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A series of plate-impact experiments were conducted to investigate the influences of impact stress

and microstructure on the shock and spall behaviors of a high specific strength steel (HSSS). The

HSSS shows a strong positive strain rate sensitivity on the yield strength. With increasing impact

stress up to about 6 GPa, the spall strength is found to decrease significantly and then levels off

with further increasing impact stress. This trend is proposed to be attributed to the accumulation

damage within the target as the initial shock-induced compression wave propagates through the tar-

get. The microcracks are clearly observed to nucleate from the interfaces between c-austenite and

B2 phase and propagate along the interfaces or cut through the B2 phase in the HSSS during the

spalling process. The Hugoniot elastic limit and the spall strength were found to be highly depen-

dent on the microstructure. The spall strength was found to be higher when the density of the void

nucleation sites is lower, indicating that the spall strength should be a microstructure parameter of

the HSSS under impact tensile conditions depending on the density of phase interfaces. It was also

found that there is a tradeoff between the specific yield strength and the spall strength for this

HSSS; thus, the current findings should provide insights for achieving an optimal combination of

both mechanical properties for impact-resistant applications by tailoring the microstructure.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4979346]

I. INTRODUCTION

High-strength and high-ductility steels are always desir-

able in various applications, such as automobiles, aerospace,

aviation, and military defense. Such expectations have been

realized in recent decades through several design principles,

such as twinning-induced plasticity (TWIP) steels,1,2

transformation-induced plasticity (TRIP) steels,3 dual-phase

(DP) steels,4 and nano-structured steels.5 Moreover, low-

density steels, mainly based on the Fe-Al-Mn-C alloy sys-

tem, have been developed and widely studied due to their

increased specific strength.6–13 These low-density steels, the

so-called “TRIPLEX” steels, are mainly composed of both

the fcc austenite matrix and the bcc ferrite matrix and

finely dispersed nanometer-sized j–carbides with the

Fe;Mnð Þ3AlC type.11

More recently, a high specific strength steel (HSSS)

with a new composition of Fe-16Mn-10Al-0.86C-5Ni has

been developed,13 in which the excellent combination of spe-

cific strength and elongation is achieved, when compared to

other high-specific-strength alloys. This HSSS has a low

density of 6.8 g/cm3.13 The outstanding mechanical proper-

ties have been attributed to a soft fcc austenite with the

case of precipitation strengthening by a brittle and non-

deformable FeAl-type (B2) intermetallic compound.13

However, the plastic deformation in most high-strength

steels should be considered as composite-like deformation,

and the stress and strain partitioning between the constituent

phases should play an important role due to the pronounced

plastic heterogeneity between the constituent phases, as well

as among grains with different Schmidt factors. Complex

internal back stresses should be induced by the plastic het-

erogeneity, enabling a high strain hardening and a large duc-

tility. The back-stress-induced strain hardening has been

reported to contribute to the large uniform elongation in

TWIP steels,1,14 TRIP steels,15 and DP steels.16,17 In our pre-

vious research,18 we have also shown that the HSSS devel-

oped by Kim et al.13 is better understood as a dual-phase

microstructure since the B2 phase is deformable. Moreover,

the stress/strain partitioning and the back-stress-induced

strain hardening have been proven to play an important role

during the plastic deformation for this HSSS based on in situ
high energy X-ray diffraction data, scanning electron micros-

copy (SEM) images of samples before and after tensile tests,

and the back stress measurement from tensile load-unload-

reload (LUR) tests.

Stronger and tougher metals and alloys along with the

comprehensive understanding of deformation physics sub-

jected to shock loading could provide insights into potential

applications, such as improved armor systems and advanced

impact-tolerant structures.19 The shock responses of materi-

als have been investigated typically by plate impact experi-

ments,20,21 in which the shock wave structure, the shock

Hugoniot elastic limit (HEL), and the spall strength can be

obtained.20 As we know, spallation is the tensile failure of

materials under shock conditions due to the development of
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tensile stresses in the interior of samples by the overlap of

two release waves.22 In the past several decades, using plate

impact experiments, spall strengths have been studied and

determined in various metals and alloys, such as aluminum

and alloys,23–25 copper,26 tantalum,27 magnesium alloy,28

and steels.29–34 These studies have also shown that the spall

strengths of metals and alloys are highly dependent on the

microstructures (i.e., grain size, dislocation density, twins,

and texture), the temperature, the shock compression stress,

and the tensile stress/strain rates.

