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Synthesis kinetics of Mg,Sn in Mg-Sn powder mixture using
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Abstract: The non-isothermal heating process of Mg-Sn powder mixture was studied by differential scanning calorimetry(DSC)
technique and the synthesis kinetics of Mg,Sn was evaluated by the model-free and model-fitting methods. The activation energy and
conversion function of Mg,Sn synthesis reaction are calculated to be 281.7 kJ/mol and g(a)=[—In(1-a)]"*, respectively. The reaction
mechanism of 2Mg+Sn—Mg,Sn under non-isothermal condition is regarded as “nucleation and growth”. During the non-isothermal
heating process, the phase transformation occurred in the Mg-Sn powder mixture was analyzed by XRD and the microstructure
evolution of Mg,Sn was observed by optical microscopy, which is in good agreement with the reaction mechanism of 2Mg+Sn—

Mg,Sn deduced from the kinetic evaluation.
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1 Introduction

Magnesium alloys are regarded as promising
structural materials in the 21st century because of their
excellent properties such as low density, high specific
strength and superior damping capacity[1-3]. The
common Mg-Al alloys, such as AZ91, are unsuitable for
using at temperatures above 393 K, because these alloys
usually contain Mg+Mg;Al;; eutectic at grain
boundaries and Mg;;Al;, phase has low melting point
((711£1) K)[4] and poor thermal stability. In order to
improve the creep resistance of Mg alloy, some alloying
elements such as Si and Sn have been added into Mg
matrix to form some thermally stable phases such as
Mg,Si and Mg,Sn, which effectively resist the grain
boundary sliding and dislocation motion[5—10]. The
formation of Mg,Si in Mg alloy is usually realized by
two methods. One is precipitating the Mg,Si phase in the
solidification process of Mg alloy melt containing Si, and
the other is synthesizing the Mg,Si phase by the powder
metallurgy method. However, Mg,Sn, as a reinforcing

phase in Mg alloy, is almost formed by the solidification
method of Mg alloy melt containing Sn while the powder
metallurgy method has not been reported. Because the
Mg matrix and alloying element added can be refined by
the powder metallurgy techniques and the mechanical
properties of Mg alloy will be remarkably improved[9,
11], it is necessary to investigate the synthesis of Mg,Sn
phase in Mg alloy by the powder metallurgy method
systematically. In the present work, the non-isothermal
heating process of Mg-Sn powder mixture is recorded by
differential scanning calorimetry(DSC) technique and the
synthesis kinetics of Mg,Sn is evaluated. The phase
transformation occurring in Mg-Sn powder mixture and
the microstructure evolution of Mg,Sn in the heating
process are investigated.

2 Experimental

Pure magnesium powder (99.9%, 45 pum) and tin
powder (99.9%, 45 um) in mass ratio of 95:5 were mixed,
and the typical sample mass was about 10 mg. The DSC
measurements were carried out by using NETZSCH
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449C equipment, in which Ar at 25 mL/min flow rate
was used as analysis chamber gas. In non-isothermal
heating process, the sample was heated from 373 K
to 903 K at heating rates of 2.5, 5, 10 and 15 K/min,
respectively. The exothermal curves as a function of
temperature for the non-isothermal reaction were
recorded. The powder mixture was pressed uniaxially in
a hardened steel die with a pressure of 20 MPa to form a
compact with diameter and thickness of 12 and 2 mm,
respectively. According to the DSC curve at heating rate
of 10 K/min, four compacts were heated to 798, 813, 828
and 843 K in Ar atmosphere and quenched, respectively.
In order to clarify the phase transformation occurring in
the Mg-Sn powder mixture and the microstructure
evolution of Mg,Sn during the heating process, X-ray
diffractometry(XRD) was applied to the samples
quenched at 798 K and 828 K, and all samples were
observed by optical microscopy.

3 Results and discussion

3.1 DSC measurements of Mg,Sn synthesis

Fig.1 shows the DSC curves for the non-isothermal
synthesis of Mg,Sn at the heating rates of 2.5, 5, 10 and
15 K/min. Each DSC curve contains an exothermal peak
and an endothermal peak in the temperature range of
720—870 K. The exothermal peak at about 803 K
indicates the synthesis reaction of Mg,Sn. The onset
temperatures of the synthesis reaction of Mg,Sn decrease
with decrease in heating rate. Generally, the reactants in
a solid-state reaction need to be activated during
inoculation period. Under a lower heating rate, it is
longer for the reactants to be inoculated. Therefore, the
onset temperature of reaction 2Mg+Sn—Mg,Sn has the
lowest value (771.5 K) at the lowest heating rate (2.5
K/min). The endothermal peak indicates the eutectic
reaction of Mg(s)+Mg,Sn(s)—Liquid according to the
Mg-Sn phase diagram[12]. This implies that if the powder
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Fig.1 DSC curves for non-isothermal synthesis of Mg,Sn at
different heating rates

mixture is heated at a higher heating rate, for example,
15 K/min, the synthesis reaction will end at a higher
temperature and lead to the formation of the Mg+Mg,Sn
eutectic phase. Therefore, a lower heating rate is
recommended to synthesize the Mg,Sn particulate in
Mg-Sn powder mixture.

