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• Hot stamping followed by Q&P process
in TRIP-steels causes excellent combina-
tion of mechanical strength and elonga-
tion

• Combined nanoindentation and EBSD
analysis is applied for phase identifica-
tion and calculate localized mechanical
properties

• Predominance of {110}//ND texture in
retained austenite grains

• {111} and {112}//ND texture in BCC
grains enhances efficiently the TRIP-
effect.
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A novel quenching and partitioning process (Q&P) including the hot stamping (HS) process was studied,
using two stamping temperatures (750 °C and 800 °C) and two quenching temperatures (318 °C and
328 °C). This combination is here called Hot Stamping and Quenching and Partitioning process
(HSQ&P). The partitioning step was performed at 400 °C for 100 s in all cycles. Microstructural features
were comprehensively studied using electron backscattered diffraction and nanoindentation techniques.
HSQ&P samples showed a good combination of ductility and high-strength due to the presence of:
retained austenite, inter-critical ferrite with low stored internal strain energy, grain refinement via
DIFT-effect (deformation induced ferrite transformation), martensite, and bainite. Significant internal
stress relief was caused by carbon partitioning, which was induced by the DIFT-effect and the
partitioning stage. This also led to a considerable stored energy, which was characterized by the Kernel
average dislocation and geometrically necessary dislocation analysis. In addition, predominant {110}//
strain direction crystallographic texture was identified, which promotes slip deformation and enhances
the mechanical properties. Moreover, remarkable amounts of fine film-like retained austenite oriented
everri).
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along compact crystallographic directions (i.e., 〈111〉 and 〈112〉) were observed. Finally, subsize tensile
test verified the optimum mechanical behavior of HSQ&P specimens.

© 2019 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The automotive industry has a great interest in a new generation
of steels containing i) considerable amount of retained austenite sta-
bilized at room temperature to increase ductility, ii) low carbon con-
tent to ease weldability, and iii) low contents of alloying elements to
reduce material cost [1–4]. Quenching and partitioning (Q&P) pro-
cess, proposed by Speer et al. [5], has been used to attain these char-
acteristics. The main objective of the Q&P process is to produce a
ferritic-martensitic microstructure with controlled fractions of
retained austenite stabilized by the carbon partitioning from mar-
tensite. The retained austenite enhances the mechanical properties
by increasing the ductility and toughness of the material due to the
transformation induced plasticity (TRIP) effect. The Q&P process
starts with heating the steel to an austenitizing temperature above
the Ac3 or between the Ac1 and Ac3 to ensure full or partial
austenitization, respectively. The steel is maintained at this temper-
ature for a time determined by the part size. The austenitization step
is followed by the rapid cooling (quenching) to a quenching temper-
ature between the martensite start and finish transformation tem-
peratures (Ms and Mf), to produce a controlled fraction of carbon-
saturated martensite. Next, a partitioning step is conducted by either
maintaining the temperature at the quenching temperature for a
longer time (one-step Q&P) or by increasing the temperature (two-
step Q&P) to what is called partitioning temperature close to the
Ms. Finally, the material is quenched to room temperature. The goal
of the partitioning step is to promote the migration of the carbon
atoms (partitioning) from the carbon-saturated martensite to the
untransformed austenite. Although the production of carbon-
depleted martensite and carbon-enriched retained austenite is the
main goal of Q&P process, bainitic-ferrite can also be formed during
the partitioning stage, and fresh martensite may be transformed
from insufficiently carbon-enriched austenite during the last
quenching step. The partitioning process increases the stability of
the untransformed austenite at room temperature by minimizing
or fully suppressing the transformation of the austenite to freshmar-
tensite during the final quenching step [6–8].

In order to improve ductility without compromising strength, the
Q&P process is currently being integrated into the thermo-mechanical
controlled processing (TMCP), such as hot rolling [9–12], hot compres-
sion [13,14], Deformation Induced Ferrite Transformation (DIFT) tech-
nology [15,16], and hot stamping (HS) or die quenching [17–22]. Hot
stamping consists in the deformation of the steel in the range 900 °C–
800 °C, followed by rapid cooling in the mold, in order to obtain a fully
martensitic microstructure, which shows a limited room temperature
elongation [23]. The advantage of the hot stamping process is the simul-
taneous improvement of themechanical strength due to the refinement
of the microstructure, and the suppression of the springback effect.
Complex TMCP+Q&P cycles encompass a high number of parameters,
which can modify the microstructure and the mechanical properties
at room temperature. These parameters include: (i) austenitizing tem-
perature (full or partial); (ii) isothermal [13–16,19] and non-
isothermal [10–12,20,21] deformation at high temperatures, and; (iii)
Q&P process, involving rapid cooling rates to optimum quenching tem-
perature (OQT), in order to maximize the retained austenite fraction
after the final cooling [24]. The OQT in turn can be affected by the previ-
ous hot deformation, which has not been accurately studied in the liter-
ature. Additionally, as already mentioned, the Q&P process can be
carried out in one or two-step, but in one-step is the most commonly
used process [10,11,17,18,20] due to the greater facility of its industrial
implementation. However, more complex processes such as HS+Q&P
in two-stephave also been explored [9,11,12,19,25] due amore favor ki-
netics of carbon partitioning. It is important to highlight that the
quenching and partitioning times are also determined in the Q&P treat-
ments. Although the addition of Si, Mn, and Al in the composition can
retard the carbide precipitation, the times at the OQT should be kept
short (5–10 s) to reduce the precipitation and coarsening of carbides
[26]. However, completely avoiding secondary precipitation is challeng-
ing since the formation of ε and η transition carbides has been reported
both during quenching and short isothermal soaking times [27–29].
Also, for excessive soaking periods, these transition carbides can trans-
form to cementite inside martensite and retained austenite [27,30].
However, the few studies that have been carried out on the HS+Q&P
in two steps, have used very long holding times (N1 min) at the initial
quenching step [12,19]. Recently, Zhu et al. [31] and Wang et al. [22]
proposed an innovative approach involving a two-step Q&P combined
with a hot stamping process; however, as the mold was maintained at
280 °C, their results are arguable, since the cooling rates employed
throughout the thermal process are not fast enough to guarantee the oc-
currence of martensitic transformation.

Additionally, most of thementioned studies were focusedmainly on
fully austenitized samples [10–13,16,19–22]. However, this process
could be improved by the use of inter-critical annealing temperatures,
to obtain inter-critical ferrite, higher carbon contents in austenite
(N2 wt%), and higher hardenability in such a way that the Q&P process
could be applied without ferrite precipitation during cooling [32]. On
the other hand, non-isothermal deformations at high temperature can
induce the formation of DIFT ferrite [33]. Hence, the formation of both
ferrites (inter-critical and DIFT) can favor the increase of the ductility
of the material. Likewise, most of the researches combining HS and
Q&P processes focused on boron steels [13,17,18,20,21] because they
are the most used steels in the HS process, disregarding the potential
of other advanced high strength steels, such as TRIP-steel. In general,
the previously mentioned studies combining TCMP and Q&P clearly
showed the resulting properties relatedwith variations in austenite sta-
bility or grain size refinements; however, the influence of the distribu-
tion of localized plastic deformation in the grain scale, the evolution of
texture, and phase identification by combining EBSD and nanoindenta-
tion, and their effect on mechanical performance, have received limited
attention.

