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The carburizing and quenching process of 18CrNiMo7-6 steel was performed through simulation methods and
experiments. The study was carried out to accurately predict the residual stress distribution of carburized samples after the
quenching process. The stress and retained-austenite amount were measured via X-ray diffraction. Similarly, the carbon
content was determined using a carbon sulfur analyzer, respectively. A detailed model with the coupling of thermal,
metallic, and mechanical fields was built to predict the evolution of the stress field during the quenching process. The
carburized “thoroughly” specimens at different carbon potentials were used to obtain the required mechanical property
parameters and dilatometric parameters for FEM simulation. According to the results, the martensite transformation kinetic
parameters a value of 18CrNiMo7-6 alloy steel should be 0.0202. With the increase of carbon content, the changing trend
of the transformation plasticity coefficient K appeared as a 'tick' shape. A compressive residual stress field was generated
at the carburized layer surface after the quenching process, and the maximum value of 340 MPa occurred at ~0.9 mm
below the surface. The carbon profile and residual stress fields predicted from the FEM simulation corresponded closely

to the experimentally determined results.
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1. INTRODUCTION

Carburizing and quenching are widely used for
improving the mechanical properties of mechanical
components, such as the gear ring or shaft. When machine
parts are carburized and quenched, a typical carburized
layer, with a small amount of retained austenite, a large
amount of martensite, and carbon-content gradient along the
layer depth, is formed at the surface. The diffusionless
martensite transformation with volume expansion occurs in
the carburized layer during the quenching process, and
exerts a significant effect on the performance of machine
parts. Furthermore, the order of the martensite
transformation varies with position in the carburized layer,
owing to the gradient carbon content, which yields a
hardness and stress field distribution that varies with the
depth in the layer. The fatigue resistance and wear property
of this part can be significantly increased, owing to the
residual compressive stress induced by heat treatment on the
part surface [1]. Studies on the stress distribution after the
carburizing and quenching process are therefore warranted.

Many models of the residual stress field associated with
the carburizing and quenching process have been
established by means of the finite element method. S. Denis
et al. developed a phase transformation model which
coupled to the calculation of temperature, stress and strain
evolutions in a massive specimen submitted to carbon
gradients [2]. Ferro et al. [3] and Song et al. [4] found that
compressive residual stress at the surface of a part was
generated after the martensitic transformation at the core of
the part. This was attributed to the combination of a
temperature gradient and the mismatch in Ms between the
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outer and the interior of the part. The simulation accuracy of
the residual stress after carburizing and quenching process
is closely related to the transformation of austenite during
the quenching process, which is affected by the accuracy of
the kinetic parameters of martensite transformation in the K-
M formula [5]. Another parameter that affects the accuracy
of residual stress is transformation plasticity. Rangaswamy
et al. simulated the residual stress distribution of a 5120 steel
carburized disc [6]. However, the transformation plasticity
was neglected, resulting in significant discrepancies
between the experimental value and the simulated value.
Greenwood and Johnson [7], Abrasart, Leblond [8-9],
Desalos and others have proposed different calculation
models for transformation plasticity. The Desalos model is
widely used in finite element software, and is also the model
used in this research. In the Desalos model, the
transformation plasticity coefficient K is of great
importance [10, 11]. Much of the previous work was
devoted to determining the K value of an alloy with a fixed
composition [12], besides the K value was considered to be
slightly affected by chemical composition [2]. The effect of
carbon content on the phase change plasticity coefficient K
in carburized steel is rarely studied. Moreover, the
simulation results in some studies have not been verified by
corresponding experiments. Lingamanaik et al. developed a
thermo-mechanical finite element model to predict the
inhomogeneous martensitic transformation [13]. The results
showed that the surface carbon content, depth of the case-
hardened layer, and compressive stresses at the fillet of the
gear tooth can be increased by increasing the carburization
time. However, the numerical simulation results were
discussed without experimental verification via (for



example) carbon profiles and the residual stress distribution.
In addition, in many studies, the mechanical property
parameters used for calculating the residual stress were
obtained using empirical or semi-empirical formulas rather
than experimental measurements [14].

