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A B S T R A C T   

This study investigates the high strain-rate tensile properties of a cold-rolled medium-Mn steel (Fe–12Mn–3Al- 
0.05C % in mass fraction) designed to have a multi-phase microstructure and positive strain-rate sensitivity. At 
the intercritical annealing temperature of 585 ◦C, increasing the annealing time from 0.5 h to 8 h increased the 
phase volume fraction of ultrafine-grained (UFG) austenite from 2% to 35% by reversion. The remainder of the 
microstructure was composed of UFG ferrite and recovered α′-martensite (the latter resembles the cold-rolled 
state). Servo hydraulic tension testing and Kolsky-bar tension testing were used to measure the tensile proper
ties from quasi-static strain rates to dynamic strain rates (ε̇ = 10-4 s-1 to ε̇ = 103 s-1). The strain-rate sensitivities of 
the yield strength (YS) and ultimate tensile strength (UTS) were positive for both annealing times. Tensile 
properties and all non-contact imaging modalities (infrared imaging and digital image correlation) indicated an 
advantageous suppression of Lüders bands and Portevin Le Chatelier (PLC) bands (a critical challenge in multi- 
phase medium-Mn steel design) due to the unique combination of microstructural constituents and overall 
composition. Fracture surfaces of specimens annealed for 0.5 h showed some instances of localized cleavage 
fracture (approximately 30 μm wide areas and lath-like ridges). Specimens annealed for 8 h maintained a greater 
product of strength and elongation by at least 2.5 GPa % (on average for each strain rate). The relevant 
processing-structure-property relationships are discussed in the context of recommendations for design strategies 
concerning multi-phase steels such that homogeneous deformation behavior and positive strain-rate sensitivities 
can be achieved.   

1. Introduction 

Multi-phase medium-Mn steels can be produced with simple pro
cessing steps and moderate alloying content to balance manufacturing 
cost and desired mechanical properties for automotive applications 
[1–5]. Desirable characteristics of next-generation advanced 
high-strength steels (AHSS) include a multi-phase microstructure, 
moderate alloying content (less than 15% mass fraction), and products 
of strength and elongation totaling 30 GPa% or more [1,2,6–8]. One 
class of AHSS that may satisfy these requirements is referred to as 
medium-Mn steel. Cold rolling of medium-Mn steel produces a deformed 
martensitic microstructure [9,10], and subsequent intercritical anneal
ing yields small grains of austenite and ferrite on the order of a few 

hundred nanometers in diameter [11,12]. The intercritical annealing 
step also determines the austenite stacking fault energy, which in
fluences the strain hardening behavior through transformation- and 
twinning-induced plasticity (TRIP and TWIP) effects [12–17]. 

A challenge with exploring new chemical compositions of multi- 
phase steels is suppressing static and dynamic strain aging effects, 
such as Lüders bands, Portevin-Le Chatelier (PLC) bands, and serrated 
flow stress patterns [18–23]. These static and dynamic strain aging 
events can lead to unstable plastic deformation behavior (non-unifor
mity and/or strain localization). Specifically, unstable material flow 
stresses during sheet forming processes pose significant challenges for 
automotive applications, including premature ductile fracture from a 
decrease in the amount of post-uniform elongation [24,25]. Optimizing 
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a material for sheet forming also requires consideration of strain-rate 
sensitivity. Medium-Mn steels that exhibit a decrease in ultimate ten
sile strength (UTS) as strain-rate increases (negative strain-rate sensi
tivity) usually exhibit strain aging effects, large elongations, and 
significant rises in specimen temperature during deformation. There
fore, implementation of medium-Mn steels into the automotive industry, 
with respect to rapid forming operations and crash-safety standards, 
necessitates a better understanding of the high strain-rate behavior, 
specifically in the strain-rate (ε̇) range from ε̇ = 10-2 s-1 to ε̇ = 103 s-1 

[26–28]. 
This study focuses on a specific steel composition and heat treatment 

temperature that includes ultrafine-grained (UFG) austenite with a room 
temperature (RT) stacking-fault energy (SFE) of 21 mJ/m2 [29]. The 
purpose of embedding this type of austenite in a multi-phase micro
structure harnesses advantageous effects on strain hardening through 
mechanical twinning and ε-martensite formation in the same grain (a 
balance in mechanical stability/transformation behavior) [3,30–40]. A 
previous work [29] quantified the compositions of austenite, and most 
grains observed for the 0.5 h and 8 h annealing times (heat treated at 
585 ◦C) matched what was predicted based on thermodynamic simu
lations using Thermo-Calc. In other recent work [41], the intended 
deformation mechanisms (TWIP and some TRIP effects) were observed 
in specimens annealed for 8 h and in samples deformed across a large 
range of strain rates (from ε̇ = 10-4 s-1 to ε̇ = 101 s-1). In the current work, 
tensile properties of the 0.5 h heat treatment were measured with servo 
hydraulic and Kolsky bar tension testing using a wider range of strain 
rates (from ε̇ = 10-4 s-1 to ε̇ = 103 s-1). The Kolsky bar testing required a 
different specimen geometry, so results from servo hydraulic and Kolsky 
bar testing are only directly compared until the end of uniform elon
gation. To give greater context, the 0.5 h and 8 h heat treatments are 
compared and analyzed in greater detail. Based on a combination of 
characterization techniques electron backscatter diffraction (EBSD), 
digital image correlation (DIC), thermal imaging and fractography, the 
effects of annealing time and strain rate on structure-property re
lationships were investigated for the low-C medium-Mn steel. In 
particular, the variation in morphology (equiaxed, rod-like and 
plate-like) of the UFG phases, plus a large fraction of recovered 
α′-martensite, translate to an increase in yield strength and product of 
UTS and uniform elongation as strain rate increases. Another advantage 
of the multi-phase microstructure that contains recovered α′-martensite 
as a main constituent is the absence of discontinuous yielding and dy
namic strain aging during tensile deformation at all strain rates. More
over, investigating the relationships between microstructure and 
mechanical properties under high-strain-rate conditions will be useful in 
advancing the design of more multi-phase AHSS and predicting perfor
mance in extreme loading conditions. 

