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Effect of deformation schedule on the microstructure and mechanical properties
of a thermomechanically processed C-Mn-Si transformation-induced plasticity
steel

Abstract

Thermomechanical processing simulations were performed using a hot-torsion machine, in order to
develop a comprehensive understanding of the effect of severe deformation in the recrystallized and
nonrecrystallized austenite regions on the microstructural evolution and mechanical properties of the 0.2
wt pct C-1.55 wt pct Mn-1.5 wt pct Si transformation-induced plasticity (TRIP) steel. The deformation
schedule affected all constituents (polygonal ferrite, bainite in different morphologies, retained austenite,
and martensite) of the multiphased TRIP steel microstructure. The complex relationships between the
volume fraction of the retained austenite, the morphology and distribution of all phases present in the
microstructure, and the mechanical properties of TRIP steel were revealed. The bainite morphology had a
more pronounced effect on the mechanical behavior than the refinement of the microstructure. The
improvement of the mechanical properties of TRIP steel was achieved by variation of the volume fraction
of the retained austenite rather than the overall refinement of the microstructure.
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Effect of Deformation Schedule on the Microstructure
and Mechanical Properties of a Thermomechanically
Processed C-Mn-Si Transformation-Induced Plasticity Steel

I.B. TIMOKHINA, P.D. HODGSON, and E.V. PERELOMA

Thermomechanical processing simulations were performed using a hot-torsion machine, in order to
develop a comprehensive understanding of the effect of severe deformation in the recrystallized and
nonrecrystallized austenite regions on the microstructural evolution and mechanical properties of the
0.2 wt pct C-1.55 wt pct Mn-1.5 wt pct Si transformation-induced plasticity (TRIP) steel. The defor-
mation schedule affected all constituents (polygonal ferrite, bainite in different morphologies, retained
austenite, and martensite) of the multiphased TRIP steel microstructure. The complex relationships
between the volume fraction of the retained austenite, the morphology and distribution of all phases
present in the microstructure, and the mechanical properties of TRIP steel were revealed. The bainite
morphology had a more pronounced effect on the mechanical behavior than the refinement of the
microstructure. The improvement of the mechanical properties of TRIP steel was achieved by variation
of the volume fraction of the retained austenite rather than the overall refinement of the microstructure.

I. INTRODUCTION

FROM the mid-1980s, attention has focused on enhanc-
ing the safety level of automobiles while reducing vehicle
weight. One of the important factors contributing to the use
of steel in the automotive industry is its higher strength
and higher residual ductility at any given strength level.!"!
Transformation-induced plasticity (TRIP) steels have been
introduced as a fundamentally different type of higher-
strength steel.’>?! The microstructure of these steels, with
a typical composition of Fe-0.2C-1.7Mn-1.5Si (in wt pct),
consists of polygonal ferrite, bainite, martensite, and a signif-
icant amount of retained austenite.[*! The higher level of
ductility is achieved by the transformation of metastable
retained austenite to martensite during forming of the compo-
nent at room temperature. The amount and stability of the
retained austenite controls the mechanical properties of TRIP
steels.®! One of the most important factors that affects
the mechanical and chemical stability of the retained austen-
ite is the bainite morphology.[®”¥ For example, acicular
ferrite has been shown to result in a significant increase in
the quantity and quality of the retained austenite, which then
improved the room-temperature mechanical properties of
TRIP steels.® The thermomechanical processing schedule
can also affect the retained-austenite characteristics.

Traditionally, the main objective in conventional ther-
momechanical processing has been to refine the ferrite
grain size through (1) refining the prior-austenite grains, (2)
increasing the grain-boundary area per unit volume by chang-
ing the grain shape, e.g., pancaking, and (3) increasing the
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density of intragranular defects (deformation bands and twin
boundaries).””! Moreover, it has also been observed that the
volume fraction of retained austenite is related to the grain
diameter of the polygonal ferrite; i.e., the decrease in the
polygonal ferrite grain diameter leads to the increase in the
volume fraction of the retained austenite.''” In steels with
the presence of bainite in the microstructure, the other aim
of thermomechanical processing is to refine the bainite by
the deformation in the nonrecrystallized austenite region. It
has been reported that the bainite can be significantly refined
by more than 50 pct deformation in the nonrecrystallized
region.!'" This can affect the mechanical and chemical
stability of retained austenite present within bainite. Fur-
thermore, the thermomechanical processing schedule also
influences the transformation behavior, leading to different
morphologies of the bainite.

The TRIP steels are typically produced on a hot-strip
mill, where the level of roughing rolling (deformation in
the recrystallized austenite region) and finishing rolling
(deformation in the nonrecrystallized region) depend on
the mill configuration and the starting and final thicknesses
of the plates. It is possible to have accumulated finishing
strains from 1 to over 2.5, where, for C-Mn-Si microal-
loyed steel, the strain in the finishing mill is accumulated.
Prior to finishing, the austenite grain size will vary,
depending upon the amount of reduction and the time
between roughing and finishing. Hence, in the current
work, a wide range of roughing and finishing strains were
used to clarify the effect of different prior-austenite
conditions on the transformation kinetics and mechanical
properties of TRIP steels.