In this research, we propose a comprehensive approach to under-
stand the critical stages of a complex thermomechanical process, in
order to increase the ductility, without compromising strength in a
TRIP-assisted steel. Here, we study the effects of non-isothermal and
isothermal inter-critical hot stamping, followed by two-step Q&P treat-
ment. The influence of DIFT ferrite, inter-critical ferrite, and retained
austenite were also discussed. The main objective of this work is to
achieve optimum mechanical properties in TRIP-assisted steel by
means of a combination of hot stamping followed by quenching and
partitioning (HSQ&P) processes. In this respect, six different
thermomechanical paths (two Q&P and four HSQ&P) were applied to
a commercial TRIP-assisted steel. A comprehensive study of the ob-
tained microstructures was carried out by using the EBSD technique to
help understanding the local mechanical behaviors. Finally, sub-size
tensile test was carried out to verify the mechanical results of the pro-
posed HSQ&P process.

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. Schematic representation of a load versus penetration depth curve for instrumented
indentation technique.
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2. Material and experimental procedures

A TRIP steel (Fe–0.23C–1.23Si–1.50Mn–0.018P–0.003S, wt%) was
subjected to Q&P and HSQ&P thermomechanical treatments using an
Advanced Gleeble®3S50 thermomechanical simulator. Dog-bone
shaped samples with gauge length of 10mm,width of 5mm, and thick-
ness of 1.5 mm, were carefully prepared using wire electro-discharge
machining along the longitudinal axis parallel to the rolling direction.
This specimenwas developed by the technical staff of the Nanotechnol-
ogy National Laboratory in Brazil where the Advanced Gleeble®3S50 is
installed. Several previous experiments were carried out leading to the
selection of the specimen geometry. The sampleswere homogenized for
5min at 1000 °C, and then intercritically annealed at 800 °C for 5min to
obtain intercritical ferrite, higher carbon contents in austenite, and
higher hardenability, avoiding ferrite precipitation during cooling.
Next, two samples were subjected to the Q&P process, by quenching
at 318 and 328 °C and partitioning at 400 °C for 100 s, followed by
cooling to room temperature. The optimum quenching temperature
(318 °C) was calculated according to the constrained carbon equilib-
rium criterion [5]. The heating rate in all heating steps was 15 °C/s,
while the cooling rate was 60 °C/s.

Four samples were subjected to the HSQ&P process. The HSQ&P ex-
perimentswere studied to clarifywhether theDIFT-effect contributes to
improve ductility, without compromising strength. After the initial
intercritical austenitization step, the samples were strained either iso-
thermally at 800 °C, between Ac3 – Ac1, (HSQ&P800), or non-
isothermally, starting about 10 °C below Ac1, (HSQ&P750). The 750 °C
and 800 °C initial deformation temperatures were selected to obtain
intercritical and DIFT ferrites, and higher carbon contents in austenite
(N2 wt%). The carbon enrichment of the austenite provides higher
hardenability, allowing the Q&P process to be applied without ferrite
precipitation during cooling, enhancing the stability of the remaining
austenite against bainitic transformation. In all conditions the strain
was applied at a rate of 0.5 s−1 up to 30%. This strain rate is equivalent
to rates used during typical hot stamping process [32]. Thereafter, the
samples were quenched at 318 or 328 °C and partitioned at 400 °C for
100 s. The HSQ&P(328)750 notation, for example, indicates the sample
strained at 750 °C and quenched at 328 °C sample. A non-contact laser
dilatometer was used to control the applied strain and to monitor the
samples dilation.

In this research, EBSD technique was used to identify microstruc-
tural features, in five different regions (five scans) of each sample, as a
comprehensive method for understanding the resulting Orientation
Image Micrographs (OIMs). In the results, the most representative
scanwas chosen from thefiveOrientation ImageMaps (OIM). OIM, con-
fidence index (CI), phase identification, and Kernel AverageMisorienta-
tion (KAM) maps calculated with point-by-point orientation data were
used for identification of each microconstituent present in the
microstructure.

Electron back-scattered diffraction (EBSD) analyses were conducted
in FEI Inspect 50 FE-SEM microscope using acceleration voltage of
20 keV, working distance of 15 mm, specimen tilt angle of 70°, and a
scan step size of 100 nm. Nanohardness measurements were carried
out on the surface of the samples previously prepared for EBSD analysis
using a Triboindenter Hysitron TI 950. The equipment was operated in
load control testing mode, with a maximum load of 15 mN. Bergles
[34] and Tam [35] claim that indentation size effects (ISE) are recog-
nized to be stronger in the small indentation depth regime and weaken
gradually with increasingly deep indentations. Therefore, the aim of
using constant and high load values during nanoindentation tests was
to reduce the effects associated with the size of the indentation. A
nanohardness conversion algorithm for the prediction of mechanical
properties was used. A lot of research has been done on the use of
methods thatmake it possible to extractmechanical properties ofmate-
rials from nanoindentation tests [36–40]. Among them, Dao et al. [39]
developed a complete reverse analysis theory to determine the elastic
and plastic properties from load-displacement (P-h) curves calculated
by nanoindentation. Accordingly, in the present study, to determine
the strain-hardening exponent and the yield strength, the algorithm
proposed by Dao et al. [39] has been replicated, considering that the
plasticity proceeds along a power law hardening:

σ ¼ Eε; for σ ≤σy

Rεn; for σ ≥σy

�
ð1Þ

where ε is the total effective stress, E is the elastic modulus, σy the yield
strength, R is a strengthening coefficient, and n is the work-hardening
exponent. To resolve the onset of plastic instability, the yield strength
can be calculated at the point where the real strain obeys the Considère
criterion [41] (i.e., when σ = dσ/dε or ε = n, necking occurs). In addi-
tion, for the plastic deformation region (σ ≥ σy) the Eq. (1) can also be
written as a function of the σy, plastic strain (εp), and E, as:

σ ¼ σy 1þ E
σy

εp
� �n

ð2Þ

Eq. (2) is functional since it enables expressing the σy in terms of the
elastic-plastic properties of the steel, excluding the requisite of using the
R coefficient. Fig. 1 shows a common load–depth of penetration of in-
denter (P − h) curve. During loading progression, the response estab-
lishes Kick's law:

P ¼ Ch2 ð3Þ

where C is the loading curvature. The average contact pressure, pa ¼
Pm

Am

(with Am the projected contact area calculated at the Pm, maximum load
applied) can be correlated to the hardness in the indentation regime.
The maximum penetration depth, hm, occurs at Pm, and the unloading

slope is differentiated analytically as
dPu

dh
j
hm
, where Pu = B(hs − hr)m,

where B and m are constants that depend upon the material and the
shape of indenter and hr is the depth of the residual indentation after

complete unloading. Hence, C,
dPu

dh
j
hm
, and

hr
hm

are three independent

Image of Fig. 1
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shape parameters that can be obtained from the P − h curve. It is ac-
cepted that the Am can be calculated disregarding the outcomes of
sink in and pile up, as a function of hm:

Am ¼ c�h2m ð4Þ

where c ∗ =24.56 for the Berkovich indenter. Based on an energetic ap-
proach,Wt is the total work done by load P during loading (found by the
integration of Kick's law), Wp is the stored (plastic) work (area under
the loading curve or energy dissipation), andWe is the released (elastic)
work during unloading (area under the unloading curve or recovery en-
ergy). Hence, thework induced in plastic deformation isWp=Wt−We.

