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Crack defects seriously affected the quality of heavy forgings, which needed to be eliminated by forging process. In this study, the
healing process of internal crack defects was studied under different deformation parameters. .e internal crack was produced by
drilling the sample of 30Cr2Ni4MoV steel and then compressing the sample with different deformation..emicrostructure of the
crack healing zone was observed using an optical microscope. Meanwhile, the static and dynamic mechanical properties of the
crack healing zone were tested by room-temperature tensile tests and impact tests, respectively. .e results showed that dynamic
recrystallization (DRX) and grain growth were the main factors for internal crack healing.When the forging ratio (FR) was 1.5, the
cracks at the corner of the void began to heal, which was caused by DRX. At FR 2.0, the DRX was completed and the center crack
was completely healed. .e tensile properties of crack healing zones were restored to more than 95% of the base material. As the
FR increased to 2.2, the elongation increased slightly and the yield strength decreased slightly, which indicated that the grain
growth played an important role in the plastic recovery and DRX played an important role in strength recovery. .e dynamic
mechanical properties of the crack healing zone gradually increased with the increase of deformation. Furthermore, the maximum
value of impact toughness reached FR 2.0, and the recovery rate of impact toughness was above 96%. When the deformation
continues to increase, the grains grew up after DRX, which made the impact energy decrease.

1. Introduction

Due to the large size of heavy forgings, the void defects
inevitably occur in the ingot during the casting process. .e
elimination of void defects can be divided into two stages:
void closing and void healing. Void closure refers to the
elimination of voids through deformation, which is basically
based on the contact between the upper and lower surfaces
of the void [1–3]. However, the internal cracks formed after
void closure will seriously affect the mechanical properties of
forgings. Only when the internal cracks are healed and the
mechanical properties are restored can the void defects be
considered to be completely eliminated [4]. .erefore, it is
necessary to study the recovery process of internal cracks
during hot deformation.

At present, the physical simulation and numerical
simulation were mainly used in the research of internal crack
healing [5, 6]. Scholars have studied the evolution process of
internal cracks from the perspectives of healing mechanism
[7], healing methods [8], healing influencing factors [9], and
establishment of determination methods [10]. Chen et al.
[11, 12] studied void defects’ evolution inside large forgings
based on the numerical simulation and experimental veri-
fication. Zhang and Sun [13] pointed out that the healing of
cracks has a great relationship with atomic diffusion and
lattice diffusion by observing the evolution of cracks in the
experimental process. Song andWang [14] studied the effect
of dynamic recrystallization (DRX) and grain growth
mechanism on the internal cracks’ healing and found that
increasing deformation and holding time were beneficial to
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crack healing. Hosoi et al. [15] studied the evolution law of
fatigue crack of SUS316 austenitic stainless steel and ob-
tained that high-temperature deformation pressure was the
main factor leading to crack closure. Zhang and Han [16]
studied the microstructure evolution of 20 steel after hot
deformation and heat treatment and found that the ferrite
grains assembled along the boundary of the crack.

In addition to the study of the microstructure after
crack healing, the recovery of mechanical properties was
also studied. Xin et al. [17] found that the tensile prop-
erties of the material recovered completely when the
internal cracks were healed by heat treatment, but the
impact properties of the materials were only partially
restored. Qiu et al. [18] discovered that the tensile
properties of the material can be completely restored after
the microstructure of the crack area is recovered, but the
fatigue properties were only partially recovered. Wang
et al. [19] analyzed the behavior of carbides precipitated
along grain boundaries and found that carbides led to
grain-boundary weakness and deteriorated the mechan-
ical properties. Considering the complexity of the stress in
the actual service process, the research on the recovery of
static tensile properties and dynamic impact properties
needs to be studied.

In this paper, the evolution process of cracks under high
temperature and high pressure was studied. .e DRX and
grain growth in the healing zone were observed, and the
high-temperature healing mechanism of internal cracks in
the as-cast 30Cr2Ni4MoV was revealed. Meanwhile, the
recovery of tensile strength under static load and impact
property under dynamic load was measured by experiments.
Finally, a new quantitative evaluation method for crack
healing was established.

2. Experimental Procedure

.e internal crack in the specimen was produced by com-
pressing the artificial void. .e size of the specimen is
150mm× 150mm× 120mm, and a 10mm through-hole
was drilled in the center of the specimen. .e WHF (Wide
Die Heavy Blow) drawing forging of 30Cr2Ni4MoV was
carried out on a 500 t hydraulic press, and the compression
temperature was 1200°C..e initial microstructure is shown
in Figure 1. .e compression process was divided into four
passes. After each compression, the specimen was turned 90
degrees for the next compression. .e forging ratios (FRs)
were 1.1, 1.5, 1.8, 2.0, and 2.2, respectively. After the ex-
periment, the central positions of the specimens were cut to
observe the changes of the microstructure.

