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An Al-containing low-Si TRIP steel was subjected to different final hot-rolling temperatures in the austenite
non-recrystallization region during thermo-mechanical processes. The microstructural characteristics were analyzed by means
of optical microscopy, transmission electron microscopy (TEM), X-ray diffraction (XRD) and electron back scattered diffrac-
tion (EBSD), and their effects on mechanical properties were investigated. The results show that lower final hot-rolling tempera-
tures strongly promote the proeutectoid ferrite formation at the expense of bainite, which causes an increase in the amount of re-
tained austenite (RA). Compared with higher final hot-rolling temperatures in the austenite non-recrystallization region, the
steel processed at a lower temperature exhibits higher elongation and improved strength-ductility balance, due to a higher frac-
tion of polygonal ferrite and RA particles of different sizes, which provide a sustained transformation-induced plasticity (TRIP)
effect over a wide strain range. The untransformed RA in a fractured tensile specimen has a much smaller grain size and higher
carbon content in comparison to the state before fracture.

Key words: Al-containing low-Si transformation-induced plasticity steel, final hot-rolling temperature, multi-phase
microstructure, retained austenite, strain-hardening exponent

Avtorji v ¢lanku opisujejo termomehansko obdelavo TRIP jekla (angl.: transformation induced plasticity steel) z 1,1 % Al in
majhno vsebnostjo silicija (0,52 % Si). Jeklo je bilo med termomehanskimi postopki podvrzeno razli¢nim koncnim
temperaturam vrocega valjanja v avstenitnem obmocju brez rekristalizacije. Mikrostrukturne znacilnosti vroce valjanega TRIP
jekla so avtorji analizirali z opti¢no mikroskopijo (OM), presevno elektronsko mikroskopijo (TEM), rentgensko difrakcijo
(XRD) in difrakcijo povratno sipanih elektronov (EBSD) ter raziskali njen vpliv na mehanske lastnosti. Rezultati raziskave
kazejo, da nizje kon¢ne temperature vroc¢ega valjanja mo¢no spodbujajo nastanek proevtektoidnega ferita na racun bainita, kar
povzro¢i povecanje koli¢ine zaostalega avstenita (RA; angl.: retained austenite). V primerjavi z vi§jimi kon¢nimi temperaturami
vroc¢ega valjanja v avstenitnem obmocju brez rekristalizacije ima jeklo predelano pri nizjih temperaturah vecji raztezek in
odli¢no kombinacijo trdnosti in duktilnosti zaradi vecjih deleZev poligonalnih feritnih zrn in zrn zaostalega austenita razli¢nih
velikosti, ki zagotavljajo ucinek trajne transformacijsko inducirane plasti¢nosti (TRIP) v bistveno SirSem obmocju deformacij.
Netransformirani zaostali avstenit ima na prelomu nateznega preizkuSanca veliko manjso velikost zrn in vi§jo vsebnost ogljika
kot jo ima preizkusanec pred izvedenim nateznim preizkusom (pred lomom oziroma plasti¢no deformacijo).

Kljucne besede: TRIP jeklo z majhno vsebnostjo silicija, kon¢na temperatura vroc¢ega valjanja, vecfazna mikrostruktura,
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zaostali avstenit, eksponent utrjevanja

1 INTRODUCTION

Hot-rolled TRIP steels possess not only the advan-
tages of shorter production process and lower energy
consumption, but also high elongation and outstanding
strength-plasticity combination, and are widely used to
fabricate structural components with higher strength in
the automobile industry.! A typical TRIP steel micro-
structure is mainly comprised of polygonal ferrite along
with a certain amount of bainite and small amounts of
RA or martensite/austenite.? Under external stress, the
strain-induced transformation of metastable RA to
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martensite enhances local strain-hardening rate, which
delays the onset of necking and results in excellent elon-
gation and combination of strength and plasticity, i. e.,
the TRIP effect.>* Accordingly, the amount and stability
of RA play a critical role in determining the mechanical
properties of TRIP steels.>®

RA formation is the result of carbon partitioning be-
tween austenite and ferrite (proeutectoid and bainitic fer-
rite).”® For the hot rolling of TRIP steels, in the
intercritical region of austenite+ferrite, and bainite trans-
formation temperature range, carbon is rejected from
proeutectoid ferrite and bainitic ferrite to adjacent aus-
tenite during austenite-to-ferrite transformation. Thus,
with the development of austenite decomposition trans-
formation, the residual austenite after the transformation
of austenite to ferrite is gradually enriched with carbon,
accompanied with an increase in the stability. Eventually,
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residual austenite obtains a sufficiently high carbon con-
tent, and can be stabilized at room temperature, forming
RA. Therefore, the formations of proeutectoid and
bainitic ferrite affect the amount and stability of RA.

