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Abstract

An austenitic low-density steel was processed by dynamic plastic deformation (DPD)
over the strain range from 0.25 to 0.75 followed by aging at 450°C and then it was subjected
to compressive testing at strain rates of 1.0 x 10 — 2.0 x 10° s™'. The results show that fine
grain structures with high density dislocations are achieved after DPD processing. After aging,
the grain size increased slightly together and there was an additional marginal decrease in the
dislocation density. k-carbides only appeared in the samples after DPD processing at the strain
of 0.75 and after subsequent aging. Submicron-sized (Nb, Mo)C particles existed in the matrix
before DPD and there was no change in size and distribution during DPD processing and post-
DPD aging. The yield strengths of the steels after DPD at different strain rates increased
significantly by ~120-190% compared with the as-received sample, where this is mainly due
to a combination of dislocation strengthening and grain boundary strengthening. For the steel
processed by DPD at strain of 0.75, there was an additional precipitation strengthening of -
carbides besides the dislocation strengthening and grain boundary strengthening, and this
produced an increase of over ~900 MPa in yield strength by comparison with the as-received
steel. After aging, the yield strength decreased slightly due to a reduction in the dislocation
density and a slight coarsening of the grains, except for samples after DPD at a strain of 0.75
which showed a slight increase in strength due to further x precipitation. The strain rate
strengthening effect and strain hardening ability were also analyzed.
Keywords: Lightweight steels; Dynamic plastic deformation; Aging; Mechanical properties;
Strengthening mechanisms
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1. Introduction

Dynamic plastic deformation (DPD) has proven to be a promising method for achieving
ultrafine grained (UFG) structures by severe deformation at high strain rates of 10>~ 10° s°!
[1-4]. Several DPD processing methods have been developed such as high-speed hammer or
split Hopkinson pressure bar (SHPB) impacting[5],[6], dynamic high-pressure torsion (DHPT)
[7], and dynamic channel angular pressing (DCAP) [8]. Of these procedures, SHPB impacting
is a particularly effective method for producing UFG materials by impacting samples at high
strain rates of ~10° s™! for several presses [5].

There are several reports available documenting the microstructure evolution and
mechanical properties improvement of different materials after DPD processing, such as pure
Cu [9-13], Ti [14-16], aluminum alloys [1, 3, 17-24] and steels [2, 4, 25-30]. Some of these
studies showed that steels were significantly strengthened by grain refinement after DPD
processing [4, 26]. For example, the average grain size of a commercial 20MnSiV steel
decreased from ~30 pum to ~1.75 um through DPD and this produced an increase in the yield
strength by ~28% compared with the as-received sample [28]. A recent report demonstrated
that DPD processing at a strain of 2.3 led to an increase in the dislocation density and the
formation of a finer dislocation cell structure in a 9Cr-1Mo steel and this gave an improvement
in the ultimate tensile strength from 675 MPa to 1247 MPa [26]. Another study found that
after DPD processing at a strain of 1.7 and subsequent annealing the microstructure of a plain
low-carbon steel was primarily of lamellar structures having an average thickness of ~84 nm
and this was combined with the existence of well-dispersed fine carbide precipitates within
the matrix and a high density of dislocations which also led to an obvious enhancement in the
tensile strength [27]. Thus, it is readily concluded that DPD processing for steels may
effectively refine the grains, increase the dislocation density, promote the occurrence of
precipitation and thereby enhance the mechanical properties.