II. EXPERIMENTAL

The 0.2C-1.55Mn-1.55Si (in wt pct) steel was received as
a hot-rolled plate from BHP Research-Melbourne Laborato-
ries. The experiments were performed using a hot-torsion
machine at a strain rate of 2.95 s~! and rotation per second
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of 4.86. Torsion allows higher amounts of deformation in
the recrystallized and nonrecrystallized austenite regions com-
pared with compression or laboratory rolling, which is critical
for hot-strip mill simulation.''” Torsion specimens with a gage
length of 20 mm and diameter of 6.7 mm were machined from
the plates, with the longitudinal axis parallel to the original
rolling direction.

The processing schedule is shown in Figure 1. After
austenitizing at 1250 °C for 120 seconds, the first sample
was subjected to two deformations, with an equivalent tensile
strain (&) (hereafter called “strain”) of &, = 0.25 in the
austenite recrystallization region and of &, = 0.47 in the
low-temperature nonrecrystallization region. After the sec-
ond deformation, specimens were cooled at 1 Ks™! to the
accelerated-cooling start temperature (7,) of 670 °C. This
was followed by accelerated cooling at ~20 Ks™! to 500 °C
and then slow cooling at 5 Ks™ !, to avoid undershoot to the
simulated coiling temperature of 450 °C. Samples were held
for a 600 seconds to allow the isothermal bainitic trans-
formation to take place and then were quenched to room
temperature. The temperature of the samples was controlled
by thermocouples inserted in 3 mm centerline holes in the
grips at both ends of the sample.

To clarify the effect of heavy deformation (g;) in the
recrystallized austenite region, various levels of deforma-
tion (g; = 0.25, 0.5, and 0.75) were used with a range of
strains in the nonrecrystallized austenite region (Table I).
The effect of the deformation in the nonrecrystallized austen-
ite region was studied by increasing the strain up to 3.0,
with the deformation in the recrystallized austenite region
increased gradually from 0.25 to 0.75 (Table I). The total
strain also gradually increased from 0.72 to 3.75 (Table I).
The accelerated-cooling start temperature was varied from

120 s

1250

1100
825

500
450

TEMPERATURE, (°C)
=

TIME, (s)

Fig. 1—Thermomechanical processing schedule.

Table I. Deformation Schedules

Schedule
Strain 1 2 3 4 5 6
£, 0.25 0.5 0.25 0.5 0.75 0.75
&, 0.47 0.47 1.2 1.2 1.2 3.0

(1 te&) 072 0.97 1.45 1.7 1.95 3.75
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670 °C to 690 °C to maintain the polygonal ferrite content
between 50 and 55 pct.

Specimen preparation for optical examination involved
standard metallographic procedures. The samples were etched
with 2 pct Nital to reveal the basic microstructure. For met-
allography, the torsion samples were sectioned along the
longitudinal axis of the samples. All micrographs were taken
near the surface of the samples. Selected samples were inves-
tigated using a field-emission scanning electron microscope
(JEOL" JSM 630), operating at a 15 kV accelerating voltage.

“JEOL is a trademark of Japan Electron Optics Ltd., Tokyo.

Optical microscopy was supplemented by transmission
electron microscopy (TEM) using a PHILIPS® CM20 micro-

"PHILIPS is a trademark of Philips Electronic Instruments Corp.,
Mahwah, NJ.

scope at an accelerating voltage of 200 kV. The foils for
TEM were prepared by twin-jet polishing using a solution
of 5 pct perchloric acid in methanol at —20 °C and an oper-
ating voltage of 60 V. The volume fraction of retained
austenite was measured using a tint-etching technique. The
color etchant was a mixture of three ingredients (4 pct
HNO; + 7 pct (NO,);C¢H,OH ~+ saturated Na,S,0;).!"*! An
X-ray diffraction analysis was carried out on the sample after
g, = 0.25 and &, = 0.47, using a PHILIPS PW 1130 (40 kV,
30 mA) diffractometer equipped with a monochromator and
Cu K, radiation to confirm the results of the retained-
austenite amount obtained after the tint etching. The retained-
austenite volume fraction was calculated from the integrated
intensities of (200),, (211),, (200),, and (220),. The prior-
austenite grain size of quenched samples was revealed using
a solution of 2 g picric acid and 0.5 g copper(Il) chloride in
100 mL of water with 2 mL wetting agent. The quantitative
analysis of retained austenite and the measurements of the
prior-austenite grains were performed using UTHSCSA
image-analysis software.

The microhardness of the second phase (bainite with
retained austenite and martensite) was measured utilizing a
Matsuzawa microhardness tester with a 25-g load. Room-
temperature mechanical properties were determined using
a shear-punch technique. This technique has been devel-
oped for cases when only a small amount of material is
available. The in-house—manufactured rig was attached to
an Instron 4500 tensile tester. A 5 kN load cell with a
0.25 mm/min crosshead speed and a 3-mm-diameter punch
was used in the tests. The samples were taken from an outer
annular section of the torsion specimens, cutting parallel
to the torsion axis in the range of a 300 to 350 um thick-
ness. The test was instrumented to provide punch load-
displacement data to determine tensile strength using the
following empirical equation:!!#!

P—-F
= Co [1]

Teft = 27t

where P is the maximum load (Newtons), o is the corre-
sponding uniaxial stress (mega Pascals), F is the friction
load (Newtons), r is the punch radius (millimeters), ¢ is the
specimen thickness (millimeters), and C is an empirical cor-
relation coefficient. From previous work,'! the correlation
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coefficient between the shear-punch load-displacement curves
and uniaxial tensile data was determined to be C = 0.58.

