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Abstract

The mechanical response of an advanced high strength and corrosion resistant 10 % Cr nanocomposite steel
(ASTM A1035CS Grade 120) is measured under uniaxial tension and compression at the strain rates of 10* s7,
102s?, 10° s, 700 s, and 3000 s. The experiments are performed at 22 °C as well as 80 °C to investigate the
material behavior at the expected temperature rise due to adiabatic deformation at 15 % strain. Additionally,
different compression-shear hat-shaped specimens are tested at quasi-static and dynamic strain rates to investigate
the localization behavior of this material. The material exhibits small strain rate sensitivity (SRS) during quasi-static
loading, but a pronounced SRS between quasi-static and dynamic strain rates. Tension-compression asymmetry is
also observed at both temperatures. Experiments at 80 °C reveal a decrease in flow stress in both tension and
compression indicating the material is sensitive to thermal softening due to adiabatic heating. Load-Unload-Reload
(LUR) and strain rate jump experiments are performed to investigate the reasoning behind the approximate rate
insensitivity of ASTM A1035CS steel during quasi-static strain rates. A new constitutive model is also developed
using a novel rate dependent material model with a modified Hockett-Sherby (MHS) hardening model and
incorporating Lode angle dependence to capture the tension-compression asymmetry. The model is also used to
predict the LUR and strain rate jump experiments. Finally, reasoning behind the unique rate dependent
thermo-mechanical behavior of ASTM A1035CS steel is discussed in regards to adiabatic heating, strain-partitioning,

and phase transformation.
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1. Introduction:

Steel is the material of choice for reinforced concrete because of its combination of strength, ductility,
toughness, and cost. Steel improves the tensile strength of concrete and its failure properties under dynamic loads
encountered in natural disasters or during impact. Corrosion resistance is highly desirable for rebar to limit the
mechanical degradation and “oxide jacking” over time [1]. Often, stainless steel and epoxy coated steels are
substitutes for plain carbon rebar steel to reduce the impact of corrosion on infrastructure. However, these
materials usually sacrifice strength and are more expensive, and coated steels require special handling to avoid
damaging the protective layer. ASTM A1035CS Grade 120 [2] rebar steel has been recently developed to fill in the
gap to provide high strength, ductility, corrosion resistance, and potentially lower cost than conventional lower
grade rebar steel during its lifespan [3]. The composition contains low carbon and up to 10 % Cr and are
thermo-mechanically processed to produce a martensitic steel with nano-sheets of austenite between the lath
martensite structure [4—7]. This microstructure provides high strength, and yet, still retains good toughness. These
properties help relieve compacted areas of rebar typically produced by lower strength rebar steel (referred to as
“rebar congestion”) [3]. In addition, corrosion from microgalvanic cell formation is reduced compared to
conventional steel by reducing the amount of carbides in the microstructure, especially at the lath and grain
boundaries [1,5]. However, the mechanical behavior at quasi-static and dynamic strain rates must be well
investigated to use this material in many structural applications, and to this date, experimental data in literature is
limited [8-12].

Steel rebar is often subjected to quasi-static and dynamic strain rates during manufacturing and in normal
operating conditions. However, dynamic loading of these structures is often accidental, such as impact loading from
collision or from natural disasters. At these high loading rates, plastic deformation causes the temperature to
increase because the heat generated by plastic work does not have time to dissipate into the surroundings, a
process known as adiabatic heating [13,14]. Experiments at quasi-static strain rates of 10° s and lower are usually
assumed to be isothermal because the heat generated has enough time to dissipate. However, some materials such

as stainless steel [15-17], steel [18-20], and titanium [21] have been shown to exhibit bulk temperature increase



above the strain rate of 10 s due to the high strength and/or high work hardening, as well as low thermal
diffusivity of these materials. As such, it is imperative to understand not only the effects of strain rate on the
strength of ASTM A1035CS steel, but also the effects of temperature up to the levels expected during dynamic
testing.

Failure within the rebar of dynamically-loaded concrete is expected to occur via shear localization, therefore, it
is important to characterize the shear localization properties of ASTM A1035CS steel over a range of strain rates.
Hat-shaped specimens are convenient to understand shear localization behavior of materials by generating a
simultaneous compressive-shear loading [13,14,22,23]. The hat-shaped specimen highly constrains the
deformation to a specific shear zone, which leads to strain localization and an adiabatic shear band under dynamic
loading. However, the limitation of hat-shaped specimens is that the stress and strain states cannot be calculated
based on the force and displacement. Detailed simulations are needed to predict the stress and strain state within
the compression-shear zone.

To this date, experimental data on ASTM A1035CS Grade 120 steel at different strain rates in tension,
compression, and compression-shear is limited. Therefore, the aim of this work is to provide a comprehensive
experimental data set on ASTM A1035CS Grade 120 steel under different stress states at quasi-static and dynamic
strain rates. The tension and compression experiments were performed at 22 °C and 80 °C. The higher temperature
was chosen because it is expected to represent an upper limit of the temperature rise due to adiabatic deformation
at 15 % plastic strain. Finally, a constitutive model is developed using a novel rate dependent term, a modified
Hockett-Sherby (MHS) model [24] to capture the high hardening response at low strains, and a tension-compression

asymmetry term to model the material response of ASTM A1035CS Grade 120 steel.

2. Experimental procedures

ChromX 9120, a steel made in accordance with ASTM A1035CS Grade 120 [2] (referred to as “A1035CS steel”
hereafter), was supplied in the machined condition by “Commercial Metals Company (CMC)” in Irving, TX USA from
#18 rebar (57 mm nominal diameter). The manufacturer-determined chemical composition (in mass fraction) of the

material is C 0.08 %, Cr9.93 %, Mn 0.57 %, Si 0.17 %, S 0.008 %, P 0.008 %, Cu 0.16 %, Ni 0.1 %, Al 0.001 %, V 0.024 %,
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and N 0.0226 %. The microstructure of the A1035CS steel consists of untransformed nano-sheets of austenite
sandwiched between lath martensite within the prior austenite grain boundaries [4,5,25] as shown in Fig. 1.
A1035CS steel was tested at quasi-static and dynamic strain rates in tension, compression, and compression-shear
(hat-shaped specimens). Furthermore, load-unload-reload (LUR) and strain rate jump experiments were performed
to investigate the role of adiabatic heating and strain-partitioning on the rate sensitivity of A1035CS steel. The

details of the experimental procedures are presented in the following subsections.

