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ABSTRACT

It is well known that the thermomechanical processing parameters affect the 
mechanical properties of dual-phase (DP) steels, but optimization still remains 
a key challenge. This work studied two interphase precipitation-strengthened 
DP steels based on V, Mo, and V, Mo, Cr microalloy additions. Hot-rolling was 
performed with a strain per pass of 0.2 and 0.4 before isothermal transforma-
tion at temperatures between 600 and 690 °C to determine the effect of these 
process parameters on microstructure, particularly interphase precipitation. The 
microstructure was carefully correlated with the mechanical properties. It was 
found that a higher strain during hot rolling increases the transformation kinet-
ics of austenite to ferrite and also increases the volume fraction of the interphase 
precipitation within it, leading to higher strength values. The reaustenitization 
temperature before the isothermal transformation also plays an important role, 
with increased temperature reducing the segregation banding effect and increas-
ing the amount of ferrite. The optimal reaustenitization temperature depends on 
the composition, being 1250 °C for the microalloyed steel with Cr additions and 
1150 °C for the Cr-free microalloyed steel. A new method was used to calculate 
the yield strength of these DP microalloyed steels, including the strengthening 
contributors of each phase and the banding effect brought into one single expres-
sion that matches the experimental results.
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Introduction

Due to their cost–benefit relationship, dual-phase (DP) 
steels are used in automobile body applications. DP 
steels have an excellent combination of high strength 
and good formability. The DP microstructure mainly 
consists of a tough but ductile ferrite matrix with 
islands of hard martensitic islands. This combination 
of these two phases results in high-performance steel 
for the design of automobile parts, allowing the pro-
duction of complex parts that require higher formabil-
ity during the processing and final high strength [1–3]. 
DP steels can be produced by traditional processing 
routes and also contain limited amounts of alloying 
elements [4]. Furthermore, predictions for the end-use 
properties are difficult because of the large number 
of parameters that affect their mechanical properties 
such as the volume fraction, distribution, and carbon 
content of each of their phases [1, 5–9].

High-strength low-alloy (HSLA) steels are usu-
ally strengthened by solid solution hardening, grain 
refinement hardening, and precipitation hardening 
[10, 11]. Grain refinement is achieved by the detailed 
control of the thermomechanical processing (TMCP) 
schedule [12–16]. Grain size is further refined when 
rolling at temperatures where austenite recrystal-
lizes. The grain refinement of austenite increases the 
area of total boundaries to be encountered by newly 
nucleated � phase during � → � transformation, and 
thus reduces this final size [17, 18]. However, if roll-
ing is performed in the austenite non-recrystallization 
region, it will accumulate high dislocation density 
within the deformed soft and ductile austenite matrix 
rendering good nucleation sites for transformation to 
ferrite that leads itself to a fine grain size [19–21].

There have been many investigations into inter-
phase precipitation and its relationship with tensile 
properties [22–25]. Interphase precipitation (IP) often 
leads to rows of finely spaced nano-sized carboni-
trides formed during the � → � transformation. IP 
is promoted in low-alloy steels by adding low-dif-
fusion (in iron) carbide-forming elements 6–10 that 
can be isothermally transformed to ferrite. Cr is one 
of these elements that does diffuse as fast as carbon 
in iron. Research on Cr additions to HSLA steels 
has been partially limited by the harmful effect of 
Cr in high-strength steel welds, creating a zone of 
increased hardness by forming Cr carbides in the 
heat-affected zone which at the same time promotes 

the formation of martensitic-retained austenite and 
bainite constituents [26, 27]. Thermodynamic analy-
sis of microalloyed steels with small Cr additions 
heat treated with slow cooling rates, or with an inter-
critical isothermal hold, revealed that Cr increases 
the driving force of � → � transformation, promoting 
fine grain-sized ferrite formation, and reducing IP’s 
inter-sheet spacing, improving the tensile strength 
and the toughness, with a minimal reduction of elon-
gation [28–31].

There have been numerous investigations on the 
effect of process route, temperature, and cooling rate 
on interphase precipitation of HSLA steels [32–35]. 
Outstanding tensile properties have been reported 
when warm and intercritical rolling is used, which 
results in important changes to the microstructure 
and the relationship between interphase precipita-
tion and the tensile properties [36–38]. The inter-
phase precipitation is controlled by four independ-
ent factors: (a) phase equilibria at the interphase, (b) 
interface mobility, (c) solute drag, and (d) orienta-
tion relationship (OR) between austenite and ferrite 
[39–42]. The theoretical and practical understanding 
of interphase precipitation leads to novel experi-
ments to evaluate if changes in the steel’s chemical 
composition or the TMCP can improve the mechani-
cal properties and thus the application of these alloys 
and mechanisms [43–46]. However, there have been 
no studies on the relationship between the strain per 
pass during the hot rolling and the interphase pre-
cipitation volume and its effect on strength.

