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Abstract

The effect of ferrite grain size on the fatigue and tensile properties of dual phase steels with a 0.25 volume
fraction of martensite (V m) under different heat treatments was investigated. The heat treatments were
homogenized at 1200 oC along with several subsequent normalizations at 910 oC, resulting in different
microstructures and mechanical properties. After heat treatment, the obtained steels, with different
ferrite grain sizes, were heat treated to obtain a dual phase ferritic-martensitic microstructure. In order
to process the dual phase steels, low carbon manganese steel was used. Fatigue tests were carried out
at room temperature and the fracture surfaces of the fatigue specimens were studied by SEM. The data
obtained by the fatigue tests indicated that the fatigue strength at 107 cycles had a linear increase with
decreasing the grain size of ferrite, while higher applied stress had a little effect on the grain size and
the fatigue strength. The fracture surface of the fatigue specimens showed two distinct regions, namely,
the fatigue fracture and the final fracture. Striation lines were clearly seen in the region of the fatigue
failure. Furthermore, for all microstructures, the final fracture was mainly brittle.
Keywords: Dual phase steels; Fatigue; Ferrite-martensite, Grain size, Heat treatment.
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------1. Introduction
A recently developed class of steels known as dual
phase steels is characterized by a microstructure basically consisting of a ductile ferrite phase and a high
strength reinforcing martensite phase providing low
yield stress, superior strain hardening rate, high tensile strength, good ductility, and good formability 1, 2).
Depending on the cooling rate, the two phases present
in the microstructure of the dual phase steels may also
contain retained austenite, new ferrite (epitaxial ferrite), and bainite 2–6).
In recent years, the application of high strength steels,
especially dual phase steels, has had a great effect on
the automotive industry. This improvement originates
from the characteristics of dual phase steels 7, 8). In the
production of dual phase steels, different heat treatment procedures can be applied, resulting in different
microstructures and mechanical properties due to the
different obtained microstructures. The resulting microstructures consist of ferrite and martensite phases,
but the volume fraction and morphology are largely
varied by the quenching paths 2, 9).
The fatigue behavior and fracture toughness of twoductile-phase alloys are complex phenomena 10, 11).

Strain is more extensive in the softer phase and stress
is higher in the harder phase at a given overall applied
strain. This distribution of stress and strain has been
observed for dual phase steels 12-14). Although considerable experimental work has been carried out on
these materials, there is still no theory or model that
would account for the mentioned varied behavior 10).
For example, it is generally acknowledged that the introduction of retained austenite in steels can effectively benefit the combination of strength and toughness,
but there is no agreement on whether retained austenite is effective for fatigue property or not 15, 16). Ritchie
17)
studied the effect of the retained austenite on the
fatigue crack propagation and confirmed the positive
influence of the retained austenite on the crack propagation stage. In this stage, the retained austenite blunts
the tip of the crack and brings turning and branching
to crack, dissipating the energy of the crack propagation and effectively hindering the crack growth. Nevertheless, the effect of the retained austenite on the
crack initiation stage remains unclear. Some of the
factors that influence the impact properties are morphology, distribution and carbon content of the martensite phase and the ferrite grain size. The effects
of the ferrite grain size are not considerable when
martensite percent is high enough to form a continuous phase 18). On the other hand, using dual phase
steels with a 0.25 volume fraction of martensite gives
the best combination of the useful properties for the
automotive industry 19,20). Most of the products made
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3. Results and Discussion

in ferrite-martensite composites. The volume fraction
of martensite (Vm) under different heat treatments was
about 25 percent. The optical micrographs in Fig. 2
clearly show that the grain size of ferrite was reduced
from samples (a) to (b). The effect of heat treatment on
the ferrite grainsize is also presented in Table 2. The
measured mean grain size of ferrite was reduced from
74.3 µm to 9.3 µm by various post heat treatments.
Sample No. 2 showed the maximum rate of reduction
in the ferrite grain size. It means that the first normalizing treatment had the most effect on the reduction of
the grain size. The three different grain sizes of ferrite
obtained from different heat treatment procedures led
to various mechanical properties. From the measured
tensile properties (Table 3), it could be seen that refining the ferrite grain size in all dual phase steels resulted in better tensile properties, as reported by other
researchers 22, 23).

