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A B S T R A C T

The inhomogeneous microstructures caused by mesosegregation deeply influence the mechanical properties and
stability of materials. However, the relationship between tensile deformation and inhomogeneous micro-
structures has received limited attention. This paper reports an in-depth investigation of the tensile deformation
behavior and strain distribution of mesosegregated high-strength low-alloy (HSLA) steel. A multi-scale digital
image correlation (DIC) analysis of in-situ scanning electron microscopy images reveals that the discrepancies in
the tensile deformation behavior are caused by the microstructural discrepancies between the positive segre-
gation zones (PSZs) and negative segregation zones (NSZs). The larger number of crossed-slip bands in the NSZs
indicates a more serious plastic deformation caused by the softer microstructures of this zone, i.e., tempered
upper bainite and allotriomorphic ferrite. On the contrary, the harder microstructures of the PSZs, i.e., bulk
bainite ferrite, tempered martensite, and lower bainite, having fewer crossed-slip bands, display a higher plastic
deformation resistance. Additionally, the lower plastic deformation resistance in the NSZs leads to a lower
failure threshold and causes a fracture in the NSZs. This work reveals the influence of mesosegregation on
deformation behavior and provides the guideline on the post-heat treatment of heavy forgings.

1. Introduction

Recently, the demand for greater efficiency and security in nuclear
power plants has driven the use of thicker and stronger high-strength
low-alloy (HSLA) steel for larger-diameter pressure reactor vessels
(PRVs) [1,2]. Simultaneously, for reliability, PRVs used in high-tem-
perature, high-pressure, and high-irradiation environments require
highly stable mechanical properties [3,4]. In this context, mesose-
gregation is commonly observed in PRVs, bringing inevitable adverse
quality effects [5–12]. The main issue is that, with the increasing size
and thickness of PRVs, mesosegregation is increasingly harder to avoid.
However, it cannot be prevented in heavy forgings [8,13–17]. Hence, it
is crucial to understand the relationship between mesosegregation and
the mechanical properties of PRVs.

Segregation in PRV steels, caused by the solubility of the different
elements in the liquid and solid phase, leads to the expulsion from the
solid phase and migration to the liquid phase of solutes such as Mn, Mo,
and Ni during solidification [18–21]. Then, the continuous enrichment

of solutes in the liquid phase and depletion in the solid one leads to the
formation of dendritic and interdendritic zones, respectively [5,22–25].
Mesosegregation in heavy forgings refers to the visible dendritic pat-
terns generated during the casting solidification of ingots that, after
forging and post-heat treatment, appear as a multiform and random
distribution of the components. The width and distance of the meso-
segregated zones range from 100 um to 1 mm, i.e., in the mesoscale
range. Hence, in heavy forgings, this special segregation should be
called mesosegregation, preserving identical positive (PSZs) and nega-
tive segregation zones (NSZs).

Among the main mechanical properties of heavy structural com-
ponents, the tensile deformation behavior, which measures the yield
and tensile strength of materials, is undoubtedly one of the most im-
portant parameters. In particular, strain anisotropy, one of the key
factors to mechanical properties, is detrimental to the mechanical be-
havior of PRV because it is caused by microstructural inhomogeneities
[26]. There are several studies on the effect of inhomogeneous micro-
structures on tensile deformation, such as band microstructures in steel
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[6,26–35]. It has been claimed that band microstructures would induce
the strain partition during the deformation and further result in me-
chanical properties' anisotropy of inhomogeneous materials. However,
the effect of inhomogeneous microstructures has been rarely discussed
from the viewpoint of mesosegregation inside a sample. Furthermore,
the effect of microstructural discrepancies on the deformation me-
chanism, still disputed in literature [14,21,33,36–38], lacks systematic
investigation. Thus, it is essential to determine the dominant de-
formation micromechanisms of the different microstructures in meso-
segregated HSLA steel.

This paper aims at providing new insights into the tensile de-
formation behavior and strain distribution of mesosegregated HSLA
steel under a lower strain rate. Full-field strain measurements were
performed by in-situ scanning electron microscopy (SEM) using the di-
gital image correlation (DIC) method [32,33,39–42]. DIC method (post-
processing software: Vic-2D 6) was used to analyze the relative dis-
placement of the corresponding two gauge points between the adjacent
pictures shooting by the SEM during the tensile test. Different relative
displacements indicate different deformation degrees, which in turn
indicate different strain concentrations, reflecting the relationship be-
tween strain distribution and microstructures. Therefore, the dis-
crepancies of the strain distribution in the PSZs and NSZs during the
tensile deformation stage could be clarified. Besides, this paper could
also provide a method to predict the tensile strain distribution of a
sample in the elastic and plastic deformation stages.

