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Abstract: It is important to control the deformation-induced martensitic transformation (DIMT) up
to the latter part of the deformation to improve the uniform elongation (U.El) through the TRIP
effect. In the present study, tensile tests with decreasing deformation temperatures were conducted
to achieve continuous DIMT up to the latter part of the deformation. As a result, the U.El was
improved by approximately 1.5 times compared with that in the tensile test conducted at 296 K.
The enhancement of the U.El in the temperature change test was discussed with the use of neutron
diffraction experiments. In the continuous DIMT behavior, a maximum transformation rate of about
0.4 was obtained at a true strain (¢) of 0.2, which was larger than that in the tensile test at 296 K. The
tensile deformation behavior of ferrite («), austenite (), and deformation-induced martensite («')
phases were investigated from the viewpoint of the fraction weighted phase stress. The tensile test
with a decreasing deformation temperature caused the increase of the fraction weighted phase stress
of w and that of &/, which was affected by the DIMT behavior, resulting in the increase in the work
hardening, and also controlled the ductility of « and &/, resulting in the enhancement of the U.EL
Especially, the a phase contributed to maintaining high strength instead of &’ at a larger e. Therefore,
not only the DIMT behavior but also the deformation behavior of 7, &, and &’ are important in order
to improve U.El due to the TRIP effect.

Keywords: TRIP effect; uniform elongation; deformation-induced martensitic transformation;
deformation temperature; neutron diffraction experiments

1. Introduction

The transformation-induced plasticity (TRIP) effect is a strengthening mechanism of
metals that makes efficient use of the deformation-induced martensitic transformation
(DIMT) of the retained austenite (yg) and is expected to improve the ductility or elonga-
tion [1-6]. Because the TRIP effect also has been utilized in advanced high-strength steels,
there is great interest in understanding how the DIMT controls and the constituent phases
interact to obtain superior mechanical properties [2,4,7]. In various studies on the TRIP
effect, the DIMT behavior of 7R is key information for discussing the enhancement of
the uniform elongation (U.El) through the TRIP effect [4-12]. Blondé et al. investigated
the mechanical stability of yr using high-energy X-ray diffraction during tensile tests at
various deformation temperatures [3]. They made clear that the mechanical stability of yg
was influenced by a complex interplay among the carbon concentration in <z, the grain
orientation, the load partitioning and the deformation temperature. Based on previous
studies, it is desirable that g is stable in the early stage of deformation and that the
DIMT is temporarily induced up to the latter part of the tensile deformation in order to
obtain a better TRIP effect [8,13-15]. On the other hand, in cases where the improved U.EI
was obtained in various TRIP steels, all of the yr was not necessarily transformed into
deformation-induced martensite (') at the maximum load point [7,9,16]. This means that
the DIMT can be effectively used to improve the U.El through the TRIP effect. If such
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DIMT behavior can be achieved, it is obvious that the U.EIl can be improved. However,
such DIMT behavior is generally very difficult to obtain in tensile tests conducted at a
constant temperature or strain rate [4,7,14,16]. The DIMT behavior depends on the tem-
perature and the volume fraction of &’ at a given true strain (¢) generally increases with a
decrease in the deformation temperature [3,4,7,14,15]. It is expected that the DIMT can be
temporarily induced up to the latter part of deformation by decreasing the temperature
during the tensile deformation. We believed that this type of test would help to clarify the
conditions required for the DIMT to improve the U.El through the TRIP effect. Therefore,
we attempted to control the DIMT behavior by changing the temperature during the tensile
deformation. In the present study, we conducted tensile tests during which the deformation
temperature was decreased in order to control the DIMT behavior, and we investigated the
improvement of the U.El. The DIMT behaviors were investigated by X-ray and neutron
diffraction experiments [4,17-19]. The tensile deformation behaviors of the austenite (7y),
ferrite (a), and &’ phases of a TRIP steel were also studied through neutron diffraction
experiments [4,7,17]. Harjo et al. analyzed the phase stress of «’ with in situ neutron
diffraction experiments and discussed the stress contribution from &’ to the flow stress
of a TRIP steel [7]. The quantitative estimation of «’ based on this procedure must play
an important role in the discussions for the role of #’ on the tensile deformation behavior
of TRIP steels. From the obtained results, the relationships among the U.El, the DIMT
behavior, and the deformation behavior of each phase were summarized and the DIMT
conditions for an efficient TRIP effect were discussed.

