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Abstract—Cryogenic treatments including shallow and deep cryogenic treatment are supplemental opera-
tions designed to improve wear resistance and increase the hardness of a variety of tool and hardening steels.
In this research, the effect of cryogenic treatment was investigated on the microstructure and wear behavior
(wear behavior in environment temperature and at 550°C) in H11 hot work tool steel. To do so, the samples
were austenitized in 1050°C for 60 min and were quenched in oil. Then, the samples were put into dry ice
(—80°C) and liquid nitrogen (—196°C) under shallow and deep cryogenic treatments. Later, the samples were
tempered at 550°C for 60 min. Scanning electron microscopy (SEM), optical microscopy (OM), and X-ray
diffraction (XRD) analysis were used to analyze the microstructure and the pin on disk method was used to
analyze the wear behavior. The results showed that the percentage of retained austenite reaches from 6.5% in
quench—temper treatment (QT) to 3% in shallow and to less than 1% in deep cryogenic treatments. More-
over, the tiny carbides are generated (after tempering at 550°C) as a result of deep cryogenic treatment (DCT)
and the amount of carbides reaches from 5.5% in QT treatment to 8.2% in DCT treatment. Moreover, in both
deep and shallow cryogenic treatments compared to a quench-temper one with the hardness of 4 and 9%,
wear resistance at ambient temperature reached 31 and 36% and the wear resistance at high temperature
reached 30 and 40%. Additionally, the wear mechanism becomes an adhesive and tribochemical wear in the
environment temperature and becomes an abrasive and tribochemical wear in the high temperatures. Con-
ducting cryogenic treatment reduces the amount of adhesive and abrasive wear at the environment and high

temperatures.
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1. INTRODUCTION

In recent decades, cryogenic treatment has been
introduced to the industry as a heat treatment to
improve the micro structure and mechanical proper-
ties in a wide variety of materials, especially tool steels,
carburized steels, tungsten carbides, composites, and
polymers. The cryogenic treatment can be divided
into two different types, including Shallow Cryogenic
Treatment (SCT) performed at —50 to —80°C and
Deep Cryogenic Treatment (DCT) usually performed
at temperatures below —120°C [1]. In steel, this treat-
ment is usually performed after the conventional heat
treatment and before the tempering process. The pur-
pose of shallow cryogenic treatment is to remove or
reduce the retained austenite to increase hardness and
thermal stability. In deep cryogenic treatment, two pur-
poses are pursued to not only increase hardness, but
also improve wear resistance. These two purposes are:

(1) Removal or reduction of retained austenite.
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(2) An increase in volume loss, size reduction, and
better distribution of the carbide [2—6].

In a study conducted by Bensely et al. [7] on En353
steel, it was found that shallow and deep cryogenic
treatments for 5 and 24 h eliminated complete retained
austenite and increased the wear resistance by 85 and
372%, respectively. Meng [8] showed a decrease in the
retained austenite equal to 33 and 39% while applying
shallow cryogenic treatment on Fe—1.4Cr—1C steel at
temperatures of —80 and —196°C, and wear resistance
in the deep cryogenic samples has improved with
respect to the shallow cryogenic and quench-temper
specimens. According to the studies carried out by
Koneshloo et al. on H13 hot working steel, the
improvement in wear resistance and reduction of
retained austenite were reported during two shallow
and deep cryogenic treatments [9]. Meng [10] also
showed that despite the fact that the percentage of
martensite did not change at —50 and —185°C, the
study showed that the wear resistance of the sample on
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which the deep cryogenic treatment was applied expe-
rienced some improvement due to the precipitation of
m-carbides. The reason behind sediment deposition is
network contraction and putting pressure on carbon
atoms while leaving the primary locations [10—12].
According to the studies conducted by Huang on steel
M2, the improvement in wear resistance in the cryo-
genic treatment compared to conventional treatments
can be attributed to the austenite degradation to mar-
tensite and the deposition of alloy carbides. Due to the
low amount of retained austenite in this steel, the role
of the second factor is more effective. The role of this
factor consists in the following: (1) better distribution
of alloy carbides; (2) twofold increase in the volume
fraction of the carbides in subzero samples compared to
the conventional heat treatment. The researchers also
believed that the deposition of more carbides in cryo-
genic treatments will cause a deterioration of the alloys
and carbon, which improves the toughness of the M2
steel [12].