2. Materials and experimental methods

2.1. Sample preparation

The spatial properties of mesosegregation, such as its direction and
shape, constitute a complex problem in common forgings [43]. To
simplify it, a directional and uniformly shaped mesosegregation is re-
quired. Hence, the mesosegregated HSLA steels used in our experiments
were non-homogenized ring-shaped heavy forgings. Table 1 lists the
average chemical composition of the steels studied in this paper. The
temperature of Ac1 and Ac3 were measured 732 °C and 807 °C, re-
spectively, at a heating rate of 0.05 °C/s and using a dilatometer. The
samples were air-cooled after austenitization at 940 °C for 5 h and
tempered at 650 °C for 5 h before cooling to room temperature in the
furnace [44].

The geometry and orientation of the tensile sample are schemati-
cally shown in Fig. 1(a). The tensile sample had a thickness of 0.2 mm, a
gauge width of 2 mm, and a length of 4 mm. The gauge region of these
samples had a curve radius to ensure strain localization and necking at
the center of the gauge region.

Because the diameter required for the speckle points is different at
each scale, different kinds of speckle points are disposed on the tensile
samples to match the different scales. For the speckle pattern of the
macroscale characterization, the sample surface was sprayed with va-
porous black paint for 12 h, obtaining a paint speckle pattern with a
diameter of approximately 10 μm. The speckle pattern used for the
microscale characterization was obtained by electroplating In on the
tensile sample surface in a water bath at 35 °C for 1 min. The diameter
of the In speckle points was approximately 1 μm.

2.2. In-situ tensile tests and strain measurement

The sample was installed on a special designed in-situ tensile stage

(MICROTEST 5kN watercooled, Gatan, United Kingdom) and then
placed into field-emission SEM (LYRA3 GMU, TESCAN, Czech
Republic). The main parameters for the SEM macroscale in-situ tensile
characterization were the following ones: high voltage: 20 kV; detector:
secondary electron detector; work distance: 30 mm; magnification:
30×; cycle time: 20.5 s. The tensile testing rate was 0.1 mm/min, and
SEM images of the sample were captured at every cycle during loading
[32]. All images obtained were numbered in chronological order, and
the first image was selected as the reference one. Then, DIC [45] (Vic-
2D, Correlated Solutions, USA) was used to measure the relative dis-
placements of the other images concerning the reference one. The
images captured before and after deformation were inputted into the
software, and after setting the analysis area and parameters, the dis-
placements in the x and y direction were calculated differentially to
obtain normal strains εxx and εyy in the x and y directions, respectively,
and shearing strain γxy. Then, the output data were used in the 2D
equivalent strain formula, written as:
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2.3. Microstructure characterization

The microstructures of the PSZs and NSZs were characterized using
optical microscopy (OM, Axio Observer A1, Zeiss, Germany), SEM, and
electron back-scattered diffraction (EBSD, NordlysMax3, Oxford
Instruments, United Kingdom). For OM and SEM characterization, the
samples were mechanically polished and etched by a solution of 4%
nital. For EBSD measurements, the sample was polished using 50 nm
colloidal silica particles (nanochemical-mechanical VibroMet polishing,
Buehler, USA) for 2 h after mechanically polishing to obtain a surface
roughness of 0.5 μm. The EBSD measurements were obtained by SEM
using an EBSD fast acquisition system operating at 20 kV/4 nA with a
sample tilt of 70°, the working distance of 9 mm, and step size of
0.2 μm. The captured data was post-processed using the Channel 5
software package (Oxford Instruments, United Kingdom). Electron-
probe microanalysis (EPMA, EPMA-1720, Shimadzu, Japan) was con-
ducted to detect discrepancies in the elemental concentrations of the
PSZs and NSZs. The hardness of the microstructures was tested by the
indentation method using the microhardness tester (Fischer HM2000)
with a load from 0 to 500 mN. Then the analysis of the relationship
between the load and indentation depth could calculate the micro-
hardness of microstructures.

