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Abstract: The tensile properties of ferrite single-phase low-carbon steel with different initial 
microstructures were evaluated. Three types of hot-rolled sheet specimens with different 
microstructures—specimen P (consisting of ferrite and pearlite), specimen B (consisting of bainitic 
structures), and specimen M (consisting of fully martensitic structures) were used. After hot rolling, 
these specimens were cold-rolled, subsequently heated to the finishing temperature of ferrite 
recrystallization, and then water-quenched to room temperature. The recrystallized ferrite grain size 
decreased in the specimen order of B > P > M. The distribution of cementite was comparatively 
homogeneous in specimens B and M, whereas that in specimen P was heterogeneous. The yield and 
tensile strengths decreased in the specimen order of M > P > B. Calculations using the Hall–Petch 
equation revealed that the yield strength of each specimen depended mainly on the recrystallized 
ferrite grain size. The total elongation decreased in the specimen order of B > P > M, whereas the 
local elongation was approximately the same in all of the specimens. In addition, the number of 
dimples decreased in the specimen order of M > B > P, whereas the size of dimples decreased in the 
specimen order of P > B > M. These results suggest that the homogeneous distribution of cementite 
and the fine recrystallized ferrite grains in specimen M suppress void coalescence, thereby resulting 
in a good balance between the tensile strength and the local elongation. 
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1. Introduction  

The automobile industry strongly demands low-carbon high-strength steel, and the tensile 
strength of steel continues to increase. Various high-strength steels have been developed to meet this 
demand. Dual-phase (DP) and transformation-induced plasticity (TRIP) steels are typical 
high-strength steels with excellent ductility [1–4]. However, the formabilities (e.g., bendability and 
hole-expandability) of these steels are inferior compared to single-phase steels, which is a serious 
problem such as a cracking during press forming [5,6]. Thus, steels with a good combination of 
ductility and formability are needed. 

For DP steels, the effect of martensite distribution on tensile properties has been investigated by 
several authors [7–10]. For instance, Tomota et al. [7] have demonstrated that connected martensite 
in DP steels leaded to an increase in tensile strength and in the strain-hardening exponent. In addition, 
a decrease in the diameter of the dispersed martensite has been reported to improve the balance 
between strength and local elongation [9]. 

Methods of improving the formability of high-strength steels have been proposed in previous 
studies [5,6]. For instance, a homogeneous microstructure of the steels enhances their formability [5]. 
The homogeneous microstructure means equiaxed grains, a homogeneous distribution of hard phases 
and precipitates, and decomposition of the layered microstructure. In the case of low-carbon steel, 
we have previously demonstrated that the morphology of recrystallized ferrite grains and the 
distribution of martensite were both strongly dependent on the initial microstructures before 
annealing [11,12]. In particular, recrystallized ferrite grains are equiaxed and the distribution of 
martensite is homogeneous after annealing when the initial microstructure includes martensite. 
Therefore, we have suggested that properly controlling the initial microstructures before annealing 
was important for improving the formability of low-carbon steels. However, the effect of initial 
microstructures on the tensile properties of low-carbon steels has not been investigated yet. 
Achieving a good combination of ductility and formability requires knowledge of the effect of 
low-carbon steels’ initial microstructures on their tensile properties. 

Thus, the purpose of the present study is to evaluate the tensile properties of a low-carbon steel 
and correlate these properties with the steels’ initial microstructure. This work is a fundamental study 
on the tensile properties of the ferrite phase. All of the tests were performed with ferrite single-region 
annealing. 

2. Materials and method 

The chemical composition of the tested steel (in mass%), which was the same as used in our 
previous studies [11,12] was 0.1C–2.0Mn. The vacuum-melted ingots (approximately 100 mm in 
thickness) were rough rolled to a thickness of 30 mm. The rough-rolled steels were hot-rolled at a 
finishing temperature of 900 °C, which corresponds to the austenite region, to a thickness of 3.0 mm, 
and subsequently water cooled to 650 °C (specimen P), 500 °C (specimen B), or less than 100 °C 
(specimen M) by water jet. All specimens were subsequently cooled to room temperature in air. The 
temperature during cooling was evaluated via measurement of the surface temperature. Specimen P 
consisted of ferrite and pearlite. Specimen B consisted of bainitic structures, and specimen M 
consisted of fully martensitic structures. The hot-rolled sheets were cold-rolled to a thickness of 1.0 
mm (reduction 67%) in a four-high cold rolling mill at a rolling speed of 15 m/min. The 



800 

AIMS Materials Science  Volume 6, Issue 5, 798–805. 

microstructures of the hot-rolled and cold-rolled sheets have been reported for each specimen in our 
previous article [11]. 