H11 tool steel is a hot working type of steel that is
widely used in the manufacture of under pressure cast-
ing molds, extrusion molding, and extrusion of non-
ferrous metals. In this steel, due to the relatively high
proportion of alloying elements, there is the likelihood
of the presence of retained austenite. Therefore, in the
present study, the effect of cryogenic treatments in the
shallow cryogenic and deep cryogenic treatments on
the microstructure and wear behavior of this steel will
be compared with the quench-temper treatment.
Moreover, since this steel is a hot working tool, it will
be exposed to cold and high temperature wear tests to
simulate industrial applications.

2. MATERIALS AND METHODS

The chemical composition of the HI11 steel is
shown in Table 1. Preparation of the sample was car-
ried out using the wire cut method and in the form of
discs of 50 mm diameter and 5 mm thickness of the
original steel specimen. The heat treatment of the
specimens consisted of preheating treatments at
650°C for 1 h and austenitizing at 1050°C for 1 h and
finally quenching in oil. After that, the samples were
divided into three classes. The first part was kept at
550°C, i.e., tempered (QT), and the other two parts in
dry ice for 24 h at a temperature of —80°C (SCT) and
liquid nitrogen at a temperature of —196°C (DCT),
and then they were kept under a tempering treatment
at 550°C for 1 h. Hardness tests were performed by
Rockwell C, and micro-hardness test of samples was
performed using Vickers method with Future FM-700
Hardness testing device (Japan) with 300 g load
capacity. To study the samples’ microstructural
changes, their surfaces were etched in (a) 100 mL of
H,O0, 10 g of K;Fe(CN)4 and10 g of NaOH, (b) mixed
acid (3 mL of HF, 53 mL of H,NO;, 2 mL of
CH;COOH, and 42 mL of H,0). The samples were
etched in each of these etchants for 2 s and for 3—4 times.
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Table 1. Chemical composition of the H11 steel (wt %)
Fe C Si Mn Cr Mo \% Cu

91.1 4.86 0.29 | 0.26

0.41 | 0.87 | 0.34 1.30

This combination only visualize the carbides and does
not affect other phases. The samples surface was then
analyzed by optical microscopy. The micrographs were
then analyzed via Clemex Vision (version 3.5.025) image
analyzing software to calculate the carbide percentage.
X-ray diffraction (XRD) (Philips PW1730) with
Cu Ko radiation was used to clarify the phases and the
retained austenite percentage. The retained austenite
percentage was calculated according to ASTM E975-00
standard. The combination of the phase percentage
should be equal to 100%. The carbide percentage was
evaluated by using the SEM micrographs and the aus-
tenite percentage was calculated as follows:

— (I_I/c)([v/RY)+
Vy —{—(IQ/RQ) (IY/RY)} (D

where V, and V, are the retained austenite and carbide
percentage, respectively, /, and [, are the integrated
intensity per angular diffraction peak (4k/) in the aus-
tenite and martensite phases, respectively, and R, and
R, are the austenite and martensite constants, respec-
tively. The value of R can be calculated with respect to
the (hkl) plane in combination with the polarization,
multiplicity, and structure factor of the phases accord-
ing to the ASTM E975-00 standard [13].

For metallography of the samples, at first they were
polished using the usual method, and for microstruc-
ture analysis, scanning electron microscopy (SEM,
Philips XI30 model, the Netherlands) was used.
Moreover, picral etchant solution was used. To per-
form the cold wear test, a pin of steel bearing with a
hardness of 64 HRC was used on the disk. The applied
load in the cold wear test was 150 N, the distance was
1000 m, and the test was carried out at air humidity of
30 &+ 5% and in the temperature range of 25 = 5°C at a
speed of 0.1 m/s.

The hot wear test was carried out at a high tempera-
ture with a carbide tungsten bullet with the pin on ball
method. The test was carried out at a load of 25 N and
at a speed of 0.1 m/s in the temperature range of 550 =
10°C and 200 m distance. The wear rate was obtained
by using Eq. (2):

W, :A—m’ ()
FXLxp

where W, is the wear rate (mm?/N m), Am is the
weight loss (g), p is the weight density (g/cm?), Fis the
load (N), and L is the wear distance (m), in other
words, the length of wear path.
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3. RESULTS AND DISCUSSION
3. 1. Investigating the Microstructure

The X-ray diffraction patterns of the examined
samples are shown in Fig. 1. According to the images,
the percentage of retained austenite in deep cryogenic
treatment is reduced compared to shallow cryogenic
and conventional treatments. Table 2 shows the
amount of retained austenite. The amount of retained
austenite in the QT samples reached from 6.5 to 3% in
SCT and less than 1% in the DCT samples. Reduction
of the amount of retained austenite has also been
proved due to the cryogenic treatment on other steels
[7,9, 14, 15]. The microstructure of samples has been

(110) A—Austenite
M M—Martensite

(111)
T A (200)
Q M

Intensity, a. u.