2. Experimental Procedures

This study used a TRIP-aided multi-microstructure steel obtained from a 0.2C steel
(0.2C, 1.518i, 1.22Mn, 0.022P, 0.0025S, 0.039A1 by mass%) [7,12,18]. The ingots were vacuum
melted, hot rolled to a thickness of 8 mm by finishing at 1123 K, and then cold rolled to a
thickness of 2.2 mm. To obtain the TRIP steel, the cold-rolled steel sheets were annealed at
1073 K for 1.8 ks using a fluid bath under a N; atmosphere, followed by air cooling to 998 K.
The sheets were then isothermally held at 673 K for 180 s followed by air cooling. Surface
grinding was conducted to obtain a final thickness of 1.8 mm. Microstructure observation
was performed by using a scanning electron microscope JEOL-7001F (SEM, JEOL, Tokyo,
Japan) equipped with a measurement system of electron back scattering diffraction (EBSD)
(TSL Solutions, Sagamihara, Japan). The EBSD pattern was analyzed while the possible
phases were set as body-centered cubic (bcc) and face-centered cubic, and the scanning
pitch was 0.2 pm.

Static tensile tests were conducted at a strain rate of 3.3 x 10 at various deforma-
tion temperatures between 77 and 573 K by using a gear-driven type tensile test machine
Instron 5082 (Instron, Kawasaki, Japan) equipped with a 100 kN load cell. Here, tensile test
specimens with a gage width of 5 mm, a gage length of 25 mm, and a thickness of 1.8 mm
were prepared. The deformation temperatures were controlled by using liquid nitrogen
(77 K), an environmental chamber (123-373 K), and a heating furnace (373-573 K) [14,15,20].
Tensile test specimens that were interrupted at various ¢ during tensile deformation at
various temperatures were also prepared for calculating the volume fractions of vz (V)
and o’ (V). V,, Vs, and the carbon content of g in the 0.2C TRIP steel were estimated by
X-ray diffraction experiments using Cu-K,, radiation (Rigaku, Tokyo, Japan) [7,14,15,18].
The quantitative estimations of V., and V/ by X-ray diffraction were based on the principle
that the total integrated intensity of all diffraction peaks for each phase in a mixture was
proportional to the phase volume fraction [14,15,20].

We also conducted tensile tests during which the deformation temperature was
changed during the tensile deformation to control the DIMT behavior. In this study,
two types of tests were performed, as shown in Figure 1. The deformation temperature
range was between 123 and 373 K, using the environmental chamber. Tensile test A, as seen
in Figure 1a, was conducted up to ¢ of about 0.15 at 373 K and was unloaded. Then, the test
specimens were cooled to various deformation temperatures below 296 K, and resumed
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tensile deformations. The strain rate of test A was 3.3 x 10~% s~!. Test B, as shown in
Figure 1b, was conducted up to ¢ of about 0.2 at 373 K with a strain rate of 3.3 x 10~%s~!
and was unloaded. The tensile test was then resumed with a strain rate of 1.0 x 10~°s™!
at 323 K up to ¢ of about 0.3, and subsequently continued at the same strain rate with a
gradual decrease in the deformation temperature. Test B was stopped when the maximum
load point was reached at 123 K.

(a) Test A (b) Test B
@ | 313K 313K
] 323K
]
- e
L ~.
2, o
: i
= |  pmmmmssmmssssssses Sy
T,<T,<T,;
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Figure 1. Schematic illustrations about test A (a) and B (b).

In test B, tensile test specimens that were interrupted at various € during the test were
prepared to evaluate the evolutions of V/, the residual phase strain (E;h 1s)- and the residual
lattice strain (¢j,;;) using neutron diffraction. The neutron diffraction experiments were
conducted at TAKUMI [4,7,17], the high-resolution and high-intensity time-of-flight (TOF)
neutron diffractometer for engineering sciences at MLF of J-PARC. Diffraction patterns
in the loading and transverse (normal to the loading direction) directions were measured
simultaneously by using two 90° scattering detector banks. The neutron diffraction patterns
for both the loading and transverse directions were collected at detector areas integrated
at £15° horizontally and £15° vertically. The diffraction patterns were measured for
600 s. ¢}, and volume fraction of a (V), V, and V» were calculated from the collected
diffraction patterns. ¢}, was calculated by using the following equation, which is based on
peak analyses [4,7,17]:

