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Abstract: The shock and spalling behavior of a compositionally complex high strength low-alloy
steel (HSLA) was studied using plate impact testing. The free surface velocity of the specimen in
the range of 194~938 m/s was measured by a displacement interferometer system for any reflector
(DISAR). The Hugoniot elastic limit (HEL), spallation fracture and microstructural evolution of the
HSLA under an impact stress of 3.04~18.66 GPa were analyzed. Shock Hugoniots were obtained
from the measured particle velocities and calculated shock velocities. The velocity curves show
clear signs of HEL and velocity fallback, indicating a transition from elastic to plastic and spalling
behavior. When the impact velocity exceeds 757 m/s, the particle velocity rises to the peak and then
increases again, indicating that an α→ε phase transition occurred, with a threshold of 13.51 GPa. It
was found that the impact velocity is linearly related to the particle velocity of the HSLA. As the
impact stress increased, the HEL remained within the range of 1.32~1.50 GPa, while the spalling
strength presented an upward trend with the increasing impact stresses. Metallographic analysis
shows that the impact failure is dominated by brittle fracture at lower velocities, while more ductile
fracture occurs at higher velocities.

Keywords: high-strength low-alloy steel (HSLA); eletroslag remelting (ESR); plate impact test; Hugoniot
elastic limit; spall strength

1. Introduction

With the continuous development of low-alloy steel, fine-grained, ultra-fine-grained
and other strengthening mechanism technologies, advanced high-strength steels and new
high-performance steels have received more and more attention [1–3]. In recent years,
high-strength low-alloy steel (HSLA) has been used in engineering components, such
as aircraft landing gear and oil pipelines, due to its qualified impact toughness, ultra-
high strength and excellent weldability [4–6]. In practical engineering applications, the
mechanical properties of 25CrNi high-strength low-alloy steel still need to be improved to
withstand greater impact loads directly affected by the operating environment [7].

The metal elements usually added to high-strength low-alloy steels are mainly Ni,
Cr, Si, Mn, Mo, V and W [8]. Many scholars add Nb to the composition of C-Mn steel to
prepare high-performance HSLA [9,10]. Nb is known to improve the balance of strength
and toughness in steel by refining grains. Combined with the corresponding hot rolling and
heat treatment processes, the comprehensive properties of the steel can be improved [11].
The microstructure of steel with this composition system is acicular ferrite. Recently, the
comprehensive performance requirements of petroleum steel pipes are getting higher
and higher, and high-performance petroleum steel pipes have been developed one after
another [12]. The formulation of high-strength and high-toughness steel materials whose
basic chemical composition system is C, Mn, Cr, Mo and a small number of microalloying
elements (such as Nb, V, etc.) has gradually developed [13].

With the improvement of the performance requirements of high-strength and tough
steel, along with the development trend of purification in the metallurgical industry, the
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requirements for the metallurgical quality of steel are also getting higher and higher [14].
Generally speaking, the residual elements S, P and the five harmful impurity elements Pb,
Sb, Bi, Sn, As, etc. in the steel are easy to segregate and precipitate at the grain boundary, and
form a low-melting point eutectoid with Fe, which reduces the strength of grain boundaries
and affects the hot workability of steel [15,16]. Therefore, it is worthy of attention to reduce
the content of impurities, such as S and P, the gas content and the content of nonmetallic
inclusions in HSLA, thereby improving the comprehensive mechanical properties of the
steel. Electroslag remelting, as a secondary melting technology, can improve the purity
of steel and improve the low-magnification structure of steel [17,18]. The REO-MgO-
CaO-Al2O3-CaF2 new five-element rare earth slag system was selected, and rare earth
deoxidizer was added to the slag pool during the electroslag remelting process to form a
certain reducing atmosphere in the electroslag furnace, and finally improve the toughness
and toughness of the steel and fatigue performance.

High-strength low-alloy steels provide perfect candidates for major improvements
in the automotive, aerospace and military defense fields due to their acceptable impact
toughness, ultra-high strength, and excellent weldability [19–21]. In this study, a series of
plate impact experiments were carried out to investigate the shock wave structure, HEL
and spallation strength in a compositionally complex HSLA. The transition from elastic to
plastic behavior under impact flyer loading was analyzed, and the phase transition and
spallation of HSLA were determined from the measured free-surface particle velocities and
metallographic microscopy of the recovered specimens.