2. Experimental methods 

2.1. Material 

After arc melting, a slab of Fe–12Mn–3Al-0.05C (% mass fraction) 
was subjected to hot rolling (900 ◦C), homogenization (1100 ◦C for 2 h 
in an Ar environment), and a water quench to room temperature (below 
the Ms temperature). Subsequent cold rolling (50% thickness reduction) 
created a completely martensitic steel sheet with a thickness of 1.7 mm. 
After removal of a thin oxide scale via parallel plate grinding, the final 
sheet thickness was 1.4 mm. Optical micrographs of the cold-rolled 

material (mostly α′-martensite) are shown in the supplementary mate
rial. Thermo-Calc1 simulations guided the choice of intercritical 
annealing temperature (585 ◦C), as detailed in Ref. [29]. Composition of 
the annealed specimens (annealing times of 0.5 h and 8 h) were analyzed 
by a third-party using X-ray fluorescence and furnace combustion, 
shown in Table 1. 

2.2. Microstructural characterization after annealing 

Samples of the annealed material were prepared for characterization 
by mounting, grinding (SiC paper), and polishing (diamond suspension 
and 50 nm silica). EBSD scans were performed using a 30 nm step size in 
a field emission scanning electron microscope (FE-SEM) with an accel
erating voltage of 15 keV. 

2.3. Mechanical test setup and non-contact measurements 

Tensile specimens were machined from the steel sheets (water 
jetting) and polished. Full-thickness (1.4 mm) sheet tensile specimens 
were machined with the tensile direction parallel to the rolling direc
tion. The reduced gauge section used in servo hydraulic tension testing 
was 25 mm × 6 mm and the reduced gauge section for Kolsky bar tensile 
specimens was 6.9 mm × 3 mm. Drawings for the machined tensile 
specimens are shown in the supplementary material. Parameters gov
erning data acquisition, servo hydraulic tension testing (from ε̇ = 10-4 s-1 

to ε̇ = 102 s-1), infrared imaging, and DIC conditions for this strain rate 
range are consistent with reference [41]. Forces in the highest rate servo 
hydraulic test (ε̇ = 2 × 102 s-1) were measured using two strain gauges 
mounted on opposite sides of the upper head of the specimens. The 
gauges were calibrated in situ before each test against the piezoelectric 
load cell. Tension tests conducted at approximately ε̇ = 103 s-1 used a 
direct-tension Kolsky bar system with a 1 m striker bar. Lighting during 
DIC measurements incorporates a triggered flash (1 μs shutter) and 
images are recorded at 7.5 × 104 frames per second with a Photron SA1 
camera (128 pixels × 352 pixels in the gauge section). The Kolsky bar 
apparatus is shown schematically in the supplementary material and is 
based on a design from Ref. [42] to simplify the use of pulse-shaping and 
decrease oscillation amplitude directed by the incident pulse. Kolsky bar 
specimens were pin-loaded into the Kolsky bar apparatus using press-fit 
hardened steel pins. Pull-to-failure Kolsky bar tests were conducted with 
a striker bar speed of approximately 11.25 m s-1 ± 0.25 m s-1 (measured 
with a laser sensor). Stress data were obtained from the transmitted 
strain gauge-time signal while the strain data were determined from the 
average strain (from DIC) obtained over the gauge section. The uncer
tainty in the stress measurements are ±4% (estimated from standard 
error propagation techniques). 

2.4. Fractography and inclusion analysis 

Secondary electron images were recorded from areas of interest on 
fracture surfaces using a FE-SEM (25 keV). Compositional measurements 
of various particles observed on fracture surfaces were performed using 
energy dispersive spectroscopy (EDS) and are shown in the supple
mentary material. AZtec software (Oxford Instruments) was used to 
record and analyze the EDS spectra. 