In order to accurately simulate the distribution of
residual stress employing the finite element method, the
martensite transformation kinetic parameters o value and
the transformation plasticity coefficient K were measured
by using the ‘thoroughly’ carburized samples with different
carbon contents. Moreover, 18CrNiMo7-6 steel was
subjected to a typical carburizing and quenching process,
and the above issue was investigated by comparing the
experimental results with simulated values.

2. EXPERIMENTAL PROCEDURES

2.1. Experimental materials and methods

The chemical compositions of the studied steel are
listed in Table 1. The hot-rolled plate (thickness: 200 mm)
of 18CrNiMo7-6 steel was prepared by Shaoguan Zhongji
Heavy Industry Co. Ltd., Guangdong, China. Moreover, the
cylindrical specimens with a diameter of 16.72 mm and a
length of 130 mm were prepared for verification of the
carbon content, microstructure, and residual stress
distribution after the carburizing and oil-quenching process.

Table 1. Chemical composition of the 18CrNiMo7-6 steel, wt.%

C
0.21

Si
0.34

Mn
0.72

Cr
1.58

Ni
1.4

Mo
0.26

Fe
Bal.

The carbon content was determined by using a NJFY-
CS100A carbon sulfur analyzer. The material that needed to
be burned at different depths was prepared by the
mechanical stripping method with a feed of 0.1 mm. The X-
ray diffraction (XRD), with CuKa radiation using a D/max-
2550 X-ray diffractometer, was used to detect the volume
fraction of retained austenite. The fractions were obtained
through a direct comparison of the integrated intensity
measured for the martensite (200)a and (211)a peaks and
the austenite (200)y, (220)y, and (311)y peaks. The same
carburizing process was performed on the cylindrical
sample and the plate sample. Taking the carbon content as
the contact point, the two types of samples have the same
austenite content at depths with the same carbon content. In
addition, the residual stress was measured by means of XRD
(iXRD combo, Proto Company, Ontario, Canada) with Cr
radiation (4 =0.2291 nm). The principle of the X-ray
residual stress tester is that microscopic strain will occur in
the material lattice under the action of macroscopic stress,
and the diffraction Angle of the lattice will change.
According to the microscopic strain, the value of
macroscopic residual stress can be inversely derived. In the
two-dimensional plane stress state, g, is expressed as:
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where K is the stress constant, which can be expressed by
EQ.2. 204y is the diffraction angle, measured by the
diffraction device; ¥ is the azimuth of the diffraction crystal
plane.
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where E is Young's modulus; v is Poisson's ratio; 6, is
Bragg angle under no stress state.

Cr target was selected for measurement, and the
diffraction plane was (211). X-ray penetration is low
(usually several microns to tens of microns), so only the
surface residual stress can be measured. To test the residual
stress distribution with the direction of depth, the sample
was stripped by electrochemical corrosion method with
saturated salt water as the corrosion solution, the stripping
voltage and stripping time were 60 V/10 s, and the stripping
depth was 100 um. The residual stress values at three
positions are measured in each layer and the average value
was taken as the final result.

The mechanical property parameters of the materials at
different positions of the carburized layer were determined
via axial tensile testing on DIL 805A/D/T Quenching &
Deformation Dilatometers. The samples to be tested (with a
carbon content of 0.21 %, 0.49 %, 0.65 %, and 0.85 %) were
obtained by means of a solid carburizing and diffusion
process. The samples were placed in a ceramic crucible
containing 100 g of pure charcoal powder, and kept at
925 °C for 0 h, 0.5 h, 3 h, and 6 h. The samples were taken
out and kept in a vacuum furnace at 950 °C for 6 hours. The
carbon content on the surface of the sample and the core of
the sample were the same as measured by NJFY-CS100A
carbon sulfur analyzer. The hardness and XRD results
showed that the carbon content of the surface was also
consistent with that of the core. In other words, the samples
were carburized “thoroughly”. Finally, the martensite
specimens with different carbon content were subjected to
full quenching to -100 °C.

