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Abstract

In order to identify the kinetic process of self-heating in DSC experiment for Ti+3Al—TiAl; reac-
tion, two approaches, linear-fitting approach developed from Semenov’s theory of spontaneous igni-
tion and variation of Friedman method, were carried out with cylindrical Ti—75 at% Al samples. Fol-
lowing these approaches, two identical activation energies are obtained as 169+15 kJ mol ™' and
17045 kI mol™, respectively. Compared with the activation energies of reactions and interdiffusions
between Ti and Al, the possible rate-controlling process of self-heating in DSC experiment for
Ti+3Al—>TiAl; reaction is the interdiffusion between Ti and Al through TiAl;-layer.
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Introduction

Combustion synthesis (CS), first introduced by Merzhanov and Borovinskaya, pro-
vides energy- and cost-saving advantages over the conventional processing routes for
production of refractory ceramic and intermetallic compounds [1]. Formally, it can
be sub-divided into ‘self-propagating high-temperature synthesis (SHS)’ and ‘ther-
mal explosion (TE)’ modes [2]. Generally CS reactions are characterized by high re-
action temperatures up to 4000 K, short reaction durations, a few seconds for TE and
combustion wave velocity of up to 250 mm s~ for SHS and in the case of SHS ex-
tremely large thermal gradients, ~10°~10° K m™' [3]. These two reaction modes can be
represented schematically by the SHS diagram shown in Fig. 1 [4].

Over the past 30 years, applications of CS to producing a variety of materials are
numerous [1, 5], while its reaction kinetics has rarely been reported because of the
complex nature of combustion reaction: non-equilibrium conditions, higher-tempera-
ture and extremely large temperature gradients. Recently, in order to gain an insight
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into the reaction kinetics and mechanism of CS, various analytical methods were ap-
plied, including time-resolved X-ray diffraction [6], quantitative X-ray diffraction
[7], electrical thermal explosion [8], high-temperature thermoanalytical (TA) meth-
ods (such as DSC [9, 10], DTA [11] and so on), combustion wave velocity [12, 13]
and temperature profile investigations [14, 15]. Among these methods, TA is more
reliable and preferable over others for their advantages on experimental condition ad-
justment, continuous measurement and standardized data processing methods.

In some conventional TA methods, the heating rate of the sample or reference
materials is controlled to be constant by programming. Thus, some kinetic analyses
of TA curves has been carried out by assuming a constant heating rate of variation of
the sample temperature in order to simplify the numerical processing [16]. Due to the
inherent exothermic nature, the self-heating phenomena are frequently observed in
DSC (or DTA) experiments of CS samples [9]. Therefore, the assumption of a con-
stant heating rate for CS samples is not justified, which might be one of the most seri-
ous problems in thermoanalytical investigations of CS reaction. To deal with such a
problem, further study on self-heating kinetics is necessary. For Ti+3Al—>TiAl,, one
of the typical intermetallic CS reactions, both applied [5, 17] and kinetic investiga-
tions [9, 10], were carried out over the past years. In the present paper, Ti—75 at% Al
sample was investigated for the self-heating of Ti+3Al—-TiAl, during DSC by both a
linear fitting method developed from Semenov’ theory of spontaneous ignition and a
variant of Friedman method. And these two approaches are introduced as possible
methods for evaluation of the activation energy of self-heating process.

Experimental

Titanium (99% purity, 39 um) and aluminum (99% purity, 100 um) powders of 1:3
atomic ratio were thoroughly mixed in a glass bottle fixed in a roller for 24 h. The
mixtures of various masses were pressed into 16 cylindrical samples with diameter of
5 mm and the four different heights under the pressure of 500 MPa for the analysis us-
ing linear fitting method. Among them, there were 4 samples for each approximate
height, 0.8, 1.26, 1.68 or 2.6 mm. And the samples for Friedman method were 5 mm
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in diameter and 0.6 in height prepared after the same procedures as those samples for
linear fitting method. A heat flux type DSC apparatus, NETZSCH-STA409C, was
used in this work. Its operation temperature is up to 1773 K with a maximum heating
rate of 40 K min™'. All samples were heated in argon atmosphere. a-AL O, was used
as reference sample. Each 4 sample with different approximate height of 0.8, 1.26,
1.68 and 2.6 mm was labeled as a group of samples. The samples in the same groups
were heated up to 1273 K at a fixed linear heating rate, 10, 20, 30, or 40 K min', rep-
resenting a specific heating condition, respectively. The non-isothermal DSC experi-
ments for Friedman method were performed at the heating rates of 8, 10 and
15 K min"' with the same atmosphere protection and reference samples as those for
linear fitting approach. The Arrhenius parameters have been estimated by Friedman
method with the NETZSCH Thermokinetics software. After DSC experiments, each
product was also analyzed by X-ray diffraction (XRD) to identify the phases and as-
sess the completeness of conversion.