After the compression test, the metallographic sample
was made by cutting, grinding, and polishing along the
compression direction of the specimen by wire cutting. .e
crack healing area was in the middle of the observation
sample, and the size of the sample was 15×15×15mm. .e
sampling is shown in Figure 2. By using the optical mi-
croscope (Zeiss Axis-10), the crack morphology was ob-
served and the crack width was measured. .en, the samples
were etched by a 4% nital and picric acid-saturated water
solution. After etching for 3–5 minutes, the microstructure

of the crack healing zone was observed using an optical
microscope.

After crack healing, in order to observe the change of
mechanical properties, the static tensile tests and dynamic
load impact tests were implemented. In the tensile tests, the
sampling diagram is shown in Figure 3(a). .e length of the
tensile sample was 96mm, the gauge dimension was 40mm,
and the diameter was Φ8mm, as shown in Figure 3(a). An
electronic universal testing machine (Ag xpivs100 kN) was
used to carry out the tensile tests. .e tensile rate was 2mm/
min. After the sample was broken, a 10mm high fracture
was cut by a line-cutting machine (DK7625P), and the
fracture morphology was observed by means of an electron
microscope (FEG-SEM).

In the impact tests, Charpy V-notch samples with di-
mensions of 10mm× 10mm× 55mm were taken from the
crack healing area, as shown in Figure 3(b). .e impact tests
were carried out on a 300 J pendulum impact testing ma-
chine (JB-300) for at least three times for the same sample.
After the impact tests, the fracturemorphology was observed
by means of an electron microscope (FEG-SEM).

3. Results and Discussion

3.1. Microstructure of the Crack Healing Zone. When the FR
was 1.1, the microstructure of the center position is shown in
Figure 4. Figures 4(a) and 4(c) are the grain structure
magnified by 100 times, and Figures 4(b) and 4(d) are the
grain structure of the same position at 200 times magnifi-
cation. From Figure 4(a), the sharp corners appeared around
the void and gradually closed from this position. Due to the
small deformation, there were coarse primary grains around
the void, and the grain size was 276.6 μm. As shown in
Figure 4(b), the cracks formed around the voids pass
through the middle of the grains. When observing the grain
structure at other positions around the void, few DRX small
grains appeared around the void, as shown in Figures 4(c)
and 4(d). .e reason was that there were many defects and
high energy in the void boundary, and atoms were easy to
diffuse, which was conducive to the fluctuation of compo-
sition, energy, and structure. .e coupling of these factors
provided sufficient conditions for the nucleation and growth
of recrystallization [20]. .erefore, there were small DRX
grains on the boundary, which played an important role in
void healing.

Figure 5 shows the microstructure of the crack healing
zone at FR 1.5. As shown in Figure 5(a), the void size de-
creased with the increase of deformation. .e sharp corner
of the void had been closed, and an obvious crack had been
formed. .e distribution of grains around the crack was
more uniform than that of FR 1.1, and the grain size was
73.27 μm. When the sample was magnified 200 times, the
grain morphology around the crack is shown in Figure 5(b).
.ere were a lot of DRX grains around the crack. In addition,
the new small DRX grains formed a healing band, which
indicated that DRX was the main mechanism of crack
healing. .e microstructure at the farthest position from the
void is shown in Figure 5(c). .e voids were completely
closed, and the original coarse structure was replaced by
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DRX grains. Due to the increase of deformation, the cracks
formed after the void was closed appeared to be in a dis-
continuous phenomenon. When the crack break was
magnified to 200 times, it can be seen from Figure 5(d) that
the crack was interrupted due to the growth of recrystallized
grains. Finally, the original crack changed into a new grain
boundary, which promoted the final healing of the crack and
gradually became consistent with the matrix structure.

As the FR increases to 1.8, the microstructure evolution
around the crack is shown in Figure 6. In Figure 6(a), the
coarse grain structure was refined with the increase of de-
formation, and the grain size was 58.01 μm. With the in-
crease of the crack healing degree, continuous cracks were
gradually broken by newly formed DRX grains. When the
discontinuous crack was magnified 200 times (Figure 6(b)),
there were microvoids in the crack healing zone, which will
seriously affect the mechanical properties of the material.
.erefore, it is necessary to eliminate the microvoid defects
by increasing the deformation.

Figure 7 presents the microstructure of the crack healing
zone at FR 2.0. As shown in Figure 7(a), the DRX grains
around the crack had grown up and connected with the
surrounding matrix grains. .e grain size was 46.28 μm.