The merit of the reverse analysis scheme projected by Dao et al. [39]
has taken advantage of dimensionless Π functions to demonstrate a
univocal correlation between the shape parameters and the uniaxial
mechanical properties. As a first step, the authors expressed the inden-
tation loading response as a function of four variables, h, E ∗, σr, and n:

P ¼ P h; E�;σ r ;nð Þ ð5Þ

where σr is a representative real stress corresponding to a representa-
tive (arbitrary) strain, and E ∗ is the reduced Young's modulus due to a
non-rigid indenter, which is a combination of the Young's modulus
and Poisson's ratio of the specimen and the indenter:

E� ¼ 1−ν2

E
þ 1−ν2

i

Ei

� �−1

ð6Þ

where E and ν are Young's modulus and Poisson's ratio of the material.
The i subscript symbolizes the same properties corresponding to the in-
denter (Ei = 1140 GPa and νi = 0.07).

Subsequently, the authors determined a set of dimensionless Π
functions correlating the three independent shape parameters calcu-

lated from the loading curve (i.e., C,
dPu

dh
j
hm
;and

hr
hm

) with the tensile me-

chanical properties which characterize the stress-strain curve of the
specimen (E ∗, σ0,033, n, and pa). The set of dimensionless Π functions
used in this research are shown in the Eqs. (7) to (10). The representa-
tive stress,σ0.033, corresponding to a value of strain of 0.033was used as

a convenient mode to describe Eq. (5) only as a function of
E�

σ0;033
.

Π1 ¼ C
σ0:033

¼ −1:131 ln
E�

σ0;033

� �� �3

þ13:635 ln
E�

σ0;033

� �� �2
−30:594 ln

E�

σ0;033

� �� �
þ 29:267

ð7Þ

Π2
E�

σ0:033
; n

� �
¼ 1

E� � hm
� dPu

dh

����
hm

¼ −1:40557n3 þ 0:77526n2 þ 0:15830n−0:06831
� 	

ln
E�

σ0:033

� �� �3
þ 17:93006n3−9:22091n2−2:37733nþ 0:86295
� 	

ln
E�

σ0:033

� �� �2
þ −79:99715n3 þ 40:55620n2 þ 9:00157n−2:54543
� 	

ln
E�

σ0:033

� �� �
þ 122:65069n3−63:88418n2−9:58936nþ 6:20045
� 	

ð8Þ

Π3 ¼ pa

E�
¼ 0:268536 0:9952495–

hr
hm

� �1:1142735

ð9Þ
Π4 ¼ Wp

Wt
¼ 1:61217 1:13111−1:747756

−1:49291
hr
hm

� �2:535334
" #

−0:075187
hr
hm

� �1:135826

8>>><
>>>:

9>>>=
>>>;

ð10Þ

The Eq. (9) and the dimensionless functionΠ4 can be related accord-
ing to:

pa

E�
¼ 1

E�
Pm

Am

� �
¼ Π4

hr
hm

� �
ð11Þ

Using the Eqs. (4) and (11), it is possible to solve for Am and E ∗ to ob-
tain the average contact pressure, pa. From the solution of this relation
and using the dimensionless function Π1 it is feasible to determine the
representative stress value (σ0.033). The solution of the Eq. (7) allow
by means of adimensional Π2 to determine the unique solution of the
strain hardening exponent, n. Consequently, knowing the value of the
Poisson's ratio, (ν = 0.3, for steel), and having determined the value
of n, it is possible to obtain the unique solution for σy. In this way, the
proposed reverse analysis provides a unique solution of the reduced n
and σy. This means that solving these dimensionless Π functions, and
since the elastic properties are known, the yield strength, σy, can be in-
versely determined from Eq. (1). Additionally, subsized tensile speci-
mens with reduced gauge lengths were machined from the central
area of the Gleeble samples after the thermomechanical processes.
The details of the procedure for obtaining the mechanical properties
can be found in [24].

First, the nanoindentation tests were conducted on a 100 μm × 100
μm area, being the indents spaced about 10 μm between each other.
Then, the EBSD analyses were carried out on the same areas to study
the effect of microstructure, crystallographic orientation, and gradients
of lattice distortion on themechanical properties, helping to predict the
mechanical behavior of the resulting TRIP steels. In the present study
tensile stresses in the SD was assumed for Schmid/Taylor analysis. The
grain orientation of tensile samples is presented by a combination of
crystallographic plane and direction {hkl}〈uvw〉, which {hkl} planes
are parallel to the tensile plane and 〈uvw〉 directions are parallel to
the strain (tensile) direction.

The phase identification was carried out by the correlation of nano-
indentation values, image quality (IQ), and Kernel Average Misorienta-
tion (KAM). It is well known that the IQ parameter helps in
distinguishing the microconstituents by the degree of lattice imperfec-
tion. This is because a lattice distorted by crystalline defects such as
high dislocation density, lattice strain and grain and/or sub-grain
boundaries will have a deformed arrangement of the Kikuchi bands in
the back-scattered patterns, lowering IQ values [42,43]. The orientation
data acquired by EBSD scan can also be used to investigate the local
strain distribution among different grains, which is important to iden-
tify the orientation gradients physically associated with dislocation
glide and crystal lattice rotation [44,45]. The KAMdistributionmap rep-
resents the arithmetic average misorientation between a point in the
center of a pre-determined kernel and the points in the perimeter of
the kernel [43]. KAM and Geometrically Necessary Dislocations (GND)
provide detailed data about intrinsic stored energy, crystal local strain,
and dislocation density. KAM method measures the stored energy
based on the average misorientation between one point (reference)
and its neighbors and GND estimates dislocation densities located in
the interior of the cell and in the cell/sub-grains walls. Thus, KAM was
used to qualitatively evaluate small local strain gradients or localized
plastic strain distribution among different grains [44]. The characteriza-
tion of a wide range of ferrites, such as epitaxial, inter-critical, bainitic,
DIFT, and martensite from BCC Kikuchi patterns obtained from EBSD
technique was carried out by using combination of image quality pat-
tern, KAM, Taylor factor, and local crystal deformation.
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3. Results and discussion

3.1. Phase identification using nanoindentation and EBSD

The IQ combined with phase identification was used to distinguish
face-centered cubic (FCC) and body-centered cubic (BCC) phases,
while IQ combined with KAM (calculated for the 5th nearest neighbor
of each point and with upper limit of 10°) was used to distinguish the
BCC ferrite and martensite areas. The gray color in Fig. 2a corresponds
to the BCC crystal structure, and the red corresponds to FCC phase
(retained austenite). It is known that martensite has a higher degree
of lattice distortion (tetragonal distortion related to its carbon content
[46]) and a larger density of sub-grain boundaries [42]. Hence, the
higher values of hardness (ranged from5.1 to 6.8GPa)match the darker
areas (as shown clearly in yellow ellipses in Fig. 2a), which indicate
lower IQ (or band contrast, BC) and high dislocation density. In Fig. 2b,
the blue color shows kernel averagemisorientations b2°, green between
2° and 4°, yellow between 4° and 6°, orange between 6° and 8°, and red
between 8° and 10°. This figure indicates that the highest values of KAM
are present in locations of greater lattice deformation (i.e., martensite
areas) and the lowest KAM values correspond to ferrite grains with
higher BC (as shown in blue ellipses in Fig. 2a). Consequently, the corre-
lation between high dislocation densities and the low image quality is
evident [42], which can be confirmed by high nanohardness values. Ac-
cordingly, the differentiation of IQ and KAM distributions caused by the
lattice imperfections can be readily used to identify the orientation gra-
dients for discrimination among ferrite and tempered and fresh mar-
tensites in the TRIP-assisted steel [26]. Moreover, it is well known that
elastic lattice strain should have no effect on IQ and hence its significant
variation can be related to the formation of different BCC products.

