
Arch. Metall. Mater. 68 (2023), 4, 1555-1562

DOI: https://doi.org/10.24425/amm.2023.146222

Rui-Bin Gou1, Wen-Jiao Dan1*, YonG-ShenG Xu2, Min Yu3, TonG-Jie Li1

Strain-Hardening Prediction of dP600 Steel conSidering tHe HeterogeneouS deformation  
Between ferrite and martenSite

Dual-phase steels have received extensive attention in autobody frame manufacturing due to the resulting characteristics of 
an interesting combination of ductile ferrite and hard martensite. Moreover, the ductile ferrite and hard martensite lead to hetero-
geneous deformation in the boundary between the two phases. Then, geometrically necessary dislocations (GnDs) are created to 
accommodate a lattice mismatch due to the deformation incompatibility of the boundary in straining. in this study, a new empirical 
GnD model is developed, in which the GnD density is a function of local plastic deformation; the GnD density is distributed in 
the phase boundary in accordance with an “S” model of material plastic strain. The boundary conditions are applied to define the 
parameters. The proposed model is verified with DP600 steel. The effects of the GnDs and the width between ferrite and martensite 
on the strain hardening of DP600 steel are evaluated.
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1. introduction

Dual-phase (DP) steels, considered as a typical advanced-
high-strength steel, have received extensive attention in autobody 
frame manufacturing processes. This phenomenon is due to the 
results of an interesting combination of ductile ferrite and hard 
martensite, which promotes high work hardening and good 
ductility characteristics [1-2].

appealing microstructures in DP steels have been focused 
on in different manners. First, the production processes are 
controlled to obtain better microstructures. To obtain ferrite 
and martensite, one method is hot rolling by controlling the 
final rolling temperature and cooling rate [3]. The other method 
is cold rolling to control the microstructure distribution with 
inter-critical annealing [4]. For a better understanding of the 
mechanical behaviors of ductile-ferrite and hard-martensite DP 
steels, various studies have been developed through experimental 
and theoretical models. The local strains of microstructures are 
measured by using optical-Microscope (oM) [5, 6], Scanning-
electron-Microscope (SeM) and electron-Backscattered-
Diffraction (eBSD) [1,7-8] methods, and they are calculated by 
digital image correlation (DiC).

The strain-hardening characteristics of DP steels are de-
pendent on the grain sizes and martensitic volume fractions of 
the materials. The reduction in the grain sizes of metallic alloys 
can improve the strength [9]; in particular, the refinement of 
ferrite grains is found to be quite effective in enhancing material 
behaviors [10]. The fine martensite particles increase the strain 
hardening and ductility characteristics of ultrafine-grained DP 
steel [11] and a uniform distribution of microstructure results in 
the superior tensile properties of steels [12]. The high martensitic 
volume fraction in DP steel can significantly improve the strength 
and subsequently reduce the elongation [13,14]. The local to-
pography [15], stress triaxiality [16] and strain partition [17] of 
martensite affect the work hardening stage [18], damage and 
crack behaviors [19], cycle fatigue life [20] and formability [21].

however, the overall strain of the material is between the 
martensite strain and ferrite strain [6]; this phenomenon leads 
to heterogeneous deformation in the boundary between the soft 
ferrite and hard martensite. Then, geometrically necessary dislo-
cations (GnDs) are created to accommodate a lattice mismatch 
due to the deformation incompatibility of the boundary during 
strain. a proposed model of GnDs with plastic deformation is 
introduced by nye [22] and ashby [23] and further developed 
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by needleman et al. [24-25] and nix et al. [26], successively. 
The GnDs effects on the material strain-hardening have been 
measured and predicted extensively in the literature [27-32]. The 
local heterogeneous deformation characteristics in the boundaries 
between the two phases are complex, and a strain gradient is 
introduced to calculate the GnDs [26,33].

in this study, the characteristics of strain-hardening of DP 
steels are predicated with the effects of GnDs in the boundary 
between two phases. a new empirical GnD model is developed, 
in which GnD density is a function of local plastic deformation, 
which is distributed in the phase boundary with an “S” model 
of material plastic strain. The parameters are defined using 
boundary conditions. The impact of parameter δ named Fer-
rite–Martensite (F–M) boundary width on the strain-hardening 
of the material are discussed. 