Fig. 1: a) Bright field TEM image and b) dark field TEM image of the A1035CS steel microstructure from [4,5,25].

Black arrows in b) indicate the nano-sheets of austenite sandwiched between lath martensite.

2.1. Quasi-static tension and compression experiments

A1035CS steel samples were tested in compression and tension at quasi-static strain rates using an MTS-809
axial/torsion servo-hydraulic system at the nominal strain rates of 10* s, 102 s and 10° s™. Dog-bone-shaped
cylindrical tension specimens were machined along the axial direction of the rebar steel. These specimens were
machined with a 50.8 mm gage length and a 12.7 mm gage diameter in accordance with ASTM E8 Standard [26] as
shown in Fig. 2. Quasi-static compression specimens were machined with a length-to-diameter ratio of 1.5 with a
19.0 mm gage length and a 12.7 mm diameter. Kyowa high elongation strain gages with a 2 mm gage length
(Type: KFEL-2-120-C1) were used for the strain measurements for the room temperature experiments. It is
important to note, inhomogeneous deformation, such as lider bands, can cause a non-representative strain
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measurement for the gage length of the specimens using a 2 mm strain gage. However, the repeatability of the
experiments indicates that the gage section was deforming uniformly. Non-uniform deformation would also cause
nonlinear/serrated strain versus time, which was not observe. Therefore, the strain from the 2 mm strain gage is
representative of the strain in the gage section during uniform deformation. For higher temperature experiments
where the strain gages could not be used, the stroke data was corrected using a “blank experiment” (i.e., without
a specimen), which provides the compliance of the machine and anvils. M-K Impex Canada (mk-ws2-ht) high
temperature grease was used to reduce friction and maintain uniform stress state for the 22 °C and 80 °C
experiments. 80 °C was chosen because it is an estimated upper limit of the temperature rise due to adiabatic
deformation at 15 % strain. All 80 °C experiments were performed using a custom convection furnace similar to [27]
and controlled using a thermocouple bonded directly on the sample cylindrical surface in the test section. Constant
temperature was maintained for 15 min within £ 1 °C using a K-Type thermocouple prior to performing each high
temperature experiment. Experiments at all quasi-static strain rates and temperature were repeated for
reproducibility. See Table 2 and Table 3 for the number of experiments and variation in the standard deviation. All

guasi-static curves are an average of two experiments.
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Fig. 2: a) Quasi-static tension specimen geometry (dimensions are in millimeters) b) images of the room temperature
and high temperature quasi-static tension specimens, and c) images of the quasi-static and dynamic compression

specimens.



2.2. Load-unload-reload (LUR) and strain-rate jump experiments

Load-unload-reload (LUR) experiments were performed to investigate the reasoning behind the approximate
strain rate insensitivity of A1035CS steel for the quasi-static strain rate experiments. As mentioned in the
introduction, one of the mechanisms is deformation induced heating at quasi static strain rates. Other mechanisms
are strain partitioning between the different phases and activation of different deformation mechanisms, which
will be discussed in detail in the Section 5.

The LUR experiments were loaded in multiple steps. First, the sample was loaded between 4 % and 5 % strain in
compression (1 % to 2 % in tension), unloaded, and then left to cool to room temperature. After the cool down
period, it was reloaded again to approximately the same strain increment, followed by the unloading and cool down
steps. The stress-strain curves obtained for each loading cycle were compared to the monotonic experiments. The
LUR experiments were also compared to the model predictions (see Section 4 and 5) to isolate the mechanisms
behind the approximate strain rate insensitivity of A1035CS steel for the quasi-static strain rate experiments, as
well as strain rate sensitivity of the LUR experiments. Unfortunately, measurement of the temperature increase as
a function of plastic strain at quasi-static and dynamic strain rates was not possible due to the bandwidth of the
thermocouple measuring device used in this study. Non-contact temperature measurement methods, such as an
infrared pyrometer or thermal camera, would be required to measure the temperature increase as a function of
strain. This was outside the scope of the current work.

In addition to LUR experiments, a strain rate jump experiment was used as an additional verification of the effect
of thermal softening due to an increase in strain rate. The strain rate jump experiment was initially loaded at 10* s*
to a certain plastic strain and then instantaneously changed to 10° s for a certain amount of strain. If strain rate
sensitivity is present, a change in stress level will be observed when the strain rate is increased. As stated above,
the strain rate 10 s! is considered isothermal, and therefore, the increase in strength should be from the rate

sensitivity of A1035CS steel in the absence of any temperature rise.



2.3. Dynamic compression experiments

The split-Hopkinson pressure bar technique (SHPB), also referred to as the Kolsky bar technique, was used to
perform the dynamic compression experiments. Dynamic compression specimens were prepared with a 2.45 mm
gage length and a 5.0 mm diameter for the nominal strain rate of 3000 s, and a 3.8 mm gage length and a 7.6 mm
diameter for the nominal strain rate of 700 s™.

The compression SHPB was made of 12.7 mm diameter Vascomax C-350. A pulse shaper is placed in between
the striker bar and the incident bar is used to smooth the compressive pulse generated by the striker bar impact.
Two diametrically opposing strain gages were mounted on the pressure bars, which were used to cancel any
bending effects. The gages were positioned such that the incident, reflected and transmitted waves were recorded
without any interference among the waves. The nominal stress and strain in the specimen up to any time duration
was calculated using the one-wave solution as described in [28]. The dynamic compression data was corrected using
an elastic “punch” correction from Safa and Gary [29]. The true stress and true strain are calculated using standard
equations [30].