With the FR increasing to 2.0, the internal cracks formed by
void closure completely disappeared, and the DRX grains
gradually grew and became uniform. Due to the growth of
DRX grains, the cracks completely disappeared and the
original cracks developed into new grain boundaries, as
shown in Figure 7(b). .e grain size in the crack healing
zone was relatively uniform, which indicated that the fine
grains in the crack zone grew up or were swallowed up by the
large grains near the crack. At the same time, the microvoids
on the crack disappeared, so it can be considered that the
crack was completely healed.

With the increase of FR to 2.2, the microstructure of the
crack healing zone is shown in Figure 8. In Figure 8(a), there
was no crack in the center of the specimen, and the DRX
grains had grown up with an average grain size of 64.71 μm.
From the above analysis, it can be known that the greater the
deformation was, the better the crack healing was. .e main
mechanism of healing was that DRX promotes the crack
healing, and the grain growth makes the grain uniform. As
shown in Figure 8(b), the grain size increased obviously
because the recrystallized grains grew gradually with the
increase of deformation time. .e increase of grain size will
lead to the decrease of plasticity and strength. .erefore, for
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Figure 1: .e initial microstructure of 30Cr2Ni4MoV steel.
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Figure 2: Sampling diagram of the metallographic specimen (unit: mm).
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Figure 3: (a) Sampling diagram of the tensile sample. (b) Sampling diagram of the impact sample (unit: mm).
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30Cr2Ni4MoV steel, in addition to the microstructure
change of the crack healing zone, the key point was to see the
recovery of mechanical properties. In the latter part of this
paper, the recovery of mechanical properties of materials is
analyzed in detail.

3.2. Tensile Properties and Fracture Morphology. Figure 9
shows the comparison of tensile properties between speci-
mens with void and without void under the same defor-
mation condition. Figure 9(a) presents the change in
elongation with the increase of FR. When the FR was less
than 1.8, the elongation of the sample with void was less than
1%, which indicated that the plasticity of the material had
not been restored. At FR 2.0, the elongation after crack
healing was 11.02%, and the elongation of material without
void was 11.27%. .e recovery rate of elongation was 97%,
which indicated that the internal crack disappeared and the
elongation recovery was completed. When the FR increased
to 2.2, the elongation of the material after crack healing was
11.17%, which was basically consistent with that of the
matrix material. In the process of crack healing, the change

of reduction of the area with deformation is shown in
Figure 9(b). At different deformation, the change rule of
reduction of the area with FR was basically the same as that
of elongation. At FR 2.0, the reduction of the area after crack
healing was 37.69%, and the reduction of the area of the
material without void was 39.29%. .e recovery rate of
reduction of the area was 96%. When the FR was 2.2, the
recovery rate of reduction of the area was 98%. .e reason
was that the grains continue to grow after recrystallization,
and the microstructure becomes more uniform in the crack
healing zone.

With the increase of FR, the recovery of yield strength
of the material in the crack healing zone is shown in
Figure 9(c). When the FR was 1.8, the yield strength only
recovered 58%. As the FR increased to 2.0, the yield
strength of the materials with and without voids was
1020.21MPa and 1070.15MPa, respectively. .e recovery
rate of yield strength was 97%. At FR of 2.2, the yield
strength of the material was 1009.86MPa, which de-
creased by 60MPa compared with FR of 2.0. .e reason
was that the cracks had been completely healed due to
DRX. With the increase of deformation, the grains began
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Figure 4: Microstructure of the crack healing zone at FR 1.1. (a, c) 100 times magnification. (b, d) 200 times magnification.
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to grow and the yield strength decreased. Figure 9(d)
shows the change of tensile strength in the crack heal-
ing zone at different values of FR. At FR 2.0, the tensile
strength of the materials with and without voids was
1590.51MPa and 1616.45MPa, respectively. .e recovery
rate of tensile strength was 98%. With the forging ratio
increasing to 2.2, the tensile strength basically did not
change. Based on the above analysis, it can be seen that
when the FR was increased to 2.0, the recovery rate of
static load mechanical properties in the crack healing zone
reached more than 95%. .erefore, FR 2.0 can be con-
sidered as the best deformation condition for the recovery
of static load mechanical properties.

