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ABSTRACT

We applied two types of hot-rolling direct quenching and partitioning (HDQ&P) schemes to a low-C low-Si
Al-added steel and obtained two ferrite-containing TRIP-assisted steels with different hard matrix structures,
viz, martensite or bainite. Using quasi in-situ tensile tests combined with high-resolution electron back-scat-
tered diffraction (EBSD) and microscopic digital image correlation (j-DIC) analysis, we quantitatively investi-
gated the TRIP effect and strain partitioning in the two steels and explored the influence of the strain
partitioning between the soft and hard matrix structures on the TRIP effect. We also performed an atomic-
scale analysis of the carbon partitioning among the different phases using atom probe tomography (APT).
The results show that the strain mainly localizes in the ferrite in both types of materials. For the steel with a
martensitic hard-matrix, a strong strain contrast exists between ferrite and martensite, with the local strain
difference reaching up to about 75% at a global strain of 12.5%. Strain localization bands initiated in the ferrite
rarely cross the ferrite/martensite interfaces. The low local strain (2%—10%) in the martensite regions leads to
a slight TRIP effect with a transformation ratio of the retained austenite of about 7.5%. However, for the steel
with bainitic matrix, the ferrite and bainite undergo more homogeneous strain partitioning, with an average
local strain in ferrite and bainite of 15% and 8%, respectively, at a global strain of 12.5%. The strain localization
bands originating in the ferrite can cross the ferrite/bainite (F/B) interfaces and increase the local strain in
the bainite regions, resulting in an efficient TRIP effect. In that case the transformation ratio of the retained
austenite is about 41%. The lower hardness difference between the ferrite and bainite of about 178 HV, com-
pared with that between the ferrite and martensite of about 256 HV, leads to a lower strain contrast at the
ferrite/bainite interfaces, thus retarding interfacial fracture. Further microstructure design for TRIP effect
optimization should particularly focus on adjusting the strength contrast among the matrix structures and
tuning strain partitioning to enhance the local strain partitioning into the retained austenite.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Numerous studies show that the premise for an effective TRIP
behavior is a high volume fraction of retained austenite that trans-

Driven by the increasing demands for safe and lightweight auto-
motive materials, significant research efforts have been devoted to
the development of advanced high strength steels (AHSS) with good
combination of strength and ductility [1-3]. Ductility enhancement
through the martensitic transformation of retained austenite, the so-
called transformation induced plasticity (TRIP) effect, triggered the
design of TRIP-assisted multiphase steels, such as conventional TRIP
steel, quenched and partitioned (Q&P) steel and medium manganese
steel [4-9].
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forms during deformation [10—13]. However, incomplete transfor-
mation of the retained austenite is a prevalent problem for TRIP-
assisted steels, especially for those with a matrix structure consisting
of soft and hard microstructure regions [14—17]. The mechanical sta-
bility of the retained austenite is a crucial factor controlling the trans-
formation ratio [18,19]. A number of studies have revealed the
important effects of the chemical composition [20], size [12], mor-
phology [21], distribution [22] and crystal orientation [23] of the
retained austenite on its mechanical stability, while no systematic
quantitative research illuminated the specific relation between the
strain distribution in the matrix, the strain partitioning among the
different microstructure components and the mechanical stability of
the retained austenite [24—26]. For TRIP-assisted multiphase steels,
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the strength difference among adjacent phases results in strain parti-
tioning and as a consequence in an inhomogeneous strain and stress
distribution during deformation [27,28]. Since the retained austenite,
depending on its composition and stability, requires a certain loading
condition to undergo martensitic transformation, the strain partition-
ing among the microstructure components has a crucial influence on
the TRIP effect [29,30]. Also, strain localization and interfacial damage
initiation in such multiphase microstructures depend on such load
partitioning effects [31—-33]. These findings underline the necessity
to conduct studies where strain partitioning, the TRIP effect and dam-
age initiation in TRIP-assisted multiphase steels are jointly consid-
ered [34]. A quantitative study of these key features requires in-situ
(or quasi in-situ) tensile testing in conjunction with high resolution
electron back-scattered diffraction (EBSD) and microscopic digital
image correlation (-DIC) strain mapping [20,35,36]. By combining
-DIC with EBSD probing, we investigated the strain partitioning and
the TRIP effect in a ferrite-containing Q&P steel [20]. We found that a
strong strain contrast exists between the ferrite and martensite. The
ferrite/martensite (F/M) fraction ratio and martensite morphology
have crucial influences on the strain partitioning and the TRIP effect.
Our previous work also revealed that the transformation ratio of
retained austenite in the TRIP steel with a matrix consisting of ferrite,
bainite and martensite is much larger than that in the TRIP steel with
a matrix composed of only ferrite and martensite [16]. It was inferred
that this phenomenon may result from the strain partitioning
between the soft and hard matrix structures. The introduction of
bainite in a ferrite-containing Q&P steel could improve the deforma-
tion uniformity among the matrix structures, thus enhancing the
TRIP effect. However, to understand, prove and apply these effects,
quantitative results about the strain partitioning and deformation-
driven transformation effects in TRIP steels with different matrix
structures are required, together with an improved probing and
understanding of the role of the atomic-scale chemical partitioning
across the hetero-interfaces.

Additionally, understanding of the origin of the mechanical parti-
tioning among the main microstructural components requires to also
map the chemical partitioning between them. This applies particu-
larly for the strongest austenite stabilizer, viz. carbon, which has also
the highest influence on the hardness of the different microstructure
components [37]. For this reason it is important to map the carbon
partitioning at near atomic-scale across the different microstructure
regions in the TRIP-assisted multiphase steel [38,39].

