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a b s t r a c t   

A solid-state reaction process in Ag/Al multilayer thin films has been investigated by the methods of in situ 
electron diffraction, simultaneous thermal analysis, transmission electron microscopy and X-ray diffraction 
with the aim of studying the phase formation kinetics of intermetallic compounds. The sequence of the 
phase transformations in the solid-state reaction has been established: Ag+Al→(Ag)+(Al)→(Ag)+δ-Ag2Al→μ- 
Ag3Al. The process of the solid-state interaction has been shown to consist of two steps; each of them is 
described by a kinetic model of the nth order reactions with autocatalysis. The kinetic parameters of the 
autocatalytic process of the phase formation for δ-Ag2Al and µ-Ag3Al, have been determined, in particular, 
their apparent activation energy: 126 kJ/mol and 106 kJ/mol, respectively. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Thin films based on silver and aluminum have actively been used 
in various areas: e.g. in nanophotonics: small amounts of aluminium 
(of about 1–2 at%) added into silver decrease the surface roughness 
without increasing the optical loss [1,2]; in creating organic light 
emitting diodes [3–5] and in the development of solar cells [6–8]. A 
possibility is considered of using silver and aluminium for micro- 
and nanojoining by solid-state bonding [9,10]. 

According to the equilibrium phase diagram [11] in the Ag-Al 
system one can experimentally observe three intermetallic phases: 
hcp δ-Ag2Al (also known as the ξ-phase [12] and γ-phase [13]), a 
low-temperature cubic phase μ-Ag3Al (stable at T  <  450 °C) with the 
β-Mn structure and a high temperature phase, bcc β-Ag3Al (stable at 
T  >  603 °C). The existence of metastable phases is also assumed 
which has been predicted theoretically based on the first-principles 
calculations [14], for example, of the ordered hcp Ag2Al and AgAl, 

Ag5Al etc., however, at present, the existence of these phases has not 
been confirmed experimentally. 

In [15,16] experimental investigations of the intermetallic com-
pound formation were carried out and their mechanical properties 
at the interface between Ag and Al were studied. It was revealed that 
the μ-Ag3Al phase had considerably higher hardness and lower 
fracture toughness as compared to the δ-Ag2Al phase. Also, it was 
demonstrated that μ-Ag3Al had the fracture characteristics of brittle 
materials. As to δ-Ag2Al, it could endure plastic deformation prior to 
fracture. It was shown in [15–19], that in the case of the presence of 
the μ-Ag3Al phase the destruction of the Ag/Al bond often occurred 
in the area of the presence of this phase because of its low fracture 
toughness and low corrosion resistance, thus, it is desirable to avoid 
the formation of the μ-Ag3Al phase in the process of bonding. There 
was also some research which showed that in order to inhibit the 
formation of μ-Ag3Al, dopants, such as Pd [17], Pd-Au [18], In [19] 
could be used. 

One of the most promising directions is to use a reactive multi-
layer thin film to join heterogeneous materials [20,21]. In [22] the 
influence of the bilayer thickness on the phase formation and 
diffusion kinetics was studied in the multilayer Ag/Al films in the 
solid-state reaction process between the nanolayer of silver and 
aluminium (namely, the influence of the bilayer thickness in the 
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multilayer films with the atomic ratio Ag:Al=2:1 and the total 
thickness of 4 µm). It was established that the apparent activation 
energy of the δ-Ag2Al phase formation in the case of the Ag/Al bi-
layer thickness of 10 nm, was equal to 103 kJ/mol; in the case of 
increasing the bilayer thickness to 100–400 nm the activation en-
ergy increased to 111–125 kJ/mol. In [23] it was reported that the 
apparent activation energy of the δ-Ag2Al phase formation in the 
Ag/Al bilayer films with the thickness of 300–700 nm was equal to 
110 kJ/mol. In [24] it was observed that the effective activation en-
ergy of the δ-Ag2Al phase in the case of its formation in the Ag/Al 
bilayer films with the thickness of 460 nm was equal to 83 kJ/mol. 
Thus, there are few studies [22–24], where the activation energy of 
the δ-Ag2Al phase formation is determined, with the phase being 
formed in the solid-state reaction between the silver and aluminium 
nanolayers and the data are not always in agreement. However, 
there is no information concerning the activation energy of the 
μ-Ag3Al phase formation. 