1 Certain commercial software, equipment, instruments or materials are 
identified in this paper in order to specify the experimental procedure 
adequately. Such identification is not intended to imply recommendation or 
endorsement by the National Institute of Standards and Technology, nor is it 
intended to imply that the equipment or materials identified are necessarily the 
best available for the purpose. 
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3. Results 

3.1. Microstructure measurements after intercritical annealing 

Fig. 1 shows grain orientation maps of medium-Mn steel for both 
annealing times, where RD indicates rolling direction, TD stands for 
transverse direction, and ND is the normal direction. After annealing for 
0.5 h, the population of UFG austenite (from reversion) was heteroge
neously dispersed throughout the recovered martensitic microstructure 
(Fig. 1a) and comprised 2% of the total area. Fig. 2a/c reveals some 
ultra-fine ferrite grains and ultrafine austenite grains (encompassed by a 
recovered α′-martensitic matrix). The recovered martensite (coarse- 
grained regions that have not reverted to UFG austenite, nor recrystal
lized to UFG ferrite) bears a strong resemblance to the cold-rolled ma
terial (deformed α′-martensite) even after 8 h of annealing (Fig. 1b). An 
increase in annealing time (from 0.5 h to 8 h) increases the austenite 
content to 35% and increases the austenite grain size, with most of the 
UFG austenite dispersed nearly homogenously throughout the micro
structure. Notably, austenite grains in the 8 h annealing condition vary 
in morphology (equiaxed, rod-like and plate-like), but most of the 
equiaxed UFG neighbors the equiaxed UFG ferrite), as seen in Fig. 2b/d. 
The total grain area of both ferrite and recovered α′-martensite (both are 
indexed as body-centered-cubic in the EBSD analysis) decreases as 
annealing time increases (Table 2). The grain area of ferrite and 
recovered α′-martensite decreases because both UFG ferrite and UFG 
austenite are generated during intercritical annealing and thus consume 

the recovered α′-martensite. The recovered martensite and ultrafine 
ferrite respectively constitute approximately 65% and 10% (phase vol
ume fraction) of the microstructure in 8 h condition, while the shorter 
annealing time (0.5 h) produces approximately 95% recovered 
martensite and 3% UFG ferrite. 

3.2. Non-contact measurements of strain and temperature during servo 
hydraulic tension tests 

Fig. 3a/b shows an engineering stress-strain curve annotated with 
the optical images used to measure engineering strain with DIC. In all 
tensile tests and for both heat treatment conditions, DIC does not pro
vide evidence for heterogenous deformation (neither Lüders bands, nor 
PLC bands). All servo hydraulic tension tests of the 0.5 h heat treated 
condition are shown in Fig. 3c and labeled according to the nominal 
intended strain rate. As strain rate increases from ε̇ = 2 × 10-4 s-1 to ε̇ = 2 
× 102 s-1, the average values of yield strength, UTS and total elongation 
all increase. Oscillations in engineering stress observed at ε̇ = 2 × 102 s-1 

are due to ringing in the load cell and shaking of the tensile specimen. 
Fig. 4 shows radiance temperature measurements acquired during 

servo hydraulic testing. Images and extracted data in Fig. 4a–c are from 
the same tension test shown in Fig. 3a/b. After 5.5 s of deformation at a 
strain rate of ε̇ = 2 × 10-2 s-1, the maximum temperature of the specimen 
annealed for 0.5 h is 59 ◦C (Fig. 4b and c). Thermal imaging during ε̇ = 2 
× 10-2 s-1 tests shows localized heat does not generate until after εeng. =

0.133 (after 5.4 s) for the specimen annealed for 0.5 h (Fig. 4a), and is 

Table 1 
Steel sheet composition after processing and heat treatment.  

Element Fe Mn Al C Si Ni S N P O 

mass fraction (%) balance 12.27 3.01 0.046 <0.1 0.069 0.006 0.002 <0.01 0.0012  

Fig. 1. The electron backscatter diffraction maps of the medium-Mn steel were acquired after cold rolling and intercritical annealing at 585 ◦C for a) 0.5 h and b) 8 h. 
The ferrite/α′-martensite/austenite grain orientations (plus image quality) show minimal signs of recrystallization and reversion after a) 0.5 h at 585 ◦C, whereas the 
b) 8 h heat treatment reverts more of the cold-rolled α′-martensite into ultrafine-grained austenite. 
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only due to necking. Consistent with DIC measurements, no static or 
dynamic strain aging events were observed at any strain rate (true for 
both annealing times). Necking generated localized heat for all tests and 
produced a maximum temperature of 110 ◦C in Fig. 4a (εeng. = 0.173, 
which occurs after the UTS is reached, as shown in Fig. 3a/b). Repre
sentative plots of average temperature in the reduced parallel length 
(excluding the necked region and fracture surface) vs. engineering strain 
are provided in Fig. 4d. As expected, quasi-static strain rate tests (ε̇ = 2 
× 10-4 s-1) produced minimal heating before fracture, while the other 
strain rates produced minimal heating at best (when considering the 
average temperature of the non-necked region). As a note, the initial 
tensile-specimen temperature for ε̇ = 2 × 101 s-1 tests was greater than 
other tests since halogen lights were used for this DIC measurement and 
turned on 30 s prior to the start of the test, whereas test at other strain 
rates used LED lights. Results from tests at ε̇ = 2 × 102 s-1 are not 

included due to insufficient data acquisition rates of the thermal 
imaging. 

