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Introduction
Quartz, consisting of mainly SiO2, is needed as a raw material for the production of 

silicon and ferrosilicon. A carbothermic reduction of the quartz in a submerged arc furnace 
at temperatures above 2000 °C will create liquid silicon or ferrosilicon, which can be tapped 
from the furnace. The simplest reaction equation for the process is shown in Equation 1. A 
throughout explanation of the process can be found in Schei et al. [1].

                                ( ) ( ) ( )2 2 2SiO s C Si l CO g+ = +
 

(1)

This is the overall reaction, and other species like SiC and SiO-gas are also present and 
affecting the furnace behavior. When quartz is added to the furnace, it will experience a very 
steep temperature increase from room temperature to 700-1300 °C [2]. Further, the quartz 
will continue to heat as it is descending in the furnace. The melting point of silica is 1727 °C [3], 
but before this temperature is reached the quartz will have changed several of its properties. 
According to the phase diagram for silica seen in Figure 1, the first phase transformation 
from α-quartz to β-quartz will take place at 573 °C. It is a displacive transformation meaning 
no bonds are broken, only shifted. Such a transformation requires very little energy and 
will be reversed upon cooling. When the temperature is increased above 573 °C, the phase 
diagram suggests that tridymite will form. Several investigations have concluded that this 
transformation is not observed in pure SiO2 samples but needs certain impurity elements to 
proceed [4,5]. The tridymite phase is not observed in large extents in silicon production [2], 
neither has earlier XRD investigations of quartz shown any tridymite formation [6]. The phase 
transformation from quartz to cristobalite is a reconstructive phase transformation, meaning 
that the bonds between the atoms are broken, and rearranged [7]. This type of transformation 
is more energy consuming than a displacive transformation. A reconstructive transformation 
is also time consuming, and complete conversion in silica is not guaranteed after 6 hours at 
1600 °C [6]. Also, cristobalite have been observed at much lower temperatures than the phase 
diagram in (Figure 1) suggests. Richet et al. [8] calculated an equilibrium temperature for the 
transformation from β-quartz to β-cristobalite of 835 °C. However, the lowest temperature 
where cristobalite is observed is 900 °C, again a lower temperature than suggested by the 
phase diagram [3,6]. The transformation from quartz to cristobalite have been shown by 
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Abstract
Different quartz types are used as raw material for silicon and ferrosilicon production. Upon heating, 

the quartz will experience phase transformations to other silica polymorphs. In this study the phase 
transformation from quartz to cristobalite, via an amorphous intermediate state, have been investigated 
in four different quartz types. Samples of approximately 10g and 100g were heated to 1600 °C and 1700 
°C. After cooling, the amount of quartz, cristobalite and amorphous phase were measured using X-ray 
diffraction. Type F showed the strongest ability to transform from quartz to cristobalite, while type A 
had the slowest transformation. A model of the transformations was made. The rate constant, k1, for 
the transformation from quartz to amorphous phase varied between 0.002h-1 and 0.184h-1 at 1600 °C. 
The activation energy for the transformations were different for the various quartz types. Type A had an 
activation energy of 600kJ/mol, type F had 500kJ/mol and type D and G had around and below 200kJ/
mol. The reasons for the different abilities to transform are discussed, and it is suspected that properties 
decreasing the crystallinity will increase the ability to transform. 
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several researchers to go through an amorphous intermediate state 
[9-12]. The transformation is sluggish, and according to Presser et 
al. [13] it reaches its maximum at 1677 °C. Equation 2 shows the 
suggested transformation path [9].

approx. 1300 °C

Quartz → Transition phase → Cristobalite  (2)

Figure 1: The phase diagram of silica [2].

The mechanism of the transformation from quartz to cristobalite 
is not fully known [7]. Even if cristobalite is thermodynamically 
possible at 1000 °C, there could exist a finite amount of cristobalite 
in regions with high surface energy such as defects, impurities, and 
cracks below this temperature. The formation of such regions will 
depend on the nucleation mechanism of cristobalite in pure silica 
[7]. Several researchers have investigated this mechanism, and 
some of the theories are summarized below:

a) Marian and Hobbs [9] suggested that for the quartz to 
cristobalite transformation to happen, a third of all the bonds 
in quartz had to be broken before cristobalite could form. 
Nucleation point would be created throughout the sample, and 
the transformation would therefore be slow in the beginning

b) Wiik [14] also suggested that the transformation would happen 
throughout the sample instead of the surface. His explanation 
was that since intermediate amorphous phase and cristobalite 
had lower density than quartz, they would cause the sample 
to crack and therefore initiate transformation throughout the 
sample.