The total elongation was calculated using an empirical
equation:!'¥

dy
ElTotal = 7 [2]

where Elrqy is the total elongation and dy is the displace-
ment at failure.

III. RESULTS

A. Effect of Deformation in the Recrystallized Austenite

Region on the Microstructure and Mechanical Properties
of TRIP Steel

The volume fraction and stability of the retained austenite
determine the mechanical properties of the TRIP steels. The
two metallurgical processes (ferrite transformation and bai-
nite transformation) are important for the retained-austenite
stabilization. The volume fraction of polygonal ferrite in the
current research was maintained at ~50 to 55 pct for all exper-
iments, to study the effect of the ferrite-grain refinement
obtained through the deformation in the recrystallized austen-
ite region on the mechanical properties of TRIP steel.

The samples were deformed to 0.25 and 0.50 strain in the
recrystallized austenite region, while the strain in the non-
recrystallized austenite region was similar in both experi-
ments (0.47). The microstructures obtained after these tests
are shown in Figure 2. The microstructure after £; = 0.25
and &, = 0.47 consisted of 50 to 55 pct polygonal ferrite
30 to 35 pct carbide-free bainite, such as granular bainite
and acicular ferrite, with retained austenite, retained
austenite/martensite constituent, and martensite (Table II).
Granular bainite is characterized by the absence of carbides,
the presence of isolated regions of high-carbon austenite,
and martensite between crystals of bainitic ferrite, which
have a grain or plate morphology (Figure 3(a))."'®! The aci-
cular ferrite structure is a bainitic structure with retained
austenite and martensite between the bainitic ferrite laths (or
lenticular plates) (Figure 3(b))."'”! The retained/martensite
constituent appeared as coarse, blocky islands in the polyg-
onal ferrite, between the polygonal ferrite grains, and in
the bainitic ferrite laths or grains.

The average Vickers microhardness (VHN) of the bainitic
phase was 284 VHN. This microstructure showed a good
combination of ultimate tensile strength (~924 MPa) and
total elongation (~49 pct, Table II) with yield strength
(~537 MPa). This is likely to be due to the balance between
the ductile ferrite matrix, hard martensite, and retained-
austenite phase in the bainitic ferrite, in addition to the TRIP
effect during tensile deformation.

Increasing the deformation in the recrystallized austenite
region (g; = 0.5) reduced the austenite grain size from
~45 pm (0.25 strain) to 35 wm and stimulated the formation
of upper bainite with a small amount of a martensite/retained-
austenite constituent (Figure 2(b)). The upper bainite
consisted of parallel bainitic ferrite laths and carbides between
these laths. The presence of the carbides in upper bainite
reduced the volume fraction (<2 pct) of the retained austenite

METALLURGICAL AND MATERIALS TRANSACTIONS A

(Table I). The average microhardness of the upper-bainite
phase was only 270 VHN.

The mechanical properties of the steel also deteriorated
the ultimate tensile strength was ~ 810 MPa and the total
elongation was ~ 30 pct (Table II), through changes in the
bainite morphology and the reduction in the volume frac-
tion of retained austenite. However, the yield strength
increased to 610 MPa (Table II) with the change in the
microstructure. Thus, an increase in strain in the recrystal-
lized austenite region and a decrease in the austenite/ferrite
grain size do not lead to an improvement of the mechani-
cal properties of TRIP steel, as suggested by others.!'”!

B. Effect of Deformation in the Nonrecrystallized
Austenite Region on the Microstructure and
Mechanical Properties of TRIP Steel

Austenite pancaking is achieved by deforming at temper-
atures below the nonrecrystallization temperature; this alters
the substructure of the austenite prior to transformation.!®!
For TRIP steels, the nature of the bainitic structure, which
is affected by the transformation from nonrecrystallized
austenite and, accordingly, the stability of retained austenite
is crucial aspects to provide the TRIP effect.

The samples were deformed to strains of 0.47 and 1.2 in
the nonrecrystallized region, while the strain in the recrys-
tallized region was 0.25. The effect of the deformation in
the nonrecrystallized austenite region on the microstructure
is shown in Figure 2(c). After increasing the deformation
in the nonrecrystallized region (g, = 1.2), the pancaked
austenite grain thickness decreased from ~45 um (0.47
strain) to 25 wm. As a result, further refinement of the ferrite
grain size was observed: from ~15 um (g, = 0.47) to 9 um
(&, = 1.2) through the formation of additional nucleation
sites inside the pancaked austenite grains.!'"!

The microstructure after increasing the deformation in
the nonrecrystallization region also contained polygonal
ferrite, upper bainite, martensite, and 4 pct retained austen-
ite (Figure 2(c)). The presence of carbides between the
bainitic ferrite laths can dramatically reduce the carbon con-
tent in the retained austenite, leading to the transformation
to martensite during quenching. This might be the reason
why the volume fraction of retained austenite decreased
after a 1.2 strain in the nonrecrystallization region. The
average microhardness of the bainitic phase was ~250 VHN.
The microhardness decreased because of the presence of
upper bainite and a decrease in the retained-austenite content.
However, in spite of a decrease in the volume fraction of
retained austenite, the mechanical properties of the sample
still exhibited a good combination of ultimate tensile strength
(827 MPa), yield strength (555 MPa), and total elongation
(35 pct) (Table II), because even a small amount of stable
retained austenite can provide a TRIP effect, although
significantly lower than in the case when granular bainite
and acicular ferrite were present.

