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Abstract: In this study, we investigated the microstructures and mechanical properties of annealed cold-rolled low-carbon steels. The 

specimens were subjected to different annealing temperatures and durations in an electric furnace to investigate their recrystallization 

phenomena. Recrystallization kinetics were analyzed through microstructural evolution by evaluating various mechanical properties. 

The results showed that the samples annealed at 700 °C were fully recrystallized with equiaxed grains, whereas equiaxed recrystallized 

grains began to grow in the samples annealed at 800 °C after 10 min of soaking. Electron backscatter diffraction grain orientation 

spread maps were used to quantify the percentage of recrystallized grains as a function of annealing temperature and soaking time. The 

samples annealed at 800 °C with 10 min of soaking exhibited good elongation (approximately 38%) and tensile strength (exceeding 

270 MPa). 
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1. Introduction 
The shipbuilding industry is constantly working to improve 

offshore and subsea structures in response to the increasing de-

mand for natural resources, including oil and gas, in underwater 

environments. Low-carbon steel plates/sheets are widely used in 

marine industries for major parts of offshore structures that re-

quire specific properties such as high strength, high impact 

toughness, excellent weldability, and corrosion resistance [1]-[3]. 

Grain refinement is a useful strategy for establishing the desired 

characteristics of the plates [4]-[8]. Of the several grain refining 

methods, cold rolling followed by annealing has been one of the 

most efficient, effective, and low-cost techniques [7][8]. Recrys-

tallization is a common means of investigating the relationship 

between structure and mechanical properties in carbon steels 

[9][10]. 

Recrystallization refers to a high-temperature annealing phe-

nomenon driven by the energy stored in lattice strains and crystal 

imperfections, such as dislocations, during the deformation pro-

cess, thereby relaxing the stress in deformed steel when annealed 

at a particular temperature [10]-[12]. 

   Ferry et al. performed continuous annealing of cold-rolled (CR) 

low- and ultralow-carbon steel [13]. Their annealing model, 

based on the Avrami equation, predicted that the cooling rate and 

soaking time strongly affect the recrystallization kinetics. Mar-

tinez-de-Guerenu et al. measured the hardness of recrystallized 

CR low-carbon steel [14]. They found that after annealing at ap-

proximately 600 ℃ and 10 s of soaking, the measured Rockwell 

hardness values decreased as recrystallization initiated. Akbari et 

al. studied the recrystallization kinetics and mechanical proper-

ties of low-carbon steel at three different temperatures: room 

temperature, blue-brittleness, and sub-zero temperature [15]. 

They demonstrated that pre-straining at sub-zero temperature fol-

lowed by annealing at 600 ℃ enhanced the mechanical proper-

ties and recrystallization kinetics better than at room and blue 

brittleness temperatures. Tian et al. reported that ultrafine-

grained martensitic low-carbon steel exhibited superior mechan-

ical properties after annealing at 550 ℃ for 30 min [16]. How-

ever, these studies used conventional heat treatment, which is 

time- and energy-inefficient, and a major source of CO2 emis-

sions. Thus, we investigated the recrystallization kinetics of CR 

low-carbon steel heat-treated in an electric furnace through 
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microstructural evolution, and measured the mechanical proper-

ties of the annealed steel specimens. 

2. Experimental Method
Commercial-quality CR low-carbon full hard steel sheets 

(0.04 C, 0.25 Mn, 0.035 Al, <0.019 P, <0.015 S, Fe balanced in 

wt. %; 340 × 300 × 1 mm3) were annealed in an electric furnace 

at 700 or 800 ℃, soaked for 5 and 10 min, then air cooled. The 

specimens were cut to 200 × 70 × 1 mm3 and 10 × 10 × 1 mm3 

for tensile tests and microstructural studies, respectively. Optical 

microscopy (OM; Leica, DM750), field-emission scanning elec-

tron microscopy (FE-SEM; Carl Zeiss, SUPRAA40VP), and 

scanning electron microscopy/electron backscatter diffraction 

(SEM-EBSD; JEOL, JIB-4601F) were used for microstructural 

investigations. Optical microscopy and SEM were conducted on 

specimens mechanically polished with emery papers (1000–2400 

grit size) and finely polished with a 1-µm diamond suspension, 

followed by chemical etching with 10% nital solution. The spec-

imens were electropolished at 10 V in an acetic acid and perchlo-

ric acid solution (80:20) for EBSD characterization. The stress–

strain behavior was determined through tensile tests performed 

at room temperature using a universal testing machine (IN-

STRON, 8801MTL6258) according to the standard ASTM 

E8/E8M-22. The Vickers hardness was also measured. 

3. Results and Discussion

Figure 1: Optical micrographs showing (a) deformed grains 

elongated along the rolling direction in the AR sample, (b–e) re-

crystallization phenomena in the annealed samples 

Figure 1 shows optical micrographs of the annealed and as-

received (AR) samples. The deformed grains are elongated along 

the rolling direction of the AR sample. After annealing at 700 ℃ 

with 5 and 10 min of soaking time, as shown in Figures 1 (b) 

and (c), respectively, static recrystallization initiated with the nu-

cleation of new strain-free grains. In the samples annealed at 

800 ℃, equiaxed recrystallized grains were observed [17][18]. 