In our previous paper [25] it was shown that, in the course of the 
reaction between the Al and Ag nanolayers, the δ-Ag2Al intermetallic 
compound was the first one to be formed and then μ-Ag3Al phase 
started to form. So, to determine the kinetic parameters of the phase 
formation processes for the δ-Ag2Al and μ-Ag3Al phases in the solid- 
state reaction in the Ag/Al multilayer thin films it is necessary to 
choose the atomic proportion of Ag and Al which provides the for-
mation of the μ-Ag3Al phase. According to the phase equilibrium 
diagram [12] the stability area of the low temperature phase μ-Ag3Al 
is located in the aluminium concentration range from 21 to 25 at%. 
However, at such concentrations, a small amount of the δ-Ag2Al 
phase can also be present as the final product of solid-state reaction 
along with the μ-Ag3Al phase. Moreover, at the aluminium con-
centrations lower than 21 at% only the μ-Ag3Al phase and solid so-
lution based on silver (Ag) will be observed as the final products of 
the reaction. 

2. Materials and methods 

Ag/Al multilayer thin films were obtained by the successive de-
position of aluminium and silver nanolayers with the help of pulse 
direct current (DC) magnetron sputtering (100 kHz). The 2 in. dia-
meter circular sputter sources (ONYX, Angstrom Sciences) were 
used. The basic residual pressure was 1 × 10-4 Pa and the argon 
pressure during sputtering was 0.26 Pa. The high-purity materials 
(Girmet Ltd.) Ag (99.99 wt%) and Al (99.999 wt%) were used as the 
targets. The film thickness was controlled using a Bal-Tec QSG-100 
quartz crystal thickness monitor. The deposition rate of Ag was 
0.86 nm/s, that of Al being 0.40 nm/s. Ag/Al bilayer thin films were 
obtained to conduct in situ electron diffraction and transmission 
electron microscopy (TEM) experiments. TEM grids (Ted Pella Inc.) 
coated with a thin amorphous carbon layer with a thickness ~5 nm 
were used as the substrate for the bilayer film deposition. The 
thicknesses of the silver and aluminium nanolayers were chosen in 
order to have the silver concentration of 80 at% and the aluminium 
concentration of 20 at%. As a result, the thickness of the silver layer 
was ≈80 nm, that of aluminium was ≈20 nm, with the total thickness 
of Ag/Al bilayer ≈100 nm. In the case of the Ag/Al bilayer films the 
upper layer was Ag, the sequence was chosen to protect the Al na-
nolayer from oxidation. For obtaining reliable data when carrying 
out investigations by the method of simultaneous thermal analysis 
(STA) it is necessary to have a significant portion of the material 
(about 20–30 mg), for this purpose (Ag/Al)15, multilayer films were 
obtained consisting of 15 bilayers of Ag/Al. The thickness of the in-
dividual layers, similar to the bilayer films, was equal to: Ag ≈80 nm, 
Al ≈20 nm. Thus, the total thickness of the (Ag/Al)15 film was 
≈1.5 µm. Glass substrates were used for the (Ag/Al)15 film deposition. 
The substrate temperature during the deposition was equal to room 
temperature (25 °C). 

The investigations of the microstructure, phase and elemental 
composition of the Ag/Al multilayer films were carried out by the 
methods of transmission electron microscopy (TEM), selected area 
electron diffraction (SAED), and energy-dispersive spectroscopy 
(EDS) using a high resolution transmission electron microscope JEOL 
JEM-2100 at an accelerating voltage 200 kV. The SAED patterns were 
obtained from an area of the film with the diameter of 1.3 µm. 

The elemental composition of the multilayer films was studied 
using a JEOL JSM-7001 F scanning electron microscope equipped 
with an Oxford Inca Energy 350. The elemental compositions of the 
investigated films were: Ag = 80.0  ±  0.5 at%, Al = 20.0  ±  0.5 at%. 

