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Abstract: Automotive steels suffer different strain rates during their processing and service. In this
study, the effect of strain rates on the tensile properties of fully austenitic Fe-30Mn-8Al-1.0C (wt.%)
steel was investigated, and the dominant deformation mechanism was clarified. Conventional and
interrupted tension tests and various microscopic characterization methods were carried out in this
study. The results indicate that the yield strength increases with the increasing strain rate in the
range of 10%-10" s7, and a good strength—ductility combination was achieved in the sample de-
formed at 107 s7!. In the process of straining at 10 s™, microbands and deformation twins were
observed. Thus, the combination of microband induced plasticity (MBIP) together with twinning
induced plasticity (TWIP) leads to a continuous strain hardening behavior, and consequently to
superior mechanical properties. However, adiabatic heating that leads to the increase in stacking
fault energy (SFE) and inhibits the TWIP effect, as well as thermal softening jointly induces an anom-
alous decrease in tensile strength at the high strain rate of 107 s7.

Keywords: strain rate; mechanical property; austenitic low-density steel; strain hardening;
microstructure; deformation mechanism

1. Introduction

As one kind of potential structural steel in the automotive industry, Fe-Mn-Al-C low-
density steel has attracted increasing scientific and commercial attention, because of its
light-weight which satisfies the requirements in increasing the fuel efficiency and reduc-
ing the gas emissions of automobiles [1-5]. Al alloying addition in the Fe-Mn-Al-C steels
has an effect on density reduction, and per 1 wt.% Al reduces the density by 1.3% [4]. The
Fe-Mn-Al-C steels could be either ferrite, austenite or ferrite-austenite duplex, depending
mainly on the relative content of alloying elements [5]. Fully austenitic Fe-Mn-Al-C steels,
with a high Al content in the range from 5 to 12 wt.%, Mn content between 12 and 30
wt.%, and C content between 0.6 and 2.0 wt.%, exhibit extraordinary strength-ductility
combinations (UTS: 0.6-1.5 GPa; elongation: 30-100%), and the austenite phase is very
stable during deformation [6-9].

During the production or service process, automotive steels are normally subjected
to various strain rates. For instance, automobile steels suffer the strain rate from 10 -! to
10 s! during the forming process and 102 to 10° s in the event of a collision. Yoo et al. [10]
investigated the strain rate sensitivity of austenitic Fe-28Mn-9Al-0.8C steels. It was found
that the yield strength increased with an increasing strain rate from 2 x 10 to 10! s7,
exhibiting an overall positive strain rate sensitivity. In contrast, the ductility decreased
with an increasing strain rate, due to the thermal activation in this strain rate range. Fur-
thermore, the sensitivity of the strain rate for Fe-22Mn-0.6C-1.5A1 twinning-induced plas-
ticity steel has been also investigated by Yang et al. [11], who found that the ultimate
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tensile strength and the uniform elongation decreased with increasing strain rate from 10
to 1 s7; it is related to the fact that the deformation twins at a lower strain rate were much
thinner and denser than those at a higher strain rate. Although there are some investiga-
tions on the relationship between the mechanical properties and strain rate of austenitic
Fe-Mn-AlI-C steels, the deformation mechanisms regarding microstructure evolution still
remains unclear.

Accordingly, the present study aims to elucidate the effect of strain rate on the tensile
deformation behavior of fully austenitic Fe-30Mn-8Al-1.0C (wt.%) steel. The tensile tests
of solid solution samples were conducted at various strain rates. Detailed microstructural
observations were performed on the lateral surface and fracture surface of the failed sam-
ples by scanning electron microscopy (SEM). For clarifying the evolution of dislocation
substructures and their interactions, the microstructure of the deformed samples at the
strain rate of 10-* s' was characterized by transmission electron microscopy (TEM).