3. Results and discussion

3.1. Mesosegregation and microstructure

The mesosegregated HSLA steel used in this study was taken from a
PRV ring heavy forging and cut in cubic shape. Fig. 1(a) displays an
image of the cubic sample after polishing and etching of three faces
sharing a vertex. A schematic of the in-situ tensile test sampling in the
3D mesosegregation distribution model is presented in Fig. 1(a). Since
the sample thickness as 0.2 mm is far thinner than the standard sample
thickness, which disobeys the tensile sample size standard and probably
could not presents the standard tensile curve. Furthermore, the 3D
mesosegregation distribution inside the tensile sample could be reduced
to that of a 2D one due to the 0.2 mm thickness. As observed, the
mesosegregation bands in the tensile sample are vertically distributed
in the load direction. The elemental concentration in the selected zone
of the tensile sample shown in Fig. 1(b) was detected by EPMA. As seen,
C, Mn, Mo, and Ni are abundant in the dark regions (PSZs) and sparse in
the light ones (NSZs).

Fig. 1(c) and (f) display OM images of the PSZ and NSZ marked in

Table 1
Chemical composition (wt%) of the mesosegregated HSLA steel sample.

Steel state C Mn Mo Ni Cr Si Al Cu P Fe

As-received 0.20 1.42 0.49 0.86 0.18 0.18 0.014 0.03 0.003 bal.
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Fig. 1(b). Generally, at the same cooling speed, a higher element con-
centration in the PSZ leads to higher hardenability during quenching.
Therefore, as shown in Fig. 1(c), the black and dark-grey regions of the
PSZ are microstructures of bulk bainite ferrite (BF), tempered marten-
site (M), and tempered lower bainite (BL), respectively. However, it is
not easy to identify M and BL after tempering, especially by OM, be-
cause small and uniformly shaped carbides precipitate simultaneously

from the ferrite matrix in both M and BL during tempering, as confirmed
by their similar carbide content [43,44,46]. Also, Fig. 1(d) shows the
corresponding SEM image, in which the materials can be distinguished
by their different lath width. The ferrite laths of M appear as narrow
and long parallel needles, whereas the ferrite laths of BL appear as wide
and short parallel feathers. Besides, as shown in Fig. 1(e), the differ-
ences between the M and BL of the PSZ could be identified in the EBSD

Fig. 1. (a) Schematic of the sampling of the mesosegregated materials. (b) microhardness results of the PSZ and NSZ. (c) EPMA results of the selected area of the
tensile sample. Characterization of the microstructures in the (d-f) PSZ and (g-i) NSZ marked in (b).
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inverse pole figures (IPF) map. As seen, the misorientation is higher
between the laths of M than between those of BL. That is, the lath
boundary density is higher for M than BL, which indicates that more
energy is stored in M.

On the contrary, the lower elemental concentration in the NSZ re-
sults in lower hardenability. As shown in Fig. 1(f-g), the microstructures
in the NSZ are tempered upper bainite (BU) and sparse allotriomorphic
ferrite (αa). Carbides precipitated along the laths boundaries of BU and
coarsened during tempering [44,46]. Furthermore, the black carbides
stacked at the boundaries of primary austenite grains are decomposed
from the M/A islands during tempering [44,46]. As shown in Fig. 1(h),
the IPF map displays the misorientation and effective grain size of the
microstructures of the NSZ. Here, the BU laths are wider and their
misorientation is smaller than in the PSZ. The spatial variations of
microhardness of the PSZs and NSZs caused by mesosegregation after
the austenitization and tempering were also observed.

As shown in Fig. 2(a), a two-dimensional microhardness matrix is
indented across the PSZ and NSZ by the microhardness tester to present
intuitive hardness variations. In particular, the matrix's microhardness
value distribution in Fig. 2(a) is displayed by a three-dimensional graph
(Fig. 2(b)). The undulating hills reveal the stark spatial variations of the
microhardness in the PSZ and NSZ, and the towering peaks and low
valleys corresponding to the PSZs and NSZs, respectively. Besides, the
average microhardness value in the PSZs (240 HV) is higher than that in
the NSZs (180 HV). On the other hand, the microhardness indentation
test provides the corresponding load curve in each indentation, and the
representative load-depth curve in the PSZ, NSZ, and the interim zone
were analyzed in Fig. 2(c). Indentation depth in the PSZ is smaller than
that in the NSZ at the same load, which indicates that the microstruc-
ture's resisting deformation ability in the PSZ, is stronger than that in
the NSZ. Furthermore, Fig. 2 (b) and (c) show the SEM images of the
indentations in the PSZ and NSZ, which present that the diagonal line of
the indentation in the PSZ (18.25 μm) is smaller than that in the NSZ
(20.85 μm) after suffering the maximum load (500 mN). It could also

provide the other evidence to the stronger resisting deformation ability
and higher microhardness of the microstructures in the PSZ.

