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Ductile fracture and microstructure of a bearing steel in hot tension
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Ductile fracture, such as micro-cavities and micro-voids, inevitably exist and evolve under tensile stress state in metal
forming. Ductile fracture sways the mechanical performance of 52100 bearing steel. It is necessary to investigate the
influences of strain rate and deformation temperature on both ductile fracture and microstructure evolution. Uniaxial
hot tension tests were performed, in which specimens were stretched to failure in the temperatures range from 950 °C to
1160 °C and in the strain rates range from 0.01 /s to 1.0 /s. Specimens metallographies have been explored after hot tension.
Experimental results show that the peak stress decreases when deformation temperature increases and strain rate decreases.
The critical strain of stress—strain relationships increases when strain rate increases. Fracture morphology is severe at higher
deformation temperatures and lower strain rates. Hot tension deformation capacity is worst at 1160 °C and a strain rate of
0.01 /s, has been caused by a larger and coarser grain structure.
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Introduction

During hot metal forming, static and dynamic
grain growth is significant in the process of dynamic
recrystallization, especially as the deformation
temperature increases. It is difficult to rotate and slip
for coarse grains during hot bulk forming. Some
micro-cavities, i.e. one kind of ductile damage, can
inadvertently occur and subsequently evolve in coarse
grain boundary, particularly under tensile stress states,
e.g. wire drawing and extrusion, etc“?. Except for
micro-cavities in grain boundary, plasticity damage
may simultaneously exist in hot bulk forming.
Plasticity damage usually was found around the
impurity, such as titanium nitride, manganese sulfide
and aluminum oxide, etc. Micro-voids, i.e. plasticity
damage, which come from debonding between matrix
and impurities under the state of tensile stress and/or
shear stress. Whatever micro-cavities and/or micro-
voids can reduces the mechanical performance and
fatigue strength®. It is vital to investigate the
formation mechanism of ductile fracture and
microstructure evolution of 52100 bearing steel
during hot bulk forming.

Many articles about ductile fracture have been
previously published. And, various modeling
approaches were adopted to describe the evolution of
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ductile damage of metal. In earlier studies, some
researches proposed the fracture criterion model, by
considering the maximum principal stress and the mean
stress. Cockcroft & Latham model’, Oyane model®,
Ayada model®° and Brozzo model™® were classical
representatives of fracture criterion model. Gurson®,
Tvergaard and Needleman'®*!, Nielsen and Tvergaard™
inspired the microscopic damage mechanics models,
which regarded ductile fracture evolution as the
process of ductile damage nucleation, growth and
gather to failure. The void-based Gurson-Tvergaard-
Needleman (GTN) plasticity theory has attracted many
attentions to its application in FE prediction®.
Afterwards, continuum damage mechanics (CDM)
based models (Lemaitre’, Bonora®, Bai and
Wierzbicki®®, Mohr and Marcadet'!, TS Cao'*",
Jianguo Lin® and Hongchao Ji*!, Sung-ju Park®?)
coupled the evolution rate of damage variable into the
visco-plasticity constitutive model frame, which mostly
considered the stress triaxiality and Lode angle
parameter as the key factors during damage modeling.
CDM has clear physical meaning and well predicting
accuracy for the ductile fracture during bulk and/or sheet
forming. Nowadays, related reports on ductile fracture
and microstructure of 52100 bearing steel in hot tension
are rarely found. In addition, effects of deformation
temperatures and strain rates on ductile fracture and
microstructure evolution need to be clarified.
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The aim of this work was to investigate ductile
fracture and microstructure evolution of 52100 steel
in hot tension. Hot tension tests and metallographic
experiments were carried out to investigate the
deformation behavior and fracture characteristics of
the steel. The effects of deformation temperature and
strain rate on ductile fracture and grain structure were
analyzed.

Hot Tension Tests

A bearing steel 52100 belongs to high-carbon
chrome steel having the composition: C 1.01%; Si
0.25%; Cr 1.52%; Mn 0.36%; P 0.018%; S 0.003%.
The initial microstructure was composed of blocky
grain structures and numerous carbide particles. Hot
tension testing was carried out using a Gleeble-1500D
thermo-mechanical simulator to measure flow stress
and study fracture characteristics. Figure 1 shows the
experimental equipment, operating device and tension
specimen with its size. The details regarding the types
of equipment used during the experiment e.g.
extensometer, thermocouples (specifications) and
experimental setup diagram were exhibited in the
Fig. 1. Specimens were prepared to a long cylindrical
with diameter of 10 mm and length of 120 mm.
Thermocouples were welded onto the surface of these
specimens at their center, shown in Fig. 1(c), so that
deformation temperatures could be accurately
controlled. The uniform temperature section (UTS)
was located near the center of each specimen. The
initial UTS length was defined as 10 mm. To measure
stress—strain relationships during hot tension, an
extensometer was installed to record the size change
of the UTS within the specimens.

