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Abstract The kinetic study of the tempering reactions of

a low-alloy steel (AISI 1050) was carried out through non-

isothermal dilatometry. The kinetic parameters of the first

and third stages on tempering (here referred to as processes

I and II) are calculated by procedures which assume that

the nucleation and growth reactions obey a Kolmogorov–

Johnson–Mehl–Avrami (KJMA) kinetic model. The reci-

pes to obtain the kinetic parameters (E, K0, n) of the

reactions on tempering are presented. The first stage of

tempering is characterized by the growth of the transition

carbide nuclei formed during the quenching, n = 1 (site

saturation situation). This stage is controlled by the pipe

diffusion of the iron atoms. The third stage of tempering is

characterized by the cementite nucleation on dislocations

due to the gradual dissolution of the transition carbide,

n = 0.66. The cementite growth is controlled by diffusion

of the iron atoms through dislocations and in the matrix.

Introduction

The goal of modeling a thermally activated reaction in the

solid state is the derivation of a complete description of the

progress of a reaction that is valid for any thermal treat-

ment (isothermal, by linear heating, or any other non-iso-

thermal treatment) [1].

It is well established in the literature [2–5] to assume

that the transformation rate during a reaction in many solid

systems is the product of two functions; one depending

solely on the temperature (T), and the other depending

solely on the fraction transformed (n):

dn
dt
¼ K Tð Þ � g nð Þ; ð1Þ

where g(n) is a specific function of the fraction transformed

and K(T) is the rate constant of the reaction mechanism.

This K(T) is assumed to have Arrhenius temperature

dependence:

K Tð Þ ¼ K0 exp � E

RT

� �
: ð2Þ

In Eq. 2, E, K0, and R are the activation energy of the

reaction mechanism, the frequency factor, and the gas

constant, respectively.

In the past, a number of methods have been proposed to

describe the progress of a reaction in solid systems from

non-isothermal experiments. Although non-isothermal

experiments can use any arbitrary thermal history, the most

usual in thermal analysis is to employ a constant heating

rate (b = dT/dt = const).

In order to study the kinetics of the phase transforma-

tions performed at constant heating rates (b), a wide range

of methods has been established for deriving the kinetic

parameters of the reactions obeying Eqs. 1 and 2 [1]. Thus,
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without recourse to any kinetic model, values for effective

activation energy can be obtained upon isochronal experi-

ments from the temperatures Tn needed to attain a certain

fixed value of n (temperatures corresponding to the same

degree of transformation), as measured for different heat-

ing rates (b) [6]. The procedures that use the above tem-

peratures Tn for calculating the effective activation energy

are known as Kissinger-like methods [1, 6], and these rely

on approximating the so-called temperature integral [6–9].

Another set of methods does not use any mathematical

approximation for calculating the temperature integral, but

instead require determinations of the reaction rates at a

stage with the same degree of transformation (it corre-

sponds to an equivalent stage of the reaction) for various

heating rates. These procedures are known as the Fried-

man-like methods [10].

As the determination of g(n), E, and K0 (the so-called

kinetic triplet) are an interlinked problem in non-isothermal

experiments [1, 11], a deviation in the determination of any

of the three will cause a deviation in the other parameters of

the triplet. Thus, it is important to start the analysis of a non-

isothermal experiment by determining one element of the

triplet with high accuracy. In this sense, it is usual to calculate

the effective activation energy (E) by a Kissinger-like

method for nucleation and growth reactions [6, 12, 13]. This

is because the Tn constitutes a parameter that can be deter-

mined with high accuracy in non-isothermal dilatometric

experiments. For nucleation and growth reactions, in gen-

eral, the effective activation energy is a function of both

transformation time and temperature (E does not have to be

constant even with constant nucleation and growth mecha-

nisms). Because of this, the above lineal approximation of

the Kissinger-like plot will be strictly valid only if the

effective activation energy is constant during the entire

transformation [13]. This condition is initially ignored in

most articles. Thus, this article has been devised to explore

the possibilities that combination of the different non-iso-

thermal analysis methods has to obtain the kinetic parame-

ters of the tempering reactions in low-alloy steels using

non-isothermal dilatometric data. The determination of the

effective activation energy according to a Kissinger-like plot

is treated [6, 12]. Thereafter, it is determined if the effective

activation energy is constant during the entire transformation

using a procedure detailed in [14] that has been modified in

this article to nucleation and growth reactions obeying a

KJMA kinetic model. Besides, the Avrami exponent (n) is

calculated with enough accuracy without the influence of

some approximations used by other authors (e.g., Ref. [12]).

The frequency factor K0 is also obtained as it is outlined

below. These recipes allow characterizing the precipitation

reactions on tempering in low-alloy steels.

