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Abstract

The structure and mechanical properties of two 0.2 wt.% C TRIP-assisted steels (Trans-
formation Induced Plasticity) were compared to evaluate the effect of additional (Cr, Mo,
V)-alloying on transformation kinetic and tensile/impact behavior after isothermal bainite
transformation (bainitizing) and Q&P (Quenching-and-Partitioning) treatment. The work was
performed using SEM, XRD, tensile/impact testing, and computer simulation. It was found
that adding 0.55 wt.% Cr, 0.2 wt.% Mo, and 0.11 wt.% V into Mn-Si-Nb steel increased the
incubation time in pearlite and bainite temperature ranges by 5.6 and 4.4 times, respectively.
More heavily alloyed steel performed an improved combination “Strength/Ductility /Impact
Toughness”: its maximum PSE (Product of Strength and Elongation) value of 24 GPa-%
referred to bainitizing treatment, whereas the highest KCVagoc values (220-225 J cm™2) cor-
responded to Q&P treatment. Improved mechanical properties of (Cr, Mo, V)-alloyed steel
were attributed to a higher amount of retained austenite and a slower rate of TRIP-effect.
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1. Introduction

TRIP-assisted (TRIP-aided) steels belong to the
first generation of advanced high-strength steels
(AHSSs) intended for applications in automotive,
construction, infrastructure industries, performing an
ultimate strength higher than 550 MPa [1, 2]. An
improved steel strength (tensile strength of 600—
1100 MPa [3]) allows reducing construction weight
which is of great cost-saving and environmental-
friendly importance [3, 4]. TRIP-assisted steels are
low-alloyed compositions with a multiphase micro-
structure comprising ferrite, bainite, and retained
austenite (RA), whereas RA volume fraction is up to
10-15vol.% [5, 6]. This is due to a specific alloying,
which includes the increased amount of silicon (alu-
minum) to suppress the carbide precipitation during
the phase transformation [7-9]. Carbon-rich austenite

performs higher stability under the bainitizing hold-
ing or undercooling, thus enabling its retention in the
structure. Retained austenite exhibits the tendency
for strain-induced martensite transformation (SIMT),
thus providing TRIP-effect [10, 11]. It is generally rec-
ognized that RA and TRIP-effect are responsible for
improved mechanical [12, 13] and exploitation [14, 15]
performance of steels and cast irons. Ductile austenite
improves the steel ability for strain flow, while SIMT
contributes to work hardening and ductility (the lat-
ter is due to delaying the neck formation [16]). Also,
TRIP-effect is considered as a stress relaxation mech-
anism inhibiting the crack nucleation and propagation
[17, 18]. Summing up, TRIP-effect is an effective ap-
proach to increase strength/ductility complex that is
beneficial for steels behavior under its processing and
exploitation.

The multiphase state of TRIP-assisted steels can
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Table 1. Chemical composition of the steels studied

Steel Composition (wt.%)

designation

C Si Mn Cr

\Y Nb S P Fe

A 0.18 1.50 1.80 -
B 0.20 1.79 1.73 0.55

- 0.055 0.010 0.010 Bal.
0.11 0.045 0.009 0.013 Bal.

be acquired by using different approaches. The main
ones are bainitizing processing [18, 19] and Q&P-
treatment [20, 21]. Bainitizing aims at “austenite
— bainite” transformation to get the microstructure
of low bainite or carbide-free nanostructured bainite
(which is essentially the nanosized ferritic laths and
film-like retained austenite) [22, 23]. The nanobainite
concept proposed by Bhadeshia et al. [24] for high-
carbon steels has been further transferred to lower car-
bon steels [25]. Q&P (quenching-and-partitioning) in-
cludes interrupted quenching to form some portion of
fresh martensite. The subsequent holding at quench-
ing temperature (one-step partitioning) or higher tem-
perature (two-step partitioning) promotes the car-
bon diffusion from martensite to austenite leading to
its stabilization (retaining in the structure) through
the carbon enrichment [26-28]. Also, bainite trans-
formation may occur during the partitioning con-
tributing to austenite stabilization through the car-
bon diffusion from bainitic ferrite. Due to pre-formed
martensite, Q&P-treated steels have a higher tensile
strength /hardness that may broaden their application
for tool and heavily-load machinery products [26, 29].
Both approaches effectively promote an austenite car-
bon enrichment, ensuring a higher RA volume frac-
tion.