In this work, we present results from quasi in-situ tensile tests in
conjunction with high resolution EBSD and w-DIC mapping con-
ducted on two types of ferrite-containing TRIP-assisted steels,
namely, one with martensitic and one with bainitic matrix. This pro-
cedure enables a quantitative investigation of strain partitioning and
the TRIP effect. Combination of the strain maps and EBSD results
allows us to identify correlations between size, orientation, structure,
load partitioning, TRIP response and interfacial fracture, revealing the
significance of strain partitioning on optimal utilization of the TRIP
effect. The microstructure and micromechanical probing is combined
with chemical probing: since X-ray diffraction (XRD) and energy dis-
persive spectrum analysis (EDS) cannot reveal differences in carbon
concentration across these hetero-interfaces at near atomic-scale
[40,41]. We study chemical partitioning here by atom probe tomog-
raphy (APT) [42-45]. Based on these investigations, we develop a
microstructure design strategy to optimize the TRIP effect for yielding
a good compromise between strength, damage tolerance and ductil-
ity of ferrite-containing TRIP-assisted steels.

2. Experimental details
A low-C, low-Si, Al-added steel with chemical composition of Fe-

0.18C-0.53Si-1.95Mn-1.46A1-0.08P (wt.%) was melted in a vacuum
induction furnace and cast into a 150 kg ingot. Subsequently, the

ingot was forged into slabs with a cross section of 60 x 60 mm. The
transformation temperatures of the undeformed samples were mea-
sured using a Formastor-FII (FTF-340) dilatometer. The correspond-
ing results are Aq,=712°C, A3=1037°C, A;1=634°C, A;3=914°C,
M; =421 °C and M¢=172 °C, respectively [16,20]. The heating rate and
cooling rate for probing the A.q, A, Ar, and A 3 temperatures were
0.05 °C/s. The critical quenching rate for a completely martensitic
transformation of the steel is about —40 °C/s.

The A;; and A3 temperatures of both, the undeformed sample and
the deformed sample (with compression strains at 1100 °C and 950 °
C, respectively, of 30% and 20%) were measured on a DIL805 A/D dila-
tometer. The cooling rate for probing the A;; and A3 temperatures
was —2 °C/s. The results for the undeformed sample are A;;=638 °C
and A;3=884 °C, while those for the deformed sample are A;1=659 °C
and A;3=907 °C. In addition, the M temperature of the deformed
sample is 416 °C. This shows that the deformation results in an
increase of the A;; and A3 temperatures.

We performed two different hot-rolling, direct quenching and
partitioning (HDQ&P) processes, aiming at two different types of
microstructures. Slab M was first austenized at 1200 °C for 2 h and
then hot-rolled to 4 mm through 7 passes with a finish rolling tem-
perature of about 910 °C. After air-cooling to about 760 °C, the sheet
was directly quenched to about 370 °C with a cooling rate of about
190 °C/s and then heat treated for chemical partitioning at 350 °C for
5 min. Finally, it was air-cooled to room temperature [16]. The result-
ing material has a microstructure consisting of ferrite, martensite and
retained austenite and will be hereafter referred to as sample M.

Following the same austenization process of slab M, slab B was
first hot-rolled to 10 mm through 3 passes with the rolling tempera-
ture above 1000 °C and then air-cooled to about 950 °C. After hot roll-
ing to 4mm through 4 passes with a finish rolling temperature of
about 800 °C, the sheet was air-cooled to 760 °C and then directly
quenched to about 360 °C with a cooling rate of about 190 °C/s. Sub-
sequently, it was heat treated for chemical partitioning in a furnace
at 350 °C for 5 min, followed by air cooling to room temperature [16].
Since the A;; and A5 temperatures of the alloy are respectively 659 °
C and 907 °C, sheet B was intercritically rolled during the hot rolling
process. The resulting material has a microstructure consisting of fer-
rite, bainite, martensite and retained austenite and will be hereafter
referred to as sample B. Deformation dilatometry results show that
the M; temperatures of the intercritical austenite in the samples M
and B are, respectively, about 388 °C and 365 °C.

The mechanical properties were measured on a CMT5105-SANS
machine. The volume fraction and average carbon concentration of
the retained austenite were measured using a D/max2400 X-ray dif-
fractometer (XRD) with Cu Ko radiation at room temperature. Details
about the testing protocols and methods can be found elsewhere
[16,46].

Secondary electron (SE) imaging and EBSD were performed to
characterize the microstructures using a JEOL JSM-6500F SEM.
The samples were mechanically ground and polished in diamond
suspension followed by final polishing in colloidal silica suspen-
sion. For SE imaging, the samples were etched with 4% nital for
20s. The EBSD measurements were carried out at 15kV with the
step size of 50 nm.

Atomic-scale carbon partitioning among the phases was investi-
gated using APT. Samples for the APT measurements were prepared
on a dual-beam focused ion beam (FIB) (FEI, Helios Nano-Lab 600i).
APT characterization was conducted on a LEAP 3000X HR instrument
(Cameca) in voltage mode at 75K (—198 °C) [47,48]. The pulse frac-
tion and the pulse rate were 15% and 200 kHz, respectively [38,49].
Reconstruction was carried out using the software Cameca IVAS ©
[42,50]. Correlative APT/transmission electron microscopy (TEM)
analysis was also carried out to characterize the carbon concentration
in the retained austenite and bainite [47]. TEM analysis of the APT
tips was performed on a Phillips CM20-TEM operated at 200 kV.
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Quasi in-situ tensile tests in conjunction with EBSD and w.-DIC
analyses were performed to investigate the TRIP effect and strain par-
titioning [20,31]. For the tensile tests, samples with 1.5 mm thickness,
2 mm width and 4 mm parallel length were prepared along the roll-
ing direction. The samples were mechanically ground and polished,
and then polished in colloidal silica suspension to relieve residual
stresses [20]. For selecting local regions of interest for the p.-DIC anal-
ysis, a large field-of-view (60 x 80 wm) EBSD measurement was per-
formed with the step size of 50 nm. A 20 min-plasma cleaning was
carried out to remove the carbon contamination. To investigate the
strain distribution evolution, a single layer of SiO, particles was
homogeneously distributed on the polished sample surface. Different
SEM detectors, such as SE and in-lens SE, were used to characterize
the microstructure evolution. Using the ARAMIS software (GOM
GmbH), we investigated the strain partitioning based on the in-lens
SE images. To reveal the TRIP effect, an EBSD measurement was car-
ried out again on the same local region after 3 (or 5) interrupted
deformation steps, reaching a global strain in horizontal loading
direction (&,vg) of 12.5% (or 20.8%).

