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Abstract The effects of the deep cryogenic heat treatment on the microstructural changes, wear resistance, and hardness
of carburized DIN 1.7131 grade steel were investigated. Results show that cryogenic heat treatment reduced the retained
austenite and increased the carbide amount. In addition, after the cryogenic heat treatment, carbide shows a more uniform
distribution, as compared to the conventionally treated ones. It was also clarified that the hardness of the cryogenically
treated samples was improved, but the relative improvement decreases with the distance as the surface increases. It has
been shown that the wear resistance improves due to the cryogenic heat treatment, and the predominant wear mechanism is

a combination of the adhesive and tribo-chemical wear.
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Tribo-chemical wear

1 Introduction

Cryogenic heat treatment was introduced to the industries
in the second decade of the twentieth century. This special
kind of supplementary heat treatment plays an important
role in selecting the finishing production procedure of the
parts with the lowest wear rate, austenite percentage, and
economic cost [1-7]. This specific heat treatment is char-
acterized into two different groups: (1) the shallow cryo-
genic heat treatment performed at temperatures higher than
125 K and (2) the deep cryogenic heat treatment attributed
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to the treatments in which samples are cooled to the lower
temperatures (125-77 K) [1, 2, 4, 8].

The main effect of the cryogenic heat treatment is the
reduction or elimination of the retained austenite. The other
effect that only takes place at the deep cryogenic temper-
atures is the reduction of the carbides size, increasing its
percentage, and making a more homogenous carbide dis-
tribution [1, 9, 10]. These microstructural changes are a
consequence of carbon atoms jumping at the low temper-
ature due to the high degree of contraction in the martensite
structure. The structure contraction at low temperatures
forces the carbon atoms to jump to the nearby defects.
These defects act as an appropriate place for the eta
chromium carbide nucleation in the prior tempering. These
new carbides increase the carbides percentage and make a
more uniform carbide distribution in the material after the
deep cryogenic treatment [2, 4, 6, 11-16].

The deep cryogenic heat treatment involves a wide
variety of materials, including carburized steels [17-21],
high-speed steels [22-24], composites and polymers [25],
and the tool steels which are the most attractive areas of
researches. Numerous studies were conducted on tool
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steels, including M, O, T, and D series [1, 6, 9, 15, 16, 26—
29].

Investigations showed that the deep cryogenic heat
treatment improves the carburized steels mechanical
properties. Carburizing increases the retained austenite
percentage due to its effect on decreasing the martensite
finish temperature (My). This retained austenite would
decrease after the deep cryogenic heat treatment, and
hence, the hardness is improved. Moreover, increasing the
carbon content of a structure produces further distortions
during quenching. These distortions increase the carbide
percentage additionally after the deep cryogenic heat
treatment. These phenomena increase the hardness and
wear resistance of the carburized steels after the deep
cryogenic heat treatment [2, 10, 17-21, 30]. Despite these
studies, there is an antithesis about the effectiveness of
carburization before the deep cryogenic heat treatment. In
this study, the effect of the deep cryogenic heat treatment
on the wear behavior and microstructural changes of DIN
1.7131 grade steel which is vastly used in mandrels and
steer components was investigated via scanning electron
microscopy (SEM), energy-dispersive spectroscopy
(EDX), X-ray diffraction (XRD), and pin-on-disk wear test.

2 Experimental

A 50-mm bar of DIN 1.7131 grade steel with the nominal
composition of (wt%): 0.15 C, 0.33 Si, 1.06 Mn, 0.95 Cr,
0.005 P, 0.009 Si, and balance of Fe was cut into the disks
of 5 mm in height. The samples were then carburized in a
cyanide bath at 900 °C for 6 h and then quenched in air.
The samples were then austenized at 920 °C for 15 min
followed by oil quenching. One group of samples was then
immediately deep cryogenically treated at —195 °C for
24 h. For the deep cryogenic heat treatment, the samples
were cooled down from room temperature with the cooling
rate of 1 °C/min and then held at that temperature for 24 h.
The samples were then gradually warmed up to room
temperature. These samples were named deep cryogeni-
cally treated (DCT) samples and the other samples con-
ventionally heat treated which were named CHT samples.
The whole samples were then tempered at 150 °C for 1 h.
Schematic diagram of heat treatment of the DCT samples is
shown in Fig. 1.

To study the microstructural changes of the samples, the
samples surface was etched in 4 vol% nital solution
(96 mL ethanol and 4 mL. HNO;). The samples surfaces
were then analyzed via a scanning electron microscope
(SEM Ser on AIS-2100) and an optical microscope (OM-
Olymuos).