The HSSS provides a perfect candidate for a major

improvement in the impact resistance and the ballistic per-

formance in a variety of impact-tolerant structures due to the

excellent combination of specific strength and ductility. In

this regard, in the present study, a series of plate impact

experiments have been conducted to investigate the shock

wave structure, the HEL, and the spall strength in the HSSS.

The focus of this paper is to understand the effects of the

microstructure and the shock compression stress on the HEL,

the spall strength, and the related void nucleation mecha-

nisms during spallation for the HSSS.

II. MATERIALS, PROCEDURES OF
MICROSTRUCTURAL CHARACTERIZATION, AND
TENSILE TESTS

Similar to the procedures in our previous research,18 an

Fe-16.4Mn-9.9Al-0.86C-4.8Ni-0.008P-0.004S (wt.%) HSSS

was produced using arc melting in a high frequency induc-

tion furnace under a pure argon atmosphere and then cast

into a cylindrical ingot with a diameter of 130 mm and a

length of 200 mm. The ingot was first homogenized at

1180 �C for 2 h and then hot forged into slabs with a thick-

ness of 14 mm in between 1150 �C and 900 �C. With a start-

ing temperature of 1100 �C, the hot forged slabs were

hot-rolled into strips with a thickness 9.2 mm. The hot-rolled

strips were annealed at 1000 �C for 1 h and then were cold

rolled (CR) finally into sheets with the final thickness of

4.6 mm. No cracks were found on the two surfaces of the CR

sheets. The CR sheets were then annealed at 900 �C for

15 min (annealed state 1) or at 1000 �C for 1 h (annealed

state 2) immediately followed by quenching with water.

After materials’ preparation, the microstructures of the

HSSS were characterized by optical microscopy (OM),

SEM, and transmission electron microscopy (TEM). The

details of the sample preparations and the operation proce-

dures for obtaining OM, SEM, and TEM images can be

found in our previous paper.18 In the present study, two

microstructures (annealed state 1 and annealed state 2) were

considered in order to study the effects of the microstructure

on the shock and spall behaviors. Before plate impact experi-

ments, the quasi-static uniaxial tensile tests are also carried

out to obtain the yield strength, the strain hardening behav-

iors, and the uniform elongation under quasi-static uniaxial

stress conditions for two different microstructures, and these

properties will then be used to qualitatively reveal the effects

of the microstructure on the shock and spall behaviors. The

dog-bone-shaped plate specimens, with a gage length of

18 mm and a width of 4 mm, were used in the tensile tests.

For the annealed samples, the tensile loading axis was paral-

lel to the initial rolling direction. The quasi-static uniaxial

tensile tests were performed using an MTS Landmark testing

machine under a strain rate of 5� 10�4 s�1 at room tempera-

ture, and the other procedures and the details about the ten-

sile tests can also be found in our previous paper.18

III. EXPERIMENTAL TECHNIQUES OF PLATE-IMPACT
EXPERIMENTS AND WAVE PROPAGATION ANALYSIS

The plate impact spall experiments have been conducted

using the single-stage gas gun facility, and the schematic of

the experimental configuration is shown in Fig. 1. A projec-

tile carrying a HSSS flyer plate (with a diameter of 100 mm)