Non-isothermal dilatometric analysis: theoretical

background

The precipitation reactions which occur on tempering of

low-alloy steels may all be classified as nucleation and

growth reactions [15]. These transformations in isothermal

conditions are generally described by the KJMA relation

[16–18]:

n ¼ 1� exp�ðhÞn with h ¼ K Tð Þ t; ð3Þ

where n is known as the Avrami exponent and t is the time.

The degree of transformation n (fraction transformed) as

a function of the physical property p, measured during the

curse of transformation, is commonly defined by:

n ¼ p� p0

p1 � p0

; ð4Þ

where p0 and p1 correspond with the values of p at start

and finish stages of the transformation, respectively. In

non-isothermal analysis p0 and p1 depend on temperature

[6].

In order to maintain the KJMA description under non-

isothermal conditions, the formalism of Eq. 3 is accepted

for an infinitesimal lapse of time [12, 19], where Eq. 2 has

been considered:

dh ¼ K0 exp � E

R � T

� �
dt: ð5Þ

Integration of Eq. 5 resulted in:

hðTÞ ¼ T2

b
R

E
K0 exp � E

RT

� �� �
1� 2RT

E

� �
; ð6Þ

where at the initial temperature T0(T0 � T) it is assumed

that h(T0) = 0.

After deriving Eq. 4 twice with respect to T, evaluating

the resulted equation at temperatures corresponding to the

inflection points Ti (the temperatures belonging to the

inflection points (Ti) in the dilatometric records at various

heating rates occur to a vary good approximation at the

same degree of transformation [6]), and taking into account

several mathematical approximations, the authors of the

articles [12, 19] finally obtained the working expression:

ln
b
T2

i

� �
¼ � E

R � Ti

þ ln
RK0

E

� �
� Res1� Res2; ð7Þ

with

Res1 ¼ QRT2
i

n2E
and

Res2 ¼ 2 � 1� 1

n2
þ n ln

T2
i RKðTiÞ

bE

� �� �
RTi

E
; ð8Þ
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where

Q Tp

� �
¼ 2

dp1

dT �
dp0

dT

p1 � p0

					Ti: ð9Þ

If both residuals are neglected in Eq. 7 (see appendix), the

data points in a plot of the lnb/Ti
2 versus 1/Ti (Kissiger-like

plot) are approximated by a straight line, from the slope of

which a value for the effective activation energy, E, is

obtained [12, 19]. We settle that with the definition of the

state variable h (c.f. Refs. [6, 13]), the adoption of a spe-

cific model of reaction is not a necessary condition to

obtain the effective activation energy from the slope of a

Kissinger-like plot.

An analytical solution of the KJMA rate equation for the

general non-isothermal case at constant heating rate,

assuming that the nucleation (N) and growth (G) rates have

an Arrhenius dependence of temperature has been pub-

lished [20]:

n ¼ 1� exp � K0C
E

bR
P

E

RT

� �� �n� �
; ð10Þ

where it is considered that the transformation rate is neg-

ligible at the initial temperature of the experiment.

In this expression, P(E/RT) is the exponential integral,

and C a constant that depends on n, EN and EG (activation

energies for nucleation and growth mechanisms, respec-

tively) [20]. The constant C reduces to unity in particular

situations when the nucleation is completed prior to crystal

growth (site saturation situation) or in the isokinetic situ-

ation where EN = EG [20].

In order to obtain a suitable Kissinger-like plot (ln[b/Tp
2]

versus 1/Tp), Eq. 2 is substituted into Eq. 1, and taking into

account that the peak temperature Tp (usual in calorimetric

experiments) is determined by the condition d2n=dt2

 �

Tp
¼ 0,

the authors [20], without recourse to any kinetic model,

obtained the relation:

ln
b
T2

p

" #
¼ � E

R � Tp

þ ln �
RK0Cg

0
np

� �
E

" #
: ð11Þ

As a KJMA kinetic model is assumed, then:

gðnÞ ¼ n 1� nð Þ � ln 1� nð Þ½ �
n�1

n and

g0 nð Þ ¼ dg

dn
¼ g nð Þ

1� n
þ n� 1

� ln 1� nð Þ½ �
1
n

:
ð12Þ

It has been demonstrated that in the peak temperature

nP = 0.632 and, therefore, g0ðnTp
Þ ¼ �1 [20]. Equation 11

can be now applied to the non-isothermal dilatometry data

at temperatures Ti, corresponding to the inflection points

for different constant heating rates (the temperatures Ti

belong with very good approximation to an equivalent

stage of the reaction, nTi
¼ 0:632). It is well recognized in

the literature [6] that the temperature of the maximal

transformation rate (Tp in calorimetric experiments) can be

replaced by the temperature of the same degree of trans-

formation Tn, and that in non-isothermal dilatometric

curves at different heating rates can be replaced with a very

good approximation by Ti.

