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Abstract 

An expression for the stress of martensite in dual-phase steel was developed, which shows the interdependence of the stress of 
martensite and strain hardening in the ferrite matrix and the contribution of microstructural variables (the volume fraction of 
martensite fro, ferrite grain size dr, and martensite particle size din). The onset of plastic deformation of martensite in dual-phase steel 
was predicted to depend on its yield strength and the microstructural variables, and this was verified by the modified Crussard-Jaoul 
analysis. It was found that for this dual-phase steel, refining the grain size and increasing fm increase the flow stress and raise the strain 
hardening rate at low strains, but little affect the strain hardening rate at high strains. The effect of the ferrite grain size on the flow 
stress of this dual-phase steel was found to obey the Hall-Petch relation, i.e. cr = a0 e + Kedf - ~/2, where the Hall-Petch intersection o. ~ 
and slope K e are functions of strain, fm and din. The effects of the plastic deformation of martensite and the microstructural variables 
on the strain hardening rate and the Hall-Petch behaviour were analysed in terms of the densities of statistically stored dislocations and 
geometrically necessary dislocations using the previously developed theoretical model. 
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1. Introduction 

Dual-phase steels are a type of low-carbon low-alloy 
steel characterized by a microstructure consisting of a 
ferrite matrix with particles of martensite, and have 
received considerable attention owing to their superior 
combination of high strength and good ductility. 

A number of attempts have been made to describe 
the deformation behaviour and structure-properties 
relationship of dual-phase steels. The classical law of 
mixture with the assumption of either isostress or 
isostrain has been used for dual-phase steels [1-4] to 
predict the tensile properties. A modified form of the 
law of mixture or intermediate law of mixture was 
proposed by Tamura et al. [5] and Fischmeister and 
Karlsson [6], which assumes that the tensile deforma- 
tion behaviour lies between the states of isostress and 
isostrain. This model has been used for dual-phase 
steels by several investigators [7-11] to elucidate the 
effects of the retained austenite and initial accommoda- 
tion dislocations [8, 9] and the deformation state of 
martensite [ 11 ]. 

Tomata et al. [12] proposed a continuum mechanics 
model in which the internal back stress produced by 
the inhomogeneous distribution of plastic deformation 
between two constituents is taken into account. Kim 
[13] extended the application of this model to dual- 
phase steel and explained well the effect of strain- 
induced transformation of retained austenite to 
martensite. Micromechanics theories, which are based 
on the dispersion hardening models, such as those of 
Ashby [14-16] and Brown and Stobbs [17], were 
developed for dual-phase steel by several authors 
[18-22]. They explained the effects of grain sizes 
[ 18-20], dislocation density [18-22] and the contribu- 
tion of back stress [19, 21, 22]. 

In spite of the considerable successes in under- 
standing the deformation behaviour and structure- 
properties relationships of dual-phase steels, some 
problems still require further study. For example, the 
deformation behaviour of the martensite phase is not 
fully understood. In addition, the Hall-Petch behaviour 
in dual-phase steel has not been given enough atten- 
tion. 
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Recently, a theoretical model [23] for the relation- 
ship between the flow stress and the microstructural 
variables (dm, df and fro) was proposed based on the 
Ashby strain hardening theory [15, 16] and the disloca- 
tion pile-up concepts. In the present study, this model 
was used to investigate the effects of the microstruc- 
tural variables (fro, df and din) and the behaviour of 
martensite on the deformation behaviour of dual-phase 
steel. Special attention was paid to the Hall-Petch 
behaviour of dual-phase steel. 

2. Experimental procedure 

The material used in the present study was a hot 
rolled steel bar, 14 mm in diameter. The composition 
of this steel was 0.12 wt.% C, 0.87 wt.% Mn, 0.25 wt.% 
Si, 0.01 wt.% P, 0.06 wt.% S, 0.08 wt.% V and 0.02 
wt.% A1. The steel was first heated at 1100 °C for 4 h 
and air cooled to obtain a uniform, initial microstruc- 
ture of ferrite-pearlite. In order to obtain dual-phase 
steels with different grain sizes, the steel was repeatedly 
heated to temperatures ranging from 830 to 1000 °C 
for 1 h followed by furnace cooling. A similar heat 
treatment method was previously used by Tanaka et al. 
[24]. 