The quality of the obtained Kikuchi pattern is influenced by the den-
sity of defects and dislocations, grain boundaries, lattice strain, and su-
perposition of diffraction patterns from many neighboring crystals
[47]. Mechanical polishing can also introduce defects which can directly
affect the image quality (IQ) and its effect cannot be disregarded. In
areas with low pattern quality due to heterogeneities in sample prepa-
ration, the pattern contrast is dominated by noise, leading to significant
reduction in IQ index. However, in the present study all samples were
Fig. 2. Identification of phases by nanoindentation, image quality (IQ), and kernel averagemisor
color-coded phasemap. Blue and yellow ellipses indicate ferrite andmartensite regions, respect
of 10°. Nanohardness values in GPa.
carefully prepared down to colloidal silica to reduce polishing artifacts.
In our case, the poor band contrast could be related to complex overlap-
ping patterns, which depend on step size and the depth resolution [48].
Inter-critical ferrite formed between Ac3 and Ac1, during inter-critical
annealing, shows thehighest confidencequality index due to good com-
pliance of achieved Kikuchi patterns (Fig. 3a and b). In contrast, tem-
pered martensite (α′) and fresh martensite (αf′) have the least
conformity quality index because of the high dislocation density and
the crystallographic distortion caused by the tetragonality induced by
the carbon content trapped in their lattice. Moreover, the αf′ grains
are smaller than the α′ grains formed during the first quenching pro-
cess, because they transform from smaller unstable austenite regions
after the partitioning process. On the other hand, carbon enrichment
of austenite during the partitioning step leads to an increase of its lattice
parameter and dislocation density. Zhang et al. [49] reported that the
minimum carbon content required to austenite stabilization is 1 wt%.
However, only the austenite with a carbon content b1.5 wt% can effec-
tively contribute to the TRIP effect [10].

Fine inter-critical ferrite grains (b3 μm [33]) can be identified by low
KAM values in Fig. 3d. These grains are generated at the inter-critical
temperature (proeutectoid ferrite) and under stamping conditions, by
deformation induced ferrite transformation effect (DIFT-α). Thermody-
namically, in the DIFT effect the stored deformation energy in austenite
increases the driving force for phase transformation [50]. Under defor-
mation conditions, the driving force depends on two energy compo-
nents, one is the chemical free energy and the other is the stored
deformation energy. This excess energy can induce or accelerate the
austenite to ferrite transformation at temperatures above the Ae1 or
Ae3 temperatures [51]. This means that after deformation of the austen-
ite, at a certain temperature, theGibbs free energy of austenite increases
because of the stored deformation energy. Therefore, although the hot
stamping at 750 °C may produce new shear bands, sub-grains bound-
aries, and interfaces, it can also provide additional driving force to
form DIFT-ferrite. Since DIFT-α grains nucleate at prior austenite grain
boundaries at the early stages of the phase transformation, austenite/
ferrite interface can gradually grow under stamping conditions. Hence,
the deformation at the inter-critical temperature increases the γ/α in-
terface mobility, rejecting more carbon atoms from newly formed
ientation (KAM) in the HSQ&P800 processed TRIP-assisted steel. (a) Combined IQmap and
ively. (b) KAMmap calculatedwith the 5th nearest neighbor of each point and upper limit

Image of Fig. 2


Fig. 3. Phase characterization of HSQ&P(328)750 (a) Orientation Image Map (OIM), (b) confidence index, (c) phase map, and (d) KAM map.

6 E.A. Ariza-Echeverri et al. / Materials and Design 186 (2020) 108329
ferrite grains. These carbon atoms can pile-up close to the interface
forming a thin carbon-rich layer, which can constrain the growth of
DIFT-α grains [12]. In other words, the carbon atoms diffuse from the
DIFT and proeutectoid ferrite into untransformed austenite, leading to
the development of ultrafine ferrite with very low carbon content. The
morphology of this type of ferrite is very similar to epitaxial ferrite,
which is formed by growth of the inter-critical ferrite (αint). However,
αint grains contain a small dislocation amount and less distortion com-
ing from neighboring crystals, when compared to the DIFT-α grains.
Therefore, αint and epitaxial ferrite have lower KAM values in compari-
son with DIFT-α grains, as indicated by light blue and green colors in
Fig. 3c and d. The applied load during hot deformation accelerates the
dynamic phase transition of austenite into DIFT-α [33,52], due to in-
creased nucleation of the BCC phase on austenite crystalline defects.
The diffusion of solute atoms, evolution of dislocation arrangements,
and propagation of boundaries are factors that control these dynamic
processes. Tong and Yang et al. [53,54] studied the formation of ultra-
fine grain and the effect of carbon distribution of DIFT-α in low carbon
steels. They reported that DIFT should occur after dynamic recovery
and/or recrystallization above Ar3 temperature, which is responsible
for slight increasing the local deformation (or KAM). DIFT-α with re-
markable lowdislocation density and a slight deviation from the pattern
of BCC Kikuchi bands is depicted by light green. Additionally, the inter-
critical ferrites were developed along compact {101} planes with the
lowest interatomic distance, leading to a decrease in local distortion
due to dislocation annihilation by climb or cross-slip.
The local crystal distortion inside individual grains under plastic de-
formation can be characterized by Kernel analysis [55]. KAM quantifies
the average misorientation around a measuring point with respect to a
defined set of nearest neighbor points, considering themaximum value
of 5° for crystal misorientation [56]. Thus, the KAM distribution ex-
presses the local gradient of deformation and the distribution of local-
ized plastic deformation in the grain scale. Therefore, this could be a
great tool to identify deformation gradients due to phase transforma-
tion. Low Kernel values (b0.5°) indicate low distortion of the specific
crystal with respect to its neighbor. Fresh martensite produced after
Q&P, from unstable retained austenite, showed the greatest lattice dis-
tortion (between 4 and 5°). In general, the KAM value distribution can
characterize the phase distribution (i.e., DIFT-α, inter-critical ferrite,
bainite, martensite, and fresh martensite) by analyzing the local defor-
mations of microstructural features. The fraction of each
microconstituent in the TRIP steels is essential to control the final me-
chanical behavior.

Generally, slip occurs in the 〈111〉 family of directions on compact
{110} and {112} slip systems in BCC metals. Chin et al. [57] and Hutch-
inson [58] assumed that pencil glide occurs at any plane containing
the 〈111〉 directions when the required critical shear stress is satisfied.
Consequently, the dislocation mobility in BCC metals does not obey
Schmid's law due to non-glide stresses [59,60].

Taylor factor analysis was suggested to correct this discrepancy by
treating each crystal's behavior based on its neighboring crystals. Taylor
factor evaluates crystal deformation as a function of its specific critical

Image of Fig. 3


Fig. 4. Nanoindentation marks in the HSQ&P(328)800 sample combined with: (a) Orientation Image Map (OIM); (b) Kernel Average Misorientation, and (c) Taylor factor map.
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resolved shear stress (CRSS) of the activated slip system for a specific
crystal orientation and the neighboring crystals. Three types of grains
are classified using Taylor factor analysis. First are the low Taylor factor
Fig. 5. Effect of grain orientation on tensile mechanical
grains with the lowest critical resolved shear stress (τCRSS), which are
activated slip planes that are already aligned and deform in the first
stages of plastic deformation. Second are the soft grains with moderate
properties of ferrite (left) and martensite (right).