This study aims to link the variation in strength-
ening contributors with different strain rates during 
hot-rolling of V-Mo and Cr-V-Mo DP microalloyed 
steels. Isothermal transformation was performed 
on the alloys at different temperatures followed by 
quenching. A detailed investigation of the precipita-
tion strengthening of the ferrite by interphase precip-
itation was carried out, with a comprehensive study 
of precipitate composition, size and volume fraction 
as a function of strain per pass during hot-rolling. 
This is associated with the mechanical behavior of 
microalloyed DP steels and its effect on the develop-
ment of a dual-phase (DP) structure and strengths 
contributions from each phase.
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Experimental procedure

Material

The designed alloys with chemical compositions 
(wt. %) given in Table 1, were vacuum-induction 
melted (VIM) in a Consarc VIM and cast into ~ 5 kg 
ingots of 80 mm × 80 mm × 100 mm. After the border 
removal, the ingots were cut in half to dimensions of 
80 mm × 80 mm × 40 mm, they were homogenized at 
1250 °C for two hours. Two different rolling sched-
ules were performed as shown in Table 2 and then air-
cooled to room temperature. Rolling was performed 
on a two-high Fenn (Model 081) 136 tonne rolling mill. 
The rolled plates were cut in two types of samples: 
20 mm × 20 mm × the plate thickness (from the mid-
section of the plate); these samples were heated to 
temperatures between 1000 and 1300 °C for 30 min, 
and the prior-austenite grain size was measured after 
cooling. Samples of 150 mm × 15 mm × the plate thick-
ness were cut along the rolling directions for dilatom-
etry experiments. The tensile properties, the IP volume 
fraction and distribution were measured in the two 
alloys for a strain of 0.2 per hot-rolling pass in a former 
investigation, which is reproduced here [23].

To generate interphase precipitation, the dilato-
metry samples were first reheated to the maximum 
temperature below the onset of austenite abnormal 
grain growth (1245 °C) for 30 min followed by water 
quenching, which allowed control of the prior-austen-
ite grain size before isothermal transformation. These 
samples were reheated, using a Dilatronic dilatometer, 
to the austenitization temperature for 3 min, cooled to 
the isothermal transformation temperature at a cool-
ing rate of 10 °C/s, and held at that temperature for 
90 min and then water quenched to room temperature 
(Fig. 1).

Dilatometer samples of steels 0.2HR and 0.2HR + Cr 
were reaustenitized at 1200 °C for 3 min and cooled 
to the isothermal transformation temperature (Tiso) 
at a rate of 10 °C/s−1, held for 90 min and followed 
by water quenching to room temperature. The 

isothermal transformation was carried out at tem-
peratures between 600 and 675 °C. Dilatometry of 
steels 0.4HR and 0.4HR + Cr was performed by vary-
ing the reaustenitization temperature in the range of 
900 °C-1245°C, followed by cooling at a rate of 10 °C/
s−1, and then isothermal transformation at the tem-
perature which was known to give the maximum fer-
rite fraction. The purposes of the present reausteni-
tization and isothermal transformation temperature 
changes were to understand how the transformation 
temperature affects interphase precipitation as well as 
ferrite volume fraction, and the subsequent effect on 
the mechanical properties of the microalloyed steels. 
Each procedure was replicated thrice, and the results 
showcased represent the mean of these repetitions.

Prior‑austenite grain size, ferrite volume 
fraction and grain size, and tensile properties

To determine the temperature for the austenite abnor-
mal grain growth, samples of 20 mm × 20 mm × thick-
ness of the plate were cut from the midsection of the 
hot-rolled plates and reheated in a tube furnace to 
temperatures in the range of 1000–1300 °C for 30 min. 
The samples were cut into two and prepared using 
conventional metallographic techniques. A 2% picral 
etchant [47] was used to measure the prior austenite 

Table 1  Chemical 

composition of the alloys 

produced for this study (wt%)

C Mn Si Al V Mo Cr N

0.2HR 0.13 1.56 0.19  < 0.005 0.21 0.5 – –

0.2HR + Cr 0.12 1.41 0.21  < 0.005 0.2 0.48 0.51 –

0.4HR 0.12 1.11 0.23  < 0.01 0.2 0.47 0.01  < 0.003

0.4HR + Cr 0.1 1.3 0.22  < 0.01 0.2 0.47 0.51  < 0.003

Table 2  The initial and final thickness per pass during the hot-

rolling process

Steels 0.4HR and 

0.4HR + Cr

Steels 0.2HR and 

0.2HR + Cr

Pass Initial thick-

ness [mm]

Final thick-

ness [mm]

Initial thick-

ness [mm]

Final 

thickness 

[mm]

1st 40 24 40 34.2

2nd 24 15 34.2 28.4

3rd 15 9 28.4 22.6

4th 9 7.5 22.6 16.8

5th – – 16.8 11
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grain size, using the linear intercept method (ASTM 
E-112) with the assistance of ImageJ software.

