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Ultrasonic Effect on the Deformation Behavior
and Microstructure Evolution of a TRIP-Assisted
Steel

JIARUI KANG and XUN LIU

The effect of ultrasonic vibration on the deformation mechanism of a TRIP-assisted steel is
comprehensively studied based on micro-tensile tests. Lower flow stress and work hardening
rate are observed in ultrasonically assisted (UA) conditions. Digital image correlation (DIC)
analysis reveals the change in strain distribution and formation of Lüders-like deformation
bands under superimposed UA. Electron backscatter diffraction (EBSD) characterization shows
that at the same strain, UA reduces the fraction of retained austenite that is transformed to
martensite, indicating a delayed martensitic transformation process. Additionally, EBSD reveals
less low-angle grain boundaries and geometrically necessary dislocations with UA. All these
microstructure modifications contribute to reduced flow stress and the change of strain
distribution during deformation.
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I. INTRODUCTION

IN the demand of higher fuel efficiency and lower
CO2 emissions, the continuous drive for lightweight
vehicles has greatly increased applications of Advanced
High Strength Steels (AHSSs) and other lightweight
materials in autobody structures. AHSSs generally have
tensile strength of above 600MPa and maintain satisfy-
ing ductility for crash safety performance.[1] Transfor-
mation-Induced Plasticity (TRIP) steel is one group of
AHSSs. It has a complex multiphase microstructure
composed of ferrite matrix and a dispersion of bainite,
retained austenite, and low amount of martensite.
Retained austenite is metastable at room temperature
and can transform to martensite during deformation.
The strain associated with phase transformation
increases steel plasticity, and the transformed martensite
strengthens the ferrite matrix in a similar manner as to a
composite.[2] These two effects lead to a prominent
balance of high strength and ductility.[3] Despite the
desired mechanical performance, the involved high
processing force for these materials raises manufactur-
ing challenges, especially in the field of forming. In this
regard, temporary material softening aided by external
energy is one of the promising solutions.[4]

Acoustic softening, which is induced by ultrasonic
energy during material plastic deformation, was first
discovered in 1955.[5] Superimposed ultrasonic vibra-
tions with a frequency of 20 to 100 kHz and an
amplitude around 1 to 30 lm[6] can effectively reduce
material flow stress. After ultrasonic vibration is
stopped, there can be either residual hardening[7,8] or
softening,[9,10] depending on material systems and
annealing states. Acoustic softening has been utilized
in improving various forming processes, such as ultra-
sonically assisted (UA) deep drawing,[11] extrusion,[12]

upsetting,[13] and incremental sheet forming,[14] where
the reduction of forming force was consistently
reported.[6]

Considerable number of studies has been performed
to investigate the underlying mechanism of acoustic
softening effect. In addition to stress superposition
theory,[15–17] overall the phenomenon has been
explained as the preferential absorption of acoustic
energy by local lattice imperfections, such as vacancies,
dislocations, and grain boundaries, which increases the
mobility of dislocations and reduces critical resolved
shear stress.[7,18] Specifically, in BCC material systems,
Hoseini et al.[19] performed ultrasonically assisted tensile
test on St52 steel and found that with the same amount
of ultrasonic energy, the softening effect of UA is more
significant with increasing grain size. Dutta et al.[20]

reported a reduction of subgrain formation for a low
carbon steel with in situ ultrasonic treatment during
tensile tests. On the other hand, when ultrasonic
vibration is applied perpendicularly to compression
direction, enhancement of subgrain formation is
observed in BCC molybdenum by Siu et al.[21] In FCC
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metals, Siu et al.[22] performed ultrasonic assisted
compression on aluminum using a similar setup as in
Reference 21 where they also observed enhancement of
subgrain formation. Ahmadi et al.[23] conducted ultra-
sonically assisted tensile tests of pure aluminum and
reported the flow stress reduction is more significant in
samples with larger grains. On the other hand, in the
ultrasonically assisted tensile tests on pure copper foils
from Wang et al.[24] a similar magnitude in yield
strength reduction was reported as grain size increases.
In HCP metals, Zhou et al.[25] and Liu et al.[26]

performed ultrasonically assisted compression of pure
titanium. Zhou et al.[25] reported that deformation
twinning saturation is promoted with ultrasonic vibra-
tion, which leads to residual softening. Liu et al.[26]

observed that low ultrasonic energy would promote
deformation twinning while high ultrasonic energy
suppresses twinning. A similar trend was also observed
by Wen et al.[27] when they conducted ultrasonically
assisted tensile tests of AZ31 magnesium alloy.