Figure 2 shows the experimental procedure of hot
tension. The UTS of specimens was heated to 980 °C
with 10 °C /s, and then heated to 1000 °C with 2°C /s
to avoid overheating. Specimens were then held for 3
min to obtain complete austenitization, and then
heated successively to 950 °C, 1020 °C, 1090 °C and
1160 °C. The specimens were then stretched to failure
at 0.01 /s, 0.1 /s, and 1.0 /s. After hot tension, the
specimens were quickly water-quenched to freeze the
microstructure.

The microstructures of the tensioned specimens
were investigated to reveal formation mechanism of
ductile damage. Longitudinal section of specimens
was prepared by line cutting machine. And, it was
grounded coarsely and finely on grinding machine,
and then polished on polishing machine. Each

specimen was then etched to visualize the
microstructure, using an etchant prepared using 80 ml
water, 0.2 ml H,O,, 0.5 g sodium dodecyl benzene
sulfonate (SDBS), and 2.9 g saturated picric acid that
had been heated to 50-70 “C for 2 min. After etching,
specimens were cleaned using ultrasonic oscillator.
Micrographs were captured using an optical
microscope. Grain structure was observed and the
value of grain size was counted.
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Fig. 1 — (a) Experimental equipment, (b) Operating device of hot
tension and (c) Tension specimen with its size.
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Fig. 2 — Experimental procedure of hot tension.

Results and Discussion

3.1 Hot Tension Deformation Behavior

Figure 3 shows the true stress—strain relationships
under selected deformation temperatures (950 °C,
1020 °C, 1090 °C, and 1160 °C) at 0.01 /s, 0.1 /s, and
1.0 /s. The peak stress level decreases when
deformation temperature increases and strain rate
decreases. The minimum peak stress was about
27 MPa at 1160 °C and a strain rate of 0.01 /s; the
maximum peak stress appeared at 950 °C and a strain
rate of 1.0 /s, i.e., 145 MPa. When the deformation
temperature decreased by 70 °C, from 1160 °C to
1020 °C, the peak stress improved by about 20 MPa; a
decrease in deformation temperature from 1020 °C to
950 °C improved the peak stress by about 35 MPa.
When strain rate was improved from 0.01 /s to 0.1 /s
or from 0.1 /s to 1.0 /s, peak stress improved by
30 MPa for a given deformation temperature.

All stress—strain curves in Fig. 3 changed with the
microstructural evolution of the phases present,
according to the following steps: (1) dislocation
multiplication due to slipping and climbing; (2)
microstructure recovery at high temperature; (3)
recrystallization and grain growth; (4) micro-damage
nucleation, growth, and aggregation to fracture?®.
Strain must exceed the critical strain value before
recrystallization can take place®. The critical strain is
constant with the variation of temperature at a given
strain rate. Figure 3(a) shows that the critical strain of
the stress—strain curves under different temperatures
had the same value, i.e., 0.12, at a strain rate of 0.01/s;
Similarly, critical strain was about 0.2 at the different
temperatures under 0.1/s (Fig. 3(b)); when strain rate
was 1.0/s, critical strain was about 0.3 (Fig. 3(c)). The
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Fig. 3 — True stress-strain curves of 52100 steel at selected
deformation temperatures of (950 °C, 1020 °C, 1090 °C and
1160 °C) under (a) 0.01 /s, (b) 0.1 /s and (c) 1.0 /s.

critical strain therefore increased with the increase in
strain rate during hot tension.

Figure 4 shows the variations of strain to failure
(STF), elongation to fracture (ETF), and reduction of
area (ROA) with deformation temperature and strain
rate. These parameters reflect the ductile deformation
capacity of 52100 steel under different conditions.
STF, ETF, and ROA decreases when deformation
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Fig. 4 — Variation of (a) STF, (b) ETF and (c) ROA with the deformation temperature and strain rate.

temperature increases and strain rate decreases.
The differences were smallest between 950 °C and
1020 °C at 0.01 /s, 0.1 /s and 1.0 /s; the differences
were larger for the three parameters from 1020-
1160°Cat 0.01 /s, 0.1 /sand 1.0 /s.

Under 1160 °C and 0.01 /s, STF, ETF, and ROA
were 0.16, 32.2%, and 36%, respectively; at 950 °C
and a strain rate of 1.0 /s, the values were
approximately 0.75, 76%, and 98%, respectively. This
indicates that ductile deformation capacity was lowest
at 1160 °C and 0.01 /s.

3.2 Effects of Deformation Temperature and Strain Rate on
Ductile Fracture

Table | shows the fracture morphology at the
different deformation temperatures and strain rates.
The fracture diameter increases when deformation
temperature increases and strain rate decreases. The
fracture morphology for specimens after hot tension
was severe at higher deformation temperatures and
lower strain rates. At 1160 °C and a strain rate of
0.01 /s, the fracture morphology was roughest and the
fracture diameter the largest. At 950 °C and 1.0 /s, the
fracture tip was sharp after tension. This indicates that

Table 1 — Macro-fracture morphology after tension deformation.

