
Chapter 12
Investigations on the Influence of Strain
Rate, Temperature and Reinforcement
on Strength and Deformation Behavior
of CrMnNi-Steels

Ralf Eckner, Christine Baumgart, and Lutz Krüger

Abstract This section presents the results of comprehensive investigations into
the strength and deformation behavior of CrMnNi-TRIP/TWIP steels and particle-
reinforced TRIP-Matrix-Composites. These investigations combined quasi-static
and dynamic tensile, compressive, and plate impact tests with ex situ microstruc-
ture analysis using electron microscopy and diffraction techniques on representative
samples. The aim was the investigation and microstructurally-based description and
modeling of the temperature and strain rate dependent strength, deformation and
failure behavior of these advanced materials. It could be shown that the behavior of
austenitic CrMnNi steels is controlled by different deformation mechanisms. These
include mechanical twinning and martensitic phase transformations, whose occur-
rences or interactions are influenced by the chemical composition or the austenite
stability, the stacking fault energy, the deformation temperature and rate as well as by
the loading direction. Furthermore, the mechanical properties of honeycomb struc-
tures made of CrMnNi steel or TRIP-Matrix-Composites have been investigated.
These are intended as lightweight and high strength components to improve the
crash performance of constructions in the field of mobility. Since their mechanical
properties are influenced by several parameters such as the chemical composition of
the material, the structure type or the reinforcement content, detailed analyses are
necessary before their application in vehicle components.
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12.1 Introduction

The automotive industry is always looking for ways to increase safety and perfor-
mance while reducing fuel consumption. These requirements led to the development
of so-calledHigh Strength Steels (HSS) and Advanced High Strength Steels (AHSS).
Among these, high-alloy austenitic stainless steels are characterized by extraordi-
nary properties such as excellent formability, high corrosion resistance, and good
weldability, and are used for applications ranging from cryogenic up to elevated
temperatures. Such steels take advantage of the TRIP- and/or TWIP-effects (TRans-
formation Induced Plasticity or TWinning Induced Plasticity), which are both trig-
gered by plastic deformation and depend strongly on the stacking fault energy of the
steel. At relatively high stacking fault energies (>40 mJ/m2), the material deforms
and hardens substantially due to the motion of dislocations. Stacking fault energies
between 20 and 40 mJ/m2 favor the emergence of stacking faults and deformation
twins (TWIP-effect) [1–3]. Such planar defects act as obstacles for further disloca-
tion movement and consequently increase the strain hardening rate of the material,
which is known as the “dynamic Hall-Petch effect” [4]. In steel with lower stacking
fault energy, the TRIP-effect is evident which is associated with the formation of
ε- and α′-martensite and involves the enhancement of strength and ductility below
the Md-temperature [5–7]. The stacking fault energy mainly depends on the chem-
ical composition of the steel and the deformation temperature [8]. The necessary
mechanical driving force for the transformation γ → α′ is provided by the mechani-
cal stress applied on the material [7]. Both mechanisms are already being used in the
development of modern advanced high strength steels, e.g. for automotive applica-
tions [9]. These materials offer great potential for improving occupant safety in the
event of a crash as well as for lightweight construction to reduce weight and energy
consumption.

Within the Collaborative Research Center 799, two development routes are uti-
lized in order to generate weight efficient energy absorbing materials. On the one
hand, the combination of two different material groups. This exploits the beneficial
properties of each component, like in the case ofmother-of-pearl, and is implemented
by reinforcing ductile TRIP-steel with high strength MgO partially stabilized zirco-
nia (Mg-PSZ) [10]. On the other hand, the use of these metal matrix composites
(MMC) in cellular networks follows the example of wood or cork which could have
a favorable strength to weight ratio [11]. Those cellular materials belong to the
honeycomb-like structures. Unlike established materials for cellular structures such
as aluminum, titanium or magnesium, TRIP-steel and TRIP-Matrix-Composites do
not belong to light metals. However, it has been proven that the deformation induced
phase transformation of TRIP-steels is an energy consuming process which helps
to balance the influence of a higher density when comparing the specific energy
absorption capability of different structures [12].

The intention of the present survey is to highlight the deformation mechanisms
which are active under dynamic loading and under shock wave loading by flyer-plate
impact in bulk cast high-alloy CrMnNi TRIP/TWIP-steel. Detailed investigations of
the developed microstructure were performed in order to explain the experimental
results, with special focus on the martensitic transformation. Furthermore, static
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compression tests were conducted at room temperature in order to compare the
fundamental performance of the different cellular materials made of TRIP-steel and
TRIP-Matrix-Composites with focus on the compressive strength, deformation and
damage behavior.

12.2 High Strain Rate Deformation of Austenitic
High-Alloy TRIP/TWIP Steel

12.2.1 Processing and Experimental Methods

Table 12.1 represents the chemical compositions of the investigated high-alloy
austenitic TRIP/TWIP steel. The examined material is based on a patent-protected
development [13] and is described as 16-6-6, according to the concentrations of
Cr, Mn, and Ni in wt%. The material was cast in plates (dimensions 200 × 200 ×
16mm3) by ACTechGmbH (Freiberg, Germany) using sand casting technology. The
manufactured samples were subsequently solution-heat-treated at 1323 K (1050 °C)
for 30 min to retransform any martensite induced by previous machining. A den-
dritic austenite microstructure with coarse grains in the range of 100–1000 μm was
received. Due to the chemical composition of the steel, a certain amount of δ-ferrite
(~2 vol%) was formed during solidification. This steel belongs to AHSS of the 1st
generation and is characterized by a high strain hardening capacity in combination
with high formability, though the yield strength is rather low (YS ~200 MPa, UTS
~800 MPa, total elongation ~50%) [14].

Quasistatic compression tests at 0.0004 1/s were performed in a servohydraulic
universal testing machine. For the dynamic impact and high-rate experiments up to
2300 1/s a drop weight tower and a Split-Hopkinson pressure bar system (SHPB)
were used [15]. All mechanical tests were carried out on cylindrical samples with
6 mm in diameter and 6 mm in height. The samples were instrumented with strain
gauges in order to allow a local deformation measurement even at high deformation
speeds. In order to obtain consistent high rate compressive stress/strain data, the
SHPB apparatus was modified by a pulse shaping technique using OFHC-copper
platelets [16] and numerical dispersion correction [17].

In order to determine the strength properties of the test material, a flyer-plate
impact assembly of theRussianAcademyofSciences, Institute of ProblemsofChem-
ical Physics, Chernogolovka near Moscow was used, which is shown schematically
in Fig. 12.1. The test specimens had a thickness of 5 mm with a square area of 45 ×

Table 12.1 Chemical composition of the investigated high-alloy CrMnNi TRIP/TWIP steel

(wt%) C N Cr Mn Ni Si Fe + others

Cast X3CrMnNi16-6-6
(abbr.: 16-6-6)

0.03 0.03 15.5 6.1 6.1 0.9 Bal.
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Fig. 12.1 Schematic setup of the plate impact experiments to determine the strength properties
under planar shock loading at room temperature [20]

45 mm2 and were shocked by plates (thickness 2 mm) of technically pure aluminum.
The acceleration of the flyer-plates was carried out by means of a blasting lens to
speeds of 650 ± 30 m/s. The shock pressure yielded 7–8 GPa and the strain rate
behind the wave front and before spallation was 5–6 × 104 1/s. The planar impact
of the aluminum plate produced a shock wave within the target sample and resulted
in a uniaxial state of deformation over a pulse length of less than one microsec-
ond. Therefore, the free surface velocity profiles were recorded using VISAR Laser
Doppler Velocimetry [18] with a time resolution of ~1 ns and a space resolution of
~0.1mm2, giving ameasurement accuracy of ~5m/s. Evaluation of such plate-impact
experiments is described in detail for instance in [19].