TRIP-assisted steels and Q&P-steels are similar
in their chemical composition. They both are low-
alloyed in order to meet the cost-effectiveness require-
ments. They are alloyed mainly by Mn and Si (Al)
(up to 3wt.% each) with a lower amount of Cr, Mo,
Ni, etc. [26, 28, 29]. The strong carbide-forming ele-
ments (V, Nb, Ti) may also be micro-added to TRIP-
steels, improving the mechanical properties due to
precipitation strengthening mechanism under TMCP
(Thermo-Mechanical Controlled Process) or heat pro-
cessing [30-32]. However, even a small addiction of
expensive alloying elements negatively affects the cost
of TRIP-steel; therefore, their adding must be jus-
tified in terms of the corresponding enhancement of
properties. With this regard, systematic studies on
“composition—properties” correlations are required in
order to optimize the TRIP-assisted steel chemical
composition. This research effort aimed to compare
the tensile/impact behavior of two low-carbon steels,
which fall into the TRIP-assisted concept, slightly dif-
fering in strong carbide-forming elements (Cr, Mo, V)
concentrations.
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Fig. 1. The scheme of heat treatment of the steels.

2. Methods

The studied materials were steels A and B with
a chemical composition presented in Table 1. Steels
were melted in a 120-kg induction furnace using the
pig iron, steel scrap, and master-alloys (FeSi, FeMn,
FeCr, FeMo, FeNb, FeV). Both steels were similar by
C, Mn, Si, Nb contents, while steel B was additionally
alloyed with Cr, Mo, and V to improve its hardenabil-
ity and mechanical properties. The ingots of 50 mm
diameter and 300 mm length were obtained by pour-
ing the melt into the graphite molds. The ingots were
then welded to a single long electrode which afterward
was electro-slag remelted to produce an 80 mm diam-
eter ingot. The final ingot was austenized at 1150°C
for subsequent forging and rolling to a 15 mm thick
strip. The strip was used to machine the specimens
for tensile/impact testing and microstructure charac-
terization. Before machining, the strip was softened by
annealing at 950°C and slow cooling to room tempe-
rature. Tensile specimens were of 5 mm diameter and
30 mm long gauge; the V-notched impact specimens
were 55 long and 7.5 x 10 mm? in cross-section.

The specimens were subjected to heat treatments
according to different schemes, namely bainitizing and
Q&P (Fig. 1). Each scheme included the 10-min heat-
ing at austenitization temperature (to) of 770°C or
900°C. The bainitizing scheme included the subse-
quent keeping of austenized specimens in (60 wt.% Sn
+ 40 wt.% Pb)-bath for 20 min at bainite transfor-
mation temperature (tg) of 300 or 350°C with fur-
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ther air-cooling. Under Q&P scheme, the heated spec-
imens were quenched in Wood’s metal alloy bath to
235°C (ta = 900°C) or 200°C (tpo = 770°C). The
bath temperature (tq) was below Ms temperature be-
ing selected in order to obtain the maximal amount
of retained austenite, according to the procedure re-
ported by Clarke et al. [33]. After the holding for 1 min
in quenching bath, the specimens were partitioned in
(60 wt.% Sn + 40 wt.% Pb)-bath for 20 mm at the par-
titioning temperature (tp) of 350 or 400°C and cooled
in still air. The heat treatment regimes are designated
in the text as “ta-tg” (bainitizing) and “ta-tq-tp”
(Q&P treatment).

Mechanical testing was performed using UIT STM
100S universal servo-driven tensile testing machine
(UKRINTECH) and Charpy impact testing machine.
The tensile and impact tests were conducted at room
temperature and 60-70vol.% air humidity. The mi-
crostructure was studied on the mirror-polished spec-
imens after etching with 4 vol.% nitric acid-alcohol so-
lution. An optical microscope (OM) Axiovert 40 MAT
(Carl Zeiss) and a scanning microscope EVO MA15
(Carl Zeiss) were used for the microstructure charac-
terization.

