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Abstract 

High deformability is a very important property especially when severe cold plastic deformations 

are required. The hot-rolled wire rod represents the raw material for drawing and forging 

operations. The deformability of such steels depends on the microstructure strongly and the effort 

of many companies to modify the microstructure of the as-rolled product is hence justified. 

Nevertheless, a following spheroidizing annealing is commonly carried out to decrease the 

mechanical resistance and increase the deformation capability. On the other hand, high 

spheroidization of the carbides can have effects on the austenitization kinetics during the 

quenching. In this work, the influence of heat treatments at 690 °C and 720 °C was studied on a 

low-carbon boron steel. Microstructure and mechanical characteristics were studied varying the 

soaking time. Different prior microstructural conditions were obtained modifying the thermo-

mechanical rolling and the Stelmor cooling parameters. Other microstructural conditions were 

prepared by laboratory heat treatments. The results remarked the importance of the prior 

microstructure on the shape and the distribution of the carbides after spheroidizing. Moreover, also 

the spheroidization rate was influenced by the prior microstructure. In fact, in comparison with the 

ferritic and pearlitic condition, the bainitic and the martensitic ones resulted in a faster and more 

uniform dispersion of the carbides. Regarding the pearlitic microstructures, the finest structure, 

obtained by a suitable thermo-mechanical rolling, showed a more homogeneous distribution of the 

carbides. 
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1. Introduction

The production of high-strength components, such as bolts and fasteners, often involves low-

carbon boron steels because of their cold formability and their good hardenability due to the boron 

addition [1,2]. After the hot rolling, drawing and forging operations are usually carried out to obtain 

the final geometry. Finally, after the shaping process, quenching and tempering are usually 

performed to obtain the desired mechanical characteristics. Nevertheless, for specific products 

such as long bolts and fasteners, distortions can occur after quenching because of the fast cooling. 

This deformation is sometime excessive and can lead to the discard of the part. For such a reason, 

the industrial research is working on the microstructure after hot rolling to obtain a good 

combination of strength and deformability, sufficient to support the plastic strains imposed by the 

cold-deformation stage. The combination of thermomechanical hot rolling and Stelmor cooling 

could give the best microstructure for the successive manufacturing steps [3,4]. In any case, when 

the geometry of a component requires very high and localized strains, the deformability shall be 

increased as much as possible. This is obtained by suitable heat treatments after hot rolling, such 

as the spheroidizing annealing [5]. This process causes a huge modification on the material 

microstructure, resulting in a mechanical softening and in an increase of the deformation capability. 

Because of the long soaking times at temperatures close to the A1 phase-transformation 

temperature, pearlitic microstructures are modified into a ferritic matrix with a dispersion of 

carbides. The shape and the distribution of such particles influence the steel formability [7]. For all 

these reasons, plants involving thermomechanical rolling and the possibility to control the cooling 

rate (for example by mean of the Stelmor conveyor), are particularly suitable for the development 



 

 

of innovative products. The present experimental work aims to study the mechanical properties of 

different microstructures produced by Stelmor cooling after conventional and thermomechanical 

rolling in the as-produced and the annealed conditions. The technical literature 

[5,6,7,8,9,10,11,12,13], in fact, shows that the spheroidization rating and kinetics can be influenced 

by the prior microstructure. The spheroidizing temperatures were selected after a preliminary 

dilatometric analysis of the as-produced standard condition, in order to determine both the A3 and 

the A1 phase-transformation temperatures: the second one is particularly important, since the 

spheroidizing treatment must be done as close as possible to such value. For C-Mn-B steels, 

typical annealing temperatures range between 680 °C and 730 °C. As known, higher temperatures 

speed up the process and generate coarser carbides that increase the deformability, even if they 

can make the → transformation during the quenching slower [14,15]. This issue will be 

investigated as well by dilatometry varying the initial microstructure. To find a satisfying 

compromise among deformability and response to the following heat treatment, lower 

spheroidizing temperatures can be considered. In the present work, the authors focused the 

attention on the hardness and the tensile properties of specimens treated at 690 °C and 720 °C for 

different soaking times.  

2. Materials and methods 

The material under investigation is a 10 mm diameter wire rod produced by hot rolling. The 

nominal chemical composition is reported in Table 1. 

Element C Mn Si S P B Ti 

wt. % 0.25 0.88 0.13 0.004 0.014 0.004 0.045 

Table 1. Nominal chemical composition in wt. % of the investigated steel.  

Different microstructures were obtained both modifying the Stelmor cooling parameters after 

conventional and thermo-mechanical hot rolling, both by laboratory heat treatments.  