C. Effect of Further Increase in the Deformation in the
Recrystallized Austenite Region

The resulting austenite grain thickness after a 0.25, 0.5,
and 0.75 strain in the recrystallization region, with a strain
in the nonrecrystallized region of 1.2, was ~25, 20, and
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Fig. 2—Microstructures of the samples after (a) €; = 0.25 and &, = 0.47, (b) &,

(e) &y =0.75 and &, = 1.2, (f) &, = 0.75 and &, = 3.0.

15 um, respectively. The ferrite grain size also decreased
from ~9 (0.25 strain) to 7.5 um (0.5 strain) to 7 um (0.75
strain). The microstructure after a strain of 0.5 in the recrys-
tallization region also consisted of upper bainite (Figure
3(c)) and a small amount of retained austenite (less than
2 pct) in addition to the polygonal ferrite. The microstruc-
ture was similar to the microstructure after a 0.25 strain

1602—VOLUME 34A, AUGUST 2003

=05and e, = 047, (¢) &, = 025 and &, = 1.2, (d) &, = 0.5 and &, = 1.2,

(Figures 2(c) and (d)). However, the further increase in
the deformation in the recrystallized austenite region led to
refinement of the bainitic packets (bainitic ferrite laths and
carbides) compared with the 0.25 strain (Figure 4), which
resulted in a higher average microhardness (287 VHN)
compared with the 250 VHN obtained after £, = 0.25 and
g, = 1.2. The formation of the upper bainite with fine
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Table II. Effect of Deformation Schedule on the Microstructure and Mechanical Properties of TRIP Steel*
g =0.25 g =05 g =0.25 g =05 e =0.75 e =0.75
Schedules €y = 0.47 €y = 0.47 &y = 1.2 €y = 1.2 €y = 1.2 €y = 3.0
Prior austenite
grain width (um) 45 £22 3527 25 £ 1.8 202 1524 719
Ferrite grain
size (um) 1512 10 £ 1.75 9+2 75+ 1.1 7+15 55*+15
refined bainite
with carbides
noncarbide and retained
granular austenite
Morphology bainite and upper upper upper granular between bainitic
of the bainite acicular ferrite bainite bainite bainite bainite ferrite
Volume fraction
of retained
austenite (pct) 0 <2 3t04 <2 6 4
blocky ultrafine small ultrafine
islands and islands islands islands layers
Type of retained layers between between between between between fine islands
austenite BF and PF BF BF BF BF between BF
Volume fraction
of martensite, (pct) 6 — <2 — 9 8
islands small islands
Type of between between bainite blocks coarse blocks
martensite PF and BF — and PF — between PF between PF
Ultimate tensile
strength (MPa) 924 * 46 810 = 40 827 =41 844 + 42 890 * 44 1000 = 50
Total elongation
(pct) 49 £ 245 30+ 1.5 35+ 1.75 33 + 1.65 43 £22 32+ 1.6
Yield strength
(MPa) 537 =53 610 = 61 555 £ 56 599 * 60 510 £ 51 393 =39

*PF is polygonal ferrite, and BF is bainitic ferrite. The volume fractions of polygonal ferrite and bainite are similar for all experiments.

carbides between the bainitic ferrite laths reduced the
chemical stability of the retained austenite and, consequently,
the volume fraction of retained austenite.

Increasing the strain in the recrystallized austenite region
to 0.75 with 1.2 strain in the nonrecrystallized austenite
region promoted the formation of granular bainite with
~6 pct retained austenite and ~9 pct martensite, in addition
to ~50 pct polygonal ferrite (Figure 2(e)). The microstruc-
ture was similar but more refined than that obtained after
g, = 0.25 and &, = 0.47.

The average microhardness of the bainitic phase was
300 VHN. The retained austenite was in the form of the
coarse blocks between the polygonal ferrite grains and layers
between the bainitic ferrite laths. The increase in the volume
fraction of the retained austenite was due to both the reduc-
tion in the polygonal ferrite grain size and the morphology
of the carbide-free granular bainite structure.

The mechanical properties of the steel after strains of 0.25,
0.5, and 0.75 in the recrystallized austenite region are dis-
played in Table II. The ultimate tensile strength increased
with decreasing austenite thickness and ferrite grain size, when
the samples produced a similar bainitic structure, such as upper
bainite in the case of £ = 0.25 and &, = 0.5. A similar ten-
dency was observed for the yield strength (increasing from
555 to 599 MPa). A reduction of the ferrite grain size did
not always lead to an increase in the elongation (Table II). It

METALLURGICAL AND MATERIALS TRANSACTIONS A

is proposed that the volume fraction and stability of the retained
austenite play a more important role than the grain refinement
in enhancing the elongation, particularly as grain refinement
generally decreases ductility. The maximum ultimate tensile
strength (883 MPa) and the total elongation (43 pct) was
observed after a 0.75 strain (Table II), which produced the
minimum ferrite grain size and maximum volume fraction
of retained austenite and carbide-free bainitic structures, such
as granular bainite and acicular ferrite. However, the rela-
tively high and stable amount of retained austenite obtained
in this carbide-free bainitic structure caused a decrease in the
yield strength (510 MPa) (Table II).