Image of Fig. 4
Image of Fig. 5
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Taylor factor values,which are not oriented along activated slip systems.
These grains rotate to new positionswhere they reach adequate τCRSS to
start deformation. Thirdly, are hard grainswith high Taylor factor (indi-
cated in red in Fig. 4c) which are not aligned along the slip planes and
cannot rotate easily to provide suitable active slip systems. These are
brittle grains with high yield stress and they are prone to microcracks
formation, which have been reported in various surveys [61–63].

3.2. Correlation between crystallographic orientation and localized me-
chanical properties

3.2.1. Image quality, Taylor factor, and KAM
In Fig. 4, the points numbered 3, 4, and 8 indicate ferrite grains with

low, moderate, and high Taylor factor values, respectively. Their stress-
strain curves were calculated using a reverse algorithm from the load-
depth curves obtained by nanoindentation analyses [32]. The calculated
yield stresses and hardening rates (n) were estimated as 386, 412,
469 MPa and 0.07, 0.19, and 0.28, respectively (Fig. 5). The values mea-
sured for higher hardening regions, i.e., 0.3 b n ≤ 0.5, in the Q&P and
HSQ&P steels studied fall in the range for which a unique solution for
mechanical properties can be obtained from the proposed reverse algo-
rithm (σy / E* b 0.03) [64]. The results showa direct correlation between
Taylor factor, yield stress, and hardening rate in BCC grains. Grains with
low Taylor value can be easily deformed under plastic deformation.
Local crystal rotation provides suitable slip systems, operating with
lower critical resolved shear stresses, enhancing the deformation of
the microstructure. As a result, dislocation slip occurs more readily in
〈111〉 direction in tilt plane {110} and {112} in points 3 and 4,which cor-
respond to the compact crystal planes in BCC. In the nanoindentation
point 8, the non-close-packed {001} planes with the largest interplanar
spacing increases the strain hardening coefficient, due to the high driv-
ing force required for dislocation movement. Consequently, the region
of nanoindentation 8 – with a high Taylor factor ferrite grain – shows
excessive yield stress and hardening rates indicating grains with very
fragile behavior [65–67].

3.2.2. Effect of grain orientation on tensile mechanical properties
The stress-strain curves for martensite grains were also calculated

from the load-depth curve obtained by nanoindentation analyses and
are presented in Fig. 5 and Table 1. Martensite has higher yield stress
due to several factors such as a much higher dislocation density, strain
needed to induce martensite transformation, lattice micro-strains, and
stacking faults. It is worth mentioning that the mechanical and harden-
ing behavior of fresh martensite with high dislocation density and car-
bon content are different from those of low carbon martensite,
especially in the early stages of deformation [68]. Fresh martensite
with high carbon content has higher tetragonality, which would hinder
cross-slipping of the screw components of dislocations, which could
lead to excessive yield stress and hardening rates. The Kernel values
are similar in the points 1, 2, 5, 6, and 7 marked in Fig. 4(a) due to
local misorientation variations related with the intrinsic lattice
Table 1
Calculated Euler angles and tilt angles for martensite and ferrite grains and their corre-
sponding mechanical properties for the nanoindents labeled in Fig. 4.

Point Phi1 Phi Phi2 Plane Tilt angle
(°)

Phase ER YS
(MPa)

n

1 121.6 99.5 167.6 001 37.2 Martensite 226 1610 0.49
2 328.9 68.9 34.6 112 18.0 Martensite 191 326 0.02
3 317.7 175.9 217.7 011 42.9 Ferrite 220 386 0.07
4 346.1 149.5 236.5 112 25.2 Ferrite 198 412 0.19
5 245.4 64.3 318.5 122 37.8 Martensite 201 1570 0.47
6 259.0 65.3 304.2 001 57.4 Martensite 206 1430 0.36
7 150.5 89.8 155.8 122 49.9 Martensite 192 1410 0.34
8 228.2 83.1 355.7 001 38.4 Ferrite 227 469 0.28
9 199.0 136.8 52.8 012 43.2 Ferrite 180 453 0.29
microstrains. There is a clear relationship between themechanical prop-
erties and grain orientation. It is worth mentioning that with the load
applied large indentation depths were produced and the influence of
size effects could be reduced. The martensite lath morphology oriented
along non-compact {001} planes, parallel to strain direction (SD), with
cleavage planes parallel to laths interfaces provide brittle behavior
(i.e., highest yield stress, ≈1610 MPa, and hardening rate, 0.49), as ob-
served in nanoindentation point 1. Low toughness and brittle behavior
of non-compact {001} planes, parallel to SD, is attributed to the lowest
surface energy and the largest interatomic spacing, which could result
in a higher probability ofmicrocrack initiation and cleavage propagation
in this plane [69]. On the other hand, the nanoindentation point 7 shows
moderate mechanical behavior (calculated yield stress and hardening
rate were 1410MPa and 0.34, respectively) as it is located on a low crit-
ical resolved shear stress martensite lath region, oriented with {112}
planes//SD.

3.2.3. Effect of thermomechanical processing on OIM, KAM, and Taylor
factor

Orientation image, KAM and, Taylor maps obtained from EBSDmea-
surements of the six different studied conditions are shown in Fig. 6(a),
(b), and (c), respectively. Comprehensive information obtained by EBSD
is listed in Table 2. Multiphase microstructure and the volumetric frac-
tion of each microconstituent play a significant role on macroscopic-
scale mechanical properties. Face-centered cubic (FCC) Kikuchi pattern
characterizes retained austenite in the samples, while body-centered
cubic (BCC) Kikuchi patterns characterize a wide range of ferrites,
such as epitaxial, inter-critical, bainitic-ferrite and DIFT, andmartensite.
For instance, DIFT-ferrite indicates moderate KAM values with high
image quality pattern, inter-critical ferrite exhibits low KAM values
with high IQ, and martensite presents moderate KAM and IQ values.
Geometrically Necessary Dislocations (GND) are generated as excess
dislocationswithin a Burgers circuit to satisfy geometrical compatibility
between the grains and strain gradients due to geometrical constraints
of the crystal lattice. GND also accommodate local incompatibilities of
crystallographic parameters and are associated with heterogeneous de-
formation. In general, epitaxial and inter-critical ferrites control ductil-
ity, while strength is enhanced by bainitic-ferrite and martensite.
Retained austenite (i.e., volume fraction and its orientation) enhances
the work hardening rate and improves strength and ductility due to
the shear transformation TRIP-effect, thereby delaying fracture.

The results show that HSQ&P samples have a slightly greater volume
fraction of retained austenite in comparison with Q&P process. This
could be explained by the greater carbon content rejected to austenite
by the ferrite growth during the deformation at the inter-critical tem-
perature (DIFT-effect). Higher percentages of retained austenite are ob-
served in the samples deformed at 750 °C. Thereby, HSQ&P(318)750 and
HSQ&P(328)750 samples with the highest volume fraction of retained
austenite show greater work hardening exponents and plasticity, due
to the TRIP effect. It is notable that although HSQ&P(318)750 sample ex-
hibited the highest fraction of retained austenite (≈4.8%) among other
samples, the predominance of non-compact cleavage {100} planes in
both BCC and FCC phases, might deteriorate the mechanical properties.
It should be stressed that the volume fraction of retained austenitemea-
sured by EBSD is lower than X-ray diffraction measurements
(e.g., ≈4.8% by EBSD and ≈10.4% by XRD [24]) due to: the limits of
the spatial resolution of the EBSD systems, as the smallest austenite
laths cannot be resolved by EBSD but are detectable with X-ray diffrac-
tion; because of austenite transformation tomartensite duringmechan-
ical preparation on the sample surface; and because of the penetration
depth of X-rays is greater than that of electrons [24]. Consequently,
EBSD measurements are known to provide underestimation in the de-
termination of the volume fraction of retained austenite [46,70,71].
This is caused by several factors, such as strain-induced transformation,
sampling size effects, and lack of penetration [72]. Thereby, XRD inves-
tigates the average behavior of an aggregate of grains and higher



