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Abstract

The nucleation and growth kinetics of mullite crystal structure prepared from Algerian natural phosphate (NP) and kaolin
materials were studied by differential thermal analysis (DTA) and X-ray diffraction (XRD). The XRD patterns showed that
mullite, hydroxyapatite and anorthite were the main crystal structures present in mixtures. From DTA results, several thermal
characteristics including the crystallization peak temperature, activation energies, were calculated. The DTA results showed
that the characteristics temperature and activation energies were reduced when the NP content was increased at the expense
of kaolin material. Bulk crystallization was seen in samples with low/moderate and high NP amounts, respectively, with a
fixed (n = m = 3) and growing (n = 3 and m = 3) number of nuclei. As a result, it is possible to produce the mullite phase
using Algerian kaolin raw material and natural phosphate that can be added as a structural modifier of the growth process.
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Introduction

Mullite (3A1,05-2Si0,) crystal structure is a valuable mate-
rial in the industry with regard to its exceptional mechanical
strength, resistance to thermal shock, and thermal stability,
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made it as a potential material for ceramics used in advanced
applications like electronic packaging, catalyst supports,
optical devices, filters, and heat exchangers [1-4]. Mullite
is generally synthesized using several methods, such as sin-
tering [5], sol—gel [6], co-precipitation [7], hydrothermal [8],
flash combustion [9], and chemical vapor deposition [10]. In
order to reduce the cost of the preparation of mullite mate-
rial, many studies have been carried out to synthesize mullite
from mineral raw materials such as kyanite [3], coal fly ash
[11], kaolin [12], bauxite [13] and halloysite [14]. However,
due to its low cost and relatively low sintering temperature,
kaolin has been explored in recent decades for use in con-
ventional ceramics, and there has been increased interest in
turning kaolin into mullite [15]. Moreover, beyond 1273 K,
kaolinite phase transforms during the removal of water and
hydroxyl groups directly into mullite with a vitreous phase
[16].The morphology of the generated mullite is bimodal
(i.e. primary and secondary). In addition, the primary mul-
lite made by the slow collapse of metakaolin at 1263 K, has
an extended crystal structure. In contrast, the secondary
mullite with an acicular grain structure is created when the
glass phase is solution-precipitated with alumina particles
present [3].

It is feasible to swiftly and precisely record the thermal
changes that take place when a specimen is heated through
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the analysis method known as differential thermal analy-
sis (DTA) [17]. This approach was also utilized to explore
crystallization kinetics in ceramics, calculate homogenous
crystal nucleation rates, and derive the activation energy for
new phase crystallization [18]. Several studies have investi-
gated the kinetics of mullite generation from various materi-
als, including kaolin ceramics [19], aluminum silicate glass
fiber [20], diphasic gels [21], porcelain stoneware [22] and
combination of raw wastes with a high amount of silica and
aluminum hydroxides [23]. Furthermore, the mullitization
process is highly dependent on experimental factors such as
the order of the kaolinite structure [19], impurities, heating
rate, pressure, particle size distribution, particle shape, sur-
face morphology, and other structural characteristics [24].
The process of mullite formation from pure alumina and
Algerian kaolin have been investigated; Sahnoune et al. [19]
have assessed the growth morphological parameters, acti-
vation energies, and formation temperature. By using the
Kissinger technique and the isothermal method, the activa-
tion energies of mullite crystallization were determined to
be 1260 and 1290 kJ mol~!, respectively. It was found that
the growth characteristics n and m were nearly equivalent to
1.5. The activation energies for crystallizing monolithic mul-
lite synthesized from Algerian kaolin was 577.92 kJ mol™!
[2]. In addition, the growth characteristics parameters n and
m were ~ 1.5. The first investigation on the mullite crystal-
lization kinetics of monophasic precursors, with activation
energy values of 293 and 362 kJ mol~! was studied by Li
and Thompson [25]. These values were eventually shown
to be significantly lower than those given by other authors.
Nucleation was the regulating stage for mullitization from
the monophasic gel, according to Li and Thompson [25].
The synthesis of both primary and secondary mullite from
wastes rich in silica and alumina required activation energies
of 431 and 454 kJ mol~!, respectively [26].

Few data about the effect of natural phosphate or CaO
powders on the crystallization kinetics of mullite phase can
be found in the literature. Pooladvand et al. [27] studied the
effect of CaO and MgO on the transformation of andalusite.
The authors have concluded that the MgO and CaO low-
ered the mullite production temperature by at least 373 K.
Qiankun et al. [28] studied the effect of CaO impurity on the
crystallization of mullite from SiO, gel and Al,O; powders.
They concluded that in the oxidizing atmosphere, the intro-
duction of CaO can enhance the formation of mullite and
reduces the temperature of liquid formation.

