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Abstract: Impact loading is an important cause of fracture failure of ultrahigh-strength steel parts
during service. Revealing the fracture mechanism of ultrahigh-strength steel under impact loading has
important reference significance for the material preparation, part design, and manufacturing of such
steel. Based on the split Hopkinson pressure bar (SHPB) test, the mechanical response characteristics
of 45CrNiMoVA steel under impact loading were analyzed, and the true stress–true strain curves
under a high strain rate (103 s−1) were obtained. It was found that under the simultaneous action of
forward and tangential loading forces, a severe plastic deformation layer with a thickness of 20–30 µm
was generated in the near impact-loading end face, which is the main cause for crack initiation and
propagation. Under the condition of a high strain rate, the plastic flow stress of 45CrNiMoVA steel
was characterized by the equilibrium of strain hardening and strain softening, and its impact fracture
toughness decreased by 43.6%, resulting in increased quasi-cleavage fracture. Hence, severe surface
plastic deformation during 45CrNiMoVA steel machining should be avoided, as it may lead to
early failure.

Keywords: ultrahigh-strength steel; fracture; impact loading; SHPB

1. Introduction

Ultrahigh-strength steel is widely used in high-bearing structural parts, such as aircraft
landing gear, rotor shafts, and torsion shafts, in diverse fields such as aviation, vehicles, and
power generation. These parts are often subjected to impact loading during service. Their
service life and failure mode are closely related to the impact load [1–3]. Therefore, revealing
the fracture mechanism of ultrahigh-strength steel under impact loading is crucial for the
optimization of the structural design and manufacturing process of ultrahigh-strength
steel parts.

The study of the mechanical properties under impact loading can be used for the
correction-rate-dependent model [4–6]. Qin et al. [7] pointed out that the cause of 45CrNi-
MoVA gear fracture was insufficient fatigue strength and excessive external impact force.
Hu et al. [5] found that the strain hardening and strain rate effect of 45CrNiMoVA material
in the process of cutting or impact was different from that in the static state, which cannot
be ignored. Rakvåg et al. [8] found that there was a critical impact speed in the change
of deformation and the fracture mode of high-strength steel. Under impact loading, the
dominant fracture mode of plastic materials was tensile splitting and spiral shearing, while
the dominant fracture mode of brittle materials was shear fracture and full fragmentation.
Zhang et al. [9,10] posited that the high strain rate in the process of material processing
leads to embrittlement and found the “skin effect”, which can improve the processing qual-
ity by controlling the strain rate. Sufficient research has shown that material performance
under impact loading is abnormal. To ensure the safety of the service process of ultrahigh-
strength steel parts, it is important to study the deformation and fracture characteristics
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of ultrahigh-strength steel under impact loading for the design of structural parts and the
prevention of failure.

Compared with the quasi-static state, the mechanical properties of metal materials
change obviously at high strain rates; for example, the yield strength, ultimate strength,
and failure strain increase, and the fracture toughness decreases [11,12]. Hu et al. [13]
found that Aermet 100 steel had a strong strain rate sensitivity. The yield strength was
1800 MPa under quasi-static compression and 2300 MPa under a strain rate of 4200 s−1,
which equates to an increase of 24%. Singh et al. [14] found that the yield strength of
mild steel had a higher strain rate sensitivity than the ultimate tensile strength. The yield
strength at the strain rate 750 s−1 was 2.5 times that at a quasi-static state. Work hardening,
phase transformation, strain aging, and dynamic recrystallization are the main mechanisms
of the above changes. Among them, adiabatic shear bands (ASBs) are the most important
deformation and fracture mechanism of metal materials at a high strain rate. Ghomi and
Odeshi [15] found that the local high-density deformation of martensitic steel under impact
loading resulted in the change of the structure and mechanical properties of the ASB, the
refinement of grains, and the increase in hardness, which increase the possibility of brittle
fracture. Ren et al. [16] found that the ASB is closely related to the plastic strain energy
density during the impact deformation of ultrahigh-strength steel 35CrMnSiA. The phase
transformation caused by continuous dynamic recrystallization can improve the strength
of 35CrMnSiA but weaken its plasticity. Harding et al. [17] found evidence of deformation-
induced martensitic transformation in the shear band. Hao et al. [18] found that the failure
mechanism of the Ti-47Al-2Cr-2Nb alloy under dynamic compression was brittle shear
failure, which propagated rapidly along the lamellar interface and developed into adiabatic
shear when the temperature increased. Nesterenko et al. [19] found that the formation of
localization on the grain scale under impact loading made the plastic deformation uneven
after critical strain, which was caused by texture softening and flow stress anisotropy.
Krüger et al. [20] found that the strain rate reduced the martensite transformation rate and
strain hardening rate. The change of these mechanical properties under impact loading
also reflects the change of deformation and the fracture mechanism. In the technology
of ultrasonic rolling deformation strengthening, the principle of ultrasonic-impact, high-
strain-rate deformation can lead to grain refinement and improve the fatigue performance
of structural parts [21,22].