2. Materials and Methods

The ingots with the compositions of Fe-30Mn-8Al-1.0C (wt.%) were prepared by in-
duction melting in a vacuum smelting furnace. In order to remove segregation zones orig-
inating from solidification, the ingots were homogenized at 1200 °C for 3 h and hot-rolled
to the thickness of 5 mm by multiple passes at a final temperature exceeding 850 °C, and
then cooled to room temperature. Afterwards, the hot-rolled sheets were solution treated
at 1050 °C for 1 h, followed by water quenching. The density was measured to be 6.8 g-cm=
according to the Archimedes principle.

Tensile samples with a gauge dimension of 13 mm x 5 mm x 2 mm were machined along
the rolling direction. The tensile samples were initially polished using #2000 SiC paper and
then electrochemically polished using 10% perchloric acid alcohol with a voltage of 25 V for
25 s. Tensile tests were performed on the samples up to failure using a universal testing ma-
chine AG-Xplus250kN (SHIMADZU, Kyoto, Japan) with the strain rates of 10, 103, 102 and
101 s at room temperature. Except tensioning to fracture, interrupted tensile tests up to pre-
determined true strains et of 1%, 10% and 25% were carried out at the strain rate of 103 s! for
tracking the microstructural evolution during tensile deformation. For ensuring the accuracy
of tensile properties, at least three tests were repeated for each condition.

The initial solution-treated samples were polished and etched in a solution of 100 mL
methanol, 1 mL hydrochloric acid and 4 g picric acid, and then observed by an optical micro-
scope Axio Imager A1m (ZEISS, Oberkochen, Germany). To reveal the microscopic defor-
mation mechanism, the uniform deformation zone and fracture morphology of failed samples
were observed using a scanning electron microscope JSM-6510A (JEOL, Tokyo, Japan). After
interrupted deformation, the slices with 600 um thick were spark cut from the deformed part
of tensile samples and manually polished to the thickness of 50 um. Then, the TEM slices were
perforated under an electrolytic double spray thin-reducing instrument with 6% perchloric
acid alcohol at 20 V and -30 °C. The microstructure characterization was performed by a trans-
mission electron microscope Tecnai G20 (FEI, Hillsbro, OR, USA).

3. Results and Discussion
3.1. Initial Solution-Treated Microstructure

Figure 1 shows a representative optical micrograph of Fe-30Mn-8Al-1.0C steel. As
illustrated in Figure 1a, uneven equiaxed fine grains and some annealing twins were ob-
served in hot-rolled steel. In order to eliminate the residual stress in hot-rolled steel and
obtain uniform single-phase austenite structure, the samples were solution treated at 1050
°C for 1 h, and the average grain size of the solid solution treated steel is calculated to be
approximate 35 pum (Figure 1b). Single austenite phase with a great deal of annealing
twins (up to 57%) could be observed. C and Mn are austenite stabilizing elements, and the
addition of high content of Mn and C results in a stable single austenite phase. In addition,
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Al has a suppressive effect on the precipitation of some carbides (such as cementite), in-
ducing more C enrichment in austenite [12]. The annealing twins could effectively im-
prove the properties of metallic materials by increasing the proportion of austenite grain
boundary and refining the austenite grains.

Figure 1. Optical micrograph of Fe-30Mn-8Al-1.0C steel. (a) Hot-rolled steel; (b) solid solution steel
treated at 1050 °C for 1 h.

3.2. Tensile Properties

In order to examine the effect of the strain rate on the mechanical properties, uniaxial
tensile tests were conducted on the solution-treated Fe-30Mn-8Al-1.0C steel at strain rates
ranging between 10 and 10! s71. The representative stress—strain curves and the strain
hardening rate curves of the steels tested at room temperature with different strain rates
are presented in Figure 2. The mechanical properties are listed in Table 1. The studied
steel exhibits a continuous yield behavior and a high strain hardening ability during ten-
sile deformation under all strain-rate conditions. The yield strength increases with in-
creasing strain rate, which are 301 + 30, 329 + 20, 378 £ 5 and 381 + 8 MPa at the strain rates
of 104, 1073, 102 and 10! s7, respectively. The ultimate tensile strength exhibits an uptrend
until 102 s followed by a decline at 10! s7, showing a maximum of 801 + 12 MPa. The
total elongation is as high as 72 + 3% at the strain rate of 102 s-'. Generally, the ductility
becomes weak with enhancing strength for metal materials, and the product of ultimate
tensile strength and total elongation (UTS x ef) is a comprehensive performance index to
characterize the strength and ductility of metallic materials. The sample deformed at the
strain rate of 10 s achieves the highest product of strength and ductility of 56,800 MPa%.
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Figure 2. (a) The engineering stress—strain curves of the solution-treated Fe-30Mn-8Al-1.0C steel
tested at room temperature with different strain rates, and (b) the true stress—strain curves and work
hardening rate curves of the studied steel.
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Table 1. Mechanical properties of the solution-treated Fe-30Mn-8Al-1.0C steel at different strain
rates.

