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Abstract: CaO-Al,0;-SiO, (CAS) glass-ceramics were prepared via a melting method using naturally cooled yellow phosphorus furnace
slag as the main raw material. The effects of the addition of Fe,O; on the crystallization behavior and properties of the prepared
glass-ceramics were studied by differential thermal analysis, X-ray diffraction, and scanning electron microscopy. The crystallization activa-
tion energy was calculated using the modified Johnson—-Mehl-Avrami equation. The results show that the intrinsic nucleating agent in the
yellow phosphorus furnace slag could effectively promote the crystallization of CAS. The crystallization activation energy first increased and
then decreased with increasing amount of added Fe,Os5. At 4wt% of added Fe,O;, the crystallization activation energy reached a maximum
of 676.374 kJ-mol'. The type of the main crystalline phase did not change with the amount of added Fe,O;. The primary and secondary

crystalline phases were identified as wollastonite (CaSiOs) and hedenbergite (CaFe(Si,0g)), respectively.
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1. Introduction

Yellow phosphorus furnace slag is a solid byproduct
generated during the production of phosphorus. Phosphorus
can be produced from natural phosphorus ore via either the
electric furnace or the blast furnace process, and different
heating methods and raw materials can be used. In both
processes, silica is added as a flux and coke as a reducing
agent before the ore is heated to 1350-1400°C, where the
phosphorus evaporates. The phosphorus is then obtained
through condensation in a refining system. According to the
cooling method, the yellow phosphorus furnace slag can be
divided into water-quenched slag and the naturally cooled
state of yellow phosphorus furnace slag. In the water
quenching process, the molten yellow phosphorus furnace
slag is rapidly cooled from a high temperature to room tem-
perature using water. In this case, the cooling time is suffi-
ciently short to prevent a new phase from forming in the in-
ternal slag. By contrast, in case of the natural cooling treat-
ment, the molten furnace slag is allowed to cool in air. Here
the cooling rate is low and a new phase can form in the inte-
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rior of the slag.

In recent years, several groups have studied the utiliza-
tion of phosphorus furnace slag, e.g., for the preparation of
silica [1], ceramic materials [2], agricultural calcium ferti-
lizer [3], glass materials [4], and glass-ceramics [5]. Using
phosphorus furnace slag for the production of high val-
ue-added glass-ceramics appears to be a particularly effec-
tive method to ensure a more comprehensive utilization.

Glass-ceramics are fine-grained polycrystalline materials
synthesized by carefully controlling both the composition of
the slag [6] and the heat-treatment conditions [7]. These
materials are inexpensive and exhibit low water absorption,
high acid resistance, and excellent mechanical properties.
The major constituents of yellow phosphorus furnace slag
are CaO and SiO,; however, the slag also contains numerous
oxides, such as AL,O;, TiO,, Fe,0;, P,0Os, MgO, K,0, and
Na,O. Depending on the composition of the yellow phos-
phorus furnace slag, it might be suitable as a new raw mate-
rial for the preparation of glass-ceramics. Various metal-
lurgical slags, including blast furnace slag [8-10], copper
slag [6,11], ferrous tailing slag [12], and sludge [13], have
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been studied for the preparation of glass-ceramics. Recent
studies have shown that TiO,, Fe,0;, Cr,0s, and CaF, [14—-16]
are effective crystallization agents. For instance, Alizadeh
et al. [17] introduced Fe,O; as an effective nucleating agent
into the MgO-CaO-SiO, P,0s system. They noted that
the addition of 5.0wt% Fe,O; to the glass resulted in a high
relative density and good mechanical strength of the pre-
pared glass-ceramic material. Wang [18] found that the ad-
dition of a certain amount of iron oxide (approximately
4.2wt%) into the MgO-ALO;-SiO, glass-ceramic system
was beneficial to the crystallization process. Wang et al. [19]
reported that the iron-rich system exhibited lower melting,
glass-transition, and glass-crystallization temperatures. Yang
et al. [20] investigated the effect of Fe*" and Fe*" ions on the
Ca0-AL05-Si10,-MgO
glass-ceramics, and their results indicated that the addition

crystallization  behavior  of
of Fe*" decreased the crystallization temperature, whereas
the addition of Fe*" ions as the nucleating agent improved
the crystallization behavior. Thus, a survey of the related lit-
erature suggests that most researchers have focused on the
sintering process of the glass-ceramics and the effect of
Fe,05 as a nucleating agent on the crystallization of slag or
fly ash. By contrast, a melting process has thus far not been
used to produce glass-ceramics prepared from naturally
cooled yellow phosphorus furnace slag, and the effect of the
Fe,0O5 nucleating agent in the slag on the crystallization
process is not clear.