Temperatures Strain rates (/s)

C) 0.01 0.1 1.0

950

1020

1090

1160

I

scee
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ductile deformation capacity was best at 950 °C and
1.0 /s, but worst at 1160 °C and a strain rate of 0.01 /s.

Figure 4 and Table 1 show that the variation of
fracture morphology is consistent with that of ductile
deformation capacity with deformation temperature
and strain rate. To account for this, grain structure
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was investigated under different deformation

temperatures and strain rates.

3.3 Effects of Deformation Temperature and Strain Rate on
Microstructure

Figure 5 shows micrographs of 52100 steel of STF
at 1.0 /s under deformation temperatures of 1020 °C,
1090 °C, and 1160 °C. For deformation at 1020 °C,
the average grain size was smallest, i.e., 24.8 um
(95% CI = 21-28 um; n = 300), as shown in Fig. 5(a).
For deformation at 1090 °C, the average grain size
was 36.6 um (95% CI = 34-38 um; n = 300), as
shown in Fig. 5(b). At 1160 ‘C, the average grain size
was largest, i.e., 58.3 um (95% CI = 53-62 um;
n = 300), as shown in Fig. 5(c). The average grain
size increased at 1.0 /s when temperature was elevated
from 1020 °C to 1160 °C. This indicates that the
average value of grain size increases when
deformation  temperatures increases in  this
temperature range for a given strain rate.

Figure 6 shows micrographs of STF at 0.01 /s,
0.1 /s, and 1.0 /s under 1160 ‘C. At 0.01 /s, the
average value of grain size was largest, i.e., 74.9 um
(95% CI = 69-76 um; n = 400), seen from Fig. 6(a);
At 0.1 /s, the average grain size was 69.2 um (95%
Cl = 65-74 um; n = 400), as shown in Fig. 6(b); at a
strain rate of 1.0 /s, the average grain size was

58.3 um (95% CI = 53-62 um; n = 400), as shown in
Fig. 6(c). This indicates that the average grain size
decreased with an increase of strain rate from 0.01 /s
to 1.0 /s at a deformation temperature of 1160 °C.
Because micrographs were obtained from
specimens at STF, some micro-voids were observed
in Figs. 5 and 6. Two types of ductile micro-damage
often occur in hot metal forming, i.e., grain boundary
damage and plasticity-induced damage®?. Grain
boundary damage easily takes place when metal
deformed at lower strain rates and higher deformation
temperatures; plasticity-induced damage takes place
around the second phase at higher strain rates and
lower deformation temperatures®?. A critical grain
size of about 20 um can be used to differentiate these
two types of ductile micro-damage®. Figures 5 and 6
shows that the average grain size was larger than 20
pm and the grain structure was coarsest at 1160 °C
and 0.01 /s. Under the lower strain rate of 0.01 /s,
dynamic recrystallization was inferior and grain
growth dominated at elevated temperatures, i.e., grain
growth led to larger grain sizes at lower strain rates.
Grain boundary micro-damage therefore caused
fracture failure after hot tension of 52100 steel,
especially at lower stain rates and higher
temperatures. The larger and coarser grain structure
was the main reason for the poor deformation
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Fig. 5— Micrographs of STF under (a) 1020 °C, (b) 1090 °C and (c) 1160 °C at 1.0 /s.
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Fig. 6 — Micrographs of STF at (a) 0.01 /s, (b) 0.1 /s and (c) 1.0 /s under 1160 °C.

capacity during tension at higher temperatures and
lower strain rates.

Conclusions

(i) The peak stress of 52100 steel decreases during
hot tension when deformation temperature
increases and strain rate decreases. The critical
strain for stress—strain relationships increased
with increasing strain rate during hot tension.
Strain to failure, elongation to fracture, and
reduction of area after hot tension decreases
when deformation temperature increases and
strain rate decreases.

(i) Fracture diameters of specimens after hot
tension increases when deformation temperature
increases and strain rate decreases. Fracture
morphology was severe for 52100 steel at
higher deformation temperatures and lower
strain rates. Hot tension deformation capacity
was worst at 1160 °C and 0.01 /s.

(ili) The average grain size increases when
deformation temperature increases and strain
rate decreases. Grain structure was coarsest at
1160 °C and a strain rate of 0.01 /s. Grain
growth led to larger grain sizes at lower strain
rates. Grain boundary micro-damage caused
fracture failure in hot tension of 52100 bearing

steel, especially at lower strain rates and higher
temperatures. The larger and coarser grain
structure is the main reason for poor
deformation capacity during tension at higher
temperatures and lower strain rates.
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