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Torsion tests were conducted to study the static recrystallization of three microalloyed steels 
manufactured by electroslag remelting (ESR) with different percentages of vanadium, 0.043%. 
0.060% and 0.095%, respectively, and approximately equal percentages of the other alloy- 
forming elements. It was seen that, in contrast to niobium, dissolved vanadium has no influence 
on the activation energy. The influence only becomes notable when the precipitates start to form 
and the activation energy increases rapidly, thus inhibiting recrystallization. The critical 
temperature at which inhibition commences was measured as a function of the vanadium content 
and the deformation performed, and in all cases it was lower than the dissolution temperature 
deduced from the solubility products for nitrides, mainly because the testing conditions lacked 
thermodynamic equilibrium. Finally, a comparison was made of the microstructures obtained in 
two commercial steels, namely a C-Mn type steel and a vanadium microalloyed steel. Both were 
subjected to the same cycle of successive deformations, whose temperatures were lower than the 
critical temperature. After the last deformation, a much harder austenite was obtained in the 
microalloyed steel than in the C-Mn steel. 

1. In troduc t ion  
Several authors have studied the static recrystalliza- 
tion of vanadium microalloyed steels when these are 
deformed in the austenitic phase. However, these stud- 
ies have only been partial, for example at a certain 
temperature, deformation or chemical composition, 
and none has measured the activation energy of these 
steels. 

In most metals, the statically recrystallized fraction 
follows Avrami's law, given by 

Xa = 1 -- exp ( - -  ln2) (1) 

where to.5 is the time for the volumetric fraction of 0.5. 
The expression most widely used for this parameter is 

to.5 = A~P~qDSexpQ T (2) 

where e is the true strain, ~ the strain rate, Q the 
act ivat ion energy, T the absolute temperature, 
R = 8.138 Jmo1-1 K ~ and D the austenitic grain 
size. 

It should be pointed out that the activation energy, 
Q, is the parameter most sensitive to chemical com- 
position. In accordance with Equation 2, to calculate 
its value the recrystallized fraction must first be meas- 
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ured as a function of time and at different temper- 
atures and, since this study involved microalloyed 
steels, for at least two strains, because strain influences 
the starting temperature of induced precipitation, be- 
low which the activation energy ceases to be constant 
and begins to increase drastically. 

Several studies [1-5] give expressions for parameter 
to.5 where the activation energy has different values 
depending on whether the steels are C-Mn or Nb 
microalloyed, but do not consider Ti or V microal- 
loyed steels. 

Other authors [6, 7] have measured the recrystal- 
lized fraction of a V microalloyed steel and then com- 
pared their results with C-Mn steels and Nb microal- 
loyed steels. Likewise, other results [8, 9] demonstrate 
that the vanadium percentage, and also the nitrogen 
percentage, have a slight influence on the recrystal- 
lized fraction. 

In a recent publication [10], the following expres- 
sion was given for the activation energy: 

(Mn + Si) 0"537 
Q = 83600 + 978000 6 1.269 

+ 1728.7 (Mo)  ~ 4- 4952 

X 10 - 5  (T i )  3'663 + 259.6 ( N b )  ~'256 (3) 
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where Q is given in J tool-1 and the contents of the 
elements in wt % x 103. 

Equation 3 establishes that Q is a function of the 
chemical composition of the steel, and most of the 
alloying and microalloyng elements, such as C, Si, Mn, 
Mo, Ti and Nb, have been taken into account. Except 
for dissolved carbon, all the other elements increase 
the activation energy, and Nb delays recrystallization 
the most, both in dissolved and precipitate form. The 
accuracy of this equation has been verified in C-Mn 
steels, and Ti and Nb microalloyed steels, with carbon 
contents of over 0.045 wt %. In the case of Nb micro- 
alloyed steels, the critical temperature at which recrys- 
tallization inhibition starts must be considered, be- 
cause below this temperature the activation energy 
increases considerably, signifying a progressive action 
of the recrystallization inhibition: Consequently, 
a term which takes this effect into account [10] must 
be added to the second member of Equation 3. 

