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Abstract: To meet the increasing demand and stringent requirements of automotive structural steels,
intercritically annealed quenching and partitioning (QP) steels are attracting significant attention
owing to their excellent strength–plasticity balance. However, to date, limited reports have focused
on the correlation between the microstructure and strength of intercritically annealed QP. In this study,
the mechanical behaviors of QP steels with different Si contents were investigated by developing
a physical-based mechanical model based on microstructural characterizations. In situ neutron
diffraction was used to analyze the evolution of the phase constitution. Si content influenced the
phase transformation behavior of the test steel. In the early stages of deformation, Si-strengthened
steel exhibited lower retained austenite (RA) stability and faster transformation kinetics. The variation
in the RA volume fraction with the deformation was fitted using a segmented exponential function.
Based on the microstructure and strengthening mechanisms, a mechanical model considering grain
refinement during phase transformation was proposed. The model was validated using intercritically
annealed QP steels with different Si contents. The transformation-induced plasticity effect, that
is, the contribution of RA to the strength, was discussed from two perspectives. Deformation-
induced martensite (DIM) exhibited a significant work-hardening rate owing to the high solid
solution strengthening by carbon and the high dislocation density. The residual RA after the DIM
transformation exhibited a non-negligible stress distribution. Particularly, the grain boundary density
and dislocations increased with strain, strengthening the remaining RA.

Keywords: quenching and partitioning steel; microstructure; retained austenite; strengthening mechanism

1. Introduction

Quenching and partitioning (QP) processing was first proposed by Speer et al. over a
decade ago [1,2]. Currently, QP steel, known as third-generation advanced high-strength
steel (AHSS), is widely used in the automotive industry owing to its good combination
of strength and ductility. As a lean alloy steel, it has also attracted significant attention
owing to its low cost. Studies have shown that the mechanical properties of QP steels
can be improved considerably by optimizing their composition and processes [3–6]. The
QP process begins with quenching between the martensite start temperature (Ms) and
martensite finish temperature (Mf), followed by the partitioning into austenite through
isothermal holding. For the successful diffusion of C to austenite, carbide precipitation
should be suppressed as a competing reaction. As a non-carbide-forming element, Si is
an effective inhibitor of carburization [7]. Thus, the effect of Si on the microstructure and
mechanical properties of QP steels has been analyzed in previous studies [8–10].

A quantitative relationship between the microstructure and mechanical properties
should be established to elucidate the relationship between the composition, process,

Crystals 2022, 12, 1412. https://doi.org/10.3390/cryst12101412 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12101412
https://doi.org/10.3390/cryst12101412
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-3333-3413
https://orcid.org/0000-0002-6093-429X
https://orcid.org/0000-0002-4900-901X
https://doi.org/10.3390/cryst12101412
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12101412?type=check_update&version=2


Crystals 2022, 12, 1412 2 of 13

microstructure, and properties of QP steel. QP steel has a mixed structure, including a
metastable austenite, that can realize the transformation-induced plasticity (TRIP) effect.
However, quantitative modeling is considered challenging because it is used to characterize
the mechanical behavior of each phase and to investigate the effects of deformation-induced
martensite (DIM) transformation on the mechanical properties. Mecking et al. [11] proposed
a phenomenological model that incorporated the rate of dynamic recovery into the flow
kinetics. Bouaziz et al. [12] validated the applicability of the Kocks–Mecking model to show
the relationship between the microstructure and mechanical properties of high-Mn steels.
Seo et al. [13] developed a physical-based model of the mechanical behavior of QP steels
with a predominantly martensitic phase, which considered the composition, domain size,
phase fraction, and dislocation density evolution in each constituent of the microstructure.
Gao et al. [14] built a generalized physical model to predict the yield strengths of as-
quenched QP steels, which simplified the microstructure by homogenizing the initial
martensite, secondary martensite, and bainitic ferrite. Hu et al. [15] constructed a model
considering solid solution, grain boundary, and dislocation strengthening mechanisms,
and elucidated the effect of Cu precipitation on the properties of QP steel.