c) Mitra [15] suggested that the transformation from quartz to 
an intermediate phase is phase boundary controlled, while the 
transformation from an intermediate phase to cristobalite is 
controlled by the concentration of the intermediate phase

d) According to Breneman et al. [16] the formation of cristobalite 
is favored at surfaces. He investigated sintered silica glass 

and found that when the material became denser at higher 
temperatures, the crystallization rate might not be directly 
comparable to crystallization rates at lower temperatures.

e) Wagstaff [17] claims that cristobalite heterogeneously 
nucleates and grows internally in vitreous silica.

The kinetic of the phase transformation from quartz to 
cristobalite will differ from one quartz type to another and take 
time since the transformation is sluggish and could be hindered 
[6]. Yet, there are studies identifying certain properties, which 
can affect the kinetics for the cristobalite formation. A study by 
Lakshtanov et al. [7] from 2006 confirmed what was suggested 
by Sosman [18] in 1965 and Wahl et al. [5] in 1961, that larger 
crystal size and higher grade of crystallinity, little or no defects 
or impurities in the crystal structure, would slow down the 
transformation to cristobalite. This would also be the case for any 
other reconstructive phase transformation in quartz. Wahl et al. [5] 
also studied the effect of crystallinity on the starting temperature 
of cristobalite formation. They found a positive correlation between 
the degree of perfect crystallinity, i.e. lack of amorphous phase, and 
the starting temperature for cristobalite formation. For the more 
perfect crystal structured quartz, cristobalite was not observed 
before 1200 °C. For silica gel (amorphous), cristobalite was 
observed already at 900 °C. The study suggested that the formation 
temperature for cristobalite should not be considered as a fixed 
value, but as a function of the degree of crystallinity of the sample. 
Schneider et al. [12] also suggested that a smaller grain size in the 
samples and lower crystallinity would have an accelerating effect 
on the transformation to cristobalite. Impurities also seems to have 
an effect on the phase transformation. Chaklader [19] investigated 
the effect of Al2O3, which speeds up the transformation, but only 
up to 0.44 % added Al2O3. Further addition would slow down the 
transformation again. The mechanism is not straight forward, 
but Chaklader proposed a twostep transformation. First, the 
catalyst would nucleate on the quartz grain. Further, a diffusion 
layer produced by the penetrating catalyst would propagate. The 
formation of a transition phase was also affected by the Al2O3 
catalyst. A critical limit for Al2O3 were observed also here. A study 
by Brown et al. [20] also stated that the formation of cristobalite 
from SiO2 glass (amorphous) would increase with increasing Al2O3 
content. Up to a certain amount of Al3+ the growth rate would 
increase rapidly before flattening out, shown in Figure 2. This is in 
agreement with Chaklader [19]. Alkali and alkali earth impurities 
has also been shown to increase the nucleation and growth of the 
cristobalite phase [12].

Another aspect that could influence the kinetics of the phase 
transformation from quartz to cristobalite is the particle size. 
This has been investigated by Dapiaggi et al. [21,22]. They both 
investigated the kinetics in the phase transformation from quartz 
powder. Pagliari et al. [22] reported that fine powder would 
more easily transform to cristobalite, but when a certain size was 
reached the effects were diminishing. This limit was 15.78µm. 
Dapiaggi et al. [21] reported that no clear trend was observed for 
the transformation kinetics due to particle size. Kjelstadli [11] 
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investigated particles of much larger size than [21,22]. Lumps 
from 10g to 200g of one quartz type were heated in a rapid heating 
furnace, and the phases measured with X-ray diffraction. The 
samples were heated to 1600 °C with various amount of holding 
time. The result can be seen in Figure 3. The figure shows no clear 
trend in the amount of phases as a function of sample size. This 
indicates that the mechanism for the transformation is nucleation, 
and hence not dependent on the sample size. This is in agreement 
with [9,14,17] which also argued for a nucleation mechanism 
throughout the sample. A study by Chaklader [23] assumed a first 
order reaction for the transformation from quartz to cristobalite 
via an amorphous intermediate state, with k1 and k2 being the 
rate constants for respectively the transformation from quartz to 
amorphous phase, and from amorphous phase to cristobalite. He 
found the k1 and k2 at 1560 °C to be 2.20×10-5s-1 and 4.88×10-5s-

