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Abstract: Thermodynamic analysis of the possibility of silver nanocrystalline preparation by high energy milling silver oxide was
investigated. The molar Gibbs free energy function of mechanically activated samples was calculated from the structural defects such
as amorphization, dislocation and surface energy. According to the molar Gibbs free energy function, the equilibrium temperature of
mechanical reduction of silver oxide milled for 21 h was estimated at about 304 K. Consequently, at this temperature silver oxide

cannot be stable and will transform to silver during the milling.
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1 Introduction

Mechanochemistry is a branch of science dealing
with the chemical and physicochemical changes of
materials due to the effect of mechanical energy [1].
Recently, mechanochemistry has been widely applied in
many fields, such as preparation of intermetallic
compounds, composites and complex oxides,
nanocrystalline substances and nanomaterials [2-5].
According to the literature, the science base of
mechanochemistry suffers from conceptual principles
[6—9], especially the thermodynamics. Hence, finding a
set of systematic and appropriate theory to explain the
thermodynamic of mechanochemical process may be
very useful.

During the mechanical milling over a very short
time and space scale, the reactants may emit radiations to
form a special plasmatic state and start chemical reaction
under the action of great quantity of energy which is set
free at the high-speed impacts. Once this step is over, the
systematic energy drops rapidly and then structure
relaxation occurs, where the rest energy is accumulated
in solid in the form of structural disordering and
structural mobility [10—12]. During mechanical
treatment, non-equilibrium intermediate phase may be

created [6,13] and consequently the formation of final
product may lag behind the structural changes. Thus, in
order to better explain the thermodynamic process of
mechanochemical reaction, besides considering the
classical chemical reaction thermodynamic, the
thermodynamic of structural evolution should be
employed as well.

In this study, the fundamental thermodynamic
relations are proposed to impose in mechanochemical
research areas, aiming to improve the conceptual
principles of mechanochemical reaction thermodynamics.
Taking for an example, the mechanochemical preparation
of silver nanocrystalline by high energy ball milling
silver oxide powders, and the thermodynamic analysis of
the possibility of transformation are investigated.

2 Experimental

Ag,O powders (99%, 5—40 pm) were used as
starting materials for mechanical milling in a planetary
ball mill. Details of ball milling process are given in
Table 1. The phase identification and structural changes
of the products were investigated by Philips PW-1730
X-ray diffractometer (XRD) using Cu K, radiation. The
line broadening owing to the instrument was computed
from Warren’s method [14]. Peak position (26), the
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Table 1 Details of ball mill machine and milling conditions

Parameter Value
Rotation speed of disc/(r'min ') 250
Rotation speed of vial/(r-min ") 450
Diameter of disc/mm 350
Diameter of vial/mm 90

Vial material Hard end chromium steel

Capacity of vial/mL 150
Ball material Hard end carbon steel

Diameter of ball/mm 20
Number of ball 6

Ball to powder mass ratio 20:1

Time of milling/h 0-95
Process control agent -

Type of milling Dry

Atmosphere of milling Air

Total powder mass/g 9.75

full-width at half maximum (FWHM), and area under
peak (4) were obtained from the XRD spectra. The
OriginPro 8 software was used to obtain these
parameters, among which the Ag,O planes were selected
for the profile analysis.

3 Results and discussion

Figure 1 shows the XRD patterns of milled samples
with milling time. The patterns of powders milled up to
20 h show only the presence of Ag,O phase. During the
first 20 h of milling, the peak intensity was
decreased due to the decrease of the size of silver oxide
crystallites. The traces of silver could be observed after
21 h milling.

+ —_— Agzo

(I} 4200) ®ire A8, 95 h
A—" —A-—......-.—.—d‘-..--.?_Qi
v, N " 75h

N 50 h

D, . 35h

a A 25h

AN 22 h

A 21h

| N 20 h

| N 10h

(“U}T U“)l j“(20'(}] {E}AI} (2%2} Oh

20 30 40 50 60 70 80 90
200(°)

Fig. 1 XRD patterns of milled samples as function of milling

time

Backscattered electron image of milled powders
after 21 h in Fig. 2 qualitatively confirmed the presence
of Ag particles by contrast phases between Ag (bright
spots) and Ag,O (gray flakes). Also, the Ag,O particles
were crashed and displayed brittle fracture surfaces that
are the characteristics of brittle ionic crystals. While, the
Ag particles were generally round and spherical in shape
and displayed more homogenous size distribution
compared with Ag,O particles.

