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Abstract—In this paper, the influence of the aging process on the
microstructure and machinability of Corrax Steel was
investigated for four samples: a solution heat-treated (A0) and
three samples aged at 400°C (A4), 525°C (A5.25) and 600°C (A6)
for four hours. The effect of aging temperature on hardness was
examined. Machining tests were carried out using a CNC lathe
with a multi-layer coated PVD (AITiN) cutting tool, at various
cutting speeds (50, 100, 150, 200, 250, 300, 350m/min) with
constant feed rate (0.1mm/rev) and 1mm constant cutting depth.
The microstructure was investigated using an optical microscope
and EDS attached SEM. The effect of aging on reverted austenite
formation was also evaluated. In order to understand the changes
in surface topology, cutting forces and vibrations were measured.
With increasing aging temperature, the lath martensite was
transformed to plate martensite because of the formation of
precipitates and reverted austenite. Aging at different
temperatures increased hardness up to 58%, cutting forces up to
117% and surface roughness up to 450%. The results describe
the effect of the aging treatment on cutting forces, surface
topology, tool wear and vibrations.
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1. INTRODUCTION

Investigation of martensitic steels started in USA during the
60’s. Martensitic steels have low carbon and have high strength
and corrosion resistance [1]. These properties are reached by
convenient composition and properly applied aging treatments.
Corrax is a maraging steel appropriate for many applications
such as plastics processing, extrusion dies, plastic extruder’s
screws, guideways, landing gears, dental, and medical
equipment [2-4]. The main goal of manufacturing companies is
advanced productivity, improving surface finish and
dimensional precision while reducing cost [5]. However, these
goals are difficult to achieve especially during machining, as
hardened maraging steels are as hard to machine materials [6].
Cutting forces, specific cutting energy, shear angle, shear
stress, friction coefficient and shear stress rates for AISI 420
steel at various cutting conditions and with various cutting
tools have been investigated. According to test results, feed rate
effects cutting forces, while cutting speed is the major effect of
energy consumption. In [7], cutting forces and cutting energy
reached maximum value at 60m/min and were reduced at
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higher cutting speeds. The machining of PH 15-5 maraging
steel, aged at 482°C to receive peak hardness value, was
investigated in [8]. The machining tests were carried out using
TiAIN coated tungsten carbide inserts with various nose
radiuses (0.4, 0.8 and 1.2mm) at different cutting speeds and
feed rates. Increasing feed rate increased cutting forces: 0.8mm
nose radius caused higher cutting forces than 0.4mm and
1.2mm. High cutting speed, low feed rate and middle tool nose
(0.8mm) generated minimum surface roughness value
(0.447um). The heat formation during hard turning of
chromium hardfacing materials was studied in [9]. Results
showed that increasing cutting speed or feed rate increased
cutting temperature. The temperature increase rates depended
on the microstructure of the material. Machining finer
structures cause higher temperature increment rate. The
predicted temperature for fine structured materials is 650-
700°C, while for coarser structured materials is 600°C. The
temperature and cutting forces during machining of SAE 4140
steel was investigated in [10]. Results showed that increasing
cutting speed increases the temperature on the rake face,
enlarging the tool-chip contact area.

The effects of hot turning on cutting forces, tool wear and
surface topology, were examined in [11]. Experiments were
carried out at room temperature, 300°C and 600°C. The
outcomes showed that the increase of temperature decreased
cutting forces, reduced tool wear, and improved surface
topology. Machining Monel 400 at room temperature caused
BUE formation, which enhanced tool’s life compared to
Inconel 625 and Inconel 718. BUE formation increased tool’s
life but also increased the surface roughness in the machining
of Monel 400. Hot turning enhanced tool’s life, but this
enhancement was poor for Inconel 625 and Monel 400
compared to Inconel 718. The effects of different types of
cutting fluid on cutting temperature, chip thickness, surface
roughness, cutting forces and shear angle were investigated in
[12]. Experiments were carried out under dry, conventional
cutting fluid and cryogenic carbon dioxide at three different
cutting speeds and four feed rates at lmm cutting depth.
Results showed that breakability was improved under
cryogenic machining chips when compared to wet and dry
machining. CO, penetrated better the cutting zone improving
lubrication. Improved lubrication reduced the cutting
temperature and cut chip thickness. Increasing cutting speed
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decreased cutting forces because of the heat generated on the
cutting zone. Under cryogenic cutting conditions, increasing
cutting speed caused higher decrease in cutting forces, because
of the improved lubrication. Increased cutting speed reduced
surface roughness, cutting forces and vibration during
machining. Increased feed rates also increased the surface
roughness.

