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This paper provides an investigation of the phase transition and spalling characteristic induced during shock

loading and unloading in the pure iron and the FeMnNi alloy. The impact for the pure iron is symmetric and with the

same-thickness for both the flyer and the target plate. It is found that an abnormal multiple spalling happens in the

pure iron sample as the pressure exceeds the oo — ¢ transition threshold of 13 GPa. In the symmetric and same-thickness

impact and reverse impact experiments of the FeMnNi alloy, two abnormal tension regions occur when the pressure

exceeds the o — ¢ transition threshold of 6.3 GPa, and the reverse phase transition € — a begins below 4.2 GP. The

experimental process is simulated successfully from the non-equilibrium mixture phase and Boettger’s model. Such

abnormal spalling phenomena are believed to relate to the shocked o — € phase transition. The possible reasons for the

abnormal multiple spalling, which occurs during the symmetric and same-thickness impact experiments of pure iron

and FeMnNi alloy, are discussed.
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1. Introduction

Since the discovery of the a—e polymorphic phase
transition at high pressure in pure iron and steel by
Bancroft et all' in 1956, a great number of investi-
gations have been reported theoretically and experi-
mentally. This structural transition in pure iron dur-
ing shock compression was inferred at a pressure of
about 13 GPa and further confirmed based on the
shock wave profile measurements.!>=13! Very recently,
the direct observation of the a — e transition in shock-
compressed iron has been conducted via nanosecond
x-ray diffraction, and the result is in good agreement
with NEMD (none-equilibrium molecular dynamics)
simulation.41%] Nevertheless, these studies are all
about the phase transition properties or spalling be-
haviour, but littlie about the phase transition effects
on its tensile spalling behaviour. Recently, Tang et
al.l716:17 have reported an investigation of the shock-
induced phase transition and spallation in pure iron
and FeMnNi alloy. They found that the unique multi-
ple and shallow spallations may occur in the shocked
pure iron and FeMnNi sample when the pressure is

higher than that of the phase transition, and it is pro-

posed that such a phenomenon is related to the phase
transition of the material.

This work presents further experimental mea-
surements on the shock-induced phase transition and
spalling behaviour of pure iron and FeMnNi alloy un-
der high speed impact conditions. Employing the non-
equilibrium mixture phase and Boettger model,'8! we
explained the physical process associated in the non-
equilibrium mixture phase transition and its effect on

the dynamic tensile spall.

2. Material and method

FeMnNi alloy with the single a phase and nom-
inal composition (mass. %): 85.03%Fe, 7.63%Mn,
7.01%Ni and 0.30%Al, and pure iron, were used in
this study. The shock compression tests were per-
formed in a 100 mm diameter light gas gun, and two
kinds of impact set-ups were applied. One is referred
to as the symmetric and same-thickness impact. An-
other is the reverse impact, in which the flyer impacts
directly on a sapphire window sprayed with an alu-
minum membrane of 0.5 pm thickness on the impact

surface. This thin aluminum membrane ensures the
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reflection of incident laser light for measuring particle
velocity. In addition, due to the quite small thickness
of the aluminum membrane relative to the specimen,

it is negligible in the experimental result analysis.

flyer target

Cannon canal

projectile bod velocity probes

Fig. 1. The experimental configuration for shock impact
test. The target is pure iron or FeMnNi alloy in the sym-
metric and same-thickness impact set-up, and the target
is sapphire window in the reverse impact set-up.

In the two kinds of set-ups, the particle velocity at
either the impact interface or the free surface was de-

l

tected by a double-sensitivity velocity interferometer
system for any reflector (VISAR) (100 (m/s)/fringe
and 250 (m/s)/fringe). The experimental configura-
tion is schematically shown in Fig. 1, and the material
parameters are listed in Table 1, and the experimental

conditions are shown in Table 2.

Table 1. Parameters of the materials.

material po/(g/cm3) Co/(km/s) A

pure iron 7.87 4.63 1.33
FeMnNi 7.85 4.65 1.53
sapphire 3.95 11.19 1.0

where pg is the initial density, and Cp and A are Hugoniot pa-
rameters of pure iron or FeMnNi alloy for the low pressure «

phase.