Although the models of the mechanical behavior of QP steels have been investigated
in earlier studies, most of them have been focused on the fully austenitized annealing
QP process. Moreover, some models have simplified the phase constitution, and have
not considered the DIM transformation. In this study, the microstructures of intercriti-
cally annealed QP steels were observed. The evolution of the phase constitution during
tensile deformation was studied using in situ neutron diffraction. The kinetics of the
strain-dependent martensitic transformation in QP steels with different Si contents were
investigated. By analyzing the strengthening mechanism, a physical-based model of inter-
critically annealed QP steel considering grain refinement during phase transformation was
built based on the iso-work theory and microstructure analyses. Finally, the relationship
between the microstructure and strength was elucidated.

2. Materials and Methods
2.1. Materials

The chemical compositions of the investigated steels in weight percent (wt.%) were
Fe–0.19C–1.72Si–2.59Mn and Fe–0.19C–2.53Si–2.53Mn. Si was added to suppress carbide
precipitation during the QP steps. The steel was melted in a vacuum induction furnace and
forged into 35 mm-thick ingots at 1200–950 ◦C. The forged ingots were homogenized at
1200 ◦C for 2 h and hot rolled to 3.5 mm-thick strips through six passes at 1200–900 ◦C. The
hot-rolled sheets were cooled to 660 ◦C using a laminar flow system, followed by furnace
cooling to room temperature (25 ◦C). The hot-rolled plates were pickled and cold-rolled to
a thickness of 1.3 mm for the QP treatment. The critical temperatures of the investigated
steels were measured by dilatometric analysis. The critical austenite transformation starting
temperature (Ac1) values of QP1.7Si and QP2.5Si were 670 ◦C and 675 ◦C, respectively. The
critical austenite transformation finishing temperature (Ac3) values of QP1.7Si and QP2.5Si
were 890 ◦C and 920 ◦C, respectively [16]. The intercritically annealed QP treatment
was simulated using a ULVAC continuous annealing simulator (CCT-AY-II) [16]. The
samples were heated under vacuum and cooled with nitrogen at a cooling rate of 45 ◦C s−1.
The isothermal, quenching termination, and partition temperatures were 800, 140, and
420 ◦C, respectively. The quenching temperature (140 ◦C) was calculated using the method
described in Ref. [17]. The isothermal and partition durations were 120 and 60 s, respectively.
The investigated intercritically annealed QP steels with Si content of 1.72 and 2.53 wt.% are
hereafter termed as QP1.7Si and QP2.5Si, respectively.

2.2. Microstructural Characterizations

The microstructures were characterized by scanning electron microscopy (SEM, FEI
Quanta 450FEG field emission SEM, 20 kV) (FEI, Hillsboro, OR, USA). The samples for the
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SEM observations were mechanically polished and etched with a nital solution (3 vol.%
nitric acid and 97 vol.% ethanol) for 3 s.

2.3. In Situ Neutron Diffraction Measurements

Flat dog-bone-shaped tensile specimens with a gauge length and width of 15 and
2.6 mm, respectively, were machined along the rolling direction. The in situ neutron diffrac-
tion analyses of these specimens were conducted using a VULCAN diffractometer (USA) at
the Spallation Neutron Source [18,19], Oak Ridge National Laboratory. The detailed neutron
diffraction experimental setup was based on Refs. [16,19]. Sample loading was performed
at a 45◦ angle from the incident neutron beam. Crystallographic changes in the loading
direction were collected by the detector bank. An engineering strain of approximately 13%
was applied to the samples. Neutron diffraction data were continuously collected and
sliced every 300 s throughout the experiment. Single-peak fittings were performed using
the VDRIVE software [20], and the volume fractions of each phase (face-centered cubic
(FCC) and body-centered cubic (BCC)) were quantified by Rietveld refinement using the
GSAS software [21].