There are several researches about the aging treatment,
strength, hardness, fracture toughness, strength in high
temperature, reverted austenite formation, and hydrogen
embrittlement of maraging steels [13-16]. However, there is a
lack of extensive study on the machining of Corrax steel. This
study investigated the machinability of solution heat treated
and aged at three different conditions Corrax steel, under
different cutting speeds, in order to understand the effect of
aging on its microstructure, hardness, and machinability.

II.  EXPERIMENTAL PROCEDURE

A. Workpiece Materials

Corrax steel was obtained from Uddeholm Turkey
Corporation. The samples were solution heat treated at 850°C
for 0.5h and subsequently air-cooled. Table I shows the
chemical composition of steel, analyzed by the GNR Atlantis
optical emission spectrometry.

TABLE 1. CHEMICAL COMPOSITION OF CORRAX STEEL
Element C Si Mn P S
% 0.048 0.203 0.253 0.012 0.026
Element Cr Mo Ni Al
% 12.24 1.388 9.064 1.582

B. Heat Treatment and Microstructure

The supplied Corrax steel had 350mm length and 35mm
diameter. Four samples were obtained for the aging treatment.
The samples were solution heat treated at 850°C for 0.5h and
then cooled at room temperature before the aging treatment.
After the solution heat treatment all samples, except one (A0),
were aged at three different temperatures (400, 525, 600°C) for
four hours and cooled in room temperature. At the end of the
aging treatment, four sets of samples were obtained: (i) solution
heat treated (AO), (ii) aged at 400°C (A4), (iii) aged at 525°C
(A5.25) and (iv) aged at 600°C (A6). Conventional
metallographic methods such as grinding, polishing and
etching were used for microstructural investigation. Kalling’s
reagent was used for etching at various etching times,
depending on material’s hardness. Etching time depended on
the hardness of each sample. The microstructure of the samples
was examined using a Nikon Epiphot 200 optical microscope
and an EDS equipt Carl Zeiss Ultra Plus Gemini Fesem
scanning electron microscopy (SEM). XRD investigations were
carried out using a Rigaku Ultima IV. XRD, SEM and EDS
examinations were carried out in Iron and Steel Institute
(MARGEM) at Karabuk University. Microhardness testing was
conducted using a Shimadzu Vickers microhardness testing
machine, with an HV1 (9,807N) load and 15s holding time. At
minimum five hardness measurements were made on each
sample and their average was accepted as hardness value.

C. Machine and Cutting Tool

Machining tests were accomplished using a Fanuc Control
unit equipped with a Johnford TC-35 Lathe having 10KW
power. The turning tests were carried out using PVD
multilayer-coated  cementite carbide inserts with a
CNMG120408RP geometry. The cutting inserts were designed
by Kennametal. The inserts were mechanically fixed on a tool
holder with a DCLNR2525 geometry. The inserts were
designated by KC5010 Kennametal which is equivalent to P10-
20.

D. Cutting Parameters

Machining tests were performed under dry cutting
conditions without any cooling liquid. Cutting parameters were
determined into the recommended, by the manufacturer, limits
in order to observe the performance of the cutting inserts. The
cutting parameters are exposed in Table II.

