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Abstract. High strength low alloy (HSLA) steels are known for their 

superior mechanical properties, which are achieved through alloying 
elements and controlled hot rolling. In this work, the effect of cooling rate 

and alloying elements on the final microstructure and mechanical properties 

of Ti-V HSLA microalloyed steels were investigated. The Gleeble 1500TM 

TM was used to simulate the plate rolling process. The samples were cooled 
to room temperature using two different cooling rates to simulate the 16 and 

30mm thick plate cooling patterns in the alloy. Increasing the cooling rate 

and amount of carbon equivalent promoted acicular ferrite and bainite 

transformation, and also led to the decrease in grain size. Consequently, both 
the yield strength and UTS increased with increasing cooling rate with a 

slight drop in uniform elongations.  

1 Introduction  

One of the major environmental and societal challenges for the 21st century is the global 

increase in urban pollution. Naturally, this is related to the increase in transport vehicles on 

the road. Increasing consumption of petroleum results in increasing emissions of greenhouse 

gases and adversely impacts on environment. Some of the environmental effects of 

greenhouse gases are global warming, sea level rise, agricultural impact, and effects on 

aquatic systems [1,2]. Strategies proposed to address these effects encompasses the 

optimization of product design, the integration of lightweight materials, the practice of 

downgauging, and the adoption of advanced manufacturing techniques [3]. These approaches 

are inherently interrelated, with their effectiveness largely influenced by the specific 

characteristics of the lightweight materials employed to manufacture them. Despite ongoing 

advancements, steel continues to be the primary engineering alloy in automotive and 

structural applications due to its cost-effectiveness, mechanical performance, ease of 

fabrication, recyclability, and versatility [4, 5]. Stakeholders across the automotive value 

chain including manufacturers, material developers, and component suppliers have long 

invested in the advancement and implementation of both ferrous and nonferrous lightweight 

solutions. Central to these efforts is the development of High-Strength Low-Alloy (HSLA) 
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steels, whose microstructures can be tailored to achieve exceptional mechanical properties, 

which includes high tensile strength and excellent ductility. These steels allow for the 

reduction in structural component thickness referred to as downgauging without 

compromising performance, thereby contributing to lighter vehicles and cost savings [6, 7].  

The mechanical properties of microalloyed steels are significantly influenced by several 

factors such as grain refinement, solid-solution strengthening, dislocation density, 

precipitation hardening, and ferrite grain size. [8]. A fine and uniform ferrite grain size in the 

final microstructure is preferred, as it enhances both strength and toughness [9, 10]. To 

achieve this, the thermomechanical controlled process (TMCP) is commonly employed to 

refine the microstructure of HSLA steels. Process parameters including amount of 

deformation, rolling temperature, cooling pattern, cooling rate, and coiling temperature have 

a direct impact on the microstructure and mechanical properties. Among these, the cooling 

rate plays a critical role in determining the final microstructure and mechanical behavior [11, 

12]. Bhattacharya et al. [13] demonstrated that the cooling rate plays a crucial role in phase 

transformations, significantly influencing the final microstructure. The cooling rate 

influences the phase transformation of the precipitates and the ferrite grain size, both of which 

are crucial in determining the final mechanical properties [14]. 

This study investigates the influence of cooling rate and alloy chemistry on the 

microstructure and mechanical properties of high Ti-V HSLA steel, using simulated cooling 

patterns corresponding to 16- and 30-mm plate thicknesses. 

2 Materials and experimental method  

2.1 Materials  

The steels in this study were produced by vacuum induction melting using high-purity 

raw materials, and their chemical compositions are listed in Table 1. The alloys were cast 

into ingots, from which cylindrical specimens (10 mm in diameter and 15 mm in height) were 

machined for the TMCP simulations using the Gleeble 1500 machine. 