There are many types of fracture mechanisms (crack propagation), among which
fatigue and fracture toughness are important types. Qi et al. [23] attributed the excellent
fracture toughness to that in the small plastic deformation area at the crack tip, and strain-
induced martensite transformation occurred in the reverse austenite, which absorbed
the strain energy, relieved the local stress concentration, and inhibited the crack growth.
Research of Das et al. [24] on the damage accumulation of high-strength steel showed that
the damage accumulation caused by strain was also highly sensitive to the stress state. The
influence of stress on the damage accumulation was greater than that of other variables, and
the strain rate was an important factor affecting the damaged area of the hole in the material.
Gronostajski et al. [25] studied the microstructure change and flow stress of high-strength
steel, considering the transformation of retained austenite to martensite at a high strain
rate. They found that in addition to the thermodynamic stability of retained austenite, the
higher the temperature, the higher the strain rate of plastic deformation, which would
affect the shape of the true stress–true strain curve. Owing to the delayed transformation
from austenite to martensite, no tempering of martensite was observed. Compared with
austenitic steel, martensitic steel is more sensitive to the strain rate. The fracture analysis
of Khodabakhshi et al. [26] showed that with the formation of the martensite phase, the
fracture mode changed from ductile fracture to ductile–brittle fracture, and the fracture
composition changed from shear to tensile at a high strain rate. Wang et al. [27] described
cleavage and micropore growth/coalescence in the fracture process of metal materials. In
the process of deformation, the dislocation will be emitted from the crack tip, and then
the dislocation will be blocked around the precipitate near the crack tip, resulting in the
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formation of microcavities around the precipitate. For materials with high yield strength,
the radius of the plastic zone near the crack tip will be extremely small. In this case, the
crack tip will not be passivated, and the stress concentration will not be effectively relieved.
When the local stress in front of the crack tip exceeds the cleavage fracture strength, the
crack tip can be connected with the micro void through cleavage fracture, thus producing
the cleavage surface and dimple. Therefore, understanding the deformation and fracture
mechanism of ultrahigh-strength steel under impact loading is the main research direction
of this paper.

In summary, the mechanical properties, deformation mechanism, crack propagation,
and fracture toughness of metal materials under impact loading are different. Failure
accidents of ultrahigh-strength steel parts under impact loading are still frequent, and
the research on the failure caused by impact load has been valuable. Based on the split
Hopkinson pressure bar (SHPB) test, the true stress–true strain curves of 45CrNiMoVA
steel under a high strain rate (103 s−1) were obtained, and the deformation, fracture, and
failure characteristics under different impact loads were studied. The microstructure, crack
propagation, and fracture morphology were detected and analyzed to reveal the failure
causes of impact fracture.

