Hindawi

Advances in Materials Science and Engineering
Volume 2021, Article ID 9120018, 14 pages
https://doi.org/10.1155/2021/9120018

Research Article

Hindawi

Establishment of Thermal Ductile Fracture Criterion for As-Cast
42CrMo Steel and Its Application in Hot Ring Rolling Process

Yuanyuan Chen ©,"* Huiping Qi ©®,' Yongtang Li,' and Lin Hua®

ISchool of Materials Science and Engineering, Taiyuan University of Science and Technology, Taiyuan, Shanxi 030024, China
Department of Mechanics, Jinzhong University, Jinzhong, Shanxi 030600, China
3School of Automotive Engineering, Wuhan University of Technology, Wuhan, Hubei 430070, China

Correspondence should be addressed to Huiping Qi; ghp9974@tyust.edu.cn

Received 7 July 2021; Revised 5 September 2021; Accepted 24 September 2021; Published 19 October 2021

Academic Editor: Philip Eisenlohr

Copyright © 2021 Yuanyuan Chen et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

The casting-rolling compound forming process of ring parts is an advanced plastic forming technology that has been developed
due to the merits of high efficiency and energy and material saving. However, cracks often occur during the hot ring rolling
process, especially at the edges of the ring parts, which severely affects the forming quality. To predict and try to avoid the
occurrence of cracks in the casting-rolling compound forming process of ring parts, the high-temperature fracture behaviors of as-
cast 42CrMo steel were investigated by thermodynamic experiment method. The high-temperature tensile tests were carried out
using the Gleeble-3500D thermomechanical simulator at various temperatures and strain rates. Stress-strain curves and fracture
morphology were examined, through which the sensitivity of stress to temperature and strain rate and the effect of dynamic
recrystallization and cavity evolution on fracture were found. The law of critical fracture strains was analyzed, and the model of
critical fracture strain as a function of temperature and strain rate was established. Based on Oyane criterion, the thermal ductile
fracture criterion was established in conjunction with the model of critical fracture strain. By embedding this thermal damage
model into the finite element (FE) model for hot ring rolling of an as-cast 42CrMo ring, the damage prediction for this process was
realized, and the thermal ductile fracture criterion was proved to be reliable. From the FE results for hot ring rolling, mechanism of
damage and fracture in the hot ring rolling process was analyzed. The damage threshold C/ is small, and the damage ratio D is
large at the top and bottom edges of the inner surface area of the ring, which have the greatest propensity to cracking in the course
of hot ring rolling. This is of great significance in terms of improving the forming quality of ring parts in the casting-rolling
compound forming process.

1. Introduction

The casting-rolling compound forming process of ring parts
is a new technology with many merits such as high efficiency,
energy and material saving, and reduction of carbon dioxide
emission. In such process, a ring casting blank is rolled
directly on a ring rolling machine without being forged.
Unfortunately, cracks often occur during the ring rolling,
especially at the edges of the ring parts, which seriously
affects their quality. In order to improve the forming quality
and forming limit of the ring parts, it is vital to predict when
and where the cracks initiate in the casting-rolling com-
pound forming process of ring parts.

In the previous research, remarkable results on crack
prediction were achieved. Many ductile fracture criteria were
proposed to describe the critical conditions of ductile
fracture quantitatively with considering the effects of de-
formation temperature and strain rate on fracture. In par-
ticular, the ductile fracture criteria were established for
Mn18Cr18N steel [1], 3Cr20Ni10W?2 alloy [2], Ti40 alloy [3],
30Cr2Ni4-MoV ultra-super-critical rotor steel [4], magne-
sium alloys [5], and 42CrMo steel [6]. However, the above
mentioned studies have neglected the influence of stress
triaxiality on ductile fracture. In this respect, Benzerga et al.
[7] discussed the widely used models of ductile fracture and
pointed that the void volume fraction changes differently
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under high and low stress triaxiality. Duan et al. [8, 9]
discussed the influence of stress state and stress triaxiality on
fracture strain and critical damage value of 316LN steel.
Ovyane [10, 11] proposed a ductile fracture criterion, con-
sidering stress triaxiality and plastic deformation capacity,
which has become one of the most common criteria for
cracking prediction in plastic forming. The use of Oyane
ductile fracture criterion by Reddy et al. [12] and Lei et al.
[13] enabled them to predict the crack initiation by nu-
merical simulation, and the simulation results were in good
agreement with experimental ones. However, Oyane crite-
rion was only suitable for predicting cracks in cold forming
and failed to consider the effects of strain rate and defor-
mation temperature. Based on Oyane criterion, He et al.
established ductile fracture criteria at elevated temperature
for 30Cr2Ni4-MoV ultra-super-critical rotor steel [4],
SA508-3 steel [14], 316LN stainless steel [15], and no. 50 steel
[16], successfully anticipating the initiation and location of
cracks by numerical simulation. Zhan et al. [17] proposed a
thermal damage model for Ti-6Al-2Zr-1Mo-1V titanium
alloy by combining the Oyane ductile fracture criterion with
the damage threshold, temperature, and strain rate, suc-
cessfully anticipating that the inner surface of the spinning
region is the zone most prone to damage in the tube rolling-
spinning.