The films deposited on the TEM grids were heated directly in the 
JEOL JEM-2100 column (the pressure being 1 × 10-6 Pa) using a 
heating sample holder (Gatan Model 652 Double Tilt Heating 
Holder). The film was heated from room temperature to 300 °C, 
experiments at different heating rates were carried out: 5 °C/min or 
10 °C/min. During continuous heating, the electron diffraction pat-
terns were recorded by a Gatan UltraScan 1000 CCD camera at a rate 
of 5 or 10 frames per minute, in accordance with the heating rate 
(5 °C/min or 10 °C/min). So, the recorded neighboring patterns cor-
responded to the changes in the sample temperature equal to 1 °C. 
The exposure time of recording the electron diffraction pattern was 
equal to 1 s, thus the change in the sample temperature during the 
recording of one pattern was not more than 0.2 °C. The obtained 
sequence of the electron diffraction patterns during the sample 
heating allows one to establish the temperature and sequence of the 
phase formation during the solid-state reaction between the 
nanolayers. The accuracy of determining the lattice spacing with the 
help of electron diffraction was better than ±0.5% and the electron 
diffraction patterns were interpreted using the software 
DigitalMicrograph (Gatan) and the databases ICDD PDF 4 + [26] and 
Pearson’s Crystal Data [27]. The authors successfully used this 
method to investigate the process of solid-state reaction in a variety 
of thin film nanosystems: Al/Cu [28,29], Al/Pt [30], Al/Ag [25], Cu/Au  
[31], Al/Fe [32], Fe/Si [33], Fe/Pd [31,34,35]. 

Cross-section specimens for the investigation by transmission 
electron microscopy were prepared by a focused ion beam (FIB) 
using a Hitachi FB-2100 (40 kV accelerating voltage) with the sub-
sequent Ar+ polishing at 0.5 kV. 

Powder X-ray diffraction (XRD) data were collected at 25 °C using 
a PANalytical X’Pert PRO diffractometer operating with the CuKa 

radiation (1.541874 Å) in the scan range from 10° to 100° 2θ (step 
width = 0.02° 2θ; time per step 10 s). 

The simultaneous thermal analysis (STA) including thermo-
gravimetry (TG) and differential thermal analysis (DTA) of the 
(Ag/Al)15 multilayer samples was carried out using a simultaneous 
thermal analyzer Jupiter STA 449 C (‘‘Netzsch”, Germany) in Pt-Rh 
crucibles with perforated lids. To provide full contact the fragments of 
the sample film had preliminary been pressed into pellets with a 
diameter of 6 mm and weight of 19.4  ±  0.2 mg at a pressure of 
70.7 MPa for 3 min. The simultaneous recording of the mass change 
(by the method of thermogravimetry), and of the heat flow (by the 
method of differential thermal analysis) were carried out in the range 
of 40–300 °C at different heating rates –5, 10 and 20 °С/min in a dy-
namic argon atmosphere (with the purity of 99.999%) and at the total 
flow rate of 50 cm3 STP/min. For processing the preliminary thermo-
analytical data, the licensed software NETZSCH Proteus ver.4.8.4. was 
used. The kinetic parameters of the phase formation were calculated 
using the software package NETZSCH Thermokinetics 3 ver.2006.08. 

3. Results and discussions 

3.1. Structural properties (TEM, electron and X-ray diffraction) 

Fig. 1(a) presents the TEM image obtained from the Ag/Al bilayer 
film at the initial state. The size of the aluminium and silver 
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Fig. 1. TEM image (a) and SAED pattern (b) of the Ag/Al film at the initial state. SAED patterns after heating the film to 125 °C (c) and 175 °C (d) at a heating rate of 10 °C/min. TEM 
image (e) and ED pattern (f) of the film after heating to 300 °C. 
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crystallites in the Ag/Al films was equal to 10–20 nm. The diffraction 
reflections observed in the electron diffraction pattern (Fig. 1(b)), 
correspond to the phases of fcc Ag (PDF 4 + #00-004-0783, Fm-3 m, 
a = 4.086 Å) and fcc Al (PDF 4 + #00-004-0787, Fm-3 m, a = 4.049 Å). 
It is worth noting that the crystal lattice parameters for Al and Ag 
differ by only 0.9%, as a result, the diffraction reflections in the 
electron diffraction pattern almost overlap. 

