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The effects of intercritical annealing and subcritical tempering on the mechanical properties 

and corrosion resistance of mild steel were studied. It was revealed that intercritical annealing 

followed by quenching resulted in the development of a ferritic-martensitic dual phase (DP) 

microstructure with high tensile strength, disappearance of the yield-point phenomenon, 

superior work-hardening behavior, and decreased corrosion resistance. Subsequent tempering 

of the intercritically annealed steel resulted in the formation of carbide particles in a tempered 

martensitic microstructure, which led to the decline of the strength and hardness, reappearance 

of the yield-point elongation, and enhanced corrosion resistance. Accordingly, this work 

demonstrated the possibility of controlling the mechanical properties and corrosion resistance 

of commercial mild steels by simple heat treatments. 
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1. Introduction 
 

Adjusting the chemical composition [1], intercritical 

annealing [2-5], grain refinement [6-11], bake hardening 

[12-14], and tempering treatment [15-19] are among the 

main routes for controlling the mechanical properties of 

mild steel. 

The intercritical annealing followed by water 

quenching is usually used to process ferritic-martensitic 

steels known as dual phase (DP) steels, which show 

improved work-hardening behavior and superior 

strength-ductility balance [20-22]. While the steel is 

usually a low carbon type, the martensite phase in the 

intercritically annealed steels might be high carbon, 

which is related to the presence of the majority of carbon 

content of the steel in the martensite phase with low 

fraction (10 to 40 vol%) [23]. Therefore, the tempering 

treatment of intercritically annealed steels is usually 

used to enhance plasticity [17]. The presence of 

martensite is also known to impair the corrosion 

                                                           
 Corresponding author  

   E-mail address: hmirzadeh@ut.ac.ir (H. Mirzadeh) 

resistance of mild steel [24-26], where the tempering 

treatment might be also advantageous in this regard. 

However, understanding the effects of intercritical 

annealing and tempering treatment on the corrosion 

resistance of mild steel need more experimental works. 

In response, the effects of intercritical annealing and 

tempering treatment on the microstructure, hardness, 

tensile properties, and corrosion resistance of a 

commercial mild steel has been studied in the present 

work. 
 

2. Experimental Details 

2.1. Processing 
 

A common mild steel (st37 grade) with the chemical 

composition (wt%) of 0.12C-1.11Mn-0.16Si was 

received in the fully annealed condition. As shown in 

Fig. 1, the as-received sample had a ferritic-pearlitic 

microstructure and the average ferrite grain size was ~ 

46 μm. A cylindrical specimen with the diameter of 2 

mm and length of 10 mm was heated up to 1000°C at the 
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rate of 2°C/s in a dilatometer, and as shown in Fig. 1, the 

Ac1 and Ac3 temperatures were determined by 

dilatometry as 730°C and 904°C, respectively. The as-

received sample was intercritically annealed at 850°C 

for holding times up to 20 min, which was followed by 

water quenching to develop the ferritic-martensitic DP 

steel. The intercritically annealed sample for 15 min was 

then tempered at 600°C for tempering times up to 360 

min. 

 

 

Fig. 1. As-received microstructure and its dilatometric curve. 

 

2.2. Characterization 
 

An optical microscope and a FEI Nova field-

emission SEM were used for microstructural 

characterization. The samples were etched by the 

LePera’s reagent / 2% Nital solution. Vickers hardness 

test (load of 5 kg) was used for studying the 

austenitization during intercritical annealing and the 

subsequent tempering process. 

The subsize ASTM E8 samples were tensile tested at 

room temperature under a constant cross-head speed of 

1 mm/min, where each test was repeated once to ensure 

the reproducibility of the results. The work-hardening 

rate was obtained based on θ = dσ/dε = {σi+1-σi+1}/{εi+1-

εi+1} [27]. Moreover, according to the Hollomon 

equation and the Considére criterion (θ = σ at the point 

of instability in tension), the work-hardening exponent 

(n) becomes equal to the uniform true strain (εu) [28]. 

The polarization tests in a 3.5 wt% NaCl solution at 

room temperature were performed using a Solartron 

potentiostat (Model SI 1287) operating at the scanning 

speed of 2 mV/s. The specimen surface was ground and 

polished and an area of 1 cm2 was exposed to the 

solution for each sample. These tests were repeated 

twice for statistical analysis. 