3.3. Kolsky bar tension testing 

Fig. 5 shows the DIC results and tensile properties from Kolsky bar 
tension testing of a specimen annealed for 0.5 h and a specimen 
annealed for 8 h. As seen in Fig. 5d, samples from each annealing con
dition were deformed to failure at approximately the same strain rate 
(ε̇max = 1 × 103 s-1) with respect to strain. The Kolsky bar engineering 
stress-strain curves are plotted up until the point of instability 
(maximum uniform strain) in this case. The oscillations in stress for all 
Kolsky bar tests are attributed to the impact of the striker bar (the load 
cell experiences shock waves) and should not be misconstrued as a 
microstructure-based mechanism. As annealing time increases, the yield 
strength (YS) decreases by approximately 100 MPa and uniform elon
gation (UE) increases by 0.07 (εeng.). Also, the product of UTS and %UE 
increases by 60% from 10 GPa % to 16 GPa, which is consistent with 
results from servo hydraulic testing. Like in servo hydraulic testing, DIC 
was used to measure strain during all Kolsky bar tensile tests. DIC shows 
that strain remained relatively uniform (no PLC banding effects were 
observed) in both specimens, but the specimen annealed for 8 h 
accommodated a slightly larger area (more necking) of maximum strain 
(0.35 εyy to 0.4 εyy) in the necked region. 

Fig. 2. Higher magnification view of the 
solid boxes outlined in Fig. 1 are presented 
in two forms: a/b) phase maps (austenite is 
green) with image quality overlay and 
defined grain boundaries (black lines), plus 
c/d) ferrite/α′-martensite/austenite grain 
orientations with an image quality overlay. 
The differences in grain morphology/size 
and phase fraction of the ultrafine-grained 
(UFG) austenite, UFG ferrite and remaining 
recovered α′-martensite are shown for both 
annealing times: a/c) 0.5 h and b/d) 8 h. 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the Web version of this article.)   

Table 2 
Austenite volume fraction and average grain areas measured with EBSD for the 
cold-rolled conditions and after intercritical annealing.  

Intercritical 
annealing time (h) 

Austenite 
content (%) 

Austenite grain 
area (μm2) 

Combined ferrite/ 
α′-martensite grain area 
(μm2) 

0 0 0.005 635 
0.5 2 0.073 492 
8 35 0.458 79  
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3.4. Strain-rate sensitivity via true stress-strain relationships 

To provide a comparison between servo hydraulic testing of full-size 
specimens and Kolsky bar testing of sub-sized tensile specimens, the true 
stress-strain curves are plotted together, according to heat treatment. All 
engineering stress-strain curves were converted to true stress-strain 
curves, following the Considère criterion [1,2]. In Fig. 6, the initial 
flow stresses measured from Kolsky bar testing (ε̇ = 9.9 × 102 s-1 and 
faster) appear greater than those measured from the fastest strain rate 
achieved with servo hydraulic testing (ε̇ = 2 × 102 s-1). However, 
enough uncertainty exists in the fastest servo hydraulic tests (due to 
mechanical vibration of the load cell) such that the YS and thus statis
tical significance of YS differences (compared to Kolsky bar measure
ments) was not computed. The UE values measured during Kolsky bar 
testing of specimens annealed for 8 h fall within the range measured 
from servo hydraulic testing. The UTS values of all specimens deformed 

by Kolsky bar testing are on the order of UTS values measured with servo 
hydraulic testing at ε̇ = 2 × 101 s-1 and ε̇ = 2 × 102 s-1 (for both 
annealing times). 

Strain-rate sensitivities (m in Equation 1) of the YS are shown in 
Fig. 7 and based on the actual achieved strain rates (rather than nomi
nal) [43]: 

log 10(P)=m • log 10(ε̇) + b (1)  

where, P is the strength value (YS or UTS), m is the slope of the linear 
regression, ε̇ is the strain rate, and b is the regression intercept. Re
gressions were completed using two sub-sets of the data (with and 
without Kolsky bar measurements) and are provided in Table 3 and 
Table 4. The uncertainties of the strain-rate sensitivities, are expressed 
as the standard error (see. 

Tables 3 and 4). All strain-rate sensitivities presented in Tables 3 and 
4 are positive. The YS strain-rate sensitivities that include Kolsky bar 

Fig. 3. a) Optical images used for digital 
image correlation provide a non-contact 
measurement of virtual engineering strain 
with respect to the tensile direction (color 
scale provided for εyy) during b) servo hy
draulic tension (at ε̇ = 2 × 10-2 s-1 in this 
example). The c) engineering stress-strain 
responses of the medium-Mn steel annealed 
for 0.5 h are shown for nominal strain rates 
ranging from ε̇ = 2 × 10-4 s-1 to ε̇ = 2 × 102 

s-1. (For interpretation of the references to 
color in this figure legend, the reader is 
referred to the Web version of this article.)   

Fig. 4. a) Infrared imaging during servo hydraulic tension testing enabled non-contact measurements of radiance temperature (color scale provided for ◦C) as a 
function of b) position and c) time. Analysis of the infrared images is provided for d) the shorter annealing time (0.5 h), when deformed at strain rates varying from ε̇ 
= 2 × 10-4 s-1 to ε̇ = 2 × 101 s-1. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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measurements are mYS_0.5 h_all = 0.0157 (standard error is 0.0011) for 
the 0.5 h annealing time and mYS_8 h_all = 0.0159 (standard error is 
0.0014) for the 8 h annealing time. These m values are both the slopes of 
the linear fits in Fig. 7a and two of the variables listed in Table 3. When 
including uncertainties, the difference between mYS_0.5 h_all and mYS_8 h_all 
is not statistically significant. The YS strain-rate sensitivities of both 
annealing conditions increase when Kolsky bar measurements are 
included (servo hydraulic only vs. all data in Table 3) whereas the UTS 
strain-rate sensitivities decrease after inclusion of Kolsky bar data 
(Table 4). 