1 respectively. Based on other studies [15], it is likely to assume 
that different quartz types have different rate constants. The 
amount of phases and the model of the amount of amorphous 
transition phase made by Chaklader [23] can be seen in Figure 4. 
A good fit with the experimental results can be seen, confirming 
the first order reaction assumption for the phase transformation 

from quartz to amorphous phase. The phase transformation from 
quartz to cristobalite is suspected to affect the furnace operation 
in several ways. According to Aasly [2], the transformation causes 
fracturing of the quartz and a volume expansion. This could cause 
an increase in the fine material in a furnace (< 10mm), which again 
will cause a decrease in the permeability and flow of raw materials 
and gases. Low permeability is not beneficial because a pressure 
could build up in the charge and create small outbursts of gas or 
channeling. Experiments by Edfelt [24] showed that fines from 
0.23-4.76 caused the greatest pressure to drop in a furnace. The 
different silica phases could also affect the rate of the chemical 
reactions happening inside the furnace. According to Wiik [14], the 
reaction rate between SiC and SiO2 were twice as high if cristobalite 
was used instead of quartz as the silica source. On the other hand, 
Tangstad et al. [25] & Folstad [26] did not find any difference in the 
reaction rate between SiC and SiO2 with the use of different silica 
polymorphs. One cannot rule of the possibility that different silica 
polymorphs affect the reaction rates in the furnace, and hence the 
furnace performance. It is therefore important to investigate he 
ability to transform to other silica polymorphs for different quartz 
types used for silicon and ferrosilicon production.

Figure 2: Growth rate of cristobalite layer from SiO2 glass samples as a function of Al3+ content in the silica 
sample. The figure is reprinted from Brown et al. [20].
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Figure 3: Amount of phases for samples from 10g to 200g heated to 1600 °C for various amount of time. The is 
based in results from Kjelstadli [11].

Figure 4: The amount of phases of a Brazilian quartz type fired to 1560 °C for various amount of time. The dotted 
line for the transition phase is the modelled amount of this phase [23].

Material Specifications

Four quartz types were used in this study. They have different 
geological origin, appearance, and impurity content. All the quartz 
types are supplied by Elkem and anonymized.

a) Type A is a gravel quartz originating from a hydrothermal 
metamorphic vein. The source has two geological domains. Domain 
one, which is dominating (50%), has medium to coarse grains, up to 
cm scale. The second domain has grains which are 10-200µm thick 
and a few mm long. The grains in this domain are stretched and 
deformed. In between the deformed grains, layers of recrystallized 
grains are found. Fluid inclusion occur along healed cracks and 
sometimes along very small arrays transversal to the main foliation. 
The amount of fluid inclusions and cracks are low [27].

b) Type F is from a hydrothermal quartz vein. The quartz 
deposit is very complex. Investigations has found that the quartz 
type consists of large, deformed grains, around 1cm and up to 3cm. 
The samples contain some fluid inclusion and recrystallized quartz, 
which has a smaller grain size, 70-130µm. There are 3 generations 
identified in this quartz. They are white, grey, and dark quartz. 
White quartz is the most common type and shows the highest 
concentration of trace elements. The white quartz contain healed 
fractures with fluid inclusions oriented in the same direction [28].

c) Type G is a gravel quartz, where erosion of surrounding 
mountains has deposited the quartz in alluvial fans and fluvial 
deposits. The individual lumps have rounded edges from interaction 
with other material during water transportation and deposition. 
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The color is white, and there are some visual differences in the 
lumps. Some lumps are quite large, and some has some impurities 
making brown marks. A throughout study of the quartz types has 
revealed 3 different regimes in the samples, based on the grade 
of deformation. Regime one is the least deformed and has the 
largest amount of fluid inclusions and trails after fluid inclusions. 
The grain size in regime 1 is a few cm. In regime two, the quartz 
is partly recrystallized and has very varied grain size, from µm to 
cm. Recrystallized grains appear strain-free. Regime two has fewer 
fluid inclusions than regime one. Regime three shows dynamic 
recrystallization and a larger fraction of the grains appears strain-
free. Fluid inclusions are sparse compared to regime one and two. 
It is roughly estimated that 74 % of the deposit is regime one, while 