Fig. 6. (a) OIM; (b) KAM and; (c) Taylor maps of diverse samples subjected to different Thermomechanical processing; (a) Q&P(318), (b) HSQ&P(318)750, (c) HSQ&P(318)800, (d) Q&P
(328), (c) HSQ&P(328)750, and (f) HSQ&P(328)800.
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Fig. 6 (continued).
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densities of dislocation and stacking fault, while, EBSDdata provides de-
tail information about specific crystallographic lattice orientation, local
change of lattice orientation, and interphase boundaries in a micro-
scale area [73]. Thus, EBSD information is more accurate at the surface;
however, the volume fraction of phases obtained by XRD can be more
reliable. In addition, several studies have shown that there is an evident
reduction in austenite volume fraction as deformation amount in-
creases. In Poling et al. [74] research with Q&P steels, it was displayed
that the retained austenite fraction was decreased to 50% when a
≈10% plastic deformation was applied, while Zou et al. [75] observed
that with 5% plastic deformation almost all the retained austenite
(25%) was transformed into martensite. Ding et al. [76] and Song et al.
[77] showed that the volume fraction of retained austenite decreased
to b4% and 2%, respectively, when the deformation reaches 20%. Zhao
et al. [78] also showed that the volumetric fraction of austenite in steels
treated by Q&P and Q&P-T (when tempering is applied to Q&P treated
steels) is reduced from about 9% to b4% when the deformation reaches
13%. In the present investigation a 30% deformationwas applied. Hence,
the HSQ&P process describes an additional advantage, by which the
component is already plastic deformed when the process ends and
there is a reasonable fraction of retained austenite still available with
considerable stability to benefit the TRIP effect. In addition, the volume
fraction of ferrite progressively increases with the partitioning temper-
ature due to the decreasing free energy barrier associated with γ/α
transformation [79]. By increasing the partitioning temperature, the
carbon partitioning from martensite is increased, leading to the forma-
tion of tempered martensite with less stored energy and hardness.

The average grain size of BCC phase was estimated as 1.37± 0.10 μm,
1.16±0.10 μm, 0.88±0.10 μm,1.15±0.10 μm,1.03±0.10 μm, and 0.77
± 0.10 μm for Q&P(318), HSQ&P(318)750, HSQ&P(318)800, Q&P(328),
HSQ&P(328)750, and HSQ&P(328)800, respectively. Grain size reduction
was observed in hot stamping samples due to dynamic recrystallization
of ferrite that accompanies the DIFT effect. Smaller grains lead to grain
boundary strengthening according to thewell-knownHall-Petch (HP) re-
lationship (grain size-yield strength relationship) [80,81]. The grain re-
finement due to hot stamping can suppress the formation of fresh
martensite by avoiding carbon clustering at intrinsic lattice defects in aus-
tenite. However, HSQ&P(318)800 and HSQ&P(328)750 samples with the
highest fractions of fresh martensite are prone to microcracking and
early fracture. Untransformed austenite can easily transform into
bainitic-ferrite during the partitioning stage. This can be explained by
the greater ferrite volume fraction in theHSQ&P sampleswhen compared
to Q&P samples.

Dislocation densities in polycrystalline materials are estimated by
dislocation multiplication, dislocation movements, and their mutual in-
teractions (i.e., recovery, grain boundaries, and second phase) [82,83].
Two phenomena have been proposed to evaluate dislocation densities
using EBSD data: geometrically necessary dislocations (GNDs) and sta-
tistically stored dislocations (SSDs). GNDs estimate thedislocation accu-
mulationwithin a Burger's circuitwhich contributes to lattice curvature.
In contrast, no curvature of the crystal lattice at length scales larger than
the Burger's circuit is considered in SSDs [84]. Jiang et al. [85] reported
that dislocation density estimated by the effect of SSDs is lower than
that estimated by the effect of GNDs. Therefore, dislocation density cal-
culation in this research considered only GNDs effect.

3.3. Crystallographic textures and lattice distortions after Q&P and HSQ&P
treatments

KAM and GND can estimate the amounts of crystallographic defects
and lattice distortion from collected EBSD data. KAM is calculated from
the average misorientation angle between a specific point and its

Image of Fig. 6
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nearest neighbors or pixels (i.e., fixed neighbor distance). This parame-
ter is used to quantify the local strain build-up and qualify dislocation
walls substructure. Azzeddine et al. [86] reported that GND dislocations
in the cells/sub-grains walls are largely responsible for the evolution of
the stored energy. The variation of KAM and GND of all investigated
samples is presented in Fig. 7. A direct relation was observed between
KAM and GND. The highest values of both were observed in the Q&P
samples, which could be responsible for heterogeneous deformation
and early fracture. Apparently, strain relief occurred in the HSQ&P sam-
ples. Zheng et al. [87] reported that the refined ferrite grains derived
from the DIFT effect are responsible for the decrease of local distortion,
reducing the KAM and GND levels. In addition, the homogeneous distri-
bution of refined ferrite grains results in a simultaneous increase of
strength and ductility. Therefore, it is expected that hot stamping im-
proves themechanical performance by reducing the stored internal en-
ergy due to dynamic recrystallization. The results showed that
increasing the martensite volume fraction increased the overall GND
density in the Q&P samples. Moreover, hot stamping process increased
the number of refined recrystallized grains with low stored energy,
resulting in lower fraction of martensite packets.

EBSD measurements also permit the qualitative evaluation of small
local deformation gradients associatedwith orientation gradients inside
each individual grain/phase – internal stresses due to the dislocation
pile-ups containing dislocationwalls or cell structures - andwith the ro-
tation of the crystalline lattice. It is well known that stress concentra-
tion, mechanical properties and stability of the grains depend on
crystallographic orientation, which also controls the ability of disloca-
tions to move along close-packed planes. Considering that the highest
dislocation densities appear at the martensite/austenite or bainite/aus-
tenite interfaces due to lattice discontinuities [88], a local lattice
stamping can activate sufficient slip systems due to dislocation pile-
ups, which are essential to initiate displacive martensitic transforma-
tion. The crystallographic orientation distribution in BCC phase of all in-
vestigated samples was calculated from EBSD data. Normal direction
inverse pole figure (IPF)maps are presented in Fig. 8. The grain orienta-
tion along {111}//SD with about 20° deviationwas predominant in Q&P
(318), while more intense {001}//SD texture was formed in Q&P(328).
It iswell documented that slip occurs easily along 〈111〉 crystallographic
directions due to its highest atomic density. However, dislocations can-
not move to the adjacent plane in 〈001〉 direction due to the large inter-
atomic spacing, causing dislocation piles-up and generating localized
strain concentration. Crystal distribution analysis revealed that hot
stamping at 750 °C increased the number of cleavage {001}//SD planes
in both HSQ&P(318)750 and HSQ&P(328)750 samples. Desirable {111}//
SD and {112}//SD planes corresponding to main slip planes were devel-
oped in HSQ&P(318)800 and HSQ&P(328)800 (hot strained at 800 °C),
contributing to plastic deformation. Therefore, it is expected that
HSQ&P(318)800 and HSQ&P(328)800 samples exhibit great ductility
without losing strength, which is the main aim of this study.