According to the authors, no research has addressed the
thermodynamic properties of mullite crystallization from
Algerian natural phosphate (NP) and kaolin materials. In
earlier study [29], we studied extensively the reaction sin-
tering in seven pairs of natural phosphate (NP) and kaolin
(DD2) local substances.
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Thus, using differential thermal analysis (DTA), the
kinetics of the mullite phase formation was investigated
by reacting sintering of Algerian kaolin containing natural
phosphate substance at non-isothermal conditions. A num-
ber of thermodynamic parameters were measured, including
the morphological parameters n and m, peak temperature T,,
enthalpy A H*, activation energy E, Gibbs free energy AG*,
enthalpy A H”, entropy AS*, and others.

Experimental procedure

In this study, kaolinite and natural phosphate powders from
the north-east of Algerian country, Djabal Debagh region
and the mine of Djebel El-Onk, were used in this inves-
tigation, resepectively. The particles size of kaolin and
natural phosphate materials were ~0.37 um and ~ 0.64 mm,
respectively. More details about the initial microstructures
of the powders were reported in our earlier work [29]. A
homogenous mixture of kaolin and natural phosphate was
prepared using the ball milling process for 5 h. After drying
at 383 K, the slurry was ground into a powder and sieved
using a 63 um mesh screen. Three compositions were cre-
ated by altering the proportion of natural phosphate from 30
to 70 mass% (are labelled 30NP, SO0NP and 70NP). These
mixtures were studied extensively in our previous work [30]
by BET method, XRD analyses, FT-IR spectroscopy, linear
thermal expansion, bulk density, open porosity, and scanning
electron microscopy.

For the DTA experiment, samples weighing about
40 mg were heated at various heating rates (5, 10, 20, and
30 °C min™~!) from room temperature to 1500 K in an alu-
mina crucible. The measurements were conducted in air
using Setaram Setsys 16/18 simultaneous TG/DTA analyser.

X-ray diffraction (XRD) patterns were obtained using the
Bruker DS diffractometer, functioning at 35 kV and 30 mA.
Cu-Ka radiation was used in the analysis, and the step size
was set at 0.05° and the scanning speed was 37°/min. The
three compounds mentioned above were all subjected to
XRD testing after being heat-treated for two hours at 1473 K
under standard conditions.

A scanning electron microscopy, SEM (Model, Hitachi
S3500-N) operating at an accelerating voltage of 20 kV, was
used to examine the morphology and microstructure.

Results and discussion

DTA thermal scans of all samples at four distinct speeds of
heating (B) are shown in Fig. 1. The DTA results show three
endothermic peaks E,, E,, and E; and three other ones with
an exothermic trend P,, P, and P, as shown in Fig. la—d.
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Fig. 1 Plots of DTA scan results of 30NP, 50NP, and 70NP compounds at different heating rates, a 5, b 10, ¢ 20, d 30 K min~!

The first endothermic peak E, in the temperature range of
200-400 K is caused by the departure of the surface water
[31]. The second endothermic peak E,, which is detectable
in the temperature range of 750 to 900 K, is associated with
the dihydroxylation of kaolinite and then the production of
metakaolinite [32]. The DTA curves present other endo-
thermic effects above E; with low intensities, which can be
detected in the range of 1300-1400 K and are corresponded
to the decomposition of hydroxyapatite phase [33].

The exothermic peak P,, observed around of 700 K, is
due to the burning of organic materials from natural phos-
phate [34]. The peaks P, and P; with exothermic behaviour
appeared around 900-1000 K and 1200-1300 K, respectively.
The partial crystallization of hydroxyapatite is recognized by
the exothermic peak P, around 900-1000 K [35], while the
peak P; which appear from 1200 to 1300 K, corresponds to
the formation of the primary mullite from metakaolin [36].
The variation in mullite formation temperatures in different
studies may be attributed to the difference in particle size

distributions and chemical compositions of the kaolin material
[19]. Gao et al. [37] investigated how the microstructure, sin-
tering temperature, and mechanical characteristics of mullite
were affected by the initial kaolin powder particle size. They
reported that when the particle size was decreased from 48 to
38 pm, the mullitization temperature allowed a reduction of
373 K. F. Rouabhia et al. [38] reported that the transformation
of metakaolinite to mullite phase occurred from kaolin and
different proportions of calcite and carbonate materials with a
particle size of 50 um, was ranged from 1137 to 1268 K [38].
The temperature at which primary mullite was formed in this
work is comparable to that to be obtained at about 1263 K
by sintering of kaolin and alumina mixtures with the same
starting particle size of 63 pm [39].

