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Abstract Recrystallisation and precipitation in two mi-

croalloyed steels, one with Nb and the other with V, have

been studied. The Nb-steel displayed two plateaus on the

curves of recrystallised fraction against time. The differ-

ence between activation energies allow to predict the

efficiency of different precipitates to strengthen the aus-

tenite during hot rolling. RPTT diagrams showed the

interaction between both phenomena. It is found that

NbCN particles nucleate and grow faster than VCN, but the

latter are smaller.

Introduction

The type and amount of microalloying elements have an

important effect on the shape and the nature of precipitates.

Fine VN, VC and Nb(C,N) precipitates inhibit static recrys-

tallisation of austenite, which leads to austenite strengthening

during last hot rolling passes. At equal level of microalloying,

the precipitates are soluble in austenite as follows [1, 2]:

Nb(C,N) \ VN \ VC.

Nitrides and carbides of typical microalloying elements

(Nb,V) have an f.c.c. crystallographic structure. These

compounds, especially in the case of the smallest particles,

frequently form precipitates which are semi-coherent with

the (f.c.c.) austenitic matrix. Their lattice parameter is

slightly higher than that of the austenite [3].

The size and volume fraction of precipitates play an

important role on pinning forces, both for austenite grain

growth control at any reheating temperature and for inhi-

bition of austenite static recrystallisation during hot rolling.

The latter causes a strengthening of austenite and an

increase in dislocation density that in turn multiplies the

number of potential nucleation sites for ferrite [4–8].

In this work the recrystallisation of two microalloyed

steels with V and Nb is studied from the point of view of its

inhibition due to strain-induced precipitation. Precipitate

size is determined in both steels by means of TEM

observations, which lets to establish important differences

between both types of precipitates.

Materials and experimental procedure

Chemical compositions of steels used are shown in

Table 1. The specimens for torsion testing had a gauge

length of 50 mm and a diameter of 6 mm. The austeniti-

sation temperature was set to be higher than the solubility

temperature of precipitates, thus assuring that the precipi-

tates would be completely dissolved in the austenite. The

mean austenite grain size corresponding to the austeniti-

sation conditions was determined for each steel by apply-

ing ASTM E-112 standard (Table 2). The coarser grain

size of steel A is caused by the lower solubility temperature

of V precipitates (Ts), which implies a faster austenite grain

growth rate [1].

After austenitisation at 1200 �C during 10 min, the

specimens were rapidly cooled to the deformation tem-

perature in order to prevent precipitation prior to defor-

mation. The deformation temperatures were between 1100
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and 800 �C, and the recrystallised fraction (Xa) was

determined for several holding times after deformation.

The applied strain was 0.35, which was insufficient to

promote dynamic recrystallisation [9]. The double defor-

mation technique was used to calculate Xa, in particular

applying the method known as ‘‘back extrapolation’’ [10].

Results and discussion

It is very well-known that static recrystallisation is a

nucleation and growth process, as happens with the pre-

cipitation of VN or Nb(C,N) particles and many other

phenomena such as the precipitation of Cr nitrides and

carbides [11] or the precipitation of intermetallic phases in

a metallic matrix [12–14].

The shape of the curves of recrystallised fraction against

time for the V and Nb-microalloyed steels presented one

and two plateaus, respectively, when the test temperatures

were below those where the particles have precipitated.

Figure 1 shows the recrystallised fraction for steel A at

several temperatures, with a plateau appearing on the

curves corresponding to 900 and 850 �C. The start and

finish of the plateau are identified approximately with the

start and finish of the induced precipitation [15].

Figure 2 presents the recrystallised fraction for steel B

showing two plateaus in the curves plotted at 1000 and

950 �C. This phenomenon is a result of the appearance of

two types of carbonitrides which start to form at practically

the same temperature, but the second precipitation is pro-

moted by the first when the nitrogen or carbon content is

reduced. It should also be said that double precipitation

only appears when the solubility temperatures for Nb

nitrides and carbides take very similar values [16–18].