Despite these studies on different material systems, so
far, few open works have evaluated ultrasonic effects on
the deformation behavior of AHSSs with their unique
multiphase microstructure. The present study explores
UA effect on the plastic deformation of TRIP 800 steel
by ultrasonically assisted micro-tensile testing. The
testing stage developed in previous work[28] is also
equipped with in situ digital image correlation (DIC)
capability to analyze the evolution of strain distribution
during deformation. Scanning electron microscopy
(SEM) and electron backscatter diffraction (EBSD) are
employed for qualitative and quantitative determination
of the distribution and volume fraction of different
phases.

II. EXPERIMENTAL PROCEDURES

TRIP-assisted steel CR450Y780T-TR sheets were
supplied by ArcelorMittal.[29] Ultrasonically assisted
tensile tests were performed with a micro-tensile testing
stage, where one of the tensile grips is directly mounted
onto an ultrasonic transducer while the other is con-
nected to a high-resolution linear actuator. Detailed
descriptions of this tensile stage are given in Reference
28. Dogbone specimens were machined by wire electrical
discharge machining (EDM) and placed in grips with
matching geometry. The gauge length of dogbone
specimen is 1.7 mm, which is more than one order of
magnitude smaller compared to the wavelength of
longitudinal ultrasonic wave in TRIP steel:

k ¼ 1=f
ffiffiffiffiffiffiffiffiffi

E=q
p

¼ 8:2 cm ½1�

where f is ultrasonic frequency 20 KHz, E and q are
the elastic modulus and density of TRIP steel and are
207 GPa and 7850 kg/m3, respectively.[30] With this
configuration, the variation of ultrasonic vibration
amplitude along sample gauge is assumed to be
negligible.[28]

The ultrasonic frequency and peak-to-peak amplitude
were kept at 20 kHz and 1.3 lm, respectively. The tensile
strain rate is 0.06/s. Two sets of experiments were
performed. In the first set, ultrasonic vibration was
continuously applied throughout testing. In the second
set, ultrasound is applied for a short period intermit-
tently during plastic deformation to study the transient
effect of ultrasonic vibration. Prior to testing, dogbone
specimens were grinded to remove surface defects from
EDM and polished to 1 lm finish. Final polishing was
performed using 0.05 lm colloidal silica in a vibratory
polisher. Sample surface prior to testing is presented in
Figure 1(a). After testing, corrugations can be observed
on the polished surface due to martensitic transforma-
tion, as shown in Figure 1(b).
Optical images with differential interference contrast

were taken using Olympus DP2- BSW. EBSD charac-
terizations were performed on FEI Apreo field emission
scanning electron microscope equipped with EDAX
Hikari EBSD detector at 20 mm working distance, 6.4
nA beam current, and 20 kV accelerating voltage. The
sample was tilted 70 deg to horizontal axis and a step
size of 100 nm was used for all scans. Post processing
was performed with NPAR (neighboring pattern aver-
aging and reindexing) in OIM Analysis to improve
signal to noise ratio. No other data cleanup was
performed. All data points were indexed as austenite
or a-ferrite. The slight tetragonality of martensite lattice
makes it challenging to perform phase identification
using Kikuchi patterns because of the similarity between
martensite and ferrite. Accordingly, the separation of
these phases was carried out using an image quality
(IQ)-based method developed by Wilson et al.[31]

Because of the internal strain and distortion in marten-
site BCT lattice, its Kikuchi pattern is diffuse and low in
image quality. Grain averaged image quality map is
used here as it gives minimal overlap between martensite
and ferrite peaks.[32] A grey scale map of grain average
IQ (IQGA) and its distribution in area fraction are
provided in Figures 2(a) and (b), respectively. The dark
region in Figure 2(a) with low IQGA corresponds to
martensite while brighter region with high IQGA corre-
sponds to ferrite and deformation-free austenite. The
threshold value of IQGA for martensite is obtained after
overlaying IQGA map with phase map so that deformed
austenite is excluded. Dislocation-rich bainitic ferrite is
also low in grain average IQ and is counted in
martensite as a simplification. Three scans are collected
on each testing condition to determine the average
fractions of different phases considering measurement
variations.