It is established that thermo-mechanical control pro-
cesses, particularly the rolling schedules in single phase
austenite region, are the keys to control austenite to fer-
rite transformation.® By changing deformation parame-
ters, prior austenite state can be adjusted, and some
structure changes are introduced in the austenite, such as
refinement of the austenite grains due to recryst-
allization, occurrence of deformed bands and increase in
the density of intragranular lattice defects in un-recryst-
allized austenite grains, which has a noticeable influence
on the kinetics of the subsequent transformation of aus-
tenite to ferrite.!-!12

Conventional TRIP steels usually contain a high Si
content of 1-2.5 % to suppress cementite precipitation
from austenite during the isothermal bainitic transforma-
tion.”* However, during hot rolling, the high Si content
produces a very stable and sticky oxide layer which is
difficult to remove by pickling.!* Similar to Si, Al is also
a carbide-suppression element and helps with inhibiting
cementite formation."> Therefore, Si can be replaced by
Al in low-carbon TRIP steels.

For the sake of obtaining appropriate microstructures
and desirable mechanical properties by optimizing the
deformation process design, in the present work, an
Al-containing low-Si TRIP steel was processed at differ-
ent final hot-rolling temperatures in austenite
non-recrystallization region followed by air cooling in
the intercritical region of austenite+ferrite, and isother-
mal treatment in the bainite transformation region. The
microstructural characteristics under different final
hot-rolling temperatures were analyzed, as well as me-
chanical properties of experimental steels, in particular,
strain-hardening behavior during tensile deformation,
and TRIP effect were investigated. Moreover, the charac-
teristics of RA before and after the fracture of a tensile
specimen were researched.

2 METHODS AND MATERIALS

The experimental steel is a laboratory-developed
Al-containing low-Si TRIP steel, and its chemical com-
position is shown in Table 1. A cast ingot with a height
of 100 mm and a width of 150 mm was prepared in a
150 kg vacuum induction furnace, and forged into slabs
of 60 mm in height, and 100 mm in width under
1150-1200 °C. Several critical temperatures, including
the austenite non-recrystallization temperature (7.),
were obtained using a Gleeble-3500 thermomechanical
simulator, and listed in Table 2. Based on these tempera-
ture parameters, by varying the final hot-rolling tempera-
tures in the austenite non-recrystallization region, two
deformation processes, A and B, were designed, as
shown in Figure 1. The slabs were austenitized at
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1200°C, 2h

Recrystallization
60-46-31-20-13mm

Non-recrystallization

Temperature

Process Rolling temperature ('C)
A 910-980
B 850-920

Air cooling

Time

Figure 1: Schematic diagram of thermo-mechanical control process

1200 °C for 2 h in a resistance-heated furnace, and
hot-rolled into 4.5 mm thick plates in seven passes using
a pilot rolling mill with twin rolls of 450 mm in diame-
ter. After hot rolling, the steel plates were cooled to
450 °C during a multi-step cooling process, and held for
20 min in a salt-bath furnace.

Table 1: Chemical composition of experimental steel (w/%)

C Si Mn Al S P
0.21 0.52 1.55 1.1 0.01 0.02

Table 2: Critical temperatures of experimental steel (°C)

an Ar3 Arl Bs
997 829 703 529

The specimens for microstructure observation were
machined from the steel plates, and the examined planes
were parallel to the rolling direction. After being me-
chanically polished, the samples were etched with 4 %
nital solution, and observed using a Leica DMIRM im-
age analyzer.

TEM analysis was conducted to investigate the
microstructural characteristics in greater detail. Thin
foils for TEM were prepared by mechanically thinning
the specimens from 300 um to 80 um, followed by
twin-jet electropolishing in an electrolyte consisting of
8 % perchloric acid and 92 % ethanol at a temperature of
=30 °C. The foils were examined on an FEI Tecnai G2
F20 TEM at an accelerating voltage of 200 kv.