Therefore, the aim of this work was to investigate the ef-
fect of the addition of an extra amount of Fe,O; as the nu-
cleating agent on the crystallization behavior of the
Ca0O-AlL,05-Si0O, (CAS) glass-ceramic system and to de-
velop sufficient theoretical understanding to enable selection
of an appropriate nucleating agent for glass-ceramics pre-
pared from a naturally cooled yellow phosphorus furnace
slag. Furthermore, the effects of the addition of Fe,O; as a
nucleating agent on the crystallization kinetics, phase com-
position, and properties of the prepared CAS glass-ceramics
were investigated in this study.

2. Experimental

The naturally cooled yellow phosphorus furnace slag
(from Yunnan Province, China) was ground and sieved to
the number of 180 meshes. The slag was dried at 105°C for
24 h, and then mixed with SiO,, ALO;, and Fe,O;. The
powder mixture was heated at 1350°C for 2 h in an electric
furnace. To minimize internal stress, the as-cast and the
treated samples of the parent glass were first annealed at
600°C for 2 h and then naturally cooled to room temperature.
Table 1 shows the chemical composition of the naturally
cooled yellow phosphorus furnace slag, as analyzed by
X-ray fluorescence (XRF) spectrometry. As shown in Table
1, the main components of the yellow phosphorus furnace
slag were CaO and SiO,.

Table 1. Composition of naturally cooled yellow phosphorus furnace slag from a chemical phosphorus plant in Yunnan Province,
China wt%
CaO SiO, AlO4 MgO P,O; F Fe,04 Na,O K,0 Others

47.98 30.45 2.89 535 3.79 293 0.059 0.21 0.37 5.971
The phase composition of the slag was investigated by
X-ray diffraction (XRD, D/max-2200) using Cu K, radia- ;:gzélél)%
tion. The patterns were recorded over the 26 range from 10° 3—CaSio,
to 80° at a scanning rate of 0.02 min"', and the g %
diffractometer was operated at 36 kV and 30 mA. The main >
crystal phases of the naturally cooled yellow phosphorus g
furnace slag were confirmed using the Jade 5.0 software. = 3
Fig. 1 shows that gehlenite (Ca,Al,SiO;, JCPDF No. 23% 2 % % % %
35-0755), fluorapatite (Cas(PO,);, JCPDF No. 15-0876)), 5 1%’ \M %132 11 P
and wollastonite (CaSiOs;, JCPDF No. 02-0506) were the .

main crystalline phases of the samples. To investigate the
influence of the addition of Fe,O; as a nucleation agent, the
as-received Fe,O; was added to the naturally cooled yellow
phosphorus furnace slag. Table 2 shows the composition of
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Fig. 1. XRD pattern of the naturally cooled yellow phospho-
rus furnace slag.
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the CAS glass-ceramic. ZL represents the sample in which
no as-received Fe,O; was added into the naturally cooled
yellow phosphorus furnace slag. ZLFe2 represents the sam-
ple in which 2wt% Fe,O; was added into sample ZL, ZLFe4
represents the sample in which 4wt% Fe,O; was added, and
ZLFe6 represents the sample in which 6wt% Fe,O; was
added.