Fig. 1(c, d, f) presents the electron diffraction patterns obtained 
from the film at different heating temperatures, 125 °C, 175 °C and 
300 °C, correspondingly. Fig. 1(e) shows an electron microscopy 
image obtained from the film after heating to 300 °C. The transverse 
size of the crystallites after heating was equal to 200–400 nm (at the 
film thickness of 100 nm). 

In order to be able to analyze the kinetics of the phase formation 
in the solid-state reaction upon heating the Ag/Al film at different 
rates dependences were constructed for the changes in the in-
tensities of the characteristic diffraction reflections of the δ-Ag2Al 
and μ-Ag3Al phases depending on the heating temperature 
(Fig. 2(a, b)). 

As a result of analyzing the intensities of the diffraction reflec-
tions it was established that upon heating Ag/Al at a rate of 5 °C/min 
(Fig. 2(a)) upon reaching 93 °C nanocrystallites of the phase δ-Ag2Al 
(PDF 4 + #00-014-0647, P63/mmc, a = 2.885 Å, c = 4.624 Å) appeared 
on the boundary of the silver and aluminium nanolayers. Upon 
reaching 142 °C nanocrystallites of the phase μ-Ag3Al (PDF 4 + #00- 
026-1330, P4132, a=6.946 Å) began to form. At the increasing heating 
rate from 5° to 10 °C/min the initial stage of the formation for the 
phases δ-Ag2Al and μ-Ag3Al, was observed to shift, by 4 °C and 8 °C 
respectively, to the area of higher temperatures (Fig. 2(a,b)). The 
temperature of the completion of the solid-state reaction between 
the aluminium and silver nanolayers was also shifted to the range of 
high temperatures from 233 °C to 242 °C. 

Thus, the phase transformation process in the system under 
study can be presented as the following stages:  

Ag+Al → (Ag)+(Al) → (Ag) + δ-Ag2Al → μ-Ag3Al.                              

It is known [15,36], that at the initial stage of the solid-state 
reaction solid solutions of (Ag) and (Al) are formed on the boundary 
between the phases followed by the precipitation of the δ-Ag2Al 
phase from the solid solution of (Al), characterized by a narrower 
area of homogeneity in the Ag-Al system at T  <  300 °C [11]. How-
ever, based on the electron diffraction data it is not possible to make 
a conclusion concerning the formation of the (Ag) and (Al) solid 
solutions since their characteristic diffraction reflections almost 
coincide with the reflections of Ag and Al, which makes it impossible 
to identify the reflections corresponding to the solid solutions. 

3.2. DTA-TG investigations 

The (Ag/Al)15 multilayer films were used for simultaneous 
thermal analysis experiments Fig. S1(a) presents a STEM image of 
the cross-section of the (Ag/Al)15 film and Fig. S1(b, c) shows the 
distribution maps of Ag and Al. An X-ray diffraction pattern obtained 
from the (Ag/Al)15 at the initial state is shown in Fig. 3(a). The 
analysis of the intensities of the diffraction reflections indicated the 
presence of the predominant orientation of the silver and aluminium 
crystallites, the planes of the Ag(111) and Al(111) type were parallel 
to the plane of the substrate. After heating the (Ag/Al)15 film to 
300 °C only crystallites of the μ-Ag3Al phase and solid solution based 
on silver (Ag) were present (see Fig. 3(b)). 

The simultaneous thermal analysis of the (Ag/Al)15 multilayer 
sample shows (see Fig. 4), that in the temperature range of 
40–300 °С, two pronounced exothermic peaks are observed on the 
DTA curves (at heating rates of 5, 10 and 20 °С/min). These peaks 
correspond to the formation processes of the new phases: the low 
temperature peak - to the formation of the δ-Ag2Al phase and the 
high temperature one - to the μ-Ag3Al phase. The TG curves show 
slight changes in the mass within 0.07–0.18 wt%, mainly caused by 
the loss of sorbed water and oxidation of adsorbed organic com-
pounds. 