is accelerated along the gun barrel by high pressure nitrogen

(for impact velocity lower than 300 m/s) or hydrogen (for

impact velocity higher than 300 m/s) to impact the stationary

HSSS target (with a diameter of 25 mm). The plate impact is

designed to take place in a chamber with a high vacuum

environment (<10 Pa prior to impact) in order to reduce or

avoid the possibility of air cushion between the flyer and the

target plates. The flyer and target plates were carefully

aligned to be parallel within 1� 10�3 radians prior to the

impact in order to ensure the generation of plane waves,

which is sufficiently parallel to the impact surface. The

velocity of the projectile was measured using a pair of coax-

ial electric probes. The history of the normal particle velocity

at the rear surface of the target plate was measured and

recorded using a photonic Doppler velocimetry (PDV) sys-

tem and a high-speed oscilloscope (8 GHz). The high-speed

oscilloscope was triggered once the isolated pins buried in

the flyer and target holders were flushed with the impact sur-

faces and shorted to the ground. The flyer and target plates

were also collected with soft recovery after impact for fur-

ther microstructural observations. The other details regarding

the design and the execution of the plate impact experiments

can be found elsewhere.20

Based on the previous research,20,22,24 it is well known

that compressive shock waves are first generated in both the

flyer and the target plates upon impact, and then a state of

tensile stress is generated at a predetermined location within

the target plate through the interaction of the two release

waves from the free surfaces of both the flyer and the target

plates. A tensile spall process (usually with a small duration

of time) can be initiated once the tensile stress exceeds a

critical value for the materials (spall strength), and the

FIG. 1. Schematic illustration of the plate impact spall experiments for the

HSSS.
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occurrence of spallation can be identified through the typical

pull back signal from the free surface velocity profiles. The

other details regarding the description for all stress and parti-

cle velocity states during a typical plate-impact spall experi-

ment can be found elsewhere.20,22,24

IV. RESULTS AND DISCUSSION

A. Results of microstructural characterization and
quasi-static tensile tests

The microstructural characterizations of the two states

(annealed state 1 and annealed state 2) are shown in Fig. 2.

After cold rolling, two phases are visible, of which one is the

fcc c-austenite with an elongated shape and the other is the

lamellar B2 (FeAl intermetallic compound) phase with a large

aspect ratio, as indicated in our previous paper.18 After

annealing at 900 �C for 15 min, the c-austenite is the equiaxed

recrystallized grains, while both granular and lamellar B2

phase precipitates are observed, as shown in Fig. 2(a). When

annealed at 1000 �C for 1 h, the sizes of both c-austenite

and B2 phase are much larger than those for annealed state 1,

as shown in Fig. 2(b). Fig. 2(c) shows the TEM image of

annealed state 1. Fig. 2(d) shows the corresponding indexed

selected area diffraction pattern for the TEM image. It is

observed that the B2 phase is much inclined to precipitate

at either the grain boundaries or triple junctions of the

c-austenite matrix, instead of the c grain interiors. Both c and

B2 grains are nearly free of dislocations for the annealed state

at high temperature (900 �C), and annealing twins are often

seen in the c-austenite grains.

The quasi-static tensile tests have been conducted on the

two microstructures of the HSSS to reveal their quasi-static

tensile properties, which are shown in Fig. 3. Fig. 3(a)

displays the engineering stress versus engineering strain

curves, while Fig. 3(b) shows the true stress versus true strain

curves. After being annealed at 900 �C for 15 min, the HSSS

shows a good combination of yield strength (�1.22 GPa) and

uniform elongation (�30%). Moreover, annealed state 1 has a

very high strain hardening ability after yielding (Dr ¼ rUTS

�rY � 0.57 GPa, which is deduced from the true stress-strain

curve). When annealed at 1000 �C for 1 h, the yield strength is

lower (�0.73 GPa), while the uniform elongation is as high

as �35%. It should be noted that both microstructures have

high specific yield strengths (180 and 108 MPa g�1�cm3

for annealed state 1 and annealed state 2, respectively), given

a lower density for this HSSS (6.8 g/cm3) as compared to

7.8 g/cm3 for conventional steels. Most importantly, the strain

hardening ability for annealed state 2 increases to a much

higher value (Dr� 0.77 GPa) when compared to that of the

samples with annealed state 1.

B. Shock and spall behaviors of the HSSS

In the present paper, a series of experiments were con-

ducted in annealed state 1 at various impact velocities (116.5

to 547.9 m/s) to understand the structure of shock waves

better, obtain the HEL, and estimate the spall strength as a

function of increasing levels of shock compression stress.

Additional experiments were also performed on the samples

with annealed state 2 at an impact velocity of approximately

550 m/s to study the microstructure effect on the shock and

spall behaviors of the HSSS. The key parameters for all

experiments are summarized in Table I, including the shot #,

FIG. 2. (a and b) SEM images of cross sections for samples with annealed

state 1 and annealed state 2, respectively. (c) TEM image showing the

microstructures of c-austenite and B2 phase for annealed state 1. (d) The

indexed selected area diffraction pattern for the TEM image with an electron

beam closely parallel to both the [011]c and [001]B2 zone axes.