For shockwave experiments on large-volume samples at higher pressures, a plate-
impact setup of the Freiberg High Pressure Research Center (FHP) was also used,
which is shown schematically in Fig. 12.2. This experimental setup was originally
developed for the high-pressure synthesis of ultra-hard materials (Diamond, c-BN,
γ-Si3N4) and builds up on the findings and specifications of the EMI (Ernst Mach-
Institute) in Freiburg [21]. The difference to the above-described plate impact struc-
ture of the Russian Academy of Sciences consists in the ability to produce repro-
ducible pressures up to 120 GPa or more within the sample and thereby have a much
larger sample volume available.

In the experiments, the amount of explosive usedwas varied, whereby pressures of
30, 60, 90 and 120 GPa (or 0.3–1.2 Mbar) could be set. After ignition, the flyer-plate
was accelerated over a distance of 20 mm and then hit flat on the sample surface.
Depending on the amount of explosive, the final velocity varied between 1.5 and
4 km/s. The target, the cylindrical material sample, was located in a form-fitting
round container with a diameter of 220 mm, which was made of structural steel
S355 (St-52). Below the sample a hardened steel plate was positioned, which was
supported on a sand bed and acted as a damping plate or impulse trap. This design
pursued two goals; on the one hand, the sample container prevented the free adiabatic
expansion of the sample. On the other hand, the impedance difference between the
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Fig. 12.2 Setup for shock experiments on large-volume samples: (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 [22]

sample and the overlay was small, so that the shockwave was not reflected at the
interface and the spallation could be prevented. Thus, the sample remained intact
during the experiment and could then be mechanically removed from the sample
container.

After mechanical testing, the α′-martensite volume fraction was quantified using
a Metis MSAT type magnetic saturation device for both, the deformed compression
specimens and shock-loaded conditions. For light-optical characterization, the sam-
ples were ground, polished, and etched with Beraha II etchant or V2A etchant, in
order to contrast the deformation features such as deformation bands or martensite.
Subsequently, microstructural investigations were carried out by scanning electron
microscopy (SEM), transmission electron microscopy (TEM) in combination with
electron backscatter diffraction (EBSD), selected area electron diffraction (SAED)
or convergent beam electron diffraction (CBED) techniques.

12.2.2 Approaches to Rate-Dependent Constitutive Modeling

The influence of strain rate on the flow curves and the hardening behavior of
metastable austenitic CrMnNi steels is of great importance considering technical
application fields. Their plastic deformation is based essentially on the separation of
Shockley partial dislocations and the subsequent stacking fault and deformation band
formation [23, 24]. The increasing stacking fault density as well as the development
of ε- and α′-martensite nuclei leads in consequence to strain hardening or to the
dynamic Hall-Petch effect. However, the adiabatic sample heating effect increases
with increasing strain rate, whereby much of the plastic deformation work remains
in the sample as thermal energy. A nonlinear development of strain and strength
characteristics with increasing strain rate is usually caused by this phenomenon. It
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was as well shown that the α′-martensite formation rate decreases with increasing
strain rate and tends towards zero at high strain values (ε ≥ 0.3) [25], caused by an
increasing stacking fault energy and a reduction in chemical driving force for the
γ → α′ transformation [26, 27]. Previous studies highlighted the influence of a tem-
perature change on the SFE and the separation distance of dislocations in detail [28].
The splitting into partial dislocations and the corresponding stacking fault formation
require a critical stress level, which increases with increasing SFE. The SFE in turn
increases with increasing temperature. In addition, both an increase in temperature
and an increased strain rate increase the threshold stress for martensite formation
[28, 29]. However, this effect is partly compensated, since the threshold stress for
stacking fault or twin formation can be achieved at even lower strain values due to
the rise in yield strength with increasing strain rate [30].

The reduced rate of martensite formation and the consequent decreasing strain
hardening with increasing strain rate cause a decrease in flow stress with increasing
deformation [25, 31]. On this occasion, the so-called curve crossing phenomenon
can occur, whereby the strain softening leads to the intersection of the dynamic flow
curves with the quasi-static flow curves [32]. In general, flattening of the flow curves
can be observed at high strain rates, which is associated with a reduced maximum
strength. The characteristic strain hardening curve is shifted to lower values and
lower deformations, and the sigmoidal character changes into a plateau or disappears
[33–35]. Furthermore, sample heating in high-speed tests leads to a decrease in the
volume fraction of austenite converted into α′-martensite [25, 27, 36, 37]. Depending
on the alloy composition and the degree of sample heating, a change in the dominant
deformation mechanism is also possible, from stacking fault/ε-martensite formation
to twinning or dislocation glide [8]. This transition is associated with decreasing
strain hardening capability during deformation. Figure 12.3 shows results of strain-
rate-dependent compression tests on the 16-6-6 steel alloy as an example for the
effects mentioned. As expected, increasing strain rate led to crossing of the flow
curves (Fig. 12.3a) owing to reduced strain hardening due to a lower fraction of
α′-martensite formed (Fig. 12.3b).

Fig. 12.3 CrMnNi16-6-6 steel: a Strain rate dependent mechanical behavior under compressive
loading and b martensite kinetics at various strain rates (fitted according to [6]) [38]
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Within the scope of the investigations, an empirical model of the flow stress on
the basis of the rule of mixture (RM) was developed, which includes all important
microstructural deformation mechanisms of CrMnNi TRIP steels as a function of
temperature and strain rate. Several earlier research works dealt with the problem of
modelling a deformation-induced martensitic transformation in austenitic steels. At
this point, the publications of Ludwigson and Berger [39] and of Narutani et al. [40]
are considered more in detail, representing two of the most significant works.

Ludwigson and Berger pointed out that the flow behavior of austenitic steel differs
significantly from that of carbon steel due to the strain-induced martensitic transfor-
mation. For this reason, the flow curve cannot be described only by the relationship
in (12.1),1 which is valid for a variety of steels.

σ = K · [ln(1 + ε)]n (12.1)

They assumed an autocatalytic formation reaction of the martensite and were
therefore able to extend the existing model by a strength contribution of the marten-
sitic phase depending on the actual strain value. Ludwigson and Berger introduced a
factor A, which describes the ease with which an austenitic structure can undergo a
strain-induced transformation to martensite, and the factors C and Q which charac-
terize themartensite strength contribution. Equation (12.2)2 shows the corresponding
flow-curve equation relating true stress to strain.

σ = K [ln(1 + ε)]n ·
[
1 −

(
1 + ε−B

A

)−1
]

+ C

(
1 + ε−B

A

)−Q

(12.2)

Narutani et al. later recognized that for a more accurate description of the flow
curves, it is also necessary to incorporate a softening term into the model. This
necessity arises from the operation of the martensitic transformation as an additional
deformation mechanism. For this reason, they developed a strain-corrected rule of
mixturemodel (SCRM), based on the data of ametastable austenite, a stable austenite
and a martensitic steel variant. Their complete constitutive relation for the plastic
flow of metastable austenitic steel shows the following (12.3).3

1 K = strength factor
n = strain-hardening index.

2 A = factor describing the driving force for strain-induced γ → α′ transformation
B = factor describing the autocatalytic effect of transformed martensite
C = factor representing the flow stress of a fully martensitic structure
Q = factor describing stress contribution of the transformed martensite.

