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The current study investigates the microscale mechanical properties of the constituent phases and their influence
on the macroscale properties of multi-phase steels with different microstructural constituents. Two steels, a
Transformation Induced Plasticity (TRIP) and an enhanced ductility Dual Phase (DH) steel were produced in a
continuous annealing line (CAL). Optical microscopy and EBSD results were utilized for segmentation of
microstructural phase constituents. Macroscale mechanical properties were obtained using tensile testing and
microscale properties with nanoindentation mapping. The hardness of each constituent is extracted from the
hardness maps using a clustering algorithm. TRIP steel shows a homogeneous distribution of retained austenite
in ferrite matrix and a small amount of bainite/martensite which is non-banded. In contrast, DH steel shows
heterogeneous microstructures where martensite/bainite/retained austenite is found to be banded in the ferrite
matrix. Both steels exhibit notable variations in hardness across their constituent phases, which are associated
with the resulting microstructural characteristics. Nanoindentation results show that overall hardness/strength
in TRIP steel is contributed from ferrite (66 %), retained austenite (33 %) and martensite/bainite (1 %). Whereas
in DH steel, it is contributed from ferrite (55 %), mixture of RA, martensite/bainite (~40 %) and martensite (~5
%). The macroscopic behavior of TRIP and DH steels was explained and discussed using the rule of mixtures in
conjunction with the microscopic properties of individual phases.

1. Introduction

Transformation induced plasticity (TRIP) and enhanced ductility/
formability cold rolled DP steels (DH grades) are classified as third
generation advanced high strength steels (3G AHSS) with good combination
of strength and high ductility and are mainly utilized in automotive
parts [1-4]. TRIP and DH steel sheets are typically produced in
continuous galvanizing lines (CGL), where the cold rolled steels undergo
a two-stage process: intercritical annealing (IA) and austempering
around 350-460 °C for isothermal bainite transformation (IBT) [2,5,6].
During IA, partial formation of austenite and partitioning of alloying
elements take place [7], while during austempering the formation of

bainite and partitioning of carbon take place to enrich the remaining
austenite [8-10]. This two-stage processing leads to the development of
the heterogeneous multiphase microstructures of hard martensite/-
bainite and retained austenite, embedded in a ductile ferrite matrix. The
morphology and phase fractions depend on the steel chemical compo-
sition, hot band microstructure and the annealing process parameters
[2,11]. In general, ferrite facilitates ductility, while bainite/martensite
enhances strength and retained austenite enhances both
strength-ductility [12]. The multiphase microstructure is inherently
heterogeneous (with variations in local features such as phase/precipi-
tate size and shape, grain orientations, grain/phase boundaries, dislo-
cation densities) [13,14]. It is well known that, along with the
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microstructure, the constituent phase properties play a crucial role in
determining the overall deformation/mechanical behaviors of AHSS
[15-17]. Therefore, accurate characterization of the constituent phase
properties and their influence on overall macro scale deformation
behavior is important in the study of AHSS.

Recently, nanoindentation mapping method has been applied to es-
timate the constituent phase properties during recovery and partial
recrystallization and phase transformation of a AHSS [18-20]. This
technique shows advantages over other methods for the study of
multiphase steels with micrometer microstructural features, with
high-resolution, phase/grain-resolved hardness data. By combining en-
ergy dispersive spectroscopy (EDS), electron backscattered diffraction
(EBSD), electron probe microanalysis (EPMA), with automated nano-
indentation, previous studies have successfully correlated the composi-
tional variation and microstructural characteristics with local hardness
[21-23]. However, the influence of these local phase-specific properties
on the overall macroscale deformation and mechanical behavior has not
been fully established. Specifically, Chang et al. [24] investigated the
influence of compositional heterogeneity, on the microscopic mechan-
ical properties in DP800 and CP800 multiphase steels with nano-
indentation mapping. While the fundamental principles of
microstructure-property relations in TRIP and DH steels are well
established [2,4,25,26], the microscale response of each individual
phase and its relative quantitative contribution to the macroscopic
flow/deformation behavior has not been well studied. The presence of
retained austenite in these steels further adds complexity by TRIP effect
that requires local analysis.