The Fe-Mn-Al-C austenitic low-density steels have major application prospects in the

automobile industry due to their high strength, good plasticity, excellent resistance to corrosion
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and low density[31-34]. Nevertheless, there is a significant interest in further improving the
mechanical properties of austenitic low-density steels in order to meet the ever more stringent
requirements for vehicular safety combined with lower fuel consumption[35-38]. Deformation
followed by aging is an effective process for strengthening low-density steels[33, 39-41]. For
example, a 20% rolling processing improved the yield strength of an Fe-23.38Mn-6.86Al-
1.43C-0.038Nb-0.29Mo steel by ~500 MPa due to the dislocation strengthening[39]. In a
recent report, the promotion of k-carbide precipitation after 20% cold rolling and aging at 550°C
in Fe-20Mn-9Al1-1.2C-1V led to a further enhancement of ~100 MPa in yield strength
compared with the strength before aging[41]. It can be summarized that deformation and
subsequent aging increases the strength of low-density steels by increasing the dislocations
density and promoting k precipitation. By comparison with conventional hot or cold
deformation, DPD processing at a much higher strain rate can additionally refine the grains.
The mechanical properties of the Fe-Mn-Al-C austenitic low-density steels may be further
significantly enhanced through a combination of multiple strengthening mechanisms after
DPD. However, it is surprising to note that no reports are available to date on the strengthening
of low-density steels by DPD. In addition, the Fe-Mn-Al-C austenitic low-density steels are
mainly used as vehicle shells and these shells may be subjected to dynamic loading during
service as, for example, in driving collisions [31, 42]. Accordingly, it is reasonable to conclude
that an understanding of the behavior of austenitic low-density steels under different strain
rates will be important for developing future engineering applications.

Based on the obvious need for experimental data in this area, the present investigation
was initiated to examine the effect of DPD processing and subsequent aging on the
microstructural evolution and the compressive behavior of an Fe-Mn-Al-C lightweight steel
under strain rates within the range from 1.0 x 10~ to 2.0 x 10°s™!,

2. Experimental material and procedures
This study used a steel having a chemical composition of Fe-26Mn-8Al1-0.8C-0.1Nb-

0.3Mo (wt.%) which was cast after vacuum melting in an Ar atmosphere. The steel ingot was
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forged at 900-1100°C into a round bar of ~12 mm diameter and then cooled in air. It was then
cut into cylinders with diameters of 11 mm and heights of 18 mm and solution-treated at 1000°C
for 1 h followed by water quenching before DPD. Subsequently, the cylinders were processed
by DPD on a SHPB facility at room temperature (RT, ~298 K) with a strain rate of ~10° s°!
under uniaxial compression. The steel was processed to 2, 4 and 8 times of impacts to reach
strains of ~0.25, ~0.5 and ~0.75 where the strain was defined as In (Lo / L), where Ly and Ly
are the cylinder heights before and after the DPD processing, respectively. Following DPD,
samples were aged at 450°C for 2 h and then cooled in air. For convenience, the steels
processed by DPD for strains of 0.25, 0.50 and 0.75 are henceforth denoted as DPD-0.25,
DPD-0.50 and DPD-0.75 and the corresponding post-DPD aged steels are designated DPD-
0.25-450, DPD-0.50-450 and DPD-0.75-450, respectively.

Compressive specimens with diameters of 5 mm and heights of 4 mm were cut from both
the DPD-processed and the aged samples. Compression testing was carried out at RT using an
Instron testing machine operating with a strain rate of 1.0 x 107 s, a Gleeble 3500 thermal
simulator with a strain rate of 1.0 x 10° s™! and a split Hopkinson pressure bar with a strain
rate of 2.0 x 10% s, For verifying repeatability, three compression specimens were tested for
each condition. The microstructures were analyzed by X-ray diffraction (XRD, Bruker D8
Advance), scanning electron microscopy (SEM, Hitachi S4800), electron backscatter
diffraction (EBSD, FEI Quanta 650F) and transmission electron microscopy (TEM, Tecnai
F20) on surfaces parallel to the compression direction. The XRD analysis was performed using

Cu Ka radiation (A=0.1542 nm) with a scanning speed of 1°/min covering 26 from 20° to 90°.