Cylindrical tensile specimens with 5 mm gauge 
diameter and 25 mm gauge length were machined from 
the treated hars. The dual-phase microstructure was 
obtained by heating the specimens in a salt bath in the 
intercritical region for 15 min and quenching in 15% 
brine to room temperature. The intercritical annealing 
temperatures were chosen to produce the required 
volume fractions of martensite. After the above treat- 
ments, the specimens were surface ground to final size. 
The tensile tests were carried out with a cross-head 
speed of 1 mm min-1. Microstructures of the steel 
were examined using materials taken from the grip 
sections of broken tensile test pieces. The volume 
fractions of martensite were determined using a Quan- 
timer-970 image analyser. The ferrite grain size and 
martensite particle size were measured manually by the 
linear intercept method on specimens etched with 3% 
Nital. The definitions of ferrite grain size and marten- 
site particle size in this study were the same as in a pre- 
vious study [23]. 

3. Experimental results 

Intercritical annealing at different temperatures 
followed by rapid quenching produced a polygonal 
ferrite-martensite structure in all the specimens. At the 
same intercritical annealing temperature, the ferrite 
grain size and martensite particle size decreased with 

decreasing heating temperature and increasing times of 
pretreatment. The volume fraction of martensite 
increased with increasing intercritical annealing tem- 
perature and was not affected systematically by the 
pretreatment. Quantitative metallographic results for 
these dual-phase steels are shown in Table 1, and 
representative microstructures with varying grain sizes 
are shown in Fig. 1. The part experimental true 
stress-strain curves of this dual-phase steel are shown 
in Fig. 2. The tensile data, the true tensile strength ou, 
the true yield strength 00. 2 and the maximum uniform 
true strain eu are shown in Table 1. It can be seen that 
at approximately constant fro, 0-u and o0.2 increase with 
decreasing grain size and under the same pretreatment 
conditions, 0-u and 0-0.2 increase with increasing fm" 
eu decreases with increasing fm and tends to increase 
with decreasing grain size. 

The dependence of the flow stress on the grain size 
of this dual-phase steel was examined by plotting the 
flow stresses at several selected strains against the 
inverse square root of ferrite grain size dr-1/2, shown in 
Fig. 3. The flow stress at a given strain increases 
linearly with de-t/2, that is, the Hall-Petch relationship 
holds between the flow stress and ferrite grain size. It is 
apparent that the Hall-Petch parameters, the inter- 
section 0-~ and the slope K e of the flow stress vs. dr- ~/2 
curves are a function of strain, a~ and K ~ at different 
strains were obtained from regression calculations of 
the data and are shown as a function of strain in Fig. 4. 
It is seen that for three dual-phase steels with approxi- 
mately constant fm, both 0-~ and K e increase with 

Table 1 
Quantitative metallographic data and tensile data 

Speci- fm d~ d m 6 u 00. 2 O" u 
men (%) (/,tm) (~m) (mPa) (MPa) 

A1 26.4 36.3 18.3 0.106 341.1 758.1 
A2 24.5 21.9 11.0 0 . 1 0 5  340.4 785.6 
A3 25.0 18.0 9.9 0.110 355.1 812.5 
A4 24.6 12.3 9.4 0.118 355.9 839.5 
A5 25.8 8.4 6.7 0.119 368.8 884.1 
A6 25.1 5.6 5.0 0.125 394.7 951.5 

B1 34.0 34.7 20.9 0.094 369.4 818.0 
B2 35.6 20.1 14.4 0 . 0 9 8  388.9 884.5 
B3 34.0 17.2 13.1 0.093 385.9 886.7 
B4 35.5 13.0 10.2 0 . 1 0 3  398.1 930.2 
B5 35.8 9.8 8.4 0.100 412.7 973.4 
B6 36.3 7.7 7.1 0.109 4 2 1 . 3  1012.3 

C1 43.6 33.0 21.0 0 . 0 8 5  407.6 888.1 
C2 43.1 21.6 15.5 0 . 0 8 2  424.8 929.2 
C3 45.9 17.4 12.3 0.090 431.1 960.5 
C4 44.0 12.9 11.2 0 . 0 9 2  444.9 996.6 
C5 45.5 10.6 9.3 0.090 4 5 9 . 8  1064.3 
C6 46.0 8.6 8.4 0.094 469.8 1089.7 
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Fig. 1. Optical microstructures of the dual-phase steel: (a) A1, (b) A2, (c) A5, (d) A6; 250 ×. 
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Fig. 2. Experimental and calculated true stress-strain curves of 
the dual-phase steel. 

increasing strain and at high strains K e remains ap- 
proximately constant. Both 0(% and K e increase with 
increasing fm and the effect of fm is stronger on K e than 
on on. 