To address this gap, the present study provides new quantitative
evidence by directly linking local phase-specific mechanical properties
and phase fractions — mapped at high spatial resolution by correlative
EBSD-nanoindentation — with bulk macroscale tensile behavior. The
rule of mixtures technique, together with microscopic properties of in-
dividual phases, was utilized to explain macroscopic behavior in two
different microstructural constituents of TRIP and DH steels. The finding
of this study increase the knowledge on heterogeneity of multiphase
steels and its impact on the local mechanical property which could help
optimize the process and performance of steels in a variety of industrial
applications. In addition, it helps bridging the gap between small scale
features (like grain structure, phase distribution and dislocation
behavior) and the macro scale properties (like strength, local and global
ductility).

2. Materials and methods
2.1. Materials

The materials used in the work were provided by TATA Steel
Netherlands IJmuiden. The chemical compositions of the TRIP and DH
steels are shown in Table 1. TRIP and DH steel sheets of 1.2 mm or 1.4
mm thick were produced by continuous annealing. The actual temper-
ature and time of the heat treatments are not provided due to confi-
dentiality. The material utilized here, however, is merely intended to
illustrate how correlative characterization using nanoindentation and
EBSD aids in determining the microscopic properties of different phases
in multiphase AHSS which can be further used to explain the macro-
scopic behavior. Using Kasatkin formulas [25], the Acl and Ac3 tem-
peratures representing the start and finish of austenite formation during

Table 1
Chemical composition of TRIP and DH steels (in wt.%).

Sample C Mn Si Cr Ni Nb + Ti Acl Ac3
+ +V [°Cl] [°C]
Al

TRIP 0.214 118 1.8 0.04  0.0068  0.0066 727 950

DH 0.142 182 1 0.43  0.0253  0.0119 723 865
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heating of the steels were calculated and reported in Table 1.
2.2. Microstructural characterization

The microstructural observations and nanoindentation measure-
ments were performed on the cross section of the rolling and normal
direction (RD-ND plane) of the steel sheets. Samples were mechanically
polished. Final vibratory polishing was performed using colloidal silica
of 50 nm for 10 h. Light optical microscopy (LOM) was carried out using
an Olympus (GX51 model) type instrument. Color tint etching was first
performed using Nital followed by NayS,0s5 + water for tinting. This
etching has been shown to reveal ferrite with light brown contrast,
brown to dark brown for martensite/bainite and off-white for retained
austenite in TRIP steels reported in a previous work [27]. The micro
constituents in the multi-phase microstructures were identified by image
analysis using open source trainable WEKA segmentation of FIJI plugin
(ImageJ) [28,29].

Scanning electron micrographs were obtained using a FE-SEM (FEI
NOVA NANOSEM 450 model) with an accelerating voltage of 20 kV and
a working distance of 15 mm. EBSD mapping was performed using the
velocity detector by TSL-EDAX at a step size of 80 nm. Post processing
analysis of EBSD data were performed using TSL-OIM software version
8.6. The data set obtained from the EBSD map was used to identify FCC
and BCC phase. In the BCC phase, ferrite and martensite were distin-
guished based on image quality (IQ) of the diffraction pattern as re-
ported in Ref. [30]. Kernel average misorientation (KAM), calculated
with the 5th nearest neighbor and a tolerance limit of 3° misorientation,
was used to measure the local misorientation.

2.3. Mechanical testing

Samples for tensile testing were prepared using ASTM -E8/E8M
standards (length = 50 mm; width = 7 mm), with rolling direction
parallel to the tensile axis. Room temperature tensile tests were per-
formed using an Instron 5982 universal servo-hydraulic testing system
to determine yield strength (YS), ultimate tensile strength (TS), total
elongation (TE) and uniform elongation (UE) were determined. Yield
strength values were obtained using the conventional 0.2 % stain offset.
Three specimens were tested for each condition. The average with
standard deviations was reported.