The EBSD specimens were mechanically polished and electro-polished at room temperature
in a 93% CH3COOH + 7% HCIO4 solution with an operating current density of 450 mA/cm?.
The step size during EBSD was set at 0.2 um and the results were analyzed with Channel 5
software. The average grain size was calculated by the equivalent grain size method from
EBSD maps based on grain boundaries with threshold misorientation angles of >15°. The

samples were prepared for TEM by electro-polishing in an electrolyte of 90% methanol and
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10% perchloric acid (vol%) using a voltage of 20 V at —30°C.
The volume fraction of the precipitates was estimated by the following equation[43]:
f=V=«N/(S *2d) (1)
where /s the volume fraction of the precipitates in the microstructure, V' is the average volume
of the precipitates, N is the number of precipitates within the statistical area, S is the area size
of the statistical area and d is the average size of the precipitates.

The dislocation density p was calculated from the XRD results through Equation [44]:

1
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where AK is the half-peak width of the XRD pattern, D is the average grain size of the
sample, A is an infinite compensational constant depending on the effective outer cut-off
radius of the dislocation where 4 = 2 in this investigation [45], b is the Burgers vector, K is
the peak position and C is the average contrast factor of the dislocation on a specific crystal
plane. The specific calculation methods for the parameters of AK, K and C were reported
elsewhere [44].

3 Experimental results
3.1 Microstructures characterization

Fig.1 shows XRD patterns of the steels which reveals that the microstructures of all
samples remain unchanged as austenite. Figs 2 and 3 show the EBSD orientation color-coded
maps of the as-received and the DPD-processed and post-DPD aged samples, respectively, and
Fig.4 displays the corresponding grain size distributions. Inspection of Fig.2 shows the as-
received steel has equiaxed austenitic grains with an average grain size of ~31.6 um and with
random orientations. After DPD processing, the austenitic grains shown in Fig. 3(a)-(c) are
refined by the DPD and the grain sizes decrease with increasing strain but nevertheless they
retain an overall equiaxed morphology with a tendency towards a <111> orientation. Fig.3(b)
and (c) show that many fine grains are observed together with the presence of a few coarse

grains after DPD processing at strains over 0.5. Fig.4 (a)-(c) shows grain size distributions of
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the steel after DPD. The measurements show that the average grains sizes are ~9.1 um, ~5.3
um and ~3.1 pm for the DPD-0.25, DPD-0.50 and DPD-0.75 samples, respectively. Inspection
of Fig.2 and Fig.3 also shows there are twins within a few grains and the number of twins
remains essentially unchanged before and after DPD processing, which means that these twins
in the austenitic grains are from original microstructure and the TWIP effect does not occur.
This is because the calculated stacking fault energy (SFE) of the steel is ~71 mJ/m? according
to the modified Olson-Cohen thermo-dynamical model [46, 47] and this is higher than ~20-40
mJ/m? required for the formation of deformation twinning [39]. Post-DPD aging leads to an
increase in the grain sizes, especially for the coarser grains shown in Fig. 3(d)-(f) and Fig.4(d)-
(f) by comparison with the microstructures before aging. The mean grain sizes of the DPD-
0.25-450, DPD-0.50-450 and DPD-0.75-450 samples were recorded as ~10.6 um, ~6.9 um
and ~7.3 um, respectively. Additionally, further observation of Figs 3 and 4 reveals that after
aging processing a few grains with large sizes over ~40 um in the DPD-0.50-450 and DPD-
0.75-450 samples appear thereby showing an abnormal grain growth.

Fig.5 presents bright field TEM images of the DPD-processed and post-DPD aged
samples showing the dislocation configuration. Inspection of Fig. 5(a), (b) and (c) shows that
the dislocations are entangled and their density increases as the strain increases from 0.25 to
0.75. Based on XRD, the dislocation densities were quantitatively calculated as 1.0 x 10",
1.37 x 10" and 1.60 x 10'"/m? for the DPD-0.25, DPD-0.50 and DPD-0.75 samples,
respectively. An examination of Fig.5 (d)-(f) shows that the dislocation configurations remain
essentially unchanged but the dislocation densities are reduced after aging to 0.90 x 10>, 1.30
x 101 and 1.55 x 10'*/m? in the DPD-0.25-450, DPD-0.50-450 and DPD-0.75-450 steels,
respectively.