RA phase characteristics were analyzed using EBSD
and XRD. The specimens for EBSD and XRD were ob-
tained using mechanical polishing followed by electro-
chemical polishing with a solution of 80 % ethanol,
12 % distilled water and 8 % perchloric acid (volume
percent) at a polishing voltage of 35 V. The specimens
were examined at a 0.02 um scan step on an FEI Quanta
600 SEM equipped with an EBSD system to evaluate the
RA particle size. The carbon content and volume fraction
of RA were measured using a D/max 2400 diffracto-
meter equipped with a Cuk, radiation. The specimens
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Figure 2: Microstructures of experimental steels: a) Process A, b) Process B

were scanned with a step size of 0.04° over a 20 range of
40-130° under 55 kV and 180 mA. Integrated intensities
of (200),, (220), and (311), austenite peaks, and (200),
along with (211), ferrite peaks were obtained by Jade
version 6.5 software, and used to calculate the volume
fraction of RA (V,) using the following equation:!”

1.41
V= %)
1, +141,
where I, and I, are the average integrated intensities of
the above-mentioned austenite and ferrite diffraction
peaks, respectively.
The carbon concentration in RA was estimated with
the RA lattice parameter based on the (220), peak using
the following empirical expression:'

a, =35467+0.0467C, )

Where a, is the lattice parameter of RA in A, and C,
is the carbon content of RA in w/%.

Rectangular tensile specimens with a gage length of
50 mm and a width of 12.5 mm were cut along the roll-
ing direction and tested using an Instron-8500 digital
control tensile testing machine. Tensile properties were
determined using the average values of the test results
for five tensile specimens.

3 RESULTS AND DISCUSSION

Figure 2 shows metallographic microstructures of
the experimental steel subjected to different final
hot-rolling temperatures. It can be seen that the volume
fractions of microstructural constituents (polygonal fer-
rite and bainite) obtained during the two processes are

200

Zone axis: [OoﬂFerrite' I

Figure 3: TEM analyses of RA after Process A: a) film-like RA distributed between bainite platelets; b) selected area electron diffraction pattern

(SADP) for RA
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obviously different. After Process A, the microstructure
contains more bainite but less polygonal ferrite, while
opposite results are observed after Process B.

RA is difficult to discern under an optical micro-
scope. Therefore, TEM analyses of RA were performed,
and the results are shown in Figures 3 and 4. After Pro-
cess A, as indicated in Figure 3, RA particles are present
in the form of thin interlayer films along bainitic ferrite
lath boundaries. Moreover, from Figure 3b, it is clear
that RA has the Nishiyama-Wassermann (N-W) orienta-

tion relationship of {110} perriee//{ 111} Ausienie and <100>;-
rite! /<1 10> auseenice With adjacent bainitic ferrite.

Similarly to Steel A, in the microstructure of Steel B,
lamellar RA is also found to appear in the bainitic struc-
ture, and there is definite orientation, i.e., the
Kurdjumov-Sachs (K-S) relationship of {011 }g-
rite/ {111} Austenite @Nd <11 1>perrite//<O1 1> pusienice bEtWeen
RA and the surrounding bainitic ferrite, as shown in Fig-
ures 4a and 4b. However, in comparison to Steel A, RA
displays some differences regarding morphology and dis-
tribution under the condition of Process B. Some blocky

e ——°220
200

Zone axis: [OoﬂAustenite

Figure 4: TEM analyses of RA for Steel B: a) lamellar RA; ¢) blocky RA; e) elongated and island-shaped RA; b), d) and f) SADPs for RA in a, ¢

and e, respectively
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Figure 5: XRD RA data for different processes

RA particles with different sizes are trapped in polygonal
ferrite grains (Figures 4c and 4d), while long RA and
isolated RA islands are scattered in the granular bainitic
ferrite matrix (Figures 4e and 4f).

Figure 5 shows XRD analysis results of RA under
different final hot-rolling temperatures. Based on the
XRD patterns, the volume fractions of RA are calculated
to be 5.78 % for Steel A, and 11.9 % for Steel B, respec-
tively. Obviously, the RA content of Steel B is higher
than that of Steel A.