The strain hardening behaviour of this dual-phase 
steel was analysed using the modified Crussard-Jaoul 
(C-J) analysis [25] which has been suggested to be 
more suitable for analysing the strain hardening behav- 
iour of dual-phase steels [26, 27]. The modified C-J  
analysis is based on the Swift equation [28] 

e = e .  + k o "  (1) 

where e and o are the true strain and true stress, e 0 and 
k are constants, and m is the strain hardening expo- 
nent. The logarithmic form of Eq. (1), differentiated 
with respect to strain, is 

ln(da/de) = (1 - m) In a -  ln(km) (2) 
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Fig. 3. Experimental and calculated relationship between the flow stress and the inverse square root of ferrite grain size df ~/2 of the 
dual-phase steel: (a) A1-A6 ,  fm = 0.25; (b) B 1-B6, f,, = 0.35; (c) C 1-C6, fm= 0.45. 

Fig. 5 shows representative In(do/de) vs. In o curves of 
this dual-phase steel. It is seen that the dual-phase steel 
deforms in two distinct stages. The slopes ( 1 - m )  of 
the In(do/de) vs. In a curves in the first (low strain) 
stage are larger than those in the second (high strain) 
stage. This two-stage strain hardening behaviour of 

dual-phase steel has been reported by several authors 
[26, 27, 29-31] .  The transition strains et separating the 
two stages were measured and are shown in Fig. 6 as a 
function of fro" It has been suggested [11, 26, 27, 31] 
that the two-stage deformation behaviour of dual- 
phase steels revealed by the modified C-J analysis is 
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Fig. 5. Representative experimental In(do/de) vs. In o curves of 
the dual-phase steel. 
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Fig. 4. (a) Dependence of the Hall-Petch intersection oF) on 
strain in the dual-phase steel; (b) dependence of the Hall-Petch 
slope K ~ on strain in the dual-phase steel. 

related primarily to the deformation state of martensite 
(elastic or plastic) and the development of dislocation 
structures in the ferrite matrix. In the first low-strain 
stage, only ferrite deforms plasticly, while martensite 
remains elastic; in the second high-strain stage, both 
ferrite and martensite deform plasticly. Therefore, 
within a certain strain interval around the transition 
strain et, the deformation state of martensite changes 
from elastic to plastic. 

The strain hardening rates at different strains as a 
function of ferrite grain size are shown in Fig. 7(a)-(c) 
for three dual-phase steels having about the same value 
of fro" As these figures show, the strengthening effect of 
grain size mainly occurs at low strains. At low strains 
the strain hardening rate increases with decreasing 
grain size, while at high strains the strain hardening rate 
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Fig. 6. Dependence of the experimental and calculated transition 
strain on the volume fraction of martensite in the dual-phase 
steel. 

becomes nearly independent of grain size. At low 
strains the strain hardening rate of the specimens with 
larger fm is markedly higher than that with smaller fm; 
at high strains, for example at 0.07 strain, the strain 
hardening rate of the specimens with larger fm is 
slightly lower than that of specimens with smaller fro" 

4 .  D i s c u s s i o n  

4.1. The dependence of  f low stress on microstructural 
variables 

Recently, a theoretical model for the relationship 
between the flow stress and microstructural variables 
(din, df and fm) of dual-phase steel was proposed by 
Jiang et al. [23] based on the Ashby strain hardening 
theory [15, 16] and the dislocation pile-up concept. 
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Fig. 7. Change in strain hardening rate with the ferrite grain size of the dual-phase steel: (a) A1-A6, fm= 0.25, (b) B ! -B6, fm= 0.35, (C) 
C1-C6,fm = 0.45. 