3. Results
3.1. Microstructural Characterization

Figure 1 shows the microstructures of the intercritically annealed QP steels investigated
herein, viz. QP1.7Si and QP2.5Si. Figure 1a,b show the initial microstructures prior to
QP processing. The original microstructure of the investigated steels contained as-cold-
rolled banded pearlite (P) and ferrite (F). Microstructures of the investigated steels after
QP processing are shown in Figure 1c,d. The microstructure of QP1.7Si mainly comprised
tempered martensite (TM) and retained austenite (RA), with a small amount of F. The RA
volume fraction was obtained by analyzing the neutron diffraction patterns (Figure 2a,c). F
can be distinguished from the other phases owing to its higher corrosion resistance to nital,
as shown in Figure 1e. Moreover, the F volume fraction in QP2.5Si was higher than that
in QP1.7Si. As a typical ferrite-forming element, Si increased the intercritical temperature
of steel and reduced the γ-phase region, thereby increasing the ferrite fraction in the
intercritical annealing stage [1]. During the QP process, Si inhibited cementite formation
and allowed more carbon to diffuse into the austenite, thereby increasing the stability of the
austenite. The volume fraction of F was quantitatively analyzed by SEM, the RA fraction
was obtained by neutron diffraction, and the remaining fraction was TM. The phase volume
fractions of the investigated steels without deformation are presented in Figure 1g,h.
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Figure 1. Microstructure and phase ratio of the investigated steels. The initial microstructures prior to
QP processing of (a) QP1.7Si and (b) QP2.5Si. Microstructures after QP processing of (c) QP1.7Si and
(d) QP2.5Si; (e,f) show the microstructure details within the dashed box in (c,d), respectively. Phase
ratio of (g) QP1.7Si and (h) QP2.5Si. F, P, TM, and RA denote ferrite, pearlite, tempered martensite,
and retained austenite, respectively. Ferrite grains are superimposed in purple. ND and RD denote
the normal direction and rolling direction, respectively.
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function of the true strain in QP1.7Si and QP2.5Si.

3.2. Mechanical Properties and Evolution of the Phase Constitution

The yield strength, ultimate tensile strength, and total elongation of QP1.7Si were
1012 MPa, 1202 MPa, and 20.6%, respectively; the corresponding values for QP2.5Si were
818 MPa, 1330 MPa, and 21.5%. As a metastable transforming phase, RA transformed
into DIM during the tensile process. The corresponding back stress effect of phase trans-
formation dramatically increased the strength and plasticity of the sample, i.e., the TRIP
effect [22,23] was realized. Figure 2a,c shows the evolution of the neutron diffraction
patterns with strain. With increasing strain, the intensity of the FCC peaks (γ) decreased
significantly, indicating the gradual consumption of RA. Using the Rietveld refinement, the
evolution of the RA volume fraction with the true strain is plotted in Figure 2b,d.

4. Discussion
4.1. Phase Transformation Kinetics

Knijf et al. [24] proposed an exponential function to fit the variations in the RA fraction
( fγ) with the strain (ε):

fγ= A · exp(−Bε) (1)

where the pre-exponential parameter A is assigned as the initial RA fraction, and exponen-
tial parameter B is related to the features that influence the austenite stability. For QP1.7Si,
the evolution of the phase constitution was well fitted by the exponential relationship, as
shown in Figure 2b, where parameters A and B were 12.77 and 7.49, respectively. Mean-
while, RA in QP2.5Si underwent a significant two-stage phase transformation, as shown
in Figure 2d. A segmented exponential function was used to fit the variations in the RA
volume fraction. QP2.5Si exhibited a higher B value at the initial stage (g1, B = 26.30) than
QP1.7Si, indicating the lower mechanical stability of RA. After the knee, the B value of
QP2.5Si decreased to a value comparable to that of QP1.7Si (g2, B = 5.32). The relationship
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between the RA volume fraction and strain began to deviate upwards from the fitting curve
g1 when the true strain was increased to ~0.01 (stress = 700 MPa).

