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Introduction 
Quartz is, among other things, used as the raw material in the Si production by carbothermic 

reduction in semi-closed submerged arc furnaces. In this process, a wide temperature gradient 
is established from top to bottom in the industrial furnace, where the temperature is about 
700-1300 ℃ at the top and is gradually increased to above 2000 ℃ at the bottom. Therefore, 
quartz experiences four different states in the furnace, depending on the temperature: 
solid, softening, melting, and molten state [1]. Moreover, quartz goes through several phase 
transformations before melting. The quartz phase transformation is accompanied by volume 
expansion [2], cracks [3], disintegration [4], and softening [5]. Simultaneously, it will affect the 
contact area of chemical reactions and also the gas permeability in the furnace and ultimately 
affect the Si yield. Therefore, researchers have shown an increased interest in the phase 
transition of quartz at high temperatures. Quartz is a mineral that exists in the form of a stable 
polymorph in nature. The quartz can transform into different polymorphs during heating. At 
atmospheric pressure, quartz is known as α-quartz at a low temperature. As the temperature 
increases to around 573 ℃, α-quartz will transform into β-quartz, and this transformation 
process is spontaneous and reversible [5]. Further increases to above 873 ℃, β-quartz will 
transform into tridymite phase [1,5]. However, the tridymite phase is reported that it could be 
stable only when certain impurities are present, such as alkali and alkali earth metal impurities 
[3]. At the temperature of higher than 1400 °C, the cristobalite phase will be produced by 
transforming from β-quartz, which is a reconstructive transformation process [5]. Moreover, it 
is found that there exists an intermediate phase transformation from β-quartz to cristobalite. 
First, the β-quartz phase will transform into an intermediate amorphous phase, and then the 
intermediate amorphous phase will transform into cristobalite phase [2,6,7]. At the melting 
point of 1713℃, the cristobalite phase starts to melt into a highly viscous liquid in the form of 
a terminal amorphous state.

The kinetics of quartz phase transformation has been investigated by several researchers, 
while the published results varied depending on quartz types. Wahl [8] and Labshtanov et al. 
[9] found that the speed of the phase transition to cristobalite was accelerated by using smaller 
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Abstract
Natural quartz is a raw material in Si production. During heating, it will go through a series of phase 

transformations before melting in the furnace, from quartz to an intermediate amorphous phase and 
further to cristobalite. The formation of the intermediate amorphous and cristobalite phases may affect 
the permeability and reaction rate in the furnace. Hence, it is crucial to know the quartz behavior. In this 
regard, the phase transformations in four different quartz types, named A, D, F, G, were investigated in 
the temperature range of 1500-1650°C. A numerical model was introduced to describe the kinetics of 
the phase transformations. The kinetic constant of k1 indicated the first-order reaction from quartz to 
the intermediate amorphous phase, which is in the range of 0.012-0.168min-1; while the rate constant k2 
corresponds with the second-order reaction from the intermediate amorphous phase to cristobalite, is 
calculated in the range of 0.00036-0.0097min-1. The activation energies corresponding to k1 and k2 were 
calculated as positive(199 to 364kJ/mol) and negative values (-108 to -448kJ/mol), respectively, which 
indicated the different temperature dependence of these two reaction steps. The negative activation 
energy in the reaction from amorphous phase to cristobalite signifies that the amorphous phase is more 
stable at higher temperatures. The effect of impurities and grain size on the kinetics were also discussed in 
the article. It is verified that the numerical model was reliable to predict the reaction rates and activation 
energies in the quartz phase transformation at a temperature lower than 1600°C since there was already 
a soften/melting of quartz at 1650°C in some types. 
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crystal size, lower grade crystallinity, and high impurities crystal 
quartz. The grain size is another factor that will affect the phase 
transition. It is found that smaller grain size quartz would go faster 
in the transformation to cristobalite [10]. Moreover, impurities in 
the quartz also affect the phase transition. The effect of Al2O3 on 
the phase transformation was investigated by Chaklader [11]and 
Brown et al.[12]. The increase of Al2O3 content in the quartz had 
the ability to speed up the transformation to cristobalite up to a 
specific limit. Besides, the alkali and alkali earth elements were 
also reported to accelerate the cristobalite nucleation and growth 
[10]. Chaklader [13] assumed that the phase transformations from 
quartz to amorphous and further to cristobalite were first-order 
reactions. The first-order reaction model was then used by Jusnes 
[14], where the phase transformations of four different quartz 
types were investigated at 1600 ℃and 1700 ℃. It showed that the 
first-order reaction model was reliable and repeatable in the phase 
transformation from quartz to amorphous, while the fitting was not 
good in the phase transformation from amorphous to cristobalite. 
This could be due to the fact that the investigations were performed 
at a high temperature, close to the melting temperature. As a result, 
the following studies investigate the transformation rate at lower 
temperatures. The first-order reaction model was performed in the 
phase transformation from quartz to amorphous, and the second-
order reaction model was used from amorphous to cristobalite. 
This study aims to find a reliable model to investigate the phase 
transformation in different quartz types. It can then be used to 
calculate the kinetic rate constant and the activation energy in the 
phase transformation process.