TABLE II. CUTTING PARAMETERS
Workpiece samples Vc (m/min) f (mm/rev) ap (mm)

50
A0 100
A4 150

200 0.1 1

A5.25 0

A6 250
300
350

Cutting forces were measured using Kistler 9257B
piezoelectric 3-axes dynamometer. The Mutitoyo Surftest 211
surface roughness tester was used for measuring the surface
roughness. Three different measurements were made on each
surface and their average was accepted as the surface
roughness value. Vibration measurements were performed
using iDynamic application [17] with an MTK sensor having
0.00390625 m/s2 resolution.

III.  RESULTS AND DISCUSSION

A. Workpiece Materials

Optical micrographs of A0, A4, A5.25 and A6 are shown in
Figure 1, while similar microstructure investigations for PH 13-
8 Mo were carried out in [18, 19]. As it can be observed, the
microstructure of the sample AO has large and irregular
massive martensite blocks. Increasing aging temperature
transforms the martensite structure from lath to plate. While
massive martensite structures are seen in Figure 1(a)-1(c),
Figure 1(d) shows the plate martensite structure. Figure 1(c)
shows the microstructure of the A525 sample with
molybdenum carbides in the aged martensite structure [20].
The martensitic structure is smaller, compared to A0 and A4
samples. The microstructure of the A6 sample, seen in Figure
1(d), has the highest amount of reverted austenite, indicated by
white areas [21]. The transformation of massive to plate
martensite with the increase of aging temperature can be
explained by the formation of reverted austenite on the
martensite borders [15, 22]. The growth of reverted austenite
into martensite reduced massive martensite to plate martensite.
In addition, the Al content allows NiAl precipitations through
aging which caused resistance to coarsening, even at high
temperatures [23].
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Fig. 1.

Microstructure of: a) solution heat treated (A0), b) aged at 400°C
(A4), c) aged at 525°C (AS5.25). d) aged at 600°C (A6)

Maraging steels are designed to form a martensitic structure
and austenite transforms completely into martensite during
cooling [29-32]. The XRD patterns of the samples, presented in
Figure 2, indicate that the dominant microstructure consisted of
martensite phase. The significant intensity peaks of bec(110)
with small intensity of bcc(200) and bee(211) show the
martensite phase formation. The aging treatment causes a
reverted austenite formation in the microstructure. Increasing
the aging temperature also increases the amount of reverted
austenite in the microstructure, as seen in Figure 2.
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Fig. 2. XRD patterns of samples

Figure 3 shows the EDS analysis with the spectrum points
1-6 white marked on the microstructure of the A5.25 sample.
The selected points contain different percentages of C, Cr, Ni,
Mn, Fe and Al elements. The existence of these elements
demonstrates a small amount of NiAl, CrC, MoC, Fe;C and
NiMn precipitates, which affect the strength of steels [13, 24-
26]. The precipitations in the martensite structure hinders the
dislocation motion that enhances the strength of steel [27, 28].
Aging at temperatures over 525°C causes a significant amount
of reverted austenite [14]. Reverted austenite nucleates at the
martensite lath boundary and low amounts of reverted austenite
are not visible under a light microscope [33]. This austenite
formation is the result of an uncompleted transformation of
austenite into martensite. The aging process causes an inverse

transformation from martensite to austenite [34, 35], while
similar results were reported for Corrax [36, 37]. The solution
heat treated sample (AQ) has less than 2% retained austenite
[38]. Increasing aging temperature and time, increased the
reverted austenite formation [39, 40]. Retained austenite, which
is free of precipitates, decreased toughness and strength as
reported in [41]. The reason for this decrease in toughness and
strength can be explained by the brittle character of the matrix,
in which the overaged particles serve as crack nucleation sites
[42-44].

