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Abstract: The kinetics of isothermal reduction of Ag2O with graphite under argon atmosphere for a non-activated sample and 
mechanically activated sample was investigated. It is found that Johnson–Mehl–Avrami model appropriately explained the thermal 
and mechanochemical synthesis of Ag from Ag2O+ghraphite mixture. The process kinetics was investigated using the same approach 
for milled and unmilled samples. The results show that the Avrami exponent of mechanochemical reduction is higher than that of 
high temperature thermal reduction. Also, the mechanisms of nuclei growth in thermal and mechanochemical reduction are diffusion 
controlled and interface controlled, respectively. 
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1 Introduction 
 

Mechanical activation and mechanochemistry is a 
very useful technique for preparing metals, metastable 
phases and intermetallics in the nano scale regime. Solid 
state reactions involve the formation of a new phase at 
the interfaces of the reactants. Increasing of the product 
phases involves diffusion of the reactant atoms through 
the product phases, which consist of a barrier layer 
avoiding further diffusion. Consequently, high 
temperature is needed for the reaction to take place at a 
reasonable rate. Also, formation of fresh surfaces and 
increasing structural defects as well as decreasing 
particle size can increase the reaction kinetics [1]. 

From an operative point of view, the 
mechanochemical activation by ball milling is a very 
useful method and has advantageous such as easy to 
control and no need of costly reactants. But it suffers 
from conceptual principles. Some of the most important 
restrictions are ambiguity of the mechanism during the 
activation and appropriate identification of reaction route 
[1,2]. Thus, the reaction kinetics in the intermediate 
stages of ball milling attracts attention in the field of 
solid state reaction. 

In solid state reactions, appropriate kinetic 
equations, rate limiting steps and estimation of kinetic 
parameters could supply a deeper conception into the 
possible mechanisms of transformation [3]. Effects of 
mechanical activation on the kinetics of solid-state 
transformation have been investigated by others, 
including reactions between metals [4], thermal 
decomposition of mechanically activated compounds 
[2,5−7], leaching of mechanically activated compounds 
[8−10], and synthesis of solid solution and/or amorphous 
compounds by ball milling [11−15]. To the best of our 
knowledge, correlation of activation energies and 
mechanisms of transformation as a function of milling 
time has not been thoroughly investigated. These 
investigations are appreciated for the ability to control 
solid-state reactions and for describing the 
mechanochemistry of inorganic solids. The authors 
previously studied the probability of mechanochemical 
reduction of silver oxide with graphite [16], but the 
kinetics of mechanochemical and thermal reduction of 
mechanically activated powder mixtures have not been 
investigated yet. 

This research was carried out to find detailed 
descriptions of the influence on mechanochemical 
activation of Ag2O reduction with graphite. Moreover, in  
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order to find the mechanism of the reactions in 
mechanochemical and thermal reduction, the kinetic 
behavior of both processes was compared. 
 
2 Experimental 
 

Starting materials were pure Ag2O powder (99% 
purity, 5−40 μm, Merck) and graphite (99.9% purity, 
10−50 μm, Merck). The milling process was performed 
in a high energy planetary ball mill. Details of ball 
milling process are given in Table 1. Ag2O with 40% 
(mole fraction) of extra carbon was reduced according to 
reaction (1): 
 
2Ag2O+C→4Ag+CO2↑                       (1) 

 
Reaction products were tested by XRD 

(PhilipsPW−1730) using Cu Kα radiation. The degree of 
structure disorder during milling, F, is estimated from 
relation (2) [2]: 
 
F=Bt/B0                                                      (2) 
 
where Bt is the equivalent integral width of the intensity 
profiles of disordered sample after milling time t and B0 
is the equivalent integral width of the ordered sample. B 
can be estimated according to Eq. (3). 
 
B=A/Imax                                                       (3) 

 
where A is the area under the X-ray diffraction peak 
whose the maximum intensity is Imax. 