According to our previous study [16], the FCC phase of QP2.5Si yielded at 700 MPa.
Based on the parent phase yields before martensite formation, some studies [25,26] further
categorized the DIM transformation into stress-assisted and strain-induced transforma-
tions. The martensite formed after the parent phase has yielded is called strain-induced
martensite; otherwise, it is called stress-assisted martensite. For QP2.5Si, the critical strain
for strain-induced martensite and stress-assisted martensite were 0.002 and 0.007, respec-
tively. Approximately 29 vol.% DIM belonged to stress-assisted martensite, which occurred
through the heterogeneous nucleation on the same nucleation sites [27]. Consequently,
71 vol.% DIM was ascribed to strain-induced transformation, which took place in plastically
deformed austenite on new nucleation sites generated by plastic deformation [28]. The
excellent mechanical properties of TRIP-aided steels are mainly ascribed to the deformation-
induced transformation, which are depicted as the dissipation of strain energy accumulated
during deformation [29]. The investigated steels underwent DIM phase transformation
over a wide stress span, which led to continuous strengthening and the TRIP effect.

In the exponential model, all the factors contributing to the mechanical stability of RA
are grouped under the exponential factor B. However, this is detrimental to understanding
the essential distinctions in microscopic mechanisms [30]. To further describe the kinetics
of the strain-dependent martensitic transformation, the Olson–Cohen (O–C) model [31]
was utilized, as shown in Equation (2):

fDIM= f RA,0{1 − exp[−β(1 − exp(−αε)) n]} (2)

where fDIM is the volume fraction of DIM, fRA,0 is the volume fraction of RA without
deformation, ε is the true strain, while α, β, and n are the parameters related to austenite
stability. The O–C fitting curves for the two investigated steels are shown in Figure 3.
Parameter n is a fixed exponent related to the orientation distribution of the shear bands.
When n = 2, the shear bands are randomly oriented [31]. Parameter β is proportional (the
geometrical factors are considered insensitive to temperature) to the probability that an
intersection will form an embryo. According to the fitting results, no significant difference
was observed in the transformation driving force between QP1.7Si and QP2.5Si. Parameter
α, which defines the course of shear-band formation with strain, is temperature-sensitive
because of its dependence on the stacking-fault energy. From the O–C fitting results, the α
value of QP2.5Si was significantly higher than that of QP1.7Si. The higher Si concentration
in QP2.5Si reduces the stacking-fault energy and increases the martensite nucleation rate.
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4.2. Iso-Work Constitutive Relationship

To analyze the strengthening mechanism of the intercritically annealed QP steels with
different Si contents, we constructed an iso-work constitutive model [32,33] based on the
microstructure characteristics and evolution of the phase constitution. The relationship
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between the flow stress and strain can be expressed as the sum of the product of the flow
stress and volume fraction of each phase:

σ(ε) = ∑ f j(ε j)× σj(ε j) (3)

where σ(ε) is flow stress, j represents a specific phase (F, RA, TM, DIM), σj(ε j) is the flow
stress in each phase, and f j(ε j) is the volume fraction of each phase. In this work, the
evolution of the phase constitution caused by the DIM transformation is considered and
calculated based on the O–C relationship fitted by the neutron diffraction experimental data.

The strengthening mechanism of the investigated steel can be decomposed into the
combined effect of the solid solution, grain boundary, and dislocation strengthening mech-
anisms. Because no micro-alloying elements, such as Nb and Ti, were added to the lean
alloy steels QP1.7Si and QP2.5Si, the C depletion due to the precipitates was not considered.
Moreover, the contribution of precipitation strengthening to the flow stresses in the material
was ignored.

For RA and F, the flow stress was decomposed into the combined effects of solid solu-
tion strengthening (σss

j ), grain boundary strengthening (σgb
j ), and dislocation strengthening

(σdis
j ), as follows [13]:

σF = σss
F +σ

gb
F +σdis

F (4)

σRA= σss
RA+σ

gb
RA+σdis

RA (5)

As the microstructural characteristics of martensite are different from those of F and
RA, the concept of grain boundaries was not applicable. Meanwhile, the solid solution
strengthening of martensite was mainly related to C. Thus, when calculating the constitutive
relationship of TM and DIM, we considered the influence of solid solution strengthening
(∆σC

j ), Peierls stress (σp
j ), and dislocation strengthening (σdis

j ):