Table 2. Parameters for experimental conditions.

test method No. impact velocity/(m/s) flyer /(mm xmm) sample/(mmXxmm) window /(mmXxmm)
1 848 Fe 095x6.3 Fe 095x6.3
2 455 Fe 095x6.3 Fe (095x6.3
3 613 FeMnNi ®)95x6 FeMnNi ©95x6
4 596 FeMnNi (995x 2 sapphire P50x 20

3. Phase transition model

According to the models proposed by Refs. [18]-
[20], the following equations can be established for a
material in which the phase transition occurs

v = (1—mn)v1 +noa,
E = (1 — 77)E1 +7/]E27
S =(1-n)S1 +nSs, (1)

where, 7 is the mass fraction of the second phase, v,
E and S are specific volume, specific internal energy
and specific entropy, respectively. And the subscripts
1 and 2, represent the first o and the second & phase.

We use Boettger model™® Egs. (2) and (3) to
describe the phase transition metastable surface and
the reverse phase transition metastable surface in pure
iron and FeMnNi alloy, respectively.

Nt =1 — exp[(Af - AG)/Bf]ﬂ (2>
Nmr = eXp[(AG - Ar)/Br]’ (3>

where 7,s and 7y, are the mass fractions of € phase
for the metastable state. AG = G1 — G4, with G and

G2 the Gibbs free energies for o phase and ¢ phase,
respectively. In the two phases mixture region, the
Hugoniot lies well above the equilibrium surface de-
fined by G; = Ga, A¢, B, A, and B, are parameters
of the material.

4. Results and discussion

4.1. Phase transition properties

The free surface velocity profiles of the samples
are shown in Fig. 2. In experiment No. 1, it is com-
posed of an elastic wave E, a plastic wave P1 and a
phase transition wave P2, and the phase transition
a — ¢ occurs in the pure iron sample. In experiment
No. 2, it is composed of an elastic wave E and a plastic
wave P1, and no phase transition occurs in the pure
iron sample. In experiment No. 3, it is composed of
an elastic wave E, a plastic wave P1, a phase transi-
tion wave P2 and the phase interface reflection (PIR)
wave, and the phase transition o — ¢ also occurs in the

FeMnNi alloy sample.
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Fig. 2. Free surface velocity profile of samples. The solid
line, the dashed line and the dash-dot line are the mea-
suring signals by means of VISAR in experiments No. 1,
The dot line is the nu-
merical simulation result in experiment No. 3. wugi, uss
and ugs are the free surface velocity after P1, P2 and PIR

No. 2, and No. 3, respectively.

wave, respectivelies. And T is the oscillation period.

For the experiments No. 1 and No. 3, the stress at

|

the top of the P1 wave is identified with the onset of
the phase change because it signifies a sudden increase
in compressibility. In order to obtain the stress and
relative volume at the phase transition, one must use

the Hugoniot relations

(4)
(5)

Ao = poDAup,
D=Cy+ Auyp,

AV/Vy = —Au,/D,

here Ao is the change in stress carried by the wave,
up, is the particle velocity, Au, is the change in parti-
cle velocity carried by the wave, D is the Lagrangian
wave velocity, Vp is the initial volume (Vo = 1/pg)
and AV is the change in volume carried by the wave.
The particle velocity u, is assumed to be one-half of
the free surface velocity us. The Eq. (4) was applied
first to the elastic precursor and then to the P1 wave
to obtain the stress and volume at the top of the P1
wave. The results are listed in Table 3.

Table 3. Summary of experiments. Velocity in km/s, stress in GPa.