Industrial heat treatments 

C Conventional rolling Temperature at the laying head: 870 °C Cooling under insulating 
hoods 

TMR Thermomechanical 
rolling 

Temperature at the laying head: 820 °C Cooling under insulating 
hoods   

TMR-S Thermomechanical 
rolling 

Temperature at the laying head: 820 °C Forced air cooling 

Table 2. Industrial heat treatments. 

Laboratory heat treatments 

A Austenitization: 900 °C, 25 min Furnace cooling  

Q Austenitization: 900 °C, 25 min Water cooling 

Table 3. Laboratory heat treatments. 

The thermomechanical rolling involves a final deformation stage at about 820 °C. Such 

temperature is obtained thanks to a cooling loop before the wire rod enters the last rolling block. 

The phase-transformation temperatures were determined by dilatometry. According to the ASTM 

E228 − 17 standard, the heating rate was equal to 2 K/min. On the base of the A1 value, the 

spheroidizing treatments were carried out in a laboratory furnace at 690 °C and 720 °C for different 

times ranging from 1 h to 12 h. For all the conditions, the cooling was performed at about 18 

°C/min until 500 °C and then in still air to room temperature. The obtained microstructures were 

observed and documented by the standard metallographic technique, whereas the mechanical 

properties were determined by hardness and tensile tests on wire rod specimens 300 mm long. 

3. Experimental results 



 

 

3.1 Dilatometric and microstructural analysis 

The dilatometric tests were performed on a push-rod Netzsch DIL 402 E dilatometer under a 

protective atmosphere of N2 + 5 % H2 to prevent the specimen oxidation. Figure 1 shows the 

obtained dilatometric curve for the conventionally rolled material (condition C). The phase 

transformations can be identified studying the curve first derivative: a decrease of the slope occurs 

when the → transformation starts (A1), while a new increase remarks the end of the 

transformation (A3). The obtained values are A1 = 735 °C and A3 = 835 °C. 

 

Figure 1. Dilatometric curve obtained on the conventionally rolled material. 

A wide microstructural survey by LOM and SEM was carried out to characterize the steel after the 

industrial and the laboratory treatments both before and after the spheroidizing annealing at 690 

°C and 720 °C for 1 h, 3 h, 6 h and 12 h. The microstructure after the industrial, the laboratory heat 

treatments and after a soaking at 720 °C and 690 °C for 12 h are presented in Figure 2. Higher 

magnifications were obtained by SEM as shown in Figures 3 and 4. 

a) b) c) 

d) e) f) 



 

 

g) h) i) 

l) m) n) 

o) p) q) 

Figure 2. Microstructure observed in as-produced C (a), A (d), TMR (g), TMR-S (l), Q (o) 

specimens (left column), in 720 °C, 12 h treated C (b), A (e), TMR (h), TMR-S (m), Q (p) 

specimens (center column) and in 690 °C, 12 h treated C (c), A (f), TMR (i), TMR-S (n), Q (q) 

specimens (right column). 

a) b) 
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Figure 3. Microstructure observed in as-produced C (a), A (c), TMR (e), TMR-S (g), Q (i) 

specimens and in 720 °C, 12 h treated C (b), A (d), TMR (f), TMR-S (h), Q (l) specimens. 

The microstructure generated by slow cooling under insulated hoods (conditions C and TMR) is 

ferrite and pearlite, even if the thermomechanical rolling (condition TMR) induced a grain 

refinement and an increase of the ferrite fraction (from about 50 % for the conventionally rolled rod 

to about 60 % for the thermo-mechanical rolling). The microstructure obtained with a faster cooling 

(condition TMR-S) is instead characterized by a bainitic microstructure. Regarding the laboratory 

treatments, furnace cooling (condition A) generated a coarse ferritic and pearlitic microstructure, 

while the water cooling resulted in a fully martensitic matrix (condition Q). After 720 °C, 12 h 

treatment, most of the carbides are spheroidized even if some lamellar carbides are still visible 

especially in the specimens coming from the coarse pearlite microstructure (condition A) as visible 

in Figure 3 (d). The main difference among the micrographs in Figure 3 is the dispersion of the 

carbides after the spheroidizing treatment: when the carbon is well distributed in the metal matrix of 

the prior microstructure, like the bainitic and especially the martensitic conditions, the resulting 

carbides are arranged uniformly in the annealed samples [7]. Regarding the ferrite-pearlite 

conditions, finer microstructures result in a more homogeneous particles distributions and in 

smaller carbides clusters. 

The specimens annealed at 690°C showed thinner and more clustered carbides and, for the 

ferrite-pearlite microstructures, higher residual amount of lamellar carbides. Nevertheless, the 

spheroidization rating after 12 h is anyway satisfying. Aiming to remark the effect of the annealing 

temperatures better, SEM images are compared in Figure 4. 

a) b) 
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Figure 4. Microstructure observed in 690 °C, 12 h soaking C (a), A (c), TMR (e), TMR-S (g), Q (i) 

specimens (left column) and in 720 °C, 12 h treated C (b), A (d), TMR (f), TMR-S (h), Q (l) 

specimens (right column). 