The dynamic compression specimens were sandwiched between the incident and transmitted bars and the
interfaces of the bars lubricated with a layer of M-K Impex Canada (mk-ws2-ht) high temperature grease to reduce
friction and maintain a uniform stress state during the experiments. High temperature dynamic compression
experiments were performed using a small convection furnace to heat the sample and a thermocouple cemented
directly on the sample surface for the temperature control. The area adjacent to the heated area of the bars were

cooled to prevent any temperature effects on the waves.

2.4. Hat-shaped experiments

In addition to the uniaxial tension and compression experiments, compression-shear experiments using
hat-shaped specimens were performed as shown in Fig. 3. The hat-shaped specimen was specifically chosen to
induce shear localization. Three different hat-shaped specimen geometries were used to investigate the influence
of the shear zone shape on the macroscopic behavior. The 3 different specimen geometries named G1, G2, and G3

are given in Table 1. The fillet radius in all samples was 0.1 mm.



The hat-shaped specimens were loaded at a quasi-static rate and at a dynamic rate. The quasi-static tests were
tested at 5x10™ m/s, and the dynamic tests were tested with a projectile velocity of 5 m/s. For the dynamic tests
performed in the SHPB, the total displacement between the top and bottom surface of the specimen was calculated

as:
AU = 2C, |, egdt, (1)

where G is the longitudinal wave velocity in the bar and &ris the reflected strain wave. It is important to note that
the strain-state and strain-rate calculation, as well as the shear-strain component, cannot be easily determined
because it will vary depending on the location within the deformation zone. Numerical simulations of the
experiments are needed to estimate the strain-state, which is outside the scope of the present study. The

engineering shear stress in the hat-shaped specimen can be calculated as:

_ EAer
w(ry+712)(hy—hy) '’

(2)

where E, A, and erare the elastic modulus of the transmitted bar, area of the transmitted bar, and the transmitted
strain wave, respectively. This is not the actual shear stress within the deformation zone. The shear-stress was
reported based on Eq. (2) to simplify the comparison between the various specimen geometries.

Interrupted experiments at different displacements were performed on the G1 hat-shaped specimen for ex-situ
metallographic analysis of the shear zone. The interrupted experiments were performed with different ring
thicknesses round the specimen to limit the displacements, similar to Peirs et al. [22]. The specimens were then
sliced, polished, and etched to reveal cracks and the shear band. Fiji [31] was used to analyze and stitch the optical

images.
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Fig. 3: a) Schematic of the hat-shaped specimen where the dimensions for the G1, G2, and G3 hat-shaped specimens
are in Table 1. b) images of a hat-shaped specimen. The red zone in a) indicates the area of shear-compression stress

state.

Table 1: Dimension of the G1, G2, and G3 hat-shaped specimens from Fig. 3a (dimensions are in mm).

SpecimenID r; r rs h, h, hs

G1 2 2.1 4 2 3 5

G2 2 2.1 4 2

G3 2 2.2 4 2 3 5
3. Results

The results of the tension, compression, hat-shaped experiments at different strain rates and temperatures for
A1035CS steel are presented in the following subsections. Initially, the strain rate experiments in compression and
tension are reported in Section 3.1. The results for the LUR experiments and strain rate jump experiment are then
reported and compared to the uninterrupted (monotonic) tension and compression experiments in Section 3.2.
The fracture tension surfaces and the deformed compression samples at different strain rates are shown and

variations among the samples are presented in Section 3.3. Finally, in Section 3.4, the shear stress versus



displacement of the hat-shaped specimen for the different geometries are presented at different strain rates.
Sectioned, polished, and etched interrupted hat-shaped experiments are also shown in Section 3.4 to reveal the

progressive development of the shear band at different displacements.

3.1. Uniaxial tension and compression

Compression stress-strain curves at different quasi-static strain rates at 22 °C are shown in Fig. 4. Fig. 4 also
highlights the elastic modulus, proportional limit, 0.2% offset yield stress (YS), and the high work hardening rate of
the material post YS and during the first few percent of strain. The compression stress-strain curves at different
strain rates and at 22 °C and 80 °C are shown in Fig. 5a-b. For all of the compression experiments, the samples had
to be unloaded before failure due to the load frame capacity and the maximum displacement achievable in the
SHPB used in this study. A1035CS steel is approximately rate insensitive in compression up to 10° stat 22 °C and
80 °C. A prominent increase in the strength of the material at 22 °C and 80 °C occurs as the strain rate increases
from 10° s to 700 s and 3000 s, which is consistent with other on different steels [32,33]. Engineering tensile
stress-strain curves at different strain rates and at 22 °C and 80 °C are shown in Fig. 5c-d. Dots in these curves
designate the location of the ultimate tensile stress (UTS). Similar to the compression experiments, A1035CS steel
in tension is approximately rate insensitive in the quasi-static regime. For experiments in both compression and
tension, there is a decrease in the flow stress at 80 °C, which is consistent with others on different steels [17,20,34—
37]. Additionally, the flow stress at 102 st was slightly lower than 10* s at 80 °C for both compression and tension.
This is assumed to be from the competition between thermal softening and the increase in stress as the strain rate
increases (strain rate hardening). This behavior was predicted using the model developed in Section 4. See

Section 4.2 for a comparison between the experiments and model.

Notably, A1035CS steel exhibits tension-compression asymmetry, where the strength of the material in
compression is stronger than in tension by approximately 8 % to 10 % at the YS at both temperatures as shown in
Fig. 6. This difference in strength between tension and compression was found to be a material effect and not from

the differences in geometries or friction in compression. This was verified by loading a tensile specimen in
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compression up to 2 % strain to minimize the chance of buckling. Almost identical material response was achieved
between the compression samples used in this manuscript and the tension sample loaded in compression up to 2 %
strain.