3 f α′ = volume fraction of α′-martensite
α, β = material coefficients from the analysis of experimental data
σ γ = flow stress of stable austenite
σα′ = flow stress of martensite.
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Fig. 12.4 CrMnNi16-6-6 steel: True stress-true strain curves of theα′-martensite phase: a influence
of temperature and b strain rate effects [41]

σ = {
[1 − fα′ ] · σγ (ε − α · fα′) + fα′ · σα′(ε − α · fα′)

} ·
[
1 − β · d fα′

dε

]
(12.3)

Recently, the existing approaches have been extended by Wolf et al. [38, 41, 42]
in order to be able to model the behavior of highly metastable CrMnNi steels with
low SFE by incorporating their temperature and strain rate dependence. They used
the flow stress data of 16-6-6 steel in the strain rate regime 10−3 to 103 1/s and
included the effect of thermal softening as a function of strain and strain rate. Of
particular note is that the flow behavior of the martensitic phase was characterized
at different temperatures and strain rates (see Fig. 12.4). Due to the low carbon
content of the 16-6-6 alloy, the martensite phase received excellent ductility under
compression loading up to 100 1/s. This was most likely also promoted by a few
volume percent of unavoidable residual austenite. With increasing strain rate the
flow stress of the martensite increased, but the influence of thermal softening also
increased in significance up to adiabatic shear banding at 103 1/s.

For the formulation of the model, it was first necessary to represent the strain
rate dependence of yield strength and strain hardening of the two phases austenite
and martensite. To describe the yield stress, the technical proof stress values at 0.2%
compression strain were used whose strain rate dependence for both phases can be
described by the following logarithmic relationships4 [38]:

σd0.2(γ ) = σd0.2(ε̇ref) + (0.954 · ln(ε̇) + 10.564) · ln
(

ε̇

ε̇ref

)
(12.4)

σd0.2
(
α′) = 16.094 · ln(ε̇) + 1796.8 (12.5)

4 σ d0.2 = proof stress value at 0.2% compression strain
ε̇ref = reference strain rate (0.0004 1/s).
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The strain hardening of a stable austenite phase could be described by (12.4),
while no strain hardening was assumed for the martensitic phase based on the quasi-
static results. In agreement with Narutani [40], the amount of strain caused by the
martensitic phase transformation was also considered by the following correlation
εT = α · fα′ with α = 0.12. The introduction of a correction term was of particular
importance in order to account for the dynamic softening caused by adiabatic sample
heating.

For this purpose, a termwas inserted,which originates from thewell-knownmodel
of Johnson and Cook [43] [(12.6)5]. The amount of temperature increase originates
from [44] with the extension by Meyer et al. [45].

σMod = σCal ·
[
1 −

(
�T

TS − Tref

)m]
(12.6)

All the above considerations are included in the constitutive flow curve model
of Wolf et al. [38] which is presented in (12.7). An estimation of the transformed
volume fraction of α′-martensite fα′ can be done by using experimental data from
magnetic measurements or on the basis of the model by Olson and Cohen [6], which
is given in (12.8).6

σMod = [
σd0.2(γ ) · (ε + εT ) · fγ + σd0.2

(
α′) · fα′

] ·
[
1 −

(
�T

TS − Tref

)m]
(12.7)

fα′ = 1 − exp
{−β · [

1 − exp(−α · ε)
]n}

(12.8)

Figure 12.5 shows themodeled flow curves of 16-6-6 steel for three different strain
rates in comparison with experimental data points. The accordance is very good and
especially the curve crossing phenomenon at higher strain rates due to thermal soft-
ening effect is reproduced in the model. Thus, the goal could be achieved, to include
the essential physicalmechanisms of deformation in high-alloyCrMnNi TRIP/TWIP
steels into a constitutive flow curve model. The underlying microstructural deforma-
tion mechanisms during high-speed loading are also of great importance and will be
discussed more in detail below.

5 σMod = predicted flow stress with temperature correction
σCal = calculated flow stress without temperature correction
TS = melting temperature
T ref = reference temperature at which the material is tested.

6 α = parameter which defines the shear band formation with strain
β = parameter which defines the intersection of shear bands with strain
n = fixed exponent, which is fitted to the experimental data.
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Fig. 12.5 Flowstress prediction of the developed constitutivemodel and experimentally determined
flow stress data of 16-6-6 TRIP steel for three different strain rates [38]

12.2.3 Microstructural Deformation Mechanisms at High
Strain Rates

As mentioned above, the primary deformation mechanism of TRIP/TWIP steels is
the formation of planar defects such as separated Shockley partial dislocations, stack-
ing faults or twins [8, 23, 24]. These mechanisms cause greater strength and strain
hardening in comparison with wavy dislocation glide, which is active in common
steel variants. The great particularity is the strong temperature dependence of these
special deformation mechanisms, which means that the occurrence of glide planarity
and martensite formation depends strongly on the respective environmental condi-
tions during deformation. The investigations of Wolf et al. have shown that the same
deformation mechanisms are active also in the high strain rate regime up to 103 1/s
[25, 41, 42].

Figure 12.6 shows an example of the comparison of the microstructure of steel
16-6-6 after quasi-static compressive loading and dynamic compressive loading.
In both cases, the microstructure of the deformed state up to 60% compression
loading consisted of fine deformation bands and α′-martensite (cf. Fig. 12.6). Thin
deformation bands evolved in the austenitic phase already at low strain values.
With further straining, these deformation bands grew larger, crossed each other and
α′-martensite nuclei were formed at their intersections. After quasi-static deforma-
tion the microstructure contained more and thicker bands, whereas after dynamic
loading the bands appeared to be very thin and they were often oriented in one direc-
tion only. These findings were confirmed also by magnetic balance measurements,
the results of which are already shown in Fig. 12.3b and indicated that an increasing
strain rate caused a decreasing martensite formation due to adiabatic sample heating.

Generally, it is of great interest to use the additional deformation mechanisms,
such as the TRIP- or the TWIP effect, since these lead to an increase in the energy
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Fig. 12.6 Microstructure of steel 16-6-6 after deformation up to 60% compressive strain at strain
rate of a 10−4 1/s and b 102 1/s [25]

absorption capability of a material [25, 46] and thus, for example, to improved occu-
pant protection in the event of impact in the automotive sector. Borisova et al. have
shown that the high energy absorption results from interactions between individ-
ual microstructure defects with complex defect structures in which the formation of
stacking faults can absorb approximately 1/30 of the whole deformation energy only
[47]. Other essential absorption mechanisms include: (1) transition regions between
ε-martensite and twinned austenite, (2) the formation ofα′-martensite in deformation
bands and (3) the formation of Lomer-Cottrell locks, stacking fault tetrahedra, and
dislocation clusters. Nevertheless, the absorption of mechanical energy corresponds
to the product of achievable strength level and the maximum ductility. Martin et al.
showed that the strain hardening in TRIP/TWIP steels results from a continuous
fragmentation of the dislocation mean free path due to deformation bands, stacking
faults or the nucleation of α′-martensite [23]. A comparative consideration demon-
strated that α′-martensite (G/25)7 has a higher work hardening capacity than twins
(G/50) in the austenite. However, the tensile elongation contribution is much more
pronounced when twinning occurs. Huang et al. measured the greatest increase in
ductility as soon as a high degree of glide planarity occurred, that means the occur-
rence of separated dislocations, stacking faults or austenite twins [48]. By contrast,
the increase in tensile elongation due to α′-martensite formation was at best only 1/4
of that due to twinning.