As shown above, final hot-rolling temperatures in the
austenite non-recrystallization region have a remarkable
effect on the metallographic microstructures, especially
RA characteristics. This is mainly due to the transforma-
tion of prior austenite caused by deformation. According
to the literature, deformation in the austenite non-recryst-
allization region can lead to strain-hardening of austen-
ite, while lower final hot-rolling temperatures result in a
more significant strain-hardening effect in prior austen-
ite.!

In the strain-hardened austenite, some crystal defects
caused by accumulated strain in the non-recrystallization
region, such as dislocation structure and deformed bands,
are formed.!*'> Evidently, compared with higher final
hot-rolling temperatures in the non-recrystallization re-
gion (i.e., Process A), the density of the lattice defects is
higher in the austenite deformed at a lower temperature
(Process B). After hot rolling, fast cooling (water cool-
ing) to the given austenite+ferrite intercritical region
temperature (i.e., 810 °C) can efficiently inhibit restora-
tion behavior of strain-hardened austenite. Therefore,
crystal defect structures may remain in prior austenite,
usually acting as the preferred intragranular nucleation
sites for proeutectoid ferrite.'® During slow cooling in the
intercritical region from 810 °C to 740 °C, in the case of
Process B, a large amount of intragranular proeutectoid
ferrite grains are formed due to a high density of lattice
defects. Consequently, prior austenite grains are severely
partitioned by intragranularly formed ferrite, resulting in
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a striking decrease in the particle size of remaining aus-
tenite after the intercritical region transformation.
Moreover, the formation of a large amount of
proeutectoid ferrite can cause noticeable carbon enrich-
ment and a decrease in the remaining austenite sur-
rounded by proeutectoid ferrite grains. For Process A, at
the end of the intercritical region, the microstructure ex-
hibits opposite trends in the size, amount and carbon
content of the remaining austenite as well as in the
amount of proeutectoid ferrite.

During holding at a temperature of 450 °C, the aus-
tenite-to-bainite transformation begins. As mentioned
above, in the case of Process B, the remaining austenite
exhibits a small size and low volume fraction, but a high
dislocation density and high average carbon content.
Carbon enrichment in austenite decreases the driving
force of bainitic transformation,!’®2° and hinders the
growth of bainitic ferrite via a displacive mechanism due
to dislocation entanglement in austenite,?! leading to
chemical and mechanical stabilization of the remaining
austenite against bainitic transformation. Moreover, the
small size of the remaining austenite prior to transforma-
tion limits the development of bainitic ferrite plates due
to the impingement of a large amount of intragranular
ferrite. As a result, the transformation of the remaining
austenite into bainite does not develop fully, which, to-
gether with the low amount of the remaining austenite,
leads to a low bainitie volume fraction in the micro-
structure of Steel B.

Generally, carbon enrichment is more remarkable in
small austenite particles during the austenite-to-ferrite
transformation.?>?*> Moreover, small austenite particles
exhibit high mechanical stability against bainitic and
martensitic transformations, thus contributing to the aus-
tenite retention.?* In the case of Steel B, among differ-
ently sized remaining austenite particles after the com-
pletion of proeutectoid ferrite reaction, those with a very
small size are stabilized during holding at 450 °C and
subsequent air cooling, becoming blocky RA distributed
within the proeutectoid ferrite or at the grain boundaries
of ferrite.

In contrast to Process B, the austenite-to-bainite
transformation develops extensively during Process A
because of lower carbon enrichment and low density of
crystal-defect structures in the remaining austenite. In
addition, a large amount and large particle size of re-
maining austenite are also the factors causing a high vol-
ume fraction of bainite, the transformation product, in
the microstructure. The formation of a large amount of
bainite dramatically consumes the remaining austenite
accompanied with carbon enrichment in film-like resid-
ual austenite distributed between bainite platelets that
can remain in the microstructure (i.e., RA). Conse-
quently, although there is a high content of remaining
austenite, the resulting volume fraction of RA is low.