3.2 Non-isothermal synthesis kinetics of Mg,Sn
3.2.1 Activation energy of Mg,Sn synthesis

The equation of a reaction rate under non-
isothermal condition is usually written in the form[13]:
da 4
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where a, A, f, E,, R, T and fla) are the degree of
conversion, pre-exponential factor, heating rate, reaction
activation energy, gas temperature and
conversion function, respectively.

The model-fitting and model-free approaches are

constant,

commonly used in the reaction kinetics evaluation. In the
model-fitting approach, the reaction activation energy is
obtained by fitting experimental data to the assumed
conversion function. However, the model-free method is
more convenient to evaluate the reaction activation
energy without knowing the conversion function[14].
The Ozawa method and KAS method are the famous
model-free approaches, in which E, can be calculated as
a function of @[15]. The reaction mechanism can be
obtained according to the dependence of E, on a. The
Ozawa equation and KAS equation are given in Eq.(2)
and Eq.(3), respectively:

0.00484E, E,
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where g(a) is the integral representation of fla).
According to the Ozawa equation and KAS equations,
the reaction activation energy for the synthesis of Mg,Sn
corresponding to different degrees of conversion can be
obtained by dIn/d[-1.0516/(RT)] and d[p/(T*)]/
d[1/(RT)], respectively. The calculated results are listed
in Table 1. The average values of activation energy
calculated by the two methods are 275.5 kJ/mol and
269.6 klJ/mol, respectively. Their derivation is only
2.2%, which implies the calculated results are credible
[14]. In addition, for each method, the values of reaction
activation energy keep almost constant corresponding to
the different degrees of conversion, which reflects that
the reaction mechanism in the whole process of Mg,Sn
synthesis is invariant. In order to clarify the reaction
mechanism, it is necessary to obtain the expression of
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Table 1 Activation energies of synthesis of Mg,Sn calculated
by model-free methods

E,/(kJ-mol ™)

“ Ozawa method KAS method
0.1 275.0 269.1
0.2 273.7 267.8
0.3 273.8 267.9
0.4 274.2 268.2
0.5 275.1 269.2
0.6 276.2 270.2
0.7 276.1 270.1
0.8 277.0 271.1
0.9 278.3 272.4

Average 275.5 269.6

conversion function, fla) or g(a).
3.2.2 Conversion function of Mg,Sn synthesis

The Coats-Redfren equation[15] written in the Eq.(4)
is a typical model-fitting method to investigate the
reaction kinetics:

g@_, AR E,

In
T2 BE, RT
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The activation energy can be calculated from the
slope of the plot of In[g(a)/T*] vs 1/T for the different
values, when the conversion function, g(a), is selected.
The possible conversion functions (41 different forms)
have been introduced in Refs.[16—17]. Every conversion
function is applied to Eq.(4) and the calculated activation
energy is compared with the value obtained by Eq.(2)
and Eq.(3). If the values of the activation energy
evaluated by Eq.(4) is the nearest to the results calculated
from the model-free methods (the Ozawa method and
KAS method), the selected conversion function is proved
to be incredible[15]. When the conversion function, g(a)
is selected as [-In(1-a)]"*, the values of activation
energy at different heating rates are calculated and
shown in Table 2. The derivation of FE, at different
heating rates is so small that it can be neglected, which
implies the reaction mechanism of Mg,Sn synthesis is
independent of the heating rate. Moreover, in the 41
conversion functions, g(a)=[—In(1—a)]"* is proved to be
a preferable conversion function, making the relative
derivation of activation energy calculated by the
model-free method and model-fitting method reach the
lowest value (about 5%). The conversion function, g(a)=
[~In(1—e)]" indicates that the synthesis mechanism of
Mg,Sn in Mg-Sn powder mixture is “nucleation and
growth”[16—17]. It is suggested that the average value

Table 2 Activation energies of synthesis of Mg,Sn calculated
by model-fitting method

B/(K-min") E,/(kJ'mol™") a
25 283.7 0.1-0.9
5 284.3 0.1-0.9
10 291.0 0.1-0.9
15 286.2 0.1-0.9
Average 286.3 -

(281.7 kJ/mol) of activation energy calculated by Eq.(2),
Eq.(3) and Eq.(4) can be regarded as the ultimate E, of
Mg,Sn synthesis.