FIG. 3. (a) Tensile engineering stress-

strain curves for various microstruc-

tures at a strain rate of 5� 10�4 s�1.

(b) Tensile true stress-strain curves for

various microstructures at a strain rate

of 5� 10�4 s�1.
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the microstructure, the thickness of the flyer, the thickness of

the target, and the impact velocity. The lateral dimensions of

the flyer and the target plates were designed sufficiently large

to avoid the arrival of the release waves from the lateral

boundary at the monitoring point of PDV during the time

duration of interest.

1. Effect of shock compression stress on the shock
and spall behaviors of the HSSS

In these experiments for annealed state 1, the impact

velocity is varied from 116.5 to 547.9 m/s, spanning from the

elastic to the elastic-plastic range for the samples of annealed

state 1 during impact. The measured free surface velocity

history profiles for experiments on annealed state 1 are

shown in Fig. 4(a). When the impact velocity is as low as

116.5 m/s, the elastic precursor jumps to a level of �110 m/s

and then remains nearly constant up to the arrival of the spall

wave at the free surface of the target plate. This type of

shock wave structure indicates a complete elastic response,

and the stress level at the HEL for annealed state 1 should

be higher than the impact stress of 2.46 GPa. At higher

impact velocities, a clear two-wave structure is observed in

the measured free-surface particle-velocity history profiles,

indicating an elastic-plastic shock response: a step-like elas-

tic precursor to the HEL level, followed by a slower plastic

wave. These two-wave structures also suggest that no phase

transformation occurs when the impact stress is below

10.00 GPa (shock transformation pressure of iron is approxi-

mately 13 GPa35) because the plastic wave and the phase

transformation wave should separate, and the three-wave

structures and multiple plateaus should be observed if there

exists a phase transformation in the target materials.

The Hugoniot state for each experiment can be

obtained from the Rankine-Hugoniot conservation relation-

ships by using the peak free surface velocity (Vp
f s), the

shock velocities (Us for elastic wave and Up for the plastic

wave), and the density at zero pressure (q0).22 Since the

two-wave structures are observed in the present study, the

stress at the HEL point can be calculated using the jump

conditions for the elastic wave, while the stress exceeding

HEL can be calculated using the jump conditions for the

plastic wave.

Thus, the stress and the strain at the HEL point can be

calculated as follows by using the free surface velocity at the

HEL point (VHEL
f s ):

rHEL ¼
1

2
q0UsV

HEL
f s ; (1)

eHEL ¼
1

2

VHEL
f s

Us
: (2)

The final Hugoniot stress and the final Hugoniot strain

immediately behind the shock wave front can be calculated

as follows:

rH ¼ rHEL þ
1

2
q0Up Vp

f s � VHEL
f s

� �
; (3)

eH ¼ eHEL þ
1

2

Vp
f s � VHEL

f s

� �
Up

: (4)

The shock velocities (Us and Up) for each experiment

can be estimated by the target thickness and the arrival

times of the elastic wave and the plastic wave. The

Hugonoit stress and the Hugonoit strain states obtained

using the data from the five experiments for annealed state

1 and Eqs. (3) and (4) are shown in Fig. 4(b). A concave up

shape of the Hugoniot curve is observed for the HSSS with

annealed state 1. Based on Eqs. (1) and (2), the stress at the

HEL for annealed state 1 can be estimated to be in the range

of 2.88–3.39 GPa based on the free surface velocity profiles

in Fig. 4(a). Besides exhibiting exceptional combination of

specific strength and uniform elongation under quasi-static

TABLE I. The key parameters for all plate impact spall experiments.