As shown above, both the temperature dependence and the strain-rate dependence
of the mechanical properties are important factors if the use of TRIP/TWIP steels
for dynamically loaded components is considered. When the strain rate is further
increased up to 104 1/s or above, the deformation and stresses are characterized by
the propagation of elastic and plastic waves through the material. The deformation
over the entire specimen cannot longer be considered as equilibrium, because stresses
are transferred between several atomic layers, similar to a pulse with a length of only
a few nanoseconds. Iron and steels have been subject to numerous shockwave studies

7G = shear modulus.
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Fig. 12.7 SEM micrographs of the post-shock microstructure: a deformation band contrasts from
backscattered electrons; b lenses within the bands indicate α′-martensite. The loading direction was
vertical [20]

in the past. Especially the polymorphic phase transformation in iron from α-Fe to
ε-Fe has been investigated extensively [49, 50]. However, in alloys with low stacking
fault energy, e.g., in austenitic stainless steels, shock waves can cause additional
martensitic transformations. Several studies have been carried out on steels corre-
sponding to the composition of AISI 304 (~18% Cr, 8% Ni) under strain rates up to
105 1/s [51, 52]. On this occasion, the results confirmed the presence of the γ → α′
phase transformation up to such high loading rates. The microstructural changes
comprised the formation of shear bands with a high concentration of deformation,
whose intersections could act as nucleation sites for ε- and α′-martensite. Gener-
ally, shock prestraining led to increased microhardness and refined grains, due to
high dislocation density and deformation twinning, which are both responsible for a
strengthening effect [53].

Using the flyer-plate method, it was possible to identify the deformation mecha-
nisms of CrMnNi TRIP/TWIP steels which are active under shock loading. Eckner
et al. showed that an elastic-plastic shock wave produces a microstructure charac-
terized by a high density of deformation bands, stacking faults and deformation-
induced α′-martensite [20]. Figure 12.7 shows micrographs of this microstructural
features, whereby the bands are clearly visible in BSE contrast. The grains had dif-
ferent deformation band densities and orientations, depending on the orientation to
the load axis. Preferentially, their sites of origin were on active {111} slip planes of
the face-centered cubic crystal lattice, due to the highest shear stresses under plastic
deformation.Within the bands and at their intersections, α′-martensite was recogniz-
able as small lenses. In accordancewith results of quasi-static measurements, it could
also be demonstrated that the driving force for the martensite formation increased at
low temperature shock loading [20].

In order to demonstrate the deformation mechanisms, detailed TEM analyses
were subsequently performed on the test samples [54]. It became clear that the
austenite retained a high defect density through the plate impact and exhibited fine
band structures. Intersection points of the deformation bands preferably showed
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Fig. 12.8 Scanning TEM-micrograph of closely spaced deformation bands (a) in three different
orientations (slip systems) within the γ-phase (b). The band intersections acted as nucleation sites
for the formation of bcc α′-martensite (c) [54]

α′-martensite islands. At high magnification of the bands, their structure became
clear as an arrangement of numerous parallel stacking faults or planar defects. In
areas with high stacking fault density, it could be shown that α′-martensite was
formed as assumed at the crossing points of the stacking fault bands. Figure 12.8
shows the STEM image of such a region. The enlargement of a nodal point of broader
deformation bands shows that areas of the body-centered cubic phase have formed
there. Using selected area electron diffraction (SAED), the lattice structure could be
detected. In the area of the intersection point, the image contrasts indicated a very
high defect density in the material. As reported by Martin et al. [23], the formation
of α′-martensite nuclei led to the obstruction of the dislocation movement within
the deformation bands and the accumulation of dislocations at the phase boundaries.
In addition, the volume increase associated with the phase transformation caused a
certain stress field around this area. However, the austenite outside of the bands was
less deformed and parallel stacking faults could be detected here occasionally.

In the present case, the signal of the VISAR system was used to determine the
characteristic strength values in the plate impact tests. A typical free surface velocity
history, acquired during flyer-plate impact testing, is shown in Fig. 12.9a for the
metastable austenitic CrMnNi16-6-6 cast steel. The wave form obtained was rather
typical for elastic-plastic material behavior, and contained information about the
yield point and the fracture strength. Initially, 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
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Fig. 12.9 a Free surface velocity profile of 16-6-6 cast steel impacted by an aluminum flyer plate
at room temperature; b Schematic representation of the deformation mechanisms of metastable
austenitic TRIP/TWIP steel during different loading states under flyer-plate impact [54]

spall fracture. The velocity pullback (�ufs) was used to determine the spall fracture
strength.

Figure 12.9b presents a scheme of the deformation mechanisms of metastable
austenitic TRIP/TWIP steel during shock wave loading, which was developed on the
basis of the above shown experimental results of the microstructure analysis [54].
In stage I, at the very beginning of the shock deformation, elastic deformation and
localizedmicroplasticity occurred, based on the nucleation of stacking faults and thin
deformation bands (planar dislocation glide). Slip occurred on several intersecting
and closely-spaced planes, due to the very thin shock front and the uniaxial strain
during the compression wave. In the following stage II, progressive strain hardening
developed, due to a static and dynamic Hall-Petch effect caused by partial dislo-
cation separation, slip band formation, increasing deformation band density and
the formation of ε-martensite and α′-martensite nucleation sites. After the steady
state (Hugoniot state), in stage III an expanding wave followed the shock wave,
which reduced the materials density. The occurring tensile stresses promoted the
γ → ε → α′–transformation through an increase in formation and intersection prob-
ability of deformation bands with subsequent martensite nucleation and growth.
Internal cavitation occurred, due to stresses generated by the interaction of stress
waves which exceeded the local dynamic tensile strength of the steel. The coales-
cence of the cavities created a fragment (spall) which was finally separated from the
free end of the plate.

Generally, this scheme of deformation mechanisms is also applicable to low or
high temperature; however, there are various peculiarities that need to be considered
here. Under shock conditions below room temperature, the thermodynamic driving
force for the γ → α′–transformation increased strongly. This generally led to an
increase in the strength characteristics of metastable austenitic steels, while at the
same time the deformability was reduced. In addition, when the temperature fell
below theMS temperature (at about 1 °C for the CrMnNi 16-7-6 cast steel [14]), the
α′-martensite also formed athermically, i.e. without the contribution of a mechanical
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Fig. 12.10 Scanning TEM-micrographs of defect structures in CrMnNi16-6-6 steel after flyer-plate
impact at a 100 °C and b 200 °C

deformation. Here, in addition to the deformation band structures already present at
room temperature, coarse laths appeared within the microstructure, which also had a
needle-like internal structuring. This was the cooling martensite or lath martensite,
which is predominant in steels with <0.4% carbon. Similarmartensite blocks can also
be easily formed without further deformation in a simple cooling test. In general, the
structure of the samples deformed at low temperatures was characterized by a very
high density of deformation bands, which were evenly distributed over the entire
inner sample area.

Furthermore, themore detailed analysis of samples tested at 100 °C and higher test
temperatures showed partly fine deformation bands without significant α′-martensite
nuclei at their intersection points. Also signs for wavy glide could be found, which
is typical for face-centered cubic steels at high temperatures or materials with high
stacking fault energies. Figure 12.10 shows exemplifying TEM images from the
generated microstructures after plate impact at high temperatures. From previous
investigations it is known that the deformation mechanisms change with increasing
test temperature for the TRIP/TWIP steel investigated here [8]. Consequently, at
100 °C, the mechanical twinning or TWIP effect was a primary deformation mech-
anism also under shock loading. Moreover, there was a simultaneous occurrence of
stacking fault bands (see Fig. 12.10a) and twins, which was not uncommon, since
the movement of partial dislocations is a prerequisite for the occurrence of the TWIP
effect [55]. Still, ε-martensite was identifiable at a low level after 100 °C shock load-
ing, whereas nuclei of α′-martensite were only very rarely recognizable. The shock
loading at 200 °C caused only a small degree of the occurrence of planar defects in
the microstructure (see Fig. 12.10b). At such a high deformation temperature, it was
to be expected that the deformation proceeds primarily due to dislocation glide. The
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separation width of partial dislocations can only be small, due to the increased stack-
ing fault energy. As a result, only isolated stacking fault contrasts could be found
and twins were also extremely rare in this temperature range.