Depending on the heating rate (Table 1) the δ-Ag2Al phase was 
observed to form in the range of 98–111 °С, the maximum rate of the 
phase formation was reached at 113–127 °С, the process finished at 
124–143 °С. The formation of the μ-Ag3Al phase in the high tem-
perature range was characterized by the same parameters: the be-
ginning at 153–173 °С, maximum at 161–183 °С and the process 
finished at 169–194 °С (Table 1). It is worth noting that with the 
increase in the heating rate, a better separation of exothermic peaks 
is observed (see Table 1). As it is shown in [37], this may indicate a 
higher value of the activation energy for the low-temperature re-
action compared to the high-temperature one, which is a char-
acteristic feature only for the two-steps sequential process. 

3.2.1. Model-free estimation of the activation energy and multi-step 
nature of the reaction 

The model-free methods of Kissinger [38] and Friedman [39] 
were used to preliminary estimate the kinetic parameters (apparent 
activation energy, reaction order and pre-exponential factor) in this 
study. The first method allows estimating the values of the apparent 
activation energy based on the data on the location of the peak 
maxima on the DTA curve at different heating rates and the apparent 
reaction order can be determined from the temperature parameters 
related to the asymmetry of the signal peak. The second method 

Fig. 2. The variation of the ED reflection intensity during heating Ag/Al at a heating rate of 5 °C/min (a) and 10 °C/min (b).  
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(in this study implemented in the software ‘‘Netzsch Thermokinetic 3”) 
allows obtaining the dependence of the apparent activation energy and 
pre-exponential factor on the rate of conversion of the material from 
the whole set of the DTA curves recorded at different heating rates, 
assuming that this is a first-order reaction. 

The analysis of the DTA curves using the Kissinger method  
[38,40] allowed estimating the apparent activation energies and 
reaction orders (the last one could be estimated based on the 
asymmetry parameters of the peaks according to the technique [38]) 
for both steps of the solid-state transformation process (Fig. 5). The 
basic conditions of the applicability of the Kissinger method are 
[41]: (i) one-step process, (ii) temperature of the peak maximum of 
the thermoanalytical curve (in the case of the isoconversional type 
of this method, namely, the Kissinger-Akahira-Sunose method, at a 

temperature corresponding to a certain degree of conversion) 
obtained only in the linear heating; (iii) the reaction order should be 
close to 1. It is determined that the low-temperature step is 
characterized by Ea = 112  ±  6 kJ/mol, log(A, 1/sec) = 13  ±  4 and 
n = 1.1, and the high-temperature step, by, Ea = 96  ±  4 kJ/mol, 
log(A, 1/sec) = 9  ±  3 and n = 1.3 respectively. 

The kinetic analysis based on the Friedman model-free method 
allows one to prove that the process of solid-state transformations in 
the (Ag/Al)15 multilayer sample is successive and has two steps 
which is revealed by the presence of two distinct ‘‘plateaus” on the 
curve of the dependence of Ea on the conversion rate (Fig. 6). As in 
the case of the analysis results according to the Kissinger method, 
here, the high-temperature step is also characterized by a higher 
activation energy Eа = 128  ±  1 kJ/mol (the pre-exponential factor log 
(A, 1/sec) = 14.8 at a conversion rate of α = 0.1), as compared to the 
low-temperature step – Ea = 97  ±  1 kJ/mol (the pre-exponential 
factor log(A, 1/sec) = 9.8 at α = 0.65). A considerable increase in the 
error in determining the apparent activation energy at α  <  0.05, 
α = 0.20–0.55 and α  >  0.70 is related to the increasing contribution of 
the partial diffusion control of the reaction [42], which is not con-
sidered in the model-free method. The symbate behavior of the 
curves of the apparent activation energy and pre-exponential factor 
is explained by the manifestation of the enthalpy-entropy compen-
sation effect [43]. 

Fig. 3. XRD patterns of the (Ag/Al)15 at the initial state (a) and after heating to 300 °C (b).  