Table 2. Composition of the CAS glass-ceramic ~ wt%
Sample Slag SiO, AlLOs
ZL 63.4 33.8 2.8

Differential thermal analysis (DTA) was performed on a
differential thermal analyzer (SHIMADZU DTG-60H) at
different heating rates ranging from 5 to 20°C-min " to study
the thermal behavior of the CAS glass. An empty crucible
was used as reference. The phase composition of the pre-
pared glass-ceramics were again investigated by XRD in the
26 range from 5° to 90° at a scanning rate of 3°-min .
Scanning electron microscopy (SEM, VEGA3) was used to
observe the microstructure of the prepared glass-ceramic
samples after they were etched for 30 s in 1.5vol% HF and
then dried at 105°C. The acid resistance was evaluated by
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the mass loss percentage: (mo— m;)/my*100%, where m
and m; were the mass of the samples before and after cor-
rosion, respectively. The bulk density was determined us-
ing the Archimedes principle. The water absorption and
acid and alkaline resistance of the samples were analyzed
according to the JC/T872—2000 building material indus-
try standard.

3. Results and discussion
3.1. Kinetics analysis

A certain amount of energy was required for the glass to
overcome the phase and structure unit rearrangement barrier
to transform into a crystalline structure during the crystalli-
zation process, i.e., the activation energy for crystallization.
To investigate the crystallization kinetics, the values of the
activation energy (E), the frequency factor (v), and the crys-
tallization rate constant (k) were calculated for the different
non-isothermal methods. These parameters can provide an
important theoretical basis for estimating the crystallization
activation energy.

Fig. 2 shows the DTA curves obtained for the different
samples at different heating rates, i.e., 5, 10, and 15°C-min"".
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Fig. 2. DTA curves of the CAS glass-ceramic system: (a) ZL; (b) ZLFe2; (¢) ZLFe4; (d) ZLFe6.
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These DTA curves indicate that the local maximum associ-
ated with the crystallization temperature (7,,) shifted to a
higher value as the heating rate was increased. The activa-
tion energy for crystallization of the parent glass samples
was estimated from the DTA curves. The modified John-
son—-Mehl-Avrami (JMA) equation [21-22] was used to de-
scribe the glass crystallization ability according to the DTA
data:

x =1-exp[-(kn)"],
where x is the transformed phase volume fraction, # is the
crystal growth index, and & is the crystallization rate con-

stant. The crystallization rate constant & is calculated
through the Arrhenius equation:

E
k=v-exp| ——— |,
p( RT)

where R is the gas constant and 7' is the absolute temperature.

According to Kissinger [23—-24], E can be obtained as
T} E E

In 2= + In —

B RT, Rv

where £ is the heating rate.

According to the results presented in Table 3, the crystal-

>

lization activation energy of the CAS glass-ceramic system
increased with increasing amount of added Fe,O;. When the
amount of added Fe,O; reached 6wt%, the crystallization
activation energy decreased. A decrease in the general E
value was preferred to enhance the crystallization of the
glass.

Table 3. Kinetic parameters of CAS glass-ceramics contain-
ing Fe,O; nucleating agent

Sample Activation energy, Frequency Crystallization
P E / (kJ-mol™) factor, v rate constant, k
ZL 516.5961 3.19 x 10! 3.03 x 10!
ZLFe2 661.8502 7.62 x 107 3.99 x 107
ZLFe4 676.3740 1.39 x 10% 1.30 x 10%
ZLFe6 391.6751 9.94 x 10 9.57 x 10

2

T
Fig. 3 shows plots of hl?? vs. TL’ illustrating the

p
variation of the crystallization activation energy with the

amount of Fe,O; added as a nucleation agent. The crystalli-
zation activation energy first increased and then decreased
with increasing amount of added Fe,O;. At 4wt%, the crys-
tallization activation energy reached a maximum of
676.3740 kJ mol . This behavior is explained as follows.
The Fe’* ions cause a lattice distortion and increase the en-
ergy of the crystal form, thereby increasing the crystalliza-

tion activation energy [25-26]. However, the Fe®" ions also
form [FeOy] tetrahedra to replace the Si*" tetrahedra, thereby
repairing the network structure and increasing the viscos-
ity of the glass, which, in turn, reduces the reaction rate
of the Fe’" ions during the crystallization process. Con-
sequentially the crystallization ability and the heat release
of the crystalline samples gradually decreased [27].
However, the large number of iron ions in the parent
glass can promote glass phase separation and also pro-
vide the driving force for the glass core to promote the
glass crystallization inside [28].
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Fig. 3. Diagram of ]n% VvS. T for CAS system glass-
p
ceramics.
3.2. Phase analysis

According to the comprehensive XRD profiles, the addi-
tion of Fe,O5 as a nucleating agent also substantially affect-
ed the internal structure of the prepared CAS glass-ceramics.
Prior to the XRD analysis, the glass specimens were heated
at 790°C for 2 h and then at 1080°C for 1.5 h to obtain the
microcrystalline glass. The glass-ceramic powder was
ground in an agate mortar. The powder was then analyzed
by XRD to determine the phase composition; the results are
shown in Fig. 4.