The X-ray diffraction (XRD) with Cuk, radiation was
used to clarify the phases and the retained austenite

900°C, 6 h 920 °C, 20 min

Temperature

150°C, 1h
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Time

-196°C, 24 h

Fig. 1 Schematic diagram of heat treatment of the DCT samples

fraction. The retained austenite percentage was calculated
with respect to the ASTM E975-00 standard [31]. The
carbide percentage was evaluated via the SEM micro-
graphs and the austenite percentage and was calculated
using the following equation [31]:
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where V,and V. are the retained austenite and carbide
percentages, respectively, ¢ and p are the number of
austenite and martensite peaks; I, and I, are the integrated
intensity per angular diffraction peak (4 k /) in the austenite
and martensite phases, respectively, R, and R, are the
austenite and martensite constants, respectively. The value
of R can be calculated with respect to the (4 k [) plane in
combination with the polarization, multiplicity, and
structure factor of the phases according to the ASTM
E975-00 standard [31]:
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where v is the unit volume, F is the structure factor, e Mig

the temperature constant, and P is the multiplicity factor.
For further studies, the carbides types were also examined
via energy-dispersive spectroscopy (EDX, Seron AIS-
2100).

The hardness of the samples was evaluated as the
Vickers method via a KOOPA UV1 hardness tester with
the applied load of 4.9 N with respect to the ASTM E384
and ASTM E92 standards. Each sample was tested for 10
times to reach a reliable hardness average.

The wear tests were carried out by a pin-on-disk wear
tester with 68 HRC steel pins at (25 £ 5) °C with
(30 £ 10)% humidity and the applied loads of 160 and
120 N at the sliding velocity of 0.1 m/s. The sliding dis-
tance was 1,000 m, and the samples weight loss was cal-
culated via an electronic balance with an accuracy of
0.0001 g. Each group of samples was tested for two times
to reach a trustful result. The wear rate was calculated by
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W, = Am/(pLFx) x 10°, (3)

where W, is the wear rate in mm>/(N m); Am is the weight
loss in g; p is the steel density in g/cm’; L is the wear
distance in m; and Fy is the load in N.

The worn-out surface of the samples was analyzed via
SEM to study the extent of wear damages and the topog-
raphy of the surface, as well as clarifying the predominant
wear mechanism.

3 Results and Discussion

Figure 2 shows the XRD patterns of the DCT and CHT
samples. It can be conducted that deep cryogenic heat
treatment eliminates the retained austenite from 15% in the
CHT samples to a percentage lower than the detection limit
of the XRD technique (<1%) in the DCT samples. It was
clarified that the austenite (110) and (110) peaks are
eliminated in the DCT sample. The XRD patterns of the
samples show that in addition to the austenite and mar-
tensite, chromium carbide exists in the structure.

Martenxite

Austenite (111)

\ Cr, Feys
Martensite

CHT sample l LAALLSienne(ﬁo) CEC A

20 30 40 50 60 70 80 90 100
26 (deg.)

Intensity (a.u.)

DCT sample
b,

Fig. 2 XRD patterns of the DCT and CHT samples
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Fig. 3 OM micrographs of the CHT a, DCT b samples
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Figures 3 and 4 show the OM and SEM micrographs of
the surfaces of DCT and CHT samples, respectively. It is
found that deep cryogenic heat treatment increases the
carbide percentage from 2% in the CHT samples to 7% in
the DCT samples. At low temperatures, the martensite
structure is contracted. The contraction quantities of aus-
tenite and martensite are different, and hence, some defects
are produced in the austenite—martensite boundaries. The
contraction forces the carbon atoms in the highly saturated
and contracted BCT structure of martensite to jump to the
nearby defects. These atoms would act as the preferential
nucleation sites for carbide nucleation during tempering [1,
2, 4, 26]. Carburizing enhanced the tendency of carbon
atoms to jump to the nearby defects due to its effect on the
martensite structure distortion. Increasing the carbon con-
tent of a martensite structure leads to a decrease in the
structure meta-stability due to increasing the structure c/
a ratio in the unit cell [1-3]. Thus, carburizing increases the
carbon atoms tendency in jumping to nearby defects at low
temperatures. This phenomenon in cooperation with the
traditional effect of the deep cryogenic heat treatment on
the martensite structure increases the carbides percentage
in the DCT samples vividly. Moreover, the carbides show a
more uniform distribution, as compared to the CHT sam-
ples due to the tendency of the structure for relaxation at
low temperatures during the deep cryogenic treatment
(Fig. 4).