The well-polished samples were subjected to nanoindentation tests.
A commercially available iMicro® nanoindenter from Nanomechanics
Inc. (now KLA Corporation), Oak Ridge, USA, equipped with an
InForce50 actuator was used for nanoindentation mapping. All mea-
surements were performed using a diamond Berkovich tip (E = 1141
GPa, v = 0.07). At least 4 indentation maps with 2500 indents per map
for each sample covering a 50 pm by 50 pm area were collected using the
NanoBlitz3D high-speed mapping approach. Based on the recommen-
dation of the previous work of Phani et al. [31], a load that would
produce an indentation depth of 100 nm or less was chosen while
maintaining an indentation spacing of 1 pm in order to maintain a
minimal spacing to depth ratio of 10. Following these recommendations,
the chosen 1 pm indent spacing ensures minimal effect of neighboring
indents.

3. Results
3.1. Microstructural evolution by light optical microscopy

Optical micrographs of TRIP and DH steels are shown in Fig. 1. The
microstructure consists of polygonal ferrite (light brown), bainite/
martensite (brown and dark brown) and retained austenite (white), as
shown in Fig. 1(a and c). In the corresponding segmented images as
shown in Fig. 1 (b and d), the polygonal ferrite appears blue, bainite/
martensite in red and austenite in off-white. The quantification of
segmented micro constituents using WEKA plugin are summarized and
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Fig. 1. Optical micrograph and segmented image of (a—b) TRIP and (c-d) DH
steel in RD-ND plane. Etched using Nital/NayS;0s, retained austenite (off-
white), martensite/bainite (brown/dark brown), ferrite (light brown), corre-
sponding segmented image shows ferrite (blue), bainite/martensite (grey) and
retained austenite (red).

listed in Table 2. It clearly shows the lower ferrite, retained austenite
contents and higher bainite/martensite in DH steel compared to TRIP
steel. TRIP steel shows a more homogenous microstructure, whereas DH
steel is featured by a heterogeneous microstructure with micro-
segregation bands of bainite/martensite. The differences in distribution
of bainite/martensite between TRIP and DH steels can be linked to the
differences in the steel chemistry particularly Mn content which causes
banding [33].

3.2. Microstructural evolution by EBSD

Fig. 2 shows the EBSD micrographs of the two steels. In the combined
image quality (IQ) and phase map of RA (Fig. 2(a) and c), the BCC phase
is shown in grey and the FCC phase (retained austenite) in yellow. It can
clearly be observed that RA grains are of smaller size. The IQ and KAM
maps were used to distinguish martensite from ferrite in the BCC phase.
Martensite, with larger lattice distortions due to increased dislocation
density, density of subgrain boundaries, displays a diffused diffraction
contrast on the IQ map, as seen in Fig. 2(a) and (c). The corresponding
KAM maps in Fig. 2(b) and (d) show higher KAM values in areas with
lower IQ, indicating more lattice deformation in martensite. The areas
with a lower KAM value and higher IQ correspond to ferrite. Martensite
and ferrite were distinguished using a combination of IQ and KAM
(measured for the 5th nearest neighbor with a 3° misorientation). In the
TRIP steel, the retained austenite appears coarse, with blocky (yB) and
filmy (yF) morphologies along the grain boundaries. In DH steel, it is
much finer, with blocky (yB) morphology present both inside and along
the ferrite grain boundaries. Table 3 shows the quantification of the BCC
and FCC phases, with TRIP steel having a higher fraction of retained

Table 2

Micro constituent quantification from LOM images for TRIP and DH steels.
Sample Ferrite [%] B/M [%] RA [%]
TRIP 79+ 4.3 9+4.6 12 +28
DH 67 +£5.8 27.5+5.3 55+21
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Fig. 2. 1Q + phase map and corresponding KAM map in RD-ND plane of (a-b)
TRIP and (c-d) DH steels.