No. op V/Vo us1 Dp1 ot uss3 Dp2 Upr On or uss Os 5 Or Ow
#1 14.8 0.90 0.649 5.06 12.9 0.85 2.64 - 9.8 2.5 - - 2.0 2.0 2.0
#2 8.8 0.95 0.449 4.93 - - — - - — — - - — -
#3 11.1 0.89 0.35 4.9 6.3 0.59 3.8 — — 4.8 0.6 0.3 - — -
#4 11.3 0.89 — — — — — 0.095 4.2 - - - — — -

Here, op is the shock peak stress, V/V} is the fi-
nal volume compression ratio, Dy is the plastic wave
velocity, oy is the stress of the phase transition, Dpa
is the phase wave velocity, up, is the interface particle
velocity at which the reverse phase transition begins,
on is the stress of the reverse phase transition, o, is
the stress behind the P2F wave, and oy is the stress
behind the PIR wave. §; is the width of the spall piece
near the impact surface, which is obtained from the
recovered sample. 0§, is the width of the spall piece
near the free surface, which is obtained from the re-
covered sample. Jy, is the width of the spall piece near
the free surface, which is calculated through the free
surface velocity.

Referring to Figs. 3 and 4, for experiments No. 1
and No. 3, at time ¢; the plastic wave P1 reaches the
free surface (the impact time of the flyer and the sam-
ple is assumed zero), in which the free surface velocity

is about ugy, and the sample transforms to the € phase

or a+¢ mixed phase via the phase transition wave P2.
Due to the low magnitude of the elastic wave, it has
been omitted in Figs. 3 and 4. The right going plas-
tic wave P1 reflects at the free surface and travels as
a rarefaction wave R1 back into the sample, and the
stress of the material behind the rarefaction wave R1
is zero. Further more, this rarefaction wave R1 en-
counters the oncoming phase transition wave P2 at
coordinates (ha, t2), and the residue of the rarefac-
tion wave R1 (R1® wave) is traveling into e-phase (or
a + ¢ phase) zone and reducing the stress. At time
t3, the oncoming residue of the P2 wave reaches and
reflects from the free surface, in which the free sur-
face velocity is about ugz. The material next to the
free surface through which the P2R® wave is now trav-
eling has never experienced a stress above the phase

transition stress, and thus it remains in « phase.
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Fig. 3. Schematic wave interaction in experiment No. 1,

in which the horizontal axis represents the pure iron sam-

ple thickness and the vertical axis represents time.
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Fig. 4. Schematic wave interaction in experiment No. 3,
in which the horizontal axis represents the FeMnNi sample
thickness and the vertical axis represents time.

In addition, the Auy, and D for the P2 wave are
required to calculate the final Hugoniont stress (peak
stress) and volume of the shock experiment. The Au,
is simply (wimp — us1)/2, where uimp is the impact ve-
locity. In order to obtain D for the P2 wave, we refer
to the h, t diagram of Figs. 3 and 4. Let the velocity
of the reflected P1 wave (R1) be equal to the velocity
of incident P1 wave. In addition, from Eq. (5) the ve-
locity of the residue of the P2 wave (P2R) is known.
Thus, knowing these two wave velocities and the times
t1 and t3, one can calculate the wave interaction coor-
dinates (hg, t2). The desired Lagrangian shock veloc-
ity of the P2 wave is then simply D = hy/ty. There-
fore, the change in stress and volume carried by the
P2 wave can be calculated from Eq. (4). In this case,
the shock peak stress and volume could be obtained.
The results are also listed in Table 3.

Next, we now wish to calculate the stress o, and
particle velocity immediately behind the residue of the
P2 wave (P2R). When the residue of the P2 wave

reaches the free surface, the free surface velocity in-
creases from ug; to ugs. Using the factor-of-2 approx-
imation, the particle velocity behind the P2F wave is
up = (ug1 + ugs)/2, and the change in particle veloc-
ity carried by the wave is Au, = (ugs — us1)/2. As
discussed previously, the P2R wave travels in purely
a-phase, and we assume D is known as the Eq. (5)
of up, for a pure iron or FeMnNi alloy. Thus, both D
and Au, for the P2R wave are known, and the stress
behind the P2} wave, o,, can be found from Eq. (4).
The results are also listed in Table 3. Both stress
and particle velocity are continuous across interface
boundaries. Therefore, the same stress and particle
velocity exist in the sample to the left of the interface
at ho.

