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Abstract. The focus of this study is on the deformation mechanisms of high-alloy cast austenitic
TRIP/TWIP steel with the nominal composition Fe-16Cr-6Mn-6Ni. Due to its chemical composition, the
material exhibits a low stacking-fault energy of 17.5 mJ/m’ which facilitates the formation of the
deformation-induced y (fcc) — € (hep) — o’ (bee) transformation. Consequently, the steel exhibits a tensile
strength of 800 MPa with fracture elongation of 55 % under quasi-static loading. The experiments presented
demonstrate the response of this steel to flyer-plate impact (FPI) at room temperature using two different
test setups. In the first setup, laser interferometry measurements of the sample free surface were used for
determination of the dynamic mechanical properties (Hugoniot elastic limit / HEL, spall strength) after
impact with aluminium plates accelerated up to 650 m/s. In the second setup, an experimental shock testing
device developed at the Freiberg High-Pressure Research Centre was used for impacting large cylindrical
samples without the occurrence of spallation. Subsequently, microstructural investigations were carried out
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) in combination with
diffraction techniques and magnetic martensite measurements. Their results facilitate the representation of a

complete image of deformation mechanisms during shock wave loading.

1 Introduction

Modern advanced high strength steels (AHSS) offer
great potential for improving occupant safety in vehicle
crash events as well as for lightweight modes of
construction that reduce weight and energy consumption
[1, 2]. Such steels take advantage of the TRIP- and/or
TWIP-effect (TRansformation Induced Plasticity or
TWinning Induced Plasticity), which are both triggered
by plastic deformation and depend strongly on the
stacking-fault energy of the steel [3]. At relatively high
stacking-fault energies (>30 mJ/m’), the material
deforms substantially due to the motion of dislocations.
Stacking-fault energies between 20 and 30 mJ/m? favour
the emergence of stacking-faults and deformation twins
(TWIP effect). In steel with lower stacking-fault energy,
the TRIP is evident associated as it is with the formation
of o’-martensite. The necessary mechanical driving force
for the transformation y — o’ is provided by the stress
applied on the materials.

Both the temperature dependence and the strain-rate
dependence of the mechanical properties are important
factors. An increase in strain rate up to ~10° s generally
leads to a thermally activated increase in yield strength
but a decrease in strain hardening, due to the adiabatic
heating of the specimen [4]. When the strain rate is
further increased to levels above 10" s™', the loading is
characterized by the propagation of elastic and plastic
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waves through the material. The deformation over the
entire specimen can no longer be considered as an
equilibrium system, because stresses are transferred from
one atom to another, in a similar manner to a pulse with
a length of a few nanoseconds. The shock pulse also
induces an expansion wave, at which point the material
returns to ambient pressure. These so-called rarefaction
or release waves generate a material flow against the
direction of shock-wave propagation. Unlike in a fluid,
energy dissipation occurs during wave propagation and
the mechanical energy is converted to thermal energy,
which makes the process irreversible [5].

Iron and steels have been the subject of numerous
shock wave studies in the past. In particular, the
polymorphic high-pressure phase transformation in iron
from o-Fe to e-Fe has been investigated extensively [6,
7]. In steel with low stacking-fault energy, e.g., in
metastable austenitic stainless steels, shock waves can
cause additional martensitic transformation. Several
studies on steels corresponding to the composition of
AISI 304 (~18% Cr, ~10% Ni) under strain rates of up to
10° s demonstrated the formation of stacking faults,
shear bands, and deformation-induced martensite during
single or repeated shock wave loading [8-12]. Their
results confirm the presence of the y — & — o’-transition
up to such high loading rates. The microstructural
changes comprise the formation of slip bands with a high
concentration of dislocations and stacking faults [13].
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Subsequently, band intersections act as nucleation sites
for &- and o’-martensite. It can also be assumed that
higher loading rates induce significantly —more
deformation bands and intersections [14], thus
accelerating martensite formation. At the same time,
uniaxial compressive deformation [15] and adiabatic
heating under shock conditions both impedes the
martensitic  transformation. However, martensite
morphology and nucleation mechanisms under shock
loading are comparable to lower strain rates [12].

The intention of the present study is to investigate the
deformation mechanisms active under shock wave
loading by flyer-plate impact in cast high-alloy CrMnNi
TRIP/TWIP-steel. Detailed investigations of the
microstructures developed were performed in order to
explain the experimental results, with special focus on
the martensitic transformation.