2. theoretical model

2.1. Heterogeneous deformation between ferrite  
and martensite

as a principal element, carbon usually segregates het-
erogeneously at the grain boundaries [34]. especially, carbon 
content shows a gradient decrease from Martensite to Ferrite in 
DP steels [35]. The solute carbon induces the lattice mismatch 
at the grain boundaries, and the local mechanical behaviors 
(e.g., nanohardness) between Martensite to Ferrite decreases 
gradually [28]. The gradient reduction of the local nanohardness 
results in the corresponding plastic strain at the grain boundaries 
in bi-crystal changes similarly during the deformation process, 
and the local GnDs improve [36,37]. in other words, we can 
assume the mechanical behaviors of martensite-ferrite DP steels 
is homogeneous and the features at the grain boundaries is gradi-
ent reduction from Martensite to Ferrite continuously. Then the 
average strain replaces the Martensite and Ferrite deformation 
and a function reducing from Ferrite to Martensite, replaces the 
strain distribution at the grain boundaries.

The microstructure strain εi given in eq. (1) is linear to the 
total strain of material ε [37].

 εi = Kiε (1)

where i is the ferrite (F)/martensite (M) phase, Ki is the strain 
factor, and KF > 1 > KM > 0.

The strain between the two phases (F–M boundary with 
thickness δ) is non-linear to the total strain of the material and 
increases from εM to εF. The strain gradient of the F–M boundary 
is equal to that of martensite at the beginning, then it increases to 
a maximum value and finally reduces to that of ferrite (Fig. 1). 
eq. (2) is the relationship between the strain of the boundary εFM 
and the total strain of material ε.
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The GnDs ρG (eq. (3)) are described as follows with the 
ashby model [23]:
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where M and b refer to the Taylor factor and the Burgers vector, 
respectively. γFM is the shear strain of the F–M boundary.

Fig. 1. Scheme of heterogeneous deformation between ferrite and 
martensite

2.2. Strain hardening model

By considering the mixture hardening law [38], the strain 
hardening model of DP steel considering GnDs can be expressed 
as eq. (4).
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FM FM FM

σ V K σ V V K σ
V K σ

= + - +

+
 
 (4)

where VM, VF and VFM are the volume fractions of M, F and F–M, 
respectively; KM, KF and KFM are their strain factors, respec-
tively; σM, σF and σFM are their equivalent stress, respectively.

The relationship between the material strain ɛ and the phase 
strain ɛi [37] is given in eq. (5), as follows:
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where εM, εF and εFM are the strains of F, M and F–M, respec-
tively.

in the model (eq. (5)), martensite assumed as a circular with 
a diameter of dM and uniformly distributed in the ferrite matrix. 
The interaction part between ferrite and martensite boundary is 
defined as F–M and the F–M thickness is δ of F–M. By the area 
comparison, the VFM can be expressed by parameters δ (the F–M 
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thickness), VM (the volume fractions of M) and dM (the grain 
size of M), respectively. as given in eq. (6):

 

2
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Based on the eq. (5), The strain factor of F–M can be cal-
culated from eq. (7):
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The stress of M, F and F–M can be expressed as eq. (8), 
eq. (9) and eq. (10), respectively [39].

 0M M M Mσ σ αMG b ρ= +   (8)

 0F F F Fσ σ αMG b ρ= +   (9)

 0FM F F F Gσ σ αMG b ρ ρ= + +   (10)

where σM0, GM and ρM are the initial stress, shear modulus and 
dislocation density of M, respectively; α is an empirical material 
parameter [40]. σF0, GF and ρF are the initial stress, shear modu-
lus and dislocation density of F, respectively [29-32]. ρG is the 
GnD of the F–M boundary and it can be calculated from eq. (3).

For F and M, their dislocation density changes are given in 
eq. (11) and eq. (12) [39,41], respectively.

 

0
1 2

1 FF
F F F F F

F

kdρ MK k ρ k ρ
dε b d

  
    

   
  (11)

 

0
1 2

1 MM
M M M M M

M

kdρ MK k ρ k ρ
dε b d

  
    

   
  (12)

where kF0, kF1 and kF2 are material parameters of F. kM0, kM1 and 
kM2 are material parameters of M, and parameters dF and dM are 
the grain size of F and M, respectively.