2. Experiment
2.1. Materials of Specimen

The test material was ultrahigh-strength steel 45CrNiMoVA, and its chemical com-
position is listed in Table 1. It can be obtained from the Chinese national standard GB/T
3077-2015. Table 2 shows the mechanical property parameters of 45CrNiMoVA, as given by
Chen et al. [28]. The heat treatment process of the specimen material includes: first heat
preservation at 860 ◦C for 40 min, oil cooling at about 60 ◦C, heat preservation at 210 ◦C for
about 300 min, and then air cooling. The microstructure was mainly uniform lath tempered
martensite with a small amount of retained austenite, as shown in Figure 1a. Based on
the Electron Backscatter Diffraction (EBSD) test results, the grain size of lath-tempered
martensite was mainly distributed at 0.5–2.5 µm, as shown in Figure 1b.

Table 1. Chemical composition of 45CrNiMoVA materials (wt%).

C Cr Ni Mo V Si Mn S P

0.42–0.49 0.80–1.1 1.3–1.8 0.20–0.30 0.10–0.20 0.17–0.37 0.50–0.80 ≤0.015 ≤0.02

Table 2. Mechanical properties of 45CrNiMoVA material, Data from [28].

Tensile Strength,
σb (MPa)

Yield Strength,
σ0.2 (MPa)

Elastic Modulus,
E (GPa)

Elongation,
δ5 (%)

Reduction in Area,
ψ (%)

Fracture Toughness,
KIC (MPa·m1/2)

2120 1639 175 11 27.3 41.8
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Figure 1. (a) Microstructure and morphology of 45CrNiMoVA steel specimen; (b) Grain size distribu-
tion of specimen material.

2.2. Impact Test Method

SHPB is the main means to test the dynamic mechanical properties of materials
at medium and high strain rates (102 s−1–104 s−1). In this experiment, based on the
5 mm diameter SHPB, the specimens were impacted at different impact speeds (17.2 m/s,
18.4 m/s, 20.1 m/s, 23.2 m/s, and 25.8 m/s). The material of the pressure bar was maraging
steel (18Ni). The impact speed was measured by an infrared velocimeter (Lightsensing,
Beijing, China), and its response time was 25 µs. The schematic diagram and physical
photos of the self-built SHPB experimental device are shown in Figure 2. The control of the
impact speed was realized by changing the speed (v) of the striker bar by adjusting the air
pressure. With the increase in impact speed, the deformation strain rate and impact force of
the specimen would increase until the specimen broke. In the experiment, the strain signal
was measured by the strain gauge pasted on the bar, and the sensitivity coefficient of the
strain gauge was 1.94. The model of the super dynamic strain instrument was SDY2107B
(Bdhsd, Beidaihe, China), that of the acquisition card was USB12047 (Bdhsd, Beidaihe,
China), and that of the bridge box was SDY2301 (Bdhsd, Beidaihe, China).
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Figure 2. (a) Schematic diagram of the SHPB experimental device; (b) photograph of the SHPB
experimental device.

The incident, reflected, and transmitted signals in the SHPB experiment of 45CrNi-
MoVA steel are shown in Figure 3. The specimens were deformed by only one stress pulse
before fracture; hence, the surface morphology after fracture was generated after only one
stress pulse.
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Figure 3. The signals of incident, reflected, and transmitted wave of 45CrNiMoVA steel in the
SHPB experiment.

The reflected and transmitted waves reflected the deformation information of the
specimen under impact loading. According to Equations (1)–(5), the true stress (σT)–true
strain (εT) curves of the specimens at different strain rates were obtained. The specimen
was cylindrical, with a diameter of 2 mm and an aspect ratio of 1, as shown in Figure 4a.
The surface of the specimen was turned. The roughness of the end face was Ra 0.701, and
that of the cylindrical surface was Ra 1.571, as shown in Figure 4b,c, respectively.

σ(t) = E
(

A
As

)
εt(t) (1)
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ε(t) = −2
C0

L

t∫
0

εr(τ)dτ (2)

.
ε(t) = −2C0εr(t)/Ls (3)

σT = (1 − ε(t))σ(t) (4)

εT = −ln(1 − ε(t)) (5)

Here, C0 is the speed of the one-dimensional elastic wave in pressure bar (5 × 103 m/s);
Ls is the length of the specimen; εr is the strain in the incident bar by the reflected wave;
εt is the strain in the transmission bar by the transmitted wave; E is the elasticity mod-
ulus of the bar (190 GPa); and A and As are the cross-sectional area of the bar and the
specimen, respectively.
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Figure 4. Specimen size and surface topography for the SHPB test. (a) Impact-loaded cylindrical
specimen size, unit: mm; (b) machined morphology of the end face of the specimen and its two-
dimensional line profile; (c) machined morphology of the cylindrical surface of the specimen and its
two-dimensional line profile.