2. Experimental Procedures
2.1. Materials

The experimental HSLA plate was acquired from the Construction Machine Tool
Factory (Chongqing, China) and prepared by eletroslag remelting, containing the following
components: 0.25% C, ~3% Cr, ~2% Mo, ~1% W, ~0.8% Ni ~0.06% V, ~0.06% Nb and
balance Fe. In the process of electroslag ingot remelting, CaF2:Al2O3 = 70:30 was used as
slag, and it was baked at 800 ◦C for 6 h before use to fully remove the moisture. In the
initial stage of electroslag remelting, graphite electrodes were used to melt lead slag, and
slag was continuously added during the process. After the slag has completely melted,
replace the consumable electrode. Ar protection was used during the remelting, and
SiAlCaBa powder deoxidizer was used throughout the process. The density of the HSLA
was measured as 7.76 ± 0.03 g/cm3. The longitudinal, shear, and bulk sound speeds (cL, cS
and cB, respectively) are shown in Table 1. A typical scanning electron micrograph of the
HSLA is shown in Figure 1. It is shown that the matrix structure is mainly martensite with
a small amount of tempered sorbite, and the fine carbide particles are distributed between
the lath and the grain boundary.
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Table 1. Material properties of the HSLA.

Material ρ0 (g/cm3) cL (m/s) cS (m/s) cB (m/s)

Cr-Mo-W-Ni-V-Nb steel 7.76 ± 0.03 5213 3308 4029

2.2. Plate-Impact Test

The schematic diagram of the plate impact experiment is shown in Figure 2. The test
device is composed of a loading system, test target and test system. The loading system
consists of a 37-mm-diameter air gun, a 4-m-long high-pressure chamber, a cartridge case
and an oxygen-free high conductivity (OFHC) flyer plate (35 mm in diameter × 1.5 mm
in diameter). By adjusting the driving pressure and the size and mass of the shell, the
impact velocity of the shell flight, the flight balance of the shell and the impulse width
of the shock wave in the target can be controlled. The target plate is composed of a
specimen (15 mm in diameter × 3 mm in diameter) and an epoxy resin filler. The test
system is composed of a trigger device, a signal processing device and an arbitrary mirror
displacement interferometer system.
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Figure 2. Schematic illustration of the plate impact experiments for the HSLA. (a) schematic diagram;
(b) image of air gun; (c) image of DISAR.

During the test, pressurized hydrogen gas was used to accelerate the flyer, located in
front of the stock, towards the target, a series of charged metal pins were used to measure
the impact velocity, vimp. The velocity distribution of the free surface on the backside of
the target specimen was directly measured using a fiber optic probe, and the shock wave
velocity of the specimen was obtained through a point probe and an optical window. In
order to eliminate the influence of installation error and impact nonuniformity, the electrical
probes were arranged at each of the four corners of the sample target so that the end faces
were flush with the impact surface of the sample. When the flyer is 0.5 mm away from
the target, both the pin and DISAR are triggered at time zero t0. DISAR monitors the
shock wave passing through the target on the free surface of the target. The specific test
scheme is shown in Table 2. To reveal the impact response and spalling behavior of HSLA
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at different impact velocities from a microscopic perspective, a metallographic analysis
of the recovered specimens was performed after cutting, grinding, polishing and etching
using an Axio Imager Mim optical microscope.

Table 2. Experimental details of the plate impact test.

Test No.
Impact Velocity

vimp (m/s)
Thickness (mm) Diameter (mm)

Specimen OFHC Specimen OFHC

001 194 2.960 1.497 14.99 34.97
002 409 3.051 1.480 14.95 34.95
003 410 3.055 1.480 14.99 34.95
004 598 3.030 1.479 15.02 35.02
005 782 3.051 1.487 15.01 35.01
006 858 3.040 1.497 15.00 34.96
007 938 3.050 1.488 15.02 34.95

3. Results and Discussion
3.1. Gauge Trace Analyses

Regarding the free surface velocity distribution, some typical characteristics should
be noted: When the elastic precursor wave reaches the free surface of the sample, the
free surface particle velocity increases sharply to a certain value, which can be used to
calculate the HEL value; when damage or spalling occurs in the sample, the sparse waves
are reflected as compressional waves in damaged or denuded regions, resulting in an early
pullback of the free surface velocity, which can be used to estimate spall strength under the
assumption of an acoustic approximation; the Hugoniot relationship of the specimen can
be determined from particle velocity, impact velocity, and impact stress.