3. Results
3.1. Mechanical properties

The strength levels of the two samples are similar, with a yield
strength and ultimate tensile strength (UTS) of about 540 MPa and
930 MPa, respectively. The total elongation and uniform elongation
of sample B are 6%—8% larger than those of sample M. Sample B has a
higher work hardening rate than sample M for a true strain regime
above 4.4%, leading to its higher uniform elongation reaching up to
about 16.5%. More detailed property results can be found in [16].

3.2. Microstructural characterization

Fig. 1 shows the SE images of the tested samples. Fig. 1(a) reveals
that sample M consists of ferrite, martensite and retained austenite,
with a ferrite fraction of about 47.9% 4 1.0% (in area fraction). With a
ferrite fraction similar to that of sample M, 50.6% + 1.4% (in area frac-
tion), sample B is composed of ferrite, bainite, martensite and
retained austenite, where the area fraction of martensite is about
9.6% + 0.7%, as shown in Fig. 1(b). The ferrite fraction was measured
based on 10-15 SE images of each sample. The reasons why bainite
can be formed in sample B and the ferrite fractions are similar in the
two samples had been discussed in our previous work [16]. The hard-
ness of the ferrite and martensite in the sample M are, respectively,
197 £22 HV and 453 + 62 HV. The hardness of the ferrite, bainite
and martensite in sample B are 213 +16 HV, 391+33 HV and
542 + 41 HV, respectively. This means that the ferrite and martensite

in sample B have higher hardness than in sample M. The hardness
difference between the ferrite and martensite in sample M is much
larger than that between the ferrite and bainite in sample B.
Previously published XRD results showed that the volume fraction
and average carbon concentration of the retained austenite in the
undeformed sample M are 13.3 vol.% and 4.85 at.% [16]. The retained
austenite in the undeformed sample B exhibits a larger fraction of
24.3 vol.% and a similar carbon content of 4.76 at.%. The transforma-
tion ratio of the retained austenite during the tensile deformation in
the sample M is only 7.5%. Compared with sample M, specimen B
exhibits a much higher fraction of TRIP regions, with the transforma-
tion ratio reaching up to 41.2%. The deformed samples were cut near
the fracture zones of the tensile samples (within 10 mm). The local
strains in the deformed samples were in the range of 15%—60%.

3.3. Atomic-scale analysis on carbon partitioning

The carbon partitioning between the martensite and retained aus-
tenite in sample M was investigated using APT, Fig. 2. Fig. 2(a) shows
the carbon map of the martensite and retained austenite located in
the local rectangular region shown in Fig. 2(b). The APT tip contains
two retained austenite islands and one martensite lath with a thick-
ness of about 260 nm. Fig. 2(c) shows the element distribution along
the cylinder-1 passing through the retained austenite-1 and the mar-
tensite. The carbon distribution in the retained austenite-1 is inho-
mogeneous, with a carbon concentration of 4.0-6.5 at.%. The carbon
concentration in the martensite is 0.5—-1.5 at.%. Fig. 2(d) reveals the
element distribution along the cylinder-2 crossing the retained aus-
tenite-2 and the martensite. With the value of 5.0-6.8 at.%, the car-
bon concentration of the retained austenite-2 is higher than that of
the retained austenite-1.

Fig. 3 shows the APT results revealing the elemental partition
among the different types of microstructure regions in sample B.
Fig. 3(a) reveals the carbon map of the bainite and film-like retained
austenite distributed in the local rectangular region shown in Fig. 3
(b). The thickness of the retained austenite film is about 25nm.
Fig. 3(c) shows the element distribution along the cylinder shown in
Fig. 3(a). It can be seen that the carbon concentration in the retained
austenite film is 4.8—6.5 at.%. The carbon is distributed inhomogene-
ously in the retained austenite film, with a concentration in the film
center and at the B/RA interface of about 4.8 at.% and 6.5 at.%, respec-
tively. The carbon concentration in the bainite is in the range of
0.2-0.8 at.%. Fig. 3(d) shows the carbon map of the bainite and blocky
retained austenite located in the local rectangular region shown in
Fig. 3(e). The element distribution along the cylinder crossing the
bainite and blocky retained austenite is shown in Fig. 3(f). The carbon
concentration in the retained austenite is 4.0-7.0 at.%. Compared
with the retained austenite film shown in Fig. 3(a), the blocky

Fig. 1. SE images of the tested samples: (a) sample M (microstructure consisting of ferrite, martensite and retained austenite); (b) sample B (microstructure consisting of ferrite,
bainite, martensite and retained austenite). “F”, “B”, “M”, and “RA” represent ferrite, bainite, martensite and retained austenite, respectively.
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Fig. 2. APT results showing the element partition in the sample M (microstructure consisting of ferrite, martensite and retained austenite): (a) carbon map of the martensite and
retained austenite; (b) EBSD image quality map (with retained austenite in red) showing the local region (yellow rectangle) chosen for site-specific preparation of the APT tip; (c)
concentration profiles along the cylinder-1; (d) concentration profiles along the cylinder-2. All the concentrations are given in at.%. “F”, “M”, and “RA” represent ferrite, martensite
and retained austenite, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

retained austenite exhibits a stronger inhomogeneous carbon distri-
bution, with the local enriched carbon concentration near the B/RA
interface reaching up to 7.0 at.%. The carbon concentration in the
bainite is 0.2—0.8 at.%. Fig. 3(g) shows the carbon map of the mar-
tensite distributed in the local rectangular region shown in Fig. 3(h).
The element distribution along the cylinder is shown in Fig. 3(i). The
carbon distribution in the martensite is almost homogenous and the
carbon concentration is 1.5-3.0 at.%, which is 1.0-1.5 at.% higher
than that of the martensite in sample M. Fig. 3(j) shows the carbon
map of the ferrite, located in the local rectangular region shown in
Fig. 3(k). The element distribution along the cylinder is shown in
Fig. 3(1). With a concentration of 0.2—0.5 at.%, the carbon distribution
is almost homogeneous inside the ferrite.