After impact loading, we polished and etched the cross section parallel to the axis
of the deformed specimen to observe the deformation of the microstructure and possi-
ble microcracks. The mass of the etchant solution was composed of 4% nitric acid and
96% ethanol, and the etching time was about 15 s. The fractured specimen was cleaned
by an ultrasonic cleaner (KQ-300VDB, Kunshan, China) in absolute ethanol to observe the
surface morphology of the fracture. The microstructural evolution of the specimen after
deformation and fracture was observed by a laser scanning microscope (LSM, VK-X100,
Keyence Corporation, Osaka, Japan) and a scanning electron microscope (SEM, Quanta
650 FEG, FEI Company, Hillsboro, OR, USA), and the deformation, crack propagation,
and fracture characteristics under impact loading were analyzed. The grain size of the
microstructure of the specimen matrix was measured by electron backscattered diffraction
(EBSD), and the acceleration voltage was 20 kV. The surface roughness (Ra) was measured
from the surface topography collected by the LSM.

3. Results and Analysis
3.1. Severe Plastic Deformation

Figure 5 shows the original and retrieved 45CrNiMoVA steel specimens. The retrieved
specimens were obtained at different impact loading speeds, with strain rates of 1300 s−1,
3000 s−1, 3500 s−1, and 4000 s−1, respectively, and the corresponding strains were 0.033,
0.151, 0.217, and 0.251, respectively. Under small strain, 45CrNiMoVA steel specimen
breaks, which reflects the mechanical characteristics of low fracture toughness and weak,
cold plastic deformation ability, which is related to the brittleness of martensite structure.
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Figure 5. The original and retrieved 45CrNiMoVA steel specimens after impact loading.

The true stress–true strain curves of the specimen under different strain rates were
measured, as shown in Figure 6. When the strain rate was 1300 s−1 and 1500 s−1, the
impact-loading speed was relatively low, and the deformation of the specimen was small
and mainly elastic deformation. With the increase in the impact speed, the deformation
of specimen increased, and the plastic deformation began to play a larger role. At the
strain rates of 3000 s−1, 3500 s−1, and 4000 s−1, the true stress–true strain curve showed an
obvious flow stress stage, and the ultimate compressive strength exceeded 2000 MPa, which
is close to the SHPB experimental results of Hu et al. [5]. In addition to strain hardening,
the deformation under impact loading also involved the adiabatic temperature rise effect
caused by the high strain rate. The high temperature formed by the adiabatic temperature
rise promoted dynamic recovery and dynamic recrystallization during deformation, which
is the main reason for strain softening. When strain hardening and strain softening reached
a balance, the flow stress stage in the true stress–true strain curve was characterized by
stability, which is the reason the flow stress in Figure 6 appears stable and without vibration.
Although dynamic recovery and dynamic recrystallization are the key mechanisms of strain
softening, there are still differences in the influence of the microstructures between them.
According to Sakai et al. [29], dynamic recrystallization usually occurs under large strain,
and its flow stress stage curve often shows fluctuations with obvious peaks rather than
stationary characteristics. Therefore, the main softening mechanism of 45CrNiMoVA steel
specimen under impact loading is dynamic recovery, and dynamic recrystallization is still
difficult to obtain under this condition.
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Figure 6. The true stress–true strain curves of 45CrNiMoVA specimens under different strain rates.