Therefore, for the pure iron sample in experiment
No.1, the stress behind the P2F wave, o, = 2.5 GPa,
is not only less than the stress (o, = 9.8 GPa) below
which the reverse phase transition € — « begins, but
also less than the stress (about 5.5 GPa) below which
the reverse phase transition e — a ends.[?! Thus under
release process, in the pure iron sample to the left of
the interface at hy the ¢ — « reverse phase transition
has entirely completed. This material’s stress—volume
release path must be much less steep than the stress—
volume release path for the o material in order to ac-
complish the now mandatory reverse phase transition,
and it produces the rarefaction shock wave (RSW).
The phase structure is o phase behind the RSW (see
Fig. 3). The unloading profile may present three wave
structures consisting of the rarefaction wave R1® and
the rarefaction shock wave RSW and the rarefaction
wave R2.

In order to study the unloading process of the
FeMnNi sample in experiment No. 3, the reverse
phase transition stress of FeMnNi is required to ob-
tain through the reverse impact experiment No. 4.
The interface velocity of the flyer/window in the re-
verse impact test No. 4 is shown in Fig. 5. From the
parameters of the sapphire window in Table 1 and
the first part of Eq. (4) and Eq. (5), we obtained the
shock peak stress in this test is about 11.3 GPa, which
is much higher than that of the phase transition for
FeMnNi (6.3 GPa). The shock peak stress in experi-
ment No. 4 is almost equal to that in experiment No. 3,
and thus the stress wave structure of the flyer in ex-
periment No. 4 is assumed to be in according with

that of the sample in experiment No. 3. Referring to
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Fig. 4, under shock compression, the FeMnNi flyer in
experiment No. 4 starts from « phase, and then after
elastic and plastic waves it transforms to the £ phase
or a+¢ mixed phase via the phase transition wave P2.
However, at the impact surface they do not split and
will be assigned by VISAR as a single wave. Under
release process, the left going plastic wave P1 reflects
at the rear side of the flyer and travels as a rarefac-
tion wave R1 back into the flyer, and it encounters the
oncoming phase transition wave P2, then the pressure
in the FeMnNi flyer begins to low down. This change
may induce the particle velocity at the interface of the
flyer /window variation and the rarefaction wave R will
be measured by VISAR. Further more, the residue of
the P2 wave will run forward continuing until it in-
teracts with the rear side of the flyer. The reflection
of the residue phase transition wave P2R will produce
another rarefaction wave in the flyer, which induces
the flyer/window interface velocity to drop suddenly.
This drop is called the RSW in many early literatures
and measured in this study for FeMnNi alloy. Refer-
ring to Fig.5, the stress of the reverse phase transition
in FeMnNi alloy, o, = 4.2 GPa, is obtained from the
first part of Eq. (4), Eq. (5), and the parameters of

the sapphire window.
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Fig. 5. Experimental and simulation of the flyer/window
Solid line—
experiment signal by means of VISAR, dot line—Case 1 ¢

interface velocity in experiment No. 4.

phase after the P2 wave, dash line—Case 2 a4+ ¢ phase af-
ter after the P2 wave. up; is the interface particle velocity
at which the reverse phase transition begins.

Therefore, referring to Fig. 4, in experiment No. 3,
the stress behind the P2R wave, o, is higher than the
reverse phase transition stress of FeMnNi, o,,. In this
case, the material in FeMnNi sample to the left of the
interface at hs has not occurred ¢ — « reverse phase
transition, and the phase structure remains € phase

or a + ¢ mixed phase after the rarefaction wave R1E.

There will exist, after time to, a phase interface at ho
between the « and € phase (or the a+¢ mixed phase).
At time t5, the P2F wave reaches and reflects from the
free surface as a rarefaction wave R2. At time ¢4, the
rarefaction wave R2 arrivals at the phase interface at
hs, and the release wave R2® enters into the ¢ phase or
the o + ¢ mixed phase. However, there is a mismatch
of material properties at ho, and thus the rarefaction
wave R2 is reflected back toward the free surface as
a recompression, and produces the PIR wave. Since
the wave velocities in a phase of FeMnNi alloy do not
vary drastically with stress level or loading direction,
it is seen from Fig. 4 that the phase interface reflec-
tion (PIR wave) should arrive at the free surface at a
time roughly equal to t5 = t3 + (t3 — t1), with a free
surface velocity of ugs. This time agrees with the ex-
perimentally observed arrival time of the final increase
in the free surface velocity profile. The particle veloc-
ity behind the PIR wave is up, = (ug3+uss)/2, and the
change in particle velocity is Au, = (ugs —uss)/2. Us-
ing Auy, and the known properties of o phase FeMnNi
alloy, D is obtained from Eq. (5) and the stress be-
hind the PIR wave, oy, is found from Eq. (4).
the properties of both stress and particle velocity are