Then, as it can be seen, Eq. 11 coincides with Eq. 7 in

the isokinetic case (EN = EG), or in the site saturation

situation (C = 1), if both residuals in Eq. 7 are neglected.

In order to calculate the parameters K0 and C a non-

linear regression analysis is performed using Eq. 11 where

Tp has been changed by Ti and g0ðnTp
Þ ¼ �1 at the

inflection points. Consequently, it is possible to obtain a

transcendent equation to find n through the second deriv-

ative of Eq. 10:

� n K0Cð Þn E

bR

� �n�1

p
E

RTi

� �� �n

exp � E

RTi

� �

þ n� 1ð ÞbR

E
exp � E

RTi

� �
þ

bEp E
RTi

� 

RT2

i

¼ 0: ð13Þ

An alternative method to estimate the effective activation

energy and other kinetic parameters directly from the non-

isothermal dilatometry curves is presented in [14].

Furthermore, this procedure allows analyzing if the effective

activation energy, obtained by the above Kissinger-like plot, is

constant during the entire transformation. For this, the fraction

untransformed (1 - n), according to Eq. 4 with p = Dl/l

(relative change of length), is defined as:

ð1� nÞ ¼ DlðTÞ
l

� �
T

� DlðTÞ
l

� �
end

� ��

DlðTÞ
l

� �
0

� DlðTÞ
l

� �
end

� �
; ð14Þ

where (Dl(T)/l)0 and (Dl(T)/l)end are the relative length

increments of the start and end stages, respectively, at tem-

perature T. The (Dl(T)/l)T is the relative length increment on

dilatometric curve at temperature T, as it is depicted in Fig. 1.

According to this definition (1 - n) = 1 and n = 0 at the

start temperature of the transformation T = Ts.

This procedure was applied to nucleation and growth

reactions (tempering reactions in steels) using an expres-

sion oversimplified for gðnÞ ¼ ð1� nÞn0 [14]. This way,

the analysis is based on the assumption of homogeneous

reactions with a reaction rate:

�dð1� nÞ
dt

¼ Kð1� nÞn0 ð15Þ

where the order of the tempering reaction under consider-

ation is n0.

Differentiation of Eq. 15 (with b as a constant and

K ¼ K0 expð�E=RTÞ), and its evaluation at the inflection

point temperature (Ti) on the curve (1 - n) versus

420 J Mater Sci (2010) 45:418–428
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temperature, the equation for the effective activation

energy is obtained:

E ¼ �
n0RT2

i ð1� nÞn0�1
Ti

dð1�nÞ
dT

			
Ti

ð1� nÞn0

Ti

: ð16Þ

The other kinetic parameters can be calculated through the

equations:

K0 ¼ �
b

ð1� nÞn0

Ti

dð1� nÞ
dT

					
Ti

exp
E

RTi

� �
; ð17Þ

and

ð1� nÞn0

T ¼ �
b

K0

dð1� nÞ
dT

� �
T

exp
E

RT

� 

: ð18Þ

Although the above simplification could be questioned, this

approximation may be used to investigate the variation of

the effective activation energy under different experimental

conditions [21]. In order to solve this difficulty it is

assumed that the tempering reactions obey a KJMA kinetic

model. Therefore, if the above formalism for homogeneous

transformations is settled; then, a relationship between the

Avrami exponent n and the kinetic order of the reaction n0

can be obtained as a function of the fraction untransformed

(1 - n). Thus, the transformation rate for a reaction that

obeys a KJMA relation is:

� d

dt
ð1� nÞ ¼ Kð1� nÞ n ð� lnð1� nÞÞ

n�1
n : ð19Þ

From the Eqs. 15 and 19, the expression that related n, n0

and (1 - n) resulted to be:

n0 ¼ 1þ ln½n ð� lnð1� nÞÞ
n�1

n �
lnð1� nÞ : ð20Þ

As it is shown in Fig. 2, the behavior of the n0 function

depends weakly on (1 - n) far from the boundary point

(1 - n) = 1. As a consequence, n0 can be considered as a

constant during the development of the reaction for stages

where the fraction transformed is greater than 0.4. Also, the

n0 values are lower the greater the Avrami exponent, and

when the Avrami exponent takes the value n = 1, the

reaction is the first order (n0 = 1). Evaluation of n0 from

the different nucleation and growth protocols, given by the

n values, makes possible to use the procedure established in

[14] to nucleation and growth reactions and therefore to

determine if E is constant during the entire transformation.

For this, the fraction untransformed values calculated from

Eq. 18 (where it is used the E value determined by a

Kissinger-like plot) for the entire reaction are compared

with the experimental fraction untransformed data obtained

from the dilatometric curve.