After cold-rolling, the specimens were heated to each finishing temperature of ferrite 
recrystallization at a rate of 0.5 °C/s using an electric furnace, and then water-quenched to room 
temperature within 2 s after the removal of specimens from the furnace. The finishing temperature of 
the ferrite recrystallization in specimens P, B, and M was 650, 660, and 610 °C, respectively [11]. 

The microstructures of nital-etched specimens (etching time approximately 10 s) were observed 
by scanning electron microscopy (SEM) at an accelerating voltage of 5 kV. Nital etchant has been 
widely used in the metallography of steels and it was suitable for observing the microstructures in the 
present study. Tensile test of the specimens was conducted at room temperature and at a strain rate of 
1.67 × 10−3 s−1. The JIS Z 2201 standard for the tensile test specimens was used. Standard deviations 
of the tensile properties were calculated from the results obtained from two specimens. The fracture 
surfaces of the specimens were observed by SEM. The number and size of dimples in the fracture 
surfaces were quantified using the image-analysis program ImageJ. The SEM images of fracture 
surfaces were subjected to binarization processing using ImageJ, and the number of dimples (black 
region) was estimated. The morphology of dimples was assumed to be oval for purpose of analysis 
using ImageJ, and the average value of the major and minor axes of the oval dimples was defined as 
the size of the dimples. Void observations were conducted at distance of approximately 3000 μm 
from the fractured surface by SEM. The number of void was estimated using twenty SEM images 
with a total area of approximately 3200 μm2 in each specimen. 

3. Results and discussion 

Figure 1 shows the microstructures of the specimens immediately after completion of ferrite 
recrystallization. The recrystallized ferrite grain size decreased in the specimen order of B > P > M. 
Furthermore, the recrystallized ferrite grains in specimen M were finer and more equiaxed than those 
in specimens P and B. The distribution of cementite was comparatively homogeneous in specimens 
B and M, whereas it was heterogeneous in specimen P. 

 

Figure 1. Microstructures of specimens P (a), B (b), and M (c) immediately after 
completion of ferrite recrystallization. αR: recrystallized ferrite; θ: cementite particles. 

The yield and tensile strengths of the specimens are shown in Figure 2a. The yield and tensile 
strengths decreased in the specimen order of M > P > B. The local and total elongations of the 
specimens are shown in Figure 2b. Notably, the total elongation decreased in the specimen order of 
B > P > M whereas the local elongation was approximately the same in all of the specimens. Here, 
we focus on the relationship between the recrystallized ferrite grain size of the specimens and their 
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yield strength. According to the Hall–Petch equation [13,14], a smaller grain size resulted in an 
increase of yield strength. The Hall–Petch equation is expressed as: 

σ = σ0 + kd−1/2 

where σ is the yield strength; σ0 is the friction stress; k is a material-specific constant, and d is the 
average grain size. We have reported that the recrystallized ferrite grain size of specimens P, B, and 
M was 4.6, 5.2, and 3.3 μm, respectively [11]. Moreover, in the case of low-carbon steel,     
Takaki et al. [15] have proposed estimated values of 100 and 600 for σo and k in the Hall–Petch 
equation, respectively. Therefore, the yield strength of all specimens can be estimated using the Hall–
Petch equation. Figure 3 shows the relationship between the yield strength obtained by tensile test 
and that calculated using the Hall–Petch equation. The yield strength obtained by tensile test is in 
good agreement with that calculated using the Hall–Petch equation. Thus, the yield strength of each 
specimen is mainly dependent on the recrystallized ferrite grain size. 

 

Figure 2. The yield and tensile strengths (a) and the local and total elongations of the 
specimens (b). 

 

Figure 3. Relationship between the yield strength obtained by tensile test and that 
calculated using the Hall–Petch equation. 

For the dominant factor of yield strength, precipitation strengthening by cementite should be 
considered. A smaller precipitate size is known to lead to a greater degree of precipitation 
strengthening. We have previously demonstrated that the spheroidal cementite in specimen M was 
finer than that in specimens P and B [11]. This observation indicates that the degree of cementite 
precipitation strengthening in specimen M is greater than that in specimens P and B. In the case of 
specimen M, the yield strength obtained by tensile test was slightly larger than that calculated using 
the Hall–Petch equation (Figure 3). Therefore, the difference between the yield strength of specimen 
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M obtained by tensile test and that calculated using the Hall–Petch equation is attributable to the 
precipitation strengthening of cementite. 