3. material and experiment

The DP600 was chosen to evaluate the proposed model. The 
thickness of the steel sheet was 0.9 mm. Fig. 2 is a metallographic 

picture of DP600. TaBLe 1 and TaBLe 2 are separately the 
chemical compositions and the mechanical properties of the in-
vestigated steel. according to the photomicrograph, we obtained 
VM = 23.33%, VF = 76.67%, dM = 4.2 μm and dF = 8.4 μm. 
The strain factor of the microstructure was calculated from the 
photomicrograph with plant input mapping (PiM) [6] (in Fig. 3 
and TaBLe 3). The experimental methods and equipment can 
be found in Ref. [6]. 

TaBLe 1

Chemical compositions of DP600 steel (wt.%)

material c cr cu mn mo ni P Si S
DP600 0.138 0.041 0.012 0.927 0.001 0.031 0.008 0.441 0.003

Fig. 2. Metallographic picture of DP600 steel (black: martensite, white: 
ferrite)

TaBLe 2

Mechanical properties of DP600 steel

material Yield  
strength/mPa

ultimate tensile 
strength/mPa

total 
elongation/%

DP600-#1 338.7 668.2 25.9
DP600-#2 342.6 707.2 22.8
DP600-#3 324.5 674.0 22.6
average 335.3 683.1 23.8

      
(a)                                        (b) 

 

(a) (b)

Fig. 3. Strain of F-phase and M-phase: (a) F and (b) M
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TaBLe 3
Strain factors of ferrite and martensite for DP600 steel

Specimen 1# 2# 3# 4# average
F 1.076 1.137 1.107 1.250 1.1425
M 0.772 0.587 0.668 0.631 0.6645

4. results and discussion

The parameters of the proposed model are given in Ta-
bles 4-6. Parameters in TaBLe 4 are the experimental results of 
the research group mainly to describe the microstructure features 
of F, M and F–M. Parameters in TaBLe 5 are referenced from 
the literatures mainly focused on the calculation of strain hard-
ening of material. The TaBLe 6 gives the empirical parameters 
related to the dislocation evolution. 

The proposed model is verified by a comparison with the 
experimental results (in Fig. 4). Fig. 5 and Fig. 6 show the ef-
fects of the GnDs and F–M width on the mechanical behaviors, 
respectively. The material hardening rate H and strain-hardening 

exponent n are calculated as 
dσH
dε

   and 
dσ εn
dε σ

   , respec-
tively.

TaBLe 4

Parameters for microstructure features of the DP600 steel

Para-
meters

dF
(μm)

dM
(μm)

δ
(μm)

VM
(%)

VF
(%) KF KM KFM

DP600 8.4 4.2 0.84 23.33 76.67 1.1425 0.6645 0.839

TaBLe 5
Parameters of the strain hardening model [5,6,32,34]

Para-
meters α M b

(m–2)
GF

(GPa)
GM

(GPa)
σF0

(MPa)
σM0

(MPa)
gM, 
gF

DP600 0.33 3.0 1.0×10–10 72 78.5 315 650 0.13

TaBLe 6
Parameters for the dislocation evolution of microstructure

Parameters ki0 ki1 ki2

F 0.13 1.137 1.107
M 0.13 0.587 0.668

From Fig. 4(a)-(c), the proposed model could describe the 
mechanical behaviors very well. The results showed the M-phase 
improved the material strength; the F-phase provided the ductil-
ity of the material; the F–M boundary introduced heterogeneous 
deformation to maintain the deformation compatibility between 
the hard and soft phases and the GnDs were created to accom-
modate a lattice mismatch due to the deformation incompatibility 
of the boundary during strain; this phenomenon induced the local 
strength of the F–M boundary to be larger than the strength of 
F-phase; and the local strain was higher than that of martensite 
and lower than that of ferrite (Fig. 4(d))

The local GnDs improved the strength of DP600 due to the 
local lattice mismatch of the F–M boundary (in Fig. 5(a)). Both 
parameters H and n improved due to the local heterogeneous 
deformation to maintain the deformation compatibility between 
the hard (M) and soft (F) phases (in Fig. 5(b) and (c)). The 
martensite dislocation density was over 1016 m–2 at high strain, 

       

(a)                                           (b) 

      

                   (c)                                       (d) 
 

       

(a)                                           (b) 

      

                   (c)                                       (d) 
 

(b)

(d)

(a)

(c)