To evaluate the kinetics parameters, unmilled 
sample and three samples milled for 2, 4 and 6 h were 
exposed to isothermal reduction tests. 2 g of each sample 
was pressed in a cylindrical mould to obtain a density of 
about 1.50 g/cm3. The drying process of pressed samples 
was carried out under argon atmosphere at 100 °C for 3 h. 
Thermal analyses of dried samples were performed under 
flowing argon using a NETZSCH STA 449F3 device 
equipped with thermogravimetric system and an Al2O3 
crucible at a rate of 50 °C/min. The flow rate of argon 
was adjusted to 500 mL/min. The thermal reduction of 
samples was carried out at 200, 220, 240, 260 and 280 
°C, for 5−90 min. To monitor the reaction progress, the 
mass changes of samples were continuously registered. 
The conversion degree (α) of reaction after time t, in 
each sample was estimated according to Eq. (4) [7]: 

α=(w0–w)/(w0−wf)                             (4) 
 
where w0, w and wf are the initial, actual and final sample 
masses for complete reduction of Ag2O according to 
Reaction (1). 
 
3 Results and discussion 
 
3.1 Isothermal reduction kinetics analysis 

Figure 1 shows the α— t curves of milled and 
unmilled samples at different temperatures. As shown, 
milling process has a significant effect on the reduction 
kinetics of Ag2O, especially at 200 and 220 °C. For 
example, the conversion degree of reaction after 90 min 
of thermal reduction at 200 °C for unmilled sample was 
0.09, whereas at the same temperature this value 
increased to about 0.65 for sample with 6 h milling, 
showing that by increasing milling time, the reduction 
rate increased. 

Basically, the kinetic models of solid state reactions 
can be divided into three categories: 1) models in which 
the controlling step is diffusion of reactants or diffusional 
models, 2) models in which the administrated 
mechanism is chemical reaction at the interphase of 
reactant-product and 3) models in which the reaction rate 
is determined by nucleation and growth. To find 
appropriate reaction mechanisms, several kinetic models 
were tested to the experimental α—t curves [17]. The 
mathematical functions of models were checked for 
linear fit and the obtainable parameters of each suggested 
model are listed in Table 2. 

It was necessary to note that the conversion degree 
of reaction, especially at 200 and 220 °C, was lower than 
0.5 and consequently, application of the reduced time 
plots for the reaction models (in which α was plotted as a 
function of t/t0.5, where t0.5 was the time for α=0.5) was 
impossible to determine the suitable kinetic model [18]. 
However, the same strategy based on classical kinetic 
models was applied to this work. 

The results of fitting α— t curve for different 
samples with kinetics model (Table 2) showed that the 
only linear fit was obtained by the 
Johnson–Mehl–Avrami (JMA) model and other tested 
models were shown in logarithmic-type curves. Hence, it 
was concluded that the JMA model (Eq. (5)) 
approximately satisfied the reaction kinetic. This equation 

 
Table 1 Details of ball mill machine and milling conditions 
Rotation speed of 

disc/(r·min−1) 
Rotation speed of 

vial/(r·min−1) 
Diameter of 

disc/mm 
Diameter of vial/

mm Vial material Capacity of 
vial/mL 

Ball 
material 

Diameter
of ball/mm

250 450 350 90 Hardened 
chromium steel 150 Hardened 

carbon steel 20 

Number 
of ball 

Mass ratio of 
ball to powder 

Time of 
milling/h 

Process control 
agent 

Type of 
milling 

Atmosphere of 
milling 

Total powder 
mass/g 

6 20:1 0−20 − Dry Air 9.75 
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Table 2 Kinetic models used for fitting experimental conversion degree of reaction versus time 

Kinetic model Plotted function Parameter 

Jander [1−(1−α)1/3]2 vs t Slope=kJ 

Crank 1−(2/3)α−(1−α)1/3 vs t Slope=kC 

Dunwald-Wagner ln(6[π2(1−α)]) vs t Slope=kDW 
Diffusion model 

One-dimensional diffusion α2 vs t Slope=kODD 

Mample −ln(1−α) vs t Slope=kM 

Second order (1−α)1/3−1 vs t Slope=kSO 

Contracting cylinder 1−(1−α)1/2 vs t Slope=kCC 
Chemical reaction 

Contracting sphere 1−(1−α)1/3 vs t Slope=kCS 

Nucleation-growth Johnson-Mehl-Avrami ln[ln(1/(1−α)] vs ln t Slope=n, intercept=n ln k 
 