The average elastic modulus at room temperature in tension was (206.6 + 3.8) GPa (E + standard deviation) and
in compression was (206.8 + 1.4) GPa and is represented in Fig. 4 as a dotted line. Average true YS and standard
deviations (SD) are reported in Table 2 and Table 3. Additionally, true stresses at 2.5 %, 5 %, and 10 % true plastic
strains in compression, and engineering stresses and the strains at UTS in tension are also presented in Table 2 and
Table 3. A summary of these Tables is shown in Fig 7a. This figure also highlights the strain rate sensitivity of
A1035CS steel. The YS of the material is not reported for the SHPB experiments because the data at low strains is
considered to be unreliable because the specimen has not yet reached force equilibrium. Also, the reduction in area

after fracture using -(A+Aj)/A; is reported in Fig 7c. The average reduction in area at both temperatures is = 60 %,

which is large when compared to the strain at UTS.
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Fig. 5: True stress-strain curves at different strain rates in a) compression (Comp) at 22 °C, b) compression (Comp)
at 80 °C. Engineering (Eng) stress-strain curves at different strain rates in c) tension at 22 °C, and d) tension at 80 °C.
Note, the dots within c) and d) designate the location of the ultimate tensile strain (UTS). The standard deviations

(SD) at different levels of strains are shown in Table 2 and Table 3.
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Table 2: True stress and the standard deviation (SD) at 0.2 % yield stress (YS) and at 2.5 %, 5 %, and 10 % true plastic

strain in compression at 22 °C and 80 °C.

Strain Plastic Strain at 22 °C Plastic Strain at 80 °C

Rate # of YS 25% 5.0% 10.0% # of YS 25% 5.0% 10.0%
1/s Exp g+5D c+SD G+SD G+SD Exp g+sD G*SD G%SD G £SD
0.0001 2 1008 + 13 1348 +9 1412 +11 1461+ 10 2 978 £ 2 1316 +1 1373 +1 1403 +1
0.01 2 1034 +6 1354 +4 1417 +3 1459 + 2 2 990+ 10 1312+1 13632 13850
1 2 1044 +1 13679 1433 +8 1467 £ 8 2 1027 £ 23 1320+ 10 13755 1412+ 8
700 1 - 1517 + - 1580 + - 0

3000 2 - 1622 +9 1658 + 34 1708 + 33 2 - 1490 + 35 1544 +2 1548 + 30

Table 3: True 0.2 % yield stress (YS), engineering ultimate tensile strength (UTS), and engineering strain at UTS, as

well as their standard deviation (SD) in tension at 22 °C and 80 °C.

Strain 22°C 80°C

Rate #ofExp TrueYS Eng UTS Eng Strain at UTS #ofExp TrueYS Eng UTS  EngStrainat UTS
1/s o+SD s+SD e+ SD o+SD s+SD e+ SD

0.0001 2 9176 1267 +2 0.059 + 0.002 2 9033 1241 +1 0.053 £ 0.002
0.01 2 918+ 6 12691 0.060 = 0.001 2 904 +3 1228+0 0.052+0.001

1 2 955+2 1288+ 0 0.060 + 0.001 2 948 +11 1238+2  0.055+0.001

3.2 Load-unload-reload (LUR) experiments
LUR compression experiments at the strain rates of 102 s and 10° s are shown in Fig. 8a-b, and LUR tension

experiments at 10° s

are shown in Fig. 8c. The reload strength of the LUR experiments are higher than
monotonically loaded experiments. During the subsequent reloading for the each LUR experiment, there is a
decrease in stress as strain increases, unlike the continual hardening observed during the monotonic loading. As
expected, the LUR experiments at 10° s are greater than at 10 s*. While the LUR experiments indicate that

thermal softening is playing a role in the mechanical behavior at 10° s*and 102 s, other effects such as strain

partitioning might also be playing a role in the LUR experiments. This is discussed further in Section 5.
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A strain rate jump experiment was also performed to verify any strain rates effects in the absence of unloading
(Fig. 9a). In the strain rate jump experiment, a specimen was loaded in compressed at 10* s to = 3.5 % true strain
after which the strain rate is rapidly increased to 10° s. The measured response shows the true stress increases
immediately in response to the jump in strain rate, but the stress decreases and then the stress starts increasing
again as strain increases. This indicates that the strain rate sensitivity observed at quasi-static strain rates is reduced
by internal heating or due to the loading history. Further discussion of the LUR and strain rate jump experiments
are in Section 4 and 5.

The effect of adiabatic heating on the perceived strain rate sensitivity is expected to be much higher for the
dynamic experiments. LUR experiments were also performed at 700 s and are shown in Fig. 9b. Unlike the
quasi-static LUR experiments, the dynamic LUR experiments did not show a significant increase in stress during the
second loading. Unfortunately, the oscillations present in the dynamic data makes it difficult to identify the subtle
influence of adiabatic heating and other effects between the two experiments. Additional experiments would be
needed to judge this effect, perhaps using larger plastic strain steps in LUR experiments since the present test was
conducted with the first unloading at only = 2 % true strain where the temperature increase is expected to be

minimal.
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Fig. 8: True stress—strain behaviors of the load-unload-reload (LUR) experiments compared to monotonic

experiments at 22 °C a) in compression at 102 s, b) in compression at 10° s, and c) in tension at 10° s™.
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Fig. 9: a) True stress—strain in compression comparing the strain rate jump experiment, LUR experiments, and the
monotonic experiments at 22 °C and at different strain rates. b) True stress—strain behaviors of the LUR experiments

at 22 °C in compression at the strain rate of 700 s and a comparison with the experiments in Fig. 8b.

3.3 Fracture surfaces and deformed specimens

The fractured specimens under tension during quasi-static strain rates at 22 °C and 80 °C are shown in Fig. 10.
At the strain rate of 10* s and 22 °C, the failure surface shows radial cracks in addition to some fibrous zones. This
behavior was only observed at 10* s* and 22 °C. Other authors have observed this behavior for different steels
such as 4340 [38,39] and 9Cr—1Mo steel [40]. At 102 s and 10° st at 22 °C, the fracture surface becomes a typical
cup and cone surface indicative of ductile fracture with a fibrous center and shear lips [30]. The transition from
radial cracks to a more ductile fracture surface is assumed to be from the deformation induced heating at higher
strain rates. At 80 °C, ductile failure patterns typical of cylindrical specimens are observed at all strain rates.