σTM= ∆σC
TM+σ

p
TM+σdis

TM (6)

σDIM= ∆σC
DIM+σ

p
DIM+σdis

DIM (7)

4.3. Alloy Concentrations and Solid Solution Strengthening

Solid solution strengthening is the hindering effect of lattice distortions on dislocations
caused by solute atoms. It is related to the type and mass fraction of solute atoms. The
alloy concentrations of each phase are listed in Table 1. The Si and Mn contents in each
phase, and C content in F, were determined by simulating the equilibrium state at 800 ◦C
using Thermo-Calc software with the TCFE10 database (Figure 4). The average C content
in RA was estimated from the lattice parameter aγ measured from the FCC-(220) neutron
diffraction pattern, according to Equation (8) [34]:

aγ= 3.556 + 0.0453wC+0.00095wMn (8)

where wC and wMn are the C and Mn contents in wt.%, respectively. The C content in the
TM was calculated based on the C content of the alloy, volume fraction, and C content of
each phase. The alloy composition in DIM is considered the same as that in the parent
phase RA because of the low diffusion coefficient at room temperature.

The solid solution strengthening of RA and F was calculated using Equations (9) and (10),
respectively [35].

σss
F = 54 + 32wF

[Mn]+83wF
[Si] − 31wF

[Cr]+11wF
[Mo]+39wF

[Cu]+678wF
[P]+5544wF

[S] (9)

σss
RA= 598wRA

[C] − 1.4wRA
[Mn]+23wRA

[Si] − 0.1wRA
[Cr]+5.1wRA

[Mo]+118wRA
[Ti]+877wRA

[N]+5.7wRA
[Ni] − 17.5wRA

[Cu] (10)



Crystals 2022, 12, 1412 7 of 13

The solid solution strengthening stresses of RA in QP1.7Si and QP2.5Si were 638 and
618 MPa, respectively, whereas those of F were 261 and 336 MPa, respectively. These results
suggest that Si significantly improves the strength of F, which is consistent with the results
of previous studies [8,9]. When the Si content was increased from 1.7 wt.% to 2.5 wt.%, the
contribution of solid solution strengthening in F increased by 28.7%.

Table 1. Alloy concentrations in each phase (wt.%).

QP1.7Si QP2.5Si

C Si Mn C Si Mn

F 0.01 1.94 1.43 0.01 2.78 1.59
TM 0.10 1.67 2.88 0.10 2.37 3.12
RA 1.01 1.67 2.88 0.95 2.37 3.12

DIM 1.01 1.67 2.88 0.95 2.37 3.12
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For martensite (TM and DIM), solid solution strengthening (∆σC
j ) and Peierls stress

(σp
j ) are functions of the composition. ∆σC

j was calculated using the method adopted from
the one reported by Rodriguez et al. [36]:

∆σC
TM= 3065wTM

[C] − 161 (11)

∆σC
DIM= 3065wDIM

[C] − 161 (12)

σ
p
j was calculated based on Ref. [37]:

σ
p
TM= 77 + 750wTM

[P] +60wTM
[Si]+80wTM

[Cu]+45wTM
[Ni] +60wTM

[Cr]+80wTM
[Mn]+11wTM

[Mo]+50wTM
[N] (13)

σ
p
DIM= 77 + 750wDIM

[P] +60wDIM
[Si] +80wDIM

[Cu]+45wDIM
[Ni] +60wDIM

[Cr] +80wDIM
[Mn]+11wDIM

[Mo]+50wDIM
[N] (14)

The C contents of TM and DIM were different. As shown in Table 1, the C con-
tent of DIM was significantly higher than that of TM, corresponding to a higher solid
solution strengthening.