0
&= dhkldo G (1)
hkl

where dj; is the lattice spacing after the tensile deformation and d%kl is the lattice spacing
before the deformation. d9,, of v and a were obtained from peak analyses before defor-
mation, but &’ did not exist before deformation in this case [4,7]. The peak analyses of a’
were performed based on previous studies by Harjo et al. [7]. Data analyses of &' were
conducted by a multi-peak fitting method consisting of « and «’. In the present analyses, '
was considered to be bcc, but with a higher carbon content than bec. This was because the
reliability of separating the 2 and ¢ axes is low due to the small volume fraction of #’ and
because the carbon content dependence of &’ on the ¢/a ratio is not clear. In this study, d9,,
of &’ was estimated from the calculated lattice constant of a’ as follows [21,22]:

Gy = ? %M 2)
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where a,/, a,, p,/, and p., are lattice constants and the atomic densities of a" and -y [20,21].
a, before the deformation (a, ) of the present TRIP steel was described by a, before
deformation (a, o) [7]:

ay 0 =0.8037 a, o (3)

d),, for &’ was calculated from a,, o estimated by Equation (3) and was used for estimating
€}y of &’ using Equation (1) [4,7]. In the present study, the data from the neutron diffraction
patterns in the loading direction were mainly analyzed because the peaks between a and
' in the patterns of the transverse direction were difficult to separate due to the proximity
of the peaks caused by the Poisson effect [4,7]. €, was estimated as the averaged value

of ¢}, for each phase ((111), (200), (311) for  and (110), (200), (211) for « and &’ phases,
respectively) [4,7]. Vi, V,,, and V; were calculated from the integrated intensities obtained
by neutron diffraction experiments [4,7]. In terms of the change in V,/, which is associated
with the DIMT behavior, the analyses of the &’ peaks were evaluated as having a lower
reliability because those peaks were low and broadened. Therefore, the increase in Vs was
considered to be the decrease in V., [4].

In situ neutron diffraction measurements during tensile test were also carried out
at constant deformation temperatures, 296 K, 245 K, 188 K, and 128 K, to investigate the
effect of deformation temperature on phase strain in the TRIP steel. The deformation
temperatures were controlled by a liquid nitrogen cooling system equipment [17,23]. The
temperature was monitored using a thermocouple attached on the specimen at the grip
parts. Macroscopic strains were measured by a strain gage. The size of incident beam slit
was 5 mm x 5 mm, and a pair of radial collimators viewing 5 mm width was adopted.
The tensile test was conducted by a step-increasing load control with 300 s holding time in
the elastic region and with the initial strain rate of 2 x 10~° s~ ! in the plastic region. The
data for the plastic region was then sliced per 300 s or 600 s and the measurements were
performed up to the tensile strength (TS). Lattice strains and phase strains for the in situ
neutron diffraction experiments are calculated based on the same concept such as Equation
(1) [4,7,15,16].

3. Results and Discussion
3.1. Effect of Temperature on Tensile Properties in a 0.2C TRIP Steel

Figure 2 shows the SEM-EBSD phase map (a) and inverse pole figure map (b). In the
phase map, red and green indicate & and v, respectively. Note that ferrite and bainite were
treated as one a phase here. yr was dispersed almost uniformly at the a grain boundaries.
We also observed the microstructure using an optical microscope in previous studies [18].
In the optical micrograph, vg was also dispersed in bainite, and the average size of v was
approximately 1 um. The volume fractions of ferrite, bainite, and yg were 67.6,21.8, and
10.6%, respectively, and the carbon content of yg was 1.28 mass% [7,12].

Figure 2. EBSD phase mapping image (a) and orientation color map (b) in the 0.2C TRIP steel.
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Figure 3 shows the nominal stress (s)-nominal strain (e) curves of the 0.2C TRIP steel
at various temperatures between 77 and 573 K. s increased with the decrease in temperature
and failed in a brittle manner at 77 K. U.El and total elongation indicated better values at
296 and 323 K. Almost the same s— curves and mechanical properties were exhibited at
373 and 473 K. U.El and total elongation decreased with the increase in deformation tem-
perature, but TS increased slightly when the temperature increased from 473 to 573 K. This
seems to be associated with the deformation-induced bainitic transformation of 7y [5,20].
Figure 4 shows the 0.2% proof strength (0.2% PS), TS, and U.El as functions of the defor-
mation temperature. The 0.2% PS and TS increased with the decrease in temperature. The
0.2% PS decreased slightly near 223 K and increased again below 173 K. The g seems to
be transformed to &’ before yielding near 223 K. Thus, the temperature of 223 K is close
to the Ms” point of the present TRIP steel [14,20,24,25]. U.El showed a maximum value
at 296 and 323 K. Figure 5 shows the true stress (¢) and work-hardening rate (do/de) as
a function of ¢ at various temperatures. do/de at a given ¢ increased with the decrease in
temperature. As shown in Figure 4 that ¢ at the plastic instability, i.e., U.El, was the largest
at 296 K, the do/de at e > 0.2 at 296 K was also larger than those at temperatures < 296 K.
This is associated with the change in V; due to the DIMT during tensile deformation [1,5].