The product of UTS (in true stress) and UE (% in true strain) drops 
slightly from ε̇ = 2 × 10-4 s-1 to ε̇ = 2 × 10-2 s-1 for both annealing times 
(Fig. 7b) mostly from a reduction in UE (the increase in UTS is minimal). 
The average product of UTS and % UE then increases through strain 

rates up to ε̇ = 2 × 103 s-1 for both annealing times. A comparison be
tween the two annealing times shows the 8 h annealing condition has a 
greater product of UTS and %UE as compared to the 0.5 h annealing 
time by approximately 2.5 GPa % (on average) for any given strain rate. 
The greatest product of UTS (true stress) and %UE (true strain) for the 8 
h annealing condition is 17 GPa%. Although many calibration models in 
literature use true stress-strain information (provided in Fig. 7), the 
other common practice is to report the product of UTS and % total 
elongation (TE) using engineering stress-strain values, as opposed to 
true stress-strain values. As such, the greatest product of UTS (engi
neering stress) and %TE (engineering strain) for the 8 h annealing 
condition is 28 GPa %. 

Fig. 5. High-speed imaging (7.5 × 104 frames per second) was used to measure engineering strain with digital image correlation (color scale provided for εyy where y 
is the tensile direction) during a/b) Kolsky bar tension at strain rates that exceed ε̇ = 1 × 103 s-1. Representative c) engineering stress-strain responses plotted with the 
same axis limits as Fig. 3d and d) instantaneous strain rates are provided for both annealing times (0.5 h and 8 h). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. All true stress-strain responses from servo hydraulic tension testing (from ε̇ = 2 × 10-4 s-1 to ε̇ = 2 × 102 s-1) and Kolsky bar tension testing (from ε̇ = 9.9 × 102 

s-1 to ε̇ = 1.2 × 103 s-1) are shown to compare differences in tensile properties for the a) 0.5 h and b) 8 h annealing times. 
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3.5. Fracture behavior 

Fig. 8 and Fig. 9 identify fracture surface features in specimens 
deformed to failure for both annealing conditions. As seen in Figs. 8 and 
9, shear lips and micro-void/nano-void coalescence indicate ductile 
failure, which is representative for specimens deformed at all strain rates 
and for both heat treatments. Based on analysis of EDS spectra (see 
supplementary material), the micro-voids likely nucleate near agglom
erated particles of Mn sulfides, carbides and/or Al nitrides. However, a 
unique difference between fracture surface features from different heat 
treatments is the observation of cleaved regions (Fig. 8a–c) and elon
gated ledges (Fig. 8d) on fracture surfaces of specimens annealed for 0.5 
h. The cleaved regions are flat, approximately 30 μm across, contain 
features characteristic of cleavage fracture (visible river patterns) and do 
not show evidence of void coalescence. The elongated ledges are 

parallel, lath-like and show no evidence of void coalescence on the in
clined surface walls. 

4. Discussion 

4.1. Strengthening mechanisms and suppression of plastic instabilities 

Intercritical annealing is likely the most important step for deter
mining processing-structure-property relationships in low-C medium- 
Mn steels. Tuning bulk composition and annealing parameters is para
mount when attempting to suppress undesirable plastic instabilities 
(static and dynamic strain aging effects) by controlling specific micro
structural features. Neither heat treatment exhibited static or dynamic 
strain aging effects (associated with Lüders bands or PLC bands) during 
mechanical testing, which is discussed in context with the rest of the 
medium-Mn steel literature. A detailed description of the microstructure 
is necessary to explain how certain plastic instabilities are suppressed. 

During intercritical annealing, the multi-phase microstructure of the 
cold-rolled Fe–12Mn–3Al-0.05C (% mass fraction) experiences changes 
in phase fraction and grain size by quantities that span an order-of 
magnitude. For example, as annealing time increases from 0.5 h to 8 
h, the amount of UFG austenite increases from 2% to 35%, and the 
average grain area of austenite increases from 0.073 μm2 to 0.458 μm2. 
To remove effects of strain rate as a variable in this discussion sub- 
section, quasi-static tensile properties are compared to decipher the 
influence of annealing time on tensile behavior. In addition, it is unlikely 
that the operable deformation mechanisms in the austenite changed 
significantly between the two conditions since previous analysis of the 
austenite compositions [29] identified near equilibrium compositions 
(meaning the same austenite SFE) for both annealing time. For tensile 
properties measured at a strain rate of ε̇ = 2 × 10-4 s-1, with an in in
crease in annealing time, the YS decreased from 775 MPa to 676 MPa 
and the UTS decreased from 824 MPa to 780 MPa. The decreases in 
strength are interpreted to reflect the effects of annealing time on a 
decrease in α′-martensite phase fraction, decrease in martensite strength 
due to recovery in the 8 h annealing condition, and correspondingly an 
increase in the amount and grain size of the UFG austenite and ferrite. 