.e tensile properties of the crack healing zone did not
recover when the FR was 1.1 and 1.5. .erefore, only the
tensile fracture morphology after FR increased to 1.8 was
analyzed. Figure 10 shows the tensile fracture morphology of
the crack healing area after compression with different
values of FR. As shown in Figure 10(a), the fracture mor-
phology of the healing area was flat at FR 1.8. After local
magnification, it can be found that small equiaxed dimples
appeared in the healing area, and the area without healing
was spherical convex morphology, as shown in Figure 10(b).
When the FR increases to 2.0, the size and depth of equiaxed

dimples gradually increased, as shown in Figures 10(c) and
10(d). At FR 2.2, the fracture morphology had little change.
.e above analysis showed that the microstructure and
mechanical properties of the healing zone were basically
restored at FR 2.0. .is result is consistent with the law of
tensile properties.

3.3. Impact Properties and Fracture Morphology.
Figure 11 shows the variation of impact properties of
specimens with and without voids after compression with
different values of FR. When the FR was 1.1 and 1.5, the
impact energy of the material in the crack healing zone was
4 J and 8 J, respectively. With the increase of deformation,
the void began to close gradually and the impact energy
increased gradually. At FR 1.8, the impact energy of ma-
terials with and without voids was 38 J and 68 J, respectively.
.e recovery rate of impact energy was increased to 55.8%.
.e reason was that, with the increase of deformation, the
DRX volume fraction increased, and the healing degree of
cracks also increased. However, because the void was not
completely closed, the toughness was only half of the matrix
material. As the FR increased to 2.2, the recovery rate of
impact energy increased to 96.1%. .is indicated that the
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Figure 5: Microstructure of the crack healing zone at FR 1.5. (a, c) 100 times magnification. (b, d) 200 times magnification.
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Figure 7: Microstructure of the crack healing zone at FR 2.0. (a) 100 times magnification. (b) 200 times magnification.
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Figure 8: Microstructure of the crack healing zone at FR 2.2. (a) 100 times magnification. (b) 200 times magnification.

Micro voids 

100 μm

(a)

Micro voids 

50 μm

(b)

Figure 6: Microstructure of the crack healing zone at FR 1.8. (a) 100 times magnification. (b) 200 times magnification.
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crack healing was basically completed, and the impact
toughness had recovered to the level of the matrix material.
When the FR continued to increase to 2.2, the impact energy
began to decrease. .is was due to the increase of forging
time, and recrystallization grains had grown at high tem-
perature. .e impact toughness of the material was inversely
proportional to the grain size. At this time, the grain size of
the healing area increased, which reduced the value of
impact energy.

Figure 12 shows the impact fracture morphology of the
crack healing area under FR of 1.8, 2.0, and 2.2. As shown in
Figure 12(a), there were many small dimples on the fracture
surface. .e reason was that a large number of fine

recrystallized grains replaced the original cracks. Meanwhile,
a large number of small microvoids were formed in the crack
area, which formed a large number of small dimples under
the impact load. At FR 2.0, the impact fracture morphology
is shown in Figures 12(c) and 12(d). With the increase of
deformation, the dimple size and dimple depth increased
gradually. .is was because the growth of recrystallized
grains led to the disappearance of fine microvoids. When the
impact load was applied, the microvoids grow into dimples
again. At this time, the dimple depth increased and the
dimple size increased. As the FR increased to 2.2, the
morphology of impact fracture was mainly dimple, as shown
in Figures 12(e) and 12(f). .e results showed that the
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Figure 9: Changes of tensile properties in the crack healing area at different values of FR. (a) Elongation. (b) Reduction of the area. (c) Yield
strength. (d) Tensile strength.
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Figure 10: Tensile fracture morphology in the crack healing area at different values of FR. (a, b) FR of 1.8. (c, d) FR of 2.0. (e, f ) FR of 2.2.
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material had plastic fracture. Furthermore, the impact en-
ergy of the crack healing zone had recovered to more than
95%.

4. Conclusions

(1) When the FR was 1.5, the crack at the sharp corner of
the void began to heal. With the increase of FR, the
volume fraction of DRX increased, which made the
healing degree of cracks increase. At FR 2.2, the
center crack was completely healed and the micro-
structure of the healing zone was very uniform.

(2) With the increase of deformation, the tensile
properties of the crack healing zone gradually re-
covered. When the FR was 2.0, the recovery rate of
plasticity and strength in the crack healing zone was
above 95%. At FR 2.2, the elongation increased
slightly and the yield strength decreased slightly.

(3) When the FR was 2.0, the impact toughness recovery
rate in the crack healing zone reached above 96%. As
the FR increased to 2.2, the grains grew up after
recrystallization, which made the impact energy
decrease slightly.

(4) .e crack healing mechanism was that the grain
growth made the microstructure uniform and played
an important role in the plastic recovery. DRX and
grain refinement played an important role in the
recovery of strength and impact energy. Whether the
internal crack was completely healed depended on
the recovery of static tensile properties and dynamic
impact properties to more than 95%.
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