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The microstructure and mechanical properties of carburized gears vary significantly if treated with different cooling methods
after high-temperature carburizing. In this study, the microstructure and hardness distribution of the carburized layer in the
18CrNiMo7-6 steel after different quenching and cryogenic treatments were compared using a scanning electron microscope,
Vickers hardness tester and X-ray diffractomer. The results indicate that both cooling methods, quenching and cryogenic
treatment, had a significant influence on the amount of carbides and retained austenite in the carburized layer of the
18CrNiMo7-6 steel. Fine carbides gradually dissolved with the increase in the quenching temperature. When the quenching
temperature was higher than 850 °C, fine carbides were completely dissolved. The amount of the retained austenite decreased
with the cryogenic temperature. When the cryogenic temperature was lower than —120 °C, there was no significant decrease in
the amount of the retained austenite. In addition, after different quenching and cryogenic treatments, there was no remarkable
change in the effective case depth of the carburized 18CrNiMo7-6 steel. Therefore, from the perspective of the dissolution of
carbides and the amount of retained austenite, 850 °C and —120 °C were the optimum quenching and cryogenic temperatures of
the 18CrNiMo7-6 steel after high-temperature carburizing.
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Mikrostrukture in mehanske lastnosti cementiranih mehanskih sklopov se lahko mocno razlikujejo med seboj zaradi razli¢nih
pogojev ohlajevanja po visoko temperaturni cementaciji. V ¢lanku avtorji opisujejo Studijo mikrostrukture in porazdelitve trdote
po preseku cementirane plasti cementiranega jekla 18CrNiMo7-6 po razli¢nih nacinih kaljenja in postopkih podhlajevanja.
Nastale mikrostrukture so med seboj primerjali s pomocjo vrsti¢nega elektronskega mikroskopa in rentgenskega difraktometra.
Trdoto nastalih plasti so merili z Vickersovim merilnikom mikrotrdote. Rezultati raziskav so pokazali, da imata tako metoda
ohlajevanja kot podhlajevanja pomemben vpliv na vsebnost karbidov in zaostalega austenita v plasti cementiranega jekla
18CrNiMo7-6. Drobni karbidi se postopoma raztapljajo z naraS¢anjem temperature austenitizacije. Ko je le-ta vi§ja od 850 °C
se drobni karbidi popolnoma raztopijo v austenitni osnovi. Vsebnost zaostalega austenita se zmanjSuje z zniZevanjem
temperature podhlajevanja. Ko je temperatura podhlajevanja nizja od —120 °C ni ve¢ pomembne spremembe v vsebnosti
zaostalega austenita. Dodatno avtorji ugotavljajo, da pri razli¢nih nacinih kaljenja in razli¢nih metodah podhlajevanja ne pride
do bistvene spremembe debeline (globine) cementirane plasti cementiranega jekla 18CrNiMo7-6. Zato avtorji raziskave
ocenjujejo da je, glede na raztapljanje karbidov in vsebnost zaostalega austenita, optimalna temperatura austenitizacije za
visokotemperaturno cementacijo jekla 18CrNiMo7-6 enaka 850 °C in optimalna temperatura podhlajevanja enaka —120 °C.

Kljucne besede: jeklo 18CrNiMo7-6, kaljenje, podhlajevanje, mikrostruktura cementirane plasti

1 INTRODUCTION is the key process in the manufacture of 18CrNiMo7-6
gears. Besides, 18CrNiMo7-6 gears typically require
deep carburization. Deep carburization usually takes tens
of hours at the normal carburizing temperature of
930 °C. Increasing the carburizing temperature could
effectively shorten the process time. However, high-tem-
perature carburizing (the carburizing temperature is
higher than 930 °C) tends to cause the austenite-grain
coarsening of the steel, thereby deteriorating the pro-
perties of the components.®!! In addition, the cooling
process is an important part of industrial carburizing and
it provides a way to control the mechanical properties of
steel components. The temperature fields generated
*Corresponding author's e-mail: within the material under different cooling conditions
neu81@126.com (Yong Tian) result in different types of phase transition, grain size,