 

Table 1. Chemical composition of tested steels (%mass) 

Alloy C Si Mn V Ti S P N Cr Fe Ceq 

A1 0.14 0.44 1.62 0.13 0.10 0.02 0.017 0.005 0.62 Bal. 0.560 

A2 0.15 0.45 1.63 0.067 0.10 0.018 0.017 0.004 0.64 Bal. 0.563 

A3 0.1 0.30 1.11 0.06 0.05 0.007 0.010 0.006 0.65 Bal. 0.427 

2.2 Experimental method  

Figure 1 shows the schematic diagram of the TMCP simulation. Samples were reheated 

to 1150˚C at a rate of 10˚C/s, held for 300 s, and then cooled to the deformation temperatures 

at the same rate. They were then held for 10 s before undergoing isothermal compression 

tests in five passes at 1100, 1075, 1050, 1000 and 975˚C, with applied strains of 0.2, 0.2, 0.2, 

0.15, and 0.15 respectively, at a strain rate of 2.5 s⁻¹.  After final deformation, the specimens 

were continuously cooled to room temperature using two distinct cooling patterns, simulating 

the conditions for the 16- and 30-mm thick plates [15].   

The specimens sectioned along the deformation axis were grinded, polished and etched 

with 4% Nital solution, and the microstructures were examined using an Olympus 

BX51MTM optical microscope. Nanoscale precipitates were characterized by transmission 
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electron microscopy (TEM) using the carbon replica extraction method. Polished and etched 

surfaces were carbon-coated in a vacuum evaporator, followed by selective dissolution of the 

matrix to isolate the precipitates. The resulting carbon films were transferred onto copper 

grids and analyzed using a JEOL 2100F Field-Emission TEM (200 kV) equipped with an 

EDS detector for compositional analysis. 

Mechanical properties were assessed using Vickers hardness machine and profilometry-

based indentation plastometry (PIP). Hardness was determined from the average of fifteen 

measurements taken along the sample center. The tensile properties were obtained using 

profilometry-based indentation plastometry (PIP), which correlates indentation response with 

bulk tensile behaviour. The yield strength, ultimate tensile strength (UTS), and uniform 

elongation were extracted through analytical modelling of the PIP data [16]. 

 

 

Fig. 1. Thermomechanical process schedule. 

3 Results and discussion  

3.1 Microstructure 

The microstructure of the examined steels after cooling are shown in Figure 2. 

Microstructural analysis reveals that at lower cooling rates, polygonal ferrite (PF) and pearlite 

(P) are the predominant phases across all tested steels. As the cooling rate increases, these 

phases remain dominant in alloy A3. However, in alloys A1 and A2 with slightly higher 

carbon content, acicular ferrite (AF) and bainite (B) begin to form in addition to polygonal 

ferrite and pearlite, (Figures 2d and 2e). Furthermore, noticeable polygonal ferrite grain 

refinement occurred in all samples with decreasing cooling temperature (Figure 3). This is 

due to the increasing cooling rate and, therefore the driving force for phase transformation. 

In other words, the critical nucleation size of the nuclei and activation energy decrease, 

resulting in a higher nucleation rate. The enhanced nucleation rate limits grain growth due to 

impingement grains, ultimately promoting the refinement of grains [17].  
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Fig. 2. Optical micrograph of investigated steels after cooling. 

  

Fig. 3. Average of grain size of specimens after cooling. 

3.2 Precipitation 

Precipitation behavior was simulated using the Thermo-Calc software, Figure 4. The 

precipitates can be classified into three distinct groups: (i) coarse precipitates that form in the 

molten state (e.g., TiN), (ii) precipitates that form in austenite during slab reheating (e.g., 

Ti₄C₂S₂), and (iii) fine precipitates that form at low temperatures during the austenite-to-

ferrite transformation (e.g., VC). 
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Fig. 4.  Thermo-Calc prediction of precipitate formation for steels, (a) A1, (b) A2, and (c) A3.  

Figure 5 illustrates the morphology and types of precipitates observed in alloy A1 after 

reheating. The SEM-EDS analysis confirmed the presence of stable TiN, MnS, and Ti₄C₂S₂ 

phases at the reheating temperature of 1150°C, which is consistent with Thermo-Calc 

prediction. 
 

 

 

(a) 

(b) 

(c) 
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Fig. 5. SEM-SE images showing precipitate morphology and types, along with corresponding EDS 

spectra, after reheating at 1150°C for 300 s for steels: (a) A1, (b) A2, and (c) A3.  