Multiple types of grain morphologies as well as a recovered form of 
the cold-rolled microstructure were observed after both heat treatments. 
Many UFG multi-phase medium-Mn steels exhibit effects from Lüders 
bands [11,32,44–51] and PLC bands [8,19,20]. The mechanisms gov
erning such plastic instabilities are complex. For example, a study by 

Fig. 7. Comparison between heat treatments for the a) 0.2% offset yield strength strain-rate sensitivity and b) product of ultimate tensile strength (true stress) and 
uniform elongation (true strain) as a function of achieved strain rate. 

Table 3 
Strain-rate sensitivity of yield strengths measured for both annealing times.  

Annealing 
time 

Testing data 
used 

Variable 
name 

Value of 
m 

Uncertainty of m 
(standard error) 

0.5 h All data mYS_0.5 h_all 0.0157 0.0011 
0.5 h Servo 

hydraulic only 
mYS_0.5 

h_servo 

0.0115 0.0014 

8 h All data mYS_8 h_all 0.0159 0.0014 
8 h Servo 

hydraulic only 
mYS_8 h_servo 0.0106 0.0013  

Table 4 
Strain-rate sensitivity of ultimate tensile strengths measured for both annealing 
times.  

Annealing 
time (h) 

Testing data 
used 

Variable 
name 

Value of 
m 

Uncertainty of m 
(standard error) 

0.5 h All data mUTS_0.5 

h_all 

0.0126 0.0017 

0.5 h Servo 
hydraulic 
only 

mUTS_0.5 

h_servo 

0.0157 0.0018 

8 h All data mUTS_8 h_all 0.0089 0.0018 
8 h Servo 

hydraulic 
only 

mUTS_8 

h_servo 

0.0112 0.0031  
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Steineder et al. [51] on a cold-rolled Fe-6.4Mn-0.1C (% mass fraction) 
steel showed that intercritical annealing at 580 ◦C still produced 
yield-point elongation after one-step and two-step heat treatments, even 
though a change in grain morphology was observed (from equiaxed to 
mostly lamellar with some equiaxed). We attribute the suppression of 
discontinuous yielding (Lüders banding) to the large fraction and 
morphology of the recovered martensite, the bimodal-grained micro
structure, the fine grain size of ferrite, the multiple austenite morphol
ogies (equiaxed, rod-like and plate-like), and the austenite stability [10, 
11,32,44–54]. The suppression of PLC bands is most likely due to the 
morphology of all microstructural constituents, the austenite stability 
(some TWIP and TRIP effects were observed, but no rapid TRIP effects 
were evident), and most notably the low carbon content [8,18–20]. Also, 
dynamic strain aging events have been shown to occur in medium-Mn 
steels even after austenite has completed a strain-induced trans
formation [55]. Suppression of static and dynamic strain aging effects is 
a formidable challenge when designing complex multi-phase micro
structures [54]. The first recommendation for a design strategy that 
seeks to avoid plastic instabilities/inhomogeneous macro-scale defor
mation would be to produce a cold-rolled martensitic microstructure 
with a low-carbon content. The second is to choose an intercritical 

annealing temperature at which a SFE of 30 mJ/m2 or less can be ach
ieved. These recommendations (informed by thermodynamic calcula
tions) for a given medium-Mn steel should produce a multi-phase 
microstructure with multiple morphologies for short and long annealing 
times. 

4.2. Effects of intercritical annealing time on fracture behavior 

The most interesting observations of fracture behavior occur in 
specimens annealed for 0.5 h and are directly related to the morphology 
and fraction of the recovered martensite. DIC and thermal imaging 
showed evidence of necking and ductile failure for both heat-treated 
conditions and at all strain rates. However, a notable difference be
tween heat treatments in DIC results (using the same specimen geome
try) is that the specimens annealed for 8 h accommodate a necking 
region that is physically larger as well as a greater strain at which 
necking occurs. Fractography provides evidence of micro-void and 
nano-void coalescence on the fracture surfaces of specimens deformed at 
ε̇ = 2 × 10-4 s-1 for both annealing times (0.5 h and 8 h). There is clear 
evidence from EDS analysis that micro-voids in this material are 
nucleated in the vicinity of Mn sulfides, carbides and Al nitrides (sup
plementary material), even at high strain rates. The presence of car
bides, nitrides and inclusions is consistent with the traces of light 
elements measured from bulk un-deformed specimens (Table 1). Parti
cles, carbides, and Mn-rich austenite embryos that range from 5 nm to 
1000 nm in size were identified by means of scanning transmission 
electron microscopy (STEM) EDS and atom probe tomography (APT) in 
previous work for samples annealed for 0.5 h at the same temperature 
[29]. In terms of nano-voids, we believe initiation likely occurs at phase 
boundaries UFG austenite vs. UFG ferrite/recovered martensite, espe
cially when the strain-induced or stress-assisted martensite trans
formation intersects a phase boundary [54,56–59]. 