Fig. 1 Conversion degree of reaction for 

different samples with various annealing time 

at different temperatures: (a) 200 °C; (b) 220 

°C; (c) 240 °C; (d) 260 °C; (e) 280 °C 
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explains governing mechanisms of a broad variety of 
solid state reactions [19]: 
 
α(t)=1−exp[−(kt)n]                           (5) 
 
where t is the time; n is the Avrami exponent, which 
depends on the growth mechanism and the geometry of 
powder [19]; the value of n gives information on what 
conversion mechanisms are involved during the phase 
transformation, providing that the phase conversion 
proceeds by nucleation and growth models [20]; k is the 
reaction rate constant. Large values of k imply high 
reaction rates. Hence, the values of n and k supply a clue 
to the type of reaction mechanisms which control     
the transformation and also demonstrate how fast these  

mechanisms work [12]. As shown in Table 2, Eq. (5) is 
generally used to evaluate practical data by means of a 
logarithmic plot, where ln[−ln(1−α)] is plotted versus lnt 
(the Avrami plots). The slope and intercept of the 
resulting straight line are n and n lnk, respectively. 

Avrami plots of each sample are shown in Fig. 2. 
The calculated values of n and k are listed in Table 3. All 
the values of n are less than 2.5, which proposes that the 
reduction reaction of Ag2O was diffusion controlled 
[12,21]. Also, at any constant temperature the values of n 
and k increase by increasing milling time. The increasing 
rate of k at low temperature is more significant. As an 
example, mechanical activation of the samples heated at 
200 °C for 6 h increased the k value from 1.83×10−9 to  

 

 

Fig. 2 Avrami plot of ln[−ln(1−α)] vs ln t 

for mixtures with different milling time at 

different temperatures: (a) 200 °C; (b) 220 

°C; (c) 240 °C; (d) 260 °C; (e) 280 °C 
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Table 3 Calculated values of kinetics parameters of mixtures at 
various temperatures according to Avrami equation 
Temperature/°C Milling time/h k/min−1 n r 

0 1.83×10−9 0.1667 0.982

2 2.59×10−6 0.2015 0.990

4 1.37×10−4 0.2047 0.988
200 

6 1.64×10−2 0.2421 0.984

0 8.50×10−7 0.1257 0.994

2 1.00×10−4 0.2156 0.996

4 1.66×10−3 0.2183 0.997
220 

6 3.04×10−2 0.2616 0.989

0 1.83×10−4 0.3007 0.998

2 2.57×10−3 0.3034 0.999

4 1.11×10−2 0.3273 0.999
240 

6 1.94×10−2 0.3307 0.996

0 1.81×10−2 0.3149 0.998

2 4.20×10−2 0.3288 0.996

4 6.50×10−2 0.325 0.998
260 °C 

6 7.01×10−2 0.3838 0.996

0 4.11×10−2 0.3400 0.998

2 5.07×10−2 0.3543 0.997

4 6.59×10−2 0.3937 0.997
280 

6 1.10×10−1 0.4315 0.999

 
1.64×0−2 min−1. Moreover, higher values of n for more 
activated mixtures suggest that mechanical activation 
increased nucleation sites. This may be related to the fact 
that the structure was refined to nanoscale regions during 
milling and caused several structural defects which were 
appropriate nucleation sites [16]. The activation energy 
of transformation was calculated using the Arrhenius 
equation of reaction rate constant in the logarithmic 
form: 
 
ln k=ln A−Ea/(RT)                             (6) 
 
where A is a constant (called as pre-exponential or 
frequency factor); Ea is the activation energy; R is the 
gases constant; T is the absolute temperature. Figure 3 
displays the changes of lnk as a function of T−1 for each 
activated mixture. Ea can be determined from the slope 
of lines in each temperature range. The estimated values 
of apparent activation energy of the reduction reaction in 
various conditions are listed in Table 4. 