This model  takes into account the inhomogeneous  
distribution of stress in the ferrite matrix in terms of 
dislocation density, and divides the ferrite matrix into 
two regions: the ferrite-martensite phase boundary 
region with average dislocation density pS +Pgm, and 
the ferrite-ferrite grain boundary region with average 

dislocation density pS +pfg, where pS is the density of  
statistically stored dislocations (SSDs) and Pgm and pfg 
are the densities of geometrically necessary disloca- 
tions (GNDs)  [15, 16] in the ferrite-martensite phase 
boundary region and in the ferrite-ferrite grain bound- 
ary region respectively. Based on this model  an expres- 
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sion for the flow stress a was derived 

a = o o +A[(p s +/o~)1/2( 1 - L )  q- (p s  q_ pg),/Zfm ] 

+ D(p ~ +pg)'/2jm(dm/d,.)'/2 (3) 

where a 0 is the friction stress of the ferrite matrix, A 
and D are constants. Substituting the expressions 
p~= ke~' [23], pg= eJ(4bd,) and Pgm= 8Mfmef/(bdm) 
[15, 16] into Eq. (3), the relationship between the flow 
stress and microstructural variables can be written as 

a = a0 + A[( ke~' + Bef/df)l/2( 1 --fro) 

+ (ke~ + Cfmgf/dm)l/2fm] 

+ D(ke~' + Cfnef/dm)l/2fm(dm/df)l/2 (4) 

where A =M2aGb/[,l~+ In(,/2 + 1)]~ B = 1/(4b), C = 
8M/b, and D = 2f2M2aGb/[,[21n(,J2+ 1)] 2, k, n and 
a are material constants, M, G and b are the Taylor 
factor, the shear modulus and the Burgers vector 
respectively, and ef is the average plastic strain in the 
ferrite matrix. 

It should be noted that the present model is com- 
patible with other deformation theories of two-phase 
alloys, such as the continuum mechanics models [12, 
13] and the dispersion hardening theories [17]. From 
these theories it can be deduced that the flow stress of a 
two-phase material can be generally expressed in the 
following form 

O = O'A+ a B (5) 

where OA represents the average stress in the soft phase 
and OB is the back stress which is associated with the 
incompatibility of deformation between the soft phase 
and the hard phase. It is easy to see that Eq. (3) or Eq. 
(4) corresponds in form to Eq. (5). The first two terms, 
which correspond to OA, represent the average stress 
of the ferrite matrix, which includes the contributions 
of matrix hardening due to ps and the additional grain 
boundary hardening due to pf g and phase boundary 
hardening due to Ogre" The last term, which corresponds 
to OB, represents the back stress which results from the 
long-range internal stress of the piled-up dislocations 
due to the inhomogeneous distribution of dislocations 
in the ferrite matrix. It is evident that there are some 
differences in form between the present expression for 
the back stress o B and those derived according to the 
other theories [12, 13, 17]. It is noted, however, that 
the present expression and the previous expressions 
for o B predict the same tendency of a B to vary with the 
volume fraction of the stronger phase. 

4.2. Deformation behaviour of the martensite phase 

It is understood that the deformation behaviour of 
martensite in dual-phase steel depends on its strength, 

distribution and shape. However, the internal back 
stress produced by the difference in deformation or 
strain between two phases also affects the deformation 
behaviour of martensite and results in load transfer 
from the ferrite matrix to the martensite phase. So, it 
would be expected that the behaviour of martensite in a 
dual-phase steel would be related to the behaviour of 
ferrite. In the following, an attempt is made to derive an 
expression for the stress of martensite based on the 
model of Jiang et al. [23]. This model shows that the 
dislocation pile-up due to plastic shear in the ferrite 
matrix would produce stress fields in the adjacent 
martensite particles which would result in the shear 
deformation of martensites. By using two derived 
relations (Eqs. (9) and (10))in ref. [23], a relationship 

' due between the average shear stress in martensite "fm 
to the stress field of the pile-up and the shear stress in 
the ferrite matrix adjacent to the martensite rf can be 
obtained 