Fig. 2 Backscattered electron image of milled powders after
21h

According to the literature, the energetic condition
of mechanically activated materials could be generally
explained by the following structural defects [15]: the
specific energy of dislocation density, the energy of
amorphization, the specific energy of surface area to the
surroundings or to a second phase.

The contribution of amorphization energy to the
total energy changes is 93%—98.5%. Similar energy
distributions are reported for quartz, calcite, magnesite,
kaolinite, iron and periclase [16].

3.1 Calculation of specific energy of dislocation

density

The classical energy balance observations of
Griffith on crack propagation of an elastically isotropic
substance show a functional relationship between the
critical tensile stress of crack propagation and crack
length. Other studies suggested that such ideal behavior
does not apply to the majority of crack sensitive
materials and must be modified [17]. The modifications
of Griffith’s ideas for mechanical activation condition
can result in a recast relation in terms of fracture
mechanics concepts [18].

K =Yo.a" (1

where Kicis the critical stress intensity factor for crack
propagation; Y is a geometrical factor related to the shape
of the crack; o, is the critical tensile stress for crack
propagation; a is the crack length. According to Eq. (1),
by decreasing the crack length, the tensile stress of crack
propagation increases. Hence, primary fracture and size
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reduction of silver oxide occur by propagation of the
largest cracks at relative low o.. With increasing the
stored energy by milling, the particle and its crack length
decrease to micron or submicron in which o, becomes
very large. Consequently, rather than fracture, generation
of dislocations is the predominant phenomenon in
mechanical activation [18].

The change in molar Gibbs free energy of milled
silver oxide due to dislocations, AGy, is a function of
molar enthalpy of dislocations, AHy, and molar entropy
of dislocations, ASy, as Eq. (2) [18]

AGy =AH—TAS (2)

According to Cottrell hypothesis, dislocations are
essentially one-dimensional defects, and estimation was
proposed that their entropy effect is significantly small.
Therefore, TAS; becomes negligible with respect to AHy
[19]. Hence, AGy is almost equal to Eq. (3):

AGy =~ AHy = pMy[b uy/(4m)]In[2/(bpg )] 3)

where b is the Burgers vector of the dislocation; g is the
elastic shear modulus; My is the molar volume; p is the
dislocation density [18]. The direction of Burger's vector
of silver oxide is similar to cuprite [18,20]. Thus, the
value of Burger’s vector for silver oxide in direction
(100) is found to be 4.81x107'""m [20]. My=3.245x10"°
m’/mol is the molecular mass of silver oxide,
231.735x10° kg/mol, divided by its density, 7140 kg/m’,
[15,21]. In order to determine the s, the value of elastic
modulus of silver oxide, E, must be calculated using

E=3K(1-2v) 4)

where K is the bulk modulus of Ag,0O (74 GPa), and v is
Poisson ratio and is about 0.3 [18,22]. From Eq. (4)
elastic modulus of Ag,O is estimated to be 88.8 GPa.
Consequently, the y; of Ag,O is calculated to be 34.2
GPa using

us=E2(1+v) )

The dislocation density p was calculated from the
relationship p=(ppp,)"°, where p,=(3/D*) (dislocation
due to domain size), p,=k(¢*)/b* (dislocation due to lattice
strain); D is the crystallite size; k is a material constant of
about 2; ¢ is the lattice strain; b is the Burger’s vector.
The average crystallite size and internal strain were
calculated using Williamson—Hall plot [23].

Figure 3 shows the changes in crystallite size and
lattice strain with milling time. Clearly, one can
decompose the time dependence of the microstructure in
two domains.

For time up to 20 h, the crystallite size of Ag,O
decreases rapidly to a value near 23 nm as a result of
mechanical shocks induced by the milling process. At the
same time, the strain increases to 0.75%. During the first
20 h, the energy provided by the milling was consumed

to generate the crystal imperfections such as dislocations
and grain boundaries.
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Fig. 3 Evolutions of size and strain with milling time

Between 21 h and 50 h, after preparation of Ag
crystallites, the rate of size decreasing and the rate of
strain increasing of Ag,O crystallites are decreased as a
result of thermal annealing. In other words, as expected
the strain should increase with milling time because the
material is put under increasing stress. Simultaneously,
the temperature within the vial rises and the thermal
energy anneals the sample, namely, the strain reduces. If
one of these two parameters dominates, the time
dependence of strain and size would be more drastic than
the observed one. So it seems that under the specific
conditions of our synthesis, increasing temperature
relatively decreases the rates of changes of size and
strain with milling time.