22 % is regime two and 4 % is regime three [29].

d) Type D is a meta-sandstone and is mined by drilling and 
blasting operations. It is the quartz type in this study with the 
highest impurity level. The quartz has a red color and appears 
homogeneous. Microscopic investigations have shown that this 
type has a significant amount of pores. Minerals are often occurring 
in these pores. The grains found in this type are small, typically 
0.2-1mm [2,30]. The chemical compositions of the quartz types are 
given in Table 1. The method used is ICP-OES and performed by a 
collaborating company. In the right column, the amount of alkali 
and alkali earth elements are summarized. It is assumed that the 
rest of the samples are SiO2.

Experimental Procedure

In this study four quartz types used for producing Si and 
FeSi were heated in a Nabertherm LHT 04/08 rapid heating 
furnace to 1600 °C and 1700 °C, one at a time. The heating rate 
was approximately 50 °C/min, and the holding time at maximum 
temperature was varied from 0 to 120 minutes. At the end of the 
holding time, the sample was taken out of the furnace and left to 
cool on a brick in room temperature. The temperature control of the 
furnace used, was tested several times with a type B thermocouple 
to check if the furnace was following the planned heating. During 
some experiments, the temperature was also measured with the 
extra thermocouple. In (Figure 5) the heating rates can be seen. 
During the time period for the experiments, the furnace had to be 
relined. After the relining, the temperature increases faster up to 
the set temperature. After cooling, the samples were milled with 
a tungsten carbide planetary disk mill to obtain a powder. Each 
sample were milled for 10 or 20 seconds at 700rpm. Drying of 

the powders at 250 °C overnight was necessary to remove any 
moisture. The samples were sealed when the temperature was still 
above 100 °C to minimize any moisture reacting with the powder 
again. To measure any amount of amorphous material, the internal 
standard method was used, described by Madsen et al. [31]. A 
crystalline standard, corundum (α-Al2O3), was added in an exact 
known amount to an exact known amount of the silica powder. 
The ratio of silica and spike were 4:1. In that way it was possibly 
to calculate the exact amount of quartz, corundum and cristobalite 
in the samples (and possibly other crystalline components) after 
XRD measurements. The remaining material were amorphous 
silica. The sample and the Al2O3 powder were thoroughly mixed, 
and backloading samples prepared for the XRD investigation. Three 
parallels were taken from each sample to check for consistency and 
repeatability of the XRD measurements. A Bruker D8 Focus powder 
diffractometer was used to analyze the samples, and Topas V5 
software was used calculate the amount of quartz, cristobalite and 
amorphous silica afterwards.

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 were ppm is stated.

Quartz 
Type Al Fe Ti (ppm) Ca Na K Mg Mn (ppm) P (ppm) Alkali and 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 0.0110

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

Figure 5: Temperature measured during experiments and in between experiments with an external thermo 
couple. The heating profile of the furnace is stable with only minor variations.
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To check if the milling procedure could create any amorphous 
material, and to ensure that the samples initially were 100 % quartz, 
unheated samples were tested. First, a sample of type A were milled 
for 10s and 60s to see if 60s milling would cause more transformed 
quartz, i.e. amorphous phase or cristobalite. This was not the case. 
Both the 10s and 60s were analyzed with XRD and contained 100 % 
quartz. This is agreement with similar tests done by Ringdalen et al. 
[32] on other quartz types. Then samples from all the quartz types 
were milled for 10s and analyzed with XRD. These experiments 

showed that the samples did contain some amorphous material 
to start with, like seen in Figure 6. For some tests, the samples 
contained up to 20 % amorphous material to start with. This is in 
disagreement with earlier investigation with Ringdalen et al. [32]. 
For some samples, several parallels were done to confirm the result. 
The results show that the method gives a variation in the results, 
and therefore the method is not accurate below 10 %. The method 
is still reliable for detecting large variations and overall trends.

Figure 6: The amount of phases in unheated quartz. The numbers indicated parallels of the same type tested.

Results and Discussion

Figure 7: Sample A11 heated to 1700 °C and held for 60 minutes, sample D heated to 1600 °C and held for 45 
minutes, sample F heated to 1600 °C and held for 120 minutes, sample G3 heated to 1700 °C with no holding 
time. Pictures of the sample before and after heating of the sample can be seen. All the samples are around 10 
g and 2-3cm large.