2
SCT o

10 20 30 40 50 60 70 80
20, deg

(200)
M

Fig. 1. XRD patterns of deep shallow cryogenic, and
quench-tempered specimens.

@ 20 pm
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Table 2. Retained austenite percent in steel H11 after vari-
ous treatments

Treatment Retained austenite, %
QT 6.5
SCT 3
DCT Less than 1

analyzed using OM and SEM (modes of microscopy)
in Figs. 2—4. Figure 2 shows the image of OM-studied
H11 steel after etching in (a) 100 mL of H,O, 10 g of
K;Fe(CN)g, and10 g of NaOH, (b) mixed acid (3 mL
of HF, 53 mL of H,NO;, 2 mL of CH;COOH, and
42 mL of H,0) solution. The solution helps revealing
the carbides. The percentage of carbides using Image
Analyses Software indicates that the volume fraction
of carbides reaches from 5.5% in QT sample to 6.4% in
SCT sample and to 8.2% in DCT sample. Thus, based
on Fig. 2, tiny carbides are precipitated as a result of
cryogenic treatment so that the amount of carbides is
increased. This takes place with more intensity in the
deep cryogenic treatment. Figures 3 and 4 include the
OM and SEM images of the structure of samples.
Becoming tiny and increased carbide content are clear
in the images. The deposition of fine carbides during
the deep cryogenic treatment after tempering is due to
the fact that the structure is under intense stress
because of severe contraction, which is the result of
the difference in the coefficient of expansion of aus-
tenite and martensite. Therefore, this high stress level
causes the driving force for jumping of carbon atoms to
the adjacent defects. New defects are a consequence of

(b) 20 um

20 pm

Fig. 2. Carbide distribution in the samples: (a) QT, (b) SCT, (c) DCT.
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Fig. 3. Optical micrographs of samples: (a) QT, (b) SCT,
and (c) DCT.

the difference in the expansion coefficients of austen-

ite and martensite at the boundary of the phases.

These two factors serve as new preferences for the cre-

ation of carbide nuclei during the tempering treatment

[16]. In a study cartied OUt, by Amn,u etal. p erforn_led Fig. 4. SEM micrographs of samples: (a) QT, (b) SCT, and
on 80CrMo125 steel, a 2% increase in volume fraction (c) DCT samples.
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Fig. 5. Variations of the mass loss of the heat treated H11
tool steel versus the wear distance in cold wear test.

of the carbide was reported due to deep cryogenic
treatment compared to the conventional treatment.
Moreover, they reported that the distribution of the
carbides has been improved due to the cryogenic treat-
ment [1].

In another study conducted by the same research-
ers on 1.2080 steel, an increase in volume fraction and
a better distribution of carbides as well as the forma-
tion of nano-metric carbides during deep cryogenic
treatments were reported [1, 11, 16, 17]. Because the
penetration rate of carbon atoms is very low at
—196°C, these atoms cannot be positioned around
very hard crystalline defects and deposition of fine
carbides is impossible, but in the heating of the samples
from below zero to ambient temperature, the penetra-
tion rate of carbon has increased. Moreover, carbon
atoms are diffused by martensite crystalline network,
and their very low penetration induces the formation of
fine clusters around the crystalline defects, and then
leads to the formation of very fine carbides. The depo-
sition process in deep cryogenic treatments which
includes martensitic decomposition and the formation
of fine carbides is very similar to that of the tempering
process in a tempering process, with the exception that
due to lower temperatures, carbide sediments are
smaller and more appropriately distributed.

