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During isothermal sintering at 820∘C, the transformation mechanism of fluormica to fluoramphibole in powder compacts
of fluormica and soda-lime glass was investigated using differential thermal analysis, infrared reflection spectrometry, X-
ray diffraction, scanning electron microscopy, and so forth. Results show that an interaction between fluormica and glass
occurred during isothermal heating; O2−, Na+, and Ca2+ ions were diffused from glass to fluormica. This diffusion facilitates the
transformation of the sheet structures of fluormica crystals to double-chain structures by the breakage of bridge oxygen bonds in
the sheet. Subsequently, the broken two parallel double chains were rearranged by relative displacement along the 𝑐-axis direction
of the fluormica crystal and were linked by Na+ and Ca2+ ions to form fluoramphibole. A crystallography model of fluormica-
fluoramphibole transformation was established in this study.

1. Introduction

The world’s first fluoramphibole glass ceramic was prepared
by Beall by using a melting method [1]. He successfully
prepared potassium fluorrichterite by using a two-step heat
treatment based on K

2
O-MgO-Al

2
O
3
-SiO
2
-F fluormica glass

ceramic formulation with CaO, NaO, Li
2
O, BaO, and P

2
O
5
.

Results showed that the transition phase tetrasilicic fluormica
and diopside were first precipitated from the parent phase
glass and then a reaction occurred with the parent phase glass
and formed fluoramphibole during the high-temperature
crystallization process [2, 3].

The traditional production model of glass ceramics has
been a “one-to-one” process; that is, to obtain a desired glass
ceramic, a batch of parent glass with the specific components
should be melted [4–6]. The “one-to-multiple” preparation
model of glass ceramics by the direct reactive crystallization
of common soda-lime glass and the added crystal becomes a
new research method. We have proposed a novel route called
sintering-reactive crystallization to fabricate a series of differ-
ent types of glass ceramics by using the waste soda-lime glass
powder as the main raw material, adding different silicate

crystals into the glass powder, and sintering. Fluoramphibole
glass ceramics have wide applications in environmental pro-
tection buildingmaterials because they possess goodmachin-
ability [7, 8].This technique can be used for low-cost produc-
tion without melting glass with the specific components and
can significantly reduce sintering temperature and energy
consumption.

The effect of promoter components, additions, and sin-
tering temperatures on the crystallization, microstructures,
and mechanical properties of fluoramphibole glass ceramics
were studied in detail [9]. However, the mechanism to
transform fluormica crystals into fluoramphibole crystals is
rarely reported. The present study aims to establish a crystal-
lography model of the polysomatic transformation of silicate
crystals from fluormica to fluoramphibole.

2. Experimental

2.1. Preparation. Commercially available fluormica powder
(size of 130mesh) (Dashiqiao Chemical Plant, Liaoning,
China) was used.The chemical composition of this fluormica
was 6.33% K, 15.12% Mg, 5.01% Al, 19.69% Si, 43.48% O, and
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10.36% F by weight, close to the stoichiometric composition
of fluorphlogopite (KMg

3
AlSi
3
O
10
F
2
). The recycled window

glass was used as the base glass. Its composition was 71.3%
SiO
2
, 9.8% CaO, 13.3% Na

2
O, 4.3% MgO, 1.0% Al

2
O
3
, and

0.3% K
2
O by weight, and its size was 100mesh.

Two types of sample were prepared. (1)Mixed sample: the
fluormica crystal (35 wt%) and recycled glass (65wt%) pow-
der mixtures were ball-milled for 4 h. Thereafter, 3 drops of
6wt% PVA water solution was added as a binder. Finally, the
mixtures were pressed in a hardened steel die to create cylin-
drical compacts with 15mm diameter and 15mm thickness.
(2) Sandwich sample: in this sample, a thin fluormica powder
layer (thickness of about 1mm) was embedded within two
layers of glass powders.The sample was pressed in a hardened
steel die to create cylindrical compacts with 15mm diameter
and 15mm thickness. The compacts were presintered at
400∘C for 2 h to remove the binder and then sintered from
room temperature to 820∘C at different time durations to
obtain the final glass ceramics.

2.2. Characterization. The crystallization reaction tempera-
ture of the glass and fluormica powders was identified by
differential thermal analysis (DTA, STA449F3) at a heating
rate of 10 K/min.The crystalline-precipitated type of sintered
glass ceramics and the changes in the relative contents of
fluormica during isothermal process were characterized by
X-ray diffraction (XRD) (Rigaku DMAX-RB) with Cu K𝛼
radiation. The relative contents of fluormica were calculated
according to the equation 𝐼

𝑡
/𝐼
𝑜
[10], where 𝐼

𝑜
is the total

strength of the five strongest peaks in fluormica XRD (𝑑 =
0.960, 0.330, 0.290, 0.199, and 0.167 nm) before sintering
and 𝐼
𝑡
is the total strength of the above five strongest peaks

in fluormica XRD at a certain sintered time during the
isothermal process.