D. Effect of Severe Deformation in the NonRecrystallized
Austenite Region

The further increase in strain in the nonrecrystallized
austenite region from 1.2 to 3 reduced the austenite grain
thickness prior to transformation and the ferrite grain size:
from ~15 to 7 um and from ~7 to 6.5 um, respectively.
The microstructure after a strain of 3 in the nonrecrystal-
lized region consisted of polygonal ferrite, bainite, ~8 pct
martensite, and a small amount of retained austenite (Fig-
ure 2(f)). The bainitic structure consisted of heavily refined
bainitic ferrite grains with small carbides and stable islands
of retained austenite between the bainitic ferrite laths or
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Fig. 3—TEM micrographs of the (a) granular bainite and (b) acicular fer-
rite after &; = 0.25 and &, = 0.47; and the upper bainite after (¢) &, = 0.5
and &, = 1.2 (for (a), the zone axis is [114],, for (b), the zone axis is [310],,
and for (c), the zone axis is [210],).

grains. It was observed that the heavy deformation changed
the distribution of martensite. The majority of martensite
was present in the form of large blocks between polygonal
ferrite grains. This may be the reason for the decrease in
yield strength to 393 MPa. The combination of the effect
of grain refinement and distribution of phases resulted in an

1604—VOLUME 34A, AUGUST 2003

Fig. 4—SEM micrographs of the deformed samples: (a) and (¢) €; = 0.25
and &, = 1.2; and (b) &, = 0.5 and &, = 1.2.

increase in the ultimate tensile strength to 1000 MPa and a
decrease in the total elongation to 31 pct (Table II).

Thus, the mechanical properties of TRIP steels depend
not only on the polygonal ferrite grain refinement and
morphology of the bainitic phase, but also on the distribu-
tion of all phases present in the microstructure.

E. The TEM Characterization of the Heavily Deformed
Samples

The TEM analysis revealed that the heavy deformation
results in the formation of parallel bands of elongated bainitic
ferrite subgrains with low-angle subgrain misorientations
(Figure 5(a)). These subgrains showed the cell structure,
i.e., the dislocation-free region surrounded by the dislocation-
cell walls (Figure 5(a)).?*?!! The average thickness of the
subgrains after ; = 0.5 and &, = 1.2 was ~0.15 wm. More-
over, well-developed networks of interfacial dislocations
were found within the bainitic ferrite laths. An increase in
the deformation to &; = 0.75 and &, = 3.0 led to the for-
mation of the equiaxed-shape bainitic ferrite subgrains free
from dislocation within subgrains and a high density of
dislocation tangles at the subgrain interfaces (Figure 5(b)).

METALLURGICAL AND MATERIALS TRANSACTIONS A



0.1um

Fig. 5—TEM micrographs of the bainitic ferrite after (@) &, = 0.5 and &, = 1.2 and (b) &; = 0.75 and &, = 3.0; the retained austenite after &; = 0.75 and
&, = 1.2 (¢) and (d) dark-field images, and (c) from (002),; the zone axis is [310],). Arrows indicate the intergranular dislocations.

It was found that the retained austenite crystals present
after deformation in the recrystallized and nonrecrystallized
regions contained a high dislocation density inside the grains
(Figure 5(c)) and a large number of interface dislocations
(Figure 5(d)). This might contribute to an increase in the
mechanical stability of the retained austenite.

The carbides were found between the bainitic ferrite laths
in the upper bainite structure (Figure 3(c)). This may increase
the ability of the bainitic ferrite lath boundaries to impede
dislocation motion during straining, thereby confining slip
within the laths and raising the contribution of the lath size
of bainite to the flow stress.[**!

IV. DISCUSSION

A. Effect of the Deformation Schedules on the
Microstructural Evolution and Mechanical Properties
of TRIP Steel

The optimum amount of retained austenite is the critical
aspect for TRIP steels. Based on the results of Kawano
et al.,'"" the reduction of both the austenite and ferrite grain
sizes should increase the quantity of retained austenite,
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because the volume fraction of retained austenite (Vy4) has
been related to Vpp/dpr, where Vpp is the volume fraction
of polygonal ferrite, and dpy is the grain diameter of poly-
gonal ferrite. Hence, the increase in the degree of deforma-
tion in the recrystallized and nonrecrystallized austenite
regions and the decrease in the ferrite grain size should
increase the volume fraction of retained austenite and
improve the total elongation for a similar amount of poly-
gonal ferrite, for all experiments (~50 pct). Moreover, the
amount of deformation could affect not only the polygonal
ferrite grain size, but also the bainite morphology and
retained-austenite stability through the prior-austenite grain
refinement.?3!

The gradual increase in the amount of total strain (Table I)
led to the gradual decrease in the resulting austenite thickness
and polygonal ferrite grain size. Despite this, the volume
fraction of retained austenite and the mechanical properties
varied after different deformation tests.