Samples for both metallography and tensile tests 
were obtained from the dilatometer samples. Samples 
were extracted from a 5-mm radius around the ori-
fice where the thermocouple was positioned to ensure 
that the thermal history of the sample was precisely 
known. Metallographic samples were prepared fol-
lowing standard procedures and etched in a 2% nital 
solution for 8-12 s. The ferrite volume fraction was 
determined by point counting but its grain size, by 
the linear intercept method (ASTM E-112), all meas-
ured with the software ImageJ. Tensile samples were 
mechanized after the metallographic examination of 
each sample, verifying the structure was homogene-
ous along the gauge section. Three tensile samples 
were manufactured for each treatment. All the ten-
sile samples were taken along the rolling direction 
with a gauge section of 2 × 2.4 × 11 mm, which is the 
dimensional relationship recommended by Great Brit-
ain’s standard L0∕

√

A0 = 5 , achieving more cautious 
results of the total elongation than the suggested by 
the ASTM E8M. Tensile tests were accomplished on a 
Zwick/Roell Z050 at a strain rate of 4.0 × 10

−4
s−1 with 

a laser extensometer.

Precipitate analysis

The transmission electron microscopy (TEM) was 
conducted to analyze and quantify the amount of 
interphase precipitation. Volume fraction and size 

distribution of the precipitates were measured via car-
bon extraction replicas analysis. Previous work [22, 
23] had shown that the size and distribution of pre-
cipitates observed in carbon extraction replicas closely 
matched those from STEM images of thin foil samples, 
considering experimental error. For thin foil samples 
for TEM, slices were cut from the optical metallo-
graphic specimens, mechanically thinned to 100 µm, 
and then electropolished using a solution consisting 
of 5% perchloric acid, 35% butoxyethanol, and 60% 
methanol. The carbon extraction replicas followed the 
standard procedure, involving light etching with a 2% 
nital solution, followed by a 7-nm thickness carbon 
deposition using a Quorum Q150T ES plus coater. A 
10% nital solution was used for the final release of the 
replica. All TEM samples were examined using a JEOL 
JEM F200 operating at 200 kV. Particle diameter and 

interphase precipitation volume fraction were calcu-
lated for each sample by counting of more than 2000 
particles per sample with ImageJ software.

Results

Prior austenite grain size

After the pre-heating process, no elongated prior aus-
tenitic grains were found. Figure 2 shows the average 

Figure 1  Scheme of the thermomechanical cycle used for each 

steel and condition.

Figure 2  Average prior-austenite grain size as a function of the 

temperature of the two steels with different strains per pass dur-

ing the hot rolling.
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values of the measured prior austenite grain sizes. 
Lower values were obtained in the steels with 0.2 
strain per hot-rolling pass. The grain size/tempera-
ture behavior was investigated to obtain the optimal 
austenite grain size for ferrite formation, and the re-
heating temperature of it. Abnormal austenite grain 
growth was first observed at 1250 °C in all steels. It has 
been reported that smaller austenite leads to a greater 
ferrite formation because of the increased number 
of nuclei formed on the austenite grain boundaries 
[48–50], but this was not observed here, as shown later. 
The ferrite nucleation rate also depends on the steel 
chemistry, re-heating temperature, and time [51–54].

Microstructure

The optical micrographs shown in Figs. 3, 4, 5 and 6 

were taken from dilatometer specimens, from a zone 
within 5 mm from where the thermocouple for the 
temperature control was placed. The white etched 
phase is ferrite nucleated and grown during the 

isothermal transformation, and the dark etched phase 
is martensite.

Figure 3 shows the 0.2HR steel isothermally trans-
formed at a lower range of temperatures. The fraction 
of martensite reduces and the fraction of polygonal 
ferrite increases as the Tiso increases. The maximum 
amount of ferrite was found at Tiso≈650 °C, mostly with 
a polygonal morphology. For Tiso above 650 °C, the fer-
rite fraction reduces and the banding effect increases.

The microstructure of the steel 0.2HR + Cr iso-
thermally transformed in a range of 640–675 °C is 
presented in Fig. 4. This structure is composed of 
polygonal ferrite, Widmanstätten ferrite (with its char-
acteristic shape), and martensite. This steel showed a 
maximum amount of ferrite at Tiso≈660 °C.

Both 0.4HR and 0.4HR + Cr were isothermally trans-
formed at 650–660 °C and 660–680 °C respectively, but 
with different reaustenitization temperatures (900, 
1100, and 1245 °C). It is observed that the microstruc-
ture is composed also of polygonal ferrite and mar-
tensite, but with a reduced banding (Figs. 5 and 6).