Figure 3 shows the free surface velocity of test sample No. 004 monitored by DISAR.
To illustrate shock wave propagation more clearly, a graph of Lagrangian distance versus
time is shown and the timescale of the x-axis is canceled in Figure 3. The specimen was
initially impacted by the OFHC flyer at time t0, producing an elastic precursor (dashed
line) and a shock wave (solid line) in the specimen and flyer. It is assumed that the elastic
precursor propagates at the longitudinal speed of sound cL, which is faster than the speed
of the shock wave. Therefore, the precursor wave reaches the rear free surface of the
specimen at time t1, resulting in a rapid increase in particle velocity in a very short time
(a measurement value less than 15 ns). It is clear from the free surface velocity curve that
the particle velocity increases linearly with HEL. The HEL is followed by distortion of the
elastic-plastic yielding and free-surface velocity data due to the time period during which
the elastic precursor reflects back to the oncoming shock wave and the interaction that
occurs between the different stress pulses. Thereafter, the shock wave, propagating at the
velocity Us, reached the free surface at the rear of the specimen at time t2. The arrival of the
shock wave caused the free surface velocity to rapidly increase to a peak value.

Once the shock wave reached the flyer and the free surface of the specimen, it was
reflected back as a rarefaction wave. It is well known that the head of the release wave also
propagated at the longitudinal sound speed, while the tail of the release wave propagated
at the bulk sound speed. Measurements of the above parameters for the HSLA are given in
Table 1. When the rarefaction waves from the free surface of the specimen and OFHC met
at time t3, a tensile stress was generated. When the tensile stress exceeds its spall strength,
a free surface appears on the spall surface, and a pulse propagating at the longitudinal
speed of sound is generated on the surface. The pulse reached the rear free surface of the
specimen at time t4, resulting in a reduction in velocity. A new pulse arrived at time t5 and
caused a characteristic pullback in the velocity, which is further evidence of the occurrence
of spallation. The change in free surface velocity between the peak and the first minimum is
called the pullback velocity, which is used to calculate the spalling strength of the material.
As shown in Figure 3, the smaller peak after the free surface velocity maximum is due to
the spallation pulse propagating back and forth within the surface after failure.
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Figure 3. Representative free surface velocity in test No. 004 under impact loading.

Figure 4 presents the measured back-free surface velocity curves for all specimens at
flyer impact velocities ranging from 194 to 938 m/s, each of which indicates the transition
from elastic to plastic deformation. As can be seen, the free surface velocity at the HEL
varies very little, ranging from approximately 65.5 to 74.0 m/s. Unlike HEL, the trend
in pullback velocity is more complex, and the details of spall strength are quantified and
discussed in Section 3.3. It should be noted that the slope curve increases significantly after
velocity pullback, which is believed to be related to the change in the failure mode of the
material from brittle to more ductile [22].

It can be also observed in Figure 4 that the change in particle velocity curves at higher
impact velocities (782 m/s, 858 m/s and 938 m/s), i.e., another step change in particle
velocity occurred at the peak platform. As the peak stress (σpeak) increased to the phase
transition stress threshold, the α→ε phase transition occurred and a phase-transition pulse
was generated, resulting in a transformation of the particle velocity profile from a two-wave
structure to a three-wave structure, consisting of elastic, plastic and phase transition waves.
Referring to the method used by Boteler and Dandekar [23], the peak stress was determined
using the peak free surface velocity (upfs), the shock velocity (Us for elastic waves and Up
for plastic waves) and density. According to the Rankine–Hugoniot relationships, the stress
threshold for the α→ε phase transition was calculated as 13.51 GPa.
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3.2. Hugoniot Elastic Limit and Spall Strength