Both the amount of retained austenite and its crystallographic orien-
tation controls themechanical properties by the TRIP effect –mainly the
uniform elongation and the fracture toughness. This effect enables the
retained austenite undergo gradual transformation to martensite, lead-
ing to a continuous increase in the work-hardening rate during plastic
deformation [45,89]. It is well-known that carbon and other alloying el-
ements (such as Si and Mn), austenite grain size, austenite morphology
and crystallographic orientation are effective to stabilize the austenite
[90,91]. The volume fraction of retained austenite in each sample was
also listed in Table 2. In Q&P samples, carbon atoms diffuse from super-
saturated martensite into untransformed austenite during the
partitioning stage. Thereby, increasing the stability of austenite, and it
remained untransformed at room temperature. Hot stamping at inter-
critical temperature reduces austenite grain size, increasing the number
of austenite grain boundaries as preferred sites to ferrite nucleation and
leading to the formation of fine ferrite grains. Formation of ferrite by
DIFT effect accelerates the carbon diffusion into austenite, leading to



Fig. 7. Variation of local lattice distortion and dislocation densities using (a) KAM and (b) GND analyses from EBSD data.
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an increase of the untransformed austenite stability. Therefore, a large
amount of retained austenite was found in HSQ&P samples. The highest
fraction of retained austenite occurs in samples subjected to hot
stamping at 750 °C. Shen et al. [92] reported that the volume fraction,
carbon content and the morphology of the untransformed austenite in
low carbon content steel have a strong influence on its mechanical sta-
bility. Less stable retained austenite can be transformed in the early
stage of deformation and thus reduce the effectiveness of TRIP effect.
In addition, fine film-like retained austenite was identified in both sam-
ples hot strained at 800 °C. The fine film-like morphology is more stable
than blocky retained austenite under deformation, even with lower
Fig. 8. IPFs of BCC phase: (a) Q&P(318), (b) HSQ&P(318)750, (c) HSQ&P(
carbon content. Film-like retained austenite is generally surrounded
by high strength constituents such as lath martensite and bainite.
Thus, film-like retained austenite is under high hydrostatic pressure
exerted by these phases, leading to greater restriction to volume expan-
sionwhich is caused by the shear deformation associatedwithmartens-
itic transformation [93,94]. Thus, by applying carbon-rich retained
austenite films through Q&P process, both the resistance against hydro-
gen induced fracturing and toughness can be improved [95]. However,
both thermal and mechanical stabilities must be ensured.

The orientation distribution function (ODF) is a mathematical func-
tion with an underlying statistical method using kernel density
318)800, (d) Q&P(328), (e) HSQ&P(328)750, and (f) HSQ&P(328)800.

Image of Fig. 7
Image of Fig. 8


13E.A. Ariza-Echeverri et al. / Materials and Design 186 (2020) 108329
estimation, which describes the frequency of occurrence of particular
crystal orientations in a three dimensional Euler space [96]. Grain orien-
tation of the BCC and FCC in all investigated samples was calculated and
presented by ODF at constant φ2 = 45°, on at least ten grains, based on
kernel density estimation method, as shown in Fig. 9. The ODF results
are in good agreement with previous IPF data. In BCCmetals slip by dis-
location motion, and is the main cause for plastic deformation, it is de-
pendent on the transition temperature, for instance, in {112}, {110},
and {123} planes the crystal slipping occurs at temperatures below of
Tm (melting temperature)/4, between Tm/4 and Tm/2, and above Tm/
2 (in Kelvin), respectively. The results indicate that the untransformed
austenite were oriented along {110}〈221 〉 and {223}〈110 〉 in Q&P
(318) sample, and {111}〈101〉 in Q&P(328) sample. Retained austenite
grains oriented along {001}〈010〉 were formed in HSQ&P(318)750 sam-
ple. Ariza et al. [24] reported that {001}//SD retained austenite cannot
contributewell to plastic deformation by TRIP effect. The grains oriented
along {001}//SD which were dominant in HSQ&P(318)750 and HSQ&P
(318)800 act as preferred sites to trans-granular quasi-cleavage fracture
due to its low surface energy [97]. Thereby, no good mechanical behav-
ior is expected for this sample. Compact plane and directions (i.e., 〈111〉
and 〈112〉directions in {001} planes dominant in the FCC structure) pro-
vides adequate slip system to facilitate dislocationmovements and plas-
tic deformation. Multiplication and interaction of dislocations during
deformation enhance martensitic transformation and improve the ten-
sile mechanical behavior. Finally, the intense {110}//SD texture was ob-
served in both HSQ&P(318)800 and HSQ&P(328)800 samples.

The distribution of dislocations is heterogeneous within the micro-
structure [87]. The vicinity of the grain boundaries (point-to-point mis-
orientation N15°) and triple junctions have high stored energy due to
dislocation accumulation. However, local stored deformation energy
Fig. 9. ODF of FCC-retained austenite at constant φ2 = 45°; (a) Q&P(318), (b) HSQ&P(318
associated with crystalline distortion is identified within the individual
grain (point-to-point misorientation b15°). The distribution of bound-
aries in a deformed microstructure can be analyzed from the EBSD
data. In general, dynamic recrystallization and recovery may occur dur-
ing the hot deformation and partitioning stage, decreasing the crystallo-
graphic defects and stored energy. As reported by Parthiban et al. [12]
the recrystallized prior austenite grains are responsible for the forma-
tion of a predominantly high angle grain boundaries martensite laths
with small fractions of low angle boundaries. It should be noted that
high amount of low angle boundaries in Q&P and HSQ&P700 samples in-
dicate grain subdivisionmechanism.Hughes et al. [98] documented that
the subdivision of grains occurred by dislocation piles up within the in-
dividual crystallites due to the lack of adequate slip systems associated
with crystal orientation. This agrees with our previously mentioned
KAM and GND dislocation results. Ferrite formation by DIFT-effect can
cause local carbon enrichment or alloying elements segregation close
to the grain boundaries. Thus, a necklace structure of new grains may
be formed along the prior austenite grain boundaries. Ebrahimi et al.
[99] reported that a necklace structure can be formedwhenhigh but dif-
ferent densities of dislocations pile up close to the grain boundaries of
deformed or recrystallized grains. This prevents the growth and in-
creases the number of high angle grain boundaries, which are preferred
sites to ferrite nucleation. Thereby, resulting in low stored energy from
the mentioned phenomena in the HSQ&P samples. In addition, it is no-
table that increasing the hot stamping temperature increases the grain
boundary mobility and suppresses the recrystallization and nucleation
of the α-phase.

From the results of microstructural features, it was predicted that
samples hot strained at 800 °C followed by partitioning step could
have optimummechanical properties. The combination of ductile ferrite
)750, (c) HSQ&P(318)800, (d) Q&P(328), (c) HSQ&P(328)750, and (f) HSQ&P(328)800.

Image of Fig. 9


Table 3
Mechanical properties determined from tensile tests for the Q&P and HSQ&P samples.