Fig. 6 depicts SEM images of the as-received, DPD-0.25, DPD-0.75 and DPD-0.75-450
samples showing there are granular precipitates with average diameters of ~300 nm distributed
within the austenitic matrix. These precipitates were identified as (Nb, Mo)C carbides in an

earlier study [48]. Further observation shows that the sizes and distributions of the particles in
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both the DPD-processed and the post-DPD aged steels remain unchanged due to their high
thermodynamic stability [48]. There is no evidence for the presence of k carbides in the DPD-
0.25 and DPD-0.50 samples but they are present in the DPD-0.75 and DPD-0.75-450 samples
as demonstrated by the dark field TEM images in Fig. 7[36, 49]. Figs 7(a) and (b) show that
these nano-scale k-carbides are spherical and uniformly distributed within the matrix. The
statistical data shows that the mean size and volume fraction of k increased from ~0.3 nm and
1.0% after DPD processing to ~2.0 nm and 6.6% after subsequent aging, respectively.
3.2 Compressive properties

Fig. 8 shows the true stress-true strain curves of the as-received, DPD-processed and the
post-DPD aged samples for strain rates of (a) 1.0 x 107, (b) 1.0 x 10%and (c) 2.0 x 10°s™! and
Fig.9 shows the effects of DPD processing and post-DPD aging on the relevant yield strengths.
It is readily apparent in Fig.9(a)-(c) that the yield strengths of both the DPD-processed and the
post-DPD aged steels are significantly improved by comparison with the as-received steel and
the yield strengths are further enhanced by DPD straining. Specifically, when the DPD strain
increases from 0.25 to 0.75 the yield strengths increase by ~120-190% (~568-910 MPa) at 1.0
x 107 571, ~90-170% (~536-1002 MPa) at 1.0 x 10° s and ~110-155% (~719-1187 MPa) at
2.0 x 10%s™!, respectively, by comparison with the as-received steel. For the DPD-0.75 steels,
the increment in strength is more than 900 MPa under these experimental conditions. This
demonstrates that DPD processing introduces a very significant strengthening in the Fe-Mn-
AI-C lightweight steel. A post-DPD aging leads to a slight reduction in the yield strength for
the DPD-0.25 and DPD-0.50 steels but a minor increase for the DPD-0.75 steel.

Fig. 8(a) and (b) show the flow stresses of the as-received sample at strain rates of 1.0 x
102 and 1.0 x 10°s™! increase continuously with strain and exhibit a strain hardening ability
due to the lower dislocation density and the absence of precipitation of the k-carbides. For the
DPD-0.25 steel the strain hardening ability is lower than for the as-received condition but
remains positive due to the increase in the dislocation density. As the strain further increases

to 0.75, more dislocations multiply and this is coupled with k precipitation which decreases
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the strain hardening ability giving a balance between thermal softening and strain hardening.
Fig. 8(c) demonstrates that the as-received sample maintains a good strain hardening ability
during dynamic testing at a strain rate of 2.0 x 10°s'. However, the strain hardening ability
decreases initially and then increases for the DPD-processed and post-DPD aged samples. The
first decrease in the strain hardening ability is a consequence of the adiabatic temperature rise
which assists the thermal softening and by the cutting of more k-carbides by dislocations at
the higher strain rates [48]. The reappearance of a hardening effect in the curves is attributed
to the further DPD processing for the compressive samples during the dynamic testing.