Fig. 4. new Model verification: (a) stress-strain curve of material, (b) H (hardening rate), (c) n (Strain-hardening exponent) and (d) stress-strain 
curves of each phase
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that of ferrite was approximately 4.0×1014 m–2 and the GnD 
density of FM was higher than 2.0×1015 m–2 (Fig. 5(d)). Ferrite 
improved the strength of the material before the strain at 0.1, but 
its dislocation evolution reached a balance after the strain at 0.1, 
indicating that the generation and annihilation rates of ferrite 
dislocation were equal. The statistically stored dislocations of 
the F–M boundary were similar to those of ferrite, although the 
increment of dislocation density was lower than that of ferrite 
before strain at 0.1 (in Fig. 5(e)).

The strength of DP600 improved with the F–M boundary 
width δ. The stress decreased with decreasing width due to the 

dislocation density decreasing but the F–M boundary volume 
fraction improved the material strength (in Fig. 6(a)-(c) and 
TaBLe 7). The hardening rate, strain-hardening exponent 
and necking point increased with increasing width of the F–M 
boundary (in Fig. 6(d)-(e)) and the necking point at δ = 0.3dM 
was 0.1181, which was consistent with the experimental results 
(in Fig. 6(f)). The width of the F–M boundary was approximately 
0.25dM, as measured by Ramazani et al. [30,32,42], but the layer 
size could be predicted to be 0.3 dM considering the GnD density 
of the inner part of each phase.

TaBLe 7

Parameter changes due to the width of the F–M boundary

Para meters δ = 0.10dM δ = 0.15dM δ = 0.20dM δ = 0.25dM δ = 0.3dM

VFM (%) 4.89 7.51 10.25 13.10 16.10
KFM 0.511 0.732 0.839 0.893 0.950

     
                   (a)                                      (b) 

     
                    (c)                                    (d) 

   
    (e) 

 

     
                   (a)                                      (b) 

     
                    (c)                                    (d) 

   
    (e) 

 

     
                   (a)                                      (b) 

     
                    (c)                                    (d) 

   
    (e) 

 

(a)

(c)

(e)

(b)

(d)

Fig. 5. effects of the GnDs on the mechanical behaviors of DP600: (a) stress-strain curve, (b) H, (c) n, (d) dislocation density of each phase and 
(e) dislocation density of F and F–M
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5. conclusion

in this paper, a strain-hardening model for ferrite-martensite 
DP steel is developed considering heterogeneous deformation 
between the two phases. The new model is verified with DP600 
steel. The effects of GnDs and the width between the two 
individual phases on the strain-hardening of DP600 steel are 
evaluated. The main conclusions are as follows:

a new empirical GnD model is developed, in which 
a function of local plastic deformation was employed to define 
the GnD density distributed in the phase boundary with an “S” 
model of material plastic strain. The boundary conditions are 
applied to define the parameters. The proposed model is verified 
with DP600 steel.

The effects of GnDs (heterogeneous deformation be-
tween F and M) on the strain-hardening characteristics of the 
material are discussed. The results point that the local strength of 
F–M is higher than that of ferrite and the local strain is larger than 
martensite strain but smaller than ferrite strain. The martensite 
dislocation density is over 1016 at high strain, that of ferrite is 
approximately 4.0×1014 and the GnD density of F–M is larger 
than 2.0×1015.

The strength of DP600 improves with the width of the F–M 
boundary and the stress decreases with its width due to the dislo-
cation density decreasing, but its volume fraction VFM improves 
the material strength. When the width of the F–M boundary 
increases, parameters H and n increase. Moreover, necking point 
also increase and the necking point at δ = 0.3dM is 0.1181, which 
is in good agreement with the experimental results.

     
                   (a)                                      (b) 

     
                   (c)                                     (d) 

    

                    (e)                                     (f) 
 

     
                   (a)                                      (b) 

     
                   (c)                                     (d) 

    

                    (e)                                     (f) 
 

     
                   (a)                                      (b) 

     
                   (c)                                     (d) 

    

                    (e)                                     (f) 
 

(a)

(c)

(e)

(b)

(d)

(f)

Fig. 6. effects of F–M width on the mechanical behaviors of DP600: (a) stress-strain curve, (b) stress with F–M width, (c) dislocation density 
with F–M width, (d) H with F–M width, (e) n with F–M width and (f) necking point of DP600
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