4.4. Grain Boundary Strengthening

During the deformation of polycrystalline materials, continuity causes the deformation
of the adjacent grains to restrain each other. A higher total area of the grain boundary
provides greater deformation resistance, thereby improving the strength of the materials.
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For RA and F, the contribution of grain boundary strengthening (σgb
j ) was calculated using

the Hall–Petch relationship [38]:

σ
gb
j = K j

(
dj
)−1/2 (15)

where Kj is the Hall–Petch parameter (Table 2), and dj is the average grain size of each
phase. Based on the quasi in situ electron backscatter diffraction (EBSD) analyses in our
previous study [16], the average grain size of RA was a function of the strain. In this study,
linear fitting was used to represent the variations in the grain size with stress, as shown in
Figure 5. The initial grain sizes (dj,0) of QP1.7Si and QP2.5Si are presented in Table 2.

Table 2. Parameters for constructing constitutive relationships.

Sample j
Kj

(MPa·mm1/2)
dj,0

(µm)
Λj,0

(µm) αj Mj
Gj

(GPa)
bj

(nm)

QP1.7Si RA 9.49 0.25 0.25 0.35 3.06 72 0.25
F 15 2.21 2.21 0.38 2.75 66 0.248

TM - - 0.30 0.38 2.75 81.6 0.248
DIM - - 0.30 0.38 2.75 81.6 0.248

QP2.5Si RA 9.49 0.20 0.20 0.35 3.06 72 0.25
F 15 2.39 2.39 0.38 2.75 66 0.248

TM - - 0.30 0.38 2.75 81.6 0.248
DIM - - 0.30 0.38 2.75 81.6 0.248
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4.5. Dislocation Strengthening

The dislocation strengthening of each phase can be obtained using the Taylor’s rela-
tionship (Equation (16)) [39], based on the iterative calculation method adopted from the
one reported by Seo et al. [13]:

σdis
j = αj MjGjbj(ρ j)

−2 (16)

where αj is a constant, Mj is the Taylor factor, Gj is the shear modulus, bj is the magnitude
of the Burgers vector, and ρj is the dislocation density. The change in ρj with strain can be
calculated as follows:

dρj= Mj[1/b jΛj+k1
j (ρ j)

−2/bj − k2
j ρj]dεj (17)

where k1
j and k2

j are the parameters related to the dislocation storage and dynamic recovery,
respectively, which are obtained by fitting, and Λj is the mean free path of the dislocation.
For martensite, the values of ΛTM,0 and ΛDIM,0 were defined as the widths of the martensite
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lath obtained by the TEM experiment [16,17,40]. For ferrite, the ΛF,0 value can be set equal
to the average grain size (dF). For RA, the initial value of ΛRA,0 was set equal to the initial
grain size of RA (dRA,0). The effect of RA grain size reduction (Figure 5) on dislocation
strengthening was also considered. The model construction parameters used in this study
are presented in Table 2.

4.6. Stress–Strain Response

Quantitative phase-specific stresses can be obtained by in situ neutron diffraction data
based on Hooke’s law [21,41]. The phase-specific stress–strain behaviors of QP1.7Si and
QP2.5Si are shown in Figure 6. The BCC phase comprised F, TM, and DIM and the FCC
phase stood for RA. A partitioning of the load was observed between the FCC and BCC
phases, with the FCC phase bearing a greater stress. The F yielded at lower stresses, which
reduced the lattice strain in the BCC phase and resulted in the FCC carrying additional
stress. In QP2.5Si, the F volume fraction was larger, which caused a lower BCC stress than
that in QP1.7Si.
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Since the diffraction peaks of the F, TM, and DIM were highly overlapped, the error
in separating their stress contributions cannot be accepted. The flow stress distribution
of F, TM, DIM, and RA was further discussed with respect to a mechanical model. Based
on Equation (3), the fitting phase-specific flow stress distribution of QP1.7Si and QP2.5Si
are shown in Figure 7. The true stress–true strain curves are also shown in Figure 7. The
model calculations and experimental data are excellently matched, except for the elastic
strain stage, since the model considers some non-strain functions, such as solid solution
strengthening. The initial value of the model is the yield strength of the specimen.

Crystals 2022, 12, 1412 10 of 13 
 

 

 
Figure 7. Stress distribution in each constituent phase obtained by neutron diffraction and model 
fitting. (a) QP1.7Si; (b) QP2.5Si. The FCC contribution is the product of the FCC stress and volume 
fraction obtained by neutron diffraction. RA, F, TM, and DIM denote the retained austenite, ferrite, 
tempered martensite, and deformation-induced martensite, respectively. 