Further inspection of Fig.8(a), (b) and (c) shows the yield strength increases with
increasing strain rate, thereby confirming a strain rate strengthening effect. The yield strength
increases by ~100-200 MPa for the as-received and DPD-processed steels when the strain rate
increases from 1.0 x 102 to 1.0 x 10°s™! and from 1.0 x 10° t0 2.0 x 10° s'. The post-DPD
aged steels also exhibit an increase of ~100-200 MPa in strength when the strain rate increases
from 1.0 x 10~ to 1.0 x 10° s™!. Nevertheless, an increase in strain rate from 1.0 x 10° t0 2.0 x
10° s only increases the yield strength by ~30-40 MPa for both the DPD-0.25-450 and DPD-
0.50-450 samples while there is an increase by 165 MPa for the DPD-0.75-450 sample.
4. Discussion
4.1 Microstructural evolution

Fig. 3 shows that the grains are equiaxed and the numbers of grains increase after DPD
processing, therefore it is concluded that dynamic recrystallization occurred. The increasing
density of dislocations provides more stored energy and promotes the occurrence of dynamic
recrystallization with increasing DPD strain and this leads to a decrease in grain size. Notably,
the grain sizes are inhomogeneous after DPD processing to strains over 0.5 and post-DPD
aging and this is due to the presence of the non-shearable (Nb, Mo)C particles before DPD
processing. Dislocations pile up around these particles and the stored energy accumulating in
local areas leads to a growth in the recrystallized grains [39].

No k-carbides were detected in the DPD-0.25, DPD-0.50, DPD-0.25-450 and DPD-0.50-
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450 samples but they are present in the DPD-0.75 and DPD-0.75-450 samples as shown in
Fig.7. Generally, for Fe-Mn-Al-C lightweight steels with a carbon content of 0.8 the kinetics
of the k precipitation is weak and the available evidence suggests that k may only precipitate
during aging above 600°C for 2 h or at 500 °C for more than 6 hours [49-53], and the volume
fraction of « is only about 2%[41, 54]. However, the volume content of k in the DPD-0.75-
450 samples reached ~6%, indicating DPD processing promotes the k precipitation.
Apparently, there is an insufficient driving force for k precipitation in the DPD-0.25 and DPD-
0.50 samples during DPD even after aging at 450°C for 2 hours. For DPD processing at the
higher strain of 0.75, where the sample was pressed for 8 times at ~10° s™!, due to the high
resistance of deformation there is an increase in the stored energy and this leads to the
occurrence of dynamic precipitation of k in the DPD-0.75 sample and further precipitation
after aging. On the other hand, since k are formed by spinodal decomposition, dislocations can
promote k precipitation by accelerating atomic diffusion. Samples at a strain of 0.75 contain
the highest dislocation density resulting in k precipitation [39].
4.2 Strengthening mechanism of the DPD steel

After subjecting the steel to DPD processing and a subsequent aging treatment, the major
contributions to the strength come from dislocation strengthening, ou, k precipitation
strengthening, op, and grain boundary strengthening, o,. In addition to these three
strengthening mechanisms, the precipitation strengthening from Nb/Mo carbides and solid
solution strengthening are also involved in the experimental steels. Since the composition of
the steel remains unchanged under the present experiment condition, the contribution of solid
solution strengthening may be regarded as the same for all samples. The precipitation
enhancement caused by the Nb/Mo carbides may also be regarded as a constant since there is
no change in these carbides before and after DPD processing and in post-DPD aging as shown
in Fig. 6. To a first approximation, the contribution of both solid solution strengthening and
precipitation strengthening from the (Nb, Mo)C carbides is equal to 345 MPa where this

corresponds to oo. This was calculated from the strength of the as-received sample subtracted
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from the value for the grain boundary strengthening for the as-received sample as defined in
the form 6y = Os-as-received — Og-as-received. The significance of the other three strengthening
mechanisms is now examined in the following sections.

4.2.1 Dislocation strengthening

The contribution of the dislocations to the yield strength is given by [41]

o, =aM Gbp% 3)
where a is a constant related to the material properties and has a value of 0.24, M is the
orientation factor which is equal to 3.06 for FCC materials, G is the shear modulus of austenite
which is taken as 70.7 GPa and b is the modulus of the Burgers vector of austenite having a
value of 0.26 nm [41, 43, 55]. According to Eq. (3), the calculated values of o, are in the
range of ~427-540 MPa after DPD processing for a strain of 0.25-0.75. After subsequent aging,

the significance of dislocation strengthening decreases slightly but remains over 400 MPa,

4.2.2 Precipitation strengthening by x carbides

The « carbides were found only in the DPD-0.75 and DPD-0.75-450 samples shown in
Fig. 7. Thus, the DPD-0.75 and DPD-0.75-450 samples have an additional precipitation
strengthening from the presence of these carbides.