As said in the previous paragraph, rounded carbides can slow down the austenitization kinetics 

during the quenching treatment. Aiming to study such phenomenon more deeply, dilatometric tests 

were performed on specimens in the as-produced condition and after spheroidizing treatment at 

720 °C, 12 h to compare the corresponding → transformations. To clarify the influence of the 

prior microstructure, ferritic and pearlitic (conditions C and TMR) and martensitic (condition Q) 

matrixes were considered. The austenite fraction at each time during the transformation was 

determined from the dilatometric curve according to the procedure described by Huiping Li et al. 

[16] and shown in Figure 5. 

 

Figure 5. Procedure for the determination of the austenite fraction. 

According to such procedure, the austenite fraction for a certain time and temperature is given by 

Equation 1: 

𝛾 [%] =
𝑥

𝑥+𝑦
∙ 100        (1) 

The austenite fractions versus time are compared in Figure 6. 



 

 

a) b) 

c) 

Figure 6. Comparison among the austenitization kinetics of as-produced and 720 °C, 12 h treated 

samples. 

The graphs in Figure 6 confirm that spheroidal carbides slow down the austenite transformation. 

The observed differences can further increase in case of a real industrial heating, generally faster 

than the one chosen for these tests, i.e. 2 K/min. 

3.2 Mechanical tests 

The annealing kinetics was preliminarily studied by hardness tests. Then, the mechanical 

resistance and the deformability was determined on selected conditions by tensile tests. Figure 7 

reports the hardness evolution during the spheroidization treatments.  

a) b) 

Figure 7. Evolution of the hardness values varying the soaking time at 720 °C (a) and 690 °C (b). 

The standard deviation for all the hardness measurements was lower than 5 HV30. 

For both the temperatures, the hardness decreases quickly and already after 1h it is very close to 

the 12h soaking one. The loss of hardness after the first hour can hence be considered as an index 



 

 

of the microstructure responsiveness when exposed to the annealing temperature. Figure 8 shows 

the calculated rates. 

a) b) 

Figure 8. Hardness loss after 1 h soaking at 720 °C (a) and 690 °C (b). 

For both the treatment temperatures, the slowest material is the one showing the coarsest pearlite 

(condition A). As the pearlite gets finer (conditions C and TMR), the loss of hardness is faster. The 

bainite (condition TMR-S) proved even more responsive than fine pearlitic microstructure, probably 

due to the morphology of the carbides that, differently from the lamellae, don’t need to be chipped 

as required by the spheroidizing mechanisms described in the technical literature [17,18]. 

Martensite (condition Q) resulted the most responsive microstructure, even if it must be remarked 

that the mechanisms of carbides formation is completely different from the other microstructures 

and that its unstable condition gives a huge contribution to the reaction rate. It was anyway 

included in this work since it represents the most uniform carbon distribution in the metal matrix.  

Hardness is commonly used for a preliminary evaluation of the mechanical resistance, but it cannot 

give information about the material deformability. Moreover, such parameter is generally not strictly 

related with the yield strength that is instead important to characterize the plastic behavior of a 

material. For such reasons, tensile tests were performed on samples treated at both the annealing 

temperatures for selected soaking times. Figures 9 and 10 show the results of the tensile tests for 

specimens treated at 720 °C and 690 °C respectively. 

a) b) 



 

 

c) 

Figure 9. Yield strength (a), UTS (b) and reduction of area (c) for specimens treated at 720 °C 

varying the soaking time. 

a) b) 

c) 

Figure 10. Yield strengths (a), UTS (b) and reduction of area (c) for specimens treated at 690 °C 

varying the soaking time.  

The data in Figures 9 and 10 show that, at both the annealing temperatures, the yield strength and 

the UTS decrease progressively as the spheroidization process goes on, whereas, as expected, 

the reduction of area improves. Since the transformation of the lamellar carbides into spheroidal 

ones depends on time and temperature, the tensile properties of the non-martensitic 

microstructures were studied as function of the Larson-Miller parameter described by Equation 2: 

𝑃𝐿𝑀 = 𝑇 ∙ (𝐾 + log(𝑡))           (2) 

T is the annealing temperature in Kelvin, t is the soaking time in hours and K is a constant.  