The contribution of each phase to the flow stress increased with increasing strain be-
cause of the positive correlation between dislocation strengthening and strain, as shown 
in Figure 7. Compared with QP1.7Si, F contributed more to the strength of QP2.5Si, as 
shown by the green marks (fF·σF) in Figure 7, due to QP2.5Si’s higher Si content. Si in-
creased the volume fraction of F during intercritical annealing, and had higher solubility 
in F, which played a role in solid solution strengthening. 

Martensite had the highest contribution to the strength of the samples (yellow area 
in Figure 7). When the true strain was increased to 0.11, the strength contributed by mar-
tensite in QP1.7Si and QP2.5Si reached 972 and 809 MPa, respectively, accounting for 
74.8% and 59.3% of the flow stress, respectively. Martensite strengthening mainly relies 
on solid solution strengthening. The contribution of the DIM per unit volume fraction to 
strength is more significant than that of TM. For example, the volume fraction of DIM in 
QP2.5Si was 6.3% when the strain reached 0.11, and the contribution to strength was 276 
MPa, about 20.2% of total stress. This can be related to the higher C content of DIM. 

As DIM transformation continuously occurs during deformation, the contribution of 
initial RA to the strength can be considered as the sum of fRA·σRA and fDIM·σDIM (shaded 
area in Figure 7). The higher Si content of QP2.5Si increased the volume fraction of RA 
and the possibility of DIM transformation [16]. When the true strain was increased to 0.11, 
the initial RA’s contribution in QP2.5Si was 502 MPa, which was higher than that in 
QP1.7Si (358 MPa). 

The FCC contribution in Figure 7 is the product of the FCC stress and volume fraction 
obtained by neutron diffraction. The experimental results showed that as the strain in-
creased, the volume fraction of RA decreased due to DIM phase transformation, while the 
stresses borne by the remaining RA did not decrease. In agreement with the experimental 
results, the fRA·σRA from the mechanical model did not significantly decrease. The main-
tained strength in RA is related to the enhancement of the grain boundary and dislocation 
strengthening with strain. 

The model intuitively reflects the difference in the distribution of the corresponding 
forces caused by Si; however, some aspects that may introduce errors cannot be ignored. 
First, the model was built based on the iso-work constitutive relationship, which only con-
sidered the average size of each phase and did not take into account the multiphase fea-
ture and phase interface. According to our previous studies, the interphase deformation 
accommodation mechanism changes at different stages of deformation, which is not re-
flected in the model. Second, the diffusion of C was described using the experimental 
analysis, whereas the contents of the other alloying elements were simplified by equilib-
rium simulations. Third, we used the initial dislocation density parameters adopted from 
those reported in Ref. [13]. Different alloy components and QP processes may cause 

Figure 7. Stress distribution in each constituent phase obtained by neutron diffraction and model
fitting. (a) QP1.7Si; (b) QP2.5Si. The FCC contribution is the product of the FCC stress and volume
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tempered martensite, and deformation-induced martensite, respectively.
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The contribution of each phase to the flow stress increased with increasing strain
because of the positive correlation between dislocation strengthening and strain, as shown
in Figure 7. Compared with QP1.7Si, F contributed more to the strength of QP2.5Si, as
shown by the green marks ( fF·σF) in Figure 7, due to QP2.5Si’s higher Si content. Si
increased the volume fraction of F during intercritical annealing, and had higher solubility
in F, which played a role in solid solution strengthening.

Martensite had the highest contribution to the strength of the samples (yellow area in
Figure 7). When the true strain was increased to 0.11, the strength contributed by martensite
in QP1.7Si and QP2.5Si reached 972 and 809 MPa, respectively, accounting for 74.8% and
59.3% of the flow stress, respectively. Martensite strengthening mainly relies on solid
solution strengthening. The contribution of the DIM per unit volume fraction to strength is
more significant than that of TM. For example, the volume fraction of DIM in QP2.5Si was
6.3% when the strain reached 0.11, and the contribution to strength was 276 MPa, about
20.2% of total stress. This can be related to the higher C content of DIM.