3.3 Microstructure evolution of Mg,Sn in heating

process

The optical microscopy photographs of the four
samples quenched at 798, 813, 828 and 843 K,
respectively, are shown in Fig.2. The XRD patterns of
these samples quenched at 798 and 828 K are shown in
Fig.3. Fig.2(a) indicates that most Mg powders still keep
in sphere shape and the Sn powders are melted and come
into the interval of Mg powders when the powder
mixture is heated to 798 K. Some small particles appear
in Sn liquid, especially on the interface of Mg powder
and Sn liquid. It can be seen from Fig.3(a) that the
diffraction peaks of Mg,Sn appear when the powder
mixture is heated to 798 K. These small particles can be
identified as Mg,Sn. Even though a small amount of Sn
power is added into a large amount of Mg powder, a
Sn-rich region is formed in the local position of Sn
distribution. According to the phase diagram of Sn-rich
corner in Mg-Sn binary system[12], it can be found that
Mg will be dissolved into liquid phase after the
temperature exceeds the melting point of Sn. With the
temperature increasing, more and more Mg will be
dissolved into liquid Sn. Once the solubility of Mg in
liquid Sn exceeds the ultimate value in the heating
process, Mg,Sn will nucleate. Obviously, it is on the
interface between Mg powder and liquid Sn where the
solubility of Mg reaches the ultimate value firstly. Hence,
the Mg,Sn particulates nucleated on the interface are
much more than those inside the liquid Sn (Fig.2(a)).
When the powder mixture is heated to 813 K, the block
of Mg,Sn is formed in the liquid Sn (Fig.2(b)). This
indicates that the Mg,Sn particulates come to cluster and
grow with the heating temperature increasing
continuously. When the heating temperature reaches 828
K, it can be seen from Fig.2(c) that the surplus liquid Sn
reacts with Mg powder completely, which agrees with
the result of XRD shown in Fig.3(b). The latter indicates
that the diffraction peaks of Sn disappear when the
heating temperature reaches 828 K. When the heating
temperature increases from 798 K to 828 K, it is found
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Fig.2 Microstructures of samples quenched at different temperatures: (a) 798 K; (b) 813 K; (¢) 828 K; (d) 843 K
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Fig.3 X-ray diffraction patterns of samples quenched at
different temperatures: (a) 798 K; (b) 813 K

that the “nucleation and growth” reaction mechanism
controls the whole process of Mg,Sn synthesis. When the
heating temperature arrives at 843 K, the synthesized
Mg,Sn particulates develop into the eutectic phase
composed of Mg+Mg,Sn (Fig.2(d)). After all of liquid
Sn react with Mg powder, the reaction system transforms
from Mg+Sn+Mg,Sn into Mg+Mg,Sn. In the Mg-rich
corner of Mg-Sn phase diagram[12], there is an eutectic
reaction (a-Mg+Mg,Sn—Liquid) at about 834 K. This
eutectic reaction is also proved by the endothermal peak

Eutectic Mg+Mg,Sn

in the temperature range of 828—853 K on DSC curves
(Fig.1). From the above iscussion, it can be found that
the synthesis mechanism of Mg,Sn deduced from the
kinetic theory based on DSC is further confirmed by the
evolution of Mg,Sn in the Mg-Sn powder mixture. The
reaction mechanism of 2Mg+Sn—Mg,Sn under non-
isothermal condition is regarded as “nucleation and
growth”.

4 Conclusions

1) The non-isothermal heating process of Mg-Sn
powder mixture was studied by DSC technique and the
synthesis kinetics of Mg,Sn was evaluated by the
model-free and model-fitting methods. The activation
energy and conversion function of Mg,Sn synthesis
reaction are calculated to be 281.7 kJ/mol and
g(a)=[-In(1-a)]"*, respectively. The reaction mechanism
of 2Mg+Sn—>Mg,Sn under non-isothermal condition is
regarded as “nucleation and growth”.

2) During the non-isothermal heating process, the
phase transformation occurring in the Mg-Sn powder
mixture was analyzed by XRD and the microstructure
evolution of Mg,Sn was observed by optical microscopy,
which is in good agreement with the reaction mechanism
of 2Mg+Sn — Mg,Sn deduced from the kinetic
evaluation.
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