Since

continuous, the same stress and particle velocity exist
in the FeMnNi sample to the left of the interface at
ho. The stress behind the PIR wave, o, = 0.3 GPa, is
little, and it is obviously less than the reverse phase
transition stress, o,. Therefore, as the release wave
R2R enters into the FeMnNi sample to the left of the
interface at ho, the € phase or the o + € mixed phase
material will transform to the « phase, and it produces
the RSW. Recall also, we have obtained the rarefac-
tion wave R1® and R2R, and thus the unloading pro-
file may present three wave structure consisting of the
rarefaction wave R1® and the rarefaction wave R2F
and the RSW. However, R1® and R2F are difficult
to distinguish from the experimental observation, and
thus the two wave structure consisting of the rarefac-
tion wave R and the RSW is registered in the reverse
impact experiment No. 4.

For the pure iron sample in experiment No. 1,
the shock peak stress 14.8 GPa is higher than the
phase transition stress 13 GPa, but less than the stress
(about 20 GPa)>2% at which the a phase transforms
almost to the ¢ phase entirely in pure iron. Thus the
phase state of the pure iron sample in experiment No.1
is metastable mixed phase o + ¢ after P2 wave (see
Fig. 3). In addition, due to the absence of the stress
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at which the o phase transforms to the £ phase en- mixed phase a + €.
tirely in FeMnNi alloy, we studied the phase state of
FeMnNi alloy after P2 wave in experiments No. 3 and 4.2, Spalling characteristics

No. 4 through the numerical simulation based on the

. . Fi 6 sh th d les i i-
phase transformation model (see section 3). Parame- 1BUIE B SHOWS TUE TECOVEred SATAPIEs i expert

ters of the model were chosen from experimental stress ment No. I and No. 2. In experiment No. 2, spalling

wave profile. Figure 5 shows the results of the numeri- does not happen in the sample. While in experiment

. . No.1 th 11 in th
cal simulation. Two cases are computed and compared 0-1 there are two spalls occurred in the recovered

. . o le: 1 f is 1
with the experimental measurements. In case 1, it is sample: one complete fracture is located at about
assumed that the phase state of FeMnNi alloy after P2

wave is the single € high pressure phase. It can be seen

2 mm from the free surface and another incomplete
fracture is located at about 2 mm from the impact
surface. The result from the recovered samples is in

that the numerical simulation of case 1 is markedly

different from the experimental result. Therefore, we accordance with the analytical result from the free

propose that case 1 does not fit this study. For the surface velocity. The width of the spall piece § can
be obtained from the free surface velocity profiles in

second case, it is assumed that the phase state of
Fig. 2 through Eq. (6).

FeMnNi alloy after P2 wave is the metastable mixed
phase a + €. The simulation result of this case is ba- §=Cp x T/2, (6)
sically in agreement with the experiment very well.

Therefore, the phase state of FeMnNi alloy after P2  where Cf, is the Lagrange sound speed; T is the oscil-

wave in experiments No. 3 and No. 4 is the metastable  lation period at the free surface velocity profile.

(b)

Fig. 6. (a) Two spallation positions on the cross-section of the recovered sample in experiment
No.1; (b) The recovered sample with the whole impact surface and the whole free surface in
experiment No. 2.