Fig. 4. DTA and TG curves of the multilayer sample (Ag/Al)15 at different heating 
rates: 5, 10 and 20 °C/min. 

Table 1 
DTA data for the main exothermic peaks of the process of the thermo-chemical 
transformations in the Al-Ag multilayer system.         

Heating rate 
β, °С/min 

DTA data for the  
low-temperature peak, °С 

DTA data for the  
high-temperature peak, °С 

Tonset Tpeak Tend Tonset Tpeak Tend  

5  98  113  124  153  161  169 
10  105  121  133  162  171  180 
20  111  127  143  173  183  194    

Fig. 5. Kissinger plots for the low- and high-temperature peaks from the DTA data, 
and calculated kinetic parameters (apparent activation energy, pre-exponential factor 
and apparent reaction order). 
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Thus, the estimates of the kinetic parameters obtained using the 
model-free methods can be used as the initial conditions in the 
model description of the observed multi-step process of the solid- 
state transformation by the method of multivariate non-linear re-
gression [44] using the software package ‘‘Netzsch Thermo-
kinetics 3”. 

3.2.2. Selection of reaction model 
The main aspects of the kinetic analysis using the multivariate 

non-linear regression, as well as the basic equations of kinetics of 
solid-state reactions are given in [44] and in more detail in [45–47]. 
Preliminary, the correction of the baseline was made according to 
the tangential-sigmoid type to decrease the contribution of the 
temperature dependence for the heat capacity of the phases being 
formed. 

In the process of modeling, the values of the apparent activation 
energy and pre-exponential factors obtained by the Friedman model- 
free analysis were used as the initial parameters (see Section 3.2.1). 
Using the software package ‘‘NETZSCH Thermokinetics 3” kinetic 
parameters were calculated for each step of the successive two-step 
solid-state transformation with the application of several kinetic 
models [44]. The degree of conformity in the description of the 
experimental data was determined using the maximum Pearson cor-
relation coefficient r and Fisher criterion (the condition Fexp <  Fcrit,0.05 

must be fulfilled at the level of confidence of 0.05). 
The models for the two-step process of the solid-state transfor-

mation with higher correlation coefficients are given in Table 2: 
‘‘Cn-X” is the nth order reaction with autocatalysis through the 
reactants, X (X is a product in the complex model, frequently X = p); 
‘‘Bna” is the expanded Prout–Tompkins equation; ‘‘C1-X” is the first- 
order reaction with autocatalysis through the reactants, 
X (X is a product in the complex model, frequently X = p); ‘‘An” is the 
n-dimensional nucleation/nucleus growth according to Avrami- 
Erofeev; ‘‘Fn” is the nth order reaction; ‘‘F1” is the first-order reac-
tion; ‘‘D3” is three-dimensional diffusion (Jander’s type). A detailed 
mathematical description of these kinetic models is presented 
in [44]. 

From Table 2 one can see that, the nth order reaction with au-
tocatalysis is the model which simultaneously meets the Fisher 
criterion (Fexp = 1.00, which is lower than Fcrit,0.05) and has a higher 
correlation coefficient r = 0.9980 (Cn-X, Table 2). For this type of 
reaction the kinetic equation can be written in the general form [44]:  

de/dt = -Aen(1+kcatX)exp(Ea/RT),                                                   

where t is the time, sec. 
T is the temperature, K. 
Ea is the apparent activation energy, kJ/mol. 
n is the reaction order. 
e is the starting concentration of the reactant. 
p is the concentration of the final product. 
kcat is the rate constant of the reaction with autocatalysis by the 

product X (the product in the complex model, frequently X = p). 
The description of the results for the two-step process of the 

solid-state transformation in the (Ag/Al)15 multilayer sample with 
the help of the kinetic model ‘‘Сn-Х” is presented in Fig. 7. Each step 
of the process is characterized by the kinetic parameters presented 
in Table 3. Assuming the autocatalytic nature of the solid-state 
transformations in the Ag-Al system, the authors assume that at the 
first step of the process, the catalytic action is due to the inter-
mediate product δ-Ag2Al, and at the second step it is caused by the 
product μ-Ag3Al. According to the definition of the kinetic model 
‘‘Cn-X” [42], the catalytic and non-catalytic routes of each of the 
steps have the same activation energy and proceed in parallel, and 
the magnitude of the catalytic action is determined by the reaction 
rate constant kcat. 