To predict the occurrence of cracks in the casting-
rolling compound forming process of ring parts, many
scholars have studied the process and simulation of ring
rolling deeply. For instance, Wu et al. performed a
comprehensive and systematic study on the casting-
rolling compound forming process of rings, reporting the
influence of casting solidification parameters on the
secondary dendrite arm spacing and crack defects [18],
developing the method of grain refining during the so-
lidification process [19], describing the metadynamic
recrystallization [20], flow stress behavior upon hot de-
formation [21], and thermal physical properties of the as-
cast 42CrMo steel [22], and establishing a hot working
diagram of the as-cast 42CrMo steel [23]. The afore-
mentioned results lay the foundation for the analysis of
crack initiation in the casting-rolling compound forming
process. However, no ductile fracture criteria for as-cast
42CrMo steel that would allow one to predict the
emergence of cracks in the casting-rolling compound
forming process of ring parts have been formulated until
now.

In this paper, the model of critical fracture strain was first
established for as-cast 42CrMo steel based on the tensile tests
at different temperatures and strain rates. Besides, com-
bining this model with Oyane criterion enabled one to
obtain the ductile fracture criteria for 42CrMo steel at el-
evated temperature. The parameters of the proposed crite-
rion were determined through experiments and numerical
simulations. Based on DEFORM software platform, a FE
model for fracture prediction of as-cast 42CrMo steel in hot
ring rolling was first established. The evolution laws and
mechanisms of damage and fracture in the process were
revealed, which has an important role to play for the im-
provement of forming quality of 42CrMo steel ring.
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2. Material and Methods of High-Temperature
Tensile Experiments

The 42CrMo steel with a chemical composition given in
Table 1 was cast according to the procedure described in
[24]. The microstructure of 42CrMo as-cast ingots mainly
consists of ferrite and pearlite, shown in Figure 1. The tensile
specimens were designed according to GB6397-86 and
machined, as shown in Figure 2(a).

The high-temperature tensile tests were carried out
using the Gleeble-3500D thermomechanical simulator at
various temperatures (1223, 1273, 1373, 1423, and
1473 K) and strain rates (0.001, 0.01, 0.1, and 1.0s™").
Prior to the experiments, the specimens were heated to
1473 K at a heating rate of 283 K/s. The temperature was
maintained for 2 min to preserve heat and then dropped
to deformation temperatures at a rate of 293 K/s. In order
to avoid oxidation during tensile experiments, the
specimens were kept in a vacuum. After tensile test,
specimens were cooled by water immediately. The half
part of broken specimen after high-temperature tensile
test is shown in Figure 2(b).

The specimens were wire cut along their longitudinal
axis. The sections were ground, polished, cleaned with al-
cohol, and finally etched for 140 s using picric acid-saturated
water solution at the temperature 348 K. The microstructure
of the fracture surface for tensile specimens was charac-
terized using an optical microscope (OM).

3. Results and Discussion

3.1. Stress-Strain Curves. The true stress-strain curves of
42CrMo steel in tensile experiments under various tem-
peratures and strain rates are shown in Figure 3. In Figure 3,
the stress is very sensitive to strain rate and temperature. The
peak stress 0, and the corresponding strain ¢, increase with
the rise of strain rate and decrease with increasing tem-
perature. The thermal deformation curves of as-cast 42CrMo
steel are divided into two categories as follows.