According to the stress theory, spall will not happen in general case for the symmetrical and same-thickness
impact such as experiment No. 2. However, the double spalling occurs in experiment No. 1, and the big physical
difference is the @ — ¢ phase transition comparing with the experiment No. 2. Hence, this abnormal spalling
phenomenon in experiment No. 1 might be related to the phase transition. The physical process in experiment
No. 1 is described in Fig. 7. The wave structures in the flyer and in the sample are symmetrical along the
impact surface. Due to the low magnitude of the elastic wave, it has been omitted in Fig. 7. The plastic shock
wave P1 interacts with the free surface of the sample and travels back into the sample as a rarefaction wave R1.
The rarefaction wave R1 encounters the oncoming phase transition wave P2, then travels back into a4 ¢ mixed
phase as a rarefaction wave R1®. The a + ¢ mixed phase transforms into o phase, and it produces RSW. The
residue of the P2 wave (P2R) reaches and reflects at the sample free surface, and it travels back into the sample
as an another rarefaction wave R2. Further more, the RSW collides with RSW' from the back free surface of
the flyer, and the first tension region TR1 comes into being, which causes the incomplete spall near the impact
surface. The interaction between the rarefaction wave R2 and the residue of the right rarefaction wave through
the first tension region induces the second tension region TR2, which causes the complete spall near the free
surface.
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Fig. 7. Stress wave interaction schematic diagram of the
pure iron sample in experiment No.l, in which the hor-
izontal axis represents the sample thickness, the left end
represents the impact surface, and the right end represents
the free surface.

In addition, we described the physical process in
experiment No. 3 through the numerical simulation
method, and the results were shown in Figs. 2 and 8.
From Fig. 2 it can be seen that the numerical simu-
lation is in good agreement with the experimental re-
sult, and no complete spallation occurs in the sample.
However, Fig. 8 indicates clearly that there are two
tensile spall regions in the sample. The possible rea-
son is that the tension stress induced by the unloading
wave is less than that of the spalling strength of the
FeMnNi sample. The wave structures in the flyer and
in the sample are symmetrical along the impact sur-
face. The plastic shock wave P1 interacts with the free
surface of the sample and travels back into the sample
as a rarefaction wave R1. The rarefaction wave R1 col-
lides with the oncoming phase transition wave P2, and
then travels back into a + ¢ mixed phase as a rarefac-
tion wave R1® and lowers the pressure. The residue
of the P2 wave (P2R) reaches and reflects at the sam-
ple free surface, and it travels back into the sample as
an another rarefaction wave R2. When the rarefac-
tion wave R2 arrives at the phase interface at ho, the
release wave R2R enters into the a 4+ ¢ mixed phase.
The metastable a + ¢ mixed phase transforms into
the a phase, and it produces the RSW. Further more,
the rarefaction wave R2R collides with the reflecting
RSW! from the back free surface of the FeMnNi flyer,
and the first tension region TR1 comes into being. The
interaction between the RSW and the residue of the

right rarefaction wave through the first tension region

induces the second tension region TR2.

tension region

Time ¢t

h/mm

Fig. 8. Stress wave interaction schematic diagram of the
FeMnNi sample in experiment No. 3, in which the hor-
izontal axis represents the sample thickness, the left end
represents the impact surface, and the right end represents
the free surface.

5. Conclusions

The a—e phase transition and spalling behaviours
of pure iron and FeMnNi alloy were investigated under
different impact pressures through experiments and
It is found that the loading
and unloading processes present an obvious difference

numerical simulations.

in pure iron and FeMnNi alloy because of the differ-
ent impact pressure and the reverse phase transition
stresses. However, the results indicate that the phase
transition affects consumingly spalling behaviour in
either pure iron or FeMnNi alloy.

For pure iron, the symmetric and same-thickness
impact produces an abnormal multiple spalling. The
abnormal spalling phenomenon is believed to relate to
the a — € phase transition of pure iron, and a possible
reason for the abnormal spalling is discussed also from
the interaction process of stress wave.

For FeMnNi alloy, the loading and unloading pro-
cesses were explored by both experimental investiga-
tion and numerical simulation. The results show that
in the loading process, FeMnNi alloy experiences o —¢
phase transformation and the phase transition pres-
sure is about 6.3 GPa. However, the € phase is not
stable and it will transform to the « phase during the
unloading process below the stress of around 4.2 GP.
And the influence of the shock-induced phase tran-
sition on the spalling behaviour of FeMnNi alloy is

explained well.
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