The phase constituents of the steels were revealed
by an X’Pert PRO diffractometer (PANalytical) using
Cu-Ka radiation under the following parameters: volt-
age is 40 kV, the tube current is 50 mA, the scan step
is 0.033 degrees, the scan speed is 0.069 degrees™!.
The phase transformation kinetic was simulated using
JMatPro software.

The phase constituents were identified using XRD
using diffractometer D8 Da Vinchi Brucker with Cu-
Ka radiation. The volume fraction of retained austen-
ite (VFra) was calculated using Eq. (1):

100%

Fra=——"—
VEra 1+ G(I/L,)

(1)

where I, and I, are integrated intensities of diffraction
peaks of ferrite (200), (211) and austenite (200), (220),
(311); G is the fitting coefficient for different peaks
combinations [34]. The volume fraction of RA was an
average of the VFgra values calculated for different
pairs of lines.

The concentration of carbon in retained austenite
(Cra) was derived from the Eq. (2):

vy = 0.3556 + 0.0453[Cra] + 0.000095[zpm],  (2)

where a,, xzc, and xMn, are a lattice parameter
(angstrom), carbon and manganese content (wt.%) in
RA, accordingly [18]. Lattice parameter was found as
[35]:
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Fig. 2. TTT-diagrams for steel A (black lines) and steel
B (red lines). The lines correspond to the transformation
onset (0.1 vol.%) (calculated by JMatPro).

where h, k, and [ are the indices of crystallographic
plane of diffraction, X is the X-ray wave length.

3. Results

3.1. Austenite transformation behavior and
maicrostructure characterization

The chemical composition of the steel greatly af-
fects the kinetics of austenite transformation, influ-
encing the structure formation during heat treatment.
The transformation behavior of the steels studied
was evaluated using a JMatPro computer simulation.
Temperature-Time-Transformation (TTT) diagrams
(Fig. 2) were calculated for the austenitization tem-
perature of 930°C and grain size of 10 um. As it was
found earlier [36], lower temperature (900°C) corre-
sponds to the dual-phase (ferrite + austenite) inter-
val in steel B. Therefore, the austenitization tempe-
rature of 930°C was chosen for a simulation to ensure
a single-phase austenitic state in both steels. Accord-
ing to TTTs, the upper temperatures of “austenite —
ferrite” and “austenite — pearlite” transformations in
steel A were 707 and 851 °C, respectively. The kinetics
maximum of proeutectoid ferrite formation in steel A
was attributed to 650°C with an incubation period of
less than 1s (0.65 s). The highest rate of pearlite trans-
formation referred to 567 °C with an incubation period
of 3 s. Bainite domain was allocated below 533°C; the
highest transformation rate of bainite reaction corre-
sponded to 457°C with an incubation period of 0.5 s.

Alloying with Cr, Mo, and V (steel B) increased the
upper temperatures of ferrite/pearlite transformations
(751 and 854°C, respectively) and decreased the up-
per temperature of the bainite reaction (508°C). The
temperature of the kinetics maximum of ferrite and
pearlite transformations increased to 688 and 620°C,
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Fig. 3a—f. OM microstructure of steel A (a, c, €) and steel B (b, d, f) after bainitizing at 770-350°C (a, b) and 900-350 °C
(c, d) and after Q&P treatment at 770-200-350°C (e, ).

respectively, while the temperature of the kinetics
maximum of “austenite — bainite” transformation
decreased to 438°C. Notably, steel B performed en-
hanced stability of overcooled austenite at each tempe-
rature in the sub-critical range: the minimum incuba-
tion period increased by 27 times, 6 times, and 4 times
for ferrite/pearlite/bainite transformations, respecti-
vely. Herewith, additional alloying increased austen-
ite stability for ferrite/pearlite transformations to a