Results and discussion

Evaluation of self-heating activation energy using Semenov theory of spontaneous
ignition
Semenov theory of spontaneous ignition

The self-heating process is a mini-type of auto-ignition in a TA experiment. During a
TA experiment of an exothermic sample, if the overplus between heat generation and
heat loss is beyond the amount for heating sample to the programmed sample temper-
ature, the sample will be self-heated, namely the self-heating process is ignited.

According to Semenov’s theory of spontaneous ignition, consider a combustible
sample [18] of volume V, surface S, heat capacity C and density p. The overall energy
conservation is given by Eq. (1).

ar
dr

where T, g, and ¢, are the sample temperature, the heat generation rate and heat loss
rate, respectively. The g, and ¢, can be obtained as

. oo E
q,=VQAc exp[ RTJ 2)

pCV ——=4,—q, (M

§,=1S(T-T,) 3)

where O stands for the liberated heat of the TE synthesis, 4 for the pre-exponential
factor, ¢ for the reactant concentration, n for the overall reaction order, £ for apparent
activation energy, R for gas constant, A for the heat transfer coefficient associated
with heat transfer from the sample to the furnace chamber and 7| for the temperature
of furnace chamber.
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The sufficient and necessary condition for the ignition of TE is ¢, curve tangen-
tial with ¢, line, which also might be expressed as

(4,).=(4)). “4)

% = % (5)
dr ) \dT ),
Combining Eqs (1), (4) and (5), we obtain

ary
e ©

2
(d Tj 0 o
de® ),

Adopting this conclusion to the research on the compatibility of explosives using
non-isothermal thermal analysis method, Hu et al. [19, 20] have successfully evaluated
the critical temperature of environment (7, ) in TE for explosives by locating the onset of
d’H/dt*=0 in a single linearly heating DSC curve or d’(AT)/d¢*=0 in the DTA curve.

Substituting Eqgs (2) and (3) into (4) and (5) and processing by exponential ap-
proximation, one obtains [21, 22]

0, = orp EAexp _E =constant (®)
ASRT; RT, )|,

Namely, the critical condition for a Semenov TE system can be expressed as that
the non-dimensional Semenov number ¢ is a constant [20, 22].

Logarithmically,
“In 4 zln%,i 9)
S) 0 AR RT,

Ocr

2InT,

Ocr

For a cylindrical sample, V=mnr’h, S=2nr*+2nrh, where r and & represent the ra-
dius and height of cylinder, Eq. (9) can be rewritten into

2InT, ., +In 1+l :lngpﬂ—i (10)
r h ¢ AR RT,,

or

2InT,, +In l+l :Bfi (11)
r h RT,

Ocr

where B is a constant related to reaction conditions. Plotting 2In7, +In(1/r+1/h) on
the y-axis and —1/RT, , on x-axis, Eq. (11) gives a straight line with a slope of £. Such

cr
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a plot provides a feasible approach to the estimation the £ for self-heating process
during TA experiment.

Application of Semenov theory of spontaneous ignition in self-heating activation
energy evaluation

The geometric sizes and corresponding heating conditions are listed in Table 1. Fig-
ure 2a, b, ¢ and d illustrate the DSC curves of various samples heated at 10, 20, 30 and
40 K min ', respectively. On each DSC curve, there is an endothermic peak at about
928 K, which is due to melting of aluminum phase. On heating to higher temperatures, a
strong exothermic peak is observed at about 1073 K representing the TE reaction of
Ti+3Al—>TiAl,. Figure 3 shows the reaction product of this non-isothermal DSC experi-
ment was measured by XRD and identified as mono-phase TiAl, compound.
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Fig. 2 DSC curves for Ti—75 at% Al samples in different sizes
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Fig. 3 X-ray diffraction patterns of product of Ti—75 at% Al sample using non-isothermal DSC

T, ., was evaluated by locating the onset of d’H/d#'=0 on DSC curve, as presented
in Fig. 4. T, s of samples of different geometric and experimental condition were

shown in Table 1. Figure 5, the dependence of T, , on sample size, indicates that T

cr T
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Table 1 Experimental parameters and results of cylindrical Ti—75 at% Al samples at different sizes