Figure 3  Optical micrographs taken from samples of the steel 0.2HR Isothermally transformed at: a 600 °C, b 655 °C, c 670 °C.
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Ferrite grain size and volume fraction are pre-
sented in Figs. 7 and 8. For the steels with 0.2 strain 
per pass, the fraction of total ferrite in the Cr-free steel 
increased as the isothermal transformation tempera-
ture was increased above 600 °C, reaching a maximum 
at approximately 655 °C, and then decreasing at higher 
temperatures. The transformation from 650 to 670 °C 
produced a lower volume fraction of polygonal ferrite 
when compared with the microalloyed with the addi-
tion of Cr. Similarly, the Cr-added steel displayed a 
similar trend, but with a peak ferrite content approxi-
mately 17% higher than that of the Cr-free steel, occur-
ring at 665 °C (as shown in Fig. 7a)). Figure 7b shows 
that in the steels with 0.4 strain per hot-rolling pass the 
ferrite volume fraction changes with the reausteniti-
zation temperature before the isothermal transforma-
tion. In the V-Mo steel, the reaustenitization at 900 °C 
produced ~ 15% less ferrite content than the same steel 
reaustenitized at 1150 and 1245 °C. In the case of the 
Cr containing steel, the difference in the ferrite volume 
fraction is irrelevant between the steels reaustenitized 
at 900 and 1150 °C, but around 2.5% higher for the 
samples reaustenitized at 1245 °C. Furthermore, the 
ferrite volume fraction in the Cr-free steel increased 
by almost 20% in the V-Mo steels with 0.4 strain per 
hot-rolling pass than in the same steel with 0.2 strain 
per hot-rolling pass.

Figure 8a and b gives the average ferrite grain size 
of all the steels, measured as a function of isothermal 
soaking temperature. In steels with 0.2 strain per hot-
rolling pass, there is not much difference in the grain 
size of the polygonal between the Cr-added and the 
Cr-free steels. In the steels with 0.4 strain per hot-roll-
ing pass the ferrite grain size increases with higher 
reaustenitization temperatures, as expected. At the 
conditions that produced the maximum ferrite after 
transformation (reaustenitized at 1150 °C, isother-
mally transformed at 650 °C for the V-Mo steel, and 
reaustenitized at 1245 °C, isothermally transformed at 
660 °C for the Cr-V-Mo steel), there is no clear differ-
ence in the ferrite grain size.

Kinetics of the phase transformation

Figures 9 and 10 show the dilatation curves of the four 
alloys, Fig. 9 for the alloys with a 0.2 reduction per 
hot-rolling pass, and Fig. 10 for the alloys with 0.4 per 
hot-rolling pass. In the previous study, the effect of the 
Cr addition on steels with 0.2 strain was discussed in 
detail, concluding that the Cr addition accelerates the 
kinetics of transformation to ferrite [23], this effect can 
be also seen on steels with 0.4 strain per hot-rolling 
pass but also observing that the increment in the strain 

Figure 4  Optical micro-

graphs taken from samples of 

the steel 0.2HR + Cr Isother-

mally transformed a 640 °C, 

b 665 °C, and c 670 °C.
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per pass during the hot-rolling reduces the time for 
the � → � phase transformation. In addition, from the 
dilatometry results, it cannot be possible to conclude 
any effect of changing the solution annealing tem-
perature in the range between 900 and 1245 °C on the 

transformation kinetics of the studied microalloyed 
steels.

Transmission electron microscopy

A series of TEM images taken from thin foil and 
carbon extraction replica specimens showing 

Figure  5  Microstructure of alloy 0.4HR when: a Reausteni-

tized at 900 °C and  Tiso = 650 °C, b Reaustenitized at 900 °C and 

 Tiso = 660 °C, c Reaustenitized at 1150 °C and  Tiso = 650 °C, d 

Reaustenitized at 1150 °C and  Tiso = 660 °C, e Reaustenitized at 

1245 °C and  Tiso = 650 °C, and f Reaustenitized at 1245 °C and 

 Tiso = 660 °C.
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the precipitate distribution and morphology are 
presented in Fig. 11. Such images show that the 
ferrite contains interphase precipitates with 

nanometre-size, with a row dispersion. Using well-
defined diffraction conditions in the TEM, the inter-
sheet spacing was measured for all the steels, from 

Figure 6  Microstructure of alloy 0.4HR + Cr when: a Reausteni-

tized at 900 °C and  Tiso = 660 °C, b Reaustenitized at 900 °C and 

 Tiso = 680 °C, c Reaustenitized at 1150 °C and  Tiso = 660 °C, d 

Reaustenitized at 1150 °C and  Tiso = 680 °C, e Reaustenitized at 

1245 °C and  Tiso = 660 °C, and f Reaustenitized at 1245 °C and 

 Tiso = 680 °C.
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thin-foil samples. For the 0.2HR, 0.2HR + Cr the aver-
age inter-sheet distances are 70 and 115 nm, and for 
0.4HR, 0.4HR + Cr are 26 and 41 nm, respectively.