higher extent leading to a more pronounced alloca-
tion of the bainite domain [37, 38]. One can conclude
that steel B had a higher hardenability and a higher
propensity for bainite formation as compared with
steel A. Moreover, steel B exhibited a lower martensite
transformation start temperature (Ms = 346°C) as
compared with steel A (377°C) due to slightly higher
carbon content and additional alloying with chromium
and molybdenum.
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The OM microstructures of heat-treated steels are
illustrated in Fig. 3. The bainitizing at 350°C after
austenitization at 770°C resulted in a structure con-
sisting of polygonal proeutectoid ferrite grains and
bainite areas located mostly along the grain bound-
aries (Fig. 3a,b). Bainitizing from 900°C significantly
increased bainite volume fraction, as that steel A al-
most had no ferrite in the structure (Fig. 3c) while
steel B still contained aminor fraction of ferrite
(Fig. 3d). Almost the same OM microstructural pat-
terns were observed in the specimens subjected to
Q&P heat treatment (depending on austenitization
temperatures). When comparing the bainitized spec-
imens and Q&P treated specimens, the non-ferritic
regions appeared similar, exhibiting lath morphology.
The distinctive morphological features of steel struc-
ture can be observed in SEM images captured at
higher magnification (Fig. 4). Bainitized specimens
(Fig. 4a) performed lower bainite (the bunches of par-
allel ferrite plates) and MA compact islands. Q&P-
treated specimens (Fig. 4b) exhibited the lath pattern
being a mix of martensite and lower bainite. In both
images, the ferrite grains are presented as well.

X-ray diffraction was used to determine the steel
phase status. XRD patterns for both steels are shown
in Fig. 5. The distinctive feature of these patterns was
intensive peaks belonging to alpha-Fe (bcc lattice).
Also, XRD patterns included the weak peaks (200)
and (220) of y-Fe (fcc lattice); the peak (111)fcc peak
superimposed on (111)bec while the peak (311)fcc was
not revealed at all. The weakness of the v-Fe peaks in-
dicated the minor presence of retained austenite in the
specimens’ structure. The values of retained austenite
volume fraction are presented in Table 2. For steel
A, VFRra was calculated for the bainitized specimen
(900-350) and for the Q&P-treated specimen (900-
235-350) to be 6.0-6.3 vol.%, while the measurements
of VFRra for other regimes were not reliable because
of very weak austenite peaks. In contrast, for steel B,

Fig. 4. SEM microstructure of steel B after (a) bainitizing

(900-350°C) and (b) Q&P treatment (900-235-350°C) (F,

LB, M, MA — ferrite, lower bainite, martensite, martensite-
austenite island, accordingly).

VFRa value was calculated for all the regimes varying
from 4.4-5.5vol.% (for bainitizing) to 8.1-8.7 vol.%
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Table 2. Volume fraction/carbon content of retained austenite in steels after heat treatment

Steel A

Steel B

Heat treatment mode
RA volume fraction

RA carbon content

RA volume fraction RA carbon content

(vol.%) (wt.%) (vol.%) (wt.%)
Bainitizing (700-350) not detected not detected 4.4 0.80
Bainitizing (900-350) 6.0 0.57 5.5 0.78
Q&P (770-200-350) not detected not detected 8.0 0.85
Q&P (900-235-350) 6.3 0.69 8.7 0.93
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Fig. 5. XRD patterns for (a) steel A and (b) steel B after
bainitizing and at Q&P treatment.

(for Q&P treatment). The carbon content in RA was
measured as 0.78-0.93 wt.% for steel B, which was 3.5—
5 times to nominal carbon content in the steel. The
specimens of steel A had lower content in retained
austenite (0.57-0.69 wt.%).

3.2. Mechanical properties evaluation

The tensile test results were presented as engineer-

(a) bainitized specimens and (b) Q&P-treated specimens
(A and B — steel designation).

ing strain-stress curves shown in Fig. 6. As seen, in
any case, the experimental steels performed contin-
uous yielding with a neck formation. The specimens
austenized at 900 °C exhibited a more pronounced load
decrease under the necking, meaning the higher area
reduction before fracture as compared with austeniti-
zation at 770°C.

The mechanical properties of bainitized speci-
mens are presented in Fig. 7 to be given together
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Fig. 7. Mechanical properties of bainitized steels. Austen-
itization at (a) 770°C and (b) 900°C.

for both steels for easier comparison. As seen in
Fig. 7a, after austenitization at 770°C and bainitiz-
ing at tg = 350°C, the steel A exhibited a yield ten-
sile strength (YTS, determined under the strain of
0.2 %) of 611 MPa and ultimate tensile strength (UTS)
of 867 MPa. Bainitizing treatment at 300°C increased
YTS and UTS to 660 MPa and 1009 MPa accordingly.
Steel B exhibited slightly lower strength characteris-
tics (YTS/UTS): 482 and 821 MPa at tg = 350°C
and 562 and 920 MPa at tg = 300°C. Steel A showed
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Fig. 8. Mechanical properties of Q&P-treated steels.
Austenitization at (a) 770°C and (b) 900°C.