3.2. Macro-DIC characterization

3.2.1. Strain distribution near the tensile yield stage
As shown in Fig. 3(a1), the stress-strain curve of the macro-DIC test

indicates that the yield strength is approximately 350 MPa and the
corresponding strain is 1.9%, with a tensile strength of approximately
440 MPa. In the macro-DIC characterization, the whole gauge area of
the tensile sample was selected as the region of interest (ROI). Fig. 3(a1-
f1) show the calculated equivalent strain distribution maps of the ROI
from strain 0 to 4.74%, which is near the tensile yield stage. A redpoint
indicating the corresponding tensile stage is marked in the tensile
curves. Firstly, Fig. 3(a1) shows that the equivalent strain distribution is
0 in the whole ROI before the tensile test. It should be noticed that the
180 MPa value observed at 0% strain includes the preload force before
the test, which does not influence the tensile curve. Secondly, at the
elastic deformation stage of Fig. 3(b1), a slight, inhomogeneous dis-
tribution of the equivalent strain is observed in the ROI.

As shown in Fig. 3(c1-f1), the inhomogeneity became increasingly
evident after the yield point, which is probably related to the in-
homogeneous distribution of microstructures caused by mesosegrega-
tion. To verify this, as shown in Fig. 3(a2-f2), the maximum equivalent
strain fields in the ROI are extracted from the equivalent strain dis-
tribution maps and placed at the corresponding tensile sample location.
As seen, all higher equivalent strain fields belong to the NSZ, which
indicates a severe deformation of the microstructures in this zone.
Additionally, the inhomogeneous equivalent strain distribution sug-
gests the presence of plastic deformation discrepancies in the PSZ and
NSZ microstructures. Meaningfully, the calculated strain map evidences
the strain distribution difference between the PSZ and NSZ, indicating a
strong relationship between the microstructures and deformation.

Fig. 2. Microhardness results of the microstructures in PSZ and NSZ. (a) OM image of the microhardness indentation matrix across the PSZ and NSZ. (b) Three-
dimensional distribution graph of the matrix's microhardness value. (c) Load curve of the selected microhardness indentation in the PSZ, interim zone, and NSZ. (d)
and (e) SEM images of the microhardness indentation selected from the PSZ and NSZ.
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3.2.2. Deformation analysis before cracking
To observe the strain concentration near the tensile necking stage

clearly, four representative NSZs in the ROI are circled by red dash lines
and numbered from 1 to 4. As shown in Fig. 4(a1), the circled NSZs are
not only the areas with higher strain concentrations of Fig. 3(f1), but
also the reference areas of the strain maps shown in Fig. 4(b1-f1).
Fig. 4(b1) shows the equivalent strain distribution of the ROI at 5.6%
strain. The strain in the circled NSZs is still higher than in other areas.
Particularly, the calculated equivalent strain in the first circle, which is
emphasized by a red arrow, is the highest one in the four circles.

As shown in Fig. 4(c1), the equivalent strain in the whole ROI in-
creases when the strain is 6.45%, with the highest strain found in the
first circle. Furthermore, the equivalent strain discrepancies between
the PSZ and NSZ are larger at strain 6.45% than at 5.60%, which in-
dicates that the equivalent strain increases faster in the NSZ than in the
PSZ. Therefore, at strain 7.30%, the equivalent strain discrepancies
become larger, and there appears a small crack initiation point in the
first circle.

As shown in Fig. 4(e1-f1), the equivalent strain concentrated highly
in the crack point after this appeared during the tensile test. The yellow

Fig. 3. Equivalent strain maps from the uniaxial tensile test using (1) macro-DIC and (2) SEM images of the ROI at strain (a) 0%, (b) 1.33%, (c) 2.18%, (d) 3.03%, (e)
3.89%, and (f) 4.74% near the tensile yield stage.

Fig. 4. Equivalent strain maps and crack analysis of the ROI. (1) equivalent strain maps and (2) SEM image of the selected NSZ at strain (a) 4.74%, (b) 5.60%, (c)
6.45%, (d) 7.30%, (e) 8.16%, and (f) 9.01% in the tensile necking stage.
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and green areas in the NSZ indicate greater plastic deformation in the
necking stage, though higher precision methods would be needed for
further characterization. Importantly, the calculated strain map could
be used to predict the crack initiation point. The higher the strain
concentration, the higher the probability of crack initiation. Hence, the
map could also reveal the influence of the mesosegregation distribution
on the crack initiation point in the tensile necking stage.