Further correlative TEM/APT analysis results for sample B are
provided in Fig. 4. The EBSD map (Fig. 4(a)) shows the local
region containing bainite laths and retained austenite films. APT
samples were prepared in the region highlighted by the dashed
yellow rectangle. Fig. 4(b) is the bright field image of the APT tip.
Fig. 4(c) and (d) show the dark field image of the bainite and
retained austenite, respectively. The carbon map of the bainite
and retained austenite is revealed in Fig. 4(e) and (f). Fig. 4(g)
shows the element distribution along the cylinder shown in Fig. 4
(f). The carbon concentration in the retained austenite and bainite
is 4.0-6.5 at.% and 0.5-1.2 at.%, respectively. The TEM results
shown in Fig. 4(h) and (i) indicate a K-S orientation relationship
between the bcc and fcc phases. The APT results shown in
Figs. 2—4 reveal that no apparent partition of Si, Mn, Al and P
exists among the ferrite, bainite, martensite and retained austen-
ite, and the concentrations of these elements are respectively
1.0-2.0 at.%, 1.0-2.5 at.%, 3.0-4.5 at% and 0.1-0.2 at.%. The for-
mation of ferrite was achieved in 1-2min during continuous

cooling (air-cooling condition). Therefore, no partitioning of sub-
stitutional elements such as Si, Mn, Al and P was observed.

3.4. Quasi in-situ analysis on TRIP effect and strain partitioning

Fig. 5 shows the quasi in-situ EBSD results for material M. The
image quality maps, Fig. 5(a1)—(a3), show that with increasing strain
low index rate bands gradually appear in the local ferrite regions
near the ferrite/martensite (F/M) interfaces and the narrow regions
between two martensite islands, highlighted by the dashed yellow
ellipses. The index rate in the local martensite region highlighted by
the dashed yellow rectangle decreases with increasing global strain.
The grain boundary maps shown in Fig. 5(b1)—(b3) reveal that the
line fraction (fraction of the total length of specific GBs with respect
to all GBs) of the subgrain structures with 2—5° misorientation
increases with the increase of the global strain in the highlighted
regions. These phenomena show that the strain is localized in the
highlighted regions [26,32]. Fig. 5(c1)—(c3) show the IPF maps con-
taining both the bcc and fcc phases. Orientation gradients enhance
gradually in the ferrite grains with the increase of the average strain,
while no significant orientation changes were observed in the mar-
tensite laths [51,52]. Fig. 5(d1)—(d3) show the IPF maps of the
retained austenite. Together with Fig. 5(a1)—(a3), these results show
that in the highlighted martensite regions most of the retained aus-
tenite grains had transformed into martensite. A statistical analysis of
such regions shows that about 35% of the retained austenite in the
analyzed region has undergone a TRIP effect at a global strain of
12.5%. Fig. 5(d1) also reveals that an apparent orientation difference
exists in the retained austenite grains located in regions M+RA1 and
M+RA2 (shown in Fig. 5(al)). Since the crystal orientation of the
retained austenite has been inherited from the prior austenite, these
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Fig. 3. APT results showing the element partition in the sample B (microstructure consisting of ferrite, bainite, martensite and retained austenite): (a) carbon map of the bainite and
film-like retained austenite; (b) EBSD image quality map (with retained austenite in red) showing the local region (yellow rectangle) chosen for site-specific preparation of the APT
tip shown in (a); (c) concentration profiles along the cylinder shown in (a); (d) carbon map of the bainite and blocky retained austenite; (e) EBSD image quality map showing the
local region chosen for site-specific preparation of the APT tip shown in (d); (f) concentration profiles along the cylinder shown in (d); (g) carbon map of the martensite; (h) EBSD
image quality map showing the local region chosen for site-specific preparation of the APT tip shown in (g); (i) concentration profiles along the cylinder shown in (g); (j) carbon
map of the ferrite; (k) EBSD image quality map showing the local region chosen for site-specific preparation of the APT tip shown in (j); (1) concentration profiles along the cylinder
shown in (j). All the concentrations are given in at.%. “F”, “B”, “M”, and “RA” represent ferrite, bainite, martensite and retained austenite, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.)

two M+RA regions should belong to different prior austenite grains, {111}<110> slip systems of the fcc phase. No substantial changes
indicating the existence of a prior austenite grain boundary in the occur for the Schmid factors of the retained austenite during defor-
local martensite region highlighted by dashed rectangle. Fig. 5(e1)— mation.