The changes in the chemical bonds of fluormica dur-
ing the isothermal process were characterized by infrared
reflection spectrometry (Nicolet-20DXB). The fractured sur-
faces of the sintered glass ceramics were coated with a
thin film of gold and were observed by scanning electron
microscopy (SEM) (JSM-6360LV). The fractured surfaces
of the sandwich sample were polished and etched using
20% HF water solution for 30 s, washed with deionized
water, and dried. The changes of element contents around
the glass and fluormica interface in the sandwich sam-
ple were characterized by energy dispersive spectrometer
(Oxford-INCA). The high-resolution transmission electron
microscopy (HRTEM), selected area electron diffraction, and
fast Fourier transform of the products were characterized by
a JEM-2100F operated at an accelerating voltage of 200 kV.

3. Results and Discussion

The DTA curve of mixed samples is shown in Figure 1. The
endothermic peak was observed at 600∘C, thus showing the
glass transition temperature. The smaller exothermic peak
was observed at 823∘C, which is attributed to the reaction
crystallization between the glass and fluormica.

Figure 2 shows the XRD patterns of samples isothermally
heated at 820∘C.Themain crystalline phase of the sample was
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Figure 1: DTA curve of mixed samples.
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Figure 2: XRD patterns of samples isothermally heated at 820∘C.

fluormica (JCPDS 16-0344) at room temperature (20∘C, not
sintered) and heated at 820∘C,where no new crystalline phase
formed. When isothermally heated at 820∘C for 10min, the
main crystalline phase was still fluormica, but the intensity
of the diffraction peak decreased. However, some diffraction
peaks disappeared. The weak peak of the fluoramphibole
(JCPDS 41-1429) appeared because of annealing. These new
fluoramphibole phases were the reactive crystallization prod-
ucts between fluormica crystals and glass powder during
the sintering process but only had few precipitation con-
tents. With increasing isothermal time, the diffraction peak
intensity of fluormica continued to decline. After isothermal
treatment for 4 h, the diffraction peaks of fluormica almost
completely disappeared and the main phase changed to
fluoramphibole.
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Figure 3: IR spectra of samples isothermally heated at 820∘C.

Table 1: Relative contents of fluormica in mixed samples isother-
mally heated at 820∘C.

Time 0 h 10min 0.5 h 1 h 2 h 4 h
Relative content/% 91.8 58.8 56.7 46.5 39.3 5.36

Table 1 shows the relative contents of fluormica in the
mixed samples isothermally heated at 820∘C. Few fluormica
started to decompose when the temperature increased to
820∘C. The fluormica decomposition rate increased with
increasing isothermal time. The decomposition of fluormica
was approximately 50% when the isothermal time was 1 h.
Fluormica was nearly completely decomposed after 4 h.

Figure 3 shows the IR spectra of the samples isothermally
heated at 820∘C at different time points. At 20∘C (before
sintering), the wide band is due to the stretching of Si-O-Si;
its maximum peak is at 1024.90 cm−1. The band at 640.72 and
3467.61 cm−1 indicates the presence of O-H bond. All of the
above peaks are characteristic peaks of fluormica.

The Si-O-Si bond weakened with increasing isothermal
treatment time.This bond also has low strengthwhen isother-
mally heated at 820∘C for 2 h.The Si-O-Si bondwas gradually
broken, and fluormica was continually decomposed during
the isothermal process.This result is consistentwith the above
measured results of XRD.

The crystalline microstructures of the glass ceramics
isothermally heated at 820∘C for different time points are
shown in Figure 4.Themicrostructures of the sample contain
the plate-like fluormica and glass phase when only heated at
820∘C (Figure 4(a)). After isothermal heating at 820∘C for
10min, the sample was not sintered, whereas most of the
glass particles were interconnected. The plate-like fluormica
crystals were dispersed in the glass particles (Figure 4(b)).

After isothermal heating for 0.5 h (Figure 4(c)), a closed
hole formed in the organization, and plate-like fluormica was
surrounded by a glassy matrix. Among them, a little fine aci-
cular fluoramphibole crystal was precipitated. After isother-
mal heating for 1 h, dense acicular fluoramphibole crystals

Table 2: Composition change of sandwich samples isothermally
heated at 820∘C and 900∘C (wt%).