Table 3
Micro constituent’s quantification from EBSD for TRIP and DH steels.

Sample BCC FCC Grain size BCC [pm] Grain size RA [pm]
TRIP 90.2 + 4.3 9.8 +21 6.5+ 3.1 0.84 + 0.3
DH 96.7 + 5.8 33+13 59+35 0.41 £ 0.2

austenite compared to DH steel.

TRIP steel contains small isolated dispersed blocky martensite,
whereas DH steel exhibits more extensive martensite regions that appear
continuous along bands. KAM maps show higher KAM values in
martensite and lower values in ferrite. Intermediate KAM values are
observed in ferrite close to ferrite/martensite interfaces, as shown in
Fig. 2(c) and (d). The distribution of KAM values is relatively hetero-
geneous around martensite and regions affected by martensite, as seen
in Fig. 2(d). Additionally, higher KAM values are observed in localized
areas inside ferrite, in small grains, and along ferrite-ferrite boundaries,
though these are less frequent and less pronounced compared to ferrite/
martensite interfaces [34,35].

In summary, DH steel, which exhibits a higher martensite content,
shows higher KAM values in ferrite near the ferrite/martensite interfaces
compared to TRIP steel with less martensite. The KAM value distribution
within ferrite grains is quite heterogeneous for both steels.

3.3. Tensile testing

The engineering stress-strain curves in Fig. 3 show the macroscopic
response of TRIP and DH steels. The mechanical properties are shown in
Table 4. TRIP steel shows a lower yield strength, tensile strength and a
higher elongation compared to DH steel. TRIP steel shows yield point
phenomena and discontinuous yielding, whereas DH steel shows
continuous yielding.
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Fig. 3. Engineering stress strain curve of TRIP and DH steels.

Table 4
Macroscopic mechanical properties of TRIP and DH steels.
Sample  Yield strength Tensile strength ~ Total Elongation =~ Hardness
[MPa] [MPa] [%] [GPa]
TRIP 320 + 12.86 512 + 14.75 60.3 +1.21 3.7 £1.09
DH 366 + 15.56 660 + 13.78 35.9 + 0.05 4.4 +£1.77

3.4. Nanoindentation mapping

To measure hardness at the length scale of the individual phases high
speed-high resolution nanoindentation mapping is performed. In Fig. 4,
we show IQ map and corresponding nanoindentation hardness map on
both TRIP and DH steels. The average hardness for the entire map is
reported in Table 4. In the IQ map shown in Fig. 4 (a and c), the higher
IQ (grey) domains correspond to ferrite, whereas the lower IQ (dark
grey) regions represent bainite/martensite and retained austenite.

Hardness (GPa)

Fig. 4. 1Q map and corresponding hardness map in (a-b) TRIP and (c-d)
DH steel.
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Excellent correlation between the IQ map and the hardness map can be
observed with the high IQ regions corresponding to ferrite showing
lower hardness (2-4 GPa) and the low IQ regions (RA/bainite/
martensite) showing higher hardness (4-10 GPa). A closer comparison
of the IQ and hardness maps shows that the hardness of DH steel is
higher than that of TRIP steel, similar to the macroscopic results shown
in Table 4. The deconvoluted hardness of the individual constituents and
the one-to-one correlation with microstructure will be presented in the
next section.

4. Discussion

In this section the microscale mechanical properties of individual
phase constituents is analyzed to explain the macroscale response,
which forms the basis for structure property correlation in TRIP and DH
steels.