Materials and Experimental Procedure
Four different quartz types used for the production of Si and 

FeSi were investigated and are labeled as A, D, F, G, with different 

geological origins, appearances, and impurities. The quartz 
has been described clearly by Jusnes [14], and their chemical 
compositions are listed in (Table 1). The chemical composition 
was performed by a collaborating company, and the method used 
is ICP-OES.The quartz was crushed and sieved before heating in the 
furnace, aiming to get lumps with a weight of ~10g. Then, it was 
placed in a rectangular Al2O3 crucible and heated in a Nabertherm 
LHT 04/08 rapid heating furnace at 1500 ℃, 1550 ℃, 1600 ℃, and 
1650 ℃, respectively. It is noted that the maximum heating rate was 
set to be ~50°C/min. After that, a holding time of 0, 30, 60, and 
120 minutes was held at the maximum temperature, respectively. 
In the end, the samples were taken out and placed on a brick to 
cool to room temperature. For each type of quartz, three lumps 
were heated together at the same condition in order to obtain more 
reliable and repeatable results. XRD measurement was performed 
to confirm the phase formation in the quartz samples. The cooled 
quartz samples were milled to silica powder using a tungsten 
carbide planetary disk for 15 seconds at 700rpm. The milling 
process had proven that it would not affect the phase composition 
of quartz [15]. Then, the silica powder was dried overnight at 250 
℃ to remove any moisture. The internal standard method [16] was 
introduced to determine the amorphous phase in the sample, which 
is the most common quantitative phase analysis method using 
XRD. In the internal standard method, an accurate mass of highly 
crystalline α-Al2O3 was added to a known amount of silica powder, 
which was scaled still hot. The weight fraction of the spiked α-Al2O3 
was used as a reference to calculate the amount of other crystalline 
phases, such as quartz and cristobalite. Finally, the weight fraction 
of amorphous silica was calculated by subtracting the weight 
fraction of all the crystalline phases from 100 [17]. Moreover, each 
sample had three parallel samples to check its repeatability and 
reliability.

Table 1: The chemical composition of the trace elements in the quartz types used for phase transformation investiga-

tions. All the impurities are given in wt.%, except where ppm is stated [14].

Quartz 
Type Al Fe Ti (ppm) Ca Na K Mg Mn (ppm) P (ppm) Alkali/ Alkali Earth

A 0.0106 0.002 4.2 0.0003 0.001 0.0023 0.0009 0.3 <1.1 0.0045

D 0.2603 0.2443 145.8 0.0033 0.0028 0.0626 0.0042 <0.1 25.6 0.0729

F 0.009 0.002 4.103 0.001 0.005 0.004 0.001 1.184 <1.1 0.011

G 0.0078 0.0024 3.8 0.0031 0.002 0.0013 0.0007 0.3 <1.1 0.0071

The samples were analyzed by XRD after it was mixed in a 
mortar with acetone. A back-loading device was used to prepare 
samples to minimize the influence of crystal orientation during 
loading into the sample holder. Davinci 1 was carried out to analyze 
the samples, where two or three parallels were analyzed to ensure 
repeatability of the measurements. Moreover, Topas V5 software 
was used to quantitatively calculate the phases in each sample.
Figure 1 is the XRD pattern of some samples. Three lumps are heated 

under each experimental condition, and three parallel samples are 
taken for each lump during the XRD test. Figure 1 shows two of the 
samples heated at 1600 °C for 0 min, lump 1 and lump 2, and the 
three parallel samples for lump 1 are exhibited simultaneously. It 
is easy to see that the scanning result of the three parallel samples 
are stable, while lump 2 is slightly different from lump 1 in peak 
strength, which is consistent with the expectation.
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Figure 1: XRD patterns of part samples, the corresponding three main peaks of each phase have been indicated 
as different shapes.