Fig. 2 shows the morphologies of different dual
phase steels. In these microstructures, martensite islands (dark phase) of irregular shape were embedded
in the continuous ferrite phase.

Table 3. The tensile and hardness properties.
Sample Mean ferrite

YS (MPa) UTS (MPa) YS/TS Elongation

Hardness
(Vickers)

No.

length (µm)

1

74.3

459.3

653

0.703

25.2

123.5

2

29.1

472.1

720

0.655

20.2

140.7

3

9.3

505

840

0.601

13.7

150

As mentioned earlier 21), the dislocation concentration around the brittle martensite phase is high, causing the ferrite phase to be under stress. Refining the
ferrite grains results in a higher concentration or at
least, more non-uniform distribution of dislocations
at the ferrite grain boundary because the locking of
the dislocations is more. This concentration causes
more locked dislocations, resulting in a higher tensile
property. The higher YS and UTS values in Table 3
indicate that the work hardening was as a result of the
locked dislocations and it was higher in more refined
ferrite steels as compared to the coarser specimens.
Generally, the difference in yield and tensile
strengths of this group of steels is one of their important properties. With the decrease in the ferrite
grain size, the difference between yield and tensile
strengths is increased, and accordingly, the YS/UTS
ratio is decreased. The reason of this lowering is the
increase of the work hardening of the ferrite grains.
Studies have demonstrated that deformation of a completely soft phase such as ferrite with a distribution
of hard constituents such as the martensite phase with
very low formability results in a plastic strain slope
in the soft phase, which can decrease the dislocations
movement, thereby lowering the YS/UTS ratio and increasing the work hardening. The other tensile properties are given in Table 3.
Fig. 3 shows the S-N curves of the dual phase steel
with different ferrite grain sizes. From the S-N curves

Fig. 2. Microstructure of dual phase steel achieved from
the grain size of ferrite (a) 74.3 µm, (b) 29.1 µm, and (c)
9.3 µm.
Due to the fact that the ferrite phase had been principally nucleated at the austenite grain boundaries and
grown into the interior of the austenite grain during
cooling in the region of the intercritical temperature,
the ferrite phase became a continuous phase after water quenching; so, it was regarded as the matrix phase
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plotted with the data obtained by the fatigue test, it
could be seen that the fatigue strength was increased
by 24.5 percent through decreasing the grain size of
ferrite from 74.3 µm to 9.3 µm. The plots revealed
that fatigue strengths were not considerably changed
at high applied stress (or low cycle fatigue).

that various microstructural factors do not necessarily
have the same influence on the crack nucleation and
crack propagation 10,25).
Recently, it has been reported that the fatigue strength
of normalized carbon steels should be attributed to their
tensile properties 26). To substantiate this for the used
dual steels, the relationship between the fatigue strength
and yield strength was investigated. Interestingly, there
was a nearly linear relationship between them for the
used dual steels even though some scattered data were
observed. It can be understood from these results
that the yield strength can directly influence the fatigue strength. An important fact is that the fatigue
strength is affected by the ultimate tensile strength.
Such a change in the relationship may be explained
by 27) work hardening. In this case, a low work hardening rate gives a high value for the slope of the fatigue
strength and the ultimate tensile strength relationship.
In this work, it was observed that the ratio between the
fatigue limit with yield strength and tensile strength
in this group of steels was fixed to 0.6 and 0.41, respectively.
The fractography of the fatigue specimen surfaces
showed two distinct regions: fatigue fracture and final
fracture. The results of this research on the nucleation
of fatigue were in agreement with the presented models by others. In Fig. 5, the location of the crack nucleation along with the step of the fracture is shown. In
this research, due to the application of torsion- bending method, the surface of the specimen was under
more stress and this was the reason why the cracks had
been initiated at the surface. Szewczyk and Gurland
25)
reported that the extensive plastic deformation of
the martensite phase in a commercial dual phase steel
occurred primarily in the necked region of the tensile
specimens. Thus, as a result of the strain concentration
in the softer phase of the two-ductile-phase materials,
the fatigue crack nucleation is likely to begin at the
soft phase.