a higher YTS/UTS ratio for both bainitizing tempe-
ratures. Under tg = 300°C, steel B was more ductile
at having total elongation (TE) of 23 % against 14 %
of steel A. Under tg = 350°C, both steels had similar
TE values of about 22-23 %. Using the data on UTS
and TE, the values of the product of strength and
elongation (PSE) were calculated. The highest PSE
values were attributed to steel B (21 GPa-%) at tg =
300°C and to steel A (20 GPa-%) at tg = 350°C. The
most significant difference in properties corresponded
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to impact toughness (KCVagec): steel B showed 104—
202 J cm~2, which was a magnitude higher as com-
pared with steel A (14-21J cm™?2). Thus, after baini-
tizing from 770°C, steel A performed some advantage
in strength indicators, but it was much inferior in
terms of impact toughness.

The bainitizing treatment after heating at 900°C
resulted in a total increase in YTS and UTS values
(Fig. 7b) while yield tensile strength increased to more
extent; thus, the YT'S/UTS ratios also increased as
compared to ta = 770°C. The steels exhibited the
same strength level with some advantage of steel B un-
der tg = 300 °C and steel A under tg = 350°C. In con-
trast, steel B was much more ductile (by 1.5-2 times)
for any bainitizing temperature: despite strength in-
crease, the TE values of steel B were also increased
to 18 % (tg = 300°C) and 23% (tg = 350°C). Ac-
cordingly, steel B showed itself as a more ductile and
tougher material with advanced properties combina-
tion performing PSE of 22-24 GPa-% and twice higher
impact toughness.

Mechanical properties of steels subjected to Q&P
are depicted in Fig. 8. After treatment from 770°C,
both steels mostly had similar YTS, UTS, TE, PSE,
and YTS/HTS. The exception referred to tp = 350°C
when steel A showed higher YTS and UTS (by 179
and 69 MPa) and lower TE (by 8 %) and PSE (by
5 GPa-%) values. As previously noted for bainitizing,
Q&P-treated steel B exhibited a significant advantage
in impact toughness, which was 12.5 times at tp =
350°C and 3.4 times at tp = 350°C. Q&P-treatment
from 900°C led to a significant increase in strength
with a corresponding decrease in ductility /impact
toughness. In this case, steel A was stronger by 250—
300 MPa but less ductile (by 4-11%) than steel B.
Steel B also showed an improved impact toughness;
however, its advantage was lesser than that of tq =
770°C. The highest PSE value among all Q&P-treated
specimens (22 GPa-%) was attributed to steel B after
the regime of 900-235-400.

4. Discussion

The effect of alloying elements can be derived from
the results shown in Fig. 7 where the correlations
of the mechanical properties are displayed. As seen
in Figs. 9a,b, more alloyed steel B performed better
strength /ductility after both heat treatments. Specifi-
cally, steel B had a higher total elongation at the same
UTS (blue curve) as compared to steel A (red curve);
this behavior refers to a UTS range of up to 1200 MPa
(bainitizing) and up to 1000 MPa (Q&P). The trends
of strength increase and ductility decrease with a ris-
ing austenitization temperature from 770 to 900°C are
seen. Bainitized steel B presented higher TE values in
a wide UTS range (800-1200 MPa) (Fig. 9a). Further-

more, steel B exhibited an improved “UTS/Impact
Toughness” combination (Figs. 9c,d) that was more
evident for UTS = 800-1000 MPa (bainitizing) and
UTS = 850-1100 MPa (Q&P). As to impact tough-
ness, two different trends were observed: steel B had
higher KCVgo values after heat treatment from tp =
770°C while steel A showed the better KCVygoc values
after austenitizing at 900 °C. Finally, steel B had an in-
disputable (by 1.5-2.0 times) advantage in PSE value
compared to steel A at the same UTS value (Fig. 9e),
meaning an enhanced ability for reliable performance
under exploitation conditions.