Condition εU (%) εT (%) σy (MPa) UTS (MPa) δ (GPa%)

Q&P(318) 8.9 ± 0.8 15 ± 0.8 978 ± 10 1035 ± 10 15,525 ± 1.0
HSQ&P(318)750 11.5 ± 0.7 19 ± 0.7 730 ± 15 835 ± 11 15,865 ± 1.2
HSQ&P(318)800 13.5 ± 0.6 23 ± 0.6 820 ± 17 920 ± 10 21,160 ± 1.5
Q&P(328) 8.1 ± 0.8 14 ± 0.8 963 ± 16 1016 ± 12 14,224 ± 1.1
HSQ&P(328)750 10.9 ± 0.9 17 ± 0.9 793 ± 15 835 ± 11 14,195 ± 1.0
HSQ&P(328)800 10.9 ± 0.9 22 ± 0.9 820 ± 20 955 ± 15 21,010 ± 1.5

εU, εT, σyσy, UTS, and δ are uniform elongation, total elongation, yield strength, ultimate
tensile strength, and absorbed energy.
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formed by DIFT effect - with low internal energy - and bainite/martens-
ite in the microstructure can significantly improve the good ductility-
high strength relation.

3.4. Tensile mechanical properties after Q&P and HSQ&P treatments

The stress-strain subsize curves and themechanical properties of the
samples are presented in Fig. 10 and listed in Table 3. Toughness was
calculated by the total area below the stress-strain curve,which is a use-
ful method to evaluate the ability of thematerial to absorb energy up to
fracture. Santofimia et al. [100] reported that epitaxial ferrite formation
introduced carbon content gradients in untransformed austenite, caus-
ing an enrichment close to the austenite grain boundaries. As a result,
fragile fresh martensite with higher carbon content can be formed dur-
ing the final quenching step, decreasing the mechanical properties and
fracture toughness. Hence, deterioration of the mechanical properties
and increase in brittle fracture are expected from the formation of
fresh martensite [26]. The higher yield stress and the lower elongation
were found in Q&P samples. These tensile mechanical properties can
be explained by two distinct mechanisms: (i) high stored energy and
high Taylor factor of BCC grains (bainite/martensite phase) with lack
of enough slip systems to accumulate dislocation density and, (ii) for-
mation of very brittle fresh martensite with supersaturated carbon
content.

The HSQ&P samples with higher amount of retained austenite, due
to DIFT effect, showed higher ductility and toughness when compared
to the Q&P samples. Total elongation and absorbed energy results in
HSQ&P samples are superior to those of Q&P obtained here and by
other studies conducted onQ&P steels [70,101–104]. There are other re-
searches on the development of the Q&P steels showing higher levels of
total elongation and absorbed energy. Nevertheless, if Q&P steels are
used for the manufacture of automotive structural components, they
need to be stamped. As previously mentioned, this deformation process
consumes part of the retained austenite and therefore its energy ab-
sorption capacity is reduced, in the case of a collision. In this way, the
proposedHSQ&Pprocess is favorable formanufacturing structural com-
ponents, due to its final superior energy absorption capacity. A higher
amount of retained austenite and suppression or reduction of the bai-
nite formation during the partitioning stage improved the strength-
ductility balance in the HSQ&P samples. Hot stamping at the inter-
critical temperature caused a reduction of austenite grain size, increas-
ing the number of austenite grain boundaries as preferred sites to ferrite
nucleation and promoting the formation of fine ferrite grains.Moreover,
increasing the driving force by the stored deformation energy in de-
formed austenite grains increases the nucleation sites inside them and
accelerates the carbon diffusion in austenite and the kinetics of the
Fig. 10. Stress-strain curves at room temperature of all investigated specimens.
nucleation process of the ferritic phase. Thus, the localized intrinsic fac-
tors can increase the Gibbs free energy, lowering the austenite stability
and accelerating the kinetics of the ferritic transformation [79]. The for-
mation of newly ferrite byDIFT effect along prior austenite grain bound-
aries hinders the formation of fresh martensite and prevents early
microcracks. It is postulated that DIFT-α at grain boundaries could re-
duce the stored energy and inhibit dislocation multi-slip within grains,
as a result the rest austenite could be still be equiaxial. Although a
high amount of blocky retained austenite was formed in HSQ&P750, it
may not be stable enough and cannot contribute significantly to im-
prove the tensile mechanical properties. Fine film-like retained austen-
ite under high hydrostatic pressure is more stable, enhancing the
mechanical behavior of HSQ&P800 samples. The favorable crystallo-
graphic orientation of these fine film-like retained austenite was along
〈111〉 and 〈112〉//SD, corresponding to the close-packed high dense
atomic planes which facilitates adequate slip systems to enhance mar-
tensitic transformation. The great combination of strength and elonga-
tion obtained in HSQ&P800 is obtained by the diverse microstructural
features, such as grain size, distribution of precipitates onmatrix micro-
structure, mechanisms of deformation, barriers in front of dislocation
movements, slip deformation mechanisms, and crystallographic orien-
tation. It is known that DIFT effect improves strengthening by grain re-
finement andwork hardening behavior during deformation. On the one
hand, DIFT mechanism destroys the initial band structure and causes a
partial grain refinement, promoting the improvement of themechanical
properties without considerable loss of ductility. Recently, Lee et al.
[105] demonstrated that carbon atoms diffused from ferrite generated
by DIFT to the surrounding austenite, increasing its stability, and sup-
pressing the formation of brittle martensite. On the other hand, dy-
namic recrystallization and dynamic recovery of ferrite can boost the
mechanical properties. The increment of ferrite volume fraction re-
ported in Table 2 can be explained by the occurrence of a DIFT-effect.
According to this table, 9.3% and 37% of DIFT-α were produced in the
samples HSQ&P(318) and HSQ&P(328), respectively. This increase is
also directly associatedwith an increase of about 50% in total elongation
observed in HSQ&P samples isothermally deformed. Hence, DIFT effect,
dynamic recrystallization and recovery mechanisms could indepen-
dently occur. Consequently, grain refinement could be controlled, firstly
by dynamic recrystallization, and DIFT mechanism enhances newly fine
ferritic grains by γ → α DIFT transformation. The lower KAM values in
HSQ&P(328&318)800 in comparison with HSQ&P(328&318)750 pro-
vides consistent conclusion related to the contribution of DIFT effect
on the ductility.

4. Conclusions

A hot stamping and quenching and partitioning process has been
proposed for optimizing the mechanical properties in TRIP-assisted
steel. Electron backscattered diffraction and nanoindentation tech-
niques were employed to characterize the microstructural features
and their effect on mechanical performance. Estimated properties
were verified by experimental sub-size tensile test. The utilized

Image of Fig. 10
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techniques were able to characterize the microstructure and to predict
the optimized mechanical behavior. From the obtained results, the fol-
lowing conclusions could be drawn:

• Excellent combination of mechanical strength and elongation can be
obtained in samples subjected to hot stamping at 800 °C in 30%
(true tensile strain), followed by quenching and partitioning
(HSQ&P800) at either the two quenching temperatures studied (318
and 328 °C).

• Desirable {111} and {112} grains parallel to the strain direction were
developed in HSQ&P(318)800 and HSQ&P(328)800 samples. As the ori-
entations are associatedwith principal slip planes, plastic deformation
was enhanced.

• Predominance of {110}//SD texture in retained austenite grains and
the presence of {111} and {112}//SD texture in BCC grains enhanced
efficiently the TRIP effect.

• The distribution of localized plastic deformation in the grain scale as
estimated by KAM values was successfully used to identify the DIFT-
ferrite, inter-critical ferrite, bainite, martensite, and fresh martensite
from the EBSD data.

• The resulting complex microstructure of the samples enhances the
tensile strength due to work hardening caused by inter-critical ferrite
and to the stability of the inter-lath film-like austenite, preventing the
premature fracture by the martensitic transformation (TRIP-effect).

• The HSQ&P process describes an additional advantage, by which the
component is already plastic deformed when the process ends and
there is a reasonable fraction of retained austenite still available
with considerable stability to benefit the TRIP effect.
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