(e3) show the Schmid factor maps for the {110}<111> slip systems Fig. 6 shows the quasi in-situ EBSD results for sample B. The

of the bcc phase. The tensile deformation can result in an increase of image quality maps shown in Fig. 6(al)—(a3) reveal that low
the Schmid factor in the ferrite grain with relatively low initial index rate bands appear parallel to the bainite laths in both the
Schmid factor. Fig. 5(f1)—(f3) give the Schmid factor maps for the ferrite and bainite with increasing global strain, as highlighted by
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image for the retained austenite. All the concentrations are given in at.%. “F”, “B”, “M”, and “RA” represent ferrite, bainite, martensite and retained austenite, respectively.

the dashed yellow rectangles. Some of the low index rate bands
initiating in the ferrite region enter into the bainite region
(highlighted by the yellow arrow). The grain boundary maps
shown in Fig. 6(b1)—(b3) reveal that the density of the subgrain
structures with 2—5° misorientation increases with higher global
strain in the bainite and ferrite regions near the low index rate
bands. These results indicate that strain localization in the form
of bands form parallel to the bainite laths, both in the ferrite and
bainite. Some of these bands penetrate from the ferrite into the
bainite. Fig. 6(c1)—(c3) show the IPF maps of the bcc and fcc
phases, revealing local orientation changes in both regions. Fig. 6
(d1)-(d3) show the IPF maps of the retained austenite. Comparing
Fig. 6(d1) with Fig. 6(d3) reveals the TRIP effect. Nearly 55% of
the retained austenite in the analyzed region shown in Fig. 6(d1)
has been transformed by the TRIP effect at a global strain of
12.5%. Fig. 6(el)—(e3) show the Schmid factor maps for the

{110}<111> slip systems of the bcc phase. The tensile deforma-
tion leads to an increase of the Schmid factor in the bainite lath
with relatively low initial Schmid factor. The strain localization
bands initiating in the ferrite enter into the bainite when their
initial Schmid factors are both relatively high and close to each
other. Fig. 6(f1)—(f3) give the Schmid factor maps for the {111}<
110> slip systems of the fcc phase. No substantial change
occurs for the Schmid factor of the retained austenite during
deformation.

Fig. 7 shows quantitative results of the strain contrast and strain
partitioning between ferrite and martensite in sample M, obtained by
1-DIC analysis over a local region sized 20 pum x 20 pm. Fig. 7(a)
shows an EBSD map of a representative region of interest prior to
loading. Fig. 7(b)—(d) give the von Mises strain distribution of the
same region at global strains of 4.2%, 8.3% and 12.5%, respectively,
showing that the strain localizes in the ferrite. The martensite
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(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

remains essentially unstrained even at a global strain of 12.5%. Fig. 7 martensite region is 2%—10%. The highest strain appears in the local
(e) and (f) provide the strain distribution along Sections 1 and 2, as ferrite region near the F/M interface. Fig. 7(g) shows statistical results
indicated in Fig. 7(d), confirming the strong strain partitioning about the strain partitioning between ferrite and martensite,
between ferrite and martensite. At a global strain of 12.5%, the local obtained by averaging over 15-25 sections respectively in the ferrite
strain inside the ferrite reaches up to about 80% while that in the and martensite. We find that the local strain in the ferrite region
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increases much faster than that in the martensite region with
increasing load. In the ferrite, strain is distributed much more inho-
mogeneously than in the martensite.

To evaluate the relationship between the strain partitioning and
the TRIP effect in material M, a combined w-DIC and EBSD analysis
was performed, Fig. 8. Five tensile steps, accumulating to a total
global strain of 20.8%, were imposed to initiate the TRIP effect. Fig. 8
(a) shows the microstructure prior to loading. Fig. 8(b)—(d) give the

von Mises strain distribution of the same region at global strains of
4.2%, 8.3% and 20.8%, respectively, revealing the strong strain locali-
zation inside the ferrite. Comparing the microstructure at a global
strain of 20.8% (Fig. 8(e)) with that prior to loading (Fig. 8(a)), we find
that the retained austenite located in the strain localized martensite
regions, near the F/M interfaces, performed a TRIP effect. Fig. 8(f)—(h)
provide the strain distribution along Sections 1-3, as shown in Fig. 8
(d), revealing the strong strain contrast between ferrite and
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martensite. At a global strain of 20.8%, the strain difference between
the ferrite and martensite can reach up to about 50%, as shown in
Fig. 8(g). Fig. 8(i) shows the statistical results of the strain partitioning
between the ferrite and martensite, obtained by averaging over
15-25 sections respectively in the ferrite and martensite. The ferrite
exhibits larger average strain and stronger strain inhomogeneity
than the martensite. The strain partitioning results of the ferrite
grains, Fig. 8(j), indicate that the local strain in the narrow ferrite
regions (F1, F3 and F5) located between two martensite regions is
much larger than that in the ferrite regions (F2, F4 and F6) which are
encompassed and protected by interconnected martensite regions.
The strain partitioning results of the martensite, shown in Fig. 8(k),
reveal that the martensite regions (M+RA4 and M+RA5) located near
the strain localized ferrite exhibit higher local strain than the other
martensite regions (M+RA1, M+RA2 and M+RA3).

Fig. 9 shows the strain contrast and partitioning between ferrite
and bainite in material B. Fig. 9(a) provides the microstructure in
undeformed state. Fig. 9(b)—(d) reveal the von Mises strain distribu-
tion in the same region at global strains of 4.2%, 8.3% and 12.5%. We
find that strain localization bands appear parallel to the bainite laths
in both the ferrite and bainite with increasing global strain. Some
strain localization bands initiating in the ferrite can enter into the
bainite, coinciding with the EBSD results shown in Fig. 6. This phe-
nomenon is attributed to the fact that plastic slip is triggered inside
of the bainite when the local load is high enough. Fig. 9(e) and (f)
give the strain distribution along Sections 1 and 2, as shown in Fig. 9
(d), revealing much lower strain contrast between ferrite and bainite,
compared with that between the ferrite and martensite in sample M.
At a global strain of 12.5%, the local strain in ferrite and bainite is,
respectively, 1%—12% and 1%—14%. Fig. 9(g) shows the strain parti-
tioning results between the ferrite and bainite. We find that the aver-
age local strain in the ferrite is larger than that in the bainite. The
local strain in the ferrite increases faster than that in the bainite with
increasing global strain. Fig. 9(g) also shows that the average local
strain in both the ferrite and bainite are lower than the global strain.