The Friedman-like methods conceived to be used in

processing of non-isothermal calorimetric data do not

require any mathematical approximation to solve the

temperature or exponential integral [1, 10]. This procedure

allows obtaining the activation energy of a reaction

knowing the reaction rates at a stage with the same degree

of transformation for various heating rates. According to

the knowledge of the present authors, the Friedman-like

methods have not been very much used with non-isother-

mal dilatometry data.

In fact, if dn/dt at temperatures corresponding to the

inflection points (Ti) is known then, substituting Eq. 2 into

1 (b = dT/dt), the following equation results after applying

logarithms to both terms:

ln
dn
dt

� �				
Ti

¼ ln b
dn
dT

� �				
Ti

¼ � E

RTi

þ lnðK0g nið ÞÞ: ð21Þ

(∆l(T)/l)T 

 T  

T

∆l/l 

(∆l(T)/l)0 

T=Ts 

(∆l(T)/l)end 

T=Tend 

Fig. 1 Relative length change (Dl(T)/l) near the inflection point

according to [14]
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Fig. 2 Behavior of the n0 parameter versus the fraction untrans-

formed (1 - n) for different Avrami exponent values
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As in the dilatometry record one has that dl
l

� �
t
¼ lt�l

l , where l

is the initial length of the sample and lt is the length at any

instant, then:

dlt

dT
¼ l

d

dT

d l

l

� �
t

� �
: ð22Þ

Differentiating Eq. 4 with respect to time (with p ¼ dl
l ), it is

obtained that:

dn
dt
¼ d

dt

lt � l0

l1 � l0

� �
¼ 1

l1 � l0

dlt

dt
¼ hl

dlt
dt
¼ hlb

dlt

dT
¼ b

dn
dT
;

ð23Þ

where hl ¼ 1
l1�l0

:
If Eq. 22 is substituted into Eq. 23 and logarithm is

applied to both the terms then, at temperatures corre-

sponding to the inflection points, the following relation

(after using Eq. 21) can be sustained:

ln b
dn
dT

� �				
Ti

¼ ln hllð Þ þ ln b
d

dT

d l

l

� �				
Ti

 !

¼ � E

RTi

� ln K0gðnið ÞÞ: ð24Þ

This equation can also be written as:

ln b
d

dT

dl

l

� �				
Ti

" #
¼ � E

RTi

þ Const: ð25Þ

According to Eq. 25 it is possible to calculate the effective

activation energy E (but not the frequency factor, K0).

Experimental procedure

Commercial plain carbon steel having a carbon content of

approximately 0.5 wt% was used for the tempering anal-

ysis. The chemical composition of the (AISI 1050) steel is

given in Table 1. The test specimens were in the form of

rod 2 mm in diameter and 12 mm in length. The specimens

were austenitized (900 �C) in a vacuum tube furnace.

Austenitising conditions were selected to give complete

carbide solution. The quenched treatment was carried out

in water at ambient temperature. To obtain the non-iso-

thermal dilatometry records at constant heating rates on the

tempering treatment (from ambient temperature up to

600 �C), a dilatometer (Adamel-Lhomargy, model DT

1000, NY, USA) belonging to the Engineering School of

the São Paulo University in São Carlos, Brazil, was used.

The dilatometer was calibrated by means of periodic

measurements of the thermal-expansion coefficients of

well-known samples, with standard Dl(T)/l curves. The

relative length changes in the specimen (with an accuracy

of 10-4) against temperature were obtained, while the

specimen is heated at a constant rate. The constant heating

rates were 5, 10, 15, 20, and 30 K/min.

Results

Figure 3 shows a non-isothermal dilatometry record at

5�/min as heating rate, where the transformation tempera-

tures for both processes are indicated. Table 2 and Fig. 4

show the temperatures corresponding to the inflection

points from the dilatometric curves with different heating

rates for both processes. By lineal (see Table 3; Fig. 5) and

non-lineal regression analyses using Eq. 7 (neglecting the

residues as it is outlined in the appendix), the best E and K0

parameters were calculated for the two identified processes

on tempering in the non-isothermal dilatometry records.

