reduction of the grain size in fine-grained steels (20 nm — 20 um) has been confirmed by Tomota
et al. [43]; however, there is not much information available on this effect in martensitic steels.

3.2.2. Effect of cutting speed

In Fig. 5(b) the effect of the cutting speed on the cutting force is illustrated for each heat treated
condition. It shows that the steel response to variation of the cutting speed differs with the size of
prior austenite grain and/or packet. It is a common experience that the cutting force decreases
when the cutting speed increases, mainly due to temperature rise and thermal softening of the
work material and, consequently, of the shear angle expansion [42]. However, the strain and
strain rate increase at higher cutting speeds, results in larger flow stress and work hardening.
Consequently, depending on the material and the cutting parameters, the interplay between the
work hardening and thermal softening may lead to higher hardness, causing an increase of the
cutting force when raising the cutting speed in a specific range, as it is observed likewise by other
researchers [44]. In this manner, an increase of cutting force during the machining of T,1000 and
T,1050 with cutting speed in a particular range could be explained in this way considering their
higher work hardening ratio. The abrupt reduction of the cutting force for T,1050 below that
found for T,1000 for the cutting speed of 200 m/min can probably be correlated to temperature
rise and domination of thermal softening. The higher cutting temperature for milling of T,1050
compared to the other heat treated conditions at the cutting speed of 200 m/min could be
recognized clearly from the color of the chips. Evidently the higher work hardening of the

workpiece generates a higher cutting temperature.

3.3. Machinability: Tool life

The tool life test results for different cutting speeds are demonstrated in Fig. 7. Considering the
regular scatter in the tool life machining test, the difference between the different heat treated
workpieces in terms of tool life at cutting speed of 200 m/min is marginal. Nevertheless, for the
two lower cutting speeds it is obvious from the overall results that a longer tool life is obtained

when milling finer-grained workpieces (T,900 and T,950). At the cutting speed of 120 m/min, the
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notch wear was the failure mechanism for the sample T,900 (see Fig. 8), however, the flank wear
which was the tool performance criterion in this work, lies below the one for T,950 all the way
before notch happens. It can be concluded that T,900 sample is still superior to the sample T,950
by the criterion used for tool life tests in the current study. It is known that larger cutting forces
lead to more wear by imposing higher stresses and high tensile stresses can break up the WC
grains of the carbide tool into fragments which are carried away by the flowing metal.
Accordingly, the lower cutting forces can be counted as one of the reasons for longer tool life in
finer-grained heat treated workpieces; although there are more factors, such as cutting
temperature, which deteriorate the tool performance. As the cutting speed increases, the cutting
temperature raises resulting in softening and consequently early failure of the cutting tool. As a
result, at higher cutting speed, the tool performance is more controlled by the tool material than
the work material. This can be a reason for the decline in difference between heat treatments in
terms of tool life with increasing the cutting speed.

Nevertheless, as mentioned before, the difference in cutting forces especially between the
samples T,900, T,950 and T,1000 is minimal while the tool life of T,1000 and T,1050 samples
are considerably lower than the other finer-grained specimens. Hence, the difference in the
cutting force merely cannot explain the observed differences in the tool lives. Jiang et al. [9] have
studied the effect of grain size on the machinability of austenitic stainless steels in terms of chip
formation and tool life. Their results have shown shorter tool life as grain size increases which is
attributed to the higher work hardening of the workpiece associated with coarser grain size and
consequently more abrasive wear. Moreover, the higher cutting temperature due to the higher
work hardening led to more diffusion wear. It is also shown that a larger grain size distribution
reduces the tool life by increasing the cutting force amplitude. The chip segment height ratio
(ratio between the minimum and maximum height of the chip) increases with grain size [8,9]. In
addition, the scatter in chip segment height ratio increases as the grain size distribution enlarges,
leading to a more inhomogeneous deformation of work material [45,8] and as a result a larger
amplitude of cutting force variation, which accelerates the tool wear. Accordingly, the higher
cutting force amplitude can be counted as another reason for shorter tool life when machining the
workpieces with larger packet size. The increase in amplitude of cutting force with
austenitization temperature is shown in Fig. 7(d). As it is indicated by the error bars in Fig. 3(a),
the distribution of prior austenite grains becomes larger as the austenitization temperature
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increases, and the corresponding packet size distribution is expected to be wider after
austenitizing at higher temperatures. This can explain the increase of cutting force amplitude with

austenitization temperature.