B —

Nominal stress (MPa)

: Strainrate = 3.3x10%s!
0 | I 1 1

0 0.1 0.2 0.3 0.4
Nominal strain

Figure 3. Nominal stress—nominal strain curves of the 0.2C TRIP steel obtained by tensile tests at
various deformation temperatures.
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Figure 4. 0.2% proof strength, tensile strength, and uniform elongation as a function of temperature
in the 0.2C TRIP steel.
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Figure 5. True stress (0) and work-hardening rate (do/de) as a function of true strain at various
deformation temperatures.

3.2. Mechanical Properties Obtained from Test A

Next, the experimental results obtained from test A are discussed. Figure 6 shows the
s—e curves obtained from test A. The figure shows the s—e curves up to the maximum load
point and the dashed line shows the s—¢ curve obtained from the tensile test at 296 K. When
the tensile tests were conducted again at various temperatures below 296 K after applying
e of about 0.17 at 373 K, U.El became larger than that at 296 K. However, the effect of the
reloading temperature on U.El was small, and the difference in U.El between test A and
the tensile test at 296 K was approximately only 5%, being independent of the temperature.
On the other hand, in the s—e curves reloaded at below 243 K, the elastic limit immediately
after reloading was smaller than that at e of about 0.17 at 373 K. The elastic limit seems
to decrease due to the transformation strain because the DIMT occurred below the yield
strength at temperatures less than 243 K [20,24,25]. Figure 7 shows a comparison of the TS
and U.El between test A and the tensile tests at constant deformation temperatures. Here,
the TS and U.El obtained from test A are shown as functions of the reloading temperature
after tensile deformation at 373 K. The TS at a given temperature was almost the same
between test A and the tensile test at constant deformation temperatures. In test A, U.El
at below 296 K was improved compared with that in the tensile tests but was almost the
same independent of the temperature below 273 K. The difference in U.El between test A
and the tensile test became slightly larger at lower temperatures.

1000 ! -

Tensile test
at 296 K

800

_
[~
S
600 L .
o "
& !
- H
-
» H
g 400 5
E : )
“nhancement o:
E i Enh £
i U.El
200 foobe s
: (+5%)
ox U.EI : : :
0 . j i i i j—
0 005 01 015 02 025 03 035 04

Nominal strain

Figure 6. Nominal stress-nominal strain curves obtained by test A. Here, the nominal stress-nominal
strain curve at 296 K is also shown as a dashed line.
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Figure 7. Tensile strength and uniform elongation as a function of deformation temperature obtained
by test A and the tensile tests. Here, the temperature of test A means the reloading temperature after
tensile deformation at 373 K.

Figure 8 shows Vs as a function of ¢ obtained from the tensile tests at constant
deformation temperatures (a) and test A (b). Here, the plots are the calculated results
obtained from the X-ray diffraction experiments and the lines are the calculated results
obtained by using the following equation by Matsumura et al. [9,10]:

V50

(4)