As will be seen later, V microalloyed steels react to 
static recrystallization in a different way to Ti and Nb 
microalloyed steels, not just because of the precip- 
itation, which occurs at lower temperatures, but also 
because of the influence of the dissolved V on the 
activation energy. The quantitative measuring of the 
activation energy of these steels has an important 
application in forming processes, especially rolling, 
because it indicates the range of temperatures in which 
the deformed austenite may recrystallize after a rolling 
pass. It also accurately indicates the temperature be- 
low which the austenite recrystallizes only partially, 
and then starts to harden increasingly as the deforma- 
tion temperature drops. 

This paper presents a study of the influence of the 
vanadium percentage on the recrystallized fraction, 
measured at different temperatures and strains. The 
recrystallized fraction was measured by the double 
deformation technique, and the back extrapolation 
method [6] was chosen. It was seen that by employng 
this method, the softened fraction and the recrystal- 
lized fraction are approximately equal [4]. These res- 
ults were used to calculate the activation energy in the 
steels and to measure its possible dependence on the 
vanadium percentage, both in dissolved and precipi- 
tate form, as well as to find the temperatures at which 
recrystallization starts to be inhibited. 

As an application of the recrystallization study, we 
will show the microstructures of two steels, C-Mn and 
V microalloyed, obtained at the end of a series of 
successive torsional deformations which simulate the 
deformations of a finishing mill. 

In accordance with the criterion of Von Mises, 
consideration was given to the very well-known equa- 
tions [ 11-13] used in the transformation of the torsion 
magnitudes, given by the number of turns and the 
torque, in true strain and stress, respectively, as well as 
the equivalence with the rolling magnitudes. 

2. Experimental procedure 
The steels used to study the influence of vanadium on 
static recrystallization were manufactured by electro- 
slag remelting (ESR), in a unit capable of producing 
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TAB LE I Chemical composition of steel (wt%) and critical tem- 
perature At3 

Steel C Si Mn V N(p.p.m.) A a 
r3 

(~c) 

Vl 0.115 0.242 1 . 1 0 0  0.043 105 763 
V2 0.125 0 . 2 4 1  1 . 0 5 0  0.060 123 762 
V3 0.113 0.226 1 . 0 3 0  0.095 144 762 
El 0.192 0.287 1.290 760 
VE2 0.120 0.362 1 . 4 2 0  0.040 95 765 

a Cooling rate = 1 ~ s -  1. 

30 kg ingots. This technique avoids macrosegregation, 
both in alloying elements and impurities, and there is 
considerably less microsegregation, these defects being 
present in conventional ingots and continuous casting 
billets. In this way, the resulting specimens offer 
greater guarantees of accuracy. 

The other two steels used to establish a comparison 
of the microstructures that would be obtained from 
a hot rolling mill were commercial steels from con- 
tinuous casting, C-Mn and V microalloyed steels, 
respectively. Their compositions are shown in Table I. 

The torsion specimens, with a working surface 
50 mm long and 6 mm in diameter, were austenized at 
12300C for 10 min for the ESR-manufactured steels. 
Then the temperature was reduced to the testing 
temperature for approximately 2 rain, long enough to 
stabilize at this temperature. The specimens were 
heated by induction, protected by a current of argon, 
and the temperature was monitored with a previously 
calibrated optical pyrometer. 

To ensure that the testing tenaperatures correspon- 
ded to the austenitic phase, the critical transformation 
temperatures were measured by dilatometry. The 
values are given in Table I. 

The recrystallized fraction in steels V1, V2 and V3 
was measured at temperatures of l l00~ 1000~ 
900 ~ and 850 ~ a strain rate of 3.63 s-  1 and strains 
of 0.20 and 0.35. 

A finishing mill was simulated in the torsion ma- 
chine with commercial steels E1 and VE2, at an 
austenization temperature of 1075 ~ for 12 min. The 
specimens were quenched at the end of the last pass to 
obtain the microstructures that show the state of the 
austenite at that instant. The microstructures were 
also obtained after cooling at a rate of 3.5 ~ s -1, 
measured between 780 ~ and 500 ~ 

3. Results 
First, the austenitic grain size of steels V1, V2 and V3 
was measured at the austenization temperature 
(1230 ~ 10 min), which was calculated as the mean of 
the values obtained by linear intersection in the obser- 
vation of 20 fields of the quenched microstructure. 
Similar values were obtained for the three steels: 
172 gm, 167 pm and 165 gm, respectively (Table II). 