In these experiments, the Hugoniot elastic limit, σHEL, and spall strength, σspall, of
the HSLA were determined by the measured free surface velocity data, which can be
expressed as:

σHEL =
1
2

ρ0cLue (1)

σspall =
1
2

ρ0c0∆u f s (2)

where the density ρ0 and sound speeds cL and c0 are known, and ue and ∆ufs can be
calculated according to the measured HEL and pullback velocity. The calculated HEL and
spallation strengths are listed in Table 3. As is shown in Figure 5, the stress at the HEL
of the HSLA is estimated to be in the range of 1.32~1.50 GPa, presenting a similar HEL
when compared with that of other conventional crystalline alloys [24,25], such as mild steel
(1.75 GPa), austenitic stainless steel (1.40 GPa) and HY80 naval armor steel (1.70 GPa).
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Table 3. Experimental results for the HSLA obtained by plate impact test.

Test No. upfs
(m/s)

Us
(m/s)

ue
(m/s)

σHEL
(GPa)

σpeak
(GPa)

∆ufs
(m/s)

σspall
(GPa)

.
ε

(103s−1)

001 168 4023 74.0 1.50 3.04 120.0 1.88 33.2
002 384 4179 73.8 1.49 6.53 147.5 2.31 66.6
003 382 4273 65.5 1.32 6.65 147.8 2.31 78.1
004 574 4480 70.8 1.43 9.78 147.3 2.30 81.6
005 757 4525 71.0 1.44 13.51 165.5 2.59 81.5
006 864 4577 72.8 1.47 17.74 191.3 2.99 100.6
007 984 4579 72.1 1.46 18.66 212.2 3.32 120.2
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The above analysis shows that the HSLA will be pulled by the rarefaction wave from
the free surface of the specimen and OFHC, generating a pullback zone on the free surface
velocity curve. Two important characteristics of this stage are the pullback speed and
pullback amplitude: the former is related to the tensile strain rate, while the latter directly
determines the peeling strength of the HSLA. The tensile strain rate can be calculated using
Equation (3):

dε

dt
=

1
2

du f s

c0dt
(3)

Table 3 shows the calculated values of the tensile strain rate at the impact velocities
from 194 m/s to 938 m/s, which are in the range of 33.2 × 103~120.2 × 103s−1, as shown
in Figure 6. It is observed that the HSLA has high spallation strength (1.88~3.32 GPa)
when compared with other steels [24,26], such as Armco iron (1.07 GPa) and 09G2S steel
(0.7~1.4 GPa). Below the phase-transition stress, the spallation strength first increased and
then decreased with increasing shock stresses. This trend is attributed to the accumulation
of damage within the HSLA as the initial shock-induced compression wave propagates,
revealing that larger shock stress leads to a larger damage magnitude. Generally speaking,
the spalling strength is related to the microstructure, the propagation of the impact pulse
and the damage to the material. Differences in the time-sensitivity of damage initiation and
propagation may cause variations in spall strength: when the material is loaded at higher
strain rates, dynamic loading does not have enough time to induce internal defects in the
material, resulting in a decrease in the spallation strength.
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for the HSLA.

When the impact stress is increased to the α→ε transformation stress, an increase in
the rate of increase in spallation strength is observed. In general, the phase transformation
of the alloy occurs before the spallation behavior, and the microstructure produced by the
phase transformation will directly affect the subsequent tensile fracture of the material.
Therefore, the apparent increase in the spallation strength may be due to the massive
movement of dislocations in the internal lattice of the material after undergoing a phase
transition, resulting in material hardening.

3.3. Hugoniot Relationships

From the measured particle velocity profile, the shock velocity can be calculated using
the longitudinal elastic wave velocity (cL), taking the amount of deformation as a reference
value, and using the time of the plastic part of the shock wave front between the elastic
limit and the peak free surface velocity, by:

Us =
d

d
cL

+ ∆t
(4)

where d is the thickness of the specimen. According to the free surface reflection multiplica-
tion law [27], the particle velocity inside the material is half of the back-free surface velocity.
The Hugoniot data for HSLA in the impact velocity (US)-particle velocity (up) space are
shown in Figure 7. The obvious linear relationship was fitted to a linear equation given by:

Us = c0 + Sup (5)

where c0 is the zero-pressure bulk sound velocity and S is the slope, which is related to the
first derivative of the bulk modulus with pressure [28].