The main crystal phase of each sample was identified by
XRD. Fig. 4 shows that all samples mainly consist of wol-
lastonite (CaSiO;) and hedenbergite (CaFe(SiyOg)). The
amount of added Fe,O; was found to weakly influence the
phase composition of the CAS system. The peak intensity
observed for sample ZL was higher than those measured for
the ZLFe series of samples with extra Fe,O;, suggesting a
higher degree of crystallization in sample ZL. The peak in-
tensity observed for sample ZLFe4 was higher than those
obtained for the samples ZLFe2 and ZLFe6. Greater peak
intensities indicate a greater degree of crystallization. The
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crystallinity and average grain size of the glass-ceramics
were assessed using the Scherrer equation, which is widely
used to determine the size of crystallite particles in powders.
It is written as

Dy= K-A/(f-cosb),
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where Dy is the average grain size of the crystalline do-
mains, K is a dimensionless shape factor with a value of ap-
proximately unity (typically ~0.9), 4 is the X-ray wavelength
(0.15406 nm in this case), f is the full width at
half-maximum (FWHM), and 4 is the Bragg angle.
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Fig. 4. XRD patterns of glass-ceramics: (a) ZL; (b) ZLFe2; (c) ZLFe4; (d) ZLFe6.

The values obtained for the crystallinity and crystallite
size of the CAS glass-ceramics prepared from powders con-
taining various amounts of Fe,O; as a nucleating agent are
compared in Fig. 5. The crystallite size was the smallest for
sample ZLFe4 at 69.7 nm; sample ZLFe6 exhibited the
lowest degree of crystallinity.

3.3. Macroscopic morphology and micrograph analysis

Photographs of the cross-sections of the different samples
are shown in Fig. 6. The color of sample ZL was white, and
the color changed into yellow when 2wt% of Fe,O; was
added to the raw materials. With increasing amount of added
Fe,0;, the color of the sample gradually changed to
gray-green and eventually to black. When the amount of
added Fe,0; reached 6wt%, the glass phase began to appear
inside the system and the overall crystallization was surface

crystallization. Increasing the amount of added Fe,O; inhib-
ited the overall crystallization of the glass-ceramics but en-
hanced the trend of surface crystallization.
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Fig.S. Crystallinity and crystallite size of glass-ceramics.
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Fig. 6. Photos of the cross sections of samples ZL (a), ZLFe2 (b), ZLFe4 (c), and ZLFe6 (d).

Fig. 7 shows the SEM micrographs of the glass-ceramics
after heat treatment. A large number of granules were found
in these glass-ceramic samples. The section of sample ZL
prepared without the nucleating agent showed the overall
crystallization phenomenon illustrated in Fig. 6, and the
grains in sample ZL exhibited the globular and
short-columnar shape in Fig. 7(a). In the case of sample
ZLFe4, the grain size of the internal glass phase was smaller
than that obtained for samples ZL and ZLFe2, consistent
with the XRD results. When 2wt% of Fe,O; was added, the
grain color became yellow (Fig. 6(b)) and the section
showed a lamellar crystal distribution. When 6wt% of Fe,0;
was added, the specimen exhibited knitting in its interior,
accompanied by the appearance of the glass phase in the in-

terior. According to the macroscopic morphology and the
micrograph analysis, the CAS system can already crystallize
without the nucleating agent and the addition of a small
amount of Fe,Os as nucleating agent inhibits the crystalliza-
tion process. This behavior is explained as follows: Initially,
the network modification due to the presence of the Fe*" ions
increases the crystallization activation energy; it subsequently
decreases when more Fe,Os is added. Thus, the crystallization
process was first inhibited when the Fe®" ions were introduced
into the system and was eventually enhanced when the con-
centration of Fe'" ions exceeded a certain threshold level.
SEM observations revealed that the crystal grain size de-
creased when 4wt% of Fe,O; was added; because the space
for crystal growth was limited, the grain size decreased.