The main difference in the microstructure after increas-
ing the deformation in the recrystallized austenite region
from 0.25 to 0.5 strain, at &, = 0.47, was the formation of
the carbide-containing upper bainite structure at 450 °C,
instead of carbide-free granular bainite, as observed for
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e, = 0.25 and &, = 0.47. This led to the sharp reduction in
the retained austenite volume fraction in the microstructure
(Table II). As was mentioned previously, an increase in the
deformation in the recrystallized austenite region refined
the austenite and ferrite grain sizes. However, the mechan-
ical properties after this increase were deteriorated compared
to &, = 0.25 and &, = 0.47 (Table II), due to the formation
of the upper bainite structure. As was reported in an earlier
publication,!'! the upper bainite structure should form at
500 °C to 550 °C for a TRIP steel with this composition.
This change in the transformation kinetics could be explained
by considering both the recrystallized and nonrecrystal-
lized austenite conditions. Since the bainitic ferrite crystals
nucleate at an austenite grain boundary, a reduction in
the austenite grain size should lead to an increase in the rate
of transformation because of the greater density of grain-
boundary nucleation sites.'” This refines the bainitic ferrite
crystals. Moreover, since the bainitic ferrite inherits the
dislocation density of the parent austenite,'” the decrease
in the recrystallized austenite grain size and the deforma-
tion of these recrystallized grains in the nonrecrystallized
austenite region lead to the increase in the dislocation density
of the bainitic ferrite and in the total grain boundary area,
which results in a larger number of barriers to the disloca-
tion motion.>* It was suggested that the combined effect
of the bainitic ferrite refinement and the dislocation density
of the parent austenite increase the rate of carbon diffusion
and the number of diffusion paths for carbon (grain bound-
ary diffusion and pipe diffusion) that accelerate the carbide
formation and, as a result, upper bainite was formed in
sample after &, = 0.5 and &, = 0.47 (Figure 2(b)). This
decreases the retained austenite content in the microstruc-
ture and affects the mechanical properties of steel.

The volume fraction of bainite after £, = 0.5 and &, = 0.47
and holding at 450 °C for 600 seconds was similar to that
observed after £, = 0.25 and &, = 0.47. According to Ship-
way and Bhadeshia, deformed austenite transforms to a smaller
quantity of bainite than undeformed austenite.' However,
when the strain increases beyond a certain value, the corre-
sponding increase in nucleation-site density leads to a recov-
ery in the attainable fraction of bainite, and this may be similar
to that of undeformed or slightly deformed austenite.!>!
The conclusion from this result could be that the optimal
level of deformation has been already obtained during these
experiments.

The quality of retained austenite depends on the mechan-
ical and chemical stability. The refinement of the bainite
packets obtained by increasing the density of nucleation sites
within pancaked austenite grains should enhance the retained
austenite stability by decreasing the retained austenite size
(the smaller retained austenite is more stable), which typically
increases the carbon content in the retained austenite lattice.

Increasing the deformation in the nonrecrystallized austen-
ite region from 0.47 to 1.2 strain at &; = 0.25 also led to the
formation of the upper bainite (Figure 2(c)), which is most
likely because the bainite transformation was further affected
by the increased deformation debris in the nonrecrystallized
austenite.''! However, it was observed that the bainitic struc-
ture was more refined than that after £, = 0.25 and &, = 0.47.

The further increase in the total deformation from increas-
ing the nonrecrystallized deformation to a 1.2 strain, at a
0.5 strain in the recrystallized austenite region, did not change

1606—VOLUME 34A, AUGUST 2003

the type of the bainite. The microstructure still contained
upper bainite as a major bainitic phase. However, the combi-
nation of &, = 0.5 and &, = 1.2 significantly changed the
morphology of bainitic ferrite by (1) increasing the misori-
entations between the bainitic ferrite laths and (2) signifi-
cantly refining the bainitic ferrite laths (Figure 4). It was
suggested that a heavy deformation enhances the nucleation
of bainitic ferrite within nonrecrystallized austenite grains,
which refines the bainitic ferrite packets.

Moreover, the significant refinement of the bainitic struc-
ture after €; = 0.5 and &, = 1.2 can also be explained by
the formation of the dislocation-cell structures (or subgrain
structure) in the heavily deformed austenite (Figure 5(a)).
The bainitic ferrite laths stop their growth at the cell-structure
boundaries, which then reduces their length.['!! This could
explain the bainitic structure refinement obtained after this
deformation test. On the contrary, in the case of &, = 0.25
and &, = 1.2, the dislocation density, which forms the
dislocation-cell structure, was low, and the bainitic ferrite
laths, which nucleate on the austenite grain boundaries, grow
linearly, and stop their growth only on the opposite austen-
ite grain boundaries (Figure 3(c)).['!

The carbide-free granular bainite (similar to that obtained
after ¢; = 0.25 and &, = 0.47) was formed only after increas-
ing the amount of deformation in the recrystallized austen-
ite region up to 0.75 strain at 1.2 strain in the nonrecrystal-
lized austenite region (Figure 2(e)). The formation of this
bainitic structure led to the increase in the volume fraction
of retained austenite to 6 pct, present in the form of layers
between the bainitic ferrite laths. It appears that the retained
austenite with this particular morphology within the carbide-
free granular bainite increased the elongation of the sample,
while the refinement of the polygonal ferrite and bainite
increased the ultimate tensile strength of steel compared to
the samples with the upper bainite structure (Table II). Thus,
instead of the upper bainite structure, granular bainite, which
is a transformation product at a lower isothermal tempera-
ture,> was obtained at this amount of deformation. This
effect can occur when the strain accumulates in the austen-
ite and reaches a certain critical value. A reduction in the
austenite grain size reduces the total volume transformed per
nucleus and retards the overall reaction rate.''” When the
growth of the bainitic ferrite laths by a shear mechanism is
limited by their volume fraction, the austenite remaining
between the bainitic ferrite laths could be mechanically sta-
bilized. This could retard the formation of the carbides.!!”!
So, the increase in the amount of total deformation to the
critical level could change the bainite transformation kinet-
ics. In the current research, this level was obtained at &; =
0.75 and &, = 1.2, which leads to the formation of granular
bainite (Figure 2(e)). In addition to the effect of the defor-
mation in the recrystallized austenite region, the effect of the
nonrecrystallized austenite condition on the transformation
kinetics should be considered. Displacive transformation
occurs by the advance of glissile interfaces, which can be
rendered sessile, when they encounter dislocation debris in
the austenite."”