Numerical Model Description
Numerical model is a mathematical representation of a physical 

(or other) behavior, based on relevant hypothesis and simplifying 
assumptions to obtain the relevant thermodynamic properties, 
which used to simulate and predict the behavior of rock mass, 
materials, and mechanical devices [18-21].

In the study of quartz phase transformation, the relationship is 
presented as follows.

            

1 2k k

Quartz Amorphous Cristobalite→ →
    

(1)

Where k1 and k2 are reaction rate constants for the phase 
transformation from quartz to the intermediate amorphous phase 
and from the intermediate amorphous phase to cristobalite, 
respectively. At present, the reaction from quartz to amorphous 
is assumed to be a first-order reaction, while the reaction from 
amorphous to cristobalite is considered to be a second-order 
reaction. The second-order reaction gave the best fit after 
investigating the following orders: 0.5, 1, 2, and 3. Hence, the 
following reaction rates are used.
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Where [Q], [A], and [C] are the concentration of quartz, 
amorphous, and cristobalite, separately. Assuming k1 and k2 are 
independent, the concentration of the formed phases after a 
timecan be expressed based on the equations mentioned above.
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Hence, k1 and k2 can be obtained by fitting the experimental and 
calculated values. k1 and k2are then used to calculate the activation 
energy for the phase transformation from quartz to intermediate 
amorphous, and from intermediate amorphous to cristobalite 
based on the Arrhenius equation.

                             

                                  
0ln ln

E
k k

RT
= −

      

(8)

Where k0 is the preexponential factor, E represents the activation 
energy, R is the gas constant, and T is the reaction temperature. 

Results and Discussion
Figures 2-5 show the evolution of the phase transformation of 

type D, A, F, and G, combined with the modeling results. The dots, 
triangles, and squares represent the measured amount of quartz, 
amorphous, and cristobalite, respectively. The experimental data 
measured by Jusnes [14] is also included. Finally, the calculated 
results based on the model are represented by lines. It should be 
noted that three parallel experiments were performed at a set 
temperature and at a constant holding time.

Type D
The type D quartz is a meta-sandstone with the highest 

impurity level in our research. It is reported that a significant 
amount of pores existed in this type of quartz filled with minerals 
[22]. The impurities for the quartz type D are summarized in Table 
1.Figure 2 shows the time dependence of the amounts of phases 
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measured by XRD for quartz type D. For the quartz type D at 1600 
°C the quartz concentration was reduced to ~55 wt.% during 
heating and was found to decrease to 0 wt.% after 120min (Figure 
2c). As a result, the phase amount of cristobalite increased to ~90 
wt.% from ~30 wt.% with the increase of holding time from 0 to 
120min (Figure 2g). However, the amount of amorphous phase 
increased in the first 20min, and then it decreased with the increase 
of holding time (Figure 2k). The phase transformation of type Dwas 
also measured by Jusnes [14] using the same experimental method. 
The rhombuses point in (Figures 1c, 1g, and 1k)are consistent with 

our measured results. The phase evolutions at 1500 °C, 1550 °C, 
and 1650 °C had the same trend as at 1600 °C.At a constant holding 
time, the transformation went faster as the temperature increased. 
For example, at the holding time of 0min, the amount of quartz 
decreased with the increase of temperature, from ~75 wt.% at 
1500 °C(Figure 2a) to ~30 wt. % at 1650 °C for the quartz phase 
(Figure 2d). For amorphous and cristobalite phases, the case is 
the opposite. The amount of these two phases increased with the 
increase of holding temperature. This trend is also applied for the 
holding time of 30, 60, and 120min.

Figure 2: The evolution of phase transformation for quartz type D after heating to 1500 °C, 1550 °C, 1600 °C, 
and 1650 °C, the points represents the experimental results, and the lines represent the calculated curves.