Four different industrial quartz types were heated in a 
Nabertherm rapid heating furnace to 1600 °C and 1700 °C. The 
samples were held at maximum temperature for a varying amount 
of time. The concentration of different phases was then measured 
with XRD. The following figures shows an example from each 

quartz type before and after heating. As can be seen in (Figure 7), 
there are large visual differences from unheated and heated quartz. 
Type A typically had a whiter appearance and were not crumbled 
during heating. Quartz type F did typically crumble during heating 
and were partly disintegrated. The appearance after heating was 
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white as for type A. When considering the strength and tendency 
to crumble, type G where somewhere in the middle of type A and 
F. Type G also had a white appearance. The last type tested, type D 
did not show a white appearance after heating, but a more greyish 
appearance. This type had the largest impurity content of all the 
types tested. It also had a more red/brown appearance before 
heating, unlike the other types. A general trend is seen for all the 
samples. The amount of quartz is decreasing, and the amount of 
cristobalite is increasing. More variation is seen for the amount of 
amorphous phase, but there is still the same trend: it is decreasing 
as the holding time approaches 2 hours. Despite the same general 
trends there are large differences in the phase composition 
between the different quartz types. Type A, in (Figures 8 & 9), had 
transformed the least to amorphous phase and cristobalite for all 

holding times at 1600 °C. Two hours were necessary for 95 % of 
the quartz to transform for 10g sample. For type F, in Figure 10, the 
case is the opposite. Here, 95 % of the quartz had transformed just 
by heating the sample to 1600 °C and hold for 0 minutes for 10g 
sample. The amount of amorphous phase is lower for type F than 
for type A. Type D and G also transformed very rapidly, but slower 
than type F. Quartz type D had the largest amount of amorphous 
phase, which can imply that the reaction from amorphous phase to 
cristobalite is slower for this sample compared to the others. For 
sample G, the amount of phases are not consistent with the general 
trend. One explanation of this could be that the geological origin of 
quartz type G is very heterogeneous with large variations between 
one lump and another. This would give divergent results when 
testing only a few lumps from a large deposit.

Figure 8: The amount of phases of quartz type A after heating to 1600 °C and 1700 °C for sample size 10g and 
100g. The dotted lines are the modeled amount of phases. Outliers are marked with a red circle.

Figure 9: The amount of phases of quartz type D after heating to 1600 °C and 1700 °C for sample size 10g. The 
dotted lines are the modeled amount of phases.
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Figure 10: The amount of phases of quartz type F after heating to 1600 °C and 1700 °C for sample size 10g and 
100g. The dotted lines are the modeled amount of phases.

Figure 11: The amount of phases of quartz type G after heating to 1600 °C and 1700 °C for sample size 10g and 
100g. The dotted lines are the modeled amount of phases. Outliers are marked with a red circle.
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If the amount of transformed quartz for the 10g particles 
heated to 1600 °C for all the four quartz types are considered, 
the increasing order of ability to transform is type A-D-G-F, by 
looking at the remaining quartz when the maximum temperature is 
reached. This order is the main trend for the other temperature and 
the other holding times as well, with some exceptions. In (Figure 
8-11), the model and the experimental results are plotted for 1600 
°C and 1700 °C, and for 10g and 100g particles for type A, D, F 
and G respectively. Clear outliers are marked with a red circle. No 
consistent trend is seen between the samples size and the amount 
of phases. This is in agreement with the findings from Kjelstadli [11] 
and suggests that the transformation starts throughout the sample 
and not from the surface and inwards. If the latter was the case, one 
should have observed a size effect between samples with different 
size. The standard deviation in the XRD measurements is calculated 
for each experiment and shown as error bars on each measurement 
in the figures. They show that there are some variations in the XRD-
measurements for some samples, while the error is quite small for 
the majority of the samples. Based on the results obtained from the 
XRD measurements, the reaction rate has been modeled for the two-
step reaction in Equation 3 where k1 and k2 are the rate constant 
for the transformation from quartz to amorphous phase, and from 
amorphous phase to cristobalite, respectively. The modelling has 
been done for both 1600 °C and 1700 °C, and for 10g samples and 
for 100g samples separately.