Element
820∘C 900∘C

0h 2 h 0 h 2 h
𝑃
1

𝑃
2

𝑃
3

𝑃
4

𝑃
5

𝑃
6

O 29.44 19.74 35.80 52.93 39.36 45.65
Si 42.35 31.83 35.20 25.25 25.37 30.57
Na 8.34 2.27 4.38 7.15 3.50 8.18
Ca 9.00 3.04 5.69 7.70 1.96 4.39
F 1.35 11.36 4.40 1.01 10.36 6.22
Mg 5.41 21.01 10.20 1.34 10.97 2.06
Al 1.72 5.59 1.67 1.52 4.40 1.41
K 2.39 5.16 2.66 3.10 4.08 1.52
Total 100.00 100.00 100.00 100.00 100.00 100.00

appeared in closed pores; they were exerted from the edge of
the glassy matrix (Figure 4(d)). With increasing isothermal
timing, plate-like fluormica crystals completely disappeared
and the interlace of circular fluoramphibole crystals within
the pores further became rod-shaped (Figures 4(e) and 4(f)).

Figure 5 shows the microstructures of the interface in
sandwich samples isothermally heated at 820∘C for 0 (a) and
2 h (b) and at 900∘C for 0 (c) and 2 h (d).Theobvious interface
exists between the glass and fluormica when only heated at
820∘C (indicated by the arrow in Figure 5(a)). After being
isothermally heated at 820∘C for 2 h, the glass phase gradually
leaked into fluormica by viscous flow.Thereafter, the fluoram-
phibole crystals were precipitated at the interface of the glass
and fluormica, as shown by the arrows in Figure 5(b). Accord-
ing to the results of DTA and XRD, the above acicular crystal
was the reaction crystallization product between the glass
and fluormica. At 900∘C isothermal heating, the crystal was
precipitated to rod-like fluoramphibole crystals (Figure 5(c)).
After isothermal heating at 900∘C for 2 h, the fluoramphibole
crystals further increased in size and combined with the
glass matrix (Figure 5(d)). Figure 5 shows the sizes of the
rod-like crystals, and the amount of pores increased with
the increasing sintering temperature and isothermal heating
time.

Table 2 displays the composition change of microstruc-
tures near the interface isothermally heated at 820 and 900∘C
(for 𝑃

1
, 𝑃
2
, 𝑃
3
, 𝑃
4
, 𝑃
5
, and 𝑃

6
in Figure 5). The raw materials

showed that the glass does not contain any F elements and
fluormica does not contain Na and Ca elements. When only
heated to 820∘C (Figure 5(a)) or 900∘C (Figure 5(c)), a small
amount of F element was observed in the glassy side of
the interface (𝑃

1
, 𝑃
4
), whose content was 1.35% and 1.01%,

respectively. After isothermal heating for 2 h (𝑃
3
, 𝑃
6
), the

contents of the O, Si, Na, and Ca elements increased, whereas
those of F,Mg, Al, andK decreased.Therefore, these elements
were reciprocally diffused between the glass and fluormica.
The O2−, Si4+, Na+, and Ca2+ ions in the glass phase entered
the fluormica phase through diffusion. The F−, Mg2+, Al3+,
and K+ ions also entered into the glass phase through the
diffusion, and fluoramphibole crystals were subsequently
precipitated.
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Figure 4: Microstructures of glass ceramic samples isothermally heated at 820∘C with (a) 0 h, (b) 10min, (c) 0.5 h, (d) 1 h, (e) 2 h, and (f) 4 h.

The above conclusion can be further illustrated by the
SEM photographs of the sandwich samples after hydrofluoric
acid etching. When using hydrofluoric acid etching, many
pores formed in the glassy matrix because SiF

4
was formed

via a chemical reaction of SiO
2
and HF; in this case, almost

all rod-like fluoramphibole crystals were eluted (Figure 6(a),
right illustration shows the enlarged area of the left red circle).
The elution rod-like fluoramphibole crystals have smooth
surfaces, and the length is above 40 𝜇m (Figure 6(b)). This
observation further proved that the fluoramphibole crystals
were indirectly precipitated from the fluormica crystal and
formed by the interdiffusion between fluormica crystals and
glass powder.

The transmission electron microscope (TEM) and
HRTEM analyses were conducted on the glass part of

the sandwich sample at 820∘C isothermal heating for 2 h.
Precipitated crystal has a long rod-like shape (Figure 7(a)).
A good crystallinity crystal in the glassy matrix, which is a
single crystal, can also be observed. The measured 𝑑 value of
the precipitated crystal is 0.267 nm (Figure 7(b)).