Ultimate Tensile

Strain Rate/s™ Yield Strength/MPa Strength/MPa Total Elongation/%
10+ 301 + 30 761 + 35 592
103 329 + 20 789 + 25 72+3
102 378+5 801 +12 61+1
10 381 +8 738 +9 56 +3

Lower ultimate tensile strength and total elongation are exhibited when the sample
deformed at the strain rate of 10-! s, which is probably related to the thermal softening
effect at high strain rates. Quasi-static tensile tests at the strain rate range of 10-> to 102 s
are generally regarded as isothermal process, and it is difficult to dissipate heat to the
surrounding above this strain rate range [13,14]. Thus, the adiabatic heating effect should
be considered while the sample is deformed at higher strain rates. The adiabatic temper-
ature rise AT can be defined by [15]:

_ A _ B (7

AT = — =
pCy PGy,

ode (1)
where AQ is the energy converted from mechanical energy to thermal energy, which is
obtained by integrating the true stress-strain curve, f is the coefficient of thermal energy
converted from mechanical energy, p is the density of the present steel and C,, is the typ-
ical specific heat capacity. According to Equation (1), the temperature of the sample de-
formed at the strain rate of 10-! s! increases by about 101 °C. For FCC materials with the
high-concentration solid solution element, forest dislocations and short-range order (SRO)
are the main obstacles for dislocation glide [16,17]. It is logical that the increase in the
strain rate could enhance the dislocation mobility, and the dislocations would overcome
obstacles more easily with the assistance of thermal energy. Additionally, the dynamic
recovery of dislocations is accelerated at an increased temperature, which causes a nega-
tive effect on the strain hardening. Thereby, the strain hardening capability is weakened
in the steel deformed at high strain rate. As presented in Figure 2b, the sample deformed
at 10! s has the lowest strain hardening rate, inducing the lowest strength and ductility.
In addition, the sample deformed at 10-® s' shows the highest strain hardening ability,
and consequently the best combination of strength and ductility.

3.3. Morphologies of Deformation and Fracture

The fracture surfaces of the samples deformed at different strain rates were observed
by SEM, as illustrated in Figure 3. The tensile fracture characteristics of the studied steels
are similar, all involving fibrous zone, radial zone and shear lip zone (Figure 3a—d). The
fibrous zone accounts for the largest proportion of the fracture surface. All of the fracture
surface are composed of equiaxed dimples with a bimodal size formed by a microvoid
coalescence, exhibiting the characteristic of ductile fracture mode (Figure 3e-h). Thus, the
samples deformed at four strain rates all exhibit good ductility (Figure 2).
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Figure 3. SEM fractographs of the samples tensioned at different strain rates of 10 s (a,e), 10 s
(b,£), 102571 (c,g), and 107! s (d,h).

In addition, the distinct “snake slips” or “ripples” were observed in the inner walls
of some large-sized dimples, indicating that severe plastic deformation and localized
strain induce new dislocations to slip on the surface of the dimples [18]. By comparison,
it is found that diameter and depth of the dimples reach a maximum in the sample de-
formed at 10 s7. These features indicate that the ductility of the sample deformed at 10~
s is better, which is consistent with the experimental results of mechanical properties.