18CrNiMo7-6 steel is widely used because of its high
strength, good toughness and wear resistance. Its
applications are mainly found in the manufacture of
wind-power, mine-reducer and high-speed locomotive
gears, which need to be hardened with heat treatments
after forging.!> Carburizing is one of the most commonly
used techniques for improving the wear resistance of
components such as gears and bearings.’= It enables the
surfaces of the components made of low-carbon steel to
achieve a high-carbon content.>® Therefore, carburizing
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Table 1: Chemical composition of the experimental steel (in mass fractions (w/%))

C Si Mn Cr Ni

p S N Nb Ti

0.19 0.22 0.56 1.48 1.63

0.32

0.0038 0.0034 0.0014 0.062 0.026

residual deformation and hardness distribution.'” There-
fore, the desired mechanical properties of carburized
gears can be obtained by controlling the cooling methods
after the carburizing.

While most previous investigations focused on the
carburizing process of the 18CrNiMo7-6 steel, there
have been few systematic studies designed to provide the
necessary fundamental information for optimizing the
influence of the cooling methods after high-temperature
carburizing.'>'* The microstructure of the carburized
layer in steel mainly consists of martensite, carbides and
retained austenite. The quenching process after high-
temperature carburizing has a significant influence on
the microstructure of the carburized layer in steel.
Besides, by controlling the content of retained austenite,
cryogenic treatment can effectively improve the hardness
and wear resistance of many metallic materials.'>-'® The
cooling method needs to vary significantly due to the
differences in the chemical composition of the materials,
otherwise it may not be sufficient for creating the desired
properties.!” Therefore, the cooling methods after high-
temperature carburizing have a significant influence on
the microstructure evolution of the carburized layer in
the 18CrNiMo7-6 steel. To predict and optimize the in-
fluence of cooling methods on the 18CNiMo7-6 steel
after high-temperature carburizing with respect to the
required material and technology, the present work was
undertaken to experimentally investigate the microstruc-
ture evolution of the carburized layer during the quench-
ing and cryogenic process.

2 EXPERIMENTAL PART

The test material in this research was Nb-Ti micro-
alloyed 18CrNiMo7-6 steel. It was designed for high-
temperature carburizing based on the results of a thermo-
dynamic calculation. Nb and Ti additions were mainly

A

designed for precipitating as the pinning particles. An
ingot with a diameter of 150 mm and a height of 550 mm
was produced in a vacuum-induction furnace. Sub-
sequently, the ingot was reheated to 1200 °C, held for 2 h
and then forged into bars of 60 mm and 30 mm in dia-
meter. The forged bars with the diameter of 30 mm were
first held at 900 °C for 0.5 h, then water quenched and
tempered at 650 °C for 2 h. The chemical composition of
the experimental steel detected with a direct-reading
spectrometer is shown in Table 1.

Figure 1 shows the thermal cycles of the carburizing,
quenching and cryogenic treatments. The specimens for
carburizing were machined to dimensions of (20x10x6)
mm. The carburizing process was performed in a vac-
uum furnace. In order to achieve the desired thickness of
the carburized layer, the CoH, and N, gas were alter-
nately injected into the vacuum furnace during the carbu-
rizing and diffusion processes. The carburizing tempera-
ture was 1050 °C. After that, the specimens were
quenched in an oil box.

Carburized specimens were reheated to (790, 820,
850 and 880) °C. Afterwards, they were held for 0.5 h at
the selected temperature and cooled to room temperature
with a cooling rate of 20 °C per second. A high-tem-
perature laser-scanning confocal microscopy was used
for simulating the quenching process and observing the
microstructure evolution of the specimens.

The cryogenic treatments were performed in a
DY-W/0.08-C cryogenic container. The carburized
specimens were held at (=50, —120 and —190) °C for 2 h.
Finally, they were slowly warmed up to room tem-
perature in air.