As an example, the stress-strain curves of martensite
specimen with a carbon content of 0.2 % were measured as
follows: The martensite specimens were tested at 25 °C,
100 °C, 200 °C, 300 °C, and 400 °C at a heating rate of
20 °C/s. For the stress-strain test (deformation rate: 0.001/s)
of austenite, the specimen was heated to 1000 °C for 30 s,
then cooled to 900 °C, 800 °C, 700 °C, 600 °C, and 500 °C
at a cooling rate of 50 °C/s. A short isothermal time (5 s)
was set during the tensile test before deformation, to prevent
the formation of tempered martensite and the decomposition
of supercooled austenite. The same test method was used for
other samples with different carbon contents, except that the
deformation temperatures were different.

2.2. Conditions of experiment and simulation

The heat treatment (HT) process is shown in Table 2.
The carburizing and quenching process was performed in
continuous furnaces. The carburizing and diffusing time as
well as temperature, were 350 min and 180 min, 920 °C and
900 °C, respectively. The carbon concentration of the
furnace atmosphere was 1.15 wt.% during carburization and
0.95wt.% during the subsequent diffusion process.
Afterward, the temperature and carbon concentration
decreased to 840 °C and 0.80 wt.%, respectively. In the final
step of the process, the specimens were immersed in oil
quenchant at 80°C. The carburizing and quenching
simulation of the specimen, including the temperature,



microstructure and stress fields, is performed on the
Deform-HT software.

Table 2. Schematic of the carburizing process

Stage | Time, h | Temperature, °C | Carbon atmosphere, %C
1 01:00 850 0.6
2 00:05 920 1.15
3 05:50 920 1.15
4 00:05 900 0.95
5 03:00 900 0.95
6 00:05 840 0.8

A two-dimensional (2-D) axisymmetric finite element
model of the carburized sample was used for simulation.
This model corresponded to the center of the cylindrical
specimens. The length-to-diameter ratio was > 6 and, hence,
the cylindrical specimens can be considered infinitely long.
The model was meshed by quadrilateral elements with four
nodes. Thus, a model with 7224 nodes and 7110 elements
was established.

3. MODELS FOR CARBURIZING AND
QUENCHING PROCESS

3.1. Carburizing process

The carburizing process is a non-steady-state diffusion
process. The carburizing process can be described by Fick’s
second law, which is given as [16]:
oC_d
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where C is the carbon content of the carburized layer in %,
t is the carburizing time, and x is the Cartesian coordinate.
The diffusion coefficient D is related to the temperature T,
carbon content, and alloying elements M in the diffusion
process of multi-component alloy steel [17].

D(T,M,C)=(0.146-0.036C (1-1.075Cr )+ Y k,M)
144.3-15.0C +0.37C% + ) k,M )
RT G

where Cr is the mass fraction of chromium; M is the mass
fraction of alloying element in %; R is the molar gas
constant; k; and k; are constants of alloy elements, and their
values are shown in Table 3.

-exp(

Table 3. Alloying elements and alloying parameters of diffusion
coefficient model

M Mn Si Ni Cr Mo Al

k1 -0.0315 | 0.0509 | -0.0085| 0.0* | 0.3031 |-0.0520

kz -4.3663 | 4.0507 | -1.2407 | 7.7260 | 12.1266 | -6.7886
* is considered in the previous exponential section

The external boundary condition is expressed as:

—D[Qj - B(C.~C,)
OX )y , ©)
where C, stands for the environmental carbon potential, and
C, denotes the carbon content of the steel. Both units of C,,

and C; are %.
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The temperature-dependent transfer coefficient of the
steel, B, can be expressed as:

E
p=hrelen) o

where E is the activation energy of the reaction.
3.2. Quenching process
3.2.1. Temperature field

During the carburizing quenching process, the
temperature field was controlled by the Fourier heat
equation coupled with latent heat due to martensitic
transformation.
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where p is the density (taken as 7850 kg/m3); c is the
specific heat and k is the thermal conductivity, respectively,
which are calculated by the Jmatpro software [18]; q is the
internal heat source.

The initial temperature was set as 840 °C and the
quenching oil temperature was 100 °C. The boundary
condition of heat transfer was given as follows:
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: (8)
where T,, and T are the temperature of the cylinder surface
and the quenching oil, respectively; n is the normal direction
of the outer boundary. The heat transfer coefficient h

between 18CrNiMo7-6 and KR128 is adopted from data
reported in the literaturel [1].