where V, is V., before deformation, k is a constant related to the mechanical stability of
YR, and q is the strain exponent related to the autocatalytic effect [10]. The values of k and g4
used in Figure 8 are summarized in Table 1. Vs at a given € increased with a decrease in the
deformation temperature in both Figure 8a,b. In Figure 8a, a large amount of g was trans-
formed to &’ at the early stage of deformation with the decrease in deformation temperature.
R was transformed to o’ at the elastic limit (¢ = 0) at 123 and 243 K in Figure 8a. In this
time, we confirmed from X-ray diffraction experiments that yg had not transformed to o’
by just cooling to 77 K. At temperatures > 296 K, V» was almost saturated at ¢ > about 0.2.
Regarding 296 and 323 K in Figure 8a, we determined that the DIMT behavior was almost
the same. In Figure 8b, the lower the reloading temperature was, the larger the increase in
V, became just after the reloading. Such DIMT behavior did not, however, lead to a larger
improvement of the U.El in test A, as seen in Figures 6 and 7 [14,15,20]. On the other hand,
the difference in V., at € of 0.15 between Figure 8a,b became larger with the decrease in
temperature. The DMIT until € of 0.15 seems to be suppressed in the tensile deformation
at 373 K in test A. Because the changes of V., from ¢ of 0.15 to the TS in test A were larger
in comparison with the cases of the tensile tests at constant deformation temperatures,
U.Elin test A became larger with the decrease in the reloading temperature, as seen in
Figure 7. The U.El below 273 K in test A were approximately 5% larger than that obtained
in the tensile test at 296 K. The reason might be that a large amount of g transformed into
o' just after the reloading at a lower reloading temperature (Figure 8b). The difference in the
U.El between test A and the tensile test at 296 K can almost be explained by the difference
in the DIMT behavior. To retain more V., up to larger ¢ is effective to the TRIP effect from
the viewpoint of the DIMT of  [1,8]. However, we confirmed that it was difficult to
improve the U.El considerably by conducting test A. Based on the results obtained from test
A, we designed test B, in which the deformation temperature was gradually—continuously
decreased during tensile deformation, as seen in Figure 1b.
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Figure 8. Volume fraction of deformation-induced martensite as a function of true strain obtained by
the tensile tests at various deformation temperatures (a) and test A (b).

Table 1. Values of k and g in Equation (4) in the 0.2C TRIP steel at various deformation temperatures.

(a) Tensile Test (b) Test A
Temperature (K)

k q k q
123 6.42 x 104 2.132 3.14 x 108 9.54
173 - - 2.90 x 1010 12.2
243 2.61 x 10° 3.495 - -
273 197.2 1.091 2.89 x 10° 6.83
296 17.87 0.740 30.12 1.195
323 80.97 1.291 - -
373 56.32 1.328 56.32 1.328
473 32.17 1.154 - -

3.3. Enhancement of Uniform Elongation in Test B

Figure 9 shows the s—e curves obtained from test B and the tensile test at the constant
deformation temperature of 296 K. It is noted that the U.El in test B was 51%, approximately
1.5 times larger than that obtained in the tensile test at 296 K. The continuous decrease in
the deformation temperature is effective to maximize the TRIP effect, resulting in a great
improvement in the U.El Figure 10 shows the changes in the deformation temperature
(a) and o and do/de (b) as functions of ¢ obtained from test B and the tensile test at 296 K.
do/de decreased with the increase in ¢ in the tensile test at 296 K. However, in test B,
do/de changed in the increasing trend when the temperature continuously decreased from
323 K after € of about 0.3. Such do/de behavior is accompanied with the enlargement of ¢,
satisfying the plastic instability, i.e., the U.EI [1,8,26]. It is expected that the DIMT behavior
and the deformation behavior of each phase affect the do/de behavior after € of 0.3 in test B.
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Figure 9. Nominal stress-nominal strain curves obtained by test B and the tensile test at 296 K.
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Figure 10. Deformation temperature (a) and true stress (¢) or work-hardening rate (do/de) (b) as
functions of true strain obtained by test B and the tensile test at 296 K.

Next, we discuss the DIMT behavior and the tensile deformation behavior of each
phase in test B based on the neutron diffraction experiments. Figure 11 shows V,/ (a) and
the transformation rate (b) as functions of ¢ in test B and the tensile test at 296 K [7]. The
values of k and g in Equation (4) used in Figure 11 are summarized in Table 2. Here, the
transformation rate in Figure 11b was calculated by using Equation (4) [9,15,20]. In the
tensile test at 296 K, V,» monotonically increased from the early stage of tensile deformation,
and the maximum transformation rate of about 0.3 was indicated at € of 0.03, i.e., at the
early stage of tensile deformation. On the other hand, in test B, V; was smaller than that in
the tensile test at 296 K until € of about 0.25. V,,; was larger in test B after € of 0.25 and almost
all of yg was transformed into &’ at the maximum load point. The transformation rate in
test B gradually increased and the maximum transformation rate of about 0.4 was indicated
at e of 0.2. As seen in Figure 10, at € of about 0.2, the deformation temperature decreased
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from 373 to 323 K and the test specimen was reloaded. V,, markedly increased immediately
after the reloading, as seen in Figure 8b. Therefore, the maximum transformation rate of
0.4 in test B seems to be associated with the reloading at a lower deformation temperature.
The transformation rate in test B decreased with the increase in ¢ after € of 0.2, but indicated
higher values compared with that in the tensile test at 296 K. This shows that we have
succeeded in effectively controlling the DIMT activation or the g contribution to the TRIP
effect up to very large ¢ [4,10,12,14].

o -—_F"—

[ @

0.08 ,.....................%.....................i......................‘........ ...'......:...........