~fg {dmll/2 , [ 1 2,f2 

2-/7} l"m= ]-Q + ln(.j2 + 1)-+ [./2 + ln(,/2 + 1)] 2 

Idf} J rf (6) 

where the directions of the shear stresses r~ and ~:f are 
dependent of the orientations of the existing slip planes 
in two adjacent ferrite and martensite grains. The shear 
stresses r"  and rf can be converted further into the 
normal stresses O'm and or using the Taylor factor 
M(o = Mr). In this case, o~ and of have the same direc- 
tion as the tensile direction and the stress of can be 
written as of=MaGb(pS+pgm) 1/2 [23]. However, 
because martensite is a discontinuous phase, the effect 
of the end loading stress in the tensile direction should 
be considered. So, in adition to O'm, the stress carried 
by martensite should include an additional contribu- 
tion from the end loading stress. As an approximate 
treatment, the end loading stress should be equal to the 
average flow strength of the ferrite matrix near the 
martensite, i.e. o0 + MaGb(p S +pgm) U2. Thus, the stress 
of the martensite phase Om can be expressed as 

0 m = 00 "~ [E tq- F ' ( d J d m ) l / z ] ( p  s nt- pg,) 1/2 (7) 

where E' and F' are constants. Further, Om can be 
expressed in the following form using the expressions 
for pS and Pgm 

O m = O,)+ [E  +F(d f ldm) l /2] (kg~  -k Cfmgtldm) 1/2 (8) 

where E=MaGb{l+4/[ ,~+ln( , /2+l)]  2} and F=  
VaGb{.~/[f2+ln(-4~+l)]}. Eqs. (7) and (8) show 
that the stress of the martensite phase is related to the 
strain hardening of the ferrite matrix (p~ +p,g=) and can 
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be expressed as a function of microstructural variables 
(din, df and fro) and strains (ef). These two equations 
describe the form of the load transfer from ferrite to 
martensite. 

According to Eqs. (7) and (8), the stress carried by 
martensite a m increases with the strain hardening of 
ferrite (ps -.[- Pmg ), when am increases up to a level equal 
to the yield strength of martensite, the martensite starts 
deforming plasticly, the deformation state of martensite 
transforms from elastic to plastic. It is possible to deter- 
mine the onset of plastic deformation of martensite 
(transition strain) using Eq. (8), provided that one knows 
the yield strength of martensite and relative material 
constants and microstructural variables. Since data for 
the yield strength of martensite are lacking, a quantita- 
tive calculation of the transition strain cannot be given 
in the present case. However, the observed variation in 
the transition strain (et) with the microstructural 
variables (Fig. 6) by the modified C-J analysis can be 
interpreted generally using Eq. (8). 

It is apparent from Eq. (8) that the transition strain e t 
depends on the yield strength of martensite: the higher 
the yield strength, the larger the transition strain e,. If 
the yield strength of martensite is very high, et may be 
even larger than the maximum uniform true strain eu, 
which means that martensite would remain elastic over 
the uniform plastic strain range. However, increasing 
the strain hardening in the ferrite matrix would force 
the martensite to deform plasticly earlier. Therefore, 
the observed decrease in et with increasing fm is attrib- 
uted to increased strain hardening in the ferrite matrix 
pg and the decrease in the yield strength of martensite 
with increasing fro" Because the effects of d m and df on 
et are reverse, as indicated in Eq. (8), and the yield 
strength of martensite may be related to din, the indi- 
vidual effects of d m and df on e t cannot be distinguished 
in this figure. However, it can still be seen that the 
specimens with smaller grain sizes tend to have 
smaller e t. 

4.3. Flow stress and strain hardening rate 

When the bulk strain e is larger than the transition 
strain et, because of the plastic deformation of marten- 
site, the requirement of compatibility of deformation 
between two phases no longer increases. According to 
Ashby's analysis [15, 16] this will result in a decrease in 
the stored rate of GNDs /98. In this case, the linear 
variation of Pgm with strain will no longer be valid. 
Speich and Miller [7] have shown that at higher strains 
the density of GNDs pg would remain constant so that 
the strain hardening of dual-phase steel is due mainly 
to the increase in the density of SSDs p~. In addition, 
the dynamic recovery processes of dislocation struc- 
tures at higher strains [32] would also lower the stored 