Fig. 3. SEM Image of A5.25 sample aged at 525°C

TABLE III. EDS OF INDICATED PARTICLES IN A5.25
Spectrum C Al Cr Mn Fe Ni Mo
1 17.22 | 1.35 | 20.20 | 2.11 | 51.72 | 6.26 1.14
2 6.95 111 | 23.16 | 2.82 | 54.00 | 10.64 | 1.32
3 2.07 1.88 | 19.11 | 6.01 | 60.49 | 9.14 1.30
4 2.74 1.54 | 19.17 | 3.81 | 62.13 | 9.50 1.12
5 3.89 1.55 | 18.67 | 1.02 | 62.50 | 11.19 | 1.19
6 2.50 1.48 | 18.83 | 4.41 | 6243 | 9.89 0.46
Mean value  5.89 1.49 | 19.86 | 3.36 | 58.88 | 9.44 1.09
Sigma 5.82 0.25 | 1.71 1.77 | 477 1.73 0.32
Sigma mean  2.38 0.10 | 0.70 0.72 | 1.95 0.71 0.13

B. Micro Hardness

Micro hardness tests were carried out at room temperature
and the results are shown in Figure 4. Hardness was affected by
aging temperature. The lowest hardness was measured for the
A0 sample. Increasing aging temperature up to 525°C increased
hardness and its highest value was obtained at aging
temperature of 525°C. The increase on hardness can be
explained by the diffusion assisted mechanism that hinders the
dislocation movements. The principle of the particle
strengthening is hindered by the dislocation movement of
nanometer-sized particles precipitation [45, 46]. Higher aging
temperatures decrease hardness, because of the growth of
precipitations and reverted austenite formation in the
microstructure [16, 47-49].

C. Cutting Forces

Turning experiments were carried out at seven different
cutting speeds (50, 100, 150, 200, 250, 300, 350m/min), at a
constant feed rate of 0.lmm/rev and lmm cutting depth.
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Cutting forces are shown in Figure 5. Aged samples cause
higher cutting forces than the solution heat treated sample A0,
e.g. the cutting forces increased by 85% for A4, 103% for
A5.25 and 96% for A6 samples respectively, compared to those
of the AO sample. The highest cutting force was measured
during the machining of the AS5.25 sample, which is attributed
to its highest material hardness. The lowest cutting force was
measured in AO, which had the lowest hardness (332Hv). The
results showed that the aging treatment has a great influence on
cutting forces because of the precipitation formation in the
microstructure. Precipitations hinder the movement of
dislocations, reducing the cutting forces increment. However,
overaging causes a decrease of cutting forces and hardness
because of the overgrowth of precipitations. These reasons
explain the decrease of cutting forces during the machining of
the A6 sample.
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Fig. 5. Cutting forces versus cutting speed
The effect of cutting speed on the cutting forces was also
investigated for each sample. The lowest cutting forces were
measured at 200m/min, for all samples with the exception of
A6. The lowest cutting forces for A6 sample were obtained at
350m/min. Machining AQ sample at different cutting speeds
caused irregular cutting forces, which can be attributed to
vibrations as seen in Figure 6 [50]. The cutting forces of aged
samples, except from A5.25 decrease for cutting speeds up to
200m/min. This can be explained by the temperature
increments on the cutting zone [51]. While machining materials
harder than 45HRc (hard turning) the temperature on the
cutting zone reaches an austenization temperature softening the
material while machining [52-56]. Machining of A5.25 caused
high cutting forces at cutting speeds higher than 200m/min
because of serious tool wear. Tool wear changes the shape of
the rake angle and the tool-chip interface. A small decrease at
350m/min can be noted in Figure 5. This can be explained by
the extreme tool wear, as seen in Figure 7, which changes the

cutting depth. The cutting forces depend on the material’s
hardness: increasing hardness increases cutting forces. The A6
sample has the lowest cutting forces, compared to the other
samples. This can be explained by its lowest hardness value
and the retained austenite formation in its microstructure.
Retained austenite decreases strength and hardness. In general,
increasing cutting speed decreases cutting forces. This can be
explained by the decreased on tool-chip interface and the
increased heat on cutting zone that soften shear strength [57].
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Fig. 6. Root mean squaer values at different cutting forces

Tool wear changes tool’s geometry, affecting the cutting
process. This is the reason why cutting forces and vibrations
are high at excessive cutting speeds, as seen in Figures 5 and 6.
A small increment of vibrations, as seen in Figure 6 at
150m/min cutting speed for A0, can be explained by the
continuous chip formation. The increment of vibrations at
150m/min caused the increase of cutting forces. The lowest
vibrations were measured in the A6 sample, which can be
explained by the reverted austenite in the microstructure that
reduced hardness and toughness. As a result, it can be noted
that vibrations have great effect on cutting forces.