3.2.2. Microstructure field

The martensite transformation is a diffusionless phase

transformation, which depends only on the temperature. The
K-M equation is used to describe this transformation and is
given as follows [5]:
é:M :l_exp[-a(Ms _T)] ’ (9)
where &v is the volume fraction of martensite; Ms is the
starting temperature of martensitic transformation; « is a
proportionality coefficient, reflecting the speed of
martensite transformation, which varies with the type of
steel, respectively. The Ms and « values of the materials in
different depths of the carburized layer were obtained from
our measurement.

3.2.3. Stress field

Quenching is a non-linear thermoplastic process, which
can be described by the incremental theory. The total strain
rate {¢;;} includes the rate of elastic strain {7}, plastic
strain {£]}, thermal strain {£f/*}, phase transformation strain
{¢{7}, and transformation plasticity strain {¢;7}. The total
strain rate {¢;;} is then given as [19, 20]:
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Assuming that the hardening rule is isotropic, the Von Mises
yield criterion was adopted as the yield function type. The
model of plastic flow stress a,,, which considers the effect
of strain g, carbon content, and temperature, is described by
[20]:
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where F is the yield equation based on the mixed phase; T
is the temperature C is the carbon content; g;; is the flow
stress; s is plastic strain; &, is phase microstructure; K is
the hardenlng parameter.

The elastic strain rate £f; can be expressed as:

|
_O-kké‘ij

E
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& =——0y—
E , (12)

where E and v are elasticity modulus and Poisson’s ratio,
respectively, depending on both the temperature and carbon
content, were obtained from the stress-strain curves of
martensite and austenite. o;; is the flow stress and §;; is the
Kronecker delta.

The strain rate tensor components can be written as
[20, 21]:

o .
—a(C)AT5 (13)
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where « is the thermal expansion coefficient. f;; is the
coefficient of phase transformation in fraction length change
due to the phase change from phase | to phase J, ¢ is the
volume fraction rate of the phase transformation, where the
transformation volume fraction from phase | to phase J is
differentiated with respect to time. K, denotes the
transformation plasticity coefficient, and normalized
function h(&;;) = 2(1—&;) represents the contribution
from transformation progress to the transformation
plasticity strain [20,21]. The mechanical property
parameters of the materials at different positions of the
carburized layer were obtained from our measurement.

4. RESULTS
4.1. Martensite transformation kinetic parameter

Ms, and o (see Table 4) were determined using
dilatometry. From Table 4, we find that the M; is related to
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the carbon content (mass content), and as the carbon content
increases, the temperatures decrease. When the carbon
content in the sample is 0.21 %, M is 387 °C, and when the
carbon content increases to 0.82 %, M; reduces to 113 °C.
Therefore, the higher the carbon content is, the more the
austenite is retained after quenching. As for the « value in
the K-M formula, it can be obtained by fitting the expansion
curve. The a values of the C 0.21 %, C 0.34 %, C 0.56 %,
and C0.66 % samples are 0.0195, 0.0207, 0.0201, and
0.0205, as shown in Table 4. The values are significantly
higher than other scholars' recommended values [10]. The
Ms temperatures of the C 0.73 %, C 0.82 % samples are
lower than the cooling temperature limit of the dilatometer
(50 °C), as a result, the martensite transformation is
incomplete, and the o« value cannot be directly obtained.
Besides, it changes slightly with the carbon content. The o
values of the C 0.73 %, C 0.82 % samples can be taken as
the average of the previous four samples.

Table 4. Values of Ms and o

Carbon content, % Ms, °C o
0.21 387 0.0195
0.34 292 0.0207
0.56 212 0.0201
0.66 182 0.0205
0.73 148 0.0202
0.82 133 0.0202

4.2. Transformation plasticity coefficients

The mechanical property parameters used in the
simulation can be obtained from the stress-strain curves of
martensite and austenite. As for samples with carbon
content of 0.21 %, 0.34 %, 0.56 %, 0.66 %, 0.73 % and
0.82 %, transformation plasticity coefficients K;; of 7.16,
6.65, 5.43, 5.54, 5.82 and 6.01e® MPa? are obtained
respectively. As the carbon content increases, the changing
trend of Ky; appears as a 'tick’ shape, as shown in Fig. 1.