The phase-transformation behaviour of the
18CrNiMo7-6 steel during heating and cooling was
investigated using a Formastor-FII phase-transformation
testing instrument. And the critical phase-transformation

O 1050°C/ 4.5h quenching process
£ o 790,820,850,880°C/0.5h
oil quenching
\ /

-50,-120,-190°C/2h
cryogenic treatments

Figure 1: Thermal cycles of the carburizing, quenching and cryogenic treatments
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point temperatures of the 18CrNiMo7-6 steel were 654
and 785 °C.

Metallographic specimens were mechanically ground
and polished according to the standard metallographic
procedure. They were then chemically etched in 4-%
nital. Optical microscopy (OM), scanning electron
microscopy (SEM) and energy-dispersive X-ray spectro-
scopy (EDS) were used to characterize the micro-
structure and identify the chemical composition of
carbides. X-ray diffraction technique was also used for
the determination of retained austenite. Hardness tests
were carried out on a Vickers micro-hardness tester. The
Vickers indentation load was 300 gf. Besides, at least
three indentation-hardness tests were made and the
average value was taken.

3 RESULTS AND DISCUSSION

3.1 Microstructure and hardness of the carburized
layer after high-temperature carburizing

Figure 2 shows the microstructures of the carburized
layer and core in the 18CrNiMo7-6 steel directly
quenched after high-temperature carburizing at 1050 °C.
As shown in Figure 2a, the needle-type martensite dis-
tributed within the prior austenite grains was observed in

Figure 2: Microstructures of the: a) carburized layer and b) core of
the 18CrNiMo7-6 steel directly quenched after high-temperature car-
burizing at 1050 °C
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the carburized layer of the 18CrNiMo7-6 steel. And it is
evident that the carburized 18CrNiMo7-6 steel had lath
martensite in the core, as shown in Figure 2b. On the
other hand, there were some precipitates distributed in
the martensite structures. Due to the presence of Nb and
Ti, it is easy for the steel to produce precipitates such as
NbC, Ti(C, N) and (Nb, Ti)C. Some of these precipitates
have excellent high-temperature stability so they re-
mained undissolved at 1050 °C. Therefore, precipitates
of NbC, Ti(C, N) or (Nb, Ti)C were observed in the
18CrNiMo7-6 steel directly quenched after high-tem-
perature carburizing at 1050 °C.

Figure 3 shows the hardness distribution of the
18CrNiMo7-6 steel directly quenched after high-tem-
perature carburizing at 1050 °C. The surface hardness of
the carburized 18CrNiMo7-6 steel was 746 HV0.3. Fig-
ure 3 reveals that the hardness of the surface was lower
than that of the subsurface. This resulted from the pre-
sence of retained austenite. Compared with the sub-
surface of the steel, the higher carbon concentration of
the surface increased the stability of austenite, resulting
in a larger amount of retained austenite on the surface.
And the surface hardness was reduced by the “softening”
behaviour of the retained austenite. As the carbon
concentration decreased with the distance from the sur-
face, the amount of the retained austenite also decreased.
The "softening" effect of retained austenite cannot offset
the "hardening" effect of a high carbon concentration.
The hardness of the near-surface region increased. After
reaching the equilibrium point, the "softening" effect of
retained austenite no longer played the leading role and
the hardness of the carburized layer decreased with the
carbon concentration.