12.3 Honeycomb-Like Structures Made from TRIP-Steel
and TRIP-Matrix-Composites

The introduction of novel cellularmaterials in crashworthiness-related fields of appli-
cation requires a characterization of structure response and microstructure evolution
in the cellwallmaterial as a functionof different parameters. In the following sections,
the influence of the loading direction and the cell wall composition on the strength,
deformation and damage behavior of honeycomb-like structures will be discussed in
detail. Closer information about the effects of an altered test temperature and strain
rate can be found in [12, 56–58].

12.3.1 Deformation Behavior of Honeycomb-Like Structures

The periodic 2D arrangement of unit cells in the investigated honeycomb-like struc-
tures results in an anisotropic material behavior which makes a distinction into two
load modes necessary. The Out-Of-Plane (OOP) mode indicates the application of
load parallel to the channel axis, defined as the X3-direction in Fig. 12.11, whereas
in In-Plane (IP) mode the load is applied parallel to the X1–X2 plane.

Fig. 12.11 Cross-section of investigated honeycomb-like structures in sintered state
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In order to investigate the differences of OOP and IP deformation behavior, com-
pression tests on samples with an approximate aspect ratio of 1:1 were conducted.
Mechanical machining on the front sides (X1–X2 plane) ensured the desired sam-
ple dimensions and the orthogonal alignment of the cell walls, especially in OOP
mode. The use of servohydraulic universal testing machines with load cells of 250
and 500 kN served for testing at quasi-static strain rates. Subsequent microstructural
investigations on the deformed samples, using light optical microscopy and scanning
electron microscopy in connection with EDX- and EBSD-measurements, supported
the identification of the effective deformation mechanisms in the TRIP-steel matrix
and the Mg-PSZ particles. The quantification of ferromagnetic α′-martensite evolu-
tion was realized by magnetic balance measurements at the beginning of the project
and later continued with a MSAT magnetic saturation device.

Table 12.2 gives an overview on the TRIP-steel batches which were used for
comparing the OOP and IP deformation characteristics and analyzing the effect
of an altered cell wall composition. In addition, the table contains the calculated
chromium and nickel equivalents, the stacking fault energies according to [59] and
the additional constituents of the MgO partially stabilized zirconia.

12.3.1.1 Out-of-Plane Direction

The compressive deformation in OOP direction causes a stretch-dominated defor-
mation mechanism in the honeycomb-like structures. Initially, the cell walls are elas-
tically compressed until the yield strength is exceeded. With increasing compression
a distinct strain hardening takes place characterized by a continuous rise in stress. In
agreement with the observations of Côté et al. [60], the flow curve incline of a cell
wall of the honeycomb-like structures and the respective bulk material are similar up
to certain strains in this deformation stage called pre-buckling region. However, the
offset in the absolute stress value derives from the varying microporosity amounting
up to 15% in the struts of the cellular materials [57]. A higher microporosity results
in reduced strength and deformation values, as discussed by Bocchini et al. [61].

The point of deviation in flow curve incline of cellular material from bulk material
identifies the onset of structure bifurcation and hence the transition from stable to
instable plastic deformation. With the onset of this post-buckling stage, progressive
damage processes in the cell walls lead to a reduced strain-hardening potential. As
a result, a stress maximum is formed. Within the ensuing deformation range, the
buckled and fractured cell walls are compressed by an almost constant force until
contacts between neighboring cell walls are formed. The densification of the entire
structure involves a steep stress increase. Principally, all the investigated honeycomb-
like structures display these characteristic deformation stages. However, the relative
density ρ̄ of the structures has a great influence on the achievable strength level and
the strains at which a transition in deformation behavior occurs [12, 62].
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Fig. 12.12 Stress-strain curves of square-celled structures with 64 cpsi and 196 cpsi made from
steel batch 18-1-9, compressed at quasi-static strain rates and room temperature [62]

An estimation of ρ̄ for the square-celled structures can be made according to
(12.9).8 In addition, the ratio of global structure density ρ* and density of the cell
wall material ρs is also suitable to calculate this structure parameter [62, 63].

ρ̄ = ρ∗

ρs

∼= (1 − pm)

⌊
2

(
t

l

)
−

(
t

l

)2
⌋

≈ 2(1 − pm)
t

l
(12.9)

Both investigated square-celled structures have a comparable average cell wall
thickness of approx. 300 μm (64 cpsi) and 320 μm (196 cpsi) and a residual amount
of porosity in the cell walls due to the manufacturing process. However, the cell
edge length differs considerably from approx. 2400–1500 μm resulting in relative
densities of 0.24 and 0.36 [57]. Differences of these parameters in varying batches
of honeycomb-like structures can be traced to an altered amount of microporosity
and shrinkage. Figure 12.12 visualizes that minor strength is provided by the low-
density structure over the whole deformation range. Besides, structural damages
and the ultimate collapse identified by the peak stress are initiated at lower strains.
In comparison to the 196 cpsi structure, a distinct stress plateau is developed in
the cellular material with 64 cpsi prior to densification which takes place at higher
strains. These tendencies conform with findings of other research groups [60, 63]
reporting an increase of peak stress and a reduced densification strain with increasing

8 ρ̄ = relative density
ρ* = global structure density
ρs = density of the cell wall material
t = cell wall thickness
l = cell edge length
pm = cell wall microporosity.
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Fig. 12.13 Side view of buckling and failure patterns within the core of down-scaled samples
made from steel batch 18-1-9 at different deformation stages and top view of 70% strained state:
a 196 cpsi and b 64 cpsi structure [57]

relative density. However, the formation of a pre-buckling stage seems to be more
common for steel matrix structures than for structures composed of aluminum [64].
Object of investigation is further the number of cells required to describe the stress-
strain behavior properly. In order to assess this aspect, segments with 4 × 4 and 2
× 2 cells and an equal aspect ratio are cut out of the 196 cpsi and 64 cpsi structure,
respectively. Quasi-static compression tests on the down-scaled samples demonstrate
that no significant difference is recorded in the linear-elastic and pre-buckling stage.
The absence of the stiffened outer skin causes only a slight shift of peak stress to
lower strains, cf. [12, 57].

Interrupted compression tests serve to record the different macroscopic deforma-
tion mechanisms of the two structures. In the 196 cpsi sample, stable plastic defor-
mation is accompanied by axial crushing and global buckling of cell walls within
the X1–X3 and X2–X3 plane (cf. Fig. 12.13a). The radius of curvature increases
with increasing compressive strain, until plastic kinks are built involving the onset
of instable deformation. However, centered cell walls are restricted to deform freely
due to the constraining effect of the outer elements. Hence, shear failure and fracture
is promoted. In contrast to this global plastic “Euler-type” buckling, the low-density
structures deform by local and torsional buckling which leads to folding collapse (cf.
Fig. 12.13b) [57].