Table 1 Chemical composition of the AISI 1050 steel

C (wt%) Mn (wt%) P (wt%) S (wt%)

0.48–0.55 0.6–0.9 0.04 0.05

0 100 200 300 400 500 600
0,000

0,002

0,004

0,006

0,008

II
I

D

C

B
A

O

∆L
/L

T(°C) 

β=5 °C/ min

Fig. 3 Non-isothermal dilatometry record (b = 5 �C/min) showing

the temperature intervals corresponding to both the processes on

tempering

Table 2 Temperatures corresponding to the inflection points (Ti) at

different heating rates (b) for processes I and II on tempering in the

dilatometry records

b (K/min) Ti (K) process I Ti (K) process II

5 411.6 584.3

10 418.9 593.5

15 424.3 599.1

20 428.5 603.1

30 432.4 608.8

422 J Mater Sci (2010) 45:418–428
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Although one has the possibility, with this procedure

(Eqs. 7–9), to obtain a relationship for calculating the

Avrami exponent (n) of the reaction, we think that the n

values are not very reliable due to the many approxima-

tions used to obtain the residues. For this reason, the use of

the transcendent equation, Eq. 13, is very much reliable to

calculate n, given by much less approximations in their

determination. In this sense, as a first step, the K0 and C

parameters are calculated using Eq. 11 by a non-lineal

regression analysis where the E value (obtained by a Kis-

singer-like plot, Eq. 7) is considered as a fixed parameter.

The best fitting values for K0 and C parameters, for both

processes on tempering, are listed in Table 4, where the

statistical parameter P for calculating C is shown. We

pointed out that the P values represent the probability that a

better fit to the same data can be carried out by another

model. Table 5 shows the Avrami exponent for each con-

sidered process on tempering at different heating rates

solving the transcendent equation, Eq. 13.

The uncertainty showed in each Avrami exponent value

(dn) (Table 5) was calculated by the propagation of the

uncertainty [22] in temperature (dT = 0.1 �C) and in the

activation energy (dE = 0.5 kJ/mol calculated by non-

linear regression analysis of Eq. 7) from the transcendent

equation F(n, T, E) = 0. Thus, as the variables of the

function F are provided of an uncertainty, the corre-

sponding uncertainty of the own function is:

DF ¼ oF

o n
dnþ oF

oE
dE þ oF

oT
dT : ð26Þ

By applying this result to Eq. 13, considering only the

uncertainties dn, dT, dE and carrying out some algebraic

manipulations, the following expression for the uncertainty

in the n value is obtained:

dn ¼ qðE; n;K0ÞdT þ wðE; n;K0ÞdE; ð27Þ

where the explicit forms of these terms are omitted because

they are too large. After this, it is concluded that the first

0 100 200 300 400 500 600

Temperature (°C) 

β=30

β=20

β=15

β=10

β=5

d/
dT

(∆
l/l

) 
(a

. u
.)

Fig. 4 The d(Dl(T)/l)/dT versus temperature at different heating rates

Table 3 Best parameters E and K0 calculated by linear and non-lineal regression analyses, respectively, for the two processes on tempering

using Eq. 7 where both residuals have been ignored

Process Activation energy,

E (kJ/mol)

Frequency

factor, K0 (min-1)

Confidence

interval for E
Regression

coefficient R
P value for E

I 117 2.99 9 1014 104 \ E \ 130a 0.998b 4.8 9 10-10b

116.5 \ E \ 117.4b

II 206 9.53 9 1017 196 \ E \ 216a 0.999b 9.0 9 10-14b

205.6 \ E \ 206.4b

P = Distr. T(T, FD, 2): It represents the probability that a better fit to the same data can be carried out by another model. As the P values are very

low, it is not very probable that another model fits the data better than the model here shown
a Lineal regression analysis
b Non-lineal regression analysis (E and K0 are the fitting parameters)

0,0016 0,0018 0,0020 0,0022 0,0024

9

10

11

L
n[

T
i2 /

β]
 (

K
m

in
)

(I)
(II)

1/Ti , K -1 

Fig. 5 Plot of ln(Ti
2/b) versus (1/Ti), where Ti and b denote the

inflection point temperature and the heating rate, respectively, for the

first (I) and second (II) processes on tempering of the AISI 1050 steel

J Mater Sci (2010) 45:418–428 423
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process on tempering considered by us corresponds to a

reaction with n0 = 1 according to the formalism showed in

[14]. On the contrary, the second process (third stage of

tempering) that in the literature is identified as the

cementite precipitation, the n0 parameter has a value close

to 1.4 (n = 0.66) according to Eq. 20.

Taking the above n0 values for the first and second

processes, the new E values at temperatures of the inflec-

tion points can be determined by Eq. 16. As can be seen in

Tables 6 and 7, these values are the same, within the error

boundary, as those obtained by a Kissinger-like plot. The

frequency factors for each heating rate are calculated using

Eq. 17. In Tables 6 and 7, the parameters obtained by the

expressions (16) and (17) are shown.

According to Eq. 18, the fraction untransformed values

are calculated for the entire range of temperatures using

the determined E, K0, and n0 values. Only for the above

n0 values, the calculated effective activation energy is

constant for the entire reaction, Fig. 6. Other nucleation

and growth protocols that generate another n0 values (see

Fig. 2) cause appreciable deviations among the experi-

mental and calculated fraction untransformed values for the

range of temperatures where the reactions are developed.