3.2 Microstructure and hardness of the carburized
layer after different quenching treatments

Figure 4 shows the microstructure of the carburized
layer in 18CrNiMo7-6 steels that were quenched at (790,
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Figure 3: Hardness distribution of the 18CrNiMo7-6 steel directly
quenched after high-temperature carburizing at 1050 °C
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820, 850 and 880) °C, respectively. Compared with Fig-
ure 2, Figure 4a shows that a large amount of fine
carbides were uniformly distributed in the matrix with
some undissolved large-sized carbides. This may be
attributed to the high carbon concentration of the car-
burized layer during the high-temperature carburizing
process. The carbon concentration of the steel directly
quenched after high-temperature carburizing at 1050 °C
exceeded the saturated carbon concentration of the steel
quenched at a relatively low temperature of 790 °C. And
a large amount of carbides precipitated. As shown in
Figure 4b, most of the fine carbides were dissolved but
some were still observable. In Figures 4¢ and 4d, the
fine carbides were completely dissolved except for some
large-sized carbides. This indicates that the quenching
treatments had a significant effect on the amount of
carbides in the carburized layer. The carbides gradually
dissolved with the increase of the quenching tem-
perature. When the quenching temperature was higher
than 850 °C, the fine carbides were completely dis-
solved.

In order to determine the types and changes of these
carbides after different quenching treatments, thermo-
Calc simulations and an EDS analysis were performed

on the carburized layer. As the surface carbon concen-
tration was controlled at 0.8 % during the carburizing
process, the fundamental equilibrium thermodynamic
analysis was based on the assumption that the carbon
concentration of the carburized layer was 0.8 %. Fig-
ure S shows simulation results for the carburized layer.
Figure 6 shows SEM micrographs and EDS analysis of
the carburized layers in the 18CrNiMo7-6 steels,
quenched at (1050, 790 and 820) °C. It indicates that the
large-sized carbides in the carburized layer of the
18CrNiMo7-6 steel directly quenched at 1050 °C were
Nb/Ti-containing carbides. The large-sized carbides in
the carburized layers of the steels quenched at 790 and
820 °C were Cr-containing carbides and Nb/Ti-con-
taining carbides, respectively. With the increase in the
quenching temperature, there were only large-sized
Nb/Ti-containing carbides in the carburized layers of the
18CrNiMo7-6 steels quenched at 820 °C and 1050 °C.
These results were consistent with Figure 5.

As shown in Figure 5, the amount of cementite and
Cr-containing carbides decreased with the temperature.
At the temperature of 790 °C, there were a large amount
of cementite and some M,;Cs in the carburized layer of
the 18CrNiMo7-6 steel. There were a certain amount of

Figure 4: Microstructures of the carburized layers in the 18CrNiMo7-6 steels quenched at: a) 790 °C, b) 820 °C, c) 850 °C and d) 880 °C
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Figure 5: Thermo-Calc simulations of cementite, M23C¢ and M7C3
phase fractions in the carburized layer of the 18CrNiMo7-6 steel
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cementite and little M;Cs in the carburized layer at the
temperature of 820 °C. But the total amount of carbides
was significantly reduced. Once the temperature was
higher than 850 °C, there were no cementite or Cr-con-
taining carbides in the carburized layer of the
18CrNiMo7-6 steel. The change in the total amount of
fine carbides from Figure 4 is basically consistent with
the simulation results from Figure 5. Therefore, the
thermodynamic simulation of the carburized layer can be
successfully employed to predict the microstructure
evolution for the carburized 18CrNiMo7-6 steel in the
quenching process.

In addition, this indicates that the fine carbides in the
carburized layer of the 18CrNiMo7-6 steels were
cementite, M»3Ce and M;Cs. And the undissolved large-
sized carbides during the quenching process were
Nb/Ti-containing carbides. This was attributed to the

(a)

high thermal stability of Nb-Ti precipitates. The micro-
alloying elements such as niobium and titanium in the
18CrNiMo7-6 steel have a tendency to precipitate as car-
bides. The high carbon concentration of the carburized
layer facilitated the formation of Nb/Ti-containing
carbides and, consequently, increased its stability. The
increasing temperature increases the solubility and
coarsening rate of the carbides. After exceeding the cri-
tical size, the Nb/Ti-containing carbides do not dissolve
due to the growth and coarsening at elevated tempe-
ratures.'* The corresponding quenching temperature
should be selected to avoid further coarsening and
growth of the Nb/Ti-containing carbides.