9x10°
8x10~
o 7.16x1075
& .
Z 7x107 1
2 5
6.65x10
B0 6.01x107
<1075 1
5.82x107>
5.43x1075 5.54x1075
5x10° - : ' .
0.0 0.2 0.4 0.6 0.8 1.0

Carbon content,%

Fig. 1. Transformation plasticity coefficient K of different carbon
content samples

In different carbon content ranges, the dominant
mechanism of transformation plasticity is different. When
the carbon content is below 0.5 %, the Greenwood and
Johnson mechanism dominates. Due to the different
densities of the mother phase austenite and the child phase
martensite, the volume change caused by the martensite
transformation process leads to the plastic deformation of



the weak phase austenite in the vicinity of the phase
transition zone, and the austenite's yield strength will
increase with the increase of carbon content. When the yield
strength increases faster than the volume change, the K
value will decrease with the increase of carbon content.
However, when the carbon content is higher than 0.5 %, the
Magee mechanism dominates. At high carbon content,
lamellar martensite is mainly generated, and the lamellar
martensite under no stress is randomly distributed in
different directions, and the shear stresses generated also
cancel out each other; under the situation with stress, the
lamellar martensite will be preferentially oriented, and the
microscopic  plastic deformation changes into the
macroscopic  plastic deformation, thereby forming
transformation plasticity. As the carbon content rises, the
amount of lamellar martensite increases, resulting in the
growth of the K value [22].

4.3. Carbon diffusion

Fig. 2 shows the carbon profiles determined via
combustion burnout techniques performed on the carburized
layer (thickness: ~2.0 mm) of the samples. The carbon
content at the surface increases from 0.21 wt.% to 0.8 wt.%,
and decreases with decreasing depth of the layer. In
addition, carburizing simulation was performed in
Deformed-HT [23, 24]. A two-dimensional axisymmetric
finite element model was used to simulate carburizing
samples. The model corresponds to the center of a
cylindrical specimen. The aspect ratio was greater than 6, so
the cylindrical specimen can be regarded as infinitely long.
The model was meshed by the quadrilateral element with
four nodes. The corresponding mechanical properties and
expansion coefficient parameters were input, and
carburizing temperature and carbon potential were also set.
The result has been shown in Fig. 2.

0.9

0.8
.

experiment data
simulation result

0.7 1

0.6
0.5

0.4 4

Carbon content %

0.5 1.0

Distance from surface mm

1.5

2.0

Fig. 2. Carbon content distribution of the carburized specimen

As desired, the predicted carbon content profiles
decrease monotonically from 0.81 wt.% to 0.21 wt.%. As
the figure shows, the simulated carbon content distribution
of the carburized layer corresponds closely to the
experimentally determined distribution. This
correspondence indicates that the model used in the present
work is quite suitable for simulating the carburizing process
of 18CrNiMo7-6 steel.

Fig. 3 and Fig. 4 show the microstructure of carburized
and uncarburized samples. For the carburizing sample, it
can be seen that the carburizing surface contains a large
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number of retained austenite and lath martensite (Fig. 3 a),
while the core was basically composed of martensite
(Fig. 3 b). For the uncarburized sample, the microstructure
of the surface (Fig. 4 a) and core (Fig. 4 b) were martensite.

Fig. 4. Microstructure of uncarburized sample
4.4. Retained austenite

The volume fraction distribution of retained austenite
along the depth was detected via XRD, as shown in Fig. 5.
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Fig. 5. Distribution of retained austenite in the carburized
specimen

In general, the volume fraction decreases with
decreasing depth of the carburized layer, with the maximum
content (33 vol.%) occurring on the layer surface. A limited
amount (2—4 vol.%) of retained austenite is present at a
depth of 1.0mm. The remaining carburized-layer
microstructure is composed of martensite. The K-M
equation 4 [16] indicates that the volume fraction of
austenite decreases monotonically with decreasing carbon
content. Consider the surface layer of the sample with a
carbon content of 0.8 wt.%. Even if the temperature is
cooled to room temperature, which is still higher than the
M, a considerable amount of retained austenite can exist
stably.