The deformed specimens during compression at quasi-static and dynamic strain rates are shown in Fig. 11. These
experiments were not loaded to failure because the failure strain will be larger than the strains reached in this
study, which would likely be shear dominated failure. Slight barreling can be seen in Fig. 11 at a quasi-static rate.
However, this small barreling takes place towards the end of the test and should not play a significant role at strains

less than 0.15.
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Fig. 10: Necked region and fracture surface of tension specimens at 10* s, 102 s, and 10° s at 22 °C (left set of

images) and 80 °C (right set of images).

Fig. 11: a) Top view and b) side view of the deformed quasi-static compression specimen. c) Top view and d) side

view of the deformed dynamic compression specimen.

3.4 Hat-shaped experiments
The engineering shear stress as a function of displacement for the different hat-shaped specimens at different

strain rates are shown in Fig. 12. Initially, there is an increase in strength from quasi-static to dynamic strain rate
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for all three hat-shaped specimen geometries, which follows the positive rate sensitivity observed in the uniaxial
tension and compression experiments. For the quasi-static strain rate experiments, the axial force continually
increases as the displacement increases for all 3 hat-shaped specimen geometries. At the dynamic strain rate, the
flow stress increases up to a certain stress, and then decreases for the G1 and G3 specimens, indicating strain
localization. This difference in behavior between the quasi-static and dynamic strain rates is expected due to
thermal softening from the adiabatic deformation at the dynamic strain rates. The G3 specimen exhibited a similar
flow stress response as the G1 specimen, but with an increase in strength. This is also expected because as the r/r;
ratio increases, there will be a greater compression component (hydrostatic pressure) and a reduced shear
component of the compression-shear stress state [22], thus, shear localization will require a larger applied force.
The G1 and G2 specimens have the same ry/r; ratio, but the G2 specimen has a longer shear region. Surprisingly,
the G2 specimen did not exhibit a rapid drop in load at dynamic strain rates. Dougherty et al. [8] reported that a
minimum strain rate is often required to cause localization. Therefore, this behavior might have to do with the strain
rate and the stress-state within the shear zone.

Unlike comparing uniaxial tension and compression data at different strain rates, comparing the hat-shaped
specimens is not as simple because the stress-state and strain-state varies within the shear zone, and they are a
function of the applied displacement. As a comparison, conventional A706 Grade 60 [41] rebar steel was also tested
using the G1 hat-shaped specimen geometry at quasi-static and dynamic strain rates to provide a reference to the
localization behavior of A1035CS steel. As shown in Fig. 12c, the engineering shear-stress versus displacement trend
is similar for both materials at quasi-static strain rates, but A706 steel exhibited a lower flow stress. At dynamic
strain rates, A1035CS steel exhibits a pronounced localization behavior, while A706 steel shows more hardening up
to 0.2 mm of displacement, followed by a gradual decrease in force.

To evaluate the shear evolution of the G1 hat-shaped specimen, 3 different interrupted displacements at a)
76 um, b) 165 um, and c) 254 um were performed, as shown in Fig. 13. These experiments were performed using a
ring spacer to limit the deformation, and the uncertainty in the applied displacement measurements is £ 25 um.

The interrupted experiments are shown in Fig. 12a with black dots. At the displacement of 76 um, cracking (white
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arrows in Fig. 13a) and shear deformation around the corners develop. This is a typical deformation process for a
hat-shaped specimen, where deformation is initially localized around the corners of hat-shaped specimen followed
by cracks that develop at and inside the corners. Surprisingly, cracking initiate near the maximum load. At the
displacement of 165 um, cracks continue to form and coalesce into larger cracks, as indicated by red arrows. This
was also observed by others on Ti-6Al-4V [22] and copper [23]. Additionally, shear localization is present and is
diffuse as shown in Fig. 13b with green arrows. Depending on the location, the diffuse shear band has a width of
10-25 pum. Finally, at 254 um displacement, even larger cracks develop and combine to reach approximately 50 %
of the shear region. By this point in the deformation process, a well-defined adiabatic shear band (yellow arrow) is

developed within the center of the specimen with a width of = 6.5 um.

1500 1500
b)
1250 1250
A1035CS - QS
E E LT3N
S1000 | S1000 [T e
2 o v My __.,.A706 —Dyn
0 o P it L L TP
& 750 | & 750 b [ ezt N e e e
E E ! c’:" ‘\ 7
2 2 w7706 - QS e
% 500 ] & 500 S
c /! c A1035CS — Dyn
w ’l w
250 {7 250
i
3 G1, G2, & G3 Hat-Shaped Specimens G1 Hat-Shaped Specimen
O 1 1 1 0 1 1 1
0 0.1 0.2 0.3 0.4 0 0.1 0.2 0.3 0.4
Displacement (mm) Displacement (mm)

Fig. 12: Engineering shear-stress as a function of displacement for a) G1, G2, and G3 hat-shaped specimen for
A1035CS steel, and b) comparison between A1035CS from a) and A706 steel for the G1 hat-shaped specimen at
quasi-static (QS) and dynamic (Dyn) strain rates. The black dots in a) indicate the locations of the interrupted

experiments in Fig. 13.
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Fig. 13: Interrupted experiments for the G1 hat-shaped specimen at displacements of a) 76 um, b) 165 um, and c)
254 um. Black arrows in b) indicate the direction of shearing, which are the same for all three specimens. The white,
red, green, and yellow arrows indicate cracks, cracks that have/are coalescing, shear band, fine narrow shear band,

respectively.
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4. Constitutive modeling

A constitutive model was developed to model the hardening, thermal softening, strain rate dependent, and
tension-compression asymmetric material response of A1035CS steel. The model was developed using a novel
strain rate dependent term, a modified Hockett-Sherby (MHS) model [24], and incorporating Lode angle to capture
the tension-compression asymmetry of A1035CS steel. Details of the model formulation and a comparison between

the experiments and the model are presented in the following subsections.