3.2 Calculation of amorphization energy
The degree of crystallinity (DOC) is defined as

DOC=(4,/4,) (6)

where A, and A, are the areas under the (111) plane
diffraction peak of non-activated and activated samples
in time #, respectively [24,25]. Thus, the amorphization
energy of milled Ag,O could be calculated from

AG,y, = [1-(4,/4)AG,, )

where A@m is the molar amorphization energy of Ag,O
and can be estimated as follows [18]:

AG,, =AHw(1-T/T,) (8)

where Aﬁm is the molar enthalpy of melting Ag,O at
T Although the value of Aﬁm is unknown due to the
decomposition of Ag,0 at about 553 K, since the crystal
structure of Cu,O is similar to Ag,0, the enthalpy change
in melting Ag,O can be assumed to be the same as that of
Cu,0 (56.9 kJ/mol) [26], consequently:
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AG,,, = 56900 -102.89T 9)

3.3 Calculation of specific energy of surface area to
surroundings or to a second phase
The surface energy of particles in thermodynamics
is estimated from [1]

AGg,=0AA (10)

where o is the specific surface and A4 is the change of
overall surface energy of a solid. It was estimated for
mechanical activation of ionic crystals that the surface
energy, AGy,s corresponds approximately to 10% of
overall Gibbs energy of mechanically activated samples
[1], thus

AGyur=0.1(AGum*+AGy) (11)

3.4 Calculation of molar Gibbs free energy of
mechanically activated Ag,O
The following reaction has been considered to
estimate the molar Gibbs free energy of milled silver
oxide:
Ag0(s)=2Ag(s)+(1/2)Ox(g) (12)
where the standard Gibbs free energy of reaction (12) is
[7]
AG® =G5 —GP =30540—-6611T (13)
Consequently, at the atmosphere pressure,

p(0,)=21.27825 kPa, the Gibbs free energy change of
non- activated Ag,O was estimated from

AG,,. = AG® + RTIn[ p(0,)]"? =30540 -72.60T (14)

nac

The molar Gibbs free energy change of
mechanically activated Ag,O after time ¢, i.e. AGy, can
be calculated from Eq. (15) [1]

AGr =AG,,. —AG,, (15)

where AG, 1s estimated from

AG,. =AG,, +AGy,s + AGy (16)
Consequently, AGr is computed from.

AGy =30540—72.60T — L1{pM [b* u,/(47)]-
In[2/(bpg)]+[1 - (4,/4)1(56900 —102.89T)} (17)

The values of p and 4,,/4, of the sample milled for
21 h are measured to be 7.31x10" m* and 091,
respectively. Figure 4 shows the AG values of
non-activated and mechanically activated samples milled

for 21 h with temperature according to Egs. (15) and (17).

As shown, the equilibrium temperature of the 21
h-milled sample was 304 K. Accordingly, between 304 to
461 K, the Gibbs free energy change of reaction (12) in
mechanically activated condition was negative while the

Gibbs free energy change of unmilled sample was
positive. Thus, by extending the milling time the Ag,O
phase is not stable and the reaction proceeds toward the
formation of Ag. This result was also confirmed by the
vial temperature after 21 h milling that was measured by
thermometer at about 305 K.
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Fig. 4 Total Gibbs free energy of mechanochemical reaction

before and after 21 h milling

4 Conclusions

The thermodynamic principles of mechanochemical
investigated using  fundamental
thermodynamic relations. Mechanochemical reduction of
Ag,O was studied as a case. According to the calculated
total Gibbs free energy function of mechanochemical
reaction after 21 h milling, the transformation
temperature is about 304 K. The negative value of AG
near 304 K shows that the formation of silver has started
a few moment before the 21 h milling and the reduction
reaction proceeds toward the production of silver. The
results showed that the amorphization energy was the
most affecting parameter on Gibbs free energy function
of mechanically activated Ag,O.

reaction  were
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