Figure 4 illustrates the SEM micrographs of the lateral surface in the uniform defor-
mation region and near fracture. At uniform deformation region, the austenite grains are
elongated, and the dislocation slip characteristics are observed under all strain rates (Fig-
ure 4a—d). The dislocation slipping and the grain rotation contribute to coordinate the
plastic deformation [19]. All observations reveal that there are some extrusions caused by
dislocation slipping, and some microvoids are generated by the slipping extrusion at grain
boundaries. Moreover, a part of slip bands pass through annealing twins to form “Z”
shape slipping. For FCC materials, the stacking of {111} planes in the disrupted sequence
is called a stacking fault, which is a two-dimensional defect formed by the nucleation and
propagation of partial dislocations. The stacking fault has an associated energy called
stacking fault energy (SFE, with units of J-m2), since the atomic packing within it is no
longer typical of the FCC structure. At the high strain rate larger than 10~ s, the adiabatic
heating during deformation might increase the SFE, which has a suppressive effect on the
planar slip of dislocations. On the sites near the fracture, the lateral surface becomes
rougher, and the extrusion induced by dislocation slipping becomes more and more ap-
parent (Figure 4e—f), indicating more severe plastic deformation.

Figure 4. SEM images exhibiting the surface features at uniform deformation zones (a-d) and cor-
responding surface features near the fracture surfaces (e-h) of tensile samples at the strain rates of
10*s™ (ae), 103 s (b,f), 10257 (¢,g) and 107" s (d,h).

A few previous studies [20-22] suggested that inter/intra-granular k-carbides and or-
dered L12 phase can be formed in solution-treated Fe-Mn-Al-C steels despite the absence of
aging. Considering the promoting effect of Al on the precipitation of k-carbides and high Al
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addition, k-carbides should exist and affect the mechanical properties of the present steel
[23,24]. A coherency strain field around intragranular k-carbides have a considerable influence
on impeding the dislocation motion, resulting in the strengthening effect. By contrast, the ex-
istence of intergranular k-carbides is conducive to the initiation and propagation of cracks,
which contributes to the fracture [25]. Furthermore, L1 phase is regarded as short-range order
(SRO), which is found to promote the planar glide of dislocations. It is usually considered that
SRO could be sheared and destroyed by the leading dislocations, and then the subsequent
dislocations can slip across the destroyed SRO region more easily. This effect causes the planar
glide sufficiently, which is named as “glide plane softening” [17,26-29].

3.4. Microstructure Evolution during Deformation

In order to understand the microstructural evolution and related deformation mech-
anism during the tensile process, the interrupted tensile tests and TEM observations were
conducted. Considering its good comprehensive performance of strength and ductility,
the samples deformed at 10 s, up to er=1%, 10%, 25% and failure were selected for the
examinations, respectively. The strain hardening rate as a function of true strain exhibits
an obvious three-stage strain hardening behavior, including quick dropping, recovery
and slow decreasing of strain hardening rate, as shown in Figure 5a.
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Figure 5. True stress-strain curves and strain hardening rate curves of the sample deformed at the
strain rate of 10 s (a), together with TEM micrographs of the present steel deformed to the true
strains of 1% (b), 10% (c), 25% (d) and 100% (or final fracture) (e,f).



Metals 2022, 12, 1374

7 of 9

Figure 5b shows early-formed dislocation arrays aligned along the slip direction at
the early deformation stage of 1% strain, which is a typical kind of planar slip dislocation
configuration in FCC metals. The pronounced planar slip behavior of dislocations results
in the formation of crystallographically aligned slip bands. After straining to 10%, the mi-
crostructure is still characterized by planar slip bands with a slip band spacing of approx-
imate 700 nm (Figure 5c). The observation indicates the slip trace of two non-coplanar
{111} slip planes, forming a Taylor-lattice structure, which is a kind of low energy dislo-
cation structure [30,31]. Therefore, the planar slip of dislocations dominates the defor-
mation mechanism at low strains.