According to the XRD results, the 𝑑 value of the crystal
plane (151) with the strongest diffraction peak of the fluo-
ramphibole crystals is 0.269 nm (JCPDS 41-1429). These two
results obtained from XRD and HRTEM analyses are consis-
tent with each other; they show that the precipitated crystal is
a fluoramphibole crystal. Based on the experimental results,
crystallization reaction occurred between the components
of recycled glass powder and fluormica and subsequently
formed the fluoramphibole crystals. This reaction can be
written in the form of a chemical equation as follows:

KMg
3

AlSi
3
O
10
F
2
+ CaO +Na

2
O + 5SiO

2
→ KNa

2
CaAlMg

3

Si
8
O
22
F
2

(1)
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Figure 8: Schematic of transformation from fluormica to fluoramphibole. (a) The sheet and double-chain structures in fluormica and
fluoramphibole. (b) Crystallography model of fluormica-fluoramphibole transformation.
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A crystallographic model of fluormica–fluoramphibole
transformation can be established. The fluormica crystal has
a layered structure, and the silicon oxygen tetrahedrons
are connected with one another through the bridge oxygen
bonds, which form 2D plane network of Si-O tetrahedron;
its lattice constants are 𝑎

𝑚
= 0.531 nm, 𝑏

𝑚
= 0.919 nm, and

𝑐
𝑚
= 1.014 nm. The fluoramphibole crystals have a double-

chain structure; each fluoramphibole crystal cell has two rows
of parallel double strands, but the two lines of double strands
are not in the same plane. Double chain establishes connec-
tion through sodium and calcium ions [11, 12]. The lattice
constants of the fluoramphibole crystals are 𝑎

𝑎
= 0.982 nm,

𝑏
𝑎
= 1.792 nm, and 𝑐

𝑎
= 0.529 nm; 𝑎

𝑚
≈ 𝑐
𝑎
, 2𝑏
𝑚
≈ 𝑏
𝑎
, and

𝑐
𝑚
≈ 𝑎
𝑎
(Figure 8(a)).

In the isothermal process at 820∘C, the O2−, Na+, and
Ca2+ ions diffuse into the fluormica crystals.The results indi-
cated that the mean silicon-bridge oxygen (Si-O-Si) in the
plane network of Si-O tetrahedron was disconnected along
the 𝑎-axis with the increase of oxygen contents [13, 14]. Thus,
fluormica will decompose and finally transform to a double-
chain structure (Table 1, Figure 3, and Table 2). Two rows
of disconnected double strands along the 𝑐-axis direction of
the fluormica crystals occurred at a relative displacement 1/4c
and transformed into two rows of parallel double chain in
fluoramphibole crystals [15]. The double-chain displacement
was reconnected by the Na+ and Ca2+ ions to form the ion
bonds through diffusion into the fluormica crystals; subse-
quently, fluoramphibole crystals were formed.

Hence, the 𝑐-axis direction of fluormica crystals was
transformed into the 𝑎-axis direction of fluoramphibole crys-
tals, and the 𝑎-axis direction of fluormica crystals has been
transformed into the 𝑐-axis direction of fluoramphibole crys-
tals. Nevertheless, the lattice constant and 𝑏-axis direction of
fluormica crystals were unchanged. However, one fluoram-
phibole crystal cell along 𝑏-axis direction was transformed
from two juxtaposition fluormica crystal cells. Therefore, the
fluoramphibole crystal lattice constant 𝑏

𝑎
is twice of the 𝑏

𝑚
of

fluormica (Figure 8(b)).

4. Conclusions

(1) In the isothermal sintering process, fluormica crystals
do not directly change into fluoramphibole crystals.
First, these crystals are decomposed and precipitated;
O2−, Na+, andCa2+ ions diffuse from the glass into the
fluormica crystals. The increase of oxygen contents
causes the disconnection of the oxygen bridge bond
along the 𝑎-axis from the plane network; conse-
quently, the layered structure changes into a double-
chain structure, and fluormica decomposition occurs.

(2) Two rows of disconnected double strands along the 𝑐-
axis direction of the fluormica crystals occur at a rela-
tive displacement of 1/4c and transform into two rows
of parallel double chain in the fluoramphibole crys-
tals. The double-chain displacement is reconnected
by the Na+ and Ca2+ ions to form bonds through
diffusion into the fluormica crystals; subsequently,
fluoramphibole crystals are formed.
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