Figure 3 shows a change in the apparent activation 
energy of transformation at 260 °C which is shown by 
the changes of slope. This may be illustrated by 
reduction of diffusion paths prepared by decreasing 
particle sizes and creation of lattice defects in the 
particles by mechanical activation. Also, increasing the 
surface area, SA, and the amount of structural disorder, F 

 

 

Fig. 3 Arrhenius plots for thermal reduction of Ag2O with 
carbon at temperature of 200−280 °C 
 
Table 4 Apparent activation energy of samples 

Ea/(kJ·mol−1) 
Milling time/h 

200−260 °C 260−280 °C 

0 609.25 (r=0.999) 595.23 (r=1) 

2 366.75 (r=0.999) 354.12 (r=1) 

4 241.40 (r=0.997) 231.67 (r=1) 

6 50.60 (r=0.996)  
 
(Eq. (2)) by increasing the milling time is another reason 
of this behavior. 
    Figure 4 shows the changes of structural disorder as 
a function of milling time. It can be found that up to 6 h 
of milling, the F value intensifies by 5.6 times. Generally, 
the effects of SA and F have been expressed by a 
practical coefficient in the form of SAF as Eq. (7): 
 
k=a+bSAF                                   (7) 
 
where a and b are constants. According to Fig. 4, F 
increases with milling time and as a result increased k 
values are obtained. Moreover, thermal reduction of 
Ag2O was a heterogeneous transformation and so 
increasing SA increased the rate of reaction. 
 

 
Fig. 4 Effect of milling time on structural disorder of Ag2O 
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3.2 Kinetics modeling of mechanochemical reduction 
during room temperature milling 
Analysis of XRD patterns of samples with different 

milling time (Fig. 5) reveals the phase changes of 
samples with milling time prolonging. As shown in Fig. 
5, by increasing milling time, the peaks of Ag2O are 
slowly broadened and their intensities reduce. The 
diffraction peak locating at 2θ=44.3° of the 3 h-milled 
sample obviously proposes the existence of Ag. Further 
milling increases the Ag peak intensities and single phase 
Ag is prepared after 22 h of milling. 
 

 
Fig. 5 XRD patterns of mixtures with milling time of 0 h (a),  
1 h (b), 2 h (c), 3 h (d), 6 h (e), 12 h (f), 16 h (g), 19 h (h) and    
22 h (i) 
 

Figure 6 shows the measured values of the 
conversion degree of reaction as a function of milling 
time for mechanochemical preparation samples. In this 
case the values of α are calculated by [22]: 
 
α=1−(It/I0)                                  (8) 
 
where It is the Ag2O (111) peak intensity of sample 
milled for a certain time and I0 is the intensity of Ag2O 
(111) peak of unmilled sample. Figure 6 shows that there  
 

 

Fig. 6 Relative fraction of silver prepared with various milling 
time at room temperature compared with JMA model 
corresponding to mean Avrami exponent of 3.4899 

is an incubation time of almost 3 h after which the 
reduction reaction begins with a sharp rising rate. The 
rate of the reaction decreases slowly with increasing 
milling time. Furthermore, the first incubation period 
probably equals the grain refinement and mixing 
phenomena. It should be noted that due to the 
insufficient amount of XRD resolution, the characteristic 
peaks of Ag could not be probably observed. So, the real 
incubation time may be less than 3 h and little amounts 
of Ag are reduced sooner than 3 h. 

To choose an appropriate reaction model, several 
kinetic models (Table 2) were examined to obtain α—t 
curves. The most accurate linear fit was obtained by the 
Johnson–Mehl–Avrami (JMA) model. Hence, the JMA 
model was appropriately applied for kinetics modeling of 
this process. The Avrami plot for mechanochemical 
preparation of Ag according to the experimental value of 
α in Fig. 6 is shown in Fig. 7. It is necessary to note that 
α value is assumed to be zero until 3 h of milling, and 
Avrami plot begins afterward. The Avrami exponent, n, is 
estimated as 3.4899 (Fig. 7), which proposes that the 
mechanism of mechanochemical preparation of Ag is 
interface controlled growth [22,23]. For comparison, α 
value is plotted vs time in Fig. 6. It shows that the JMA 
model appropriately describes the kinetics of 
mechanochemical preparation of Ag. 
 