The value of the apparent activation energy for the formation 
process of the phase δ-Ag2Al (Ea = 112  ±  6 kJ/mol) in the solid-state 
reaction calculated in this study by the Kissinger method for the 
(Ag/Al)15 multilayer system with the bilayer thickness equal to 
100 nm is in good agreement with the data in [22] – 111–125 kJ/mol, 
where the calculation was made by the same method. Also, good 
coincidence with Ea = 110 kJ/mol, measured in the isothermal mode 
taking into account the rate of the changing thickness of the δ-Ag2Al 
phase being formed, was demonstrated in [23] for Ag/Al bilayer films 
with the thickness of 300–700 nm. However, in [24] it is shown that 
the apparent activation energy of the formation for the δ-Ag2Al 
phase of Ag/Al bilayer films with the thickness of 460 nm 
Al - 270 nm, Ag - 190 nm) was equal to 83 kJ/mol. The lower value of 
the apparent activation energy is explained by the contribution of 
diffusion along the grain boundaries (or surface diffusion) into the 
formation rate of δ-Ag2Al, moreover, with the increasing layer 
thickness (of the diffusion area) of this phase the diffusion on the 
grain boundary becomes a limiting process. In this study, the values 
of the kinetic parameters for the δ-Ag2Al phase formation process 
were specified (see Table 3), using the model description of the 
solid-state interaction in the Ag-Al system, in particular, the 
apparent activation energy was 126 kJ/mol. 

Further, in this study, for the formation process of the µ-Ag3Al 
phase in the nanolayer sample, for the first time apparent kinetic 
parameters of the Arrhenius dependence were obtained, as well as 
the reaction order and the rate constant of the autocatalytic reaction 
(see Table 3) The apparent activation energy for the formation of 
µ-Ag3Al is slightly lower (106.2 kJ/mol) as compared to Ea in the case 
of the δ-Ag2Al phase (126.0 kJ/mol), which is in the frames of the 
activated complex theory (proportional relationship between Ea and 
enthalpy of formation) and is in good agreement with the respective 
enthalpy values ΔH` for the formation of these phases (taken in 
absolute value) [25]: |− 3.12 kJ/mol| and |− 4.09 kJ/mol|, respectively. 

Besides, it is worth noting that the process of solid-state trans-
formation under study is well described by the expanded Prout- 
Tompkins equation (‘‘Bna”, Table 2), which, in its turn is a special 
case of the Sestak-Berggren’s equation, which also describes an 
autocatalytic process [45]. 

Fig. 8 presents the kinetic curves of the solid-state transforma-
tions describing the changes in the content of the crystalline phases 
δ-Ag2Al and μ-Ag3Al in the process of linear heating (at 5 °С/min and 
10 °С/min) of the (Ag/Al)15 multilayer sample. The curves are built 
based on the results of the model description for the DTA thermal 
analysis data which correspond to the two-step autocatalytic process 
(Cn-Х). The analysis shows that these kinetic curves are in good 

Fig. 6. Activation energy and pre-exponential factor as the functions of conversion 
from the Friedman model-free analysis of the DTA data. 
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agreement with the experimental data given in Fig. 2(a,b) which 
presents the curves of changes in the intensity of the diffraction 
reflections for the phases δ-Ag2Al and μ-Ag3Al in the solid-state re-
action process at a heating rate of 5 °С/min and 10 °С/min of the 
Ag/Al bilayer sample. A rather good coincidence is observed for the 
starting temperatures of the formation of the crystalline phases 
δ-Ag2Al and μ-Ag3Al. The disagreement in the range of the beginning 
of the solid-state reaction at the heating rate of 5 °С/min, corre-
sponding to 78 °С (Fig. 8) on the model curve and to 93 °C on the 
experimental curve (Fig. 2(a)), is explained by the fact that the solid- 
state reaction begins with the formation of the solid solution of 
Ag-Al, which cannot be identified by the electron diffraction method. 
The disagreement of the temperature range for the existence of the 
δ-Ag2Al – phase: to 187 °С (Fig. 8) and to 210 °С (Fig. 2(a)) can be 
explained by the fact that the model curves (see Fig. 8) are built 
based on the analysis of the solid-state reaction in the (Ag/Al)15, 