While the quenching temperature is relatively high,
carburized gears are prone to generate severe defor-
mation and quenching cracks. On the other hand, the
carbon concentration of the carburized layer is higher
than the saturated carbon concentration of the steel at a
very low quenching temperature. Then, a large amount
of carbides precipitate inside the grains and at the grain
boundaries. These carbides may grow and coarsen
during the subsequent heat treatments, leading to the for-
mation of some large-sized carbides, and sometimes
even carbide networks. Therefore, a large amount of
carbides should be avoided during a quenching process.
From the perspective of the dissolution of carbides, the
optimum quenching temperature for the carburized
18CrNiMo7-6 steel was 850 °C.

Figure 7 shows the hardness distribution of the car-
burized layers in the 18CrNiMo7-6 steels that were
quenched at (790, 820, 850 and 880) °C. The effective
case depth was defined as the perpendicular distance
from the surface to the place where the hardness was
equal to 550 HV. Compared with Figure 3, Figures 7a
to 7d indicate that the amount of retained austenite on
the surface was significantly reduced. Compared with the
quenching temperatures higher than 820 °C, the diffu-

(b) (c)

Figure 6: SEM micrographs and an EDS analysis of the carburized layers in the 18CrNiMo7-6 steels quenched at: a), d) 1050 °C; b), e) 790 °C

and c), ) 820 °C, respectively
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Hardness distribution of the carburized layers in the 18CrNiMo7-6 steels quenched at: a) 790 °C, b) 820 °C, c¢) 850 °C and d) 880 °C,

Figure 7

respectively

Within a certain distance, the hardness of the near-

sion rate of carbon atoms was lower at the quenching
temperature of 790 °C. Thus, the steel quenched at

surface region did not change much. On the other hand,

the effective case depths of the steels quenched at 790 °C
to 880 °C were similar. This indicates that the quenching

treatments had little effect on the effective case depth of

the carburized 18CrNiMo7-6 steel.

790 °C had the highest surface hardness of 828 HV0.3.

On the other hand, the surface hardness of the steels
quenched at (820, 850 and 880) °C were 817 HVO0.3, 801

HVO0.3 and 806 HVO0.3, respectively.

The hardness of the subsurface of the steel quenched
at 820 °C was the lowest. This was caused by the

3.3 Microstructure and hardness of the carburized

combination of the carbon-diffusion behaviour and cool-

layer after different cryogenic treatments

ing conditions, which resulted in more retained austenite

Figure 8 shows the microstructures of the carburized

layers in the 18CrNiMo7

nically treated at (

in the subsurface than on the surface. At the quenching

6 steels that were cryoge-

the carbon atoms diffused evenly.

E)

°C
And the hardness gradually decreased due to a gradual

temperature of 850

=50, =120 and —190) °C, respectively.

The amount and distribution of the carbides in the steels

decrease in the carbon concentration from the surface to
the core. Compared with the quenching temperatures
below 850 °C, the hardness gradually decreased because
the "softening" effect of retained austenite on the surface

after different cryogenic treatments had no significant

difference. Under normal circumstances, the volume of

martensite shrank and the lattice constant of Fe became

smaller after the cryogenic treatments. This also pro-

and near the surface area no longer played the leading

moted the precipitation of carbon atoms. The quenched
martensite was in a thermodynamically unstable state,

the diffu-

°C
sion coefficient of carbon atoms was relatively high.

role. At the quenching temperature of 880

Microstructures of the carburized layers in the 18CrNiMo7-6 steels cryogenically treated at: a) —50 °C, b) —120 °C and c¢) —190 °C

Figure 8
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and the decomposition driving force was large. However,
the precipitation and coarsening of the carbides at a low
temperature were difficult. Since the steels were not
tempered after the cryogenic treatments, it is possible
that some very fine carbides precipitated on the marten-
site matrix. But the carbides of the steel without the
tempering treatment were so small that no significant
changes were observed with scanning electron micro-
scopy.