2 Materials and methods

Based on a patent-protected development [16], the
chemical composition of the material examined, is listed
in Table 1. According to the nominal concentrations of
Cr, Mn, and Ni, the steel is described as Fel6Cr-6Mn-
6Ni. Melting was performed in an induction furnace, and
the material was subsequently cast in a copper mould
under an argon atmosphere. The as-cast samples
exhibited pronounced dendritic microstructures, which
contained coarse austenitic grains with a size of between
100 and 1000 pm. Subsequently, specimens for shock
loading tests were manufactured, i.e., plates with the
dimensions 45 mm x 45 mm x 5 mm along with
cylindrical samples of 40 mm in diameter and 50 mm in
height. The samples were solution-heat-treated at 1323 K
(1050 °C) for 30 minutes to retransform any martensite
induced by previous machining.

Table 1. Chemical composition of cast high-alloy CrMnNi
TRIP/TWIP-steel [wt.-%].

Fe + C cr | Mn | Ni Si
others
Bal. | 003 | 155 | 61 6.1 0.9

The flyer-plate experiments were carried out at the
Institute of Problems of Chemical Physics (RAS) in
Chernogolovka, Russia using samples of ~5 mm in
thickness, which were impacted at room temperature by
commercially pure aluminium plates of 2 mm in
thickness with an impact velocity of approximately
650 m/s [17]. The impactor was launched by an
explosive lens. Hence, the planar impact of the
aluminium disk produced a shock wave in the target
specimen and resulted in a uniaxial strain state, which
refers to a three-dimensional stress state with
deformation only in the direction of loading. Due to the
high impact velocity, the timescale of deformation was a
matter of microseconds. Therefore, the free surface
velocity profiles were recorded using a VISAR laser
Doppler velocimeter [7] with a time resolution of ~1 ns

and a space resolution of ~0. mm’, giving a
measurement accuracy of ~5 m/s.

For the shock-loading experiments without
spallation, the flyer-plate method was used with an
explosive plane wave generator (see Fig. 1). The flyer-
plates were made of CrMnNi steel and measured 3 mm
in thickness and 80 mm in diameter. The shock loading
assembly was refined for complete sample recovery
using the system developed by the EMI (Ernst Mach-
Institute) in Freiburg, Germany [18] and was originally
developed for the synthesis of ultrahard ceramic
materials [19, 20] and for the shock-wave treatment of
natural samples in the Mbar range under reproducible
conditions. This device is based on the principle of
impedance correction along both the loading path and
release path avoiding free adiabatic decompression [21].
Using different amounts of explosives, the shock
pressures were set to 30, 60, 90, and 120 GPa. Below the
sample, a quenched and tempered (QT) steel plate was
mounted with the benefit of low impedance differences
and, thus, low wave reflections (a momentum trap). The
entire explosive device was positioned in a sand bed.
Due to the fixture of the samples, no spallation occurred
during the shock-loading experiments.

Fig. 1. Setup for shock experiments: (1) plane wave generator
with electric detonator (PETN explosive) (2) C-4 explosive (3)
CrMnNi steel flyer-plate, (4) Structural steel container (S355),
(5) QT steel plate, (6) CrMnNi steel sample.

Subsequently, microstructural investigations were
carried out by SEM (Carl Zeiss LEO 1530 at 20 kV
acceleration voltage) and TEM (JEM-2200FS at 200 kV
acceleration voltage) in combination with Electron
backscatter diffraction (EBSD) and Selected area
electron diffraction (SAED) techniques as well as
magnetic martensite measurements.

3 Results and discussion

The determination of the dynamic strength
characteristics of the investigated metastable austenitic
cast steel was based on the VISAR signal recorded. The
necessary physical material parameters for the
corresponding calculations had to be determined first
and are shown in Table 2. An overview of the
calculations of the corresponding strength parameters for
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which the physical parameters are important can be
found in [17, 22].

Table 2. Physical parameters of the Fe-16Cr-6Mn-6Ni cast
steel investigated. (¢, - longitudinal elastic sound speed, ¢,

- bulk sound speed).
E v Cel ¢y Po
191 0.24 5.72 4.65 7819
(GPa) ) (km/s) (km/s) (kg/m®)

Fig. 2 shows the free surface velocity history
obtained during flyer-plate impact testing for the
metastable austenitic Fe-16Cr-6Mn-6Ni cast steel. The
wave form obtained was somewhat typical for elastic-
plastic material behaviour, and contained information
about the yield point and the fracture strength. First, the
elastic precursor arrived at the free end, which
determined the Hugoniot elastic limit (HEL). Thereafter,
the surface velocity increased again, which was
associated with plastic deformation and ended in the
steady Hugoniot state. The subsequent drop in surface
velocity was due to the release wave or rarefaction,
which reduced the pressure on the material and led to
spall fracture. The velocity pullback (Aug) could be used
to determine the spall fracture strength.
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Fig. 2. Free surface velocity profile of Fe-16Cr-6Mn-6Ni cast
steel impacted by an aluminium flyer plate at room temperature
(5 mm sample thickness).