The recrystallized fraction for each temperature and 
strain was measured as a function of time, and where 
total recrystallization occurred the resultant curves 
were plotted by regression with Equation 1. 



T A B L E  II Austenitic grain size (D), experimental (Q) and cal- 
culated (Q~) activation energy according to Equation (3) and recrys- 
tallization critical temperature (T~) 

Steel D Q Q~ T~ 
(gin) (kJmo1-1) (kJmol 1) (oC), 

Vl 172 200 197 888 (0.20) 
855 (0.35) 

V2 167 183 184 908 (0.20) 
887 (0.35) 

V3 165 197 198 964 (0.20) 
908 (0.35) 

a The number in parentheses is the strain. 
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Figs 3 and 4 show the results obtained for steel V2 at 
strains of 0.20 and 0.35, respectively. A high degree of 
inhibition is observed in both cases. 

Figs 5 and 6 refer to steel V3. A considerable inhibi- 
tion of the recrystallization is seen to have occurred at 
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Figure 3 Recrystallized fraction plotted against time. Steel V2. 
e - 0 . 2 0 ;  / ;=3.62 s -1 (D = ll00~ O = 1000~ A =900~ 
V = 850~ 
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Figure 1 Recrystallized fraction plotted against time. Steel V1. 
e=0.20;  k = 3 . 6 2 s  1 (Q = l l00oc,  O = 1000~ z5 =900~ 
V = 850~C). 
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Figure 4 Recrystallized fraction plotted against time. Steel V2. 
e=0.35;  ~=3 . 62s  1 ( I  = ll00~ �9 = 1000~ �9 =900~ 
�9 = 850 ~ 

Fig. 1 shows the recrystallized fraction of steel VI 
for a strain of 0.20 and at temperatures of 1100 ~ 
1000~ 900~ and 850~ respectively. Recrystal- 
lization was inhibited considerably at 850~ Fig. 
2 refers to a strain of 0.35 and in this case no inhibition 
was observed at 850 ~ total recrystallization having 
occurred. 
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Figure 2 Recrystallized fraction plotted against time. Steel V1. 
e=0.35;  ~=3 .62s  -1 (11 = l l00~ �9 = 1000~ �9 = 900~C, 
�9 = 850 ~ 
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Figure 5 Recrystallized fraction plotted against time. Steel V3. 
= 0.20; ~ = 3.62 s -1 ([] = l l00~ O = 1000~ A = 900~ 
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Figure 6 Recrystal l ized fract ion p lo t ted  agains t  time. Steel V3. 
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Figure 7 Parame te r  t0. 5 p lo t ted  agains t  1/T. Steel V1. ([]  e = 0.20; 
�9 e = 0 . 3 5 ) .  

higher temperatures than in the previous cases. Spe- 
cifically, a high level of inhibition is observed at 900 ~ 
with a strain of 0.20, and a low level with a strain of 
0.35. 

These results demonstrate that the temperature at 
which recrystallization starts to be inhibited is not 
only a function of the percentage of V, but also of the 
strain. 
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The activation energy was measured taking In (t0.5) 
as a function of I/T, the slope being equal to Q/R. Figs 
7-9 show the graphs for steels V1, V2 and V3, respect- 
ively, and the activation energy is constant to a certain 
temperature, below which it rises increasingly. Given 
that the activation energy is independent of the strain 
when the microalloying element is dissolved, the same 
parallelism criterion was adopted in plotting the cur- 
vilinear part. The activation energy was calculated for 
the interval of temperatures in which it is constant and 
at other points of the curvilinear part. Ln Q was plotted 
versus 1/T, giving the graphs of Figs 10-12, which 
correspond to steels V1, V2 and V3, respectively, and 
the recrystallization critical temperature will be given 
by the intersection of the horizontal line with the 
sloping line. 

In addition to the austenitic grain size, Table II 
shows the experimental activation energy for each 
steel in the temperature range in which it is constant 
(T > To), the activation energy calculated according 
to Equation 3 and the recrystallization critical temper- 
ature (To). 