Shot # Microstructure

Flyer

thickness

(mm)

Target

thickness

(mm)

Impact

velocity

(m/s)

01A1 Annealed state 1 2.16 4.60 116.5

02A1 Annealed state 1 2.13 4.54 174.9

03A1 Annealed state 1 2.12 4.58 240.2

04A1 Annealed state 1 2.16 4.54 333.3

05A1 Annealed state 1 2.14 4.49 547.9

01A2 Annealed state 2 2.12 4.39 560.3

FIG. 4. (a) Free surface velocity his-

tory profiles for the five plate-impact

spall experiments conducted at various

impact velocities in the samples with

annealed state 1. (b) Hugoniot stress

vs. Hugoniot strain curve for the HSSS

with annealed state 1.
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uniaxial tensile conditions (as shown in Fig. 3), the HSSS

for annealed state 1 also shows a relatively high average

HEL (�3 GPa), when comparing with the other conven-

tional crystalline alloys,29,36,37 such as austenitic stainless

steel (�1.40 GPa), HY80 naval armor steel (�1.70 GPa),

the fcc-structured manganese-containing high-entropy-alloy

(HEA, �2.58 GPa), and the mild steel (�1.75 GPa). As

indicated in Fig. 4(a), the width of the shock front is on the

order of several hundreds of lm; thus, the B2 phase with

micron or even submicron size and the phase interfaces

with high density in the shock front can be considered as

effective barriers of slip dislocations, which provide signifi-

cant strengthening in the yield stress under planar shock

condition. The strain partitioning and the back-stress-

induced strengthening in such inhomogeneous microstruc-

tures as the HSSS should also produce a strengthening

effect in the shock front.18 These multiple strengthening

mechanisms should contribute jointly to the observed much

higher shock yield stress of the HSSS.

Moreover, the nominal strain rates for the initial elastic

compression waves can be estimated using the strain at the

HEL point divided by the rise time of the elastic wave:

_ecompression ¼ eHEL=Dt: (5)

Then, the nominal strain rates for the yield strength

under shock plane strain conditions (HEL) can be estimated

to be about 4.8� 105 s�1. Based on the von Mises yield crite-

rion, the yield strength under plane strain shock loading,

rHEL, can be related to the yield strength under uniaxial

stress loading, rY
38

rHEL ¼ rY
1� �
1� 2v

� �
; (6)

where rY and � are the yield strength under uniaxial stress

conditions and Poisson’s ratio, respectively.

Based on Eq. (6) and using the ambient value of � ¼ 0:3
for most metals, the yield strengths under uniaxial stress con-

ditions and at a high strain rate (�4.8� 105 s�1) were

obtained to be in the range of 1.64–1.93 GPa, which is much

higher than that (1.22 GPa) under quasi-static conditions

shown in Fig. 3. This indicates a positive strain rate sensitiv-

ity for annealed state 1. The nominal strain rate for the shock

compression wave is as high as 4.8� 105 s�1 in the present

plate impact experiments, and the moving velocity of mobile

dislocations can possibly approach the shear wave velocity

under such a shock loading condition. Thus, higher onset

shear stress should be required for dislocation movement

since the relativistic effects under such a shock condition

could cause a substantial increment in the matter of viscos-

ity.37 This could be one of the reasons as to why the HSSS

shows a much higher dynamic yield strength under shock

compression.

The spall strength can be obtained from the tensile stress

amplitude, which can be calculated from the measured free

surface velocities of Vmax and Vmin when the impact com-

pression stress is below HEL39–43

rspall ¼
1

2
q0C0 Vmax � Vminð Þ: (7)

However, when the impact stress is above HEL, the

spall strength should be estimated with the following equa-

tion by considering the elastic-plastic response and the influ-

ence of the thickness of the spall layers:29

rspall ¼
1

2
q0C0 Vmax � Vminð Þ 1

1þ C0=Cb

þ hsp

2

dr
dt

1

Cb
� 1

C0

� �
; (8)

where Cb is the bulk sound velocity, hsp is the thickness of

the spall layer and can be obtained by the wave propagation

analysis and the thicknesses of both the flyer and the target,

and dr=dt is the tensile stress rate.

When the impact stress is below HEL, the spall strength

calculation is straightforward and can be obtained by Eq. (7).

As indicated in Eq. (8), the estimation of the spall strength is

a little complicated when the impact stress is above HEL,

and the determination of the tensile stress rate is illustrated

in Fig. 5. The free surface velocity data for the experiment

with an impact velocity of 547.9 m/s are used as an example

here. The elastic precursor wave and the plastic wave reach

the free surface of the target at times t1 and t2, respectively.