The results of the calculation of the mechanical
properties using the free surface velocity data are
presented in Table 3.

Table 3. Strength properties of the Fe-16Cr-6Mn-6Ni steel
investigated by flyer-plate impact: ug ,,, — peak surface
velocity, ug ypp — elastic wave amplitude, o — Hugoniot
elastic limit, Aug — velocity pullback before spall, i op. — spall

strength.
Ut max Ut HEL OHEL Aufs o'*sp.
400 23 0.51 134 2.69
(m/s) (m/s) (GPa) | (m/s) | (GPa)

The microstructure of the flyer-plate-impacted
specimens was characterized by a large number of fine
deformation bands and deformation-induced
o’-martensite. The shock-wave loading caused the
formation of lamellar band structures within the
microstructure, which were evenly distributed
throughout the specimen. These deformation bands
ended at grain boundaries and were formed from bundles
of separated dislocations and overlapping stacking faults.
The sites of origin were preferentially located on active
{111} slip planes of the fcc crystal lattice, as these were
the sites that experienced the highest shear stresses [23].
Typically, the deformation bands consisted of
deformation-induced e-martensite and twin structures, in
which the intersections of the bands acted as nucleation
sites for the formation of o’-martensite [24-25].

Fig. 3 shows the fine band structures within an
austenite grain. Noticeable are the high band density and
the narrow width of the bands. Nuclei of o’-martensite
were often found within the deformation bands, as
shown in Fig. 4, which acted as a barrier to further
dislocation movement [26].

fec-Fe[117]
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(112)

(200)
(112)

B0 4Anm? saep#2

B _Sa

Fig. 3. Scanning TEM-micrograph of closely spaced
deformation bands (a) in three different orientations (slip
systems) within the y-phase (b). The band intersections acted as
nucleation sites for the formation of bee o’-martensite (c).

Fig. 4. TEM-micrograph of a deformation band incorporating
multiple lens-shaped o’-martensite nuclei (a). The lattice
structures were derived from FFT analyses (b, ¢ ,d).
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In order to find out to what extent the microstructural
changes in the material were caused by the shock wave
or the release wave during the flyer-plate impact,
experiments were also carried out without spallation at
different pressures. For this purpose, a comparison of the
experimental parameters of the various shock tests is
shown in Table 4. The experimental setup for shock tests
without spallation allowed the introduction of higher
shock pressures to the material, although the shock pulse
duration remained approximately the same. This was
important because significantly shorter or longer pulse
times might have influenced martensite nucleation [27].

Table 4. Parameters of the shock-wave tests carried out: dyer -
flyer-plate thickness, vy, - flyer-plate velocity, Us - shock-
wave velocity, P - peak pressure, ¢ - load pulse duration.

dFlyer VFlyer US P t
Test

[mm] | [km/s] | [km/s] | [GPa] [ns]
FPI 2 0.65 49 8 411
3 1.5 5.6 30 537
FPI (no 3 2.5 6.5 60 459
spallation) 3 33 75 90 400
3 4 8.5 120 355

The specimens were examined by SEM to obtain
more detailed information about the microstructure of
the samples impacted at higher pressures (30 - 120 GPa).
As expected, numerous deformation bands were
observed within the austenite grains. Previous
investigations revealed that these deformation bands
consist of bundles of stacking faults, twins, or -
martensite. For a shock pressure of 30 GPa, the band
structures were very thin and closely spaced but
relatively homogenously distributed (see Fig. 5). With
increasing shock pressure, the number and thickness of
the deformation bands appeared to increase [28]. The
bands evolved in two different orientations, but hardly
any o’-martensite could be found at their intersections. It
was assumed that up to 90 GPa, the deformation bands
were very thin and, thus, that the driving force for the
nucleation of o’-martensite was insufficient.

Fig. 5. SEM micrograph of the 30 GPa shock-loaded sample,
showing very fine deformation bands and individual stacking
faults.

At the highest shock pressure of (120 GPa) the
deformation band thickness increased and o’-martensite
nuclei were visible as dark lenses within the bands.
Additional EBSD analyses, as shown in Fig. 6, found
bee and hep phases within the deformation bands, which
confirmed the presence of e- and o’-martensite. Hence,
the e-martensite acted as an intermediate phase from
which  o’-martensite  arose, according to the
transformation sequence y — & — o’ [23, 26, 28-31].