3.2. Investigating the Hardness
and Wear Behavior of the Sample

According to Table 3, the hardness increases 4 and
9% respectively in result of shallow and deep cryogenic

Table 3. Hardness (HRC and HV) in steel H11 after various
treatments

Treatment Hardness HRC Microhardness HV
QT 501 475+ 7
SCT 52+0.5 512 %5
DCT 54.5%+0.5 563+ 5
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Fig. 6. Variations of the wear rate of the heat treated
H11 tool steel versus wear distance in high temperature
wear test.

treatments in comparison with the quenched-tem-
pered treatment. This process happens because of the
reduction in retained austenite, precipitation of tiny
carbides, increase in the carbide content, and their
better distribution. Since the effect of deep cryogenic
treatment is more intense in reducing the retained aus-
tenite and precipitating the tiny carbides, a more
increase is observed in the hardness amount because
of deep cryogenic treatment. In a research on AISI
440C steel [18], the increase in the Rockwell hardness
in the shallow and deep cryogenic treatment samples
was reported to be 4 and 7%, respectively. In this study,
the increase in the percentage of retained austenite
transformation to martensite has been the cause of the
increase in hardness. In another study carried out by
Akhbarizadeh et al. on D6 steel, the increase in the
Rockwell hardness of the shallow and deep cryogenic
samples was 1.6 and 3.2%, respectively, compared to
the conventional heat treatment samples. They
reported that this hardness was associated with the
retained austenite transformation to martensite as well
as deposition of the secondary carbides in deep cryo-
genic treatment [ 14].

Figures 5, 6, and Table 4 show the results of the
wear tests at ambient temperature and higher tempera-
tures. As can be clearly observed, shallow and deep
cryogenic treatments have increased the wear resis-
tance by 31 and 36% at ambient temperature and 30
and 40% at 550°C compared to the quench-tempered
sample. The reason for the improvement of wear resis-
tance, according to the obtained results, can be dedi-
cated to the reduction of retained austenite in the shal-
low cryogenic samples and to the reduction of retained
austenite in the deep cryogenic samples along with an
increase in the volume fraction, fineness, and better
distribution of carbides compared to the quench-tem-
pered sample. According to Fig. 4, as the wear dis-
tance increases, the wear rate decreases because of
work hardening [19].

No.9 2019
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Table 4. Mass loss and wear rate in steel H11 in high temperature wear test after 200 m sliding under 25 N and at a speed of

0.1 m/s

Treatment Wear distance, m

Wear rate,
mm?3/N m x 10°

Temperature

of wear test, °C Mass loss, mg

Quench—Temper (QT)

Shallow Cryogenic Treatment (SCT) 200

Deep Cryogenic Treatment (DCT)

0.0040 0.102
550 0.0028 0.071
0.0024 0.061

Therefore, in addition to reduction or removal of
retained austenite as the soft phase in the cryogenic
treatment, the precipitation of tiny carbides causes the
depletion of steel matrix of carbon and alloying ele-
ments. So, the steel matrix possesses higher toughness,
and as a result the wear resistance is improved because
of matrix’s higher toughness, precipitation of tiny car-
bides and reduction or removal of detained austenite
[10, 12, 20]. In a study on En353 steel, an increase in the
wear resistance in shallow and deep cryogenic treat-
ments was 85 and 372%, respectively, which is due to
the removal of austenite, deposition, and better distri-
bution of carbides in the deep cryogenic treatments [7].

(a)im™
]

R

‘) Multilayer adhesive patches

(Severe adhesive wear mechanism)

A R, S

\ ;mi‘."' ¥ -

% 1 ? (Mild adhesive wear mechanism)

To determine the wear mechanism, the wear sur-
face of the samples was investigated by SEM (micros-
copy). The images shown in Figs. 7 and 8 are related to
wear at ambient temperature and high temperatures.
According to Fig. 7, the dominant wear mechanism is
the adhesive wear at the environment temperature.
This wear is generated as a result of adhesive joints
between the worn-out surfaces as they contact each
other. As the joint break occurs in the interface, no
wear occurs; but as the break happens in one of these
pieces, the wear happens. The closer hardness of sur-
faces, the more probability of occurrence in this type
of wear. In fact, it can be said that frictional heat

Adhesive patches [ .+

Fig. 7. SEM micrograph of the worn out surface of the samples after cold wear test: (a) QT, (b) SCT, and (c) DCT samples.
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Micro-cutting

X

Fig. 8. SEM micrograph of the worn out surface of the samples after high temperature wear test: (a) QT, (b) SCT, and (c) DCT

samples.

between the pieces during wear results in adhesive
joints, which finally eventuates in generation of
removal effects on the surface. According to Fig. 7a, a
significant part of surface includes the adhesive
patches which are multi-layered in some patches.
Therefore, severe adhesive wear occurred in QT sam-
ple. The adhesive wear has been reduced by applying
the cryogenic treatment (Figs. 7b, 7c).