Figures showing the recrystallised fraction versus time

were used to deduce the temperature and times corre-

sponding to different recrystallised fractions. The points

that define the start and the end of the plateau were taken to

plot the induced precipitation start (Ps) and finish (Pf)

curves, respectively. In this way recrystallisation–precipi-

tation–time–temperature (RPTT) diagrams for the studied

steels were drawn. The recrystallised fraction does not vary

between the precipitation start (Ps) and finish (Pf) curves

and is represented by a horizontal line. Once the Pf curve is

reached, the lines of each recrystallised fraction descend

again (Figs. 3, 4). In the case of Fig. 4, corresponding to

the steel B, two Ps and two Pf curves have been drawn, as a

consequence of the double precipitation.

The values of the minimum incubation time for pre-

cipitates (tN) and the curve nose temperature (TN) are

shown in Table 3. Nb(C,N) particles nucleate earlier and

grow faster than VN particles.

With regard to the recrystallisation–precipitation inter-

action, it is seen that the recrystallised fraction is approx-

imately 50% at the nose of the Ps curve, i.e., at the place

where the incubation time of the precipitates (tN) takes the

shortest value. When the fraction of recrystallised volume

is less than 20%, nucleation of the precipitates needs longer

time to take place.

The static recrystallisation kinetics of austenite when the

microalloying elements (V, Nb) are in solution can be

described by an Avrami equation in the following way [9]:

Table 1 Chemical composition of steel used (% mass 9 103)

Steel C Mn Si Al V Nb Ti N

A 94 1475 329 21 92 – – 6.5

B 90 1505 313 17 – 34 – 4.0

Table 2 Austenite grain size ( �d)

Steel Reheating conditions �d (lm)

A 1200 8C 9 10 min 151

B 1200 8C 9 10 min 107
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Fig. 1 Recrystallised fraction (Xa) vs. time (t) for steel A
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Fig. 2 Recrystallised fraction (Xa) vs. time (t) for steel B
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Xa ¼ 1� exp �0:693
t

t0:5

� �n� �
ð1Þ

where Xa is the fraction of the recrystallised volume and t0.5

is the time corresponding to 50% recrystallisation, which

depends practically on all the variables that intervene in hot

deformation and whose most general expression can be

defined by the equation:

t0:5 ¼ Aep _eqDs exp
Qx

RT
ð2Þ

where e is the strain, _e the strain rate, D the grain size, Qx

the activation energy, T the absolute temperature,

R = 8.3145 J mol-1 K-1, and p, q, s, and A are parame-

ters. While p and q are negative values, s is positive.

On the other hand, the activation energy (Qx) for the

static recrystallisation of austenite in the presence of pre-

cipitates may be expressed as the sum of two terms [17]:

Qx ¼ Qþ DQ ð3Þ

where Q represents the activation energy in the absence of

precipitates and DQ represents the increase due to the

presence of the precipitates. In accordance with Eq. 2,

Fig. 5 displays the parameter t0.5 against the inverse of the

absolute temperature for steel A. The line of ln t0.5 against

1/T shows a discontinuity just when the temperature

reaches the curve Ps. The value of the activation energy

changes from one stage to another. After precipitation the

activation energy increases significantly, which is obvi-

ously translated into greater difficulty for the austenite to

recrystallise. The figure allows the values of Q and

Q ? DQ to be calculated. The comparison of the values

shown in Table 4 demonstrates that the contribution of

precipitates to the increment in activation energy (DQ) is

higher for VN than for Nb(C,N) due to the finer size of

precipitates and the higher precipitate volume for VN.

When V and Nb are in solution, i.e., in the absence of

precipitates, the value of Q is higher in steel B because,

according to established models of recrystallisation kinet-

ics [15], Nb exerts a stronger solute drag effect than V.