Figure 7 shows the microstructure near the end face of the cylindrical specimen with
different strain levels and strain rates. Under the deformation condition of a relatively
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low strain rate (1300 s−1), the microstructure morphology of the near surface layer of the
specimen is shown in Figure 7a. Under the deformation conditions of a high strain rate
(3000 s−1 and 4000 s−1), as shown in Figure 7b,c, the microstructure of the near surface layer
of the specimen formed an obvious local plastic deformation layer with a depth of about
20–30 µm. Under impact loading, the end face of the cylindrical specimen was directly
impacted. The high strain rate led to the specimen not having enough time to complete
plastic deformation, and the deformation between grains was uneven. The near surface
layer material absorbed most of the impact energy and formed this local deformation
layer. With the increase in impact load, the deformation layer was likely to change into the
ASB and became the most vulnerable area of the specimen. The formation of the inclined
arrangement of martensitic laths in the deformed layer was related to the manner of impact
loading. The impact force caused friction between the end face of the incident bar and the
end face of the specimen. Figure 8 shows the impact force (Fd) and friction force (f ) on the
end face of the cylindrical specimen under impact loading. Owing to the friction effect of
the end face, the area near the cylindrical end face would produce an uneven deformation
area with a width of ∆l. Axial stress (σ) and shear stress (τ) were caused by end friction in
the nonuniform deformation area, while only axial stress (σ) existed in the inner uniform
deformation area.
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Figure 7. The microstructure of the near-end surface of the cylindrical specimen after different
impact-loading speeds. (a) The strain was about 0.033, and the strain rate was about 1.3 × 103 s−1;
(b) the strain was about 0.151, and the strain rate was about 3 × 103 s−1, d1 is the thickness of local
deformation layer; (c) the strain was about 0.217, and the strain rate was about 4000 s−1, d2 is the
thickness of local deformation layer.
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Figure 8. In the process of impact loading, the end face of the cylindrical specimen bore the impact
force (Fd) and friction force (f ) brought by the end face of the incident bar.

3.2. Cracks

The combination of the near-end deformation layer and the notch left by the end
surface machining magnified the effect of stress concentration, resulting in the formation
of microcracks in the deformation area, as shown in Figure 9. (The white broken line is
the axis of the cylindrical specimen.) One main crack and several microcracks were found
in the near-end face layer of the specimen, and all of them originated from the end face.
In contrast, the deformation layer near the end face of the specimen here was caused by
impact loading, not the defect of the material itself. Therefore, in addition to the influence of
the surface integrity of the structure on the crack formation, it is necessary to pay attention
to the deformation caused by the impact-loading process, especially the local uneven severe
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deformation. The morphology and distribution of the deformed grains showed that the
shear localization was the result of grain rotation and rearrangement. Chen [30] posited
that although there is a large shear strain in the shear band, the formation of microcracks
is restrained by high hydrostatic pressure. However, when the shear band is combined
with the stress concentration, the crack may be induced more easily. In Figure 9b, it can
be observed that the propagation direction of the initial microcrack and the main crack
in the deformed layer was consistent with the arrangement direction of the deformed
martensitic lath (Figure 9c). The growth of microcracks in the deformation layer stopped,
which shows that the crack propagation resistance was large. With the disappearance of
the deformed layer, the main crack deflected, and the crack growth was not a direction-
dependent occurrence. Owing to insufficient external impact, the main crack stopped
growing in the stable growth stage (Figure 9d).

In the deformation zone, the crack had the minimum propagation resistance along the
martensite arrangement direction, and the martensite gap became the main propagation
path to avoid excessive martensite fracture. However, the main crack growth outside the
deformation zone no longer had obvious directionality because of the free arrangement
of martensite. This kind of martensite gap could also be found clearly in Zhang’s [31]
study. Although the crack growth path in the deformation zone looked more like brittle
fracture, a straight feature, no further expansion of microcracks indicates that this was
not a simple brittle fracture, as the crack tip was still affected by the grain boundary and
grain orientation stress. Under impact loading, the inhomogeneous plastic deformation
of the specimen affected its energy storage, the martensitic lath gap was squeezed to the
limit, and the crack growth led to energy release. Dekhtyar et al. [32] found that micropore
healing occurred in the deformed layer, which hindered the crack growth.