Tables 8 and 9 show the d/dT(dl/l) data at temperatures

corresponding to the inflection points, for both processes

on tempering. These data are used in the determination of

the effective activation energy by a Friedman-like proce-

dure. By linear fitting of Eq. 25, the effective activation

Table 4 Best parameters, K0 and C, determined by non-linear regression analysis using Eq. 11

E (kJ/mol) (fixe) K0 (min-1) (fp) C (fp) Regression coefficient R P (only for C)

Process I 117 2.99 9 1014 1 0.997 0.00002

Process II 206 9.53 9 1017 1 0.999 4 9 10-8

fixe fixed parameter, fp fitting parameter

Table 5 The Avrami exponent for the two processes on tempering

b (K/min) Ti (K) n dn

First process on tempering

5 411.6 1.2 0.2

10 418.9 1.1 0.2

15 424.3 1.0 0.2

20 428.5 1.1 0.2

30 432.4 1.0 0.2

Second process on tempering

5 584.3 0.7 0.1

10 593.5 0.7 0.1

15 599.1 0.7 0.1

20 603.1 0.7 0.1

30 608.8 0.7 0.1

Table 6 Activation energies (E) and the frequency factors (K0) for

the first process on tempering using Eqs. 16 and 17

b Ti (K) n0 K0 (min-1) E (kJ/mol) dE (kJ/mol)

5 411.6 1.0 5.4 9 1014 119 6

10 418.9 1.0 6.87 9 1013 112 6

15 424.3 1.0 3.3 9 1014 117 6

20 428.5 1.0 2.0 9 1015 124 7

30 432.4 1.0 1.1 9 1014 113 6

Table 7 Activation energies (E) and the frequency factors (K0) for

the second process on tempering using Eqs. 16 and 17

b Ti (K) n0 K0 9 1017 (min-1) E (kJ/mol) dE (kJ/mol)

5 584.3 1.4 1.3 196 11

10 593.5 1.4 1.2 196 10

15 599.1 1.4 1.3 196 10

20 603.1 1.4 1.6 197 10

30 608.8 1.4 1.3 196 10

400 500 600
0,0

0,2

0,4

0,6

0,8

1,0

β = 5 (°C/min)

III

1-
ξ

T (K)

Fig. 6 Fraction untransformed versus temperature according to Eq. 18:

Experimental curves for the first (I) and second (II) processes with

a heating rate: b = 5 �C/min. The symbols: filled triangle and

filled circle are the fraction untransformed values calculated by Eq. 18

for different temperatures. Process (I): K0 = 5.4 9 1014 min-1,

E = 119 kJ/mol, n0 = 1, dð1� nÞ=dTjTi
¼ 0:032275. Process (II):

K0 = 1.3 9 1017 min-1, E = 196 kJ/mol, n0 = 1.4, dð1� nÞ=dTjTi
¼

0:0184273
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energy was for both processes: E = 127.5 kJ/mol,

dE = 32.7 kJ/mol (first process) and E = 202.9 kJ/mol,

dE = 40 kJ/mol (second process), very close to those

determined by a Kissinger-like method.

Discussion

Considering the chemical composition of steel and the

results obtained by the analysis of the dilatometry records,

it is assumed that the new nuclei corresponding to the first

stage of tempering could have been formed during the

quench. This is because in the studied steel, the Ms tem-

perature (martensite start temperature) is closed to 300 �C

according to the Ms relation for 0.5 wt% C and 0.8 wt%

Mn [23], and by the greater mobility of the carbon atoms

through the dislocations inherited from the martensite

structure [24].

The lineal behavior observed in the dilatometric curves

from room temperature up to approximately 110 �C is

mainly due to the thermal dilation on heating of the steel

(see right line of the curve indicated by OA in Fig. 3).

In the temperature range of approximately 100–200 �C

(see Figs. 3, 4) for the first processes at the non-isothermal

dilatometric registers, the transition carbide (epsilon car-

bide) nuclei that have been formed on quenching are

growing. The growth of the transition carbide produces a

lost of tetragonality of the martensite matrix by the exit of

the interstitial carbon in solution. This is the cause of the

inflection in the dilatometry record (first process (I), AB

interval in Fig. 3). The above is in agreement with the

situation where existing nuclei in form of needles or plates

are developed by controlled diffusion growth correspond-

ing to the Avrami exponent close to one (n = 1)[25] as it is

shown in Tables 4 and 5 for this first process on tempering.