Fig. 7. SEM images of samples ZL (a), ZLFe2 (b), ZLFe4 (c), and ZLFe6 (d).
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3.4. Material properties

Material property tests were performed on samples ZL,
ZLFe2, ZLFe4, and ZLFe6 according to standard
JC/T872-2000 standard. The results are shown in Table 4.

Table 4. Material properties of the glass-ceramics with dif-
ferent Fe,O; contents

. Water ab-  Acidre-  Alkali re-
Density / . . .
Sample (gem™) sorption/  sistance/  sistance /
£ wt% wt% wt%
ZL 1.9359 0.0147 0.1935 0.0072
ZLFe2 1.9353 0.0120 0.1207 0.0090
ZLFe4 22216 0.0029 0.1032 0.0032
ZLFe6 1.7694 0.0075 0.0980 0

The density of the glass-ceramics was found to exhibit
the opposite trend as the crystallite size distribution. The ad-
ditional Fe*" ions enhanced both the acid resistance and the
alkali resistance, in agreement with the results published by
Singh and Bahadur. [29]. The Fe’* ions can also mend the
[Si—O] net structure and increase the chemical durability.
The glass density mainly depends on the atomic mass of the
glass, the atomic packing factor, and the coordination num-
ber [30]. The variation of the chemical composition of the
glass-ceramics was found to have little influence on their
density. By contrast, the crystallization process itself
strongly influenced the density of the glass-ceramics. The
density of glass-ceramics mainly depends on the type and
quantity of the precipitate phase. The volume shrinkage of
the sample and the density increases when a large proportion
of crystals with a fine grain size is contained in a small
amount of residual glass [31]. In the present work, the XRD
results in Fig. 4 indicate that the different samples mainly
consist of the same phase, i.e., wollastonite (CaSiO;) and
hedenbergite (CaFe(Si;Og)). As shown in Fig. 5, the
crystallinity was higher and the precipitation of the grains
was smaller when 4wt% of Fe,O; was added to the raw ma-
terials. The internal structure of the glass-ceramics was fine
and close, so the density of sample ZLFe4 was the highest
among the investigated samples. All of the samples exhibit-
ed a similar Mohs hardness of 7. Taking the economy of the
product into account, the best sample would be the ZL
specimen. However, if the material’s preferred color is green,
then the addition of 4wt% of Fe,O; could be deemed suita-
ble. The additional Fe,0; and the Fe,0; already contained in
the slag together contributed to the observed crystallization
behavior of the CAS system.

Int. J. Miner. Metall. Mater., Vol. 24, No. 3, Mar. 2017

4. Conclusions

(1) Different amounts of Fe,O; were added to naturally
cooled yellow phosphorus furnace slag as a nucleating agent.
The crystallization activation energy of the CAS system was
found to first increase and then decrease with increasing
amount of added Fe,O;. A white glass-ceramic with good
performance was obtained when no extra Fe,O; was added
as a nucleating agent. With the addition of 4wt% Fe,0;, a
gray-green glass-ceramic with good performance was ob-
tained. This study provides a theoretical framework for the
comprehensive utilization of yellow phosphorus furnace
slag.

(2) Wollastonite (CaSiO;) and hedenbergite (CaFe(Si,Og))
were identified as the main crystal phases in the
glass-ceramics prepared from naturally cooled yellow
phosphorus furnace slag. No discernible effect on the phase
composition of the CAS system was observed when the
dosage of Fe,O; was varied.

(3) The Mohs of the prepared CAS
glass-ceramics containing Fe,O; was 7. The samples with
additional Fe,O; showed stronger acid resistance and alkali
resistance and lower water absorption than sample ZL.

hardness

Therefore, this material (ZLFe4) could be successfully used
for building decoration purposes.
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