(1) Curves with a significant peak: during the initial
stages of high-temperature tensile deformation,
work hardening dominates and the stress-strain
behaviors show a rapid increase in stress with
increasing work hardening. With the increase of
strain, dynamic recovery and recrystallization play
a softening role, and the increase rate of flow stress
slows down. Then, the stress reaches a maximum,
after which the softening effect is dominant, the
tensile specimen breaks, and the stress decreases
[25, 26].

(2) Curves with no significant peak: when the specimens
were tested at the high temperature and low strain
rate (e.g., at 1423K or 1473K and 0.001s™'), work
hardening dominates and stress values increase
rapidly during the initial stages. The stress peak is not
significant, and the deformation behavior is char-
acterized by slightly strain hardening and approxi-
mately steady-state flow [27].
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TaBLE 1: Chemical composition of 42CrMo steel (wt%).

C Si Mn Cr

Mo P S Cu

0.4 0.23 0.6 0.98

0.18 0.019 0.012 0.02

FiGure 1: Initial microstructure of as-cast 42CrMo.
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FIGURE 2: (a) Dimensions of tensile specimen of as-cast 42CrMo steel. (b) Specimen after tensile tests.

3.2. Fracture Morphology. Microstructures in longitudinal
section of the fracture surface for tensile specimens de-
formed at the strain rate 1s™' are shown in Figure 4. As can
be seen from Figure 4, dynamic recrystallization occurs at
the fracture surface of the tensile specimens. Many voids of
different shapes and sizes can be seen at the fracture surface,
and macroscopic fracture occurs when the voids grow and
converge. Ductile fracture originates from cavity evolution
and the driving force of cavity evolution is the stress con-
centration in the material [28]. The stress concentration at
the contact position between the inclusion and the matrix
causes the inclusion to fall off or break up from the matrix,
and then the void nucleates. The newly formed voids and the
initial voids in the material grow up and coalesce during
deformation and finally form macroscopic fracture. The
thermal deformation and dynamic recrystallization soften
the material, relieve the stress concentration in the material,
hinder the cavity growth, and change the cavity evolution
and the fracture behavior of the material [29].

Therefore, with the increasing of temperature, the vol-
ume fraction of the dynamic recrystallized grains increases,
larger areas of the cavity are obstructed from growth, and
fracture toughness increases. Once the temperature exceeds
some certain limit, grain is seriously coarsened, and the
grain boundary turns to be weak, the microcracks may be

easy to occur on the grain boundary, and fracture toughness
severely decreases (shown in Figure 4(e)).

4. Determination and Analysis of Critical
Fracture Strain

The critical fracture strain ¢; is the strain arising at the
moment of necking [16]. It is an important parameter of
ductile fracture, which can reflect the plastic deformation
capacity [15, 16]. However, because of the high-temperature
softening, critical fracture strain ¢, is difficult to be mea-
sured directly, especially at high temperatures and low strain
rates. In present study, the technique described in [30, 31] is
used for this purpose, which consists in converting the
nonuniform deformation zone after necking into an
equivalent zone with uniform deformation. This enabled one
to obtain the critical fracture strains at different tempera-
tures and strain rates (see the plots in Figure 5(a)).

At the constant strain rate, the critical fracture strain
increases and then drops with the increase of deformation
temperature. This is consistent with the physical mechanism
of thermal forming and can be explained as follows.

The driving force for ductile fracture is the stress
concentration within the material. With the increase of
temperature, the atomic diffusions and grain boundary
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FIGURE 3: Relationships between true stress-strain for as-cast 42CrMo steel at different temperatures: (a) 1223 K. (b) 1273 K. (c) 1373 K.

(d) 1423 K. (e) 1473 K.

migration become faster, enhancing the dynamic re-
crystallization and triggering the glide and climb of dis-
locations at reducing their density. This alleviates the
stress concentration in the material and increases the
critical fracture strain [32-34]. As the deformation
temperature continues to increase to 1423 K (a critical
temperature), the critical fracture strain reaches the peak
value (see Figure 5(a)). The grain boundaries start to
become weak and microcracks tend to occur at the grain
boundaries. When the deformation temperature increases
to 1473 K, the grains coarsen to a large extent, the grain

boundary turns to be weak, the microcracks is easy to
occur on the grain boundary, and the critical fracture
strain decreases.