4.1. Deconvolution of microscale mechanical properties

The hardness maps are deconvoluted and compared to microstruc-
tural phase features in order to objectively examine the hardness of in-
dividual phases in the microstructure, cf. Fig. 5. The phase map obtained
from EBSD displays martensite (red), retained austenite (yellow), and
ferrite (grey) as shown in Fig. 5(a). Distinct hardness differences are
observed in the corresponding hardness map of a similar location in
Fig. 5(b) and exhibits a strong correlation with the phase map derived by
EBSD. Hardness map was deconvoluted using K-means clustering algo-
rithm as reported in Refs. [18,20,32]. Three mechanically distinct
hardness regions in blue, cyan and red color were observed from the
deconvolution phase map as shown in Fig. 5(c). The highest hardness
areas correspond to martensite, which is red in color, and the lowest
hardness corresponds to ferrite, which is blue in color. In TRIP steel, the
deconvoluted map’s cyan color correlates with the mixed phase region,
which is primarily composed of retained austenite (yellow) as well as
epitaxial ferrite/bainite and grain boundaries. In DH steel, the cyan
color mixed region consists of retained austenite, epitaxial ferrite,
bainite, and small martensite phases. It may be noted that the exact
estimation of hardness in retained austenite, bainite, epitaxial ferrite or
fine martensite colonies on grain boundaries is challenging due to its
finer length scales. Overall, an excellent correlation exists between the
microstructural phase features, hardness map and deconvoluted map in
Fig. 5. The hardness of individual phase features is shown in Table 5. In
TRIP steel, ferrite has the lowest hardness (3.3 & 0.23 GPa), the mixed
phase region that is comprised of one or more of retained austenite,
bainite/fine martensite and epitaxial ferrite has an intermediate hard-
ness (4.9 + 1 GPa), and martensite has the highest hardness (11.6 &+ 1.6
GPa). In DH steel, ferrite has the lowest hardness (3.7 + 0.32 GPa),
followed by the mixed phase region (5.7 + 1.2 GPa), and martensite
(10.8 £ 1.2 GPa) at the maximum.

4.2. Rationalization of macroscale properties through small scale testing

The microscale mechanical properties obtained from nano-
indentation mapping are now used to explain the macroscopic behavior
of TRIP and DH. By combining microstructural data with the micro-
scopic properties obtained from Fig. 5 and Table 5, we apply the rule of
mixtures to rationalize how these local characteristics contribute to the
overall macroscopic strength, as shown in Fig. 6. Mainly two aspects will
be discussed: changes in the yield/tensile strength and elongation. The
average hardness from rule of mixtures is calculated by the weighted
average of the hardness of each of the constituents, with weight factors
equal to the area fraction of these constituents. Using such a rule of
mixtures, it can be shown that the overall hardness in TRIP steel at a 512
MPa level has a major contribution of 66 % from ferrite, 33 % from mix
region which is predominantly retained austenite and ~1 % from
bainite/martensite, cf. Fig. 6. In a DH steel at a strength level of around
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Fig. 5. (a) Phase map obtained from EBSD and the corresponding (b) hardness map and (c) deconvoluted hardness map for TRIP and DH steels.

Table 5
Comparison of microscale mechanical properties (Hardness) of individual phases in TRIP and DH steels.
Sample Ferrite Mix phase Martensite Ferrite Mix phase Martensite
(F) (M) (F) (M)
Hardness (GPa) Area fraction (%)
TRIP 3.3+0.23 49+1 11.6 £1.6 74.2 25.16 0.68
DH 3.7 £0.32 5.7+ 1.2 10.8 £1.2 65.6 30.28 4.12
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Fig. 6. Contribution of individual phase hardness to overall hardness or strength in TRIP and DH steels.