Although the testing conditions are not at thermo- 
dynamic equilibrium, because of the strain induced 
precipitation and the relatively quick cooling from the 
austenization temperature to the testing temperature, 
it is interesting to know what relationship exists be- 
tween the dissolution temperature deduced from the 
solubility products for nitrides and carbides and the 
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Figure 8 Paramete r  t0  5 p lo t ted  agains t  lIT. Steel V2. ( �9  ~ = 0.20; 
�9 ~ = 0.35). 
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Figure 9 Pa rame te r  t0. 5 plot ted agains t  lIT. Steel V3. ( •  e = 0.20; 
A t  = 0.35). 
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Figure 10 Activat ion energy plot ted agains t  lIT. Steel Vl.  (s 
e = 0.20; �9 ~ = 0.35). 

experimentally measured recrystallization critical 
temperatures. For this purpose, the following expres- 
sions were taken from [14]: 

8700 
l o g E N ] E V ]  = - ~ - -  + 3.63 

9500 
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Figure 11 Activat ion energy plot ted agains t  lIT. Steel V2. ((2) 
= 0.20; �9 s = 0.35). 
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Figure 12 Activat ion energy plot ted agains t  liT. Steel V3. ( ~  
= 0.20; �9 e = 0.35). 
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Figure 14 Torsion simulation schedule of finishing mill. (a) quen- 
ched; (b) cooling rate = 3.5 ~ s- 1. 

Figure 17 Effect of total finishing mill deformation on the final 
microstructure. Steel El. Cooling rate = 3.5 ~ 

Figure 15 Effect of total finishing mill deformation on the austenite 
microstructure. Steel El. 

Figure 18 Effect of total finishing mill deformation on the final 
microstructure. Steel VE2. Cooling rate = 3.5 ~ s-1. 

Figure 16 Effect of total finishing mill deformation on the austenite 
microstructure. Steel VE2. 

and Fig. 13 shows the dissolution temperatures, T~, 
that were calculated and the critical temperatures, To, 
as a function of the vanadium weight percentage. 
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The results permit an evaluation of the influence of 
the vanadium on the recrystallized fraction and irt 
particular on the activation energy, as well as its 
consequences for the hot  rolling of this type of steel. 

The second part  of the study was given over to 
verifying the influence of the activation energy on the 
microstructural  evolution of commercial  steels E 1 and 
VE2 when they are subjected to a simulated industrial 
finishing mill, a diagram of which is shown in Fig. 14. 
The interval of temperatures selected (825-785 ~ is 
lower than the recrystallization critical temperature of 
steel VE2, close to 900 ~ where very high activation 
energy values, of over 107 J tool-1,  were reached. At 
the end of  the final pass, the specimens were quenched 
and prepared for etching in a saturated solution of 
picric acid, and the microstructures displayed in Figs 
15 and 16 were obtained. Likewise, the simulation was 
performed and the specimens were cooled at a rate of 
3.5 ~ s-1,  measured between 780 ~ and 500 ~ the 
microstructures of Figs 17 and 18 being obtained. 



4. Discussion 
An increase of the vanadium percentage hardly affects 
the austenitic grain size at the austenization temper- 
atures (1230~ so vanadium cannot be considered 
an element that refines the austenitic grain in the 
temperature interval in which it is dissolved. 

The to.5 values obtained are very similar in the three 
steels, if one compares those for the same temperature 
and strain, although the values of steel V2 are slightly 
lower, especially at a strain of 0.20. 

Fairly similar values were obtained for the activa- 
tion energy in the temperature interval in which it is 
constant (dissolved vanadium): 200 kJ tool-  1, 
183 kJmo1-1 and 197 kJmo1-1 for steels V1, V2 and 
V3, respectively. Steel V2 had the lowest value, which 
will affect the parameter to.5. The results show that 
dissolved vanadium has no influence on the activation 
energy, in contrast to dissolved niobium, which does 
have a strong influence [10]. 

A comparison of the Q values measured experi- 
mentally and those calculated by Equation 3 shows 
that this equation may also be used to calculate the 
activation energy in these steels, and that the lower 
Q value in steel V2 is basically due to its higher carbon 
content. At the same time, the high level of accuracy of 
Equation 3, verified in a large number of steels, also 
shows that dissolved vanadium has no influence on Q. 