Visualization of the microstructures of the samples using FE-

SEM, as shown in Figure 2 (a)-(e), revealed similar observa-

tions. Heavily deformed grains extend along the rolling direction 

in the AR sample. Recrystallization was triggered by annealing 

at 700 ℃, and no microstructural differences were seen in terms 

of soaking time at this temperature. Full recrystallization oc-

curred in the sample annealed at 800 °C with 5 min of soaking, 

with equiaxed grains formed throughout. The sample annealed at 

800 °C with 10 min of soaking evinced that equiaxed grains 

started growing when the soaking time increased, as shown in 

Figure 2 (e). The microstructures of the annealed samples were 

primarily composed of recrystallized ferrite grains with a small 

fraction of cementite that tended to nucleate at the grain bounda-

ries [15][19]. 

Figure 2: SEM images showing (a) deformed grains elongated 

along the rolling direction in the AR sample, and (b–e) recrystal-

lization phenomena in the annealed samples; GG refers to grain 

growth 

Figure 3: Inverse pole figure maps showing recrystallized ferrite 

grains oriented along <111> //ND and <110> //ND in annealed 

samples 
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Inverse pole figures were obtained to examine the textural evo-

lution of the annealed specimens, which showed recrystallized 

ferrite grains oriented along <111> // ND and <110> // ND, as 

shown in Figure 3 [20]-[22]. The strong texture indicates that 

recrystallization occurred after annealing at both temperatures. 

The percentages of recrystallized grains formed in the an-

nealed samples are indicated by the grain orientation spread maps 

shown in Figure 4. The percentage of recrystallization is in-

creased by 2–3% with the increase in annealing temperature, 

from approximately 95–96% at 700 ℃ to 97–98% at 800 ℃. 

Moreover, the soaking duration has a minimal effect on the re-

crystallization percentage at both annealing temperatures [22]. 

Figure 4: Grain orientation spread (GOS) maps showing the re-

crystallization percentage in the annealed samples. GOS < 2° are 

treated as recrystallized grains [22] 

The average grain size of the annealed samples was measured 

and it was observed that the average size of the recrystallized 

grains increased with annealing temperature and soaking time, as 

shown in Figure 5. The average grain size for the specimen an-

nealed at 700 °C and soaked for 5 min was approximately 5 µm, 

whereas the specimen annealed at 800 °C and soaked for 10 min 

had the largest grain size, measuring approximately 7 µm. This 

validated the phenomenon of grain development that occurred 

throughout the annealing process. 

To investigate the effect of heat treatment on the mechanical 

properties, tensile tests were conducted on all samples. The ten-

sile strength (TS) and strain obtained for each specimen are listed 

in Table 1, and the stress–strain curves are shown in Figure 6. 

The annealing temperature influenced TS: the TS of the annealed 

samples was nearly three times lower than that of the AR sam-

ples. The samples annealed at 800 ℃ exhibited greater elonga-

tion and lower TS than those annealed at 700 ℃. Soaking time 

had negligible effect on the ductility of the annealed specimens: 

the sample annealed at 800 °C and soaked for 10 min showed 

38% elongation, four percentage points more than the sample an-

nealed at 800 °C and soaked for 5 min. 
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Figure 5: Average grain size plotted against samples’ annealing 

conditions 

Table 1: Tensile strength and tensile strain for AR and annealed 

samples 

Samples Tensile strength 
(MPa) 

Tensile Strain (%) 

AR 830 1 
700/10 377 30 
800/5 280 34 
800/10 275 38 
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Figure 6: Stress–strain curves obtained for AR and annealed 

samples 

The Vickers hardness of all the specimens was measured as an 

indicator of recrystallization. Figure 7 shows the recrystalliza-

tion fraction and Vickers hardness as functions of the annealing 
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conditions. As the annealing temperature and duration increased, 

the hardness decreased, whereas the recrystallization fraction in-

creased proportionally. The increased average grain size in sam-

ples annealed at 800 ℃ led to a reduction in hardness compared 

to those annealed at 700 ℃. 
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Figure 7: Measured recrystallization fraction and corresponding 

Vickers hardness values plotted as a function of annealing condi-

tion 

The progression of recrystallization was examined via micro-

structural analysis and mechanical property measurements. The 

tensile strength and hardness of the specimens decreased with in-

creasing annealing temperature and time, suggesting an increase 

in recrystallization with increased annealing parameters. This 

trend is further evident in the EBSD map, where the highest pro-

portion of recrystallized grains is observed in the samples an-

nealed at 800 °C. 

4. Conclusion
This study analyzed the recrystallization of CR low-carbon 

steel annealed in an electric furnace at either 700 ℃ or 800 ℃ 

with 5 or 10 min of soaking. The following conclusions were 

drawn. 

1) OM, SEM, and EBSD showed that annealing at 700 ℃ for

5 min is sufficient to initiate recrystallization.

2) Ferrite grains form after soaking for 10 min at 800 ℃.

3) The sample annealed at 800 °C and soaked for 10 min ex-

hibited an excellent elongation of 38% and approximately

270 MPa tensile strength.
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