Metals 2022, 12, x FOR PEER REVIEW 9 of 14 
 

 

arrangement. Chen [30] posited that although there is a large shear strain in the shear 

band, the formation of microcracks is restrained by high hydrostatic pressure. However, 

when the shear band is combined with the stress concentration, the crack may be in-

duced more easily. In Figure 9b, it can be observed that the propagation direction of the 

initial microcrack and the main crack in the deformed layer was consistent with the ar-

rangement direction of the deformed martensitic lath (Figure 9c). The growth of mi-

crocracks in the deformation layer stopped, which shows that the crack propagation re-

sistance was large. With the disappearance of the deformed layer, the main crack de-

flected, and the crack growth was not a direction-dependent occurrence. Owing to in-

sufficient external impact, the main crack stopped growing in the stable growth stage 

(Figure 9d). 

In the deformation zone, the crack had the minimum propagation resistance along 

the martensite arrangement direction, and the martensite gap became the main propaga-

tion path to avoid excessive martensite fracture. However, the main crack growth out-

side the deformation zone no longer had obvious directionality because of the free ar-

rangement of martensite. This kind of martensite gap could also be found clearly in 

Zhang’s [31] study. Although the crack growth path in the deformation zone looked 

more like brittle fracture, a straight feature, no further expansion of microcracks indi-

cates that this was not a simple brittle fracture, as the crack tip was still affected by the 

grain boundary and grain orientation stress. Under impact loading, the inhomogeneous 

plastic deformation of the specimen affected its energy storage, the martensitic lath gap 

was squeezed to the limit, and the crack growth led to energy release. Dekhtyar et al. 

[32] found that micropore healing occurred in the deformed layer, which hindered the 

crack growth. 

 

Figure 9. Local deformation layer and crack of the 45CrNiMoVA steel specimen after impact 

loading had a strain rate of about 4 × 103 s−1: (a) the whole specimen section; (b) microcracks and 

main crack, a local enlargement of the area b in the yellow square in the figure (a), the yellow cir-

cle is microcrack; (c) local deformation layer and main crack, a local enlargement of the area c in 

the yellow square in the figure (b), the main crack deflection occurs at the yellow circle; (d) main 

crack tip, a local enlargement of the area d in the yellow square in the figure (b), the yellow circle 

is the crack tip.  

 

Figure 9. Local deformation layer and crack of the 45CrNiMoVA steel specimen after impact loading
had a strain rate of about 4 × 103 s−1: (a) the whole specimen section; (b) microcracks and main
crack, a local enlargement of the area b in the yellow square in the figure (a), the yellow circle is
microcrack; (c) local deformation layer and main crack, a local enlargement of the area c in the yellow
square in the figure (b), the main crack deflection occurs at the yellow circle; (d) main crack tip, a
local enlargement of the area d in the yellow square in the figure (b), the yellow circle is the crack tip.
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3.3. Fracture

Under impact loading, the cylindrical specimen first underwent upsetting deformation
(Figure 10b). With the increase in impact speed, the specimen broke (Figure 10c). Shear
fracture was the main fracture form of the cylindrical specimen. The fractured specimen was
divided into two pieces, as shown in Figure 11a,d, respectively. Based on the observation of
the two matched fracture morphologies, the crack propagation mechanism of 45CrNiMoVA
steel under impact loading was analyzed.
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Figure 11. Typical impact fracture morphology of 45CrNiMoVA steel, figures (b), (c), (e), (f), (g) and
(h) are enlarged from the marks in figures (a) and (d), respectively, the arrow on the fracture surface
indicates the direction of crack propagation: (a,d) are two matching macro fractures; (b,e) are the
matched shear lip morphologies; (c,f) are the matched shear lip morphologies on the other side; (g) is
the morphology the fiber region; (h) is the morphology the radiation region; (i) is the change of the
crack propagation stress state, the stress controlling crack growth changes from normal tensile stress
to shear stress.
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Four areas formed on the macro fracture surface, as shown in Figure 11d, including
the fiber region (Figure 11g), radiation region (Figure 11h), and two shear lips (Figure 11e,f).
Figure 11g shows the typical fracture morphology of the fiber region, occupying a small
area and being located in the near-end surface layer, including the local severely deformed
layer and the crack source. The stress concentration at the surface notch led to the crack
origin, and machining was the cause of the notch. In this region, the crack originated and
then began to grow stably. The low-speed crack growth led to the formation of fibrous
morphology, while the local severe deformation led to the existence of high dislocation
density and large residual compressive stress, which hindered the crack growth. The crack
growth in this stage was controlled by strain. Pavan et al. [33] found that the crack growth
rate in the laser impact region was significantly reduced owing to the residual compressive
stress caused by deformation. Wang et al. [34] revealed that the gradient structure and
residual stress would affect the plastic zone at the crack tip in the process of crack growth,
and the residual compressive stress would lead to smaller plastic deformation at the crack
tip. They also showed that the deformation layer near the end face could restrain the
crack growth.