0.06 — o
i 296K

Lt Bt

Volume fraction of
deformation-induced martensite

Transformation rate

0 0.1 0.2 0.3 0.4
True strain

Figure 11. Volume fraction of deformation-induced martensite (a) and transformation rate by using
Equation (4) (b) as a function of true strain obtained by test B and the tensile test at 296 K [7].

Table 2. Values of k and g in Equation (4) in Figure 11a and Figure 14.

Condition k q
296 K 77.9 1.26
Tensile test 245K 425.9 1.31
188 K 120.1 0.884
128 K 15,407 1.88
Test B 2493.4 3.1

Figure 12 shows E;h e Of the 7, &, and o« phases as a function of ¢ in test B and the
tensile test at 296 K [7]. Here, the distinctions between ferrite and bainite microstructures
in the TRIP steel were difficult because they have the bec structure and the similar lattice
constant. They were assumed to behave as one « phase in this study. In the tensile test at

296 K, EZh 1se Of @ was compressive, and those for v and a' were tensile. This is coincident

with the experimental results in the previous studies [16,17,27,28]. Immediately after
yielding, stress partitioning occurred between 7y and «, and the DIMT started [4,7,16,17].

The difference in £;h 1se D€tween v and a became slightly smaller with the increase in ¢

;h 2se Of v was decreased at € > 0.2. On the other hand, in test B, the difference
in £;h e PEtween v and a was smaller than that in the tensile test at 296 K. After the

because ¢
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reloading at ¢ of about 0.2 at 323 K, ¢’ phase
at € of about 0.3. ¢’ phase of &’ in test B was almost the same as that in the tensile test at
296 K and increased slightly after € of 0.3 [4,7,17]. E;h a5 Of 7 and a were different from each

between test B and the tensile test at 296 K. However,

of v became larger but was gradually smaller

other in the comparisons of ¢’ phase

it is difficult to discuss the improvement of U.El in test B from only ¢/,  because the

phase
deformation temperature and the changes of V., and V during tensile deformation are

different between the two types of tests [4,17,29].
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Figure 12. Residual phase strains of austenite (), ferrite (x), and deformation-induced martensite
(«) phases as functions of true strain obtained by test B and the tensile test at 296 K [7].

Figure 13 shows the phase strains of 7 (&), « (¢y), and &’ (¢,/) as a function of ¢
obtained by the in situ neutron diffraction experiments during tensile deformation at
constant deformation temperatures of 296 K (a) [7], 245 K (b), 188 K (c), and 128 K (d). &, at
a given ¢ became larger with a decrease in the deformation temperature whereas ¢, slightly
became smaller. ¢,, became larger with a decrease in the deformation temperature at
£ < 0.15 but that was almost the same as being independent of the deformation temperature
at € > 0.15, except for the data at 296 K. ¢,/ indicates the largest value among the three
phases and the calculated phase stress of &’ is approximately 2-3 GPa in Figure 13 [4,7,17].
Figure 14 shows Vs as a function of ¢ at various deformation temperatures. The dashed
lines in Figure 14 are the calculated results by Equation (4), and the values of k and g are
summarized in Table 2. V at a given ¢ increased with a decrease in the deformation
temperature. The larger v was transformed into «’ at the early stage of tensile deformation
with the lower deformation temperature [14,15,17,20]. At 128, 188, and 245 K, the increase
of V,» was almost slowed down after ¢ > about 0.15. Judging from Figures 13 and 14, ¢,
and e, seem to be associated with their changes of volume fraction. ¢, is smaller when
V, is small. In Figure 13, ¢,/ at € < 0.15 was larger with an increase in Vs due to the
decrease in the deformation temperature [17,23]. At e > 0.15, the increase of V,» was almost
stagnated except for 296 K and the V,» was about 0.08 or more. Thus, ¢, at € > 0.15 in
Figure 13b—d were almost the same, independent of the deformation temperature. On
the other hand, e, at € > 0.1 became slightly smaller, with a decrease in the deformation
temperature because of decreasing the V,,. ¢,, &, and ¢, of the TRIP steel at lower
temperatures were also reported by Yamashita et al. [17]. They studied in situ neutron
diffraction experiments during tensile deformation at various temperatures between 134
and 293 K using a TRIP-aided multi-microstructure steel obtained from a 0.31C steel having
a V0 of 17.9%. The difference between ¢, and g, was also decreased with a decrease in
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the deformation temperature, and &, was smaller than ¢, at temperatures below 223 K [17].
The effect of the deformation temperature on the phase strain in Figure 13 seems to be