As it can be appreciated in processes (I and II) on tem-

pering, the nucleation and growth mechanisms are quite

separated (site saturation situation); since, the coefficient C

in Eq. 11 resulted to be C = 1 by the non-linear regression

analysis above discussed. The growth reaction of the

transition carbide is corresponded with a parameter n0 = 1,

according to Eq. 20 where the Avrami index resulted to be

n = 1 (see Table 6).

The effective activation energy found for the first pro-

cess from the non-isothermal dilatometry records using the

most accepted isoconversion methods was among 117–

128 kJ/mol. These values are in agreement with the one

reported by [19, 26] for diffusion of the iron atoms along

dislocations that are generated by the incoherency between

the transition carbide and the matrix. Therefore, it will be

the diffusion of the iron atoms and not the carbon atoms

diffusion that control the reaction during this first process

on tempering. In Fig. 6, the curve (I) shows that the frac-

tion untransformed values calculated using Eq. 18 during

the ongoing reaction are in agreement with the fraction

untransformed values determined from the dilatometric

record for the same interval of the transformation temper-

atures (experimental curve in Fig. 6). Thus, the effective

activation energy obtained as the slope of a Kissinger-like

plot is not only valid for the temperature corresponding to

the inflection point, but also for the whole interval of

temperatures where this reaction occur. For this reason, we

assume that E = EG is constant for this first precipitation

process on tempering.

For temperatures from 170 to 300 �C, when the trans-

formation (I) concludes, it is well established that the

retained austenite (cr), with approximately 4% in volume,

transforms into cementite (h) and bainitic ferrite (a) [27].

This process should increase the volume of the sample;

however, as the amount of the retained austenite is small,

the respective change in the volume of the sample is dif-

ficult to appreciate in the dilatometry curves (BC in Fig. 3)

and it is not considered by us.

In the temperature range (*300–350 �C), process (II),

the transition carbide is dissolved to form cementite. This

process should originate a contraction of volume that it is

appreciated in the dilatometric curve (CD in Fig. 3). While

the cementite particle grows, the transition carbide parti-

cles should disappear gradually, due to the iron atoms

diffusion along dislocations to form the cementite.

The decomposition processes of retained austenite and the

transition carbide are generally overlapped, but as the

amount of retained austenite is very small, it is assumed

that the reduction of volume during the second process is

due, practically, to the nucleation and growth of the

Table 8 d/dTðdl=lÞTi
at different heating rates for the first process on

tempering

b Ti (K) d/dTðdl=lÞTi
� 10�6

5 411.6 4.43

10 418.9 4.95

15 424.3 4.46

20 428.5 4.49

30 432.4 4.95

Tabla 9 d/dTðdl=lÞTi
at different heating rates for the second process

on tempering

b Ti (K) d/dTðdl=lÞTi
� 10�6

5 584.3 5.08

10 593.5 5.6

15 599.1 5.35

20 603.1 4.8

30 608.8 4.74
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cementite on dislocations near of the transition carbide.

The above is supported by the fact that the Avrami expo-

nent is close to 0.66 for this second process (third stage of

tempering) (see Table 5). This value is in correspondence

with the protocol where the nuclei (cementite) are formed

at dislocations and the growth is controlled by diffusion of

the iron atoms [25]. This last statement is argued by the

value of the effective activation energy calculated for this

second process, which resulted to be close to 200 kJ/mol.

This intermediate value of the activation energy between

134 and 251 is in correspondence with the combination of

the pipe diffusion of the iron atoms [19, 26], and of the

volume diffusion of the iron atoms in ferrite [19, 28]. This

could suggest a new distribution of the iron atoms to form

the cementite by dissolution of the transition carbide.

As it can be seen in Table 7, this second process is a

tempering reaction with the n0 parameter close to 1.4. This

values is different to the one reported by [29] for the third

stage of tempering. Also for this second process, according

to the calculated kinetic parameters (n0 and K0), the

effective activation energy is constant during the entire

transformation as it is shown in Fig. 6, curve (II).

Conclusions

The kinetics of the precipitation reactions that takes place

during the first and third stages on tempering were char-

acterized by non-isothermal dilatometry experiments. In

this sense, the kinetic parameters as effective activation

energy, the frequency factor and the Avrami exponent were

calculated by some procedures adapted to non-isothermal

dilatometry experiments. The main features of these reac-

tions on tempering in the AISI 1050 steel were:

– The first stage was predominantly a growth reaction of

the transition carbide formed during quenching. This

growth reaction is controlled by the diffusion of the

iron atoms through the dislocations of the martensitic

structure.

– The third stage on tempering takes place by progressive

nucleation of cementite on dislocations of the structure

as consequence of the dissolution of the transition

carbide. This reaction is also controlled by the diffusion

of the iron atoms through the defects (high density of

dislocations) and in the volume of the ferrite matrix.