III. RESULTS

A. Stress–Strain Behavior with UA

Figure 3(a) shows the change in stress-strain response
with continuous UA applied throughout the tensile test.
While there is no noticeable difference in elastic regime,
a 45MPa drop in yield point is observed in UA
condition. The drop in flow stress increases with strain
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as the specimen with UA hardens at a lower rate. The
maximum reduction in flow stress is around 100MPa.
To compare the influence of UA on work hardening,
work hardening rate dr=de of true stress-strain curves
are calculated and plotted in Figure 3(b). The change of
work hardening rate can be characterized into three
stages during tensile test of a TRIP-assisted steel.

During the first stage of plastic deformation, hardening
rate decreases considerably, which is associated with the
deformation of ferrite and austenite.[33,34] TRIP effect
occurs in the second stage that follows,[35] where work
hardening rate increases, as shown in Figure 3(b). In the
last stage, work hardening rate decreases monotonically
till necking. The hardening rate of UA sample is lower

Fig. 1—Optical images of (a) polished TRIP 800 steel prior to testing; (b) deformed TRIP 800 steel with 17 pct tensile strain.

Fig. 2—Microstructure of TRIP 800 steel (a) grain averaged image quality map; (b) distribution of grain average image quality.

Fig. 3—Tensile test of TRIP 800 with continuous UA (a) true stress-strain curve; (b) work hardening rate.

METALLURGICAL AND MATERIALS TRANSACTIONS A



than the one without UA in the first two stages,
especially in stage 2. Since stage 2 is closely related to
TRIP effect, it is inferred that martensitic transforma-
tion is suppressed with ultrasonic vibration starting
from this stage.

Another set of tests where UA is intermittently turned
on for a short period was also performed to study the
dynamic effect of UA on the onset of plastic deforma-
tion. Engineering stress-strain curves are plotted and
compared with the test performed in the absence of UA,
as shown in Figure 4. A yield plateau that lasts for 1 pct
engineering strain is observed when UA is initiated at
around the yielding point of TRIP 800. The region
where UA is turned on and off, illustrated in a red
dashed square, was zoomed in, and presented in
Figure 4 to show more details. After the yield plateau
in UA specimen, flow stress stays at a lower level
compared with the conventionally tested sample until
UA is turned off. An average flow stress reduction of
approximately 35MPa was observed.

B. DIC Analysis

DIC analyses were performed to investigate the
evolution of strain distribution around yield plateau of
the intermittent UA test shown in Figure 4. Three
frames in chronological order were selected, i.e., before,
during, and after yield plateau, marked as frame i, ii,
and iii in Figure 4. The distribution of exx (x being
tensile direction) in conventional tested as well as UA
tested sample of these frames are compared in Figure 5.
While no pronounced difference in strain distribution is
observed at frame i, as shown in Figures 5(a) and (b) for
conventional and UA sample, DIC results of frame ii are
quite different. Without UA, higher strain builds up in a
broad region in the middle of gauge section
(Figure 5(c)), while in UA condition, as shown in
Figure 5(d), localized strain can be observed at both
ends of gauge section, as marked in red dash line. In
comparison, after yield plateau at frame iii, the differ-
ence in strain distribution can no longer be observed, as
shown in Figures 5(e) and (f). During yield plateau, UA
induces the formation of Lüders-like deformation

bands.[36–38] This agrees with lower hardening rate in
stage 2, which results in local deformation instability.[39]

The DIC result here is different from a classical Lüders
band morphology and is in the appearance of simulta-
neous multiple Lüders bands.[40]

C. Microstructural Characterization

1. Enhanced austenite stability with UA
EBSD characterizations were conducted on as-re-

ceived TRIP-assisted steel, samples tested to 5 and 17
pct engineering strain with and without UA. Phase maps
were reconstructed and presented in Figure 6, where
banding of both austenite and martensite from cold-rol-
ling can be observed.[41,42] Figure 6(a) shows the phase
distribution of undeformed TRIP-assisted steel, where
only 1.1 pct martensite is present. Deformed samples
with 5 pct strain, 5 pct strain UA, 17 pct strain, and 17
pct strain UA are shown in Figure 6(b) through (e),
respectively.
Percentages of these phases in different conditions are