The corresponding selected area diffraction patterns 
(SADPs) of the precipitates are shown in Fig. 12. As 
found in a previous study on the same steels [23], the 
presence of rod-shaped VC precipitates lying prefer-
entially along two (011)α directions was found in steels 

with 0.4 strain per hot-rolling pass (Fig. 12 a). These 
VC IP show a [1 1  1]VC [0  1 1 ] ׀׀α orientation relation-
ship which conforms to the Nishiyama-Wassermann 
orientation relationship, found also in coarse ( ∅
>15 nm) IP[55, 56]. This OR occurs after aging at con-
stant transformation temperatures for relatively large 
times (over 60 min), where the OR rotates to Nishi-
yama-Wassermann from the original Baker-Nutting 

Figure 7  Average ferrite 

volume fraction measured 

from optical micrographs. 

a alloys 0.2HR, and 

0.2HR + Cr, b alloys 0.4HR 

and 0.4HR + Cr. The data in 

a) is reproduced from ref 23.

Figure 8  Average ferrite 

grain size measured from 

optical micrographs. a alloys 

0.2HR, and 0.2HR + Cr, b 

alloys 0.4HR and 0.4HR + Cr. 

The data in a) is reproduced 

from ref 23.

Figure 9  Dilatation curves 

of microalloyed steel samples 

with the same solution 

annealing temperatures and 

different isothermal trans-

formation temperatures: a 

0.2HR steel b 0.2HR + Cr. 

The data in a and b is repro-

duced from ref 23.
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orientation relationship [55, 56]. In addition, (V,Mo)
C and (V,Mo)4C3 precipitates were found in the Cr-
added steel with 0.4 strain per hot rolling pass (Fig. 12 

b)), exhibiting the Baker-Nutting orientation relation-
ships with the ferrite matrix.

The volume fraction and average size of the IP 
were determined by measuring the area projected 
of IP on TEM micrographs from carbon extraction 
replicas. This method is found to yield the same size 
and distribution as those measured in thin foil sam-
ples within experimental error [22, 23]. The precipi-
tate size was obtained using the “analyze particles” 
tool of the software ImageJ, discarding data regis-
tered to be ∅ < 2 nm (indiscernible from noise). The 
volume fraction was calculated using the Eq. 1 [23], 
being fs the percentage area occupied by the IP on 
a carbon extraction replica image, r the average IP 
radius, and  Lrows the IP inter-row distance.

Figure 13 presents the IP volume fraction grouped 
by diameter ranges from 2 to 30 nm. Comparing 
steels with the same chemistries with different hot-
rolling schedules, it is observed that the increment 
in strain per pass during the hot-rolling of the V-Mo 
and Cr-V-Mo microalloyed steels increases the IP 
volume fraction within the isothermally trans-
formed ferrite. Also, it is found that the volume 
fraction of the IP ∅ > 20 nm was reduced with the 
increment in the steels with 0.4 strain per hot-roll-
ing pass, having a more homogeneous distribution 

(1)fV = fs

4

3
r

Lrows

of diameters. Figure 14 shows that the average IP 
volume fraction increases in steels with higher fer-
rite fraction. In addition, the specimens that were 
solution annealed at 900 °C have a reduced IP vol-
ume fraction. There is no simple conclusion from 
the analysis of the IP diameter, showing a non-
significative reduction in the IP diameter between 
the Cr-free and the Cr-added steels (for the steels 
with 0.4 strain per hot-rolling pass). There was no 
significant change in the IP diameter from changes 
in the solution annealing temperature ranging from 
900 to 1245 °C.

Tensile properties

The engineering stress–strain curves are presented in 
Fig. 15 a, c, e and g. Figure 15 b, d, f and h gives the 
yield strength, ultimate tensile strength and elonga-
tion from the tensile tests. Contrasting the results of 
0.2HR with 0.4HR, and 0.2HR + Cr with 0.4HR + Cr, 
the increased strain per pass during the hot-rolling 
produce an increase in all of the strength values 
(yield and ultimate) and elongation (homogeneous 
and total). As was reported previously, the Cr addi-
tion displaces the maximum values of the mechani-
cal properties by 5–10 °C higher transformation tem-
perature [23]. The current results show no change 
with different strain per pass during the hot-rolling 
process. Also, the maximum tensile properties were 
obtained at solution annealing between 1150 °C for 
the V-Mo steel, and at 1245 °C for the Cr-V-Mo steel.

Figure 10  Dilatation curves 

of microalloyed steel sam-

ples with different solution 

annealing temperatures: a 

0.4HR steel isothermally 

transformed at 650˚C, and 

b 0.4HR + Cr isothermally 

transformed at 660˚C.
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Figure 11  TEM micro-

graphs showing the inter-

phase precipitation distribu-

tion (rows) from thin foil 

samples and their corre-

sponding carbon extraction 

replica. a and b 0.2HR steel 

solution annealed at 1200 °C 

and isothermal treatment at 

650 °C for 90 min. c and d 

0.2HR + Cr steel solution 

annealed at 1200 °C and iso-

thermal treatment at 660 °C 

for 90 min. e and f 0.4HR 

steel solution annealed at 

1150 °C and isothermal treat-

ment at 650 °C for 90 min. 

g and h 0.4HR + Cr steel 

solution annealed at 1245 °C 

and isothermal treatment at 

660 °C for 90 min.
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Discussion

The transformation kinetics of the dual phase struc-
ture formed of polygonal ferrite and martensite after 
the isothermal transformation of V-Mo and Cr-V-Mo 
was modified by increasing the strain per hot-rolling 
pass. Moreover, the increased strain per pass during 
the hot-rolling resulted in a higher volume fraction 
of ferrite, especially on the Cr-free steel.