It is attributed to the macroscopically inhomogeneous distribution of
the strain in the sample.

Fig. 10 shows the strain contrast and strain partitioning among
ferrite, bainite and martensite in sample B. Fig. 10(a) shows the
microstructure in the undeformed state. Fig. 10(b)—(d) present the
von Mises strain distribution of the same region at global strains of
4.2%, 8.3% and 12.5%, indicating the strong strain localization in fer-
rite and bainite and the distinct strain contrast between ferrite and
martensite. The microstructure of the local region at global strain of
12.5%, Fig. 10(e), shows that the retained austenite highlighted by the
white arrows have performed the TRIP effect during the deformation.
However, the local strain of the highlighted sites is still lower than
that in the ferrite. Fig. 10(f) and (g) provide the strain distribution
along the Sections 1 and 2, as indicated in Fig. 10(d), revealing that
the strain contrast between ferrite and martensite is much stronger
than that between ferrite and bainite. At a global strain of 12.5%, the
local strain in ferrite, bainite and martensite is, respectively, 10%—50%,
2-23% and 2%-5%. Strain localization also exists in the bainite near
the B/M interface. Fig. 10(h) shows the strain partitioning between the
ferrite, bainite and martensite regions. The strain in the material is
mainly partitioned into the ferrite and bainite, especially ferrite. The
local strain in the ferrite and bainite increases much faster than that in
the martensite. Moreover, the ferrite and bainite exhibit more pro-
nounced strain inhomogeneities than the martensite.

4. Discussion

4.1. Effect of carbon partitioning on stability features of retained
austenite

As the APT results show, the carbon partitioning can result in a
carbon gradient in the retained austenite. This means that corre-
spondingly a stability gradient exists in the retained austenite, since
austenite stabilization depends in the present system mainly on the
carbon content. Retained austenite can perform different
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deformation mechanisms, such as dislocation glide, mechanical twin-
ning and martensitic transformation, depending on the stacking fault
energy (SFE) controlled by the chemical composition [53—55]. With
decreasing SFE, the active plasticity mode follows a sequence of dislo-
cation glide, mechanical twinning and martensitic transformation.
TRIP sets in when the SFE is below 18 mJ/m? and the TWIP effect pre-
vails when the SFE is between 18 mJ/m? and 45 mJ/m? [56]. Previous
XRD results show, for the material studied here, that the average car-
bon concentration in the retained austenite is 1.05—1.08 wt.% (about
4.76—-4.85 at.%) and retained austenite with a carbon content above
1.30 wt.% (about 5.79 at.%) was shown to not undergo a martensitic
transformation when exposed to tensile loads [16]. To investigate the
prevalent deformation mechanism of the retained austenite, we cal-
culated the SFE using the Olson-Cohen thermodynamic model based
on the APT measured concentration profiles [57]. The ideal SFE, ySFE,
is expressed as Eq. (1) [58].

Vs = 2pAG" 7 + 20 M

where p is the molar surface density along {111} planes, AGY s the
molar Gibbs energy of the austenite to ¢-martensite phase transfor-
mation and o is the interfacial energy per unit area of the phase
boundary, which was assumed to be o = 8 mJ/m? [58]. The molar sur-
face density p can be calculated based on the austenite lattice param-
eter a and Avogadro’s constant N using Eq. (2) [56]:

4 1
p:ﬁﬁ (2)

The molar Gibbs energy of the austenite to ¢-martensite phase
transformation AGY~# is calculated according to Eq. (3) [57]:

AG” % = XpeAGre” ™ ° + XpnAGun? ™ & + X AGpY ~ ¢
+ XsiAGsi” 7 + XcAG” ™ # + XpeXnineemn”
+ XeeXaQrear” ™" + XeXsiQpesi” °
+ XpeXcQrec” ™+ XX Omnc” ™ © + AGg? ™ ¢ (3)

where X; and AG;”~¢ show the molar fraction and free energy change
due to a hcp martensite formation from fcc austenite in pure metals,

respectively. ;Y% is the interaction energy between the compo-
nents i and j. AGyg" ¢ is the free energy contribution due to the
magnetic transition. The thermodynamic values and functions used
to calculate the AGY ¢ are listed in Table 1.

To partly reveal the thermal stability of the retained austenite, we
also calculated the martensite start (M) temperature using Eq. (4)
[16]:

M;(°C) = 545-423C—30.4Mn—7.5Si + 30Al-60.5V,' "> (4)

where C, Mn, Si and Al are the concentrations of these elements in wt.%.
and V,, is the average austenite grain volume in wm?, assumed as 0.2
wm?>. Fig. 11 gives the calculated SFE and M, temperature of retained

Table 1

Thermodynamics-based values and functions used to calculate the AGY~*
[53,55-59]. T is the temperature in K; Gp,g” is the magnetic contribution to the
Gibbs energy of phase ¢, o=y, ¢; 8%, T’ and g are the magnetic moment, the Néel
temperature of phase ¢ and the Bohr magneton, respectively; R is the gas constant;
P is the fraction of magnetic enthalpy absorbed above Ty?; T is the scaled Néel
temperature.