compared in Figure 7. With increasing strain, more
austenite transforms to martensite. The average per-
centage of austenite decreases from 8.2 pct in as-received
condition to 6.2 and 3.9 pct with 5 and 17 pct strain,
respectively. When investigating the effect of UA, little
insight can be gained by comparing the absolute values
of austenite or martensite percentage due to the varia-
tion among scanned regions. As a normalization,
transformed austenite is calculated as martensite frac-
tion divided by the sum of austenite and martensite
fractions, i.e., the austenite fraction prior to phase
transformation. With UA, transformed austenite
decreased from 56.7 to 52.0 pct with 5 pct strain. The
trend also holds true for 17 pct strained samples.
Transformed austenite is 64.5 pct in conventional test
compared to 60.4 pct with UA. This suggests that
martensitic transformation is suppressed, and the sta-
bility of austenite is increased under superimposed
ultrasonic energy.
In addition to chemical composition and grain size,

the mechanical stability of austenite depends on the
orientation of individual grain with respect to loading
direction.[43] This can be described by Schmid factor m,
which relates macroscopic tensile loading r to critical
resolved shear stress s on a specific slip system:

s ¼ mr ¼ r cos kð Þ cos uð Þ ½2�

where k and u are the angles between loading
direction to slip plane normal and slip direction,
respectively. It is well documented that austenite grains
with high Schmid factor are least stable and preferen-
tially transform to martensite under loading.[43–45]

Austenite Schmid factor maps calculated from EBSD
data are shown in Figure 8. Undeformed sample as well
as deformed samples with 5 pct strain, 5 pct strain UA,
17 pct strain, and 17 pct strain UA are shown in
Figures 8(a) through (e), respectively.
Figure 9 compares the distribution of Schmid factor

in different testing conditions. Difference in theFig. 4—Engineering stress-strain curves of TRIP 800 steel without
UA and with intermittent UA.
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distribution of Schmid factor with UA can be observed,
especially at high Schmid factor regime. In 5 pct strained
sample with UA, the fraction of austenite grains with
Schmid factor above 0.45 decreases with increasing
Schmid factor. In contrast, the opposite trend is
observed in the conventionally tested sample. In fact,
Schmid factor distribution for 5 pct strain with UA
resembles the undeformed sample, which agrees with the
results in Figure 7 showing less martensitic transforma-
tion with UA and again indicates delayed phase
transformation. Similar conclusion can be drawn from
the change of Schmid factor with UA in 17 pct strained
samples, even though slightly higher fraction in high
Schmid factor regime is observed. This is because at 17
pct strain, more than half of the retained austenite has
already transformed to martensite, as shown in Figure 7.
This leaves less amount of high Schmid factor austenite
grains in the conventionally tested sample and higher
amount of unstable austenite grains in the UA sample to
be transformed to martensite. In other words, the
austenite grains with higher Schmid factor in UA
sample are those that are originally unstable and would
have transformed to martensite without the influence of
UA.

2. Grain boundary and dislocation structure
Figure 10 compares the distribution of grain bound-

ary structure and geometrically necessary dislocation
(GND) in different conditions. Figures 10(a) through (e)
show the grain boundary maps of undeformed, 5 pct
strain, 5 pct strain with UA, 17 pct strain, and 17 pct
strain with UA, respectively. The corresponding GND
density maps are presented in Figures 10(f) through (j).
Localized GND can be observed in martensite and
austenite regions.

While the number of low-angle grain boundaries
(LAGBs), which is colored in red and green, is very low
in undeformed sample, it increases gradually with strain.
More LAGBs form as dislocations rearrangement and