4. Conclusions

The effect of the austenitization temperature on machinability is examined in terms of cutting
force and tool life in end milling of a modified AISI P20 in prehardened condition. The main

conclusions are:

e The cutting force generally increases with the martensitic packet size, with the exception
of the largest packet size at the highest cutting speed.

e The increase of the cutting force with the packet size is associated with an increase in the
degree of work hardening in the work material.

e The tool life was longer for the workpieces with smaller packet size, which is correlated

to the lower cutting force and smaller amplitude in variation of cutting force.
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Tables:

Table 1 Chemical composition of studied steel (wt%)

C Si  Mn P ) Cr Ni Mo V Fe
0.39 0.27 1.36 0.017 0.006 195 1.0 0.27 0.06 bal.

Table 2 Cutting conditions used for the machining experiments

Cutting speed, V¢ (m/min) 120 - 200
Feed per tooth, f, (mm/rev) 0.2
Number of inserts, N; 1

Axial depth of cut, d.(mm) 1

Radial depth of cut, a. (mm) 14
Coolant Dry

Table 3 Mechanical properties of investigated heat treated steel specimens at room temperature. Ryo,: Yield
Strength; Ry, Tensile Strength; As: Elongation; Z: Area Reduction; CVN: Charpy-V Impact Toughness; The
error is the standard deviation of mean value

T, (°C) Rpo.2 (MPa) Rpn (MPa) Rm/Rp 0.2 As (%) Z (%) CVN(Q)
900 1219 + 15 1347+16 1.10+0.003 12+1 47+16 13.7%1
950 1226 +3 1375+2  112+0002 11+1 44+4 125%13
1000 1209 + 2 1363 + 2 113+0.000 100 392 109%12
1050 1208 + 4 1373+ 3 1.14+0.002 9+0 31+1 83%11

14



Figure captions:

Fig. 1 Optical micrographs of thermally etched samples after heating to different austenitization
temperatures (&) 900 °C, (b) 950 °C, (c) 1000 °C and (d) 1050 °C. The location of some prior
austenite grain (thick arrows) and twin (thin arrows) boundaries has been highlighted

Fig. 2 Electron Channeling Contrast (ECC) images of the specimens austenitized at (a) 900°C; (b)
950°C; (c) 1000°C and (d) 1050°C after quenching and tempering. Examples of the location of
prior austenite grain (white solid lines) and packet (white dotted lines) boundaries have been
highlighted

Fig. 3 (a) The size of prior austenite grains and martensitic packets obtained by austenitizing at
different temperatures (T,). The error bar is standard deviation. (b) The correlation between the

average prior austenite grain and packet size

Fig. 4 FEG-SEM micrographs of quenched and tempered samples after austenitization at (a)
900°C (b) 950°C, (C) 1000°C and (d) 1050°C showing the M3C precipitates inside the martensitic

lath (thin arrows) and on the lath boundaries (thick arrows)

Fig. 5 Variation of the resultant cutting force (Fyy) with (a) packet size and (b) cutting speed (V)

Fig. 6 Work hardening ratio (Rn/Ryo.2) Vs. reciprocal square root of packet size (dp)

Fig. 7 Maximum flank wear evolution on cutting tool edge vs. milling time at cutting speeds (V.)
of (@) 120 m/min, (b) 160 m/min, (c) 200 m/min and different heat treatments; (d) variation of

cutting force amplitude with austenitization temperature (T,) at the cutting speed of 120 m/min

Fig. 8 Microscopic view of flank wear and notch wear on the insert used for milling the material

austenitized at 900°C at the cutting speed of 120 m/min
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Figure 4



http://www.editorialmanager.com/jmsc/download.aspx?id=589972&guid=f6558128-a1e5-45a8-b1ce-dabb676ae152&scheme=1

Figure 5
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Figure 6
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Figure 7
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Figure 8
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