Precipitation strengthening originates from the interaction between the dislocations and
the precipitates. It is well known that the k precipitates can be cut by mobile dislocations
during loading. This type of strengthening may be divided into order strengthening (opo),
coherency strengthening (opc) and modulus mismatch strengthening (opm) where these various

terms are expressed by the following equations [41, 43, 56]:

Tpo = 0.81M V;"I’f (%)% (4)
Opc = M)((Ge)% (%)E (5)
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where y,pp is the average antiphase boundary energy which is 0.2 J/m?, r is the mean nano-
precipitate radius, f is the volume fraction of the precipitates, ¢ is the constrained lattice
parameter mismatch which is 0.574%, y and m are constants having values of 2 and 0.85,
respectively, and AG is the shear modulus mismatch which is 23.7 GPa [41, 43, 55].

The improvement value of the yield strength induced by the shearing mechanism takes
the larger of either opo or opetopm. By calculation it can be shown that o . is dominant for
both samples. Therefore, the calculated strength increments from « precipitation for the DPD-
0.75 and DPD-0.75-450 steels are ~101 MPa and ~266 MPa, respectively. Furthermore,
additional precipitation during post-DPD aging leads to an increase in strength by 165 MPa.
4.2.3 Grain boundary strengthening

The DPD processing produces a reduction in the grain size and therefore it strengthens
the material. The contribution of the refined grain size to the strength is described directly by

the Hall-Petch relationship which gives [41, 43, 55]:

0y =kd 2 (7
where k is ~683 MPa-um'” for steels [41, 43, 55]. Through Eq.(7), it is calculated that the
increases in strength from grain boundary strengthening for the DPD processing at strains from
0.25 t0 0.75 are ~226-389 MPa by comparison with the as-received material. After subsequent
aging, the increase decreases by ~16-136 MPa compared to the DPD-processed samples.
4.2.4 Overall effect of strengthening

The calculated results for the dislocation strengthening, precipitation strengthening and
grain boundary strengthening are shown in Fig. 10 and Table 1. These results demonstrate that
the yield strengths of the DPD-processed steels are significantly enhanced compared with the
as-received steel and they are even further increased with straining. This is due to a

combination of grain refinement strengthening and dislocation strengthening for the DPD-

10



0.25, DPD-0.50, DPD-0.25-450 and DPD-0.50-450 steels while there is also an additional
precipitation strengthening from « precipitation for the DPD-0.75 and DPD-0.75-450 steels.
Post-DPD aging of the DPD-0.25 and DPD-0.50 samples leads to a reduction in strength by
~10-40 MPa and ~10-20 MPa, respectively, due to grain coarsening and dislocation recovery
by comparison with the DPD-processed steels. Nevertheless, the strength of DPD-0.75-450
steel is higher than the DPD-0.75 steel due to the additional precipitation strengthening from
the « carbides of ~165 MPa which compensates for the strength loss caused by the grain
coarsening and the dislocation density decrease during the post-DPD aging.
4.3 Effect of strain rate on compression behavior

A comparison of the yield strengths from tests at strain rates from 1.0 x 10 to 2.0 x 10°
s in Fig. 8 shows that the steels exhibit a strain rate strengthening effect. The strain rate

sensitivity (SRS) can be expressed as [48, 57]:

. v :
Iné = (a — aﬂ) T + Iné, — — (8)

where ¢ is the strain rate, o is the total yield stress, o,

. 1s the athermal component of o,

V* is the activation volume of the moving dislocations, M is the average Taylor factor, kg is
the Boltzmann constant, 7 is the absolute temperature, &, is the pre-exponential factor, and

AG, is Helmholtz free energy (activation energy).