                  1 2Quartzk Amorphousk Cristobalite 
   (3)

Assuming the reaction from quartz to cristobalite is a two-
step reaction following two first order reactions, also assumed 
by Chaklader [23], and considering the amorphous phase as an 
intermediate product that is a product of the first reaction and a 
reactant in the second reaction, the reaction rates can be described 
by equation 4 to 6. These express the change in concentration 
over a time interval t. By using a numerical model and using the 
expressions in equation 4 to 6, the concentration after a time Δt 
can be calculated. The expressions used can be seen in equation 
7 to 9. k1 and k2 are apparent rate constants for the reaction from 
quartz to amorphous, and amorphous to cristobalite, respectively. 
It is assumed that the k1 is independent of k2.

                                            

                                      
[ ]1

dQ
k Q

dt
= −

                    
(4)

                                      [ ] [ ]1 2
dA

k Q k A
dt

= −                     (5)

                                      
                                       [ ]2

dC
k A
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=                     (6)

                                    [ ] [ ] 11 nn n
Q Q k Q t

+
= − ∆               (7)

                            [ ] [ ] 1 1 21 n nn n
A A k Q t k A t++

= + ∆ − ∆    (8)
                                 [ ] [ ] [ ]100C Q A= − −

   
(9)

The most fitting k1 and k2 values, seen in Table 2, were found by 
minimizing the difference between the measured and the calculated 

values for the phase composition for each holding time measured. 
k1 and k2 are assumed to be dependent on the temperature as 
described by the Arrhenius relation in Equation 10, where k0 
is the pre exponential factor, E is the activation energy for the 
transformation, T is the temperature in K and R is the gas constant. 
The activation energy for the different types for the reaction from 
quartz to amorphous and amorphous to cristobalite is listed in 
Table 3. These are calculated from the plots in (Figure 12), where 
ln k is plotted as a function of 1/T for all the different samples sizes 
and quartz types used.

                                    

0

E
RTk k e
−

=

    
(10)

Table 2: k1 and k2 values for different quartz types, tem-
peratures, and sizes. The sum of the difference in mea-
sured and modelled squared value for each phase are also 
given in the table where xm is the modelled value, xe is the 
experimental value and n is the number of measurements 

used for the optimization.

Experiment 
Series

k1 [min-1] ∑(xm-xe)2/n k2 [min-1] ∑(xm-xe)2/n

A, 1600 °C, 10g 0.016 140 0.046 66

A, 1600 °C, 
100g 0.002 5 4.54×10-5 22

A, 1700 °C, 10g 0.13 6 0.003 51

A, 1700 °C, 
100g 0.153 0 0.004 66

D, 1600 °C, 10g 0.073 2 0.029 52

D, 1700 °C, 10g 0.159 0 4.54×10-5 15

F, 1600 °C, 10g 0.073 1 0.004 12

F, 1600 °C, 
100g 0.069 40 0.048 36

F, 1700 °C, 10g 0.033 46 0.098 1

F, 1700 °C, 
100g 0.363 0 0.138 7

G, 1600 °C, 10g 0.124 13 0.028 174

G, 1600 °C, 
100g 0.184 3 0.062 98

G, 1700 °C, 10g 0.187 0 0.039 1

G, 1700 °C, 
100g 0.091 0 0.082 4
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Table 3: Activation energy for the different quartz types and the reaction quartz to amorphous phase, Q→A, and amor-
phous phase to cristobalite, A→C. The negative activation energies are written in italic and are believed to be less reli-

able.

10g [kJ/mol] 100g [kJ/mol]

Type A
Q→A 642 1317

A→C -883 1337

Type D
Q→A 238

A→C -1983

Type F
Q→A -244 510

A→C 990 325

Type G
Q→A 126 -217

A→C 104 80

Figure 12: Plots comparing the different k1 and k2 values for different quartz types and sample sizes.

The k1 values for the quartz to amorphous phase transformation 
are given in Table 2 together with the sum of the squared difference 
between the modelled and experimental value for the amount of 
each phase. They are ranging from 0.002 to 0.184 for 1600 °C, and 
from 0.033 to 0.363 for 1700 °C as expected as the transformation 
speed is expected to increase with temperature. Compared to 
Chaklader’s [23] k1 value at 1560 °C (k1=0.001 min-1), the k1 values 
found in this study are in the same size range. The activation energy 
for the transformation from quartz to amorphous phase varies 
largely between the different quartz types. The activation energy 
lies between -244kJ/mol to 1317kJ/mol if both sample sizes are 
considered. However, if only the 10g samples are considered, type 
A has an activation energy of around 600kJ/mol, while type D and G 
have around 200kJ/mol and below. Type F had a negative activation 
energy for the 10g samples, while the 100g samples had an activation 
energy of around 500kJ/mol, which is more reliable. The negative 
activation energy could be due to unfitted experiments to measure 
it, as nearly all the measurement had a very small amount of quartz. 