All the steels studied contained extensive IP in 
the ferrite. The character of the � → � transformation 
determines the type and shape of the IP, namely, for 
example, if the interphase is incoherent then fibrous 
precipitates are favored [57]. The � → � transfor-
mation can be decelerated by adding alloying ele-
ments such as Mn [58]. In this work, planar IPs were 
observed, but as the transformation temperature 
increased above that which gave the maximum fer-
rite formation, the IP morphology changed to curved 
IP with irregular sheet spacing (Fig. 16). This is due 
to the increased diffusion rate at higher transforma-
tion temperatures, which reduced the nucleation rate 
(decreased driving force), and increased the speed of 
the carbide growth, resulting in larger precipitates 
with larger interparticle distances.

The increased strain per pass during the hot-roll-
ing resulted in a considerable increment in the vol-
ume fraction of fine IP ( ∅ < 20 nm). Furthermore, the 
IP of the V-Mo steel displayed a finer average diam-
eter with a much more homogeneous and narrower 
size distribution (Fig. 13a and c) in the specimens 
with higher strain during the hot-rolling. The effect 
of increased strain per pass was greater than the 

refining effect of the Cr addition observed in steels 
with 0.2 strain per pass.

The engineering stress–strain curves (Fig. 15) 
show the characteristics of a DP steel, such as con-
tinuous yielding, and low yield ratio, among others. 
The continuous yielding behavior is a reflection of 
the plastic incompatibility between the ferrite and 
martensite. The ferrite was stressed as a secondary 
effect of the expansion of the martensite that format-
ted from the untransformed austenite during the 
quench after the isothermal transformation [59]. The 
martensite volume fraction is directly proportional 
contributor to the DP steel’s strengths [1, 59–61]. 
Additionally, other authors also state that the effect 
of banded structure usually found in DP steels also 
affects the mechanical properties [62–64].

Strengthening contributors to the ferrite

In this section, we consider the strength contributions 
arising from the ferrite, while the contribution from 
the martensite is given in the next section. The correla-
tion between strength and microstructural constituents 
has been studied as a function of different strengthen-
ing mechanisms. Some models only consider the con-
tributions from within the ferrite as shown in Eq. 2 [65, 
66], where Δσ0 is the lattice friction stress, ΔσSS is the 
solid solute strengthening, ΔσGB is the grain boundary 
strengthening, Δσρ is the dislocation strengthening, 
and ΔσP is the precipitation strengthening.

Figure 12  The correspond-

ing diffraction pattern of the 

IP in the a V-Mo steel, and b 

Cr-V-Mo steel.
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Each factor is calculated as follows:

• The Peierls-Nabarro lattice friction stress ( Δσ0) [67]:

(2)Δ�
�
= Δ�0 + Δ�SS + Δ�GB + Δ�

�
+ Δ�P

(3)�0 = (2G∕1 − v) exp (−2�w∕b)

  Being G the shear modulus, v the Poisson’s ratio, 
and w the dislocation width and the Burger’s vec-
tor. Several authors [65, 68] established that the 
width of an edge dislocation is similar in different 
steels, using 48 MPa as lattice friction stress in their 
calculations.

• The solid solution hardening for ferrite ( ΔσSS ) [7]:

  All the symbols representing the weight percent-
age of the chemical elements in the ferrite, esti-

(4)Δ�SS = 4570
[

C
]

+ 4570[N] + 37[Mn] + 83
[

Si
]

+ 470[P] + 38
[

Cu
]

+ 80
[

Ti
]

+ 0
[

Ni
]

− 30
[

Cr
]

Figure 13  IP size distribution of the interphase precipitation from a 0.2HR steel, b 0.2HR + Cr steel, c 0.4HR steel, d 0.4HR + Cr steel. 

The data in a and b is reproduced from ref 23.
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mated to be the same as Table 1, excluding carbon, 
which was estimated to be close to its maximum 
solubility value in ferrite (0.02 wt%).

• The increment in the strength arising from the fer-
rite grain refinement ( Δ�GB) (based on the Hall-
Petch relationship) [69–71].

  Being Ky a constant (0.55 MPa·m0.5 for HSLA steel 
[65, 72, 73]), and dF the mean grain size measured 
in m.