¢ an flA
rpgtl

Fig. 6. Phase distribution after 120 GPa shock loading
measured by EBSD: gray - austenite (fcc) in band contrast,
blue - o’-martensite (bcc), and yellow - e-martensite (hep).

In the following, the martensite phase fraction in the
shock-exposed samples was also quantified via X-ray
diffraction and magnetic measurements. The results are
shown in Fig. 7 and Fig. 8. The spalled flyer-plate
impact sample (8 GPa shock pressure) exhibited high
volume fractions of a’-martensite (7 Vol-%) and e&-
martensite (26 Vol.-%). In comparison with quasistatic
tensile tests, those values corresponded to strain values
of about 0.1 for the o’-martensite and >0.3 for the
e-martensite. ~ The large  e-martensite  fraction
corresponded to the high deformation band density
already mentioned, and was connected with high
dislocation density and a considerable increase in
strength and hardness.
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Fig. 7. Phase fraction of a’-martensite and the corresponding
hardness values in the initial state, after quasistatic tensile
loading and after different shock wave loading conditions.
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Fig. 7 shows the average hardness values measured
under different pressure conditions. Shock loading at 90
GPa led to a maximum in average hardness, but the
difference was within the experimental accuracy of the
measurements. The hardness values correlated well with
previous measurements performed on preshocked
stainless steels, as summarized by Maloy et al. [32]. It is
worth noting that the shock-exposed specimens
experienced significant hardening when compared to the
initial state or after tensile deformation. This was related
to the shock-induced deformation band formation as an
extremely localized effect, and is confirmed in the
literature [33].
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Fig. 8. Phase fraction of e-martensite measured by XRD after
quasistatic tensile loading (from [26]) and flyer-plate impact.

As a simple integral measure of strain hardening, the
macroscopic hardness shows that the shock-wave
loading induced a large amount of defects within the
austenitic microstructure. Nevertheless, the timing of the
deformation mechanisms could not be identified in this
manner. The main difference between the experimental
setups used was the impedance correction for the high
pressure tests, which avoided the occurrence of
spallation within the larger cylindrical sample. Thus, it
was assumed that the material experienced only the
passage of the planar shock wave without reflection of
the pulse. Meyers et al. [34-36] show that the martensitic
y — o transformation takes place primarily after
reflection of the compressive wave on a free surface. The
transformation is then triggered by the tensile reflected
pulse and is favoured by the tensile hydrostatic
component of the stress state. Moreover, the stress pulse
increases Mg, the martensite start temperature, which
corresponds to an increase in the thermodynamic driving
force for the y — o’ transformation [15]. Johnson et al.
[37] show the influence of stress state on the martensitic
transformation in very effective manner. They carry out
planar compressive shock tests on 304 stainless steel and
measured approx. 8 vol.-% o’-martensite after 20 to 120
GPa shock loading. On the other hand, they measure
approx. 70vol.-% o’-martensite after cylindrical
explosive loading with complex triaxial stress (strain)
state in the same pressure range.

Thus, it can be stated that o’-martensite formation in
metastable austenite is hindered during the shock-wave
passage due to the uniaxial strain field. Still, localized
deformation leads to the formation of thin and closely
spaced deformation bands. During the release stage, their
intersections act as nucleation sites for o’-martensite
which is then favoured due to a higher Mg.

4 Conclusions

Based on the experimental results, Fig. 9 outlines the
microstructural deformation mechanisms of metastable
austenitic TRIP/TWIP steel during shock wave loading,
which can be summarized as follows:

L I-D elastic deformation and post-yield flow
Localized microplasticity based on a large
number of stacking faults and thin deformation
bands (planar dislocation glide). Slip occurs on
several intersecting and closely-spaced planes,
due to the very thin shock front and the uniaxial
nature of the compression.

1I. 3-D plastic deformation
Progressive strain hardening due to static and
dynamic Hall-Petch effect caused by dislocation
separation, slip band formation, increasing
deformation band density and the formation of
g-martensite and o’-martensite nucleation sites.

III. Rarefaction
An expanding wave follows the shock wave,
which reduces the materials density. The tensile
stress promotes the y — ¢ — o’-transformation
through an increase in the formation and
intersection of deformation bands with
subsequent martensite nucleation and growth.
Internal cavitation occurs due to stresses
generated by the interaction of stress waves and
which exceed the local dynamic tensile strength
of the steel. The coalescence of the cavities
creates a fragment (spall) which is separated
from the free end of the plate.

B‘A
‘'©
o
()
> .
8 Hugoniot State
®©
h=
=]
»
()
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Spall Strength
Time
Fig. 9. Schematic representation of the deformation

mechanisms of metastable austenitic TRIP/TWIP steel during
different loading states under flyer-plate impact.
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