In order to know the type and size of the precipitates, a

study was carried out using transmission electron micros-

copy (TEM) techniques on carbon extraction replicas

(Fig. 6). The specimens were heated at reheating temper-

ature and then the temperature was lowered to that corre-

sponding to the nose temperature in RPTT diagram with a

holding time up to the Pf curve, which coincides with the
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Table 3 TN and tN of the Ps curve nose

Steel e tN (s) TN (8C)

A 0.35 65 875

B 0.35 23 950
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Fig. 5 Plot of t0.5 against the reciprocal of the absolute temperature

Table 4 Activation energy for static recrystallisation

Steel Q (kJ) Q ? DQ (kJ) DQ (kJ)

A 215 695 480

B 295 600 305
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end of the plateau on corresponding curve of recrystallised

fraction vs. time. The values found for the mean size are

shown in Table 5. Mean size of VN in steel A was equal to

10.5 nm and mean size of Nb(C,N) in steel B was equal to

22 nm. The values found for Nb(C,N) precipitates are

similar to those found by other authors [19, 20].

On the other hand, the particle diameter at any tem-

perature can be expressed as [21, 22]:

Dd2 ¼ a2D0 exp �Qd

RT

� �
Dt ð4Þ

where Dd2 ¼ d2 � d2
0 and Dt = t - t0. Here, d0 is the

particle diameter at time t0, a is the growth coefficient and

D0 exp �Qd

RT

� �
is the diffusion coefficient (D) of V and Nb in

austenite, being the expressions for both [21, 23]:

DV ¼ 3:05� 10�4 exp � 239300

RT

� �
ð5Þ

DNb ¼ 1:49� 10�4 exp � 234700

RT

� �
ð6Þ

where activation energy for diffusion (Qd) is expressed in J.

The values of DV and DNb are expressed in m2/s and were

calculated at the temperature corresponding to the nose of

the Ps curve (Table 6).

Coefficient D is higher for Nb than for V. Besides,

temperature TN is higher for steel B compared to steel A

and the same is true for Ts temperature. This explains why

Nb(C,N) precipitates are coarser than VN precipitates.

For the calculation of pinning forces consideration was

made of the expression of Zener [24], which is proportional

to reciprocal of precipitate size:

Fp ¼
3 f c
2 r

ð7Þ

where c is the interfacial energy per grain boundary unit

area (0.8 J/m2 in austenite), f is the precipitated volume

fraction and r is the mean radius of precipitates. The values

of precipitated volume fraction (f) for VN and Nb(C,N)

particles were calculated in accordance with Hillert’s

model [25] and the results are shown in Fig. 7, where

precipitated volume fractions for AlN particles are also

plotted. The volume fraction of precipitates is somewhat

higher for VN than for Nb(C,N). The latter, together with

the finer mean particle size in steel A helps to explain the

higher value of DQ in steel A.

Conclusions

The main conclusions are as follows: larger diffusion

coefficient of Nb compared to V, together with the higher

precipitation temperature of Nb(C,N) serve to explain the

coarser size of NbCN particles compared to VN. On the

other hand, steel A presents an increase of activation

energy due to precipitation (DQ) higher than steel B

because of the smaller mean size and the higher volume

57 nm 50 nm

(a) (b)
Fig. 6 TEM image of

precipitates. a VN—Steel A; b
Nb(C,N)—Steel B

Table 5 Mean size of precipitates

Steel Particle type Mean size (nm)

A VN 10.5

B Nb(C,N) 22

Table 6 Values of DV and DNb at TN temperatures

Steel TN (K) D (m2/s)

A 1148 3.9471 9 10-15

B 1223 1.4103 9 10-14

600 700 800 900 1000 1100 1200 1300 1400 1500

1E-9

1E-8

1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

V
ol

um
e 

F
ra

ct
io

n

Temperature, ºC

 Steel A. VN
 Steel A. AlN
 Steel B. NbCN
 Steel B. AlN

Fig. 7 Precipitated volume fraction of particles against temperature
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fraction of VN precipitates in steel A compared to Nb(C,N)

precipitates in steel B.
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