Some of the values for the activation energy for the transformation 
from amorphous phase to cristobalite is negative. This means that 
the amorphous phase is more stable at high temperatures. It is 
speculated if this could be a sign of early melting i.e. completely 
amorphous phase. This has to be further investigated, and the 
k2 values are hence regarded to be less reliable. To estimate the 
variation and uncertainty in the method used for measuring the 
phase composition some experiments were performed up to three 
times to be able to see any variations in the samples and also the 
reliability of the method. This is seen in (Figures 8-11) as multiple 
measurements at the same time. In the experiments for type A, 10g, 
1700 °C for 0 minutes three experiments were performed. A clear 
outlier is observed for one of the measurements. This could be due 
to natural variations in the quartz. For the other samples there is a 
smaller variation. In some cases, it is not clear which experiments 
are outliers. The value which gave the best fit with the model is 
chosen in these cases. Despite variation within one set of parallels, 
the variation between the experiment sets are larger. That indicates 
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that the difference seen in phase composition between the quartz 
types tested in this study is due to parameters in different types 
of quartz. Also, the measurement method is sufficient precise to 
measure these differences. To check the effect of aluminum and 
alkali/alkali earth elements on the ability to transform from quartz, 
the amount of selected impurities and the remaining quartz after 
heating to 1600 °C and 0 minutes holding time is plotted in (Figures 
13 & 14). Schneider [12] reported that increasing alkali and alkali 
earth impurities would speed up the transformation. When looking 
at (Figure 13) the same trend can be seen to some extent. If type 
D is not considered, the amount of remaining quartz decreases 

with the amount of alkali and alkali earth impurities. This implies 
that a higher content of alkali and alkali earth impurities does 
speed up the transformation from quartz. For sample D it could be 
a different effect, such as grain size or degree of crystallinity, that 
influences the ability to transform more than in the other samples. 
This must be further investigated. Both Chaklader [19] & Brown 
et al. [20] suggested that Al3+ impurities would catalyze the phase 
transformations from quartz to cristobalite. The amount of Al in the 
different quartz types are plotted against the amount of remaining 
quartz in (Figure 14). No correlation is observed between the two 
parameters at this level of Al impurities.

Figure 13: The amount of quartz after heating to 1600 °C as a function of the alkali and alkali earth impurity 
content in the different quartz types A, D, F and G. The number in the parenthesis indicates different parallels. 
In the top right graph, the x- axis below 0.012 is enlarged to show the differences between type A, F and G more 
clearly.

Figure 14: The amount of quartz after heating to 1600 °C as a function of the Al content in the different quartz 
types A, D, F and G. The number in parenthesis indicates different parallels. In the top right graph, the x-axis 
below 0.011 is enlarged to show the differences between type A, F and G more clearly.
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Table 4: Grain size of the four different quartz types A, D, 

F and G.

Type F: coarse 
grains, cm scale, up 
to 3cm, and smaller 
recrystallized grains 

(few tens of μm)