4.1 Model formulation

The material model was developed containing multiplicative terms following the widely used Johnson and Cook

[42] material model:

o(ep, &T) = f(&y)g(ER(T) (3)

Typically, Ludwik strength and hardening model is used, however it is insufficient in capturing the significant
hardening in the initial stages of plastic deformation for the A1035CS steel. Therefore, a modified Hockett-Sherby
(MHS) model from Noder and Butcher [24], an extension to the original Hockett and Sherby [43] material model,

was used to capture the non-linear hardening behavior of this material:
f(gp) = oyns = 01 — (01 — 0,) EXp(—ng) + 02,/&p ()

where, g, is the plastic strain, g, is the proportional limit, and all other parameters are material constants.
The power law and linear strain rate dependent models [42,44] are insufficient to capture the non-linear strain
rate hardening of A1035CS steel. Therefore, a new strain rate dependent term was developed to capture the

non-linear strain rate dependence on the flow stress:

g(&) = [1 ~ G (1-exp(C;In (f)))] (5)
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where, € is the strain rate, €, is the reference strain rate, and C; and C, are constants. The model was developed
such that the term reduces to 1 at the reference strain rate. The thermal softening term was adopted from

Khan-Huang-Liang (KHL) model [44]:

n(r) = ()" (6)

Ty Ty

where T, T,, and T, are the temperature, reference temperature, which is usually chosen to be room temperature,
and melting temperature, respectively.
To account for the tension-compression asymmetry, the Lode angle dependent tension-compression parameter

from Khan et al. [45] as an additional multiplicative term to Eq. (3) was used:

k(6) = exp(—E(§ + 1)), (7)

where & = cos(30) = 23—7 J3 zand 6, J;, and J; are Lode angle and the second and third invariant of the deviatoric
(3122

stress tensor, respectively. Under uniaxial compression, £ = —1 and under uniaxial tension, § = 1.

By combining Eq. (3) - Eq. (7), the final form of the model is:

g = [0y — (01 = 0,) exp(—b,€}}) + 02,/ ] [1 —(y (1 — exp (Cz In (é)))] (TT::__TTr)m exp(-E(E+ 1))

(8)

During adiabatic deformation, the temperature increase of the material was calculated by the following

equation:

AT = p%fos o(e)ds, (9)

where B, p and G, are the fraction of heat dissipation caused by the plastic deformation or Taylor-Quinney
coefficient [46], mass density, and specific heat, respectively. The 8 at dynamic strain rates, density, and heat

capacity are assumed to be 0.9, p = 7850 kg/m?, and C, = 460 J/kgK, respectively.

24



The compression data was only used to calibrate Eq. (4) — Eq. (6) because the experimental compression data
set is larger by containing dynamic strain rates than in tension. The reference strain rate was chosen to be 10 s*
because the rate of deformation is slow enough that there is approximately no temperature increase. Initially, the
constants in Eq. (4) and Eq. (6) were calibrated using 2 experiments: 22 °C at 10* s and 80 °C at 10 s%. Once those
constants were calibrated, the rate dependent constants from Eq. (5) were calibrated using 10° s and dynamic
strain rate experiments at both 22 °C and 80 °C. These experiments were assumed to have a Taylor-Quinney
coefficient of 0.9. This topic is further discussed in Section 5.

The uniaxial compression experiments at 102 st were not used because the experiments were slow enough that
heat dissipation changes the temperature rise and assuming a fully adiabatic condition is invalid. However, the
102 s experiments were predicted using an effective B = 0.7, which is an estimated fraction of heat generated from
the plastic deformation plus any heat fraction dissipation into the environment. Once the hardening, strain rate,
and temperature dependent terms were fitted, the Lode angle dependent tension-compression asymmetry term
from Eq. (7) (constant E) was fitted to the tension data at only 10 s at both temperatures. The specific calibrated

values for the material constants are reported in Table 4.

Table 4: Material parameters used for the constitutive model

Parameter Value Units
O, 700 MPa
0 1335 MPa
o, 400 MPa
6, 27.81
n 0.6124 -
C: 0.004128 -
G 0.22037
£, 10* 1/s
m 1 -
E 0.02783
T, 295 K
T 1773 K
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4.2 Comparison between the model and experimental data

A comparison between the model and the experimental data are shown in Fig. 14a-d. The model captures most
aspects of the uniaxial experimental data presented in this paper, including the estimated tensile curve at 102 s?
assuming an effective B = 0.7, which was not used to fit the material constants. As reported in the results section,
the experiments in both compression and tension at 80 °C had a lower flow stress at 102 s'* than 10 s’X. The model
was able to predict that response assuming an effective  =0.7. According to the model, this is from the competition
between thermal softening and strain rate hardening. The predicted temperature increase for the compression
experiments at 22 °C at different strain rates is shown in Fig. 15a. As the strain rate increases, there is an increase
in temperature due to the rate sensitivity of A1035CS steel because Eq. (9) is a function of stress, and as the strain

rate increases, the flow stress increases.

To assess the model prediction, the strain rate jump experiment from 10“ s to 10° s was predicted (Fig. 15b)
assuming 10° s is fully adiabatic. The model predicted the material response well, but it was not able to capture
the initial sudden vyield increase and there was slight difference in the hardening rate at 10° s between the
experiment and the model. Further, the model was assessed by predicting the LUR experiments from Fig. 5 in
compression at 102 s (Fig. 15c) and 10° s’ (Fig. 15d). The model under predicts the LUR experiments for both strain
rates indicating mechanisms other than adiabatic heating, which are not taken into account within the model, might

be playing an important role during the LUR experiments. This is discussed further in Section 5.
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Fig. 14: Comparison between the experiments and the model fit (correlation) at different strain rates in a)
compression at 22 °C, b) compression at 80 °C, c) tension at 22 °C, and d) tension at 80 °C. The experimental results
for 102 s and 10° s are assuming an effective B = 0.7 and B = 0.9, respectively. The 102 s experiments in

compression and tension, and 10° st experiments in tension were not used for the fit, and therefore are predictions.
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response of LUR experiments from Fig. 8 at 102 s and 10°s%, respectively.
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5. Discussion

Tension, compression, LUR, strain rate jump, and hat-shaped experimental data and modeling are discussed in
the following subsections. First, the model is analyzed regarding adiabatic heating, strain rate jump experiment,
and LUR experiments, as well as the accuracy and deficiencies in the model are discussed. Next, the role of inter-lath
austenite, strain-partitioning between the martensite and austenite, and phase-transformation behavior are
related to different aspects of the material behavior and their implications to the material model are discussed.