The values obtained for the recrystallization critical 
temperature (Table II) demonstrate that this is not 
only a function of the vanadium percentage, but also 
of the amount of strain. While an increase in strain 
should accelerate the induced precipitation [15,1 and 
so favour inhibition of recrystallization, which would 
signify higher T~ values, the foregoing results show 
that the increase of defects (subgrains) caused by the 
increase in strain, which serve as recrystallization 
nuclei, has a greater effect and the result of both is that 
Tc drops as the strain rate rises. The curves of Fig. 13 
demonstrate that the critical recrystallization temper- 
atures fall between the dissolution temperatures of 
nitrides and carbides, signifying that the vanadium 
precipitates in these steels are basically of nitrides. 
This was to be expected if one takes into account their 
high nitrogen content ( > 100 p.p.m.). 

Consequently, Equation 3 may be used to calculate 
Q in vanadium microalloyed steels at temperatures at 
which there is no inhibition of recrystallization 
( T > Tc). When the temperature is below T~, an addi- 
tional term must be added to the energy calculated by 
Equation 3 in order to calculate the rapid increase of 
the activation energy. This term was calculated by 
regression, the following expression being obtained: 

4- 8 0 6  3 9 / 7 0 0 0 0 0 \  Q* = 5.843 x 10-3sV ' e- " e x p [ ~ - - )  
\ / 

(6) 
V being given in wt % x 103. 

Equation 6 shows that at temperatures below T~ the 
activation energy depends on the temperature, strain 
and vanadium content. It is clear that the dependence 
on temperature is lower than that of niobium [10], 
signifying that once inhibition has commenced at Tc 
a certain drop in temperature leads to a greater inhibi- 

tion of the recrystallization in Nb microalloyed steels 
titan in V microalloyed steels. In other words, the 
austenite hardens more after the same strain. The 
equation proposed to calculate the activation energy 
of vanadium microalloyed steels will be: 

Qv = 83600 + 978000 (Mn + Si) ~ 
C 1 . 2 6 9  " - ~  Q* (7) 

where Q* = 0 when T > T~. 
In the temperature intervals selected for simulating 

the finishing mill (Fig. 14) there is recrystallization 
inhibition in steel E1 because it is a typical C-Mn steel 
with an activation energy of 148 kJ mol-1,  calculated 
by Equation 3; yet there is a high level of inhibition in 
steel VE2 with high activation energy values 
( > 10 7 kJ mol-  1). For this reason, the microstructure 
of steel E1 (Fig. 15) has a much less deformed austenite 
than steel VE2 (Fig. 16), and while the austenite of E1 
has experienced successive partial recrystallizations 
between passes, the austenite of VE2 has been con- 
tinuously hardened. The stress-strain curves also 
demonstrate the strong hardening of steel VE2 com- 
pared to El,  but the microstructures are more illus- 
trative. 

It is known that an austenite hardened before the 
5, ~ cz transformation produces a smaller ferritic grain 
[16] and this is what is seen in the microstructures of 
Figs 17 and 18, obtained by cooling after simulation at 
a cooling rate of 3.5 ~ s-  1. Thus, while steel E1 has an 
average ferritic grain size of 9~tm, steel VE2 has 
a grain size of approximately 4/am. Finally, it must be 
pointed out that in practice, fine grain ferritic micro- 
structures are desirable because, as is known [17, 181, 
they have better mechanical propert ies  of yield 
strength, ultimate strength and transition temperature. 

5. Conclusions 
1. Dissolved vanadium only slightly affects the 
austenitic grain size, and cannot be considered an 
element that refines the grain size. 
2. Dissolved vanadium has no influence on the activa- 
tion energy, in contrast to niobium, which exerts 
a strong influence. 
3. In the steels used, with nitrogen contents of over 
100 p.p.m., recrystallization is inhibited as a result of 
the induced precipitation of nitrides. 
4. Equation 3, or the first term of the second member 
of Equation 7, permits a very approximate calculation 
of the activation energy at temperatures above Tc in 
vanadium microalloyed steels with carbon contents of 
over 0 .045~ 
5. Equation 7 may be used to calculate the activation 
energy of vanadium microalloyed steels when the tem- 
perature is below To. 
6. Vanadium microalloyed steels rolled at temper- 
atures below ire produce a strongly hardened austenite 
at the end of the rolling, making for a fine grain 
microstructure after the y ---, cz transformation. 
7. A certain drop of the temperature below the corres- 
ponding recrystallization critical temperatures, Tr in 
Nb and V microalloyed steels leads to a greater 
hardening of the austenite in the former. 

5 3 2 3  
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