 

Fig. 7 Avrami plot for mechanochemical formation of Ag 
 
It should be mentioned that, the irregularity was 

probably from the inaccuracy of XRD measurements, 
especially up to 3 h milling. Considering the value of n 
equaled to 3.4899 and using Avrami plot, the reaction 
rate constant, k=0.06732 min−1 is estimated. Thus, the 
kinetics equation for mechanochemical reduction of 
Ag2O to Ag using ball milling may be proposed as: 
 
α(t)=1−exp[−(0.06732t)3.4899]                   (9) 
 
where t is the milling time in min and α is the conversion 
degree of reaction. 



Gholam Reza KHAYATI, et al/Trans. Nonferrous Met. Soc. China 22(2012) 935−942 

 

941

3.3 Comparison of kinetics modeling of high 
temperature thermal reduction and mechano- 
chemical reduction 
Since solid state reactions progressed at the 

interface of reactant-product, the reaction rate is related 
to the surface area of the unreacted part of the mixture as 
well as nucleation phenomena. The lower Avrami 
exponents of high temperature thermal reduction 
strongly imply that the particles are covered by a layer of 
the final product in the first stages and the transformation 
progressed by diffusion-controlled mechanism in three 
dimensions, where nucleation is disrupted. From other 
point of view, in mechanochemical reduction of Ag2O, 
grain size decreases during ball milling, and increases 
interphase boundaries and structural defects, which 
accelerate the reduction reaction [16]. Hence, the larger 
number of nucleation sites and shorter diffusion routes 
enhance the reduction reaction compared with the high 
temperature thermal reduction. Moreover, milling could 
continuously eliminate layers from the surface of 
particles. Thus, the mechanochemical reduction of Ag2O 
is interface controlled growth [22,23]. 

Analysis of both processes proposes that although 
various activation parameters resulted in different 
reaction rates, the phase conversion progressed by 
nucleation and growth model. Accordingly thermal and 
mechanical activation increase Avrami exponent and 
reduce diffusion barriers. Therefore, the interaction of 
various reaction pathways may be related to the different 
periods whose activation parameters could overcome the 
barriers. As an example, the rate of nucleation sites by 
mechanical activation is much higher than thermal 
activation, while elimination of chemical interface 
reaction barrier by thermal activation is easier than 
mechanical activation. In thermal activation, diffusion 
coefficient changes exponentially with temperature. 
While, mechanical activation decreases the diffusion 
paths by creation of defects and eliminating product 
surface layer between particles. Diffusion controlled 
growth and interface controlled growth, respectively, are 
the two conversion mechanisms involved during the 
thermal and mechanochemical reduction that the phase 
conversion proceeded by nucleation and growth model. 
 
4 Conclusions 

 
1) The JMA model appropriately explained the 

thermal and mechanochemical preparation of Ag from 
Ag2O+ghraphite mixture. Because of continuous 
formation of structural defects and grain boundaries as 
well as activated fresh surface areas during the milling 
which were appropriate sites for nucleation of Ag, the 
Avrami exponent of mechanochemical reduction is 
higher than that of high temperature thermal reduction. 

2) The modeling results reveal that different 
activation parameters result in various reaction rates, but 
the phase conversion proceeds by nucleation and growth 
model. Also, the mechanisms of growth in thermal and 
mechanochemical reduction are diffusion controlled and 
interface controlled, respectively. 
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Ag2O 机械活化和热还原合成 Ag 的等温动力学 
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摘  要：在氩气气氛下，将 Ag2O 与石墨通过机械活化或热还原反应生成 Ag，对其等温还原过程的动力学进行研

究。结果表明，采用 Johnson–Mehl–Avrami 模型能合理地解释 Ag2O 与石墨经机械活化和热还原合成 Ag 的过程。

采用相同的模型来研究机械活化和热还原反应合成 Ag 的动力学时，机械活化还原过程中的 Avrami 指数比热还原

的要高；热还原和机械活化过程中的晶核长大机制分别是扩散控制和界面控制。 

关键词：等温动力学；机械化学活化；热还原，Johnson–Mehl–Avrami 模型；银 
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