As shown in Figure 7, the shock parameters c0 = 3961 m/s and S = 1.415 for the HSLA
were determined. Data on pure iron obtained from references were also provided [10].
Compared to pure iron, the S value in our data is smaller, with a deviation of 15.7%. Consid-
ering that a lower value of S means greater resistance to compressive deformation [28], the
improvement in stiffness of the HSLA may be due to the addition of other metal elements.
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3.4. Microscopic Analysis

Figure 8 shows the macroscopic and microscopic failure modes of all recovered speci-
mens at different impact velocities processed by wire cutting. It can be seen that microvoids
induced by the shock loading appeared in the specimen when it impacted at a velocity of
409 m/s, which may significantly affect the shock wave propagation and spalling behavior
of the HSLA. When the impact velocity was increased to 938 m/s, the HSLA presented
obvious plastic deformation, and a significant tensile failure occurred inside the material.
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Figure 8. Macro- and microfailure modes of all recovered test specimens under different impact
velocities.

After testing under impact-induced compressive and tensile loads, the fractured
surfaces of the recovered samples were examined by metallographic microscopy. Figure 9
shows the metallographic microscopy observations of the internal structure of the recovered
specimens at impact velocities of 409 m/s and 938 m/s. Significant lamellar cracks were
observed in both specimens. The 409 m/s sample showed higher crack density and multiple
spalling layers, and more microvoids can be observed near the surface of the spalling layers.
It is well known that the ductile-dynamic tensile failure of metals is controlled by three
stages of microscopic processes, such as void nucleation, void growth, and eventual fracture
through void mergers. The interface between different types of grains can become the
nucleation position of voids and the crack tip, resulting in the material showing greater
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spallation strength at the impact speed of 598 m/s. In contrast, the failure mode along the
impact direction is clearer at 938 m/s, which exhibits the larger crack length and crack
opening as well as the lower crack density. From the perspective of phase transformation,
the HSLA exhibits spalling characteristics at low impact velocities similar to most alloy
steels. At the higher impact velocity of 938 m/s, due to the dislocation movement in
the internal lattice after the material undergoes phase transformation, the possibility of
multilayer failure under impact stress is also reduced.
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4. Conclusions

The shock-compression response and spalling behavior of a high-strength low-alloy
steel with a complex composition were studied. The free surface velocity curve of the HSLA
under impact stress in the range of 3.04~18.66 GPa was measured, and the metallographic
analysis of the recovered specimens was carried out. This study can lay the foundation
for the development of high-performance alloy steel and promote its application in large
construction machinery, aircraft missile casings, armored tank vehicle structures, and
protective materials. The main conclusions are as follows:

(1) The entire mechanical behavior of the HSLA under the loading of the plate impact
was investigated based on the free surface velocity, from initial elastic deformation to
plastic deformation caused by the shock wave, and then to the spalling process under
the interaction of the rarefaction wave. When the impact velocity exceeded 757 m/s,
an α→ε phase transition occurs within the material that causes a step change in the
particle velocity. The calculated phase-transition stress threshold is 13.51 GPa.

(2) The shock wave velocity and shock stress of the HSLA were calculated based on the
measured particle velocity. It is found that an obvious linear relationship exists between
the shock wave velocity Us and the particle velocity up: Us = 3961 m·s−1 + 1.415 up.

(3) It is found that the HEL of the HSLA exhibited little change with an increase in impact
stress, remaining consistent within the range of 1.32~1.50 GPa. The strain rate and
spallation strength first increased and then decreased because of the high strain rate.
The spallation strength increased again after the phase transformation, which may be
related to microstructural changes caused by the phase transformation.

(4) Microscopic observation of recovered specimens showed that the HSLA exhibited
multiple spalling layers under low-velocity impact and that the failure mode was
mainly a brittle fracture. Under high-velocity impact, the crack opening was larger
and clearer, and the failure mode changed from an initial brittle fracture mechanism
to a more ductile fracture mechanism.
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