As DIM transformation continuously occurs during deformation, the contribution of
initial RA to the strength can be considered as the sum of fRA·σRA and fDIM·σDIM (shaded
area in Figure 7). The higher Si content of QP2.5Si increased the volume fraction of RA and
the possibility of DIM transformation [16]. When the true strain was increased to 0.11, the
initial RA’s contribution in QP2.5Si was 502 MPa, which was higher than that in QP1.7Si
(358 MPa).

The FCC contribution in Figure 7 is the product of the FCC stress and volume fraction
obtained by neutron diffraction. The experimental results showed that as the strain in-
creased, the volume fraction of RA decreased due to DIM phase transformation, while the
stresses borne by the remaining RA did not decrease. In agreement with the experimental
results, the fRA·σRA from the mechanical model did not significantly decrease. The main-
tained strength in RA is related to the enhancement of the grain boundary and dislocation
strengthening with strain.

The model intuitively reflects the difference in the distribution of the corresponding
forces caused by Si; however, some aspects that may introduce errors cannot be ignored.
First, the model was built based on the iso-work constitutive relationship, which only
considered the average size of each phase and did not take into account the multiphase
feature and phase interface. According to our previous studies, the interphase deforma-
tion accommodation mechanism changes at different stages of deformation, which is not
reflected in the model. Second, the diffusion of C was described using the experimental
analysis, whereas the contents of the other alloying elements were simplified by equi-
librium simulations. Third, we used the initial dislocation density parameters adopted
from those reported in Ref. [13]. Different alloy components and QP processes may cause
differences in the internal stress, which affects the evaluation of the dislocation density.
Finally, uncertainties from various experiments were used to study the variation in the RA
volume fraction with strain. In particular, compared with the quasi in situ EBSD, in situ
neutron diffraction is a bulk measurement technique used to measure large quantities of
grains to provide better averaged information to match macroscopic behaviors. Finally, a
physical-based mechanical model was proposed and validated, to some extent, by neutron
diffraction data. The results indicate that the elevated stress in the remaining RA, due to
the interaction between grain refinement and dislocation multiplication, merits further
study to clarify the contribution of the TRIP effect to the mechanical properties of AHSS.

5. Conclusions

Based on the analysis of the microstructure and strengthening mechanisms, a physical-
based mechanical model considering grain refinement during phase transformation was
proposed. This model describes the influence of the main microstructural and phase
transformation mechanisms on the strength and strain hardening of intercritically annealed
QP steels. The model was validated using intercritically annealed QP steels with different
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Si contents. The potential of adding Si to tune the microstructural characteristics and
strengthening mechanisms was explored. The conclusions are as follows.

(1) A mixed structure of F, martensite, and RA was observed in the intercritically an-
nealed QP steel. As increasing Si content increases the intercritical temperature range,
the ferrite volume fraction of QP2.5Si was significantly higher than that of QP1.7Si.
Moreover, the volume fraction of RA in the Si-strengthened QP steel was higher
(16.2%).

(2) During the deformation process, QP2.5Si successively underwent stress-assisted and
strain-induced DIM transformations. In the early stages of deformation, QP2.5Si
exhibited lower RA stability and faster transformation kinetics. Consequently, a
higher initial work-hardening rate was attained. The variations in the RA volume
fraction with the deformation were fitted using a segmented exponential function.

(3) The tensile behavior of the intercritically annealed QP steels was interpreted using a
microstructure-based model considering grain refinement during phase transforma-
tion. The model indicated that Si enhances the strengthening effect of the F phase. The
contribution of RA to the strength was characterized by the sum of fDIM·σDIM and
fRA·σRA. DIM exhibited a high work-hardening rate owing to the high solid-solution
strengthening by C and the high dislocation density. Owing to an increase in the
grain boundary and dislocation strengthening with strain, the residual RA after DIM
transformation exhibited a non-negligible stress distribution.
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