4.5, Residual stress

The residual stress fields of the carburized specimens
after the quenching process are determined, as shown in
Fig. 6. The residual stress is determined from the surface to
a depth of 2.5 mm. The residual compressive stress is
generated in the carburized layer, with stresses of
~ 100 MPa occurring on the carburized surface. The
maximum stress of 340 MPa is produced at ~ 0.9 mm below
the surface. Moreover, the crossover from compressive
stress to a tensile stress of the specimen occurs at ~ 2.0 mm.
The residual compressive stress generated on the workpiece
surface can yield a significant improvement in the fatigue
strength and service life of the workpiece [25, 26].

The simulated residual stress fields of the carburized
specimens are shown in Fig. 6. The simulated residual stress
fields in the carburized layers of the specimen concur with
the experimental data. This indicates that the model and
mechanics property parameters used in this work are quite
suitable for simulating the quenching process of the
carburized 18CrNiMo7-6 steel.

100 - °

2mm experiment data
simulation result

-100 -

-200

Resdidual stress MPa

-300

-400 1

0.0 0.5 1.0 1.5 2.0 2.5
Distance from surface. mm
Fig. 6. Comparison of the measured and calculated residual stress

values

5. DISCUSSION
5.1. Determinants of retained austenite content

The value of a in Eq. 7 has a great influence on the
simulation accuracy of the retained austenite content after
the quenching process. The a values of the samples are
significantly higher than other scholars' recommended value
0f 0.011 [10], as shown in Table 4. Fig. 5 shows the retained
austenite content after the quenching process when a is
taken as 0.011 and 0.0202 respectively. It is found from
Fig. 4 that when o takes 0.0202, the simulated value of
retained austenite is close to the actual measured value;
when o takes 0.011, the retained austenite content is
significantly higher than the actual measured value. The less
the amount of austenite transformation is, the smaller the
stress caused by the phase transition will be, which results
in a reduction of the residual compressive stress. The
difference in a value is caused by the difference in the
chemical composition of different materials. Therefore, for
18CrNiMo7-6 alloy steel, the a value should be taken as
0.0202.
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5.2. Determination of transformation plasticity
coefficient

To study the influence of the transformation plasticity
coefficient on the residual stress, two K values were used in
the simulation, namely K =0 (without considering the
transformation plasticity coefficient) and the K value of
samples with different carbon content measured by the
experiment. The simulation results are shown in Fig. 7 in
black and the red curve. It can be seen that the red curve is
more consistent with the experimentally measured values;
and the difference between the simulated results at K =0
and the actual measured value is larger, besides the residual
compressive stress increases significantly; This is due to the
relaxation effect of transformation plasticity [27]. For a
carburized sample, as martensitic transformation develops
last in the surface area, the associated stress relaxation effect
occurs until the end of the cooling. Ignoring the
transformation plasticity (K = 0, that is, the black line) will
cause the residual compressive stress to increase
significantly. The transformation plasticity coefficient K of
the samples varies with different carbon content, and the
relaxation effect on the residual stress is also different. In a
word, the phase change transformation plasticity coefficient
K varied with carbon content, and it has a great influence on
the residual stress distribution.

200

200 3

-400 A

Considering the transformation plasticity
No considering the transformation plasticity
experiment data

Residual stress. MPa

-600 - o

-800

1 2 &

Distance from surface. mm

Fi

. 7. Comparison of the residual stress values with a different K
value

5.3. The evolution of stress

The complexity of the residual stress distribution
depends on not only the thermal stress caused by the
temperature difference between the outer and the interior of
the specimen but also the structural stress caused by the
large volume expansion associated with martensite
transformation. Moreover, the carbon content of the surface
comprising the carburized layer is higher than that of the
core and, hence, the martensite transformation temperatures
of the surface is lower than that of the core. This leads to a
different order of martensite transformation in the
carburized layer. Therefore, for the carburized specimen,
the transformation may occur first in the interior rather than
in the carburized surface. The evolution of stress is
elucidated by using the FEM to predict the variation in the
temperature field (Fig. 8) and transient stress (Fig. 9) of the
specimen.
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100 400 —
o - 1004 —=3
80
] =3 & 0
a e 2004 &
S § =
4 60 & 21004
é é g 100
= = 1 =
é 40 é 0 £ 200
g 3 3
~ o ]
20+ -300
=200+
0 : : : : - - . . —400 ‘ ‘ T ‘
0.0 0.5 1.0 L5 2.0 2.5 0.0 0.5 1.0 1.5 2.0 25 0.0 0.5 1.0 L5 2.0 2.5
Distance from surface, mm Distance from surface, mm Distance from surface, mm
a b c