660 MPa, ferrite contributes about 55 %, mixed region (retained and their interaction. Fig. 6(b) shows that hard phases (mix and
austenite/bainite/fine martensite/epitaxial ferrite) contributes 40 % martensite) contribute about 45 % to the strength in DH steel, whereas it
and martensite contributes 5 %. These results show that for these grades, is about 1 % in TRIP, as retained austenite does not contribute so much
a higher fraction of secondary phase constituents and their properties to hardening as martensite. This in turn is due to a higher content of
contribute to the overall higher tensile strength in the DH steel (660 bainite/martensite micro segregation bands in DH steel. During the last
MPa) compared to TRIP steel (512 MPa). cooling continuous annealing step, Geometrically Necessary Disloca-

The yield strength of DH steel (366 MPa) was slightly higher than tions (GNDs) form due to accommodation of the volume and shape
that of TRIP steel (320 MPa), and yielding was continuous in DH and change that is associated with the transformation from austenite to hard
discontinuous in TRIP, as shown in Fig. 3. The different yield behavior martensite [36]. As this accommodation partially occurs by plastic
can be linked to the differences in microstructural phase constituents deformation, it generates a high density of mobile dislocations, leading



S. Janakiram et al.

to continuous yielding of DH steel [36] at the elastic limit. The higher
martensite/bainite content, interacting with the lower ferrite content,
generates larger residual compressive stresses contributing to the
strength [37]. Higher concentrations of Si and precipitate-forming ele-
ments such as Cr, Ti, V, and Nb, also present in DH steel, cause precip-
itation hardening [38,39].

Conversely, in the case of TRIP steel, as shown in Fig. 6(b), the
contribution of secondary phase constituents such as martensite/bainite
is less than 1 %. Strength is obtained from the ductile retained austenite
and ferrite which results in lower yield strength. IQ and KAM maps in
Fig. 2(a and b) show a fine dispersed distribution of bainite/martensite
and retained austenite which does not generate a high GND density. This
leads to lower yield strength and discontinuous yielding. Additionally,
carbon dissolved in ferrite after IA might immobilize the dislocation
generated during cooling to IBT and contributes to discontinuous
yielding [40-42].

Local ductility is enhanced by minimizing local hardness differences
in addition to UTS. The difference in hardness (AH) between the soft
ferrite matrix and the other hard phases is shown in Fig. 7. It is observed
that the difference in hardness is higher in DH than in TRIP. The dif-
ferences in the hardness and elongation in TRIP and DH can be linked to
the differences in the microstructure as shown in Figs. 1-4. The mixed
region primarily consists of retained austenite in TRIP, and it consists of
a mixture of epitaxial ferrite/retained austenite/bainite/martensite in
DH steel as shown in Fig. 5. It may be noted that retained austenite
contributes about 33 % to hardness in the case of TRIP. The hardness
difference between relatively softer retained austenite and soft ferrite
matrix will be thereby smaller in the case of TRIP as shown in Fig. 7 and
together with the TRIP effect results in higher ductility. The hardness
contribution in DH steel from the soft phase accounts for about 55 % and
the contribution from the hard phases for about 45 %, resulting in a
decrease in ductility. Hence, the differences mentioned above in
microstructure, strength level and their local property causes higher
hardness differences in DH steel compared to TRIP and also a lower
elongation.

The microstructure of DH steel shows bainite/martensite micro-
segregation bands inherited from the casting due to a higher Mn con-
tents. The alternation of hard martensite/bainite bands and soft ferrite
bands leads to strain localization and this is shown in the KAM map of
Fig. 2. These aspects cause hardness variations as shown in Fig. 4. The
chemical heterogeneity and gradient in hardness as shown in Figs. 4 and
6(b) is detrimental to local formability as reported earlier [24]. Since

2.04

1.5 4

1.0 1

AH (GPa)

0.5

0.0 .
TRIP DH

Fig. 7. Difference in hardness of secondary phase constituents and primary
ferrite phase. The secondary phase is dominated by RA in TRIP and mixture of
M, B, RA in DH steel.
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there is less retained austenite in DH steel and more contribution of
martensite/bainite to the strength, the microstructure is stiffer and less
able to accommodate large plastic strains. As a result, DH steel has a
higher strength, but a lower elongation compared to TRIP steel. Addi-
tionally, the reduced elongation of DH steel is due to the less potential
for work hardening. Because of the TRIP effect, TRIP steel exhibits much
better work hardening characteristics, which is responsible for the delay
in the plastic instability that causes necking, strain localization and
fracture.