In general, the greater the strength of a material, the lower its elongation. As shown in Figure 2, 
the tensile strength and the total elongation of each specimen also exhibit a trade-off relationship in 
the present study. Notably, the local elongation was approximately the same in all of the observed 
specimens. This result implies that specimen M has a good balance between tensile strength and 
local elongation. The local elongation of metals has been reported to be dependent on the nucleation, 
growth, and coalescence of voids [16]. Therefore, we discussed void nucleation and coalescence on 
the basis of the features of dimples in the fracture surfaces. Figure 4 shows SEM micrographs of the 
fracture surfaces of the specimens. The fracture surface of all specimens was ductile and consisted of 
multiple dimples; the dimple size in all specimens varied. The average number and size of the 
dimples in the specimens are shown in Figure 5. The number of dimples decreased in the specimen 
order of M > B > P (Figure 5a), whereas the size of dimples decreased in the specimen order of P > 
B > M (Figure 5b). 

 

Figure 4. SEM micrographs of fracture surfaces of the specimens P (a, b), B (c, d), and 
M (e, f). Black arrows: dimples. 

 

Figure 5. Average number (a) and size (b) of dimples in the specimens. 

With respect of void nucleation, voids have been demonstrated to generally nucleate at hard 
phases and inclusions [17–19]. As shown in Figure 6, the voids mainly nucleated at cementite in all 
specimens. Therefore, the void nucleation sites in specimens B and M are likely distributed 
homogeneously because the distribution of cementite in these specimens was comparatively 
homogeneous (Figure 1b,c). In contrast, the void nucleation sites in specimen P should be localized 
because the distribution of cementite was heterogeneous (Figure 1a). These results suggest that the 
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number of void nucleation sites at cementite in specimens B and M is larger than that in specimen P. 
Moreover, the voids in interstitial-free (IF) steels mainly nucleate at ferrite/ferrite interfaces (i.e., 
ferrite grain boundaries) [16]. As shown in Figure 1, the recrystallized ferrite grain size decreased in 
the specimen order of B > P > M. Thus, the number of void nucleation sites at ferrite grain 
boundaries in specimens M is likely larger than that in specimens P and B. As shown in Figure 6, the 
number of void nucleation sites at ferrite grain boundaries in specimen M was larger than that in 
specimens P and B. From the viewpoint of the void nucleation sites at cementite and ferrite grain 
boundaries, specimen M likely contains the most void nucleation sites. In addition, the number of 
dimples in specimen M is apparently larger than that in specimens P and B because the number of the 
void nucleation sites in specimen M is larger than that in specimens P and B. 

 

Figure 6. The number of void at each nucleation site. 

Void coalescence has been speculated to depend on the distribution of cementite [19]. 
Furthermore, Furukimi et al. [20] have revealed that voids nucleate at Cr precipitates in Cr-added 
steels and that the local elongation increases with increasing mean interparticle spacing of Cr 
precipitates. These previous studies imply that void coalescence easily occurs when the spacing 
among the void nucleation sites is small. Therefore, the size of dimples in specimen P is likely larger 
than that in specimens B and M because the distribution of cementite is heterogeneous and the 
spacing of cementite is small in specimen P. As shown in Figure 7, the voids nucleated at cementite 
spherodized in pearlite colonies of specimen P. In addition, void coalescence has been demonstrated 
to be difficult when the distribution of the void nucleation sites is homogeneous [9]. Accordingly, the 
size of dimples in specimen M is smaller than that in specimen B because the number of void 
nucleation sites in specimen M is large and the distribution of the voids is homogeneous. 

 

Figure 7. SEM micrograph of voids of the specimen P. White arrows: cementite particles; 
black arrows: voids. 
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High local elongation can be obtained by suppressing the growth and coalescence of voids [20]. 
As previously mentioned, the void coalescence in specimen M was suppressed the most, whereas 
that was accelerated the most in specimen P. These results indicate that the local elongation of 
specimen M, which has high tensile strength increases, whereas that of specimen P, which exhibits 
low tensile strength decreases. Thus, we concluded that the local elongation of each specimen can be 
explained on the basis of the features (number and size) of dimples. 

4. Conclusions 

The tensile properties of ferrite single-phase low-carbon steel with different initial 
microstructures were evaluated, and the following results were obtained: 

(1) The yield and tensile strengths decreased in the specimen order of M > P > B. As a result of 
calculations using the Hall–Petch equation, the yield strength of each specimen was mainly 
dependent on the recrystallized ferrite grain size. 

(2) The total elongation decreased in the specimen order of B > P > M, whereas the local 
elongation was approximately the same in all of the specimens. 

(3) The number of dimples decreased in the specimen order of M > B > P, whereas the size of 
dimples decreased in the specimen order of P > B > M. The local elongation of each specimen was 
explained on the basis of the features (number and size) of its dimples. 
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