associated with azh q2se N Figure 12. The difference of the phase strains between 7y and « at a

given & became smaller with a decrease in the deformation temperature. The phase strain
of «’ at a given ¢ increased as the deformation temperature decreased. Those temperature

dependences on the phase strains were almost coincident with e;h 150 Of the v, &, and & in

Figure 12. E;h 150 Of @' increased with the increasing of V,/, which is similar to ¢, in
Figure 13. The difference in s;h e DEtWeen v and & at € < 0.2 was smaller in test B because
the deformation temperature was higher and V,, was smaller in comparison with the
tensile test at 296 K. At & > 0.3, the deformation temperature was lowered during tensile
deformation and Vs increased with the higher transformation rate, which seem to lead to
the decrease in e,. ¢, decreased little by the decrease in the deformation temperature in
contrast to the case of tensile test at 296 K. The changes of 8;11 450 Of the 7, &, and &’ phases
in test B seem to be complicated because both V,; and the deformation temperature are

changed during tensile deformation.
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Figure 13. Phase strains of austenite (7y), ferrite («), and deformation-induced martensite (¢’) phases as
functions of true strain obtained by in situ neutron diffraction experiments during tensile deformation
at 296 K (a) [7], 245 K (b), 188 K (c), and 128 K (d).
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Figure 14. Volume fraction of deformation-induced martensite as a function of true strain obtained
by in situ neutron diffraction experiments during tensile deformation at 296 K [7], 245 K, 188 K, and
128 K. Here, the dashed lines are calculated by using Equation (4).

Next, we try to discuss the improvement of U.El in the test B from z-t; hase

of volume fractions, including the DIMT behavior. Here, we focused on a fraction weighted
phase stress [17,30,31]. The ¢ at a given € can be calculated as the sum of fraction-weighted
phase stresses by the following stress equilibrium approach [17,30,31],

and the change

c=Vyou+ Voo, +Vy oy (5)

where 04, 0, and 0, are the phase stresses for &, y, and o’ phases, respectively. V; 0; (i = a,
7, and &) means the fraction-weighted phase stress for each phase. From the relationship
between sLh a5c and 0, the phase strain at a given ¢ can be estimated by using the slope in
the elastic regime [26]. 0y, 0, and o are calculated by using the following equation,

ci=E¢ (6)

where 0 is phase stress, ¢; phase strain, and E; Young’s modulus (i = «, 7, and &), respec-
tively. Figure 15 shows V, 0, (a) and V o,/ (b) as a function of ¢ in the tensile tests at
the constant deformation temperatures of 296 and 128 K, and test B. The V,, 0 of test B
was slightly smaller in that of the tensile test at 296 K, and its change at ¢ > 0.3 became
larger because the deformation temperature was decreasing from ¢ of 0.3. The change of
V, o, in Figure 15b was closely associated with the V, as seen in Figures 11 and 14. This
means the effect of DIMT on Vs 7, is very large. Table 3 represents the fraction-weighted
phase stresses and ¢ at the maximum load point in test B and the tensile test at 296 K.
The differences of V, 04, Vy 0, and V/ o, between test B and the tensile test at 296 K
were approximately 200 MPa, 50 MPa, and 100 MPa, respectively. The difference of the
measured ¢ at the maximum load point was about 200 MPa, as seen in Figure 10b and
Table 3. The calculated results using V; o; seem to be approximately coincident with the
measured o, even though the difference between the calculated ¢ by Equation (5) and the
measured o should be considered.