3. Results and Discussion 

3.1. Microstructural evolutions 

Figure 2 shows the variation of hardness during 

intercritical annealing up to holding times of 20 min. By 

increasing the holding time, the hardness was increased, 

which was related to the partial austenitization during 

intercritical annealing and subsequent transformation of 

austenite to martensite during water quenching from the 

intercritical annealing temperature. The hardness 

eventually saturates at ~ 15 min and reaches a plateau as 

shown in Fig. 2. Therefore, the intercritically annealed 

sample for 15 min (IA15 sample) was considered as the 

representative of the developed DP steel. The 

microstructure of this sample is shown in Fig. 3(a), 

where this optical micrograph reveals the presence of 

martensite islands in a matrix of ferrite. The SEM image 

of this sample in Fig. 3(b) shows the morphology of the 

martensite phase at high magnification. 

 

Fig. 2. Evolutions of 

hardness during 

intercritical annealing of 

the as-received sample. 

 
Fig. 3. Representative microstructures of a) and b) IA15 and 

(c) T90 samples. 
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Figure 4 depicts the variation of hardness during 

tempering of the IA15 sample at 600 °C for tempering 

times up to 360 min. It can be seen that during 

tempering, the hardness was decreased, and reached a 

plateau at long holding times. The SEM image of the 

sample tempered for 90 min (T90 sample) is shown in 

Fig. 3(c), where the formation of nanometric carbide 

particles and tendency for vanishing of the lath 

martensitic morphology is evident. The microstructure 

of the sample tempered for 360 min (T360 sample) was 

comparable to that of T90 sample, except the more 

intense tempering effects in the former. These 

observations are responsible for the decline of hardness 

during tempering of IA15 sample. In fact, tempering of 

a martensitic microstructure mainly involves the 

precipitation of transition carbides (and the lowering of 

the carbon content of the martensitic matrix) and the 

replacement of the transition carbide and low-carbon 

martensite by cementite and ferrite [29]. Similarly, 

during tempering, in the martensitic islands of DP steel, 

the same phenomena happen as shown by Mazinani and 

Poole [15], Waterschoot and Verbeken [16], Fonstein et 

al. [17], Han et al. [18], Li et al. [19]. 

 

Fig. 4. Evolutions of 

hardness during 

tempering of the IA15 

sample. 

 

3.2. Tensile properties 

Figure 5 depicts the tensile stress-strain curves of as-

received and IA15 samples. The ultimate tensile strength 

(UTS) of IA15 sample is higher than that of the as-

received sample due to the replacement of pearlite and 

some fraction of ferrite in the as-received sample with 

martensite in the IA15 sample. The tensile curves also 

revealed the superior work hardening behavior of the 

IA15 sample when compared to that of the as-received 

sample. This effect is shown in Fig. 6 based on the work-

hardening analysis according to the Crussard–Jaoul 

method [4, 20, 30], where the work hardening rate of 

IA15 sample is higher at each considered true strain. 

Moreover, based on Fig. 5, the IA15 sample does not 

show the yield-point phenomenon while this effect can 

be seen for the as-received sample. The yield-point 

phenomenon resulted in the low initial work-hardening 

rates for the as-received sample in Fig. 6. The absence 

of the yield-point phenomenon in the former is related to 

the formation of quench-induced dislocations in ferrite 

around the martensite islands [3, 31], and hence, the 

presence of free dislocations during subsequent tensile 

testing. 

 
Fig. 5. Tensile stress-strain curves. 

 

 
Fig. 6. Work-hardening rate plots based on the true stress-

strain curves, where the data has been cut off at the UTS of 

the engineering stress-strain curves. 
 

Figure 5 also shows the tensile stress-strain curve of 

the T90 sample. It can be seen that this sample shows the 

yield-point phenomenon, which is related to the 

tempering effects as also confirmed by Gündüz [32]. 

Moreover, the UTS of this sample is lower than that of 

IA15 sample but it is higher than that of the as-received 

sample. Moreover, the stress-strain curve of the T360 

sample shows decreased strength but increased ductility 

as expected based on the trend of hardness in Fig. 4. 