Fig. 3. Comparison of the S-N fatigue curve between
different dual phase steels.
Fig. 4 shows the relationship between the fatigue
limit (107 cycles) and ferrite grain size in dual phase
steels with a constant 25%volume fraction of martensite. Furthermore, it can be observed that the fatigue
limit of the ferrite grain size varied linearly. The relationship between the fatigue limit and grain size can
be expressed according to Eq. (1):

σ107 = 337 − 0.98d f

Eq. (1)

where σ107 is the fatigue limit (MPa), and df is the
ferrite grain size (µm).

Fig. 4. The fatigue limit variation with the grain size of
ferrite in dual phase steels.
In addition, yield strength and microstructure play
a highly significant role in the fatigue strength. As
noted by Szewczyk 7, 18), the volume fraction of the
phases is one of the important factors. Also, the specific matrix (the hard or soft phase), the grain size
and the morphology of the phases, the slip character
and the transformation to the hard martensite phase
are highly important. For crack propagation, the texture may have a noticeable effect. It should be noted

Fig. 5. Nucleation of the fatigue crack at the surface of
the specimen and the fracture step of the dual phase steel
with a grain size of 9.3 µm.
Fig. 6 shows the fatigue fractures of the dual phase steel
with a ferrite mean grain size of 74.3 µm and 9.3 µm
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under an applied stress of 270 MPa and 485MPa, respectively. In both cases, the striations as well as the
fatigue beach marks of the ferrite parts (ductile) and
some cleavage fracture in martensite parts were clearly revealed. As can be seen, the direction of the crack
growth was changed from one grain to another, due
to the continuous martensite phase in this dual phase
structure.

Fig. 7. Final fracture surfaces of the dual phase steels
with a ferrite mean grain size of a)74.3µm and b)29 µm.

.

4. Conclusion
In the direct intercritical annealing process, the
martensite phase was mostly formed at the ferrite
grain boundaries where with the decrease in the
ferrite grain size, the martensite phase showed a
bigger tendency to form continuously.
Refinement of the structure resulted in the increase of tensile and yield strengths, the decrease
of YS/UTS, and the increase of the work hardening
of these steels.
The decrease in the ferrite grain size from 74.3
µm to 9.3 µm caused a 24.5% increase in the fatigue limit.
With the decrease in the ferrite grain sizes, the
(σ 107/YS) and (σ 107/UTS) ratios were almost constant, with their values being 0.6 and 0.4, respectively.
Fatigue crack nucleation was initiated from the
surface of the samples and wavy lines were observed in the fatigue fracture surface. Also, for all
ferrite grain sizes, the final fracture surfaces were
mostly of the brittle type.

.
.
.
.

Fig. 6. Fatigue fracture surfaces of the dual phase steels
with a ferrite mean grain size of a) 74.3 µm, b) 9.3 µm.
The study of the final fracture surface of the ferrite-martensite dual phase microstructure showed
that in all ferrite grain sizes and in all applicable
stress ranges, the fracture was brittle. The final
fracture surface of the specimens with grain sizes
of 74.3 and 29.1 µm at a stress of 430 and 485 µPa
are shown in Fig.7. In the figure, the dark areas
correspond to the ferrite phase, which has a brittle
fracture, and the white sections refer to the martensite phase. The lamellar fracture in the ferrite phase
could be due to the stress provided from the austenite
to martensite phase transformation and also, the confinement of the plastic deformation of ferrite (due to
the continuous martensite phase 16, 17). Another reason
can be the rate of the crack growth as it can cause
an increase in the brittle fracture.
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