Decreasing the retained austenite, increasing the carbide
percentage and improving the carbide homogenous distri-
bution increase the hardness of the DCT samples for 10%,
as compared to the CHT samples, as shown in Fig. 5. From
Fig. 5, it can be seen that hardness was also evaluated at
different distances from the surface. It was clarified that the
effect of deep cryogenic treatment decreases vividly in the
lower layers due to the fact that a decrease takes place in
carbon content of the samples. Carburizing increases the
carbon content of the samples surface. In deeper layers, the

(b)

1
Carbides

20 uym
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Fig. 4 SEM images of the CHT a, DCT b samples
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Fig. 5 Variation of hardness in the DCT and CHT samples as a
function of distance from the samples surface

carbon content decreases due to lack of diffusion. Figure 5
shows that the difference between the hardness of the DCT
and CHT samples decreases as a function of distance from

the samples surface. After about 1 mm from the surface,
the hardness of DCT and CHT samples shows a similar
trend.

At higher contents of carbon, the effect of deep cryogenic
heat treatment is more obvious due to the greater distortion
produced in the martensite structure. Higher carbon increa-
ses the structure tendency in forcing the carbon atoms to
jump to the nearby defects, thereby increases the hardness
more vividly. In the depths more than 1 mm from the surface,
the hardness of the DCT samples shows a slight improve-
ment as compared to the CHT samples in the same depth.
This behavior is a consequence of the retained austenite
annihilation. Nevertheless, this variation is not so vivid due
to the low content of carbon atoms in the lower layers. In
other words, higher carbon content is a key factor in the deep
cryogenic heat treatment and this treatment is not beneficial
in the low-carbon steels.

The wear rate of the samples shows that deep cryogenic
heat treatment improves the wear resistance by 21%-25%
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Fig. 6 Variation of wear rate versus the sliding distance at the loads of 120 N a, 160 N b
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Fig. 7 SEM images of the worn-out surfaces of DCT a, CHT b samples after 500 m sliding under the load of 120 N

Fig. 8 SEM images of the worn-out surfaces of the DCT samples after 1,000 m sliding under the loads of 160 N a, 120 N b

in the DCT samples, as compared to the CHT ones, as
shown in Fig. 6. This improvement is a consequence of the
retained austenite elimination, as well as increasing the
carbide percentage and making a more uniform carbide
distribution in the DCT samples. Increasing the applied
load in the wear test from 120 to 160 N, the wear rate
increases due to the severe compaction between the sliding
surfaces. In both of the loads (120 and 160 N), the DCT
samples show better wear resistance as compared to the
conventionally treated ones.

@ Springer

The SEM micrographs of the worn-out surface of the
samples show that the predominant wear mechanism is
adhesive, as shown in Fig. 7. The worn-out surface of the
DCT samples shows a less destroyed feature, as compared
to that of the CHT ones. Moreover, the worn-out surface of
the DCT samples at higher loads (160 N) shows a more
destructed feature with more roughness due to the higher
compaction force at higher loads, as shown in Fig. 8.
Moreover, Fig. 9 is the EDX analysis of the samples,
which shows that a high degree of oxygen is observed in
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Fig. 9 SEM image of the worn-out surface of the DCT sample after 1,000 m sliding under 120 N load a, EDX results of points A b, B ¢ in

Fig. 9a

the worn-out surface of the samples. This phenomenon is a
consequence of the tribo-chemical wear mechanism during
the wear test. During the wear test, a highly localized
temperature rise produces the surface oxide in the samples
surface, increasing the wear rate due to deamination.

4 Conclusions

1. Deep cryogenic heat treatment eliminated the retained
austenite, as well as increasing the carbide percentage
by 5% for carburized DIN 1.7131 grade steel. Also the
carbide shows a more uniform distribution after the
deep cryogenic treatment.

2. The hardness of the samples improves by 10% after the
deep cryogenic heat treatment. The hardness differ-
ences between the deep cryogenically and convention-
ally treated samples decrease in the lower layers of the
samples due to a decrease in the carbon content. This
decrease in the lower layers is a consequence of lower
diffusion of carbon atoms during the carburizing
process.

3. The wear rate of the deep cryogenically treated
samples improves by 21%—-25% in different loads of
120 and 160 N. It was also clarified that the predom-
inant wear mechanism is a combination of adhesive
and tribo-chemical wear.
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