Finally, the potential mechanisms of the tension-compression asymmetry of A1035CS steel are reported.

5.1 Constitutive model, and thermal and rate dependent material behavior

The model developed in Section 4 does capture the uniaxial mechanical behavior reasonably well for A1035CS
steel in tension and compression. However, to calibrate the rate dependent portion of the model (Eq. (5)) within
the quasi-static strain rates, the material was assumed to be fully adiabatic with a B = 0.9 at 10° s* and above, and
an effective B = 0.7 is assumed for the 102 s experiments for the model prediction. This is consistent with others
on steel, which have shown deformation induced heating at quasi-static strain rates [15-20,34,47,48]. For example,
Zou et al. [47] have shown that DP980 steel can be approximated as adiabatic at strain rates above 102 s*. Andrade-
Campos [34] reported that at 102 s the heat fraction can be estimated as 0.7. Therefore, it is not unrealistic to
assume aB=0.9and B =0.7 for 10° s and 102 s}, respectively. However, direct temperature measurements with
a high-speed infrared camera or pyrometer will be necessary to identify the correct temperature rise as a function
of plastic strain and strain rates. Nonetheless, even with these assumptions for 102 s and 10° s, the model under
predicts the LUR experiments (Fig. 15c&d), even though the model was able to capture the strain rate jump
experiment under monotonic loading condition to a certain extent. This suggests additional temperature and rate
dependent deformation mechanisms might be governing the material behavior, especially once the material is
unloaded, which is discussed further in Section 5.2 and 5.3.

As shown in Section 4.2, thermal softening effects during the monotonic experiments are more pronounced as

the strain rate increases (Fig. 15a). We have also shown that the flow stress of the material increases as the strain
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rates increases (strain rate hardening) especially between quasi-static and dynamic strain rates. Using the model
developed in Section 4, we are able to separate the thermal softening from the strain rate hardening effects. By
doing so, the thermal and rate dependent material behavior of A1035CS steel is attributed to the competition
between thermal softening and strain rate hardening. At low strain rates, the thermal softening and strain rate
hardening are approximately equal, but at dynamic strain rates, the strain rate hardening is greater than thermal
softening, resulting in a higher flow stress at dynamics strain rates. Non-linear strain rate hardening behavior has
been shown on different steels, where the strain rate hardening is small as quasi-static strain rates but begins to

increase at strain rates greater than 10 s [32,33].

Extrapolating the present model outside the calibration range presented here should be avoided or done with
caution. The Lode angle dependent term captures the tension-compression asymmetry, but this does not suggest
that the model is able to capture the material response under shear or other stress-states. Torsion or simple shear
experiments will be necessary to validate the model under such conditions. Also, the Lode angle dependent term
does not provide a way to account for material anisotropy due to thermomechanical processing, which was not

investigated in this study.

We are also unsure how the model will perform outside of the calibrated temperature range. The model
calibration was never designed to be used for modeling temperatures much larger than 80 °C or in an adiabatic
shear band at high strains such as in the hat-shaped specimen experiments at dynamic strain rates. Ideally, to
calibrate such a model, high temperature experiments up to melting temperature should be performed using
advanced rapid heating techniques such as in Mates et al. [49,50] to avoid time dependent microstructural changes.
For A1035CS steel, long heating times at high enough temperatures using conventional heating methods will
decompose the inter-lath austenite and form carbides [6]. Using such data to calibrate a model for simulating
adiabatic shear band in the hat-shaped specimen would be inaccurate. In addition to the plasticity model, we have

shown that cracks that form at and inside the corners of the hat-shaped specimens develop near the maximum
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load. This highlights the importance of a comprehensive fracture study, similar to [51], to model and simulate the

deformation behavior of this material in the hat-shaped specimen, which is outside the scope of this investigation.

5.2. Inter-lath austenite and strain partitioning

The Ludwik hardening model is typically sufficient in capturing the hardening behavior of most metals.
However, it was inadequate for A1035CS steel for its high strain hardening at low strains. As stated previously,
A1035CS steel consists of untransformed nano-sheets of austenite in-between the lath martensite, where the
austenite is typically chemically stabilized in many different steels by carbon [52], nitrogen, and manganese [53],
among other elements. Additionally, thin austenite films found in A1035CS steel are typically more stable than bulky
austenite [54-57]. However, austenite is softer than martensite, therefore, austenite begins to deform prior to
martensite, resulting in high hardening in the initial stages of deformation as strain is partitioned over to the harder
martensite [58,59]. The high hardening is from the work hardening of the austenite phase and the high back stresses
from strain incompatibilities between the phases and grains [59,60]. This strain partitioning effect is often attributed
to the “unloading yield effect” and reload yield stress increase [59-61], similar to what is observed for the LUR

experiments on A1035CS steel.

The retained austenite is intentional for A1035CS steel, since it is well-known to improve ductility and fracture
toughness in martensitic steels [6,54,62—65]. Maresca et al. [63,64] modeled the inter-lath austenite and showed
how it improves the ductility of the lath martensite by accommodating dislocations on the {111}y planes, which run
parallel to the martensite habit plane (Kurdjumov-Sachs orientation relationship [66]), to cross without piling up at
the interface. They also showed that depending on the loading condition, the majority of deformation can be
accommodated by the austenite phase at low strains. They also reported that as little as 5 % inter-lath retained
austenite, in combination with crystallographic orientation of the lath, can significantly enhance ductility of

martensite.