Sometimes the structures exhibit manufacturing related defects like cracks and
inhomogeneities in the undeformed state which can be visualized by computer-
tomographic investigations [65]. In order to generate a better comparability of batches
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with a varying amount of imperfections the recorded stress is normalized to the
relative density of the particular structure in the following sections.

12.3.1.2 In-Plane Direction

At the beginning of deformation, the stress-strain behavior in IP direction is deter-
mined by the elastic compression of cell walls similar toOOPmode.However, in case
of the square-celled structures, the passing of compressive yield strength is closely
linked to the compressive peak strength indicating that no stable plastic deformation
within a pre-buckling stage takes place (Fig. 12.14). The subsequent steep stress
decrease initiates the plateau stage which is characterized by an almost constant
stress signal with only small oscillations and limited by structure densification [62].
By comparing the stress-strain response with the one in OOPmode, it is obvious that
less mechanical work is required for IP deformation. An explanation is given by the
macroscopic failure mechanism.

Ideally, the sintered honeycomb-like structures with square cells possess exactly
aligned cell walls as predetermined by the employed die of the extrusion process.
Therefore, the struts oriented parallel to the applied force, will be loaded with pri-
marily axial stresses. As a result of the sintering process, cavities in the green bodies
are more and more eliminated leading to a shrinkage of 10–15% [67]. Despite the
occurrence of an almost homogenous shrinkage, small deflections of the cell walls
cannot be excluded. These structural imperfections in addition to residual pores and
cracks have a wider impact on IP deformation, because they are initiation points of
instable plastic deformation. The onset is concentrated in the cell rowwith the highest
deviation of structural integrity. Therefore, bending moments are initiated leading
to cell wall rotation processes around adjacent cell nodes. In addition, the lattice
design of the square-celled structure provides no sufficient transverse rigidity so that
asymmetric shearing takes place with increasing strain, cf. Fig. 12.15. In contrast to

Fig. 12.14 Quasi-static
stress-strain curves of
Kagome (deformation in
X1-direction), Kagome 90°
(deformation in
X2-direction) and
square-celled structures
recorded in IP mode
according to [66]
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Fig. 12.15 Deformation patterns of Kagome (deformation in X1-direction), Kagome 90° (defor-
mation in X2-direction) and square-celled structures at engineering strains of 25% for IP mode and
quasi-static strain rates according to [66]

OOP mode, where all three spatial directions are affected, IP plastic deformation is
limited in the X1–X2 plane due to the 2D assembling of cells [62, 66].

In order to improve the IP properties of the honeycomb-like structures, altered
cell designs are investigated by simulation on the basis of Finite Element Method
(FEM) analysis [68]. Computation is conducted by the use of an isotropic, strain rate
dependent and isothermal material model, based on true stress-strain curves of steel
18-1-9 and an explicit solver in ABAQUS. Ninemain profiles serve as input files. For
five of these profiles, a 90°-rotation is necessary to describe the whole mechanical
behavior in IP mode due to the axial anisotropy of the lattice. The mass-specific
(m) energy absorption capability as a characteristic value and integral information
of the force (F)-displacement (s) curve is chosen to compare the performance of the
investigated structures. It can be calculated as follows:

SEAm = ∫si
0 F(s)ds

m
(12.10)

As a result of the FEM analysis, the Kagome lattice, which consists of an ordered
sequence of hexagons and triangles, provides superior properties compared to the
square-celled structure. In OOP direction the relative increase of specific energy
absorption capability ismoderate whereas in IPmode the increment for bothKagome
orientations is immense. The comparative experimental investigations of theKagome
and the square-celled lattice, both manufactured out of steel batch 17-7-6, serve to
verify the results of the FEM analysis [66, 68]. In OOP mode the increase of static
energy absorption capability of the Kagome configuration is no more than 2 kJ/kg
at 40% engineering strain and hence less than 5% of the absolute value. However,
in IP direction the static absorption capability of the Kagome structure loaded in
X2-direction (denoted as Kagome 90°) is more than twice as much as that of the
square-celled structure and in X1-loading (denoted as Kagome) a raise of approx.
70% is measureable. By considering the progression of the stress-strain curve in
Fig. 12.14, a continuous raise of stress takes place after passing the transition point
from elastic to plastic deformation for both Kagome alignments in contrast to the
square-celled structure. Furthermore, the average stress level in the plateau stage is
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higher than compared to the square-celled structure. Fundamental reason for the IP
improvement is the change of deformation mechanism. As discussed in literature
[69, 70], stretching-dominated cellular materials provide a higher stiffness and a
greater strength as compared to bending-dominated structures. The latter mechanism
is predominant in the square-celled structure due to the mentioned manufacturing-
caused imperfections.

The deformation patterns are also in good agreement with the simulation. For both
Kagome orientations, plastic deformation is symmetric with respect to the direction
of loading, cf. Fig. 12.15. For X1–loading, the deformation pattern is characterized
by buckling of angled lattice struts and cell wall rotation processes around adjacent
cell nodes with increasing strain. A mainly triangle-shaped deformation pattern,
which is formed by buckling of the vertical cell walls, defines the deformation in
X2-orientation. At high strain levels a combination with upper deformation bands
takes place.

12.3.2 Selection of Cell Wall Materials

Apart from the loading direction and the lattice design, the mechanical properties of
honeycomb-like structures are significantly influenced by the characteristics of the
cell wall material. In the following, the effect of nickel content in the steel matrix and
the volume fraction of Mg-PSZ particles have been analyzed to demonstrate how the
OOP deformation behavior of the 196 cpsi honeycomb-like structure can change.

12.3.2.1 Influence of Nickel Content

Metastable austenitic steels can respond to plastic deformation with different defor-
mation mechanisms. The transformation from γ austenite into ε- or α′-martensite,
calledTRIP-effect, represents one possibility in addition to dislocation glide.Another
alternative is the occurrence of mechanical twinning, called TWIP-effect. Decisive
for the occurringmechanismare several parameters like chemical composition, stack-
ing fault energy (SFE), temperature, stress state and strain rate, which can interact
with each other [8, 25, 71–74].

Principally, a spontaneous transformation of austenite into martensite is possible
if the difference in Gibbs free energy of both phases exceeds a certain threshold
value below the martensite start temperature Ms. However, in plastically deformed
TRIP-steels an amount of mechanical work can be added to the chemical driving
force causing the start of martensite nucleation to shift to temperatures above Ms.
The upper limit for deformation induced martensite formation is determined by the
Md temperature. At this temperature, the applied load is still sufficient to generate
the critical shear stress in order to form 1 vol% of α′-martensite [7, 75].

Whether the selected steel is able to show the TRIP-effect and how great the
extent will be, strongly depends on the austenite stability which is affected by the
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chemical composition. Alloying elements like carbon, nitrogen, nickel and man-
ganese promote the stability. The weighting of their influence is contained in the
equation of the nickel-equivalent, cf. (12.11) in wt% [13]. In connection with the
chromium equivalent, a classification within the Schaeffler-diagram is possible and
hence the estimation of microstructure constitution for a given chemical composition
at room temperature in the undeformed state. The closer the alloys are situated at the
separation line of the single phase austenite and the two-phase austenite/martensite
region in this diagram, the greater the tendency for a deformation induced phase
transformation. The nickel-equivalent can also be employed for the estimation of
Ms as Jahn et al. [76] demonstrated on the basis of dilatometer measurements on
CrMnNi steels with varying chemical composition. According to this, Ms shows a
parabolic increase with decreasing Nieq, which is closely associated with a reduction
of austenite stability.