The temperature at which primary mullite was formed in
this work is comparable to that to be obtained at about 1263 K
by sintering of kaolin and alumina mixtures with the same
starting particle size of 63 pm.

In this investigation, the following reactions can be used to
illustrate the transition from the kaolinite to the mullite phase
[40-42]:
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Fig.2 Normalized mullite crystallizationpeaks of different com-
pounds at different heating rates: a 5, b 10, ¢ 20, d 30 K min~!
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Effects of NP and heating rate on the characteristics
temperature and x conversion

Figure 2 reveals the normalized mullite crystallization peaks
of different mixtures with different heating rates. The tem-
perature of crystallization values, T,, which corresponds
to the top of the curve, are presented in Fig. 3. It is clear
that T, values shift to a higher temperature of 1290.6 K as
the amount of phosphate decreases to 30% and the heating
rate increases to 30 K min~!. Obviously, the shift of the
start of crystallization towards lower temperatures is really
caused by a greater number of nuclei since they take longer
to nucleate at lower heating rates.

Therefore, due to the fact that crystallization takes place
more rapidly when subjected to higher heating rates, the
resulting peak becomes narrower and exhibits greater inten-
sity compared to peaks generated under slower heating rates,
as depicted in Fig. 2a—d [43].

The x conversion can be easily calculated from the DTA
results using the following expression [44, 45]:

A

X “
where Ay is the area between the onset peak and the selected
temperature T, and A is the entire area of the exothermic
peak.

Figure 4 shows the variation of the x conversion of mul-
lite formation for different compounds against the heat-
ing temperature under different heating rates 5 (Fig. 4a),
10 (Fig. 4b), 20 (Fig. 4c), and 30 K min~! (Fig. 4d). From
these figures, the plots of x for each compound shift toward
high values of T with the heating rate increasing, which con-
firms that the crystallization process of mullite is kinetically
managed and thermally activated. Moreover, this finding
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7ONP compounds at different heating rates up to 30 Kmin ™
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confirms the variation of formation rate dx/dt of the mul-
lite phase vs. time for the 50 NP sample (Fig. Sa), where it
increases with heating rate increasing to achieve 0.0148 s~!
with a lower formation time ~ 134 s at 30 K min~'. In addi-
tion, from Figs. 4-5b, it is clear that the phosphate content
had a significant role in the mullite growth characteristics
by lowering and increasing the crystallization temperature
and formation rate, respectively. The more natural phos-
phate added, the lower mullite crystallization temperature.
Moreover, the difference in the formation rate for the 70 NP
sample (i.e. ~ 0.009 s™!) and the remaining samples (i.e.
~ 0.006 s~!) may be attributed to the change in the growth
mechanism. This behaviour can be linked to the CaO amount
that is raised after calcite decomposition above 1028 K and
comes from natural phosphate itself, which acts as a fluxing
agent, reducing the difference between the beginning and
ending of mullite crystallization temperature [46], as well as
other phenomena such as hydroxyapatite [34] and sintering
processes [47].

Activation energies and thermodynamic parameters

The activation energy of the crystallization phenomenon
Exag at different values of x can be determined by using
the Kissinger—Akahira—Sunose (KAS) approach as follows
[48, 49]:

1n<&> = Bes ey )

T, RT, ;

X,1 X,i

where T, ; is the crystallization temperature at heating rate
@, and crystallized fraction x and Cy(x) is a constant with
relation to Xx.

The plots of In(@; /Tf( .) versus 103/Tx,i corresponding to
the mullite formation for 30 NP, 50 NP, and 70NP compound
samples are shown in Fig. 6a—c, respectively. The plots
exhibit linear behaviour, and the deduced activation energies
from the slopes of the plots, are presented in Table 2 and in
Fig. 6d. It is obvious that the local energy for all samples
decreases with the growth of mullite crystal structure. This
trend confirms that the energy needed to initiate the nuclea-
tion process to occur is quite large, continually decrease sup
on the growth stage [45]. On the other hand, the decrease
in phosphate content favours the increase in crystalliza-
tion activation energy to reach a value of 557.03 kJ mol ™!
in the 30NP sample at 10% of x, whereas the lower value
335.13 kJ mol ™! is observed in 70NP at 90%.

The thermodynamic parameter of local activated enthalpy
A H* was calculated