At the constant deformation temperature, the critical
fracture strain increases with the decrease of strain rate. At
low strain rates, there is a sufficient time for atomic diffu-
sions and grain boundary migration, resulting in the
accelerated dynamic recrystallization. This reduces the
dislocation density, alleviates the stress concentration in the
material and, consequently, increases the critical fracture
strain.
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FIGURE 4: Microstructure in longitudinal section of fracture surface for sections at 1s™": (a) 1223 K. (b) 1273 K. (c) 1373 K. (d) 1423 K.

() 1473 K.

5. Establishment of a Model of Critical
Fracture Strain

A thorough analysis of the parameter ¢; revealed its sen-
sitivity to temperature and strain rate under hot deformation
conditions. This finding allows the critical fracture strains ¢
to be expressed as a function [4] of temperature and strain

rate:
- M 11 Q) )
Sf— & - | exp *{T—T—Cﬁ >

where Q is the thermal activation energy; R is the universal
gas constant (8.31 J-mol K™1); M, a, and b are the material
parameters; and T, is the critical temperature that can be
assessed from Figure 4 by taking the average of all the critical
temperatures at different strain rates (T, =1423 K). Among
these, the parameters Q, M, 4, and b are determined as
follows.

5.1. Determination of Parameter Q. According to the data
reported in [14-16, 35, 36] in conjunction with Arrhenius
function [37], the thermal activation energy Q of as-cast
42CrMo steel can be expressed as

Olné¢ sinh (a0)

_R dln
Q= sinh (a0) |1 a(1/T)

]_, 2)

and its value is found to be Q=241.175kJ-mol™".

[a In

5.2. Determination of Parameter a. Keeping T constant,
equation (1) can be rewritten as

0ln &f
0lné’

a =

(3)

resulting in a=-0.028.
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FIGURE 5: Critical fracture strains at different temperatures and
strain rates for as-cast 42CrMo steel. (a) Experimental critical
fracture strain. (b) Calculated critical fracture strain.

5.3. Determination of Parameter b. Keeping & constant,
equation (1) can be redefined as
Jln ¢

b= o(-1(1/T) = (T ) (Q/R), “

and it is evaluated as b=0.0462.

5.4. Determination of Parameter M. By substituting the
parameters  Q=241.175 kJ-mol™!, R=8.31J-mol K,
a=-0.028, b=0.0462, and T, =1423K in equation (1), the
value of M can be gained by applying the inverse calculation
and M =0.3 is obtained.

Thus, by substituting the parameters Q, R, a, b, T, and M
into equation (1), the model of critical fracture strain is
expressed as

e, (T, &) = 03¢ %% [exp<—29022 . ll o )]0'0462'
' T 1423
(5)

The calculated values of ¢ £ calculated by equation (5) are
shown in Figure 5(b). The comparison between the calculated
critical fracture strain and experimental results is shown in
Figure 6. It is found that the calculated results are in good
agreement with experimental results. The correlation coeffi-
cient is 0.9925, and the average relative deviation is 1.20%.

6. Establishment of Thermal Ductile
Fracture Criterion

The ductile fracture criterion is the critical condition that
allows one to quantitatively describe the critical fracture
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FIGURE 6: Comparison of the calculated critical fracture strain &,
with experimental results.

occurrence during the forming. In particular, Oyane
criterion is one of the widely used criteria in cold forming
[10, 11, 38]. Many researchers pointed out the reliable
prediction ability of Oyane criterion [39-41] and the
others pointed out its robustness [42-46]. Oyane criterion
well describes the impact of stress triaxiality on fracture
while failing to consider the effects of strain rate and
temperature. However, ductile fracture is a complex
phenomenon depending on various process parameters
including stress states, strain, strain rate, and forming
temperature. Thus, the strain rate and temperature should
be taken into consideration when defining the reliable
fracture criterion for as-cast 42CrMo steel at elevated
temperature.

Given the previously mentioned influence factors and
based on Oyane criterion, the ductile fracture criterion for
as-cast 42CrMo steel at elevated temperature can be
established as follows:

b-C_ [+ ((f.m/BE))dE2 . )
Cf Cf (8> T)

where D is the damage ratio, C is the cumulative fracture
damage value under different stress states, C is the critical
damage threshold of fracture failure, C  is a variate affected
by temperatures and strain rates during hot forming, and
0,,/0 is the stress triaxiality.