Although inter-lath austenite can enhance the ductility of steel, strain partitioning and deformation induced

heating at strain rates of 102s? and greater can cause heterogeneous temperature gradients, where the
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temperature within the austenite can be greater than within the martensite. The difference in temperature should
be larger as the strain rate increases due to the time duration for heat to conduct from the austenite to the
martensite phase. During the LUR experiments, the specimen is at 22 °C prior to being reloaded. Therefore, the
reload yield stress increase can be partly attributed to strain partitioning effects, but also from the increase in
strength of the austenite and martensite, which are strain rate dependent, as thermal softening effects of both
phases are removed. However, during continual straining, the flows stress of the LUR experiments decease
indicating the activation of softening mechanisms, likely strain partitioning effects and thermal softening.
Regardless, this will require further investigations to conclude the effect of strain partitioning on the rate dependent

mechanical behavior of A1035CS steel.

The strain partitioning effect between the different phases could also explain the localization behavior of
A1035CS steel in the hat-shaped specimens at high strain rates. As strain increases in the austenite phase at dynamic
strain rate, heterogeneous temperature gradients between the austenite and martensite phase increases, thereby
softening the austenite at a higher rate than the martensite, further confining the localized deformation and
hindering strain hardening to distribute the strain across a larger region. Aside from the different phases, the

ductility of A1035CS steel is further improved by the lack of carbides, which are void nucleation sites [54,67].

5.3. Phase-transformation

Austenite-to-martensite phase transformation is another important deformation mechanism that might be
influencing the hardening, thermal, and rate dependent mechanical behavior of this material. As stated above,
unlike bulk austenite, the thin austenite films found in A1035CS steel are typically more stable [54-57], but this
does not indicate that the austenite phase will not transform to martensite under large stresses and strains under

proper strain rate and temperature conditions.

It is well-known that retained austenite in steel can exhibit martensitic transformation when plastically
deformed, which has been reported to be rate and thermally dependent [15-17,20,68,69]. For example,

Zou et al. [47] have shown that DP980 steel, which contains = 11 % austenite, experiences rate and temperature

32



dependent martensitic transformation during plastic deformation. They showed small strain rate sensitivity
between strain rates of 10 s and 0.1 s and higher sensitivity at higher strain rates, similar to the A1035CS steel
studied here. They reported that there is a competition between thermal effects and rate dependent deformation
that alters the phase transformation behavior, which follows the conclusions of Hecker et al. [16] and Olson and
Cohen [70] on strain induced phase transformation. At moderate strain rates of 103 s to 10 s%, adiabatic heating
effects overcome the strain rate effects, leading to a decrease in the transformation rate [47], but at 2 s, this
behavior is reversed. Regardless, the rate dependent phase transformation behavior is dependent on material and
austenite stability [20,48]. The reported flow stress behavior of the aforementioned literatures at different strain
rates have similarities to our experimental results on A1035CS steel, and this could suggest similar rate and
temperature dependent phase transformation behavior might be influencing the mechanical behavior of A1035CS
steel. Nonetheless, a comprehensive phase transformation study at different strain rates and temperatures would

be needed to elucidate the reasoning behind the distinct mechanical behavior of A1035CS steel.

5.4. Tension-compression asymmetry

The austenite-to-martensite phase transformation behavior could also offer reasoning behind the tension-
compression asymmetry. Young [71] showed that martensitic transformation is loading direction dependent
(tension or compression). They showed that uniaxial tension resulted in a higher volume fraction of phase
transformation for a given plastic strain compared to compression. This was also shown recently by He et al. [72]
for different stress states ranging from biaxial tension to simple shear. However, other reasoning could have to do
with the manufacturing process of this material, which could induce kinematic hardening of the material (often

referred to as Bauschinger effect [73]), but further investigation is necessary to conclude the reasoning.

6. Summary and conclusions

Uniaxial tension and compression experiments at quasi-static and dynamic strain rates on ASTM A1035CS steel

were conducted at 22 °C and 80 °C. A1035CS steel exhibits tension-compression asymmetry at both 22 °Cand 80 °C,
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where the strength in compression is larger than in tension. The material showed small strain rate sensitivity in the
quasi-static regime and a pronounced positive strain rate sensitivity as the strain rate increases from quasi-static to
dynamic. The small strain rate sensitivity at quasi-static strain rates in tension and compression was partly
attributed to the low strain rate hardening of the material, and partially attributed to thermal softening from the

temperature rise due to the plastic deformation.

The dynamic compression data is not enough to investigate the localization behavior of this material. Therefore,
compression tests on hat-shaped specimens were used to confine the deformation under compression and shear.
Different hat-shaped specimens were tested to alter the strain rate and the stress state within the shear zone. We
have shown that the shear localization developed by a load drop in the hat-shaped specimen requires a certain
applied displacement rate or strain rate within the shear zone, which was also shown by Dougherty et al. [8]. We
also have shown that localization in A1035CS steel initiates with cracks at and inside the corners, which they then
grow and combine to develop larger cracks. In conjunction with the cracks forming, diffuse shear deformation is

progressive within the shear zone with displacement until a very fine adiabatic shear band is developed.

A constitutive model was developed using a modified Hockett-Sherby (MHS) hardening model [24] to capture
the high work hardening behavior at low strains and low hardening at higher strains for A1035CS steel. A new
nonlinear strain rate dependent term was developed to model the material behavior at different strain rates. The
model also incorporates the Lode angle to capture the tension-compression asymmetry of the material. A good

agreement between the model and the experimental data was shown.

The high work hardening rate at low strains indicates strain partitioning effects between the austenite and
martensite phases might be active. Using the constitutive model, the separation between thermal softening and
rate dependent material behavior suggests that the increase in flow stress during the subsequent reload during the
LUR experiments at 102s? and 10° s is partly attributed to thermal softening, but also potentially strain
partitioning effects between the two phases and the possibility of austenite-to-martensite phase transformation.

While the contribution of thermal softening was modeled as a bulk temperature increase, the strain contribution
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from the softer austenite phase can be larger than in the martensite, and therefore local temperature heterogeneity
could be playing an important role in mechanical behavior of A1035CS steel at strain rates greater than 102 s
However, to conclude the exact reasoning behind the distinct rate dependent mechanical behavior of A1035C steel

will require further investigations.
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