The release wave from the flyer plate reaches the target rear

surface at time t3, which leads to a drop in the measured free

surface velocity. A new free surface is generated roughly in

the middle of the target when the sample spalls; thus, the

subsequent portion of the rarefaction wave as a compressive

wave reaches the target rear surface at time t4, resulting in a

pullback signal. The spall fracture process produces a tensile

loading duration between t3 and t4, and the time difference

(Dt ¼ t4 � t3) can be used to estimate the tensile stress rate

and the tensile strain rate

dr
dt
¼ 1

2
q0C0 Vmax � Vminð Þ=Dt; (9)

de
dt
¼ Vmax � Vminð Þ

Dt
� 1

2C0

: (10)

FIG. 5. The typical measured free surface velocity history profile to illus-

trate the calculation of spall strength when the impact stress is above HEL.
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It should be ensured that both the thickness of the flyer

and the target are kept fixed when discussing the effect of

impact stress on the spall strength. The spall strength as a

function of impact stress for annealed state 1 is plotted in Fig.

6. The impact stress varies in the range of 2.46–10.02 GPa,

spanning from the elastic to elastic-plastic shock compression

for annealed state 1. It should be noted that no complete spall-

ation occurs when the impact stress is lower than 3.52 GPa.

Incipient spallation with discontinuous microcracks is

observed for the case with an impact stress of 2.46 GPa, while

partial spallation is observed for the case with an impact stress

of 3.52 GPa. Thus, the spall strength for the case with an

impact stress of 3.52 GPa is lower bound, as pointed out by an

upward arrow in Fig. 6. The spall strength is observed to

decrease with increasing impact stress for annealed state 1

when the impact stress is lower than 6 GPa and then levels off

with further increasing impact stress. This trend is proposed

to be attributed to the accumulation damage within the HSSS

as the initial shock-induced compression wave propagates

through the HSSS. The larger impact stress could induce

larger amplitude of damage. It should be mentioned that simi-

lar variations in spall strength with increasing impact stress

have also been reported in BMG,20 S2-glass fiber reinforced

polymer composites,19 and AISI1020 mild steel.29

The scanning electron microscopy (SEM) images on

the spall fracture surfaces for the recovered post-impact tar-

get pieces with annealed state 1 were also obtained for the

experiments with different impact stresses, which are

shown in Fig. 7. For annealed state 1, the spall fracture sur-

faces consist of ductile dimples for most areas. These dim-

ples appear to be formed by pulling out the B2 particle

during the dynamic tensile process. It is interesting to note

that the size of the dimples decreases with increasing

impact stress when the impact stress is lower than 6 GPa.

The average dimple size is shown to be smaller for an

impact stress of 6.06 GPa (as calculated to be 1.89 lm)

when compared to that for an impact stress of 4.54 GPa (as

calculated to be 2.25 lm). It might be possible that the B2

particles and the interfaces are damaged during the initial

compression shock wave, and then the spall fracture is eas-

ier to occur due to these damages, resulting in smaller dim-

ples at higher impact velocities, as shown in Fig. 7. The

soft-recovery experiments and the detailed microstructure

observations need be conducted in future to provide evi-

dence for this suggested mechanism governing the shock-

weakening spall strength.

FIG. 6. Spall strength as a function of impact stress for the samples with

annealed state 1.

FIG. 7. SEM images of spall fracture surfaces for the samples with annealed state 1 at various impact velocities: (a) 240.2 m/s, (b) 333.3 m/s, and (c) 560.3 m/s.
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Since no complete spallation occurs when the impact

stress is lower than 3.52 GPa, the SEM micrographs of the

cross-section along the impact axis could be used to investi-

gate the nucleation and propagation mechanisms of micro-

cracks for the HSSS (as shown in Figs. 8 and 9). As

indicated in Fig. 8, a chain of microcracks are observed to

form in the loading direction and then merge into a spall

macrocrack propagating in the transverse direction. It is

observed that the crack density, the crack length, and the

crack opening are much larger when the impact velocity is

higher. From higher magnification SEM images, the micro-

cracks are observed to nucleate from the interfaces between

the c-austenite and the B2 phase and propagate along the

interfaces or cut through the B2 phase. This suggests that the

interfaces between the c-austenite and the B2 phase are the

weakest sites, and the B2 phase is weaker than the c-

austenite under high strain rate tensile loading.