In specimens annealed for 0.5 h, flat areas (approximately 30 μm in 
diameter) showed no signs of void coalescence and contained some river 
patterns, which are characteristic features of cleavage fracture. The 
mechanism of this transgranular fracture is typically synonymous with 
brittle failure. Also, flat facets that are generally about the same size of a 
ferritic or martensitic constituent are typical indicators of local brittle 
failure that occurs along a crystallographic plane [60,61]. Such features 
also correlate well with the notion that these features were only 
observed in samples annealed for 0.5 h. Stated plainly, the 
coarse-grained martensitic constituent in this material condition is a 
recovered version of the cold-rolled microstructure. It is recognized that 
effects from rolling still play a key role in the formation of some fracture 
surface features, highlighted by the orientation of the flat features being 

Fig. 8. The representative secondary electron images recorded from the center of fracture surfaces of specimens heat treated for 0.5 h and deformed at ε̇ = 2 × 10-4 s- 

1 (servo hydraulic tensile specimen geometry) shows instances of a-c) localized cleavage, plus d) lath-like ledges (arrows), and a-d) micro-voids/nano-voids. The 
rolling direction (RD) is parallel to the direction of tension. 

Fig. 9. A representative secondary electron image recorded from the center of a 
fracture surface of a specimen heat treated for 8 h and deformed at ε̇ = 2 × 10-4 

s-1 (servo hydraulic tensile specimen geometry, shows micro-voids, nano-voids 
and sheared micro-voids. The rolling direction (RD) is parallel to the direction 
of tension. 
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parallel to the rolling direction. The morphology of these features is 
consistent with planar anisotropy from cold rolling and incomplete 
recrystallization of the microstructure. These observations are impor
tant because brittle failure mechanisms reported for intercritically 
annealed medium-Mn steels, albeit different mechanisms (quasi-cleav
age and intergranular fracture), are typically only associated with 
hydrogen embrittlement [62–65], low temperature [63,66], or the 
presence of delta ferrite [67,68], none of which are factors in this work. 
In the 8 h condition, the total area of the recovered α′-martensite is more 
disrupted than in the 0.5 h condition and is likely the reason that such 
local brittle failures were not observed, even though the recovered 
α′-martensite constituted a large fraction of the microstructure. Also, 
lath-like ledges (no evidence of void coalescence in these regions) were 
also observed on fracture surfaces of specimens from the 0.5 h annealing 
treatment and likely originated at lamellar cell block boundaries [56]. 
Given the multi-phase microstructure and multiple grain sizes in the 
microstructure, it is reasonable to assume that the coarse-grained parent 
microstructure dominates the fracture behavior for the material condi
tion produced with a shorter annealing time [69]. 

4.3. Effects of strain rate on tensile behavior for both annealing times 

Positive strain-rate sensitivities of the YS and UTS were measured for 
both annealing times. Strain-rate sensitivity values (m) of the yield 
strength, measured from ε̇ = 2 × 10-4 s-1 to ε̇ = 1 × 103 s-1, were 0.0157 
(standard error is 0.0011) and 0.0159 (standard error is 0.0014) for the 
0.5 h and 8 h treatments, respectively. In comparison to other classes of 
steels, it has been reported that a TRIP800 steel [70] produced an mYS of 
0.0117 across a narrow range of strain rates (from ε̇ = 8 × 10-2 s-1 to ε̇ =
2 × 10-1 s-1). Also, lower-strength Cr-containing ferritic stainless steels 
[71] can possess a mYS ranging from 0.0140 to 0.0210, depending on the 
range of strain rates measured. Context must also be given to our pre
vious work, which only investigated tensile properties of the 8 h heat 
treatment [41] and did not include Kolsky-bar tension testing. Tensile 
properties were measured from ε̇ = 2 × 10-4 s-1 to ε̇ = 1 × 101 s-1, which 
produced an mYS of 0.0106. The difference in mYS (when compared to 
the current results that include Kolsky-bar tension and high-speed DIC) 
is statistically significant. These new results are important since the 
actual strain rates experienced in rapid forming operations and 
crash-related condition are in excess of ε̇ = 103 s-1 [26–28] and because a 
positive strain-rate sensitivity can be achieved with a medium-Mn 
content for both short and long annealing times. Since it has been 
established that dynamic strain aging leads to negative strain-rate 
sensitivity [72–74], a positive strain-rate sensitivity coupled with ho
mogeneous macro-scale deformation in a multi-phase steel should 
generally lead to higher energy absorption in applications where the 
material experiences high speed deformation. 

A multitude of factors are responsible for producing a positive rate 
sensitivity in a multi-phase steel. Given the suppression of static and 
dynamic strain aging events, microstructural influences are more easily 
differentiated by phase and mechanical stability. Although the rate 
sensitivity exponent is relatively low for UFG (300 nm–1000 nm) face- 
centered cubic (FCC) and body-centered cubic (BCC) materials [69], 
the positive strain-rate sensitivity of YS and UTS means time-dependent 
and thermally activated short-range barriers govern the flow stress [43, 
75,76]. As strain rate increases, dislocations have less time to overcome 
short range obstacles, meaning less time for thermal energy to aid in 
overcoming such obstacles. In BCC metals, the principal short-range 
barrier to dislocation motion is the Peierls-Nabarro stress (a 
friction-based term). In FCC metals, the main short-range barriers to 
dislocation motion are dislocation forests and solute atoms [77,78]. The 
differences in short-range barriers when comparing BCC and FCC ma
terials are because the Peierls barrier (measured in energy*length-1) is 
less energetically favorable (more challenging) to overcome in a BCC 
lattice (particularly for screw dislocations) as compared to the FCC 
lattice [75,79]. The major effects on flow stress governing strain-rate 

sensitivity in this multi-phase medium-Mn steel are linked to the 
BCC-based (ferrite and martensite) microstructural constituents, which 
provides an upper bound on the degree of positive strain-rate sensitivity 
in a multi-phase steel. This statement is particularly valid for the con
dition annealed for 0.5 h because only 2% austenite is present in the 
undeformed state. 