So, with increasing the dislocation density in the nonre-
crystallized austenite, the bainitic transformation is retarded
regardless of the increase in the number density of nucleation
sites. This also might lead to the formation of the carbide-
free bainite.
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A further increase in the amount of deformation (g; = 0.75
and &, = 3.0) led to the unexpected effects. The main feature
of the heavily deformed (g; = 0.75 and &, = 3.0) microstruc-
ture was the formation of small and stable islands of retained
austenite and the formation of the high quantity of marten-
site between the polygonal ferrite grains and at the polygonal
ferrite/bainite interface (Figure 2(f)). The heavy deformation
in the recrystallized and nonrecrystallized austenite regions
heavily refined the bainitic structure, which led to a decrease
in the volume fraction and size of the retained austenite within
the bainite. This could increase the carbon concentration of
the retained austenite and, subsequently, its stability. This
retained austenite trapped within the refined bainitic structure
did not transform to martensite during the deformation and
did not provide the TRIP effect; even the presence of a small
amount of the carbides in the bainitic structure did not dimin-
ish this effect. This reduced the elongation of the sample
(Table II). The high volume fraction of martensite in a soft
ferrite matrix could be explained by the distribution of retained
austenite prior to quenching. The polygonal ferrite was less
affected by the amount of deformation than was the bainite.
The nucleation of bainite leads to an additional invariant plane-
strain shape deformation with a large shear component, which
is similar to that of martensite.'” This could decrease the
ability of the retained austenite to be located between bainitic
ferrite, and, as a result, most of the austenite remained between
the polygonal ferrite grains and at the polygonal ferrite/bai-
nite interface. On the other hand, the stability of retained
austenite depends on the carbon content in the remaining
austenite lattice. The enrichment of the retained austenite by
carbon occurs during the polygonal ferrite and bainite trans-
formations. Coarse blocks of austenite between polygonal fer-
rite are less enriched by carbon and are less stable during
quenching. It is proposed that this was the reason why the
microstructure contained the higher volume fraction of marten-
site between the polygonal ferrite. The high volume fraction
of martensite increased the ultimate tensile strength of the
sample (Table II). Hence, the formation of the heavily refined
polygonal ferrite and bainitic structure might lead to the dete-
rioration of the mechanical properties of the TRIP steel due
to the distribution and morphological features of martensite
and retained austenite within the microstructure.

B. Microstructure-Property Relationship

The microstructure of the TRIP steel could be character-
ized in terms of a number of morphological features, such as
the size and morphology of the bainitic packets, the volume
fraction and distribution of retained austenite and martensite
within the microstructure, and the volume fraction and morpho-
logy of polygonal ferrite. These features should be related to
the mechanical properties of TRIP steel.

As mentioned previously, the volume fraction of polygonal
ferrite was similar for all experiments (~50 pct). The contri-
bution of polygonal ferrite to the mechanical properties depends
on the grain size (Table II). A decrease in the grain size gen-
erally leads to an increase in the ultimate tensile strength and
the yield strength through the Hall-Petch relationship:

o, =K+ k,d"? 3]

where o is the lower yield stress, K is the material constant,
k, is the strengthening coefficient, and d is the ferrite grain
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size.??! A sharp yield point was not observed during all
tensile tests.

However, it was found that the yield strength of the TRIP
steel was not only a function of the grain size. The ferrite
grain size does contribute to the yield strength, but there
are other factors affecting the yield strength, as polygonal
ferrite is only one component of the microstructure. Accord-
ing to Edmonds and Cochrane,®? it is possible to account
for the strength of the bainitic structure in terms of four major
contributions:

1. a term relating to slip-band length, which includes both
colony (packet) and lath size;

2. aterm due to the dislocation substructure within the laths;

3. a term including solid-solution hardening from substitu-
tional elements, such as Si, Mn, Ni, etc., but additional
interstitial hardening from C and N;

4. aterm which arises from the dispersion-hardening effect
of the carbide particles.

Furthermore, the morphology and distribution of the retained
austenite and martensite play an important role in the struc-
ture-property relationship.

The microstructures (Figures 2) resulting from various
deformation tests have been described previously. The pres-
ence of 10 pct retained austenite in the carbide-free bainitic
structure after &; = 0.25 and &, = 0.47 led to low yield stress
(537 MPa) with a good combination of ultimate tensile
strength and total elongation (Table II). These mechanical
properties reflect the changes in the microstructure during
straining. The transformation of metastable retained austen-
ite to martensite during deformation leads to the improve-
ment of elongation and the creation of new dislocations,
which leads to the reduction in the yield strength.