2. Effect of the microstructure on the shock and spall
behaviors of the HSSS

The measured free surface velocity history profiles for

experiments on the two microstructures conducted at similar

impact velocities of �550 m/s are shown in Fig. 10(a). Two-

wave structures are observed for all microstructures at these

impact velocities, indicating the elastic-plastic shock

response. Based on Eqs. (1) and (2), the stress at the HEL for

the two structures can be obtained from the free surface

velocity profiles in Fig. 10(a), and then the stress at HEL as a

function of yield strength under quasi-static uniaxial stress

conditions for the two microstructures is plotted in Fig.

10(b), along with the prediction from Eq. (6) as a dashed

line. The stress at the HEL for the two microstructures are

found to be much higher than the prediction from Eq. (6),

indicating strong positive strain rate sensitivities for all

microstructures. It should be noted that the impact conditions

are similar for these two experiments (with a similar impact

stress of �10 GPa and a similar tensile strain rate of

3–4� 104 /s); thus, the spall strengths of these two experi-

ments can be used to investigate the effect of the microstruc-

ture on the spall strength.

Ductile dynamic tensile failure (spall) of metals or

alloys has been well known to be governed by the three stage

microscopic processes, such as void nucleation, void growth,

and final fracture through void coalescence.44–46 Void nucle-

ation has been regarded as a cavitation instability in earlier

research.47–49 It has now been widely accepted that the void

nucleation is closely associated with second-phase particles

in metals and alloys with two or multiple phases, and hard

participates or inclusions might either debond from the duc-

tile metal matrix or fracture internally during the dynamic

tensile fracture process.50,51

Subsequent void growth has also been extensively inves-

tigated over the past several decades, and substantial micro-

mechanical models have been proposed for understanding

the quasi-static void growth44,52,53 or the dynamic void

growth under extreme loading conditions.39,54–62 Moreover,

a few modeling papers have suggested that the porosity

achieved at the peak tensile stress is typically low (<1%),

and the void coalescence is achieved long after the peak ten-

sile stress.63–65 Thus, it was proposed that the void coales-

cence behavior has no perceivable influence on the pull-back

velocity and spall strength.63–65

In the previous research, the influences for the strain

hardening ability and the yield strength under quasi-static

uniaxial stress conditions on the spall strength have been

experimentally and numerically investigated.63,65–67 Thus,

the strain hardening ability and the yield strength under

quasi-static uniaxial stress conditions, the HEL, and the spall

strength have been plotted in Fig. 11 for the two microstruc-

tures. It is shown that the spall strength is higher when the

strain hardening ability is higher for this HSSS. In a previous

research for an Al-3 Mg alloy,68 the spall strength increases

with the increasing grain size when the grain size is below

25 lm. Their observations along with our results indicate

that the spall strength is a microstructure dependent parame-

ter of metals under impact tensile conditions. Similar to the

observation in the recent work,67 our data also suggest that

there is a tradeoff between the quasi-static yield strength/

HEL and the spall strength; thus, further work needs be done

to focus on optimizing the combination of both mechanical

properties for impact-resistant applications by tailoring the

microstructure.

The SEM images on the spall fracture surfaces for the

two microstructures impacted at similar velocities (�550 m/s)

are displayed in Fig. 12. The spall fracture surfaces consist

mostly of areas of ductile dimples for all microstructures. The

larger dimples (3.48 lm for annealed state 2 as compared to

1.81 lm for annealed state 1) are observed in the samples

FIG. 8. SEM images of cross-sectional

surfaces parallel to the impact direction

for incomplete spall experiments: (a)

incipient spall with an impact velocity

of 116.5 m/s and (b) partial spall with

an impact velocity of 174.9 m/s.