After heat treatment from ¢ty = 900°C, steel B
showed lower strength than that of steel A. This was
ascribed to the presence of some proeutectoid ferrite
in steel B while steel A contained no ferrite. According
to the JMatPro simulation, steel B had higher upper
temperatures of pearlite/ferrite transformation; thus,
it should contain a higher amount of ferrite at any
temperature belonging to an intercritical range. Ac-
cordingly, the temperature of 900°C belonged to a
single-phase (austenite) domain for steel A while it
was within the dual-phase interval (ferrite + austen-
ite) for steel B, causing proeutectoid ferrite presence
in steel B structure.

The improved complex of mechanical properties
of steel B refers to its higher alloying level that en-
ables the formation of a multiphase heterogeneous
microstructure with an increased amount of retained
austenite. Presumably, a higher (by 0.29 wt.%) sili-
con content contributes to more complete inhibition
of cementite precipitation during bainitizing (or par-
titioning) holding, thus increasing carbon content in
austenite. Moreover, the presence of 0.55wt.% Cr
and 0.20 wt.% Mo should lower the martensite tem-
perature Ms. According to Sverdlin-Ness’s equation
[39], each percentage of Cr and Mo decreases Ms
by 30 and 20°C, respectively. Lowering the marten-
site point affects a driving force of martensite trans-
formation while Cr/Mo increases austenite strength
through a solute strengthening mechanism [27], lead-
ing to austenite retention. Considering the Cr and Mo
concentration in steel B, the decrease in Ms was calcu-
lated as 20.5 K. A corresponding increase in a retained
austenite amount (in the case of Q&P treatment)
can be derived from a Koistinen-Marburger equation

(Eq. 4):
fra = (1 — (1 —exp(—am(Ms —tq))). (4)

Taking a,, = 0.008 [40], tq = 20°C, Ms decrease =
20.5K, a Cr/Mo-affected increase in retained austen-
ite was calculated as 2.8 vol.%. An increase in RA vol-
ume fraction also can be caused by austenite carbon
enrichment due to higher silicon content in steel B.
According to Sverdlin-Ness’s equation, an increase in
carbon concentration by 0.1 wt.% could result in a Ms
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decrease of 32 K, meaning a 4.6 vol.% increase in RA
volume fraction.

These theoretical considerations were supported
experimentally by the XRD study (Table 2), which
presented the higher amount of retained austenite in
steel B irrespectively of heat-treatment mode (Ta-
ble 2). As follows from Fig. 9, the higher VFra was

beneficial for ductility and impact toughness of steel
B. A positive effect of retained austenite on impact
toughness was most evident under the austenitization
at 770°C: in this case, steel B had a significant advan-
tage over steel A (4-8 times under bainitizing and 5-7
times under Q&P treatment). Notably, under t5 =
770°C, steel A had much lower KCVygoc values de-
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Fig. 10. Strain hardening rate (SHR) and true stress curves for (a, b) bainitizing and (c, d) Q&P treatment.

spite the presence of an increased amount of soft fer-
rite in the structure. This behavior of steel A refers
to carbon partitioning from ferrite into austenite un-
der heating at 770°C, which led to 0.4 wt.% C content
in austenite. Carbon-rich austenite transformed into
high-carbon (brittle) martensite under Q&P treat-
ment or discharged into carbide precipitation during
bainitizing (partitioning) holding, causing high brit-
tleness of steel. In contrast, heat treatment with t5 =
900°C resulted in less carbon content in austenite be-
fore bainitizing/quenching that presumably prevented
carbide precipitation from austenite. Thus carbon was
accumulated in austenite resulting in the increase of
RA volume fraction (as seen from XRD patterns) with
an eventual increase in the impact toughness.

As follows from Table 2, Q&P treatment led to a
slightly higher amount of retained austenite as com-
pared with bainitizing treatment. The possible reason
is the mechanical stabilization of austenite by marten-
site, which appeared in the structure before the par-
titioning stage. Hard martensite laths constrained the
austenite expansion caused by fcc—bcc lattice alter-
ation [25], inhibiting bainite transformation at parti-
tioning holding.