Type G: coarse to 
medium grains, 

around 1cm, also 
recrystallized 
grains in µm 

scale

Type A: medium to 
coarse grains, up 

to cm, also smaller 
recrystallized in 

µm scale

Type 
D: fine 

grained, 
0.2-

1mm

→ Decreasing grain 
size

Based on the geological findings by [27-30]the grain size of the 
different quartz types can be listed with decreasing grain size order 
given in Table 4. The ability to transform in decreasing order F-G-
D-A, is not consistent with the decreasing grain size. If type D is not 
considered, a trend is seen for type A, F and G. Samples with larger 
grains have a higher ability to transform. This was the opposite 
of what was observed by [5,7,18]. Further and more thoroughly 
investigation of the grain size and the ability to transform must 
be done in order to conclude. It does not seem that one isolated 
property like grain size, alkali and alkali earth impurities or Al 
impurities in the quartz could explain the different ability to 
transform. Neither could the total impurity content presented in 
Table 1. Type A has the lowest impurity level and does transform 
the slowest, but type D has the highest impurity level but does not 
transform the fastest. If Wahl et al. [5] suggestion that the degree 
of crystallinity is affecting the ability to transform, one could argue 
that the more crystalline type with least impurities, least grain 
boundaries, least fluid inclusions, etc. all together would have the 
lowest ability to transform to amorphous silica and cristobalite. 
If lattice defects such as fluid inclusions, impurities, cracks, grain 
boundaries etc. serves as possible nucleation point for amorphous 
phase, a higher content of such will enhance phase transformation. 
This would also explain the lack of any size effect between 10g and 
100g. The nucleation of new phase would then happen throughout 
the sample and be independent of size. This theory fits with the 
quartz types tested in this investigation. Type A has the lowest 
impurity content and has a low content of fluid inclusions and cracks 
[27]. It does also have the lowest ability to transform to amorphous 
phase and cristobalite compared to type D, F and G. Type F, which 
had the highest ability to transform, has larger deformed grains 
which possibly could cause lattice defects in the samples. This is 
a lack of crystallinity and could therefore enhance the ability for 
amorphous phase and cristobalite to form. The impurity content 
of type F, is not very high, but higher than type A. Type F also has 
more fluid inclusions than type A. For type D and G, the differences 
are not so large in the phase composition, but type they also have 
higher impurity content than A. Type G has a high amount of fluid 
inclusions in some parts, while type D has more grain boundaries 
due to smaller grains [2,30]. It is difficult to quantitatively determine 
which quartz type has the highest crystallinity, one could only make 
qualitatively explanations based on the information presented in 
this study. To further investigate, one should qualitatively measure 
the amount of fluid inclusions, impurities, cracks, grain boundaries 
etc. to more certain see the relationship between these properties 

and the phase transformations in quartz.

Since the amount of amorphous phase and cristobalite could 
affect both the permeability in the furnace by increasing the 
volume of the silica raw material, and affect the rate in reactions 
involving SiO2, it is important to know the ability of a quartz to 
transform to amorphous phase and cristobalite, before it is used 
in industrial production. An unsuitable quartz type could cause 
disturbance in the furnace environment, which again would cause 
a lower product yield. This has both economic and environmental 
consequences. The CO2 produced per metal unit will be higher, and 
the cost of producing one metal unit will increase. To know the 
behavior of quartz (and also other raw materials) before they are 
used industrially is important to know beforehand, to have a more 
predictable furnace operation and production.

Conclusion
a. Different quartz types have different reaction rates. Some 

transform very easily to cristobalite while others take time. 
At 1600 °C and no holding time the amount of cristobalite is 
varying between 0 (type and 95 % (type F) for different quartz 
types.

b. In general, k1 is larger than k2, meaning that the transformation 
from quartz to amorphous state is faster than the 
transformation from amorphous phase to cristobalite

c. The k1 values for the experiments at 1600 °C vary from 
0.002min-1 to 0.184min-1. At 1700 °C, the k1 values varies from 
0.033min-1 to 0.363min-1.

d. The activation energy for the transformation from quartz 
to amorphous phase varies. Type A has an activation energy 
around 600kJ/mol, while type D and G have around and below 
200kJ/mol, if the 10g samples are considered at 1600 °C. 
For type F, the 100g samples are more reliable, and gives an 
activation energy of 500kJ/mol.

e. There is no clear size effect for 10g and 100g particles. This 
indicates that the transformations are happening throughout 
the sample at the same time and do not start at the outer 
surface.

f. There is a possible correlation between the amount of 
alkali and alkali earth impurities and the amount of quartz 
transformed. As the impurities increase so does the amount of 
transformed material.

g. There is no clear correlation between the Al content and the 
ability to transform.

h. The effect of grain size in the quartz is not clear and requires a 
deeper investigation.

i. It is suspected that lack of crystallinity such as impurities, 
fluid inclusions, cracks, grain boundaries etc. could serve as 
nucleation point throughout the samples for nucleation of 
amorphous phase.
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Method

a) The method is reliable and repeatable since the variations 
between the different types are larger than the variation 
within one type

b) Some quartz samples show large variations. The reason for 
this is most likely very heterogeneously deposits.

c) The model is a first approximation to estimating the reaction 
rates and activation energies for these quartz types.
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