• The increment in the yield stress as a result of the 
dislocation density 

(

Δ�
�

)

 [74]:

  � is a material constant (0.33 used for DP steels 
[73]), M is the Taylor factor (2.75 is the average 
value of random texture bcc metals [73]), G is the 
shear modulus (80.3 GPa), b is the Burgers vector 
(2.48 ×  10–10 m), and � is the dislocation density, 
which was measured from TEM pictures of the 
ferrite isothermally transformed, obtaining values 
between 5.6 ×  1013 and 6.9 ×  1013  m−2.

(5)Δ�GB = Kyd
−0.5

F

(6)Δ�
�
= �MGb

√

�

• And finally, the contribution of precipitation to 
the yield strength can be calculated using the 
Ashby-Orowan model [75, 76]:

Where fV is the volume fraction of the IP, and d 

is the average diameter of the IP in nanometers. 
In this investigation, these calculations have been 
undertaken with the IP ∅ < 20 nm . As with other 
investigations [22, 23], relatively large precipitates 
(

∅ > 20 nm
)

 were not included in the calculation 
because they do not contribute to hardening, but 
have a strong influence on the volume fraction 
data, thereby distorting the output of the model.

Kang’s model [13, 68] is also widely used to pre-
dict the yield strength in DP steels. This model is 
a root-mean-square model which includes all the 
parameters described above, except the precipita-
tion contribution, and also includes a factor depend-
ent on the volume fraction of martensite. These 
are major issues when the calculation of the yield 
strength needs to be done, especially because the 
IP represents an important contributor to the total 
yield strength of microalloyed steels [22, 23], and 
also because the parameter which includes the mar-
tensite volume fraction is insignificant compared to 
the rest of the contributors.

(7)Δ�P = 8995 ∗
f
1∕2

V

d
ln (2.417d)

Figure 14  The volume fraction and the average diameter of the interphase precipitation found within the ferrite. The data in a) is repro-

duced from ref 23.
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Figure 15  The engineer-

ing strain–stress curves of a 

0.2HR steel, c 0.2HR + Cr 

steel, e 0.4HR steel, and 

g 0.4HR + Cr steel. Yield 

strength, tensile strength and 

total elongation as a function 

of the isothermal transfor-

mation temperature for b 

0.2HR steel, d 0.2HR + Cr 

steel, f 0.4HR steel, and 

h 0.4HR + Cr steel.  sy is 

the yield strength,  su is the 

ultimate tensile strength,  At is 

the total elongation, and  Au is 

the homogeneous elongation. 

The data in a, b, c, and d is 

reproduced from ref 23.
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Strengthening contributors to the martensite

The 0.2% proof strength is a function of multiple char-
acteristics of the martensite in DP steels, such as the 
carbon content [63]. Other factors of martensite can be 
considered, such as packet size and the orientation of 
them, but it has also been demonstrated that martensi-
tic structures with equiaxed grains are obtained when 
the holding times are above 900 °C [63].

The yield strength of martensite, Δ�
�� was calcu-

lated based on the exponential law developed by 
Pierman et al. [63], Eq. 8, for the calculation of the 
strength contribution from martensite in DP steels. 
This term was determined from experimental results 
observed on multiple bulk martensitic steels but also 
fitting with experimental results of several grades of 
DP steels [62–64].

here �y0,�′ , k�′, �p , and n
�′

 are the current yield strength, 
the hardening modulus, the accumulated plastic 
strain, and the hardening exponent, respectively. This 
expression presumed the Young’s modulus for ferrite 
and martensite are the same and set E = 120 GPa and 
v = 0.3.

The initial yield stress �y0,�′ is given principally by 
the action of carbon in the martensite, where C

�′
 is the 

wt.% of carbon in the martensite. The amount of car-
bon in martensite is equal to the total carbon of the 
steel (wt.%) minus the volumetric fraction of ferrite 
multiplied by 0.02%, which is the maximum solubility 
of carbon in ferrite. The solubility of carbon in ferrite 
reduces as the temperature decreases, but the value 

(8)Δ�
�
� = �y0,�

� + k
�
�

(

1 − exp
(

−�pn��
))

of 0.02% in solution is at the eutectoid temperature 
which is close to the temperature at which isothermal 
transformation took place. During the � → � transfor-
mation, carbon does not migrate fast enough to the 
martensite but is tied up in the interphase precipita-
tion [25].

The hardening modulus k
�′

[64]:

With a hardening exponent n
��

= 120 , a = 33GPa , 
b = 360GPa , C0 = 0.7 and q = 1.45.