Type F
The quartz type F consists of large-deformed grains with a 

size of 1-3cm. The contaminants mainly existed between quartz 
grain boundaries, and the fluid inclusions were relatively abundant 
and observed along with healed fractures [23]. The impurities 
for the quartz type F are summarized in Table 1.Type F has a 

similar transformation trend with type D, the amount of quartz 
was gradually consumed with the extension of hold time and 
increase of maximum temperature, and the amount of intermediate 
amorphous phase first increased and then consumed, while the 
amount of cristobalite phase gradually accumulate to as high as 100 
wt.% (Figures 3k &3l).

Figure 3: The evolution of phase transformation for quartz type F after heating to 1500 °C, 1550 °C, 1600 °C, 
and 1650 °C, the points represents the experimental results, and the lines represent the calculated curves.
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Type A

The quartz of type A is gravel quartz with a low amount of fluid 
inclusions and cracks. Two texture domains were observed in this 
type of quartz, where domain 1 has medium to coarse-grained 
quartz with the size in the range of micrometer to millimeter scale, 
and another domain has 10-200 micrometers thick and a few 
millimeters long grains [24]. The impurities in the quartz type A are 
given in Table 1.The evolution of phase transformation in quartz 
type A is shown in Figure 4. The phase transformation trend at 
and before 1600 °C was similar to type D and F. However, as the 
temperature increased to 1650 °C, the amount of quartz dropped 

sharply. At the holding time of 0 minutes (Figure 4d), the amount 
of quartz in the three samples was 1.8 wt. %, 1.9 wt. %, and 9.4 wt. 
%, respectively. At the same experimental condition, the amount of 
quartz was measured to be ~20 wt. % by Jusnes [14]. Then it went 
down to nearly 0 wt. % after 60 minutes. In addition, the amount of 
cristobalite did not increase with the increase of temperature. On 
the contrary, the amount of cristobalite was less than 100 wt.% at 
1650 °C(Figure 4l), compared to the results at 1500 °C(Figure 4i), 
1550 °C(Figure 4j), and 1600 °C(Figure 4k). It shows that the type A 
might have partially softened and melted at 1650 °C.Furthermore, 
the experimental data of type A has generally a high dispersion, it 
might be caused by its texture or the uneven grains.

Figure 4: The evolution of phase transformation for quartz type A after heating to 1500 °C, 1550 °C, 1600 °C, 
and 1650 °C, the points represents the experimental results, and the lines represent the calculated curves. The 
model is not used at 1650 °C as the sample then was partly softened/molten.

Type G

The type G is gravel quartz with large visual differences in the 
lumps. It is found that three different regimes were observed in the 
samples. Regime 1 contains the highest content of fluid inclusions 
and trace elements, and the size of the grains is a few centimeters. 
The fluid inclusion in regime 2 is less than regime 1, while it is the 
least in regime 3. Moreover, regime 3 shows recrystallization and 
strain-free grains. Roughly, the distribution of the regimes in the 
quartz type G is 74% regime 1, 22% regime 2, and 4% regime 3 
[25]. The impurities in the quartz type G are given in Table 1.The 
evolution of phase transformation in quartz type G is shown in 
Figure 5. In general, the quartz type G shows a similar trend as 
the quartz type D, A, and F at the holding time lower than 1600 
°C. The increase of holding time and temperature will improve 
the transformation of quartz to amorphous. However, at the 
holding temperature of 1650 °C(Figures 5d, 5h, and 5l), quartz 
was consumed, more amorphous and less cristobalite remained. 
Since the existence of impurities decreased the actual melting point 
of silica, it is difficult to distinguish the intermediate amorphous 
phase and soften or melted terminal amorphous phase. These 
anomalies might result in partial melting of quartz at 1650 °C.The 

measured values also had large variations at the same experimental 
conditions for the type G. As seen in Figure 5c, at the holding time of 
0min at 1600 °C, the amount of quartz phase varied from 36 wt.% 
to 69 wt.%. Hence, it is believed that the transformation process of 
quartz type G was complex. It could be affected by the varied grain 
size, fluid inclusions, and degree of recrystallization.