Similarly, as shown in Fig. 4(a2-f2), to investigate the relationship
between the equivalent strain and mesosegregation, higher equivalent
strain fields in the ROI are extracted from the equivalent strain dis-
tribution maps and placed in the corresponding location of the tensile
sample. As seen in Fig. 4(a2-c2), from the work-hardening stage to the
necking point, higher equivalent strain fields are located in the NSZ.
After the necking point, the equivalent strain increases sharply, cov-
ering nearly the whole ROI, so that the mesosegregation distribution
cannot be distinguished. However, the mesosegregation distribution is
related to the contour line of the equivalent strain, which widens in the
NSZ and shrinks in the PSZ. This indicates that the microstructures in
the PSZ hinder the strain extension and those in the NSZ concentrate
strain during severe plastic deformation.

3.3. Micro-DIC analysis

3.3.1. Strain distribution in the PSZ and NSZ
Fig. 5 displays the deformation behavior of mesosegregation during

the tensile test with a new sample observed by micro-DIC. As shown in
Fig. 5(a), the selected mesosegregation zone analyzed during the DIC
related tensile test contains both the PSZ and NSZ. The tensile test was
conducted at intervals of 0.1 mm, pause the measurement at each step,
as highlighted by the vertical lines on the tensile curve. The equivalent
strain maps corresponding to each step are displayed in Fig. 5(d).

At tensile displacement 0.1 mm, in the elastic deformation stage, it
can be observed that the strain in both the PSZ and NSZ is below

0.00625, with a negligible discrepancy. However, when the tensile
displacement is 0.2 mm, which is over the yield point and in the work-
hardening stage, the equivalent strain discrepancy between the PSZ and
NSZ is observed. As seen from the color scale, the average equivalent
strain value in the PSZ (purple/blue areas) is approximately 0.01, and
the value in the NSZ (blue/green) is approximately 0.04. Hence the
strain difference between the PSZ and NSZ is 0.03. The higher average
equivalent strain value in the NSZ with respect to the PSZ indicates a
higher deformation degree of the microstructures in the former.

When the tensile displacement increases to 0.4 mm, which is near
the tensile necking stage, the equivalent strain in both the PSZ and NSZ
increased and remaining higher in the NSZ. The equivalent strain
reaches a maximum of 0.1 in the NSZ, whereas it is approximately 0.04
in the PSZ, with the difference reaching 0.06. Furthermore, a lot of
crossed-slip bands are observed in the equivalent strain map. However,
the number of crossed-slip bands in the NSZs is more than that in the
PSZs. In terms of the microstructures' influence factors, the larger
number of crossed-slip bands in the NSZs indicates a more serious
plastic deformation caused by the softer microstructures of this zone,
i.e., tempered BU and αa. On the contrary, the harder microstructures of
the PSZs, i.e., BF, tempered M, and BL, having fewer crossed-slip bands,
display a higher plastic deformation resistance.

Then, at a tensile displacement of 0.6 mm, after the necking stage,
the red region in the NSZ enlarges, indicating an increasing plastic
deformation degree. However, the blue and green colors in the PSZ
show only a slight variation, which indicates small changes in the
equivalent strain in the PSZ. Additionally, as seen in the SEM image of
the last step, shown in Fig. 5(c), the surface relief in the NSZ is greater
than that in the PSZ at 0.7 mm displacement, confirming a large de-
formation degree in the NSZ. Hence, it can be concluded that the de-
formation mainly increased in the microstructures of the NSZ, and re-
mained nearly constant in those of the PSZ. This reflects the strain
partitioning of the mesosegregated microstructures.

Fig. 5. Micro-DIC analysis of deformation behavior in the mesosegregation. (a) Tensile sample and tensile curve at displacement intervals of 0.1 mm. (b) OM and (c)
SEM images of the selected mesosegregated zones of the tensile sample surface. (d) Equivalent strain maps at each displacement.
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3.3.2. Deformation degree analysis before and after the test
Fig. 6 shows a comparison of representative local misorientation

(LM) maps of the PSZ and NSZ, evidencing their deformation differ-
ences. Fig. 6(a-b) show the LM maps of the undeformed PZS and NSZ
and Fig. 6(c) summarizes the statistical distributions of local mis-
orientations. It can be seen that the local misorientations of the mi-
crostructures in the NSZ are relatively lower (Mave = 0.36°,
Mpeak = 0.25°) than that of the PSZ (Mave = 0.43°, Mpeak = 0.35°).
Although they do not represent absolute strains at these locations, the
strain components are calculated using the changes in misorientation,
and thus the variations in the strain components are caused by varia-
tions in the misorientation and its frequency.