regrouping take place to partly release the strain energy
accumulated during plastic deformation.[20] A consider-
able decrease in LAGB length can be noticed when
comparing UA samples with the regular ones at the
same strain level, as shown in Figure 11. With UA, the
average length of LAGB drops from 2.71 to 1.95 mm at
5 pct strain, and from 4.38 to 3.87 mm at 17 pct strain.
GNDs are stored during plastic deformation and
directly related to the gradient in local misorientation.
Here GND density maps are generated with the
maximum misorientation angle set to 5 deg so that the
points on grain boundaries are excluded in calculation.
Prior to deformation, GND density is low with an
average of 219.0 9 1012/m2. The hot spots in GND map
closely follow phase boundaries, especially marten-
site/ferrite phase boundaries, which agrees with the
observation in dual-phase steel from Calcagnotto
et al.[46] that the GND density near ferrite/martensite
interface is an order of magnitude higher than other
regions. During plastic deformation, yielding is initiated
first in ferrite grains, followed by austenite. The local
strain gradient and strain discontinuity facilitates the
transformation of austenite. The rise in GND density is
attributed to the local plastic deformation gradient in
ferrite matrix to accommodate the change in volume as
austenite transforms to martensite. This effect is more
pronounced in deformed samples as martensitic trans-
formation progresses with increasing strain. It is note-
worthy that the average density of GND drops
significantly with UA, by 10.8 and 14.3 pct at 5 pct
strain and 17 pct strain, respectively. The reduction in
GND density is most clearly seen in ferrite matrix. This
can be explained by higher dislocation mobility under
oscillating stress wave. Dislocations can travel longer
distances and the chance for dipole annihilation is
increased.[20] Ultrasonic effect in reducing the amount of
dislocation has been proposed as one of the main
mechanisms for the softening behavior observed in
many material systems.[6] Enhanced dislocation

Fig. 5—Distribution of exx at frame i (a) without UA, (b) with UA; exx at frame ii (c) without UA, (d) with UA; and frame iii (e) without UA,
(f) with UA.
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Fig. 6—Reconstructed phase maps of TRIP 800 (a) undeformed; (b) 5 pct strain; (c) 5 pct strain with UA; (d) 17 pct strain; (e) 17 pct strain
with UA.
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annihilation as well as delayed martensitic transforma-
tion both contributes to the lower hardening rate and
flow stress observed in ultrasonically assisted conditions.

IV. DISCUSSION

A. The Formation of Lüders Band with UA

Lüders-like deformation bands can be observed in
UA condition during stress plateau, where higher strain
initiated near the two edges of specimen gauge. In
contrary, this behavior of strain distribution evolution is
hardly noticeable in the conventional tensile test where
strain increases more uniformly. It is known that Lüders
band represents local plastic instability, and its forma-
tion is related to low work hardening rate.[39] During
conventional tensile tests, the cold rolled TRIP-assisted
steel did not exhibit such behavior as the strain
hardening from martensitic transformation prohibits
local strain from rising and homogenizes global defor-
mation.[47] On the other hand, if martensite formation is
delayed with ultrasonic assistance, heterogenous defor-
mation would occur from the effect of Cottrell atmo-
sphere. Similar observations of higher Lüders strain
with more stabilized austenite have also been reported,
where austenite can be stabilized through refined
grains,[48,49] increased cold-rolling thickness reduc-
tion,[39] the amount of pre-strain[50] or chemical com-
position, especially carbon concentration.[51]

Furthermore, the overall lower dislocation density in
UA samples leads to low work hardening rate, which
also promotes Lüders band formation. It should also be
noted that the dominant micro-constituent of the
TRIP-assisted steel in this study is ferrite, where much
of the plastic strain is partitioned into. The Lüders band
formation mechanisms discussed here focus on the
deformation of ferrite phase instead of retained austen-
ite. It is worth noting that stress plateau and Lüders-like
deformation bands are not observed in the testing where

UA is present during elastic deformation, as shown in
Figure 3(a). This is attributed to the UA effect in elastic
regime, where dislocation motion is observed in metal
with existing defects.[52]

B. Delayed Martensite Formation with Ultrasonic
Vibration

The delayed martensite formation with UA can be
rationalized from both energy and deformation mech-
anism perspectives. Figure 12 illustrates the change of
Gibbs free energy of austenite and martensite as a
function of temperature.[53,54] T0 is the equilibrium
temperature where the Gibbs free energies of these two
phases are equal. As temperature decreases, the chem-
ical driving force for phase transformation increases. At
martensite start temperature MS, difference in the Gibbs
free energy between these phases reaches the sufficient

value DGc!a0

Ms
for spontaneous martensitic transforma-

tion. Between MS and T0, the chemical-free energy

DGc!a0

T1
alone is inadequate to drive martensitic trans-

formation[55] and additional mechanical energy U needs
to be supplied such that:

DGc!a0

T1
þU ¼ DGc!a0

Ms
½3�

The mechanical energy U can be written as:

U ¼ scþ re ½4�

where the first term represents the work done by
resolved shear stress and the latter by normal stress.[56]