Reaction rate of transformation

The lines in Figures 2-5 show the calculated results based 
on equations (5)-(7). It is seen that the agreement between the 
calculated and measured values based on XRD was varying; however, 
it describes the main trends of the transformations from quartz 
to cristobalite. The kinetic constants of k1 and k2 in the model are 
summarized in Table 2. The sum of the squared difference between 
the modeled and experimental values for each phase’s amount is also 
presented in the table. In general, the value of k1 was higher than k2 
at a constant temperature for the same quartz type. Moreover, with 
the increase in temperature, the k1 value increased. In contrast, the 
k2value decreased except for the quartz type F. This means that the 
phase transformation rate from quartz to amorphous increased, 
and phase transformation speed from amorphous to cristobalite 
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decreased as increased temperature. For quartz type F, the value 
of k2decreased from 0.0097min-1 at 1500 °C to 0.0024min-1 at 1600 
°C, and then it increased to 0.0055min-1 at 1650 °C, which is not 
expected.The k1 values were also calculated by Jusnes [14] and 
Chaklader [13], in which the range of 0.002-0.13min-1 was obtained 
by Jusnes at 1600 °C for the quartz type D, A, F, and G, and the value 
of 0.0013min-1 was obtained by Chaklader at 1560 °C. Compared 
to our calculated values at the same temperature, the reported 

values were lower than the present results. Moreover, the k2 values 
were calculated by Jusnes [14] and Chaklader [13] by assuming the 
reaction from amorphous to cristobalite as the first-order reaction. 
The k2 value was calculated in the range of 0.004-0.046min-1at 
1600 °C by Jusnes, and 0.0029min-1 at 1560 °C by Chaklader. Jusnes 
values were higher than our present values and Chaklader’s value 
had a good agreement with our results. However, as they used first-
order models, this cannot be directly compared. 

Figure 5: The evolution of phase transformation for quartz type G after heating to 1500 °C, 1550 °C, 1600 °C, 
and 1650 °C, the points represents the experimental results, and the lines represent the calculated curves. The 
model is not used at 1650 °C as the sample then was partly softened/molten.

Table 2: Summary of the value of k1 and k2 values for four different quartz types at different temperatures. The relevant 
squared values are also listed in the table, where xm represents the modeled value, xe represents the experimental value, 

and n represents the number of measurements used for the optimization.

Experiment Series k1 [min-1] ( )2
m ex x

n

−
∑ k2 [min-1] ( )2

m ex x

n

−
∑

D, 1500 °C 0.012 20 3.1×10-3 3

D, 1550 °C 0.024 18 2.8×10-3 11

D, 1600 °C 0.046 7 8.5×10-4 26

D, 1650 °C 0.084 5 3.6×10-4 5

A, 1500 °C 0.02 378 3.8×10-3 14

A, 1550 °C 0.026 377 2.5×10-3 30

A, 1600 °C 0.04 129 7.4×10-4 238

A, 1650 °C - - -

F, 1500 °C 0.03 303 9.7×10-3 35

F, 1550 °C 0.02 180 2.6×10-3 13

F, 1600 °C 0.037 179 2.4×10-3 76

F, 1650 °C 0.168 26 5.5×10-3 62
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G, 1500 °C 0.018 481 4.2×10-3 14

G, 1550 °C 0.045 94 2.7×10-3 30

G, 1600 °C 0.054 146 1.8×10-3 238

G, 1650 °C - - -

Figure 6: Arrhenius plot for different quartz types in the temperature range 1500-1650 °C.

Figure 6 represents the Arrhenius plot for the four different 
quartz types, which is used to determine the apparent activation 
energy, Ea, of the phase transition process from quartz to 
intermediate amorphous and from intermediate amorphous 
to cristobalite. The calculated activation energies and the 
corresponding linear fitting coefficient of lnk1 and lnk2 to 1/T are 
summarized in Table 3. For the phase transformation from quartz 
to intermediate amorphous, type D had the highest activation 
energy (364kJ/mol), while type A had the lowest value of 199kJ/
mol. The transition ability from quartz to amorphous was increased 
as the order: D-F-G-A. For the transformation from intermediate to 
cristobalite, the calculated activation energies are all negative for 

the four quartz types. It indicates that the rate of the transition from 
amorphous to cristobalite decreased as temperature increased. The 
points in Figure 6 are not giving an equally good fit for all the types 
of materials, that may indicate not an optimal model used. However, 
to obtain a robust model that describes the main features of the 
phase transformations, these simplified first- and second-orders 
models were chosen in this work. This is especially the case for 
type F giving a very low R2 as shown in Table 3.The kinetics of the 
phase transformation in the quartz had been investigated by many 
researchers. The phase transformation rate was reported to mainly 
be affected by its impurities [10-12], grain size [10], and crystal size 
[13].