multilayer system, however the experimental data (see Fig. 2(a, b)) 
are obtained in the Ag/Al bilayer system. The thicknesses of the in-
dividual silver and aluminium nanolayers as well as the crystallite 
sizes coincide in the cases of the bilayer and multilayer systems. 
However, in the bilayer system there is only one interface where the 
diffusion of the reacting elements occurs. In the multilayer system 
each nanolayer has two interfaces, thus the effective diffusion value 
proves to be higher. 

4. Conclusions 

The main conclusions are the following:  

1) A detailed kinetic analysis was made of the phase formation 
processes in the solid-state reaction in the Ag/Al nanosized 
multilayer system within a wide temperature range of 40–300 °С.  

2) The process of solid-state interaction in the Ag-Al system is 
shown to consist of two-steps. Each step can be described by the 
kinetic model of the nth order autocatalytic reactions with the 
high level of confidence (R = 0.9980).  

3) Based on the data obtained by the methods of in situ electron 
diffraction and simultaneous thermal analysis it was shown that 
the low-temperature step corresponded to the formation of 
the δ-Ag2Al phase and was characterized by the apparent 
activation energy Ea = 126 kJ/mol, reaction order n = 1.45 and pre- 
exponential factor log(A, 1/sec) = 14.65. At the high-temperature 

Table 2 
Results of the multiple-curve analysis of the thermal transformations in the (Ag/Al)15 multilayer sample, measured at heating rates of 5, 10 and 20 °C/min.          

Reaction type [44] Ea, kJ/mol log (A, s-1) Corr. coeff. F-test 

Step 1 Step 2 Step 1 Step 2 Fexp Fcrit (0.05)  

Cn-X 126.0 106.2 14.65 8.82 0.9980 1.00 1.11 
Bna 125.7 106.2 15.19 11.27 0.9976 1.20 1.11 
C1-X 124.0 104.7 14.52 9.18 0.9885 6.22 1.11 
An 124.1 105.1 14.71 10.39 0.9827 9.25 1.11 
Fn 150.3 133.4 18.25 13.69 0.8926 53.38 1.11 
F1 154.2 197.7 18.77 21.36 0.8781 58.72 1.11 
D3 240.3 317.8 29.21 34.34 0.8091 87.88 1.11    

Fig. 7. Kinetic analysis of the DTA measurements of the (Ag/Al)15 multilayer sample 
with the best fit of the reaction type Cn-X (nth order reaction with autocatalysis) for 
each step. Squares – measured, lines – calculated. 

Table 3 
Apparent activation energy, pre-exponential factor, reaction order and autocatalysis 
rate constant of the reaction type ‘‘Cn-X” for each step.     

Kinetic parameters Step 1: formation of  
δ-Ag2Al 

Step 2: formation of  
µ-Ag3Al  

Ea, kJ/mol 126.0 106.2 
log (A, 1/sec) 14.65 8.82 
n 1.45 1.56 
log (kcat) 0.69 2.55    

Fig. 8. Kinetic curves for the phase transformation in the Ag-Al system according to 
the results of prediction based on the thermokinetic best fit of the DTA data: heating 
rate of 5 °C/min (dash dot lines) and 10 °C/min (solid lines). 
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step the µ-Ag3Al phase was formed, whose kinetic parameters were 
determined to be: Ea = 106 kJ/mol, n = 1.56 and log(A, 1/sec) = 8.82.  

4) It was shown that the phase transformation process in the Ag/Al 
multilayer system (the atomic ratio Ag:Al=80:20) could be pre-
sented by the following stages:  

Ag + Al → (Ag) + (Al) → (Ag) + δ-Ag2Al → μ-Ag3Al.                      
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