The crack propagated across the deformation affected zone and then entered the
radiation region. Figure 11h is the typical morphology of radiation region. It is a quasi-
cleavage fracture, which is between a brittle fracture and ductile fracture. The equiaxed
morphology is usually formed under the action of normal stress (σmax), which reflects
that the crack growth here is mainly affected by normal stress, as shown in crack growth
mode I in Figure 11i. Furthermore, the crack growth at this stage was uncontrollable and
unstable until fracture. The poor, cold plastic deformation ability of 45CrNiMoVA increased
the possibility of brittle fracture. The deformation of the material in the radiation region
was extremely small, and the grain boundary and dislocation density had no effect on
the crack tip. Because of the high yield strength of the material, the plastic area at the
crack tip was extremely small, it was difficult to form passivation at the crack tip, and
the stress concentration could not be relieved, which led to the unstable propagation of
the crack. The stress at the crack tip exceeded the cleavage fracture strength and formed
a cleavage fracture surface. Thompson and Ashby [35] believed that the ductile/brittle
fracture of materials is related to the dislocation density at the crack tip. Moreover, Rice
and Thomson [36] proposed that crack growth is related to the dislocation emission at
the crack tip. The low dislocation density at the crack tip leads to brittle fracture, and the
high dislocation density at the crack tip leads to ductile fracture. This indicates that the
slow crack propagation rate in the fiber region is related to the high dislocation density
in the seriously deformed layer. However, the influence of impact-loading deformation
on radiation region was weak, dislocation density was low, and quasi-cleavage fracture
occurred. The width (b0) at the center of the radiation region could be used to evaluate the
plane strain fracture toughness. According to David [37], plane strain fracture toughness
(KP) could be evaluated by Equation (6).

KQ

KP
=

(
1 +

δfE
24σy

b0

b

)1/2
(6)

where KQ is the provisional fracture toughness, δf is the elongation-to-failure measure,
E is the elastic modulus, and σy is the yield strength. These parameters are taken from
Table 2 as the initial mechanical property parameters of the cylindrical specimen. b is the
maximum possible width of the radiation region, which is 2 mm, and b0 is the central plane
width of the radiation region in Figure 11a, which is 0.61 mm. Based on the width of the
central plane of the radiation region, Table 3 shows the plane strain fracture toughness
(KP) under impact loading, which was significantly smaller than the initial quasi-static
fracture toughness (KQ). It also shows that the formation of radiation region was related
to the decrease in fracture toughness under impact loading. Qin et al. [38] compared the
influence of the plane width of the central region on plane strain fracture toughness after a
pure copper fracture. It was found that the larger b0 was, the higher KP was.
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Table 3. The plane strain fracture toughness in the radiation region of the fracture surface of 45CrNi-
MoVA cylindrical specimen.