After straining to 25%, extensive parallel high-density slip bands and microbands are
found in the matrix, and the spacing of slip bands is less than 100 nm (Figure 5d). The slip
bands have been evolved into high-density dislocation walls (HDDWs), which are com-
posed of the dense dislocation bands lying on or parallel to the most active slip systems.
Actually, in FCC alloys, Shockley partial dislocations slip on {111} planes and they attract
or repulse each other, which are determined by the Burgers vector directions of the lead-
ing partials. If one of them is trapped by a HDDW and attracts one another, they can fuse
into a sessile dislocation. During this process, further dislocation slip is hindered on both
{111} planes. This causes the increase in density of HDDWs, which contributes to the bar-
rier to the dislocation motion [32]. Moreover, Taylor lattices rotate to accommodate fur-
ther strain, and a domain boundary develops from an original HDDW as a result of the
misorientation between Taylor lattice domains. In the same way, a second domain bound-
ary develops parallel to the previous one, and a microband manifested by misorientations
on both sides takes shape [1,33-35].

As the strain amount further increases, well-developed microbands and their inter-
sections are observed in fractured sample (Figure 5e). Microbands are characterized by
dense tangled dislocations with a lower activity and they are usually aligned along the
trace of {111} slip planes in no cell-forming FCC alloys. The microbands and their inter-
sections can subdivide the grains. The high-density dislocations in the microbands hin-
ders dislocation motion and decrease the effective free path of movable dislocations, re-
sulting in the Hall-Petch strengthening effect [35,36].

The deformation twins are also observed in the microstructure of fractured sample, as
confirmed by the selected area electron diffraction (SAED) patterns (Figure 5f). It indicates that
the accumulated dislocations inside grains are sufficient for the activation of deformation
twins. The generation of deformation twinning normally leads to an increase in plasticity of
steel during deformation, namely, so-called twinning induced plasticity (TWIP) effect. Similar
to the effect of microbands, the austenite grains are divided into subregions by deformation
twins, which significantly refine the grain size and promote the dynamic Hall-Petch effect.
Furthermore, deformation twins can impede dislocation motion, playing a very important
role in promoting the dislocation accumulation and causing a reduce in the dislocation mean
free path, thereby contributing to stable the strain hardening [37].

For the studied steel deformed at the strain rate of 10 s, dislocation slip is the major
deformation mode at the early stages of straining, because the flow stress is below the critical
stress for twinning. With increasing strain, the continuous strain hardening is a result of mi-
croband induced plasticity (MBIP) gradually changing to microband/TWIP. The synergy of
microband and twinning enhance the strengthening ability of the present steel. In addition to
the thermal softening mentioned in Section 3.2, it can be inferred that the adiabatic heating at
high strain rate leads to the increase in SFE and inhibits the TWIP effect, which also induces
the decreases in tensile strength and work hardening rate at the high strain rate of 10~ s™.

4. Conclusions

In this work, the effect of strain rate on the mechanical properties of fully austenitic
Fe-30Mn-8AI-1.0C (wt.%) steel was investigated under uniaxial tension, and correspond-
ing microstructures were examined by SEM and TEM. The following conclusions can be
drawn:
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(1) With the increase in strain rate, the yield strength increases from 301 MPa to 381 MPa,
and the ultimate tensile strength reaches the maximum of 801 MPa at 102 s-1. The recovery
of work hardening rate of studied steel is the most remarkable at the strain rate of 103 s,
and its elongation reaches as high as 72%. The deterioration of its mechanical properties
at 10 s might be related to thermal softening effect and the inhibition of TWIP effect.
(2) During the tensile deformation at the strain rate of 10 s, dislocation arrays, Taylor
lattices, microbands and deformation twins can be observed in sequence with increasing
strain. This indicates that the continuous strain hardening results from both MBIP and
TWIP, and a good combination of strength and ductility is thus achieved.

(3) Adiabatic heating that leads to the increase in SFE and inhibits the TWIP effect, as well
as thermal softening occurring at the high strain rate of 10~ s jointly induces an anoma-
lous decrease in tensile strength at such a high strain rate.
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