Parameter Values and functions

AGy.”~¢/Jemol " —2343.38+4.309T

AGyy”~¢/Jemol™'  —1000.00+1.123T

AGa?~¢fJomol™!  2800+5T

AGg;”~¢/Jomol ! —560—8T

AG”~¢/Jemol ! —24,595.12

Qrenn? ~¢fJomol™! —9135.5+15,282.1Xwmn

Qpea?”%/Jomol~" 3328

Qpesi?%/Jomol ™! 2850+3520(Xpe-Xs;)

Qpec?~%/Jomol ™' 42,500

Quinc?~"4/Jomol ™' 26,910

AGmgV‘)S AGmgV‘>s =Gng'Gmgy

AGumg? AT[TNRTIN(1+6|ws). = 7. &

fT/T) 1-[79771/140 P+ 474/497(1/P-1)(3/6+1°/135+7'5/600]/
D, when t<1 (7= T/Ty*); -(t">/10+7'3[315+7~ %5/
1500)/D, when 7>1; P=0.28

D 518/1125+11,692/15,975(1/P-1), P=0.28

B pp/Jomol ™!
B[ ws/Jemol !
Tn/K
Tn/K

0.7Xpet0.62Xp1n—0.64XpeXnvin—4Xc
0.62Xpm—4Xc
251.71+681 Xy —1575Xsi—1740Xc
580X
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Fig. 11. Calculated stacking fault energy (SFE) and martensite start (M) temperature of retained austenite based on the concentration profiles measured by APT: (a), (b), (c), (d) and
(e) are the calculation results for the profiles shown in Fig. 2(c), Fig. 2(d), Fig. 3(c), Fig. 3(f) and Fig. 4(g), respectively; (f) shows the relation among SFE, M; and carbon concentration

in the austenite

austenite basing on the APT concentration profiles shown in Figs.
2—4. Fig. 11(a)—(e) show that the SFE is between 3 mJ/m? and 27
mJ/m? and the M, temperature is in the range of —245-25°C. We
can see that the inhomogeneous distribution of carbon in the
retained austenite can result in huge fluctuations of SFE and M tem-
perature. The retained austenite with higher carbon concentration
exhibits higher SFE and lower M; temperature. Fig. 11(f) reveals
that the relation between the SFE and carbon concentration can be
approximated by Eq. (5), and that between M, temperature and car-
bon concentration by Eq. (6), where xc is the carbon concentration
in at.%. Since the SFE value of 18 mJ/m? is the upper limit for trigger-
ing the TRIP effect, retained austenite with a carbon concentration
below 5.82 at.% (about 1.31 wt.%) can undergo a TRIP effect, accord-
ing to Eq. (5). The SFE of the retained austenite with a carbon con-
centration of 5.82—-7.00 at.% (about 1.31-1.59 wt.%) is in the range

of 18—27 mJ/m?, thus it is more likely to deform via TWIP. This can
partly explain why retained austenite regions with a carbon concen-
tration above 1.30wt.% prevail when exposed to tensile loading
[16]. Eq. (6) shows that retained austenite with a Mg temperature
below 25 °C should possess a carbon concentration of at least 4.14
at.% (about 0.92 wt.%) or higher. In summary, enhancing the TRIP
effect in retained or reversed austenite in the current material
requires to increase its carbon concentration to levels of 4.14-5.82
at.% (about 0.92—1.31 wt.%) through carbon partitioning.

Yspe(MJ/m?) = 7.74373xc(at.%) —27.09667y g (M) /m?)
= 7.74373xc(at.%) —27.09667

M;( °C) =-100.70157xc(at.%) + 442.09387
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4.2. Effect of strain partitioning on TRIP effect and ductility

For multiphase materials, plastic instabilities, strain localization
and fracture are related to local inhomogeneities in the size, distribu-
tion, morphology, dislocation density and chemical composition of
the phases and microstructure constituents [7,12,34,60]. As the
W-DIC results show, significant differences in the deformation behav-
ior exist between the two materials types M and B, specifically
regarding micro-yielding, strain partitioning and strain localization.
For material type M with its microstructure consisting of ferrite, mar-
tensite and retained austenite, deformation starts in the soft ferrite.
Except for some modest strain enhancement in the martensite
regions near the F/M interfaces and prior austenite grain boundaries,
the strain is mainly partitioned into the ferrite. Bands of localized
strain form in the ferrite, but they do not penetrate into the martens-
ite regions. This leads to negligible deformation of the martensite and
pronounced strain contrast at the F/M interfaces. Since the retained
austenite triggers the TRIP effect only above a critical deformation
level, low local strain concentrations thus leads to a very weak TRIP
effect [22,61—-63]. The strong strain localization in the local ferrite
regions near the F/M interfaces can accelerate the crack initiation at
the interfaces [20]. The priority for the crack propagation along the
interfaces finally promotes the fracture of the material [15]. These
results show that the strain partitioning among the main microstruc-
ture constituents controls three important factors that govern the
formability of ferrite-containing TRIP-assisted steel, namely, strain
localization and damage initiation, ferrite deformation and the inten-
sity and distribution of the TRIP effect.

Comparing the strain partitioning results observed for material B
(ferrite, bainite, martensite, retained austenite) with those of material
M (ferrite, martensite, retained austenite), shows that the introduc-
tion of bainite can effectively improve the deformation homogeneity
of the steel. At the onset of plastic yielding, deformation begins both
in the ferrite and in the bainite. With a hardness of 391 + 33 HV, the
bainite has a strength that lies between that of the ferrite (213 +
16 HV) and the martensite (542 + 41 HV). Thus, this constituent acts
as a mechanical buffer and compliance zone between the soft and
hard regions of the microstructure. The presence of bainite in mate-
rial B effectively reduces the area fraction of F/M interfaces, compared
to material M. This effect reduces the appearance of strong strain
contrast at these interfaces, as shown in Figs. 9 and 10. The lower
hardness difference between the ferrite and bainite (about 178 HV)
leads to a modest strain contrast at the F/B interfaces, with a strain
difference of about 8%—27%. Distinct strain contrast also exists at the
B/M interfaces, yet, with a lower strain difference of about 3%—18%,
below that at the F/M interfaces, Figs. 8 and 10. The lower average
strain contrast in the bainite containing microstructures reduces
strain localization and crack initiation at interfaces and shifts the
deformation from the interface regions into the ferrite and bainite
regions, thus improving ductility. The intermediate deformation of
the bainite promotes strain transfer from the matrix to the retained
austenite, thus enhancing the TRIP effect. The term “strain transfer”
refers here to the observation that the deformation of the retained
austenite can be triggered when the local strain in its surrounding
matrix (bainite or martensite) reaches a certain level. The quasi in-
situ EBSD (Fig. 6) and w.-DIC (Fig. 9) results show that some of the
strain localization bands initiated in the ferrite regions enter into
bainite regions, increasing the deformation of the bainite. The strain
and EBSD patterns shown in Fig. 10 reveal that the TRIP effect in the
retained austenite is indeed triggered by strain localization in the
adjacent bainite. Although some of the retained austenite has per-
formed a TRIP effect, the correspondingly enhanced strain peaks at
the transformed regions is still lower than the local strain in the fer-
rite or bainite regions. This means that the main origin of the ductility
of material B is not the TRIP effect alone but the reduction in strain
localization and by the deformation carried by the ferrite and bainite.