Table 3: Summary of the activation energy and the linear fitting coefficient R2 of lnk1 and lnk2 to 1/T, Ea, for the trans-

formation from quartz to amorphous phase, Q→A, and from amorphous to cristobalite phase, A→C.

Quartz Type Phase Transformation Ea [kJ/mol] R2

D
Q→A 364 1

A→C -433 0.9075

A
Q→A 199 0.9844

A→C -448 0.9614

F
Q→A 321 0.6216

A→C -108 0.1397

G
Q→A 306 0.879

A→C -236 0.9999
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Impurities in the quartz would affect the phase transition. It 
is reported that the increase of alkali and alkali earth impurities 
could speed up the phase transformation process [10]. Moreover, 
the impurity of Al3+ has the ability to accelerate the phase transition 
from quartz to cristobalite [11,12]. As shown in Table 1, the 
content of alkali and alkali earth impurities is F>D>A>G, while the 
corresponding range of Al is D>A>F>G. As for the values of k1 and 
k2 calculated in the model based on a large amount of experimental 
data, there is no uniform tendency of their magnitude change. 
When the temperature is 1550℃, k1 changes as G>A>D>F, which is 
completely opposite to the tendency of alkali and alkali earth. That 
is to say, at 1550℃, the higher the alkali and alkali earth content, 
the lower rate of reaction from quartz to intermediate amorphous. 
Besides, at 1550℃, the level of k2 is D>G>F>A, so for A, F, and G 
three types, the rate of the reaction from intermediate amorphous 
to cristobalite is reduced as the increase of Al content. On the other 
hand, the values of k1 are at least one order of magnitude larger 
than k2, which is applicable for all types of investigated quartz, 
as shown in Table 3, so k1probably dominates the entire reaction 
process (from quartz to cristobalite). Then,considering the whole 
phase transition process from quartz to cristobalite, it is difficult 
to verify the promotion of alkali and alkali earth impurities and Al 
impurities, which is contrary to the previous studies[10-12]. The 
effects of these impurities still need further investigation. Grain 
size also can affect the quartz phase transformation. Schneider 
et al. [10] found that the transformation to cristobalite would be 
accelerated by using a smaller grain size. The grain size for the four 
different quartz types is decreased in the order: F-G-A-D. However, 
the ability for the phase transformation from quartz to amorphous 
is increased as D-F-G-A, which is not relevant to the grain size. If the 
fine-grained quartz type D (0.2-1mm) is not considered, the present 
observation is consistent with Schneider et al. [10]. The grain size 
will affect the phase transformation in the range of 1-3cm.

Conclusion

The phase transformations in the four different quartz types 
are investigated at temperatures of 1500 °C, 1550 °C, 1600 °C, 
and 1650 °C. With the holding time from 0min to 120min, it is 
found that four types of quartz show different rates for the phase 
transitions from quartz to amorphous and further to cristobalite. 
The rate from quartz to amorphous phase is calculated by a first-
order model and from amorphous to cristobalite as a second-
order model. The rate constant from quartz to amorphous phase, 
k1, is calculated in the range of 0.012-0.168min-1, while the rate 
constant from amorphous phase to cristobalite, k2, is calculated 
in the range of 0.00036-0.0097min-1. The activation energy from 
quartz to the intermediate amorphous is positive (199 to 364kJ/
mol), which indicates the increasing temperature can accelerate the 
transformation from quartz to the intermediate amorphous silica. 
The calculated activation energy from amorphous to cristobalite is 
negative (-108 to -448kJ/mol), which means that the amorphous 
phase is more stable at high temperatures compared to quartz and 

cristobalite. It is found that the increase of alkali and alkali earth 
impurity might slow down the phase transformation from quartz 
to amorphous; the rise of Al impurity may lead to a decrease 
of the reaction rate from amorphous to cristobalite. The phase 
transformation from quartz to amorphous can be modelled by a 
first-order reaction model and from amorphous to cristobalite by 
a second-order reaction model. Last but not least, type A and type 
G might be partially softened/melting at 1650 ℃. Before 1600℃, 
the numerical model fits well with the experimental values and can 
be used to predict the reaction rates and activation energies in the 
quartz phase transformation.
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