Nieq = % Ni + 30% C + 18% N + 0.5% Mn + 0.3% Co + 0.2% Cu − 0.2% Al (12.11)

Another parameter with great impact on the occurring deformation mechanism
is the SFE which is a function of chemical composition and temperature [8, 59].
Austenitic steels with a low SFE possess Shockley partial dislocations with a great
split-up implying that recombination of partial dislocations is not favored. For this
reason, plastic deformation is dominated by planar glide and localized in deformation
bands. With increasing strain, the amount of stacking faults on every second {111}
plane increases and hcp ε-martensite therefore can be measured [77]. Furthermore,
more and more nucleation sites for the α′-martensite transformation are built by the
intersection of these deformation bands in addition to an increasing stress level which
finally exceeds the triggering stress [75]. Austenitic steels with high SFE require a
high stress to separate partial dislocations and form large stacking faults. Besides,
the energy barrier for the ε-martensite formation increases and thus the formation
of an hcp structure becomes unfavorable from the thermodynamic point of view
[78]. As a consequence, stacking faults are generated on every successive {111}
plane leading to the formation of mechanical twins (TWIP-effect) [79]. Regarding
the nature of glide in steels with high SFE, lower stresses have to be applied to cause
a recombination of partial dislocations. Therefore, cross-slip is possible resulting in
a lower strain hardening potential. At a certain amount of SFE, plastic deformation
proceeds by pure dislocation glide since the stress level required for the separation
of partial dislocation exceeds the fracture strength of the steel.

Martin et al. [8, 73] conducted microstructural investigations on CrMnNi samples
deformedat different temperatures. Since the variation in temperature is accompanied
with a change in SFE energy, they extrapolated the SFE under the assumption that
the SFE increases by 0.075 mJK−1 m−2. Therefore, SFE ranges with characteristic
deformationmechanisms could be proposed.Above 40mJm−2 pure dislocation glide
is prevalent whereas between 20 and 40 mJ m−2 pronounced deformation twinning
occurs. For energies below 20mJm−2, a continuous transition to ε- andα′-martensite
formation takes place which is always supported by dislocation glide.
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In Fig. 12.16 the effect of varying deformationmechanismswithin the steel matrix
is displayed for the square-celled 196 cpsi honeycomb-like structures. Mayor dif-
ference of the investigated samples is the nickel content which influences the nickel
equivalent and the stacking fault energy, as Table 12.2 reveals.

The graph shows that the compressive yield strength increases by
decreasing the nickel content. Furthermore, plastic deformation in the
pre-buckling stage generates the highest flow stress and the greatest strain-hardening
in the honeycomb-like structure containing 3 wt% nickel, followed by the 7 wt%
nickel sample. However, considering the onset of structure bifurcation and the start
of softening due to immense structural damages at the peak stress, a decreasing
triggering strain with decreasing nickel content becomes obvious. Nevertheless, the
stress level of 3 and 7 wt% nickel containing samples is still higher in comparison
to the sample with 10 wt% nickel. Consequently, the area enclosed by the stress-
strain curve, which correlates with the energy absorption potential of the structures,
decreases with increasing nickel content. Interrupted compression tests in combina-
tion with MSAT-measurements served to monitor the evolution of α′-martensite in

Fig. 12.16 Stress-strain
behavior and α′-martensite
evolution of CrMnNi
square-celled
honeycomb-like structures
with varying nickel contents
deformed in OOP mode, data
used from [46]
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Fig. 12.17 Comparative overview of mass specific energy absorption of TRIP-steel matrix honey-
combs and other structures according to [12], additional results of samplesmade from17-7-3, 16-7-7
and 17-8-10 steel batches have been added (each single white dot refers to one single measurement
result)

the structures, cf. Fig. 12.16.As expected, the highest amount of deformation induced
α′-martensite is found in the 3 wt% nickel sample possessing the lowest Nieq and
the lowest SFE. At 20% engineering strain the saturation content of α′-martensite is
already reached. Due to the small amount of interstitial alloying elements, the lattice
distortion and hence the strength of the α′-martensite islands is comparatively low.
Nevertheless, α′-martensite is an effective obstacle regarding dislocation movement
which contributes to a distinct strengthening effect [24]. The high driving force for
the TRIP-effect in the 3 wt% nickel structure results, however, in the restriction of
deformation capacity. Similar observations are made in the related bulk material, cf.
uniform/fracture elongation [72].

In the 7 wt% nickel containing sample, the TRIP-effect is less dominant as indi-
cated by the lower absolute ferromagnetic phase fraction. Besides, it becomes obvi-
ous that a higher amount of plastic strain is necessary to achieve the saturation con-
tent of α′-martensite in these samples. Microstructural investigations visualize that
α′-martensite has an oval lense-shaped appearance and forms within deformation
bands. Increasing the nickel content up to 10 wt% shifts the deformation mechanism
to ε-martensite formation andmechanical twinning (TWIP-effect). Therefore, no sig-
nificant ferromagnetic content is measureable even at 50% engineering strain. The
microstructure images prove that an increased amount of stacking fault arrangements
is contained in the samples but no α′-martensite is recognizable [46].

In order to classify the obtained results, the energy absorption performance of
the honeycomb-like samples (196/64 cpsi) at 50% engineering strain is compared
to several other structures, cf. Figure 12.17. All considered data refer to quasi-static
compressive loading and to OOP mode in case of honeycomb(-like) structures and
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tubes. The TRIP-steel matrix honeycombs belong to the cellular materials with high
global density, but they still provide a great mass specific energy absorption capa-
bility. The TRIP-steel matrix honeycombs based on the initial 18-1-9 steel batch
already exhibit a maximum absorption capability of 54 kJ/kg, as presented in [12].
With introduction of the 16-7-7 and 17-7-3 steel generation, the energy consump-
tion can be further increased up to 74 kJ/kg, due to the higher driving force for
the deformation induced martensitic phase transformation leading to an enhanced
strength level. However, the honeycombs made from steels with a lower austenite
stability are more prone to structural softening as a result of quasi-adiabatic sample
heating even at strain rates of 102 1/s. Curve crossing phenomena of statically and
dynamically deformed samples are shifted to lower strains which is also valid for the
bulk material [33, 46]. Therefore, it has to be considered that the dynamic energy
absorption capability can adapt or can fall even below the quasi-static one at elevated
strains [25].

12.3.2.2 Effect of Particle Reinforcement

The addition of MgO partially stabilized zirconia particles in the TRIP-/TWIP-steels
is intended to increase the strength of the composite which bases on several mecha-
nisms. On the one hand, external applied loads are supposed to be transmitted from
the matrix through the interface to the stronger ceramic. Additionally, the differ-
ent ductility of the components and the misfit due to the varying crystal structures
contribute to an increase in strength. On the other hand, an indirect strengthening
mechanism results from the different coefficients of thermal expansion. During cool-
ing from processing temperature, the steel contracts stronger in comparison to the
ceramic so that dislocations are generated at the interfaces and the material is sub-
jected to strain hardening. In principle, the effectiveness of the mechanisms depends
on the volume content, the shape and the orientation with respect to the load direction
of the reinforcing phase [80].