Eq. (8) can be simplified as [48]:

Iné =Ko+ B 9)
where K = MZ =t which reflects the SRS and a smaller K value represents a higher strain rate
B
e ) . MAGy+V* L
sensitivity of the yield strength and B = Iné; — # which is regarded as a constant.
B

The Iné-o relationship was linear fitted as shown in Fig. 11 and it displays a yield stress
o that basically has a linear relationship with Iné€. Specifically, the as-received steel presents
the largest K value implying a minimum SRS. With increasing DPD strain, K decreases which

indicates that the SRS increases. A post-DPD aging leads to a decrease in SRS for the DPD-
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0.25 and DPD-0.50 steels but an increase for the DPD-0.75 steel.

V*
MkgT’

In Eq. (9), K = Thus, K is affected by the activation volume of the moving

dislocations V*, which can be defined as [48]:

Vi=b-&-l" (10)
where b is the Burgers vector of the dislocations, ¢ is the distance swept out by the mobile
dislocation during one activation event, and [* is the length which scales with the average
contact distance between two obstacles[48]. Since the Burgers vector b is a constant, the
value of K depends on the product of ¢ and [*, which increases with the dislocation density
decreasing and with grain coarsening.

The as-received steel has the lower dislocation density and the larger grain size which
increases the ¢ - 1™ resulting in the lowest SRS according to Eq. (10) compared to the DPD-
processed steels. For the DPD processed steels, with strain increasing the SRS tends to
increase because both the dislocation density increases and the grain refinement makes the
value of & -1* decrease in Eq. (10), which means the SRS increases. In addition, Fig. 11
shows that the SRS of DPD-0.25-450 and DPD-0.50-450 decrease by comparison with DPD-
0.25 and DPD-0.50, respectively, which is mainly attributed to the decrease of dislocations
and the grain coarsening. However, the SRS of the DPD-0.75-450 sample is more sensitive
than DPD-0.75 and this is because of the presence of more k-carbides precipitated during the
post-DPD aging where this leads to a significant reduction in [* in Eq. (10) which offsets the
effect of dislocation recovery and grain coarsening and thereby leads to an increment in SRS
[24, 48].

Overall, these results show that the various SRS of the Fe-Mn-Al-C lightweight steel
depend primarily on the difference in dislocation density, grain size and the appearance of
precipitates. In addition, the dislocation density increase, grain refinement and k precipitation
after DPD processing lead to a significant strain rate strengthening effect for the steel.

5. Summary and conclusions
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Experiments were conducted to investigate the microstructural evolution and the
mechanical behavior at strain rates from 1.0 x 107 to 2.0 x 10° s™! for the Fe-26Mn-8Al1-0.8C-
0.1Nb-0.3Mo lightweight steel after DPD processing for strains in the range of 0.25-0.75 and
post-DPD annealing at 450°C. The main conclusions are as follows.

1. DPD processing produces a fine-grained structure with an average grain size of ~3 um and
nano-sized k-carbides of ~0.30 nm distributed evenly in the matrix together with a high density
of dislocations after DPD for a strain of 0.75. Post-DPD aging slightly increases the grain size
and decreases the dislocation density. Submicron-sized (Nb, Mo)C particles exist in the matrix
before DPD and there is no change in size and distribution during DPD processing and post-
DPD aging.

2. The yield strength at different strain rates of the steels after DPD is significantly increased
by ~120-190 % compared with the as-received sample, and this is mainly due to a combination
of dislocation strengthening and grain boundary strengthening. For the steel subjected to DPD
processing at a strain of 0.75, there is an additional precipitation strengthening of k-carbides
which adds to the dislocation strengthening and grain boundary strengthening and leads to an
increase in the yield strength of over 900 MPa compared with the as-received steel. After aging,
the yield strength decreased slightly due to a reduction in the dislocation density and a slight
coarsening of the grains, except for samples after DPD at a strain of 0.75 which exhibited a
slight increase in strength due to further k precipitation.