rate of GNDs Pgm- Therefore, it can be assumed 
roughly that after t;t, pg remains constant. In order to 
calculate the true stress-strain curves of this dual- 
phase steel using Eq. (3), the constants k, n and a were 
chosen to be 6 x 10 ~° cm -2, 0.85 and 0.5 respectively 
from the analysis [23]. The other material constants 
were chosen as M--2.733, G = 8.07 x 104 MPa and 
b = 2.48 x 10 -8 cm [19, 23]. a 0 is taken as 260 MPa 
from the experimental true stress-strain curves of this 
dual-phase steel. After the plastic deformation of 
martensite, the plastic strain in martensite e m will 
contribute to the bulk strain e. It has been observed 
experimentally [10, 33] that the plastic strain of mar- 
tensite em increases linearly with the bulk strain e and 
the slopes of the experimental e m vs. e curves are less 
affected by grain sizes, volume fraction, carbon content 
and heat treatment conditions and vary within a very 
small range (about 0.25-0.3 [10], 0.2-0.4 [33]). 
According to these studies, when e >~e t, e m may be 
written approximately as em=0.3(em-e0. From the 
relation e = el( 1 --fro) + emfm, one can obtain 
e f = [ e - O . 3 ( e - e t ) f ~ ] / ( 1 - f m  ). When e~<et, one has 
ef = e/(1-fro)' Substituting these two relations into Eq. 
(3) and using the assumption on Pgm that when e >,>e,, 
pg=8Mfmet / [ (1- fm)bd  J ,  and the relative data, the 
true stress-strain curves can be calculated; the results 
are shown in Fig. 2. It can be seen that good agreement 
is obtained. 

The calculations show that the average flow stresses 
of ferrite aa (the first two terms on the right-hand side 
of Eq. (3)) increase little with increasing fm and 
decreasing grain size. The major strengthening effects 
of f~ and grain size on the flow stress a result from the 
back stress aB (the last term on the right of Eq. (3)). 
The calculated a B as a function of strain e is shown in 
Fig. 8. As shown, at low strains (e~< e~) o B rises rapidly 
with increasing e, and at high strains (e>--et) the 
increase in a B becomes markedly slow. At given e, a B 
increases markedly with increasing fm and decreasing 
grain size. These predicted variations in aB with e, fm 
and grain size are found to be well consistent with 
recent experimental results of Bauschinger effect 
testing of dual-phase steel [34]. 

The variation of the strain hardening rate in Fig. 7 
can be explained using Eqs. (3) or (4). Since p~ is inde- 
pendent of the grain size, p~ is very small in com- 
parison with p~ or pg and the ratio (dm/df) 1/2 in Eq. (3) 
varies within a very small range (see Table 1), the 
apparent difference in strain hardening rate between 
specimens with different grain sizes is attributed to the 
difference in pg.  At low strains, where pg increases 
rapidly (linearly) with e, Pgm can provide a larger stress 
increment. So, the strain hardening rate in specimens 
with smaller grain sizes is higher than that in specimens 
with larger grain sizes. At high strains, because pg, 



Z.-G. Jiang et al. / Materials Science and Engineering A 190 (1995) 55-64 6 3 

300 [ ~ C6 

B6 

A6 
2OO C1 

B1 

A1 
100 

0 ~  
0. 02 0.04 0. 06 0. 08 0. 10 0. 12 

£ 

Fig. 8. Representative back stress vs. strain curves calculated 
using Eq. (4). 

remains constant it cannot provide any stress incre- 
ment, and the increase in stress results from the 
increase in p~. Therefore, the strain hardening rate 
becomes independent of grain size. As indicated in Eq. 
(3), as fm increases the contributions of both p~ and pg 
to the flow stress increase. However, increasing fm also 
forces martensite to deform plasticly at lower strain (et 
becomes small (Fig. 6)). So, over the whole strain 
range, the average decreasing rate of strain hardening 
in the specmens with larger fm is larger than that in 
specimens with smaller fro" Such strain hardening 
behaviour would result in a higher strength but lower 
ductility [31 ]. 