In the uniaxial tension test, C; can be expressed as

. 1
Crem=(1+55)er 7
Substituting equation (5) into equation (7) results in

C, (¢ T)>(1+ 1>03.-0,028 [ ( 29022 ‘1 1 |):|0,0462
> - . . X ] — L= = )
a B/ P T 1423

(8)

Substituting equation (6) into equation (8) results in
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Equation (9) is the critical condition for the occurrence
of instantaneous fracture. However, as the temperature and
strain rate vary in the course of hot deformation, this process
can be divided into many time steps. In each time step, the
temperature and strain rate are assumed to be constant, and

C Zf\:]l (1+ (0, (¢ T;)IB5 (¢, T;))) - Ag;

the cumulative damage value is the accumulation of damage
of each incremental step during the whole hot deformation
process. Then, the ductile fracture criterion under arbitrary
stress can be determined as

where i is the index of time step; N is the total amount of time
steps; B is the stress compensation factor which is a constant.
When the cumulative damage value C is greater than (or
equal to) the critical damage threshold Cy, that is, the
damage ratio D > 1, the cracks occur.

It is noteworthy that how to determine the material
constant B accurately is the key problem to establish the
criterion equation. Some scholars [40, 47, 48] pointed out
that the stress state during the deformation could exert
influence on the deformation patterns and affect crack
evolution. An effective solution for this problem was pro-
posed by He et al. [4] who implemented the upsetting tests

c YR (1 +(0,,(6,T,)/0.267-5(£,T)))) - Ag

- >1,
Cs  (1+(1/3B))- 0.3 " . [exp (- 29022 - [(1/T) - (1/1423)])]****

(10)

with different stress triaxialities in conjunction with FE
simulations to obtain the parameter B.

The dimensions of upsetting test samples are listed in
Table 2. The cylindrical upsetting (CUP-20), tapered up-
setting (TUP-30), and double-cone upsetting (DUP-36) with
the same ratio of height and diameter were performed on a
hydraulic press at the stroking speed of 5.0 mm/s and the
temperature of 1373 K. Finally, applying the least square fit
method to the results enabled one to obtain B=0.267.

Substituting the value B into equation (10), the ductile
fracture criterion of as-cast 42CrMo steel at elevated tem-
perature can be expressed as

“C, >1.
Cy 0.6745¢ " . [exp(-29022 - [(1/T) — (1/1423))]°*

According to equation (11), it can be seen that the
damage value C increases with increasing stress triaxiality
and plastic strain, and the critical damage threshold C
decreases with the decrease in temperature T and the in-
crease in strain rate & Therefore, low deformation tem-
perature and high strain rate are beneficial to the emergence
of cracks in the steel while exposed to hot ring rolling.

7. Verification of Ductile Fracture Criterion

In order to validate the reliability of the established ductile
fracture criterion for as-cast 42CrMo steel, the FE simula-
tions of tensile and upsetting tests were performed to
compare with corresponding experimental results. Before
the FE simulations, the developed fracture criterion equation
(11) was embedded into the postprocessor by user sub-
routine in DEFORM platform. The adaptive meshing
technology was used to reduce element distortion. The
constitutive model of material was adopted the same as the
stress-strain curves in Figure 3. Thermal-physical charac-
teristic parameters of as-cast 42CrMo steel were from [22].

7.1. Simulation of Tensile Tests. The dimensions of tensile
specimen in simulation are the same as that in tensile test.

(11)

Because the specimen is symmetric, the half was modeled
with symmetry constraint. The middle part of the necked
sample was partially refined by the mesh and partially heated
at high temperature.

The simulation results of the corresponding tensile tests
at 1373K and 0.1s™" are shown in Figure 7. It can be seen
that cracks initiate and propagate from the center of the
necked specimen and cracks occur when the damage ratio is
equal to or above 1. The tensile fracture morphology ob-
tained by scanning electron microscopy (SEM) is shown in
Figure 8. It can be seen from Figure 8 that cracks initiate and
propagate from the center of the necked specimen. Simu-
lation results are found to coincide with the images in
Figure 8, revealing the same behavior of cracks. Thus, the
established ductile fracture criterion enables one to accu-
rately predict the occurrence and location of cracks for as-
cast 42CrMo steel in high temperature deformation.