Measurements of radiance temperature were necessary to under
stand and quantify other factors that play a part in the positive strain- 
rate sensitivity in this multi-phase steel. Even though adiabatic condi
tions may be met at approximately ε̇ = 2 × 10-2 s-1, the limited uniform 
elongation of this material does not allow for a great amount of thermal 
softening. Also, the minimal specimen heating does not allow for a large 
increase in SFE. This is an important point because if enough heat ac
cumulates in the specimen during tension, austenite stability increases 
due to an increase in SFE. The largest increase in average radiance 
temperature (ΔT = 25 ◦C) of the tensile specimen (excluding necking) 
offers a conservative estimate on the increase in SFE (4 mJ/m2) [33,41] 
and does not produce a notable change in austenitic deformation 
mechanisms (when the RT SFE is approximately 21 mJ/m2). While TEM 
analysis of deformation mechanisms was completed for both annealing 
times (supplementary material), one must keep in mind that the 
microstructure in specimens annealed for 0.5 h consists of 2% UFG 
austenite. Thus, most of the deformation in the 0.5 h condition is 
accommodated by the rest of the microstructure (dislocation tangles in 
UFG ferrite and recovered α′-martensite). To provide more context on 
the significance of this work (positive UTS strain-rate sensitivity as 
shown in Table 4), it is noteworthy to mention that a negative UTS 
strain-rate sensitivity is achieved when deformation mechanisms are 
strongly influenced by adiabatic heating, i.e. low SFE and/or dynamic 
strain aging effects in medium-Mn TRIP [28,78,80,81]. In fact, a recent 
study [82] on strain rate effects for the same nominal steel composition 
investigated a different intercritical annealing condition (2 h at 675 ◦C 
produced 45% UFG austenite with an estimated RT austenite SFE of 10 
mJ/m2). While that study [82] did show a fluctuation in strain-rate 
sensitivity of the YS and UTS, the overall trend in mechanical proper
ties (based on a comparison of the extremes in strain rate) shows was 
that the product of strength and elongation decreased as strain rate 
increased. 

Finally, Kolsky bar testing of automotive sheet steels provides insight 
into mechanical property measurements that are relevant to high-speed 
crash-related conditions and some extreme forming operations. The 
gauge length of Kolsky bar tensile specimens was less than 1/3 of the 
reduced parallel length of the servo hydraulic tensile specimens (6.9 mm 
vs. 25 mm) and the gauge width was approximately half the size (3 mm 
vs. 6 mm). Kolsky bar DIC results captured at a nominal strain rate of ε̇ =
1 × 103 s-1 are consistent with servo hydraulic results follow the same 
trends of servo hydraulic testing where specimens annealed for 8 h have 
lower YS and UTS values, but greater UE values as compared to speci
mens annealed for 0.5 h. Moreover, the processing-structure-property 
relationships presented in this work are unique for medium-Mn steels 
and show promise for applications which require a material to maintain 
a positive strain-rate sensitivity of YS and UTS (including moderate 
uniform elongations and homogenous macro-scale deformation 
behavior). 

5. Summary and conclusions 

A cold-rolled medium-Mn steel was intercritically annealed with 
different annealing times at the same temperature, which respectively 
produced 2% and 35% UFG austenite with variations in morphology. 
Other microstructural constituents include equiaxed UFG ferrite and 
coarse-grained recovered α′-martensite. Strain rate effects were inves
tigated across a large range (from ε̇ = 2 × 10-4 s-1 to ε̇ = 1 × 103 s-1). 
Notably, the tensile properties, thermal imaging and digital image cor
relation measurements provided no evidence of static (Lüders bands) 
nor dynamic strain-aging (PLC bands) effects for both material 
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conditions, indicating homogenous deformation behavior on a macro
scopic length scale. With the goal of influencing future design strategies, 
the following conclusions are drawn from this work:  

• The suppression of effects from static and dynamic strain aging 
events is due to a unique combination in size and morphology of the 
microstructural constituents in this multi-phase material. To achieve 
this unique microstructure, a low-carbon medium-Mn steel should be 
cold-rolled and intercritically annealed at a temperature that opti
mizes phase fraction, grain size, and room temperature austenite 
stability.  

• When comparing the same strain rate, an increase in intercritical 
annealing time produced a decrease in YS, but an increase in the 
product of UTS and UE. Most of these changes in mechanical prop
erties per annealing time are due to differences in the size and phase 
fraction of UFG austenite and recovered martensite. 

• The greater phase fraction of the recovered α′-martensite (a con
stituent that is present due to an incomplete recrystallization) 
measured in the shorter annealing time most likely led to localized 
instances of brittle failure on the fracture surfaces. The flat features 
(aligned with the rolling direction) in such instances were of the 
same size and morphology of the coarse-grained α′-martensite (a 
recovered form of the cold rolled microstructure).  

• When production of a multi-phase medium-Mn steel is optimized, 
two different material conditions from the same nominal composi
tion can be manufactured to exhibit positive strain-rate sensitivities 
of the YS, the UTS, and the product of strength and elongation. 
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