© d

Fig. 7. SEM images of worn cutting tools for AS5.25 samples after
machining at: a) 200m/min, b) 250m/min, ¢) 300m/min, and d) 350m/min
D. Surface Roughness

Figure 8 shows the workpiece surface roughness values for
A0 (332Hv), A4 (426Hv), AS5.25 (525Hv) and A6 (404Hv)
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samples. The measured surface roughness value for each
sample is the average of three measurements. Cutting speed has
great influence on the produced surface roughness. Increasing
cutting speed decreases surface roughness. However,
increasing cutting speed for the hardest sample, A5.25, caused
serious tool wear, which disrupted the surface topology.
Machining of the A0 and A6 samples showed the lowest
surface roughness. This is explained by the lowest hardness
value of A0 and the reverted austenite formation in the
microstructure of A6, which decreased toughness and hardness.
Low hardness and toughness ease the cutting process,
enhancing surface roughness.
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Fig. 8. Surface roughness versus cutting speed
Machining A0 at a S0m/min cutting speed showed an
increase of surface roughness comparing to the A6 sample.
This is explained by the continuous chip formation, as seen in
Figure 9, which damaged the machined surface.

Fig. 9. Chip formation at 50m/min for: a) A0, b) A4, ¢) A5.25, and d) A6

The lowest surface roughness was obtained at 350m/min, as
0.51um for both A0 and A6 samples. However, surface
roughness values for the A4 sample were not usual. The peak
surface roughness value for A4 sample was obtained at a
100m/min cutting speed, which is explained by the vibration
peak, as it can be noted in Figure 6 [58]. Machining A5.25
(525Hv) at 50m/min caused a tool overhang and the highest
vibration, as it can be noted in Figure 6, being the reason of the

high surface roughness [59]. Extreme high surface roughness
values for A5.25 were obtained at 250, 300 and 350m/min
cutting speeds because of serious tool wear, which also caused
vibrations, as it can be noted in Figure 6. As a conclusion, the
vibration has great effect on surface topology. There are many
reasons for cutting forces and surface roughness correlation.
One of the main is the effect of the vibrations while machining.
The rise of vibrations depends on cutting speed, tool wear, and
the samples’ microstructure. The increase of vibrations caused
an increase of cutting forces. Serious tool wear also increased
vibration formation. The lowest vibrations were obtained
during the machining of the A6 sample, something that can be
explained by the reverted austenite formation that reduced
hardness and toughness.

IV. CONCLUSION

This study investigated the influence of precipitation and
reverted austenite formation on cutting forces and surface
roughness of Corrax steel. Machining tests were carried out for
A0 (332Hv), A4 (426Hv), AS525 (525Hv) and A6 (404Hv)
samples. The results showed that:

e The aging treatment has a major effect on the formation of
precipitation that causes an increase on hardness. The
highest hardness was measured for the sample aged at
525°C for four hours. Hardness increase is a result of
precipitation formation in the microstructure. Aging
temperatures higher than 525°C decreased hardness due to
overaging which caused reverted austenite formation and
the growth of precipitations in the microstructure.

e Aging treatment improves the mechanical properties and
makes the cutting process more difficult. Machining of the
hardest sample (A5.25) caused serious tool wear at high
cutting speeds such as 250, 300 and 350 m/min. Cutting
forces were increased by sample’s aging temperature up to
525°C. Aging at 600°C caused a cutting forces decrease
because of the reverted austenite formation and the growth
of precipitations.

e Cutting speed, vibration and tool wear affected seriously
surface roughness. The lowest surface roughness values
were measured for AO and A6 samples. Vibration and tool
wear have a serious effect on the surface roughness values,
as well as cutting forces. Reverted austenite formation also
reduced vibrations and improved surface roughness.
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