Apart from the described mechanisms, which are the basis for all metal matrix
composites (MMC) with superior strength properties, the Mg-PSZ particles are sup-
posed to contribute to further strengthening by amartensitic phase transformation. At
initial state the particles exhibit a cubic/tetragonal microstructure which transforms
into monoclinic state by mechanical loading in connection with exceedance of the
triggering stress. The transformation is accompanied by a volume expansion gener-
ating an additional amount of compressive strain in the surrounding matrix. Hence,
more mechanical work is available for the TRIP-effect in grains with a favorable ori-
entation. Martin et al. [81] proved the occurrence of this interaction and its positive
effect on the mechanical properties by comparing MMCs reinforced with 5 vol%
Al2O3 and Mg-PSZ, respectively. The greatest flow stress in the whole deformation
range was provided by the Mg-PSZ sample although the content of α′-martensite
was lower as compared to the non-reinforced sample. This fact was explained by
the limited deformability in the ceramic which restricts plastic flow in the TRIP-
matrix. However, an increase in monoclinic phase fraction with increasing strain
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Fig. 12.18 Quasi-static stress-strain response of 196 cpsi honeycomb-like structures composed of
18-1-9 steel batch with 0 to 10 vol% Mg-PSZ particles, data used from [67]

was detected and more α′-martensite was measured in the Mg-PSZ sample than in
the one containing Al2O3.

In order to exploit the whole potential of these mechanisms, the amount of mon-
oclinic phase has to be reduced at initial state. For bulk material, synthesized by
Spark Plasma Sintering, this precondition can be ensured as the results of Krüger
et al. [10] demonstrated. However, the honeycomb-like structures are manufactured
by conventional sintering which requires high temperatures and long dwell times to
receive dense products. The manufacturing parameters permit diffusion processes
both in direction of the steel and the other way around, as Berek et al. [82] reported.
As a consequence, magnesium reacts to silicates and spinels with alloying elements
of the steel and is no longer stabilizing the ceramic in the cubic/tetragonal phase.
However, Weigelt et al. [83] observed that exposing pureMg-PSZ to temperatures of
1300 °C, which is close to the tetragonal → monoclinic phase transformation tem-
perature, resulted also in a significant decrease of stabilized cubic/tetragonal phase
even without a steel interaction. At initial state 90% of the Mg-PSZ microstruc-
ture was of cubic/tetragonal phase whereas only 30% remained after firing at
1300 °C for 3 h. Elevating the sintering temperatures to 1400 °C was favorable for a
greater cubic/tetragonal phase content, but is close to the melting temperature of the
steel. Consequently, the strengthening effect of the martensitic phase transformation
within the Mg-PSZ is comparatively low in conventionally sintered honeycomb-like
structures [84].

The effect of different Mg-PSZ volume contents, varying between 2.5 and
10 vol%, on the OOP deformation behavior of square-celled 196 cpsi honeycomb-
like structures is depicted in Fig. 12.18. In accordance with the mechanical response
of the related bulk material, the compressive yield strength of the honeycomb-like
structures increases with increasing amounts of Mg-PSZ [57]. The enhancement of
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Fig. 12.19 Damage processes of TRIP-Matrix-Composites according to [62] at ε = 20% a interface
debonding, b crack bifurcation at particles and pores, c failure of Mg-PSZ agglomerate as well as
matrix cracks and d weakened cell wall cross-section at ε = 35%; Z denotes vol% Mg-PSZ

plastic compression stress and work hardening rate continue up to certain deforma-
tion stages in the pre-buckling stage due to a constrained plastic flow in the matrix
arising by the presence of the rigid ceramic particles. In addition, the polygonal shape
of the Mg-PSZ leads to stress concentrations at the interfaces between matrix and
particle, possessing a perpendicular orientation to the loading direction. Depending
on the crystal orientation of the surrounding austenitic grains, more dislocations can
form, further glide systems can be activated and an increased ε- and α′-martensite
formation is possible [81]. It is obvious that the more particles are contained the
greater the impact of these mechanisms on the resulting strength.

However, the increasing inhomogeneous stress distributions can finally exceed
the steel/ceramic interfacial strength and the fracture strength of the steel matrix,
respectively. Debonding processes and crack initiation are the result, visualized by
Fig. 12.19a. Additionally, the fracture of brittle ceramic particles, cracking of Mg-
PSZ agglomerates and crack bifurcation contribute to material softening processes,
cf. Figure 12.19b, c. Hence, with increasingMg-PSZ content a lower crush resistance
(maximum strength) is provided and failure shifts to lower strains, cf. Figure 12.18.
The steeper stress decrease of the composite structures within the post-buckling stage
arises by the formation of micro crack networks which can combine to macro cracks.
Especially areas with high particle density and great strain localizations are prone to
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cracking which is accompanied with particle rearrangement processes. As a result,
Mg-PSZ particles are lined up in unattached cluster chains leading to a weakening
of the cell wall cross section, cf. Figure 12.19d.

The sum of damage processes is adverse for the α′-martensite evolution as the
measurements of ferromagnetic phase content reveal. At low engineering strains
(up to approx. 10%), partially higher α′-martensite contents can be identified in
the central deformation areas of the composite honeycomb-like structures whereas
at 50% engineering strain the highest α′-martensite content within the same area
is found in the non-reinforced sample [62, 67]. Nevertheless, the reinforcement of
TRIP-steel with Mg-PSZ particles can contribute to an increased energy absorption
capability up to 50% engineering strain as the comparison of the non-reinforced and
the 5 vol% Mg-PSZ containing sample in Fig. 12.18 shows.

Thus, the main finding—likewise on basis of other employed steel batches—
is the increase of energy absorption capability by reinforcing the steel with Mg-
PSZ particles being most effective for low strains where material damages are not
pronounced [46].

12.4 Conclusions

The material behavior of metastable TRIP-steels was investigated in the form of
bulk material and honeycomb-like structures. Strain-rate and temperature dependent
compression testswith subsequentmicrostructural investigations on the bulk samples
led to the following findings:

• In dependence of the deformation temperature different deformation mechanisms
are dominating: below 100 °C the deformation-induced formation of ε- and α′-
martensite, between 100 and 250 °C mechanical twinning and above 250 °C
dislocation glide.

• Anownmodelwaspresented todescribe thematerial behavior under consideration
of the strain rate sensitivity of austenite and martensite, adiabatic heating and
strain hardening of the austenite. The model, which is based in a modified rule of
mixture, provides excellent results.

• The dominant deformation mechanisms of the 16-6-6 CrMnNi steel in the strain
rate range of 10−3 up to ~5 × 104 1/s were the accumulation of stacking faults
in lamellar deformation bands and the strain-induced formation of ε- and α′-
martensite. Low temperatures raised the driving force for α′-martensite formation
also in shock loading. The particularly high strain rates during flyer-plate impact
induced α′-martensite formation even at very low strains. However, the γ → ε

transformation still occurred as an intermediate step.

Compression tests on honeycomb-like structures in dependence of loading direc-
tion, nickel content in the steel and volume content of Mg-PSZ can be summarized
as follows:
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• In OOP mode the cell walls were exposed to a stretch-dominated deformation
mechanism and the occurrence of a plastic pre-buckling stage was identified.
The strength level and strain hardening potential, respectively, in this stage were
controlled by the relative density of the structure, the deformation mechanisms in
the steel and the steel/Mg-PSZ particle interactions.

• IP compression resulted in a lower strength and thus in a reduced energy absorption
capability in comparison to OOP loading. However, altering the cell shape from
square-celled to Kagome configuration contributed considerably to an enhanced
IP performance.

• Decreasing the austenite stability and the stacking fault energy led to an increase
of flow stress and strain hardening rate. Even though the failure strain at the
peak stress decreased with decreasing nickel content, the low nickel containing
samples exhibited the highest TRIP-effect, and thereby possessed the greatest
energy absorption capability.

• The reinforcement withMg-PSZ particles contributed to an increase of flow stress
and energy absorption capability. Damage processes like interfacial debonding,
particle cracking and crack bifurcation caused a shift of structural collapse to
lower stresses and strains.
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