By conducting the wear test at high temperature
with a carbide tungsten bullet, due to the reduction in
hardness surface, wear mechanism changes from the
adhesive wear to the abrasive wear (Fig. 8). By soften-
ing the material surface at higher temperatures, more
plastic deformation occurs. Reducing the hardness as
the result of temperature increase causes that the
inconsistencies in harder surface are injected into the
softer surface (pin on disk) and generate scratches in
parallel with the softer surface. This wear mechanism
primarily leads to material transport from the scratch
to the edges (Fig. 8). Asitis clear in Fig. 8a, more plas-
tic deformation occurs in the edges in the QT sample
because of lower hardness so that micro-ploughing
mechanism occurs. In the cryogenic sample due to the
higher hardness and higher resistance to the hardness
reduction, the resistance against plastic deformation is
higher and micro-cutting happens (Fig. 8c). As it is

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 120

seen in Figs. 9 and 10, oxidation occurs in the wear test
due to the friction and high temperature, so that the
tribochemical wear occurs. This effect becomes more
severe in the sample being exposed to the high tem-
perature under wear test.

A study done by Amini et al. on DIN 1.7131 steel
showed a better distribution of carbides and an
increase in their volume fraction, a reduction in adhe-
sive wear as well as the removal of retained austenite,
which has increased hardness [21]. Adhesive wear is
also directly proportional to the applied force and has
a reverse proportion to the hardness [22].

Therefore, it can be concluded that in the samples
under the cryogenic treatment, the hardness increases
due to the reduction of retained austenite, the precip-
itation of tiny carbides, the increase in the volume
fraction, and better distribution of carbides, leading to
the increase of the wear resistance. Figure 11 shows the
images of the wear products after wearing test. For
more studies the wear products were also examined by
SEM (microscopy). The results show that the wear
derbies of the DCT sample are smaller in size com-
pared with the QT ones. This behavior is a conse-
quence of the harder surface of the DCT samples
compared to the conventionally treated ones. This has
also been proved by other scientists [14].

No. 9 2019
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Fig. 9. EDX analysis of the DCT sample after the cold wear test: (a) SEM micrograph, (b) EDX of point 1, (c) EDX of point 2.
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Fig. 10. EDX analysis of the DCT sample after the high temperature wear test: (a) SEM micrograph, (b) EDX of point 1.
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Fig. 11. SEM micrograph of wear debris after cold wear test: (a) QT, (b) SCT and (c¢) DCT samples.

4. CONCLUSIONS

(1) Cryogenic treatment leads to the reduction in
the amount of the retained austenite. The amount of
retained austenite in the treatment of the quench-tem-
per reached from 6.5 to 3% in shallow cryogenic treat-
ments and less than 1% in deep cryogenic treatment.

(2) As aresult of cryogenic treatment, the tiny car-
bides are precipitated and volume fraction of carbides
increases. This effect is higher in deep cryogenic treat-
ment in contrast to shallow cryogenic treatment.
Related to the steel studied, the percentage of carbides
reaches from 5.5% in QT sample to 6.4 and 8.2% in
the SCT and DCT samples respectively. Therefore,
the deep cryogenic treatment has created a greater
driving force for the formation of very fine carbides.

(3) Due to the shallow cryogenic treatment, hard-
ness and wear resistance at an ambient temperature
increased 4 and 31%, and wear resistance at a high
temperature—of 30%; and as a result of deep cryo-
genic treatment, these values were 9, 36, and 40%,
respectively, compared to the quench-tempered sam-
ple. This is due to a decrease in the amount of retained
austenite and to the deposition of fine carbides in
cryogenic treatments compared to the quench-temper
treatment.

(4) The dominant wear mechanism is the adhesive
and tribochemical wear at the environment tempera-

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 120

ture. The adhesive wear is severe in the QT sample, but
the adhesive wear is weak in the cryogenic samples.
The reason lays in the increase in hardness in the cryo-
genic treatment. The wear mechanism is abrasive and
tribochemical in the samples that are exposed to wear
test at the high temperatures with a carbide tungsten
bullet, due to the hardness reduction. In the QT sam-
ple due to low hardness, more plastic deformation in
scratches (micro-ploughing sub-mechanism) is
observed in the edges. In addition, in SCT and DCT
samples due to higher hardness, a pattern of scratches
without plastic deformation (micro-cutting sub-
mechanism) is observed. Moreover, the collected wear
derbies of the cryogenically treated samples were more
brittle and smaller.
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