The final hot-rolling temperatures in the non-recryst-
allization region not only cause aforementioned differ-
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ences in microstructural characteristics, but also have a
strong influence on the mechanical properties of the ex-
perimental steels. Therefore, the tensile properties of ex-
perimental steels were tested, and representative tensile
behavior curves are given in Figure 6. From the stress-
strain curves (Figure 6a), the yield strength (YS), ulti-
mate tensile strength (UTS), total elongation (TEL), as
well as the product of ultimate tensile strength and total
elongation (PSE) were obtained, and listed in Table 3.
The stress-strain (0.—€.) curves obtained from the tensile
tests were converted into true stress-strain (0—) ones us-
ing Equations (3) and (4).!

o=0,(+¢,) 3)
e=In(l+e,) 4)

Table 3: Mechanical properties of experimental steels

Processes] YS UTS TEL UEL PSE
(MPa) | (MPa) (%) (%) | (GPa-%)

A 528 820 24.6 17.3 20.1

B 496 760 34.1 27.2 25.9

*The yield strength (YS) is defined as the 0.2 % offset proof stress.

The Hollomon equation is usually used to describe
the dependence of true stress and strain.?> Based on the
Hollomon equation, instantaneous strain-hardening ex-
ponent (n;,) is calculated using the relationship below,?
and m;, versus ¢ curves are plotted, as shown in Fig-
ure 6b.

L=t 5)
o de
The instantaneous strain-hardening exponent n;, re-
flects the uniformly strained ability. When n;, is equal to
€, necking is initiated.?® Therefore, a designed n;, = €
curve is also plotted in green dot/dash line in Figure 6b,
and the points of intersection of the two kinds of curves

are indicative of the values of the maximum uniform true

1000
(@)
& 800-
3
[/}
@ 600+
2 —— Process A
o —— Process B
£ 400
Q
[]
£
€ 200-
w
0 T 1 T T I 1 T
0 5 10 15 20 25 30 35 40

Engineering strain (%)

strain (€ymax.). Uniform elongation values (UEL) are cal-
culated based on &um.. data using Equation (4), and are
listed in Table 3.

The tensile experimental results indicate that, com-
pared with Steel A, experimental Steel B exhibits lower
strength, but higher elongation (including the total elon-
gation and uniform elongation) and product of ultimate
tensile strength and total elongation. This is attributed to
the differences in RA characteristics along with the vol-
ume fraction of microstructural constituents in the
microstructures of the two steels. For Steel B, the TRIP
effect of a large amount of differently sized RA particles
remarkably improves the ductility during tensile defor-
mation. Besides, the higher proportion of polygonal fer-
rite (the correspondingly lower bainite content) also en-
hances elongation to some extent, but decreases strength.

The contribution of the TRIP effect of RA to the duc-
tility can be analyzed well from the strain-hardening be-
havior shown in Figure 6b. In the initial stage of defor-
mation, n;, values for the two experimental steels
decrease quickly to the minimum level because of dy-
namic restoration of soft strained ferrite.?”-?® For Steel A,
the minimum n;, value is higher than that of Steel B be-
cause of a larger amount of bainite with high density of
dislocations. After that, the two experimental steels show
different strain dependence values with an increase in
strain. In Steel B, the n;, value is gradually increased
with strain, and maintained at a higher level over a con-
siderably wide strain range before the onset of necking.
On the contrary, for Steel A, the n;, value is lower and
nearly constant over a narrower strain scope, without an
increase in the n;, value over the entire strain range.

As mentioned above, small-sized RA particles exhibit
high stability against deformation-induced transforma-
tion to martensite due to higher carbon enrichment and
size effect. Moreover, the neighboring phase around RA
also plays an important role in the RA stability.?>! The
soft polygonal ferrite matrix around RA can absorb the

0.8
1(b

. 0.71 (b)
S 1
5 0.6
% 1 —— Process A, &, 0.16
o 051 i
o | —— Process B, &,z 0.24
£ 04
8 .
s 0.31
o 1
4

0.1+

0.0

0.00 0.05 0.10 0.15 020 025 0.30
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Figure 6: a) Engineering stress-strain curves and b) variation in the instantaneous strain-hardening exponent versus true strain

590

Materiali in tehnologije / Materials and technology 60 (2026) 4, 585-593



Y. YU, B. WANG: EFFECT OF FINAL HOT-ROLLING TEMPERATURES ON THE MICROSTRUCTURE ...

75000
(@)

60000+ Before fracture, RA content: 11.9%
35 —— After fracture, RA content: 2.56%
S 45000 200(r) 211(a)
>
:‘é
g 30000 -
- 220(o)

150004 2900 22001) || 311(y)

0 T T T ¥ T

40 50 60 70 80 90 100

2 Theta (deg.)

14000
(b)

120001 —— Before fracture, Cy of RA: 1.24%
S —— After fracture, Cy of RA: 1.49%
©
B 10000 -

‘0
C
9
£ 8000
6000 M\AAMW

70 71 72 73 74 75 76 77 78 79
2 Theta (deg.)