With the application of ultrasonic vibration, flow stress
is reduced and therefore the resolved shear stress and
normal stress are lowered. Accordingly, to obtain the
equal amount of supplement mechanical energy, a
higher strain is needed. Therefore, martensitic transfor-
mation is delayed to a later stage of plastic deformation.
In other words, at the same strain level, the percentage
of martensite formation is smaller in ultrasonically
assisted conditions.
In a TRIP-assisted steel, martensitic transformation

can be either stress induced, or strain induced. As shown
in Figure 12, when temperature increases fromMS to T0,
the required amount of mechanical energy to trigger
martensitic transformation increases as the chemical
driving force decreases. Below Mr

s , an applied stress
lower than the yield strength of austenite is capable to
initiate the transformation, which corresponds to
stress-induced transformation. In the temperature
region between Mr

s and Md, the applied stress to initiate
phase transformation exceeds the yield strength of
austenite, resulting in the plastic deformation of austen-
ite. This corresponds to strain-induced transformation.
For commercialized TRIP-assisted steel utilized in
automotive industry, Mr

s is generally designed to be
below room temperature. Accordingly, at room

Fig. 7—Percentages of austenite, martensite and transformed
austenite in different conditions.
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temperature, martensitic transformation is strain
induced, which provides better ductility compared to
stress-induced transformation. During strain-induced
martensitic transformation, locations with high

dislocation intersections, i.e., microscopic shear bands,
serve as martensite nucleation sites.[2,57,58] A smaller
number of martensite embryos are available with UA as
less dislocations are present in ferrite and retained

Fig. 8—Austenite Schmid factor maps of TRIP 800 (a) undeformed; (b) 5 pct strain; (c) 5 pct strain with UA; (d) 17 pct strain; (e) 17 pct strain
with UA.
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austenite. Therefore, martensitic transformation is
delayed.

V. CONCLUSION

In this study, the effect of ultrasonic vibration on the
deformation mechanism of a TRIP-assisted steel is
comprehensively discussed based on the results from
micro-tensile tests and microstructure characterizations.
Consistent flow stress reduction is observed in both
intermittent and continuous ultrasonically assisted ten-
sile tests. Furthermore, in the continuous UA tested
condition, the overall work hardening rate is lower. In
situ DIC analyses reveal a modified strain distribution
with UA, where Lüders-like deformation bands are
observed. This indicates UA delays martensitic trans-
formation, which is further confirmed by EBSD results.
At the same strain level, UA reduces the percentage of

Fig. 9—Distribution of austenite Schmid factor in different
conditions.

Fig. 10—EBSD boundary maps of different testing condition (a) undeformed; (b) 5 pct strain; (c) 5 pct strain with UA; (d) 17 pct strain; (e) 17
pct strain with UA; (f) through (j) GND maps of (a) through (e).

Fig. 11—LAGB and GND results in different conditions.

Fig. 12—Variation of martensite and austenite Gibbs free energy
with temperature (Figure adapted with permission from Ref. [54]).

METALLURGICAL AND MATERIALS TRANSACTIONS A



transformed austenite. Furthermore, EBSD shows less
low-angle grain boundaries and geometrically necessary
dislocations with UA, which is attributed to enhanced
dislocation annihilation under oscillating ultrasonic
stress. This also contributes to lower work hardening
rate observed in tensile stress-strain curves. The delayed
martensite formation is attributed to the reduction in
supplementary mechanical energy for phase transfor-
mation because of the lowered flow stresses with UA. In
addition, less available martensite nucleation sites due to
the reduction of dislocation density with UA also
contributes to delayed martensite formation.
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2018, vol. 57, pp. 357–59.

41. S.J. Kim, C.G. Lee, I. Choi, and S. Lee: Metall. Mater. Trans. A
Phys. Metall. Mater. Sci., 2001, vol. 32, pp. 505–14.

42. K. Lee, J.H. Ryu, S.W. Lee, W.H. Lee, J.I. Kim, and D.W. Suh:
Metall. Mater. Trans. A Phys. Metall. Mater. Sci., 2016, vol. 47,
pp. 5259–65.

43. C.H. Seo, K.H. Kwon, K. Choi, K.H. Kim, J.H. Kwak, S. Lee,
and N.J. Kim: Scripta Mater., 2012, vol. 66, pp. 519–22.
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