As known, the yield strengths, the UTS and the reduction of area tend to a steady value for infinite 

soaking time. Such parameters can be described by the exponential laws reported in Equations 3, 

4 and 5: 
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UTSo, Yso and Zo are the as-produced tensile properties, whereas the index "∞" indicates the 

steady values. The parameters reported in Equations 3, 4 and 5 were determined by best fitting of 

the available data and are reported in Table 4. 

K A1 B1 𝑼𝑻𝑺 𝑼𝑻𝑺𝟎⁄ |∞ A2 B2 𝒀𝒔 𝒀𝒔𝟎⁄ |∞ A3 B3 𝒁𝟎 𝒁⁄ |∞ 

1 0.27 -5.85∙104 0.73 0.22 -3.91∙104 0.80 0.15 -3.59∙104 0.85 

Table 4. Parameters included in Equations 2, 3, 4 and 5. 

The experimental and the calculated data are in good agreement as visible in Figure 11. 

a) b) 

c) 

Figure 11. Comparison among the experimental and the calculated data. 

From Equations 3, 4 and 5, the knowledge of the as-produced characteristics, UTSo, Yso and Zo, 

allows the calculation of the mechanical properties under specific time-temperature conditions. 

They fit well the experimental data as demonstrated by the graphs in Figure 12 and by the average 

absolute errors reported in Table 5. 



 

 

a) b) 

c)  

Figure 12. Comparison among the experimental and the calculated UTS, Ys and Z data. 

 UTS YS Z 

Average Abs. Error 
[%] 

4.4 2.9 1.8 

Standard Dev. [%] 3.6 2.0 1.4 

Table 5. Average absolute errors and standard deviations associated to the calculation of the 

tensile properties. 

Finally, to study the material plastic behaviour, the yield strength and the reduction of area values 

were combined in a chart as function of the prior microstructure and reported in Figure 13. 

 



 

 

Figure 13. Reduction of area as function of the yield strengths for both the 690 °C and 720 °C 

treatments data. 

Figure 13 shows that, for each prior microstructure, there is a linear relation between the 

deformability and the yield strengths. Moreover, the data occupy a precise region in the graph, 

function of the corresponding original structure. The worst combination of yield strength and 

reduction of area belongs to the coarsest microstructure (condition A), whereas the quenched and 

annealed specimens (condition Q) are characterized by the best behavior. Regarding the ferritic 

and pearlitic matrixes, the finer the microstructure, the higher the Ys/Z ratio. The bainitic matrix 

(condition TMR-S) showed a good behavior, included among the fine ferrite and pearlite and the 

tempered martensite structures. The data in Figure 13 demonstrate that for a fixed value of the 

deformability, the right choice of the prior microstructure can give also high yield strengths. This 

property can be exploited during industrial plastic deformations, since it can reduce the number of 

stages necessary to reach a specific mechanical resistance or, without any modification to the 

existing set-up, to obtain a product with a superior resistance. 

Conclusions 

The present experimental work studied the relation among the deformability and the mechanical 

resistance of a low-carbon boron steel subjected to different spheroidizing treatments. The 

microstructural observations confirmed that the carbides shape and size depend on the annealing 

temperature and time, being the change of carbides morphology faster for higher treatment 

temperature. The carbides dispersion in the metal matrix is instead strongly related to the prior 

microstructure: a more uniform distribution of carbon in the matrix, such as the one of the bainitic 

and martensitic structures, results in a better arrangement of the carbides with a positive 

consequence on the deformability. The tests confirmed that also the response of the material to the 

annealing temperature, is function of the prior microstructure: after the martensitic matrix, the 

bainitic microstructure proved more responsive in respect to the ferrite-pearlite structures. 

Nevertheless, it’s important to remark that fine pearlite, such as the one obtained by 

thermomechanical rolling, showed a quicker kinetics in respect to coarser structures. As already 

reported in the technical literature, the dilatometric analysis confirmed that the spheroidal pearlite 

has a slower → transformation. This can become critical during the quenching stage, especially 

when the heating rate is high, since it can be responsible of an incomplete solution of the carbides 

in the austenitic matrix.  

The comparison between the reduction of area and the corresponding yield strength demonstrates 

that it is possible to obtain good deformability even if the mechanical resistance is not minimized. 

This can be exploited in industrial processes to get superior performances or a simplified 

production cycle. 

The deformability at 690°C is lower than the 720 °C one, but it is anyway good being the reduction 

of area only about 4 % less for all the tested initial conditions. This suggests that also lower 

annealing temperatures can be suitable for cold forming operations if the prior microstructure is 

properly selected. Nevertheless, a further important issue that must be studied, is the relation 

among the reduction of area and the formability of the material during real plastic deformations. 

The encouraging results obtained in this work suggest and justify future formability tests in 

collaboration with companies operating in the cold-deformation field, to confirm that the laboratory 

analysis can really lead to innovative industrial products. 
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