Groups Sample No. Heating rii]tes/ Geometric sizes/ To oS/ Number. of DSC
K min mm K curves in Fig. 2
N1-1 10 $5%0.80 1000 al
N1 N1-2 10 $5x1.27 979 a2
NI1-3 10 $5x1.66 970 a3
N1-4 10 $5%2.44 963 a4
N2-1 20 $5%0.80 1017 b1
2 N2-2 20 $5%1.26 1004 b2
N2-3 20 $5%1.68 991.5 b3
N2-4 20 $5%2.46 981 b4
N3-1 30 $5%0.94 1033 cl
N3 N3-2 30 $5x1.28 1015 c2
N3-3 30 $5%1.68 1004 c3
N3-4 30 $5%2.50 994 c4
N4-1 40 $5%0.80 1036 dl
N N4-2 40 $5x1.25 1027 d2
N4-3 40 $5x1.65 1015 d3
N4-4 40 $5%2.60 994 d4

decreases with the increasing sample height at the same heating condition. Figure 6 is
the 2InT;, ,+In(1/r+1/h) ~—-1/RT, , plot for the TE synthesis of Ti+3Al—TiAl, under
present experimental condition. The average linear fitted slope is 169+15 kJ mol’,
which closes to with the activation energy of the interdiffusion between Ti and Al
through TiAl, layer, listed in Table 2.

Table 2 Activation energies for the reactions and interdiffusions in Ti—Al system

Reactions or interdiffusion couples Diffusion-barrier layer  E,/kJ mol™ Ref.
Ti(s)+3Al())>TiAl; - 97 [26]

Ti-Al TiAly 180 [27]

TiAl-Al TiAly 95 [27]

Ti-TiAl TiAl 273 [28]

Ti;Al-TiAl, TiAl 235 [28]

TiAl-TiAl; TiAL 240 [28]

Ti-TiAl; Ti; AI+TiAI+TiAlL 206 [28]
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Friedman method for evaluation of self-heating activation energy
Methodological consideration

For the thermokinetic analysis of solid-state reactions, the following formula has
widely been applied [16]

da . E
—=K(T)f (o)=Aexp —— |f (o 12
4 (T)f () P(RT)/() (12)
where a, 4, E, R, T and fla) are the extent of conversion, apparent pre-exponential
factor, apparent activation energy, gas constant, temperature and kinetic model func-
tion, respectively.

Taking logarithms of Eq. (12), we obtain

da )} E
ln(dtj_ RT+ln[Af(oc)] (13)

Thus E can be estimated from the slope of the plot of In(da/d?) vs. 1/T at a given
o under different heating rates. This method for calculation of £ was originally pro-
posed by Friedman [26]. Friedman method belongs to model-free approaches that al-
low to evaluate Arrhenius parameters without knowing the reaction model. The best
known model-free approaches are the isoconversional methods (Friedman [26] and
Ozawa—Flynn—Wall methods [27, 28]). These methods yield £ as a function a.
Knowledge of the dependence of £ on a assists in both detecting multiple processes
and drawing certain mechanistic conclusions [29, 30]. Furthermore, the isocon-
versional methods yield similar dependences of £ on o for both isothermal and
non-isothermal experiments [30—32]. In the light of the results of the ICTA Kinetic
Project: computational aspects of kinetic analysis [33-37], various isoconversional
methods applied to the same set of non-isothermal data have produced consistent
dependences of £ on a by different participators.

For the convenience of processing TA data, kinetic analysis of conventional TA
data has been carried out by assuming constant rate of variation of the sample temper-
ature [16]. In a CS reaction, however, such an assumption is practically not justified
owing to the effect of self-heating during reaction [38]. Recently, one of the most im-
portant findings of the extended interpretation of the Friedman method is that the
Friedman method is applicable to TA data in which the programmed temperature
conditions have been distorted by self-heating and/or self-cooling effects because
Eq. (2) is not limited by an assumption of constant heating rate [38].

Evaluation of activation energy of self-heating process by Friedman method

Figure 7 shows the non-isothermal DSC curves of the CS reaction of Ti+3Al—>TiAl,
in the Ti—75 at% Al powder mixture at the heating rates of 8, 10, 15 K min'. There is
an endothermic peak at 928 K, corresponds to the melting of aluminum, in each
curve. On heating to higher temperature, a strong exothermic peak is observed, which
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represents the formation of TiAl,. The results of XRD identification indicate that all
samples transformed into mono-phase of TiAl; during experiments.

500 660 71;0 8(;0 9(;0 1000
Temperature /°C
Fig. 7 DSC curves of TE reaction of Ti+3Al—>TiAl; at the heating rate of a— 8, b — 10,
¢—15K min™

In order to explore the inherent complexity of CS synthesis reaction without the
uncertainty caused by self-heating effect, Friedman method has been applied to the
DSC data of Ti+3Al—>TiAl, at the heating rate of &, 10, 15 K min ', as shown in
Fig. 8. The conversion dependence of E on a for Ti+3AI->TiAl is displayed in
Fig. 9, where Ig4 is estimated assuming a first order reaction. Obviously, there are
three different stages in the dependence curve in Fig. 9: ascending, flat and descend-
ing stages. According to these characteristics, we identified that there are at least
three processes in the duration of reaction. The possible processes are illustrated in
Fig. 10. The obtained dependence begins at the approximate E of 109 kJ mol™' for the
process #1. The ascending stage of the dependence indicates that process #2 with
higher E of 175 kJ mol ™' makes a growing contribution to the heat release detected by