Metals 2021, 11, 2053

14 of 16

1000

800

(@)

Fraction weighted phase stress (MPa)

400 [

_oTest B

0296 K i
A 128K
i i i
0 0.1 0.2 03 0.4 05 0 0.1 0.2 0.3 0.4 0.5
True strain True strain

Figure 15. Calculated fraction-weighted phase stresses for ferrite phase (a) and deformation-induced martensite one (b) as
a function of true strain in test B, the tensile tests at 296 K and 128 K.

Table 3. Calculated fraction-weighted phase stresses and true stress at the maximum load point in
test B and the tensile test at 296 K.

Stress (a) Test B (b) Tensile Test at 296 K
Vi 04 895 687
Vy oy 0 55
Vy 0y 265 155
Calculated o by Equation (5) 1160 897
Measured o 1182 960

Let us discuss the improvement of the U.El in test B using the changes of V; 0; against
e. The change in the V; 0; affected the change in ¢, which is therefore related to the
do/de [8,23]. The increase in V; 0; at larger € will lead to the larger do/de, as also seen in
Figure 10b. The V, 0 and V, 0, at the maximum load point for the tensile test at the
constant deformation temperature of 128 K indicated almost the same values with those in
test B. However, the values were achieved at much lower ¢ than in test B. The changes V,
oy and Vs 0, in the tensile test at 128 K were larger at € < 0.2, whereas those in test B were
larger at the latter part of tensile deformation of £ > 0.3. The increase of the work-hardening
rate at € > 0.3 for test B is associated with V, o, and V, o,/. Therefore, it is concluded
that the improvement of the U.El in test B are associated with the increase of V, o, due to
the decrease in deformation temperature and V,/ o, affected by the DIMT behavior. By
gradually decreasing the deformation temperature during plastic deformation in test B, the
ductile-to-brittle transition of « might be controlled to maintain a slow increase in the V,
0, in the beginning of the deformation, and at the same time, the effective activation of
DIMT might be increased gradually to transform almost all g to «’. It is important that
both V4 0y and Vs 0,/ increase at the larger ¢ to obtain the better U.El in test B.

The decreasing of the deformation temperature during tensile deformation, such as in
test B, leads to the continuous DIMT up to larger ¢, and the effect of high strength a’ on the
TRIP effect becomes larger at the larger €. The decreasing of the deformation temperature
also contributed to the increase of o,,. Those played a function in the increase of do/de at
larger £ and the improvement of the U.El in test B. The « phase, whose volume fraction is
about 80% in the TRIP-aided multi-microstructure steels, affects the mechanical properties
and s—e curves in the TRIP steels [3,4,9,16]. As seen in Figures 11 and 13a, in the tensile test
at 296 K, the increases of V, and ¢, were almost saturated at ¢ > about 0.2 [4,16,17]. In
order to obtain better U.El due to the TRIP effect, phases other than a’ which contribute
to high strength are necessary to maintain large work hardening [4,32]. It is found from
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Figures 13 and 15 that the « phase has a key role in test B. It is concluded that not only
the DIMT behavior but also the role of «, which plays a crucial role in maintaining high
strength, instead of o’ at a larger ¢ are very important in the efficient TRIP effect.

4. Conclusions

In this study, we conducted tensile tests in which the deformation temperature was
decreased during the tensile deformation in order to investigate the DIMT conditions
required for an efficient TRIP effect. The following conclusions were obtained.

1.  Inthe tensile tests, in which the test specimens were reloaded at lower temperatures
after being unloaded once, the improvement of U.El was about 5% and almost in-
dependent of the reloading temperature. This is because a large amount of yr was
transformed into &’ just after the reloading at lower temperatures.

2. On the other hand, when the deformation temperature was decreased continuously
during the tensile deformation, a very large U.El of 51% was obtained. This value
was about 1.5 times larger than that obtained in the tensile test at room temperature.

3. Interms of the DIMT behavior in the temperature change test, V,» was smaller in the
early stage of deformation and larger after € of 0.25 compared with that in the tensile
test at 296 K. Almost all of yg was transformed into &’ at the maximum load point.
The transformation rate gradually increased and the maximum transformation rate of
about 0.4 was indicated at ¢ of about 0.2.

4. The neutron diffraction experiments in the temperature change test revealed that
not only the DIMT behavior but also the deformation behavior of v, a, and &’ are
important factors in the TRIP effect. The a phase contributed to maintain high strength,
instead of &’ at a larger ¢ in addition to the DIMT behavior, and played an important
role in the enhancement of U.EL
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