4.4. The  H a l l - P e t c h  re lat ion 

If the contribution of pg, which is very small in com- 
parison with p~ or pg, is neglected, and using the 
assumption on Pgm, Eq. (3) can be written as 

o = a~ + KCd?  1/2 (9) 

where 

o~ = 0 o + A[( ke~')l/2( 1 -- fm) + ( ke~' + Cfme~/dm)l/2fm ] 

K c = D(ke~'  + Cfme~/dm)l/2fmdl!2 

Where when e~ < e,, e~ = el; when e >/et, e~ = et/(1--fm)" 
This equation shows that the dependence of the flow 
stress of dual-phase steel on the ferrite grain size 
follows the Hall-Petch relation, where the Hall-Petch 
parameters og and K ~ are functions of e (or ef), fm and 
din. According to the preceding analysis, the parameter 
og corresponds to the average flow stress of the ferrite 
matrix OA, and the parameter K ~ is related to the back 
stress OB. 

Eq. (9) predicts that at given e and fro, if dm is con- 
stant when de varies, a linear relation between the flow 
stress and d(l/2 can be obtained. However, for dual- 
phase steels, it is generally difficult to keep d m constant 
while only changing dr. Therefore, for most dual-phase 
steels, a precise linear relationship between the flow 
stress and d f  i/2 may not be maintained. Nevertheless, 
if dm varies in the same manner as de, an approximate 
linear relationship between the flow stress and d (  ,/2 
can still be observed. 

The calculated o vs. d f  ~/2 relations of the dual- 
phase steel using Eq. (9) are shown in Fig. 3. In the 
calculations, fm and et are taken as the average values 
of all specimens with approximately constant fn. The 
agreements between the calculations and experiments 
were good. The calculated o~ and K c with constant d m 
at a selected strain (the dashed lines, Fig. 3) are differ- 
ent from those calculated with dm varying as df (the 
solid lines); however, in the present case the difference 
is very small. This indicates that the Hall-Petch param- 
eters in dual-phase steel are related to the relationship 
between d m and dr. 

Eq. (9) shows that of~ depends on p~ and Pgl; as fm 
increases the contribution of p~ increases while that of 
ps is less affected. This was supported by experimental 
results (Fig. 4(a)). It can be seen that at given strains the 
increase in on is small as fm increases. This means that 
the Hall-Petch intersection o~ of dual-phase steel is 
mainly controlled by the density of SSDs p~, while the 
contribution of the density of GNDs pg is relatively 
small, especially when fm is small. K c depends on p~ 
and Pgm, and fm has a stronger influence on K c than on 
o~. Therefore, the marked increase in K e with increas- 
ing fm (Fig. 4(b)) is due to the fact that the contributions 
of p~ and Pgm increase with fro" It can be seen from Fig. 
4(b) that at high strains K ~ remains approximately 
constant. This indicates that at high strains the 
strengthening effect of grain size diminishes. It can be 
noted that the strain point after which K ~ remains 
constant corresponds approximately to the average 
values of the transition strain e t (Fig. 6). This indicates 
that the Hall-Petch slope of dual-phase steel is depen- 
dent on the plastic deformation of martensite (or the 
yield strength of martensite), the strengthening effect of 
grain size for dual-phase steel would be lowered by the 
plastic deformation of martensite. 

5. Conclusions 

(1) An expression for the stress of martensite in 
dual-phase steel was proposed based on the theoretical 
model (ref. [23]), which can be written as 

o m = o o + A [ E ' +  F'(df/dm)l/2](p s +pgm) l/2 
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which shows that the stress of martensite is related to 
strain hardening in the ferrite matrix (pS + p gm)- 

(2) The onset of plastic deformation of martensite 
(the transition strain) in dual-phase steel shifts to a 
lower strain as fm increases and as the yield strength of 
martensite decreases. The observed transition strain et 
in the In(do/de) vs. In o curves was well interpreted by 
the proposed expression. 

(3) Decreasng the grain size and increasing fm 
increase the flow stress and raise the strain hardening 
rate at low strains, but hardly affect the strain harden- 
ing rate at high strains, which can be explained by the 
present theoretical analysis. 

(4) The dependence of flow stress of this dual- 
phase steel on the ferrite grain size obeys the 
Hall-Petch relation, i.e. o = crg + KedF 1/2. The 
Hall-Petch intersection o~ and slope K e are functions 
of e, fm and dm. fm has a much stronger influence on K s 
than on o 8. The observed Hall-Petch behaviour can be 
well described by the model developed previously by 
Jiang et al. [23]. 
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