224
241

264

Ig dx/dit

0.92 0.94 0.96 0.98 1.00 1.02 1.04
1000 K/T

Fig. 8 Friedman plot for the DSC data of the reaction of Ti+3Al—>TiAl; at the heating
rate of 8, 10 and 15 K min”'
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DSC apparatus. As the dependence reached the maximum, its shape becomes flat
from a=0.2 to 0.5 because overall heat release is merely governed by the process #2
in this stage. Having finished this flat stage, the descending stage occurs because of
the relatively increasing contribution of the process #3 with the E of 89 kJ mol ™,
which is estimated from the minimum value of £ at the end of the reaction. It should
be emphasized that the value of 109 and 89 kJ mol™' among above-mentioned three E
are both approximations, because there are no flat trend indicative of an exclusively-
controlled process [39].

180 ~
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=
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EtkJ " mol”!

Lo a1

120
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o 2
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0 02 04 06 0.8 1.0
Partial area

Fig. 9 Dependence of £, and Ig4 on o for the formation of TiAl; through TE synthesis

Heat release

Temperature

Fig. 10 A scheme of possible kinetic processes in the reaction of Ti+3Al—>TiAls, the
dotted line presenting the overall heat release

The collection of the activation energies for the reactions and interdiffusions in
Ti—Al system are listed in Table 2. Compared with the values in Table 2, we find that
the calculated £ of 109, 175 and 89 kJ mol ™', corresponding to process #1, #2 and #3,
agree well with the values of activation energies for direct chemical reaction between
Ti(s) and Al(/), interdiffusions between Ti and Al through TiAl-layer, as well as
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interdiffusion between TiAl and Al through TiAl,-layer, respectively. So we propose
the following mechanism of the CS synthesis reaction of Ti+3Al—>TiAl,. During re-
action, TiAl, is at first formed at the interface between Ti(s) and Al(/) by chemical re-
action, which is identified as process #1. With the thickening of TiAl,-layer, process
#2, controlled by the interdiffusion between Ti and Al through TiAl,-layer, is taking a
more important role in the formation of TiAl,. In the range of a from 0.2 to 0.5, it is
the only process for the formation of TiAl,. Further diffusion leads to occurrences of
TiAl and other intermetallic compounds displayed in Ti—Al binary phase diagram.
When a is beyond 0.5, the process #3, rate-controlled by the interdiffusion between
TiAl and Al through TiAl,-layer is activated and lasts to the end of the reaction. The
similar reaction mechanism has been reported by Wang and Dahms in the investiga-
tions for the reactive sintering in Ti—Al powder mixture [40].

The o, representing o of the ignition of self-heating process was determined as
that at d’H/d7’=0 in DSC curves, similar to the method illustrated in Fig. 4. Following
such an approach, the average o, of DSC experiments at the heating rate ranging
from 8 to 15 K min ™' is estimated about 0.15-0.2. Therefore, E of the self-heating pro-
cess in the DSC experiments of Ti—75 at% Al samples can be evaluated about
17045 kJ mol ™" according to E~a. plot (Fig. 9).

Such a value agrees well with that obtained by both the linear fitting method de-
veloped from Semenov’s theory of spontaneous ignition. Under present experimental
conditions, the self-heating process occurred at the end of ascending stage in E~o
plot (Fig. 9). The ascending stage of the dependence of £ on a indicates that the pro-
cess #2 rate-controlled by interdiffusion between Ti and Al through TiAl;-layer with
E of 175 kJ mol™' makes an increasing contribution to the heat release, which might
be responsible for self-heating. This result illustrates that such an interdiffusion
might be the rate-controlling step of the self-heating process in DSC experiment of
Ti—75 at% Al samples.

Conclusions

The activation energy of self-heating process during the non-isothermal DSC experi-
ments of Ti—75 at% Al cylindrical samples in various sizes is evaluated 169
+15 kJ mol ' by linear fitting the 2InT, +In(1/r+1/h) vs. —1/RT, , plot.

By estimating the corresponding £ at o, on E~o curve plotted by Fried-
man method, the £ of self-heating process in the non-isothermal DSC experiments of
Ti-75 at% Al samples can be obtained about 170+5 kJ mol ™.

The consistent kinetic results for the self-heating process in DSC can be ob-
tained by above two approaches.

The possible rate-controlling step of the self-heating process is interpreted as the
interdiffusion between Ti and Al through TiAl,-layer with the value comparison between
the calculated activation energies and experimental results collected from literature.

k0 ok 3k
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