These results reveal that by controlling the tempering 

time, it is possible to alter the mechanical properties. The 

corresponding work-hardening plots in Fig. 6 reveal the 
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decline in the work-hardening rate but also show an 

increase in the work-hardening exponent (n-value) from 

0.132 (lnεuniform = –2.02) for the IA15 sample to 0.145 

(lnεuniform = –1.93) for the T90 sample and 0.232 

(lnεuniform = –1.46) for the T360 sample. Therefore, the 

uniform true strain, and hence, the uniform elongation 

increased by tempering treatment. 
 

3.3. Corrosion resistance 

The polarization curves of the samples are shown in 

Fig. 7(a), where the values of corrosion current density 

(icorr) were determined based on the Tafel extrapolation 

method [33, 34]. The obtained values of icorr are shown 

in the bar chart of Fig. 7(b). It can be seen that the icorr 

for the IA15 sample is much larger than that determined 

for the as-received sample. This reveals that the 

substitution of pearlite and the surrounding ferrite with 

martensite impairs the corrosion resistance, which is 

consistent with the works of Soleimani et al. [24], Kayali 

and Anaturk [25], Allam and Abbas [26], and 

Keleştemur et al. [35]. It can be also seen that tempering 

enhances the corrosion resistance and the icorr for the T90 

sample is much smaller than that determined for the 

IA15 sample. This seems to be inconsistent with the 

work of Keleştemur et al. [35], where the corrosion rate 

of the dual-phase steel embedded in concrete increased 

with tempering heat treatment and the highest corrosion 

rate took place in dual-phase steel tempered at 300°C. 

However, in the present work, the tempering 

temperature of 600°C was used, which can explain the 

enhanced corrosion resistance. This work clearly shows 

 

Fig. 7. (a) Polarization curves and (b) the obtained values of 

the corrosion current density for the processed samples. 

that the tempering treatment can be applied to the 

intercritically annealed mild steel to enhance its 

corrosion resistance. 
 

4. Conclusions 
 

The mechanical properties and corrosion resistance 

of mild steel as influenced by the intercritical annealing 

and subcritical tempering were studied. It was revealed 

that intercritical annealing followed by quenching 

resulted in the development of DP microstructure with 

high tensile strength, disappearance of the yield-point 

phenomenon, superior work-hardening behavior, and 

poor corrosion resistance. Subsequent tempering of the 

intercritically annealed steel resulted in the formation of 

carbide particles in a tempered martensitic 

microstructure. Accordingly, during tempering, the 

hardness decreased until reaching a plateau. This 

decrease, in turn, led to the decline of the strength and 

hardness, reappearance of the yield-point elongation, 

and enhanced corrosion resistance. Conclusively, this 

work demonstrated the possibility of controlling the 

mechanical properties and corrosion resistance of 

commercial mild steels by simple heat treatments. 
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 یو بازپخت در دما یبحران ینب یلتوسط آن یفولاد کربن یو مقاومت به خوردگ یکیکنترل خواص مکان

 یبحران یرز
 

 یاندهقان یزچنگیرزاده و حامد م یمانی،سل یممر

 .رانیا تهران، تهران، دانشگاه ،یفن دانشکده مواد، وی ژرمتالوی مهندس دانشکده

 

  

 چکیــده  

ی و بحران نیب لیآنی بررسی شد. کربن فولاد یخوردگ به مقاومت و یکیمکان خواصی بر بحران ریز یدما در بازپخت و یبحران نیب لیآنتاثیر 

مارتنزیتی با استحکام کششی بالا، عدم مشاهده پدیده نقطه تسلیم، رفتار کارسختی -کوئنچ پس از آن منجر به توسعه ریزساختار دوفازی فریتی

ی منجر به تشکیل ذرات کاربیدی در ریزساختار مارتنزیت تمپر شده بحران ریز یدما در بازپختی شد. در ادامه، خوردگ به مقاومتعالی، و کاهش 

ی همراه بود. در نتیجه، این تحقیق نشان داد که امکان خوردگ به مقاومتشد که با کاهش استحکام و سختی، بازگشت پدیده نقطه تسلیم، و بهبود 

  ت حرارتی ساده وجود دارد.ی تجاری با عملیاکربن هایفولاد یخوردگ به مقاومت و یکیمکان خواصکنترل 

 

 یخوردگ به مقاومت مکانیکی، خواصی، بحران ریز یدما در بازپختی، بحران نیب لیآن ،فولاد کربنیهای کلیدی: واژه

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