The microstructure of TRIP steel revealed a more homogeneous
distribution of ferrite, retained austenite and martensite/bainite as
shown in Figs. 1 and 2. The hardness map in Fig. 4, shows a smooth
transition of hardness gradient from ferrite to retained austenite and
martensite, resulting in a beneficial effect on formability. Also TRIP steel
has an increased Al content, which increases the two phase temperature
window as shown in Table 1 and reported in Ref. [25] leading to ho-
mogeneous distribution of retained austenite and martensite/bainite in
the ferrite matrix. TRIP steel consists of a small fraction of martensite
and higher fraction of retained austenite as shown in Figs. 1, 2 and 6,
whereby aluminum (Al) plays a key role in promoting carbon enrich-
ment in retained austenite [26]. In this case, the carbon content in the
retained austenite is around 1.5 wt%. This carbon enrichment enhances
the stability of the retained austenite, delaying its transformation into
martensite during deformation. As shown in Figs. 1 and 2, retained
austenite with blocky and filmy morphology was seen, whereby filmy
morphology is more observed in TRIP which is more stable. As a result,
the stability of retained austenite contributes to improved ductility and
less to strength in TRIP steels [9,22]. This stability effectively delays the
transformation of austenite to martensite (TRIP effect), leading to higher
elongation and improved local ductility, while maintaining adequate
strength.

In this work, a quantitative link between local phase-specific me-
chanical properties and the bulk behavior of TRIP and DH steels has
been established by showing a correlation between coupled EBSD-
nanoindentation data at microscale and bulk tensile response. This
approach can be extended to other similar alloy systems and processing
conditions for the design and optimization of third-generation AHSS for
lightweight automotive applications. While we have demonstrated the
correlation for two different multiple phase steels, the framework pro-
vided in this work can be extended to other alloys/steels produced under
different processing conditions to develop a comprehensive statistical
model in the future.

While the present work applies K-means clustering to deconvolute
phase-specific local mechanical data, the accuracy of phase classifica-
tion could be further improved by incorporating supervised learning
algorithms or semi-supervised approaches. These methods can be used
to develop more robust correlations between EBSD-derived micro-
structural features and local mechanical properties.

5. Summary and conclusions

By coupling complementary techniques such as high-resolution
nanoindentation mapping and electron microscopy (EBSD),
microstructure-property correlations at the micrometer length scale
were established for a TRIP steel and a DH multiphase steel to provide
insights on contribution of microscopic properties on macroscopic
behavior using small scale testing.

The following conclusions are drawn from the present work.

e The mechanical properties strongly depend on the microstructural
phase features resulting from thermal treatments and chemical
composition in both TRIP and DH steels.

e Nanoindentation results show that overall hardness (strength) in
TRIP steel is contributed from ferrite (66 %), retained austenite (33
%) and martensite/bainite (1 %). Whereas in DH steel, overall
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hardness/strength is contributed from ferrite (55 %), mixture of RA,
martensite/bainite (~40 %) and martensite (~5 %).

TRIP Steel is characterized by lower yield strength and high
ductility/elongation compered to DH steel. The strength contribu-
tion is predominantly from soft ferrite (66 %) and retained austenite
(33 %) leading to lower yield strength. The macroscopic behavior is
driven by the TRIP effect, transformation of retained austenite to
martensite, leading to discontinuous yielding and excellent form-
ability. Also, smooth transition of hardness from ferrite to neigh-
boring retained austenite and martensite is observed, resulting in
beneficial effect on formability.

DH steel exhibits a higher yield strength and moderate ductility. The
higher initial yield strength is largely contributed from hard phase’s
martensite/bainite (55 %) that resist deformation. The interaction
between hard martensite and soft ferrite leads to GNDs, which pro-
mote smooth, continuous yielding. Also, chemical heterogeneity due
to Mn banding and gradient in hardness between soft/hard phases is
observed.
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