7.2. Simulation of Upsetting Tests. The dimensions of up-
setting specimens and boundary loading condition in
simulation are the same as those in upsetting tests. The
movement speed of upper mold was set to 5.0 mm/s. Friction
coefficient was set to 0.3. The simulation results of the
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TaBLE 2: As-cast 42CrMo steel specimens with different geometric shapes and sizes.

Cylinder (CUP-20, H/D=1.5) Taper (TUP-30, H/D=1.5) Double-cone (TUP-36, H/D=1.5)
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FIGURE 7: Schematic diagrams of the rupture location based on the numerical simulation using the developed ductile fracture criterion for

as-cast 42CrMo steel at 1373 K and 0.1s™".

.

SElI  20kV WD34mm SS60

FIGURE 8: SEM fracture morphology in the central region of a tensile specimen deformed at 1373 K and 0.1 s™". (a) General view. (b) Highlighted

area of the white box.

corresponding upsetting tests at 1373 K are shown in Fig-
ure 9. It can be seen that cracks initiate at the equatorial free
surface of the upsetting specimens at their critical height
reduction ratios of 61.8% (CUP-20), 53.3% (TUP-30), and

50.3% (DUP-36), respectively. Rupture phenomenon after
the upsetting tests is shown in Figure 10. It can be seen that
cracks also initiate at the equatorial free surface in upsetting
tests, and the margin of critical height reduction ratios error
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FIGURE 9: Occurrence of cracks at 1373 K and the stroking speed of 5 mm/s for the critical height reduction ratios of (a) 61.8% (CUP-20), (b) 53.3%

(TUP-30), and (c) 50.3% (TUP-36).

(®)

(c)

FiGure 10: Rupture phenomenon after the upsetting tests at 1373 K and the stroking speed of 5 mm/s for the critical height reduction ratios
of (a) 65.7% (CUP-20), (b) 52.3% (TUP-30), and (c) 51.4% (TUP-36).

between simulation and upsetting tests is about three per-
centage points. The simulation data (see Figure 9) are in
good agreement with experimental results (see Figure 10),
evidencing the reliability of the established ductile fracture
criterion for prediction of the occurrence and location.

8. Application of Ductile Fracture Criterion in
Hot Ring Rolling

8.1. Establishment of the FE Model Coupled with Damage for
Ring Rolling. Process parameters used in simulation are
shown in Table 3. The motion control over guide rolls was
realized by inputting the model of motion control [49] into
DEFORM-3D platform. Friction coeflicient [50] was set to
0.7. The constitutive model and thermal-physical charac-
teristic parameters of as-cast 42CrMo steel are the same as
Section 6. The FE model for ring rolling of as-cast 42CrMo
was established, as shown in Figure 11.

8.2. Mechanism of Damage and Fracture during the Hot Ring
Rolling Process

8.2.1. The Evolution Laws of Damage Value and Stress
Triaxiality. Damage value C distribution can be derived
from simulation results of hot ring rolling, as shown in
Figure 12. It can be seen from Figure 12 that the damage
value C is large at the top and bottom edges of the inner
surface area of the ring, while the damage value C is least in
the central section of inner surface area of the ring. The
reason of evolution law of damage value can be explained as
follows.

Stress triaxiality distribution can be derived from sim-
ulation results of hot ring rolling, as shown in Figure 13. As
shown in Figure 13, the stress triaxiality is negative in most
areas of the ring under the extrusion force of the rolls, and
positive stress triaxiality only appears near the top and
bottom edges of the inner and outer surface areas. In order to
further explore the evolution laws of stress triaxiality and
damage value, three particular nodes shown in Figure 14
were selected for tracking. The evolution laws of stress
triaxiality and damage value for the particular nodes in the
region are visualized in Figures 15(a) and 15(b). It can be
seen that there is a periodic sequence phenomenon of
negative and positive stress triaxiality, which is due to the
periodic rolling of the rollers on the material. The positive
stress triaxiality accelerates the accumulation of damage
value, while the negative stress triaxiality slows down the
accumulation of damage value to a large extent. Therefore,
with the increase of plastic strain in the hot ring rolling, the
damage mainly accumulates at the top and bottom edges of
the inner and outer surface areas. Because the plastic strain
of the inner surface is greater than that of the outer surface, a
larger accumulated damage value is located at the top and
bottom edges of the inner surface area of the ring.