Figure 7: XRD patterns for Steel B used to calculate a) RA content and b) average carbon content in RA before and after tensile fracture

volume expansion caused by the martensite transforma-
tion, and is disadvantageous to the RA retention during
strain. Conversely, bainitic ferrite can act as a shield for
enclosed RA, and effectively prevent stress or strain
from imposing on RA as a result of a higher yield
strength, suppressing the austenite-to-martensite trans-
formation during deformation. Therefore, film-like RA
located along bainite lath boundaries and elongated RA
located within granular bainitic ferrite exhibit higher sta-
bility than the RA embedded in polygonal ferrite or at
ferrite boundaries, even under the same carbon content
and particle size.

In Steel B, large amounts of big blocky RA with low
stability easily transform into martensite in the early
stage of deformation, resulting in significant strain hard-
ening, and causing a fast and marked increase in the n;,
value. With increasing strain, smaller blocky RA, as well
as lamellar and elongated RA gradually and continu-

Phase
- Iron-Alpha
- Austenite

ously transform into martensite owing to their higher sta-
bility, thereby maintaining a higher n;, value over a wide
strain region. This gradual and sustained strain-harden-
ing effect can effectively inhibit the necking initiation,
and extend uniform deformation to a high strain level,
producing a noticeable TRIP effect, thus dramatically
improving ductility. During further straining, due to the
consumption of a large amount of RA (Figure 7), the
strain-hardening effect is weakened and accompanied
with necking.

For Steel A without differently sized blocky RA,
small amounts of film-like RA in the bainitic structure
provide a weak and transient TRIP effect, resulting in
lower elongation and poorer combination of ductility and
strength compared with Steel B.

Figure 7 shows the XRD data of RA before and after
tensile fracture. It can be seen from Figure 7a that after
fracture, RA diffraction peaks have notably low intensi-

Phase
- Iron-Alpha
- Austenite

Figure 8: EBSD phase maps of Steel B before a) and after b) tensile fracture
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Figure 9: Distribution of the RA particle size in Steel B a) before and b) after tensile fracture

ties. Calculation results show that the content of RA after
fracture decreases strikingly from 11.9 % to 2.56 %, in-
dicating that a large amount of RA transforms into
martensite during tensile deformation. Moreover, the car-
bon content is calculated from the (220), diffraction peak
of RA shown in Figure 7b, indicating that the untrans-
formed RA after fracture has a higher carbon concentra-
tion compared with that before fracture.

Figure 8 shows EBSD results for RA before and af-
ter tensile fracture, intuitively demonstrating that the RA
particle size changes before and after tensile fracture. It
is obvious that after fracture, the particle size of the un-
transformed RA becomes much smaller in comparison to
that before fracture. The statistical results for the RA
particle size are shown in Figure 9. Before fracture, the
particle diameter of RA varies continually from small to
large, being mainly between 0.2 ym and 0.6 um. The RA
particle average diameter is about 0.47 um. After frac-
ture, RA particles with diameters of more than 0.4 ym al-
most disappear, and particles smaller than 0.2 um in di-
ameter exhibit a very high frequency. The average
diameter of RA particles is decreased to 0.12 pm. The
above results reveal again that RA with a small particle
size and high carbon content exhibits high stability.

4 CONCLUSIONS

(1) Lower final hot-rolling temperatures in the aus-
tenite non-recrystallization region strongly promote the
proeutectoid ferrite formation, which causes an increase
in the RA amount.

(2) Compared with higher final hot-rolling tempera-
tures, steel deformed at lower temperatures exhibits
higher elongation and an improved strength-ductility bal-
ance, due to a higher fraction of polygonal ferrite and
RA particles of different sizes, which provide a sustained
TRIP effect over a wide strain range.
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(3) The untransformed RA in a fractured tensile spec-
imen exhibits a much smaller grain size and higher car-
bon content in comparison to the state before fracture.
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