The different impact toughness of the steels can

also be explained regarding the stability of retained
austenite to strain-induced martensite transformation
(SIMT). This factor is crucial for the ductility /impact
toughness of multiphase steel, which contains the hard
phase constituents (as martensite or lower bainite)
[17]. Impact toughness is especially sensitive to the
phase properties and RA amount, serving as a brittle
fracture preventer. The propensity of RA to SIMT is
controlled by Md temperature, which mostly depends
on carbon content in austenite [5]. An increase in car-
bon content decreases Md temperature [41], thus sta-
bilizing austenite. Stabilized austenite is expected to
perform slow kinetics of SIMT with extended TRIP-
effect, thus preventing early embrittlement caused by
rapid formation of deformation-induced martensite
[41]. Since the steels A and B differed by carbon con-
tent in RA, they should also differ in TRIP kinetics
affecting the mechanical properties.

The RA metastability under tensile loading was
analyzed using the curves of strain hardening rate
(SHR) derived from the tensile curves as SHR =
do/de, where o and ¢ are true stress and true strain
accordingly. SHR curves for both steels are shown in
Fig. 10.

Early strain stage (up to & &~ 0.025) was character-
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ized by SHR drop connected with cumulative inter-
actions of moving dislocations and blocking the close-
packed plains along which the dislocations glide [41].
Then the SHR increased, manifesting the next hard-
ening stage caused by TRIP-effect [42]. As seen in
all cases, the SHR curve for steel A reached higher
maximal values indicating a higher SIMT rate. The
difference in maximal SHR value was bigger for the
specimens treated from 900°C (Figs. 8b,d), which can
be explained by the absence of proeutectoid ferrite in
steel A. Since retained austenite is the only ductile
phase in steel A, then plastic deformation started ex-
actly in austenite at a lower strain than that of steel B
containing proeutectoid ferrite. Also, the second phase
of strain hardening in steel B lasted for a bigger strain
meaning more slow kinetics of SIMT. This behavior re-
sulted in delaying the plastic instability state, which
is the start of neck formation. According to [43], the
criterion for plastic instability is do/de = o found
in the intersection of the SHR curve and the true
stress-strain curve. As seen in Fig. 10, steel B exhib-
ited plastic instability at higher strain for any heat
treatment mode, which is important for increasing
uniform elongation. This allowed us to assume that
steel B possessed retained austenite with appropri-
ate stability and slower SIMT kinetic, contributing
to a higher strength/ductility /toughness combination.
In contrast, retained austenite in steel A transformed
faster, accelerating the occurrence of plastic instabil-
ity. The reasons for different SIMT behavior of the
steels are higher carbon enrichment of RA in steel B
(due to higher Si content) and the effect of Cr and
Mo, which mechanically stabilized austenite due to
solid solution hardening [29].

Another possible reason for the enhanced duc-
tility /toughness of steel B was adding vanadium
(0.11 wt.%). Vanadium is a strong nitride-forming el-
ement [44] known to absorb nitrogen, thus reducing N
content in a crystalline lattice. This increases the mo-
bility of a gliding dislocation in a crack tip area, thus
inhibiting crack propagation [45].

5. Conclusions

Based on the results obtained, some major con-
clusions were drawn from this research. Two TRIP-
assisted steels (Mn-Si-Nb and Mn-Si-Cr-Mo-V-Nb)
containing 0.2wt.% C were comparatively studied
in order to evaluate the effect of chemical compo-
sition on austenite transformation kinetic and ten-
sile/impact behavior after bainitizing treatment and
Q&P treatment. It was found that adding 0.55 wt.%
Cr, 0.2 wt.% Mo, and 0.11 wt.% V into Mn-Si-Nb steel
led to increasing austenite stability in pearlite and
bainite temperature domains by 6 and 4 times, re-
spectively, insulating the bainite transformation do-

main below 508°C. The steels performed UTS in a
range of 821-1392MPa and total elongation in a
range of 12-24 %, depending on the heat treatment
regime. Additional alloying resulted in an improve-
ment of “Strength/Ductility /Impact Toughness” com-
binations where a maximum PSE index (24 GPa-%)
was obtained in steel B after bainitizing treatment,
whereas the highest KCVagoc values (220-225 J cm™2)
were gained by Q&P treatment. Improved mechani-
cal behavior of additionally-alloyed steel was due to
increased amount of retained austenite and a slower
kinetic of TRIP-effect caused by appropriate stabil-
ity of retained austenite to strain-induced martensite
transformation.
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