The formation of the upper-bainite structure with coarse
carbides between parallel bainitic ferrite laths (Figure 2(b)),
after a 0.5 strain in the recrystallized austenite region and
at &, = 0.47, led to a reduction in the volume fraction of
retained austenite (<2) and an increase in the yield strength
(Table II). Carbides influence the ability of the lath bound-
aries to impede dislocation motion, thereby confining slip
to within the laths and increasing the lath-size contribution
to the flow stress.??

As mentioned earlier, the upper-bainite structure was also
formed by increasing the strain in the nonrecrystallized austen-
ite region from 0.47 to 1.2 strain at &; = 0.25. The yield
strength increased compared with the lower deformation con-
ditions (g; = 0.25 and &, = 0.47), due to the presence of
coarse carbides in the upper-bainite structure. However, the
yield strength was lower than in the case of &; = 0.5 and
&, = 0.47. This reduction depends on the distribution of
retained austenite and martensite before straining. Retained
austenite appeared as small, stable islands, uniformly
distributed between the bainitic ferrite laths. These fine
crystals of retained austenite could contribute to the reduc-
tion in the yield strength. On the other hand, the blocks of
martensite formed between the polygonal ferrite and bainite
also enhance this reduction by the generation of the new
mobile dislocations in the parent ferrite matrix prior to strain-
ing. The movement of these unobstructed dislocations results
in the yield-strength reduction, as commonly observed in
dual-phase steel.*!
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The microstructure after £, = 0.5 and &, = 1.2 was similar
to the microstructure after £, = 0.25 and &, = 1.2 (Figure
2(d)). However, the refinement of the polygonal ferrite and
bainitic structure obtained after this experiment led to an
increase in the yield strength (Table II). This may be due to
the refinement of the bainitic packets, which hinders the dis-
location motion. The strength of bainitic steel can be better
described in terms of the Langford—Cohen model for sub-
structural strengthening, a'y~(L)*l, where L is the average
transverse bainitic lath width.?”! In addition, bainitic ferrite
makes a significant contribution to strength in its own right,
due to its carbon supersaturation and high dislocation density.
Furthermore, the bainitic structure contains a variety of obsta-
cles to dislocation motion, (solute atoms, precipitates of dif-
ferent size, and boundaries), each with a different ability to
impede plastic deformation. Hence, the reduction of grain size
only led to an increase in the yield strength when the contri-
bution to the mechanical properties of the morphology of dif-
ferent phases in the microstructure was negligible.

The formation of the carbide-free granular bainite structure
with 6 pct retained austenite after e, = 0.75 and &, = 1.2 led
to the decrease in the yield strength to 510 MPa. This result
demonstrates an almost similar yield strength value (537 MPa)
to that obtained after £, = 0.25 and &, = 0.47 with a similar
microstructure. Hence, the yield strength reduction was due
to the combined effect of the grain refinement and the mor-
phology of the bainite.

As mentioned previously, the heavy deformation (g; = 0.75
and &, = 3.0) significantly affected the distribution of the
retained austenite before quenching (Figure 2(f)) by (1) increas-
ing the volume fraction of less-stable austenite between the
polygonal ferrite grains and at the polygonal ferrite/bainite
interface, which transformed to martensite during quenching
and, (2) on the other hand, decreasing the volume fraction
and size of the stable retained austenite within the bainitic
structure. Moreover, the yield strength decreased to 393 MPa.
The stable retained austenite within the bainitic structure did
not affect the yield strength. In this case, the volume fraction,
morphology (coarse blocks), and location of martensite within
the soft ferrite matrix were more significant in determining
the structure-property dependence. The distribution of dif-
ferent phases within the microstructure is important, because
when a large fraction of a phase harder than bainite, such as
retained austenite or martensite, is included in a soft matrix,
plastic deformation at first occurs in the softer phase. On the
other hand, the hard phase only begins to deform when the
softer phase has strain hardened sufficiently to transfer load.
The hard martensite phase under straining can stimulate the
formation of new mobile dislocations in a soft ferrite matrix
and, by means of this, decrease the yield strength.!*®! Fur-
thermore, the martensite was not uniformly distributed within
the ferrite, so giving rise to a gradual deviation from elastic
deformation. Hence, it is proposed that all these features
decrease the yield strength.

V. CONCLUSIONS

The effect of the heavy deformation in the recrystallized
and nonrecrystallized austenite region on the transformation
kinetics and mechanical properties of TRIP steel was stud-
ied. The findings were as follows.
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1. Ferrite grain refinement does not always lead to an
increase in the volume fraction of retained austenite,
because of the role of the bainite morphology.

2. The contribution of the grain refinement to the mechani-
cal properties of TRIP steel is less than the effect of the
bainite morphology and the stability of retained austenite.

3. The deformation schedule and amount of strain in the
recrystallized and nonrecrystallized austenite regions affect
the bainite transformation kinetics and morphology of
bainite. The most superior combination of the ultimate
tensile strength and total elongation was found after
g; = 025 and &, =0.47 and &, = 0.75 and &, = 1.2 in
the samples with granular bainite and a maximum amount
of the retained austenite.

4. Severe deformation affects the distribution of retained
austenite and martensite present in the microstructure,
which might influence the retained austenite stability.

5. The decrease in the ferrite grain size does not always lead
to the increase in the yield strength of TRIP steel. The
yield strength strongly depends on the morphology of the
bainite, the distribution of the retained austenite and
martensite within the microstructure, and phase interac-
tions during testing.
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