3. DPD processing and increasing the DPD strain leads to an increase in the strain rate
sensitivity due to the combined effect of dislocation multiplication and grain refinement. Post-
DPD aging leads to a decrease in the SRS for the DPD-0.25 and DPD-0.50 samples because
of dislocation recovery and grain coarsening but there is an increase for the DPD-0.75 sample
due to a further precipitation of k-carbides which reduces the average contact distance between
two obstacles and this further counteracts the effect of the dislocation density decrease and

grain coarsening.
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Figure Captions:

Fig.1 XRD patterns of the as-received and the DPD processed and post-DPD aged steels
Fig.2 EBSD orientation color map of an as-received sample

Fig.3 EBSD orientation color maps of the steels after DPD processing at strains of (a) 0.25,
(b) 0.50, (¢) 0.75 and after DPD processing at strains of (d) 0.25, (e) 0.50, (f) 0.75 and post-
DPD aging at 450 °C for 2 h

Fig.4 Grain size distributions of the DPD processed samples at strains of (a) 0.25, (¢) 0.50,
(e) 0.75 and aged samples after DPD at strains of (b) 0.25, (d) 0.50, (f) 0.75

Fig.5 Bright field TEM images of the DPD processed samples at strains of (a) 0.25, (b) 0.50,
(c) 0.75 and aged samples after DPD at strains of (d) 0.25, (e) 0.50, () 0.75

Fig.6 SEM images of the (a) as-received, (b) DPD-0.25, (c) DPD-0.75 and (d) DPD-0.75-
450 samples

Fig.7 Dark field TEM images show the morphologies of k-carbides in the samples with a
strain of 0.75 (a) before and (b) after aging at 450°C

Fig.8 True stress-strain curve of dynamic compression testing of all samples at strain rates of
(@) 1.0 x 103 5!, (b) 1.0 x 10° 57! and (c) 2.0 x 10° ™!

Fig. 9 Influence of DPD strain on the yield strengths of the DPD processed and post-DPD
aged steels at strain rates of (a) 1.0 x 107 s, (b) 1.0 x 10° s}, and (c) 2.0 x 10° s™!

Fig.10 Contribution of individual strengthening factors to the yield strength at a strain rate of
1.0 x 103 s

Fig.11 Plots of Iné¢ as a function of yield stress ¢ for the steel: the values of K are equal to

the slopes of the lines obtained through linear fitting.

Table Legend:

Table 1. Calculated values of strength from different strengthening mechanisms
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Fig.3 EBSD orientation color maps of the steels after DPD processing at strains of (a) 0.25,
(b) 0.50, (c) 0.75 and after DPD processing at strains of (d) 0.25, (e) 0.50, (f) 0.75 and post-
DPD aging at 450 °C for 2 h
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Fig.5 Bright field TEM images of the DPD processed samples at strains of (a) 0.25, (b) 0.50,
(c) 0.75 and aged samples after DPD at strains of (d) 0.25, (e) 0.50, (f) 0.75

Fig.6 SEM images of the (a) as-received, (b) DPD-0.25, (c) DPD-0.75 and (d) DPD-0.75-

450 samples



e . <(011)

oy O O K(U )
k(100) Of OK
B . 9

k(01®) _"*

$L) e - ™ W(100)

. - Z=[011]

Fig.7 Dark field TEM images show the morphologies of k-carbides in the samples with a

strain of 0.75 (a)before and (b)after aging at 450°C
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Table 1. Calculated values of strength from different strengthening mechanisms

sample oo/MPa o4/ MPa ap/MPa og/MPa
As-received 349 / / 122
DPD-0.25 349 427 / 226
DPD-0.50 349 493 / 296
DPD-0.75 349 540 101 389
DPD-0.25-450 349 406 / 210
DPD-0.50-450 349 487 / 260

DPD-0.75-450 349 532 266 253
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