FIG. 9. The detailed SEM images of the cross-sectional surface parallel to

the impact direction, showing the microcrack nucleation and propagation

mechanisms in the HSSS.
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with annealed state 2, resulting in the higher spall strength, as

shown in Fig. 11. These fracture surface observations are con-

sistent with the microstructure features shown in Fig. 2, in

which both granular and lamellar B2 phases are observed to

have bigger size in annealed state 2 than those in annealed

state 1. As indicated from Fig. 9, the microcracks are observed

to nucleate from and propagate along the interfaces between

the c-austenite and the B2 phase, and thus, the interfaces are

the weak points for the spall failure, and the fraction of inter-

faces could be considered as a controlling factor for the spall

strength. Thus, based on the SEM images in Figs. 2(a) and

2(b), the lengths of the interface per unit area are calculated

for the two microstructures. The fraction of interfaces is found

to be much smaller for annealed state 2 (0.71 lm per lm2)

compared to that for annealed state 1 (1.31 lm per lm2),

resulting in higher spall strength for annealed state 2. It is well

known that the spall strength is highly dependent on the den-

sity of void nucleation sites, and thus, the higher density of

the interface for this HSSS should result in lower spall

strength. This is very similar to the observation in the previous

paper where the Cu single crystals with SiO2 particles exhibit

lower spall strength due to an increase in interface density

when compared to the Cu single crystals.69

Finally, the key results of all the experiments are sum-

marized in Table II, including the shot #, the microstructure,

the impact stress, the tensile strain rate, the stress at HEL,

and the spall strength. This HSSS is found to have high

spall strengths (2.92–3.72 GPa) when compared to other

steels, such as Armco iron (1.07 GPa),31 09G2S steel

(0.7–1.4 GPa),31 mild steel (�2.5 GPa),29 and 316 L stainless

steel (2.57–3.43 GPa).32 It looks like that the tensile strain

rates are higher for the experiments conducted at lower

impact stress (below HEL) than those for the experiments

conducted at higher impact stress (above HEL). Thus, the

FIG. 10. (a) Free surface velocity history profiles for the plate-impact spall experiments conducted in the two microstructures at a similar impact velocity of

�550 m/s. (b) The stress at HEL versus yield strength under quasi-static uniaxial stress conditions for the two microstructures. The dashed line in (b) represents

the prediction from Eq. (6).

FIG. 11. The yield strength, the strain hardening ability under quasi-static

uniaxial stress conditions, the HEL, and the resultant spall strength for the

two microstructures.

FIG. 12. SEM images of spall fracture surfaces for the samples with various

microstructures at a similar impact velocity of �550 m/s: (a) annealed state

1 and (b) annealed state 2.
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observed spall strength could also be related to the calculated

tensile strain rate.

V. CONCLUSIONS

Shock and spall behaviors of the HSSS were studied

through a series of plate-impact experiments. In the present

study, the impact velocities were varied to investigate the

effects of shock compression stress on the spall behaviors of

the HSSS by keeping the same thickness of the flyer. The

influences of the microstructure on the spall behaviors of the

HSSS were also investigated by keeping the similar impact

stress and the similar tensile strain rate. Two microstructures

(annealed state 1 and annealed state 2) with different yield

strengths, strain hardening abilities, and uniform elongations

under quasi-static uniaxial tensile conditions were consid-

ered. The main findings are summarized as follows:

(1) With increasing impact stress up to about 6 GPa, the spall

strength was found to decrease significantly and then level

off with further increasing impact stress. This trend has

been proposed to be attributed to the accumulation damage

as the initial shock-induced compression wave propagates

through the HSSS. The interfaces between c-austenite and

B2 phase were found to be the weakest sites during the

dynamic tensile fracture process, and the microcracks were

observed to nucleate at the interfaces and propagate along

the interfaces or cut through the B2 phase.

(2) The HEL and the spall strength were found to be highly

dependent on the microstructure. The higher the density

of the void nucleation sites, the lower will be the spall

strength. These results indicate that the spall strength

should be a microstructure parameter of the HSSS under

dynamic tensile conditions depending on the density of

interfaces between c-austenite and B2 phase. A tradeoff

between the quasi-static yield strength/HEL and the spall

strength was found for this HSSS; thus further work

needs be done to obtain an optimizing combination of

both mechanical properties for impact-resistant applica-

tions by tailoring the microstructure. These findings

should be helpful for achieving better mechanical prop-

erties under shock loadings for the HSSS.
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