Figure 9 shows the hardness distribution and XRD
patterns of the 18CrNiMo7-6 steels after different cryo-
genic treatments. The surface hardness of the steels
cryogenically treated at (=50, —120 and —190) °C were
858 HVO0.3, 845 HVO0.3 and 834 HVO0.3, respectively.
Compared with Figure 3, there was a remarkable
increase in the surface hardness of all the steels after the
cryogenic treatment. The reason was that the amount of
the retained austenite on the surface was significantly
reduced as shown in Figure 9d. According to the cal-
culation results of the XRD patterns, the amount of the
retained austenite on the surface of the steel directly
quenched at 1050 °C was 22 %. The carburized layer of
the 18CrNiMo7-6 steel contained a large amount of
carbon and alloying elements such as chromium, nickel
and molybdenum. It enhanced the stability of austenite
and significantly decreased the transformation-point
temperature of martensite. As a result, there was a large
amount of retained austenite in the carburized layers of
the steels after the quenching. And the retained austenite
in the steel decomposed and transformed into martensite

Hardness/HV

Hardness/HV

Distance from the surface/mm

at lower temperatures, improving the hardness and wear
resistance of the steel.

Based on calculations, the amounts of retained aus-
tenite on the surfaces of the steels cryogenically treated
at (=50, —120 and —-190) °C were (17, 10 and 12) %,
respectively. This indicates that the cryogenic treatment
at =50 °C could promote the transformation of retained
austenite to martensite and increase the hardness of the
surface. The amount of the retained austenite decreased
with the decrease in the cryogenic temperature. How-
ever, when the cryogenic temperature was lower than
—120 °C, there was no remarkable change in the amount
of the retained austenite. Another point needs to be
mentioned: the surface hardness of the steels cryoge-
nically treated at different temperatures did not increase
with the decrease in the amount of retained austenite. On
the contrary, the surface hardness decreased with the
decrease in the cryogenic temperature. This suggests that
some other phenomena took place inside the steel (or in
its carburized layer) during the cryogenic treatment,
leading to the hardness change. This supports the hypo-
thesis of a fine-carbide precipitation during the cryo-
genic treatment. From this point of view, the hardness
enhancement was a competition between the precipi-
tation strengthening of the carbides and the "softening"
effect of the retained austenite. On the other hand, the
effective case depths of the steels cryogenically treated at
(=50, =120 and —190) °C were similar. This indicates that
the cryogenic treatments had little effect on the effective
case depth of the carburized 18CrNiMo7-6 steel.
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Figure 9: Hardness distribution of the carburized layers in the 18CrNiMo7-6 steels cryogenically treated at: a) =50 °C, b) —120 °C, ¢) —=190 °C,

and d) XRD patterns of the surfaces after different cryogenic treatments
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4 CONCLUSIONS

Most of the fine carbides in the carburized layer of
the 18CrNiMo7-6 steel after quenching were cementite
and Cr-containing carbides. They gradually dissolved
with the quenching temperature. When the quenching
temperatures were higher than 850 °C, the fine carbides
were completely dissolved.

After high-temperature carburizing, the surface
hardness of the 18CrNiMo7-6 steel was lower than that
of the subsurface due to the "softening" effect of retained
austenite in the carburized layer. The cryogenic treat-
ment promoted the transformation of retained austenite
and increased the hardness of the surface. The amount of
the retained austenite decreased with the cryogenic
temperature. When the cryogenic temperature was lower
than —120 °C, there was no significant decrease in the
amount of retained austenite.

Both cooling methods, quenching and cryogenic
treatment, had a significant influence on the amount of
carbides and retained austenite in the carburized layer of
the 18CrNiMo7-6 steel. From the perspective of the
dissolution of carbides and the amount of retained aus-
tenite, the optimum quenching temperature and cryo-
genic temperature of the 18CrNiMo7-6 steel after high-
temperature carburizing were 850 °C and —120 °C.
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