8.2.2. The Evolution Law of Damage Ratio. Using the FE
model for hot ring rolling, the distribution law of the damage
ratio was derived as shown in Figure 16. It can be seen that
the large damage ratio, leading to cracking, is located at the
top and bottom edges of the drive roll contact area. The
reason can be explained as follows.

The damage value C is large at the top and bottom edges
of inner surface areas. Moreover, at the top and bottom
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TABLE 3: Process parameters used in simulation.

Parameter Value
Dimension of casting ring blank (mm x mm x mm) 864 x 530 x 234
Radius of drive roll R; (mm) 450
Radius of idle roll R, (mm) 140
Radius of guide roll R; (mm) 140
Ambient temperature T (K) 293
Rotation speed of drive roll 7, (r-m™) 29.2
Feed rate of idle roll (mm-s™) 6.4
Modulus of elasticity E (MPa) 119028
Poisson’s ratio y 0.35
Initial rolling temperature T (K) 1373

Ring
blank

Drive
roll

Guide roll

Guide

Axial

roll Idle roll roll

FIGURE 11: The finite element model of the hot ring rolling process.
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0.67
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0.52
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0.07 |
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FIGURE 12: Damage value C distribution in hot ring rolling. (a) In the middle. (b) At the end of the process.

edges of inner surface area, the temperature is lower, and the
strain rate is larger than that in other areas of ring. Therefore,
the damage threshold C is small and damage ratio D is large
at the corresponding areas. From Figure 16(b), it can be seen
that the damage ratio D reaches 1.04, which shows that there
is cracking at the top and bottom edges of inner surface area
of the ring.

8.2.3. The Application of Ductile Fracture Criterion in Hot
Ring Rolling. The parameters in the hot rolling experi-
ment have been kept consistent with those in FE

simulation. Hot ring rolling experiment is shown in
Figure 17(a). Cracking of the ring in the hot ring rolling
experiment is shown in Figure 17(b). It can be seen that
cracks of the ring in experiment appear at the top edge of
inner surface. The thickness reduction in the hot rolling
experiment is 58%, which is near to that in the FE
simulation. The experimental result in Figure 17(b) is
consistent with simulation result in Figure 16(b),
therefore verifying the reliability of the criterion further
and allowing the proposed ductile fracture criterion to be
used for the prediction of cracks in the course of the ring
rolling process.
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FIGURE 13: Stress triaxiality distribution in hot ring rolling. (a) In the middle. (b) At the end of the process.
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FIGURE 15: Evolutions of variables for the particular nodes in hot ring rolling. (a) Stress triaxiality. (b) Damage value.
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FIGURE 16: Damage ratio D distribution in hot ring rolling. (a) In the middle. (b) At the end of the process.
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(b)

FIGURE 17: Cracking of ring in the hot ring rolling experiment. (a) Hot ring rolling experiment. (b) Cracking of the ring.

9. Conclusions

(1) The tensile fracture behavior of as-cast 42CrMo steel
at elevated temperature was studied, revealing the
sensitivity of the critical fracture strain to defor-
mation temperature and strain rate. The model of
critical fracture strain as a function of temperature
and strain rate was established.

(2) With the increasing of temperature, dynamic
recrystallization increases, the cavity are
obstructed from growth, and fracture toughness
increases. However, when the temperature rea-
ches 1473 K, the microcracks may be easy to occur
on the grain boundary, and fracture toughness
decreases.

(3) The ductile fracture criterion for as-cast 42CrMo
steel at elevated temperature was established. The
proposed criterion was shown to be valid for the
prediction of occurrence and location of cracks in the
specimens exposed to tensile and upsetting tests.

(4) Positive stress triaxiality appears near the top and
bottom edges of the inner surface area of the ring and
accelerates the accumulation of damage value. These
two effects make the damage value C large at the top
and bottom edges of the inner surface area of the
ring.

(5) The damage threshold C; is small in the zone.
Therefore, the damage ratio D is large at the top and
bottom edges of the inner surface area of the ring,
which have the greatest propensity to cracking in the
course of hot ring rolling. This is consistent with the
phenomenon of cracking in hot ring rolling exper-
iment, allowing the proposed ductile fracture cri-
terion to be used for the prediction of cracks at the
elevated temperatures.
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