The misorientation tends to be large near grain boundaries, and
because the narrower martensite laths in the PSZ provide more grain
boundaries, a larger misorientation is associated to the PSZ.
Furthermore, it is well known that the relative frequencies of higher

misorientations increase with increasing high-angle density, causing a
net strain increase [47]. Hence, the difference in the local misorienta-
tion average and peak values in the undeformed PSZ and NSZ is at-
tributed to their microstructure.

The variations in lath width imposed some changes to the data
processing that caused an increase in the frequencies of higher mis-
orientations. Because of this, the deformation analysis of the PSZ and
NSZ was modified. Therefore, as shown in Fig. 6(d-e), the local mis-
orientation maps of the deformed PSZ and NSZ were analyzed, evi-
dencing severer deformation after tensile testing. The statistical graph
in Fig. 6(f) reveals that the local misorientation of the deformed NSZ
has a relatively higher value (Mave = 0.87°，Mpeak = 0.55°) than that
of the PSZ (Mave = 0.62°，Mpeak = 0.45°). It is commonly believed that
heavily deformed areas in the microstructures are related to high values
of the local misorientation. Hence, the local misorientation average and
peak values of the deformed NSZ indicate greater accumulation of

Fig. 6. LM maps of the PSZ and NSZ through the tensile deformation. LM maps of the undeformed (a) PSZ and (b) NSZ, and (c) statistical graph of the data extracted
from these LM maps of the deformed (c) PSZ and (d) NSZ, and (f) statistical graph of the data extracted from these. Statistical graphs of the data extracted from the
LM maps of the PSZ and NSZ (g) before and (h) after the tensile deformation.
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plastic deformation work.
Besides, the statistical graphs of Fig. 6(g-h) indicate that the local

misorientation distribution of the undeformed microstructures is
transferred to the deformed microstructures in both the PSZ and NSZ.
This results in a higher local misorientation in the deformed micro-
structures and causes deformation in not only the PSZ but also the NSZ.
Supporting this, Fig. 6(g) shows the local misorientation discrepancies
between the undeformed and deformed PSZ (△Mave = 0.19°,
△Mpeak = 0.1°). The microstructures in the PSZ are mainly M and BL,
which have high grain-angle density. Hence, the deformation of the
microstructures in the PSZ is lower when a tensile force is applied,
implying a greater ability to store strain energy. As shown in Fig. 6(g),
the local misorientation differences in the PSZ are small, which in-
dicates the formation of fewer grain boundaries in the PSZ. In contrast,
Fig. 6(h) shows the local misorientation differences between the un-
deformed and deformed NSZ (△Mave = 0.51°, △Mpeak = 0.3°). The
microstructures in the NSZ are mainly BU, having a high lath width and
low grain boundary density. The higher average misorientation (0.51°)
in the NSZ with respect to the PSZ means that more grain boundaries
are formed during the plastic deformation. It also implies a higher de-
formation degree and lower strain energy storage ability of the micro-
structures in the NSZ.

4. Conclusions

In this study, the tensile deformation and the differences of strain
distribution in the PSZ and NSZ of mesosegregated HSLA steel were
investigated by in-situ tensile testing, from which the following con-
clusions were obtained:

1. The distribution of PSZs and NSZs in the ROI influences the tensile
deformation behavior of the tensile sample. The equivalent strain
differs between the PSZ and NSZ, with a higher strain found in the
NSZ.

2. The deformation resistance of the microstructures in the NSZ is
lower than that in the PSZ. Plastic deformation occurs more fre-
quently in the microstructures of the NSZ, reaching the damage
threshold and inducing the earlier failure.

3. The microstructures in the PSZ are tempered martensite, lower
bainite, and bainite ferrite, which have low lath width and large
misorientation. These microstructures hardly generate crossed-slip
bands and cause the higher deformation resistance of the PSZ. In
contrast, the microstructures in the NSZ are tempered upper bainite
and allotriomorphic ferrite, which have high lath width and small
misorientation. It is easier for these microstructures to generate
crossed-slip bands, which causes the lower deformation resistance of
the NSZ.

4. This study has provided a multi-scale method for the visualization of
microstructural factors as resists deformation, and predicts the
tensile strain distribution of a sample in the elastic and plastic de-
formation stages.
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