It is pointed out that through the above recipes it can be

determined if the effective activation energy is constant

during the ongoing tempering transformation.
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Appendix

To calculate the value of the residuals, Res1 and Res2 in

Eq. 7, it is necessary to calculate the value of the parameter

Q(Ti). In this case, the parameter p is the length of the

sample l:

Q Tið Þ ¼ 2

dp1

dT �
dp0

dT

p1 � p0

¼ 2
a1l1 � a0l0ð Þ

l1 � l0

ffi Da
Dl
l0

ð28Þ

where a0 and a1 are the coefficients of lineal expansion of the

sample before and after the transformation, respectively. For

structures containing more than one phase, the next

relationship is verified [30]:

a ¼ a1V1 þ a2V2 þ a3V3 þ � � � ; ð29Þ

where ai and Vi are, respectively, the coefficient of lineal

expansion and the volumetric fraction of the phase i.

Before starting the transformation, see segment OA in

Fig. 3, Eq. 29 can be written as:

a0 ¼ amVm þ aarVar; ð30Þ

and after the transformation corresponding to the process (I):

a1 ¼ acVc þ afeVfe þ aarVar ð31Þ

where the subindexes (m, ar, c, fe) refer to the martensite

(m), retained austenite (ar), transition carbide (c), and

ferrite (fe). It should also be certain that:

Vm þ Var ¼ 1; Vc þ Vfe þ Var ¼ 1: ð32Þ

The transformation that causes a volume change during the

first process is:

ð a0 þ cr ! aþ e þ cr Þ

where we have considered to the transition carbide-like

epsilon carbide e. The a0 and cr are the martensite and

retained austenite phases, respectively.

According to this reaction, it is possible to calculate the

volumetric fraction of the transition (epsilon) carbide, Vc,

following the next considerations: If we call to Nc, Nfe, and Nm

the number of the iron atoms in the epsilon carbide, ferrite,

and martensite phases, respectively, and mc, mfe, and mm the

volumes of an iron atom in these phases, then by substance

conservation the following relationship is sustained:

DV

V
¼ 3

Dl

l0

¼ Ncvc þ Nfevfe þ Narvar � ðNcvm þ Nfevm þ NarvarÞ
Nmvm

:

ð33Þ
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If y ¼ Nc

Nm is the fraction of iron atoms that have been

transformed in epsilon carbide, the relationship (33) can be

written as:

DV

V
¼ 3

Dl

lo
¼ yðvc � vmÞ þ ð1� yÞðvfe � vmÞ

vm
ð34Þ

But, the volumetric fraction of epsilon carbide that has

been formed is:

Vc ¼
Ncvc

Nmvm
¼ y

vc

vm
: ð35Þ

According to definition y and Eq. 34 it is obtained:

Vc ¼
Ncvc

Nmvm
¼ y

vc

vm
¼

3Dl
l0
þ 1

� 

vm � vfe

vc � vfe

8<
:

9=
;

vc

vm
: ð36Þ

In this relation Dl/l0 is calculated from the dilatometry

record by extrapolation up to the inflection point. The mc,

mfe, and mm values and those of ai are obtained from the

literature [19]:

mm ¼ 11:9593 A3=Fe 0:5% Cð Þ am ¼ 11:5 � 10�6 �C�1

mfe ¼ 11:77 A3=Fe afe ¼ 14:5 � 10�6 �C�1;

aar ¼ 23 � 10�6 �C�1

mc ¼ 13:827 A3=Fe ac ¼ ah ¼ 12:5 � 10�6 �C�1

In Table 10, the values of the Q parameter, calculated for

each dilatometry curve corresponding to the first process,

are shown. The volumetric fraction of the epsilon carbide,

Vc, is calculated using the Eq. 36 and the volumetric

fraction of ferrite, Vfe, is calculated using Eq. 32. The

volumetric fractions of martensite and the retained aus-

tenite are in all cases: Vm = 0.96, Var = 0.04, respectively.

It is appreciated that the Q parameter is approximately

-0.01 for the first process on tempering.

For the second process II (third stage of tempering), the

parameter is Q = 0. In this sense, the following reaction,

during this second process, is manifested:

e! h0; aþ eþ h! aþ hþ h0ð Þ;

where h and a are the cementite and ferrite phases,

respectively. The cementite from the transition carbide

(epsilon carbide) is h0. Thus,

a0 ¼ Vfeafe þ acVc þ ahVh and

a1 ¼ Vfeafe þ Vhah þ ah0Vh0 :

In this way Da ¼ a1 � a0 ¼ ah0Vh0 � Vcac ¼ 0 because

Vc ¼ Vh0and ah0 ¼ ac, then Q = 0.

Finally the residual Res1 and Res2 values for both

processes are shown in Table 11.
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