 

Figure 6 presents the TEM carbon replica images of the precipitates for A1, and Figure 7 

illustrates their average sizes after cooling. It was found that the precipitate size in alloy A3 

at both cooling rates was smaller compared to A1 and A2. Additionally, an increase in the 

cooling rate led to a reduction in precipitate size due to several mechanisms. The involved 

mechanisms include enhanced solute supersaturation, altered phase transformation, and 

refined microstructural features, which collectively contribute to reduction in precipitate size 

[18, 19]. The relationships between the size, Dp, and the volume fraction, Vp, of precipitates 

and the cooling rate are, respectively, were given by Eq.1 and 2 [20]: 

 
                                                           𝐷𝑃 = 𝐶 × 𝜗𝑐

−𝑛                                                                (1) 

 

                                                        𝑉𝑃 = 𝐴/𝑒𝑥𝑝⁡(𝐵 × 𝜗𝑐)                                                      (2) 

 

Where ʋc is the cooling rate, A, B, C and n are constant. 
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Fig. 6. TEM micrograph of precipitated and EDS spectra. Note that the magnification is different 

between 16- and 30-mm plate samples.  

 

 
Fig. 7. A comparison of the average of precipitate sizes of the tested steels after cooling 
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3.3 Mechanical properties:  

The hardness values of the tested steels are presented in Figure 8. Figure 9 (a) displays a 

schematic stress-strain curve for tested alloys, derived from the PIP test, and the variations 

in tensile properties as a function of cooling rate and alloy composition are illustrated in 

Figure 9 (b). Overall, an increase in the cooling rate led to higher hardness, yield strength 

(YS), and ultimate tensile strength (UTS). Improved mechanical performance was also 

observed with increasing carbon equivalent (Ceq) values. However, a comparison between 

A1 and A2, which had nearly identical Ceq values, revealed that doubling the vanadium 

content did not result in a notable change in mechanical properties. In HSLA steels with a 

high Ti content, most of the grain refinement and precipitation strengthening is already 

dominated by early-forming Ti-based precipitates such as TiN, and TiC. These precipitates 

control austenite grain size during hot working and contribute strongly to dislocation 

generation. When the V content is doubled in such compositions, its effect on mechanical 

properties remains limited, because V tends to precipitate later as VC or (Ti,V)C and often 

forms complex precipitates together with Ti. So, a large portion of V goes into Ti-rich 

precipitates, so its independent contribution to precipitation hardening is reduced. The 

improvement in the mechanical properties of the materials with increasing cooling rate can 

be attributed to grain refinement and precipitate size reduction. Additionally, the 

enhancement in mechanical performance with increasing carbon equivalent (Ceq) is 

associated with the formation of acicular ferrite and bainite.  

The mechanical properties of HSLA steels are controlled by a combination of 

strengthening mechanisms, including grain refinement, precipitation hardening, solid-

solution strengthening, and dislocation strengthening. Increasing the cooling rate during 

thermomechanical processing leads to the development of finer microstructures; most 

notably acicular ferrite (AF) in steels with a higher carbon equivalent (Ceq), which restricts 

dislocation motion through tightly interlocked grain boundaries and promotes higher 

dislocation densities, thereby improving strength and toughness. A faster cooling rate also 

reduces the average precipitate size while increasing their number density. The resulting 

population of finer, more closely spaced precipitates offers a greater interfacial area for 

dislocation pinning, enhancing the overall mechanical strength of the steel without a 

significant loss in ductility. 

 

 
Fig. 8. Hardness of tested samples after cooling.  
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Fig. 9. (a) Plot of stress- strain curves, and (b) variation of mechanical properties.  

4 Conclusions 

In this study, the effects of cooling rate and alloy chemical composition on the microstructure 

and mechanical properties of Ti-V microalloyed steels were investigated. The key findings 

were summarized as follows: 

• At low cooling rates, the microstructures primarily consisted of polygonal ferrite 

and pearlite. However, with increasing carbon equivalent (Ceq) and cooling rate, 

acicular ferrite and bainite formation were observed. 

• The precipitation behavior and volume fraction of precipitates were found to be 

highly sensitive to the cooling rate. An increase in cooling rate led to a reduction in 

precipitate size. 

• Precipitate size was also influenced by the alloy’s chemical composition; specimens 

with lower Ceq values exhibited finer precipitates. 

• It was observed that doubling the vanadium content had no significant impact on 

the mechanical properties within the investigated chemical composition range. 

 

 

 

(a) 

(b) 
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