Banding effect and the combined effect 
of the phases on the yield strength

In literature, there are multiple models describing the 
banding effect and how the mechanical properties are 
dependent on it. From optical micrography, one main 
feature that can be taken to characterize the banding 
effect on dual-phase steels is the aspect ratio of the 
bands [62]. In this study, a general aspect ratio was 
taken for each sample (considering both phases), aver-
aging the number of intersections of a square grid with 
the ferrite/martensite interphase in optical micrographs 
as undertaken by ref [62]. The aspect ratio is defined as 
the ratio between the number of intersections in the roll-
ing direction to the average intersection in the normal 
direction. Ramazani et al. [62] stated that aspect ratios of 

(9)�y0,�
� = 300 + 1000

(

C
�
�

)1∕3

(10)k
�
� =

1

n
�
�

⎡
⎢⎢⎢⎣
a +
bC

�
�

1 +

�
C
�
�

C0

�q
⎤
⎥⎥⎥⎦

Figure 16  TEM-thin foil 

micrograph of the evolution 

of IP’s morphology with the 

isothermal temperature in 

V-Mo microalloyed steel, 

0.2 strain during hot rolling, 

solution annealed at 1200˚C 

and isothermal holding at 

a 665˚C for 90 min, and b 

675˚C for 90 min.
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around 1 can be considered as equiaxed structures, but 
values higher than 1 are banded structures. Measure-
ments of the aspect ratio were made, and the results are 
presented in Table 3.

In this study, a combined model is presented to pre-
dict the yield strength of the DP microalloyed steels. 
Equation 6 presents the total yield strength �y as the 
sum of the contribution of each microconstituent, mul-
tiplied by the volume fraction of each one, and the 
total multiplied by the inverse of the aspect ratio (AR) 
related to the banding effect. The results are presented 

in Table 3, from the presented model, which match the 
experimental results of the different DP microalloyed 
steels studied within an error band of 10%. Figure 17 

gives the different contributions to the strength arising 
from the different microstructural constituents. This 
clearly shows that the increased strain per pass during 
hot-rolling increased the precipitation hardening within 
the ferrite.

(11)�y =
(

Δ�
�
⋅ f

�
+ Δ�

�
� ⋅ f

�
�

)

⋅

(

1

AR

)

Table 3  Aspect ratio 

and calculations of the 

different contributors to the 

yield strength of the DP 

microalloyed steels

Steel Reausteniti-

zation [°C]

Tiso [°C] Δ�
�
[MPa] Δ�

�
�[MPa] AR Experimen-

tal YS [MPa]

Calculated 

YS ( �
y
)

[MPa]

0.2HR 1245 600 632 1203 0.67 520 562

1245 655 676 1261 0.79 630 672

1245 670 670 1181 0.61 560 530

0.2HR + Cr 1245 640 677 1183 0.71 563 606

1245 665 720 1514 0.85 710 702

1245 670 676 1420 0.72 620 578

0.4HR 900 650 873 1395 0.71 735 688

1150 650 980 1493  ~ 1 1046 1051

1245 650 886 1556  ~ 1 931 963

0.4HR + Cr 900 660 833 1325 0.94 947 866

1150 660 930 1401 0.91 951 907.4

1245 660 945 1556  ~ 1 1073 1002

Figure  17  Yield strength contributors of DP V-Mo and Cr-V-

Mo microalloyed steels a deformed at a strain of 0.2 during the 

hot-rolling, solution annealed at 1245˚C and isothermally trans-

formed at different temperatures. b deformed at a strain of 0.4 

during the hot-rolling, solution annealed at different temperatures 

and isothermally transformed at 650 ˚C (V-Mo) and 660 ˚C (Cr-

V-Mo).
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Conclusions

The effect of increased strain per pass during the hot-
rolling and changes in the solution annealing on the 
mechanical properties of V-Mo and Cr-V-Mo dual-
phase (DP) microalloyed steels were studied, conclud-
ing that:

1. A dual-phase microstructure of ferrite and mar-
tensite was produced by isothermally transformed 
V-Mo and Cr-V-Mo steels. A higher strain during 
the hot-rolling accelerated the transformation 
kinetics, and as a result the volume fraction of fer-
rite increases in expense of the martensite.

2. The V-Mo and Cr-V-Mo steels with both 0.2 and 
0.4 strain per pass during the hot rolling have a 
relatively large effect on the interphase precipita-
tion within the ferrite. The increased strain per 
pass produces a higher volume fraction of inter-
phase precipitation in the ferrite, increasing the 
precipitation contribution to the yield strength of 
dual-phase microalloyed steels.

3. The best combination of tensile properties in the 
V-Mo and Cr-V-Mo steels was obtained at high 
solution-annealing temperatures, at a temperature 
just below that at which the abnormal growth of 
the prior-austenite grains occurred. In the V-Mo 
steel, the optimum solution annealing was 1150 °C, 
after that, the contributions by the ferrite grain 
size, the dislocation density, and the precipitation 
strengthening were reduced. Furthermore, holding 
at a low solution annealing temperature was not 
beneficial, reducing the mechanical properties and 
increasing the banding effect.

4. All the microconstituents contribute significantly 
to the mechanical properties of the dual-phase 
microalloyed steels. A new model for calculating 
the yield strength of dual-phase (ferrite + mar-
tensite) microalloyed steels was introduced, 
including the effect of the most relevant contribu-
tors from the phases. This gave an excellent match 
between the model and results from experiments.
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