δf (%) E (GPa) σy (MPa) b0 (mm) b (mm) KQ (MPa·m1/2) KP (MPa·m1/2)

11 175 1639 0.61 2 41.8 10.48

The shear lip is a typical feature of crack growth in the edge region of the specimen.
Under impact loading, the symmetrical shear lip area was formed on the fracture surface of
the cylindrical specimen, as shown in Figure 11b,c,e,f. The elongated dimple was the typical
fracture surface of the shear lip area. Similar elongated dimple fracture morphology was
found in the impact test of martensitic steel by Ghomi and Odeshi [15]. Under the action of
an external force, the voids between martensitic laths developed into microvoids, which
grew to form dimples. Figure 11b,e show the matched dimples, which were elongated
in the opposite direction, reflecting that the crack tip was mainly affected by shear stress
(τmax), as shown in crack growth mode II in Figure 11i. Furthermore, compared with the
radiation region, in addition to the different types of stress control, the formation of the
shear lip was accompanied by weak strain, while the fiber region was mainly controlled by
strain, which constituted the impact fracture characteristics of 45CrNiMoVA.

The shape and size of the dimple in the shear lip can reflect the characteristics of
ductile fracture. Stüwe [39] proposed Equation (7) to determine the fracture toughness
based on the energy required to form the dimple fracture.

KC ≈
√

σhoE
2

(7)

ho = Bdo (8)

where KC is the plastic fracture toughness of the shear lip; σ is the average flow stress,
which is taken from the maximum stress value in the true stress–true strain curve at a high
strain rate; ho is the dimple depth; E is the elastic modulus, from the true stress–true strain
curve at a high strain rate; and do is the dimple diameter, from the red circle in Figure 11b.
Generally, B was 0.5, because the dimple observed on the fracture surface was elongated,
so B was taken as 1, and the dimple depth (ho) was calculated according to the dimple
diameter (do). Table 4 shows the fracture toughness results based on the impact fracture
dimple morphology.

Table 4. Dimple size and fracture toughness of shear lip on the fracture surface of 45CrNiMoVA
cylindrical specimen.

.
ε (s−1) σ (MPa) ho (µm) E (GPa) do (µm) B KC (MPa·m1/2) KIC (MPa·m1/2)

>4000 2161 2.17 236.8 2.17 1 23.56 41.8

Compared with the quasi-static fracture toughness (KIC), the impact fracture toughness
(KC) based on dimple was reduced by 43.6%. Srinivasan et al. [40] proposed that the micro
toughness size effect in ductile fracture seems to be related to the dimple height and the
material length scale. Considering that the size effect in the micro toughness is important
to accurately determine the overall crack growth resistance, in Figure 1b, the grain size
of the specimen and the dimple size formed by impact fracture were within an order of
magnitude—that is, the effect of micro toughness size should be considered in the process
of crack growth. Therefore, the fracture toughness based on the local dimple may only
reflect the crack growth resistance of the shear lip. Both the plane strain fracture toughness
and the dimple-based fracture toughness of the cylindrical specimens decreased under
impact loading. Therefore, 45CrNiMoVA ultrahigh-strength steel structures must avoid
surface defects, machining damage, and stress concentration to ensure their safety in the
dynamic load service environment.
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4. Conclusions

Based on the SHPB test, the deformation and fracture of 45CrNiMoVA steel under
impact loading were analyzed, and the following conclusions were obtained:

(1) Under the condition of high-strain-rate (103 s−1) deformation, the plastic flow stress of
45CrNiMoVA steel shows the characteristics of an equilibrium of strain hardening and
strain softening. Near the impact-loading end face, the 20–30 µm-thick local severe
plastic deformation layer is an important reason for crack initiation and propagation.
The parts should not be subjected to the combination of forward loading and shear
loading at the same time. This complex loading environment may lead to the early
failure of the parts.

(2) The fracture morphology of 45CrNiMoVA steel under impact loading consists of
a strain-controlled fiber region, normal-stress-controlled quasi-cleavage radiation
region, and shear-stress-controlled ductile shear lip. In the study, the impact fracture
toughness was reduced by 43.6%, which could lead to quasi-cleavage fracture; hence,
this must be paid attention to in the process of material preparation, part design, and
manufacturing. It is necessary to avoid introducing surface damage during machining,
which may accelerate the failure of parts.
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