Since the volume fraction and strain level of the ferrite are similar in
samples M and B, the deformation of the bainite can be regarded as a
crucial factor resulting in the higher formability of sample B.

4.3. Property optimization based on carbon and strain partitioning
control

The discussion above shows that the ductility of multiphase TRIP
steels is improved when composing the matrix surrounding the
retained austenite islands of ferrite, bainite and martensite. This is
attributed to the reduction in pronounced interfacial strain localiza-
tion and microcracking, modest strain partitioning which is mainly
realized through the presence of bainite, and the TRIP effect. These
effects all originate from bolstering the strength contrast among the
microstructure constituents which in turn regulate strain partition-
ing. Here lies an important relationship between mechanical and
chemical partitioning since it is mainly the different carbon content
and the resulting substructure hierarchy that governs the strength
relationship among of the individual microstructure constituents
[48,64]. Thus, tuning strain homogeneity in a multiphase steel
requires adjustment of the strength contrast among the constituents
by controlling carbon partitioning and the resulting substructure. The
APT results showed that the substitutional elements such as Mn, Al
and Si are less relevant in this context as they do not partition,
Figs. 2—4. For the specific case of TRIP-assisted multiphase steels the
carbon plays a complex role: The carbon content and its partitioning
behavior determine the (i) stability of the retained austenite and
hence the onset and progression of the TRIP effect upon loading, (ii)
the strength and substructure of the bainite and (iii) the strength and
substructure of the martensite. The DIC and EBSD maps (Figs. 7—10)
have shown that this relationship between mechanical and chemical
partitioning effects is non-linear, i.e. the strength contrast among the
matrix constituents affects the strain partitioning and thus also the
local load transfer acting on the retained austenite, triggering the
TRIP effect.

This means that multiphase TRIP steel design requires to not only
tune the amount and stability of the retained austenite islands in
terms of their carbon concentration, size, morphology, distribution
and crystal orientation, but also to consider the mechanical partition-
ing of the strain among the austenite and surrounding mixed constit-
uent matrix ingredients with the aim to enhance strain transfer into
the retained austenite. As found in the analysis of material M, low
uniform elongation and a weak TRIP effect mainly result from the
high strength contrast between the ferrite and martensite, leading to
a low strain in the martensite regions. Material B reveals that this
effect can be bolstered through the addition of bainite as a load and
strain buffer rendering the strain partitioning less abrupt. Another
important factor affecting the interplay between mechanical and
chemical partitioning is the size and dispersion of the retained aus-
tenite which determines the time required for carbon to sweep the
grains and at the same time affects the nucleation rate of the TRIP
effect when mechanically loaded. The carbon content also affects the
packet size and lath structure of the martensite, two factors which
govern its strength and the resulting load transfer to its neighbor
constituents. This can be further altered by the tempering state of the
martensite.

5. Conclusions

The target of this work was to obtain a better understanding of the
interplay between chemical (carbon) and mechanical partitioning in
multiphase TRIP steels. We applied two hot rolling direct quenching
and partitioning (HDQ&P) processes to a low-C low-Si Al-added steel
and obtained two types of ferrite-containing TRIP-assisted steels
with different constituents, one with ferrite, bainite, martensite and
retained austenite and a second one with ferrite, martensite and
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retained austenite. We used APT to investigate the carbon partition-
ing among the microstructure constituents at the near-atomic-scale.
The strain partitioning and the TRIP effect were investigated using
quasi in-situ tensile test combined with w-DIC and EBSD mapping.
The combination of these results enabled us to propose a property
optimization strategy for ferrite-containing TRIP-assisted steels based
on carbon and strain partitioning control. The main results and con-
clusions are:

(1) The carbon is distributed inhomogeneously in retained austenite,
i.e. with differences between different retained austenite islands
and with carbon concentration gradients inside individual
islands. The HDQ&P processes leaves Si, Mn, Al and P un-parti-
tioned among all microstructure constituents, i.e. ferrite, mar-
tensite, bainite and retained austenite.

For multiphase TRIP-assisted steels, the pronounced strength dif-
ference between the soft and hard matrix structures can result in
pronounced strain localization in the soft phase. Low strain in
the hard constituents reduces load transfer and thus the effec-
tiveness of the TRIP effect in the retained austenite. The strong
strain contrast at the interfaces between the soft and hard phases
can promote interfacial fracture.

(3) The deformation of the soft ferrite enhances ductility of ferrite-
containing TRIP-assisted steels. The TRIP effect does not directly
result in local strain spikes, but together with the increase in the
strain hardening rate, it can increase the average strain in the
hard-matrix thus reducing strain contrast at the interfaces
between the soft and hard phases. This effect delays crack initia-
tion.

Optimizing the TRIP effect in multiphase TRIP steel requires to
not only tune the amount and stability of the retained austenite
islands in terms of their carbon concentration, size, morphology,
distribution and crystal orientation, but also to consider the
mechanical partitioning of the strain among the austenite and its
surrounding mixed constituent matrix ingredients with the aim
to enhance strain transfer into the retained austenite.
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