Fig. 9. Simulated stress distribution of carburized specimen at different quenching stages

The order of the different quenching stages is denoted  the temperature of the interior, leading to martensite
as t=1, 2, 3. At the beginning of the quenching process  transformation from the outermost surface. The maximum
(t=1), atensile stress is generated in the carburized surface, =~ compressive stress is therefore generated in the sub-surface
the temperature of the whole specimen is above the  region (rather than at the surface). In addition, based on the
martensite transformation temperature. The stress shown in  distribution of the retained-austenite content, the trends are
Fig. 9 ais the thermal stress, i.e., the tensile stress generated ~ further interpreted as follows: Generally, Ms decreases with
on the surface of the sample due to the large degree of increasing carbon content, which is highest at the specimen
shrinkage. Furthermore, the temperature reduction of the  surface, where martensite transformation occurs last. The
surface is higher than that of the core, thereby leadingtoan ~ maximum residual compressive stress should occur at the
increase in the tensile stress. With progression of quenching  surface. However, compared with the core of the carburized
(t=2), see Fig. 9 b, the austenite in the core transforms to  specimen, the outer surface contained a larger amount of
martensite with high volume expansion, but the austenite in ~ austenite retained after quenching (see Fig.5), thereby
the surface remains unchanged. This difference in  reducing the amount of residual compressive stress
microstructure results from the difference between the Ms  generated. The maximum compressive stress is therefore
values of the surface and the core. Hence, the compressive  produced in the inner surface, i.e., below the surface, as
stress generated in the core of the specimen (see Fig. 9b).  shown in Fig. 9 c.

When the temperature decreases (t=3), the martensite

transformation occurs near the surface layer, and a 6. CONCLUSIONS

compressive stress is generated. Furthermore, the zone in ) . .

the interior, which has transformed to martensite, hinders In this work, the residual stress of a 18CrNiMo7-6 steel
the volume expansion from the surface, and the compressive  2fter a carburizing and quenching process was investigated
stress in the core is thereby reduced (see Fig. 9 c). The by means of experimental and finite element methods. A

corresponding stress field in the specimen cooled to room  detailed model coupling the thermal, metallic, and
temperature can be considered the residual stress field, mechanical fields was built to predict the internal stress and

residual stress field. The main conclusions of this study are

summarized as follows:

1. The corresponding mechanical property parameters and
dilatometric parameters for FEM simulation are
determined via accurate measurements. The martensite
transformation kinetic parameters a value should be
0.0202 instead of 0.011 for 18CrNiMo7-6 alloy steel.

where the maximum compressive stress occurs at ~ 0.9 mm
below the surface of the specimen. Yang et al. [28]
explained that the carbon content of the surface area varies
only slightly and, hence, the martensite transformation
temperatures of this area are quite similar. Moreover, the
temperature of the outer layer decreases more rapidly than
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The difference in a value is caused by different
chemical composition. As carbon content growths, the
changing trend of the transformation plasticity
coefficient K appears as 'tick' shape. The dominant
mechanism of K in different ranges of carbon content is
different. The predicted residual stress fields
correspond closely to the experimentally determined
data for the carburized and quenched specimen.

After the carburizing and quenching process, a
compressive residual stress field is obtained in the
18CrNiMo7-6 specimen, and the stress is distributed in
the carburized layer in the form of a tick. The maximum
compressive residual stress value of 340 MPa occurs at
~ 0.9 mm below the surface of the specimen. The
crossover from compressive stress to tensile stress of
the specimen occurs at ~ 2.0 mm.

Analysis of the stress evolution during the quenching
process revealed that the stress distribution of the
carburized layer is subjected to the combined action of
a thermal stress and a structural stress. Furthermore, the
formation of the final residual compressive stress is
related to the order of the martensite transformation in
different carburized-specimen layers. In addition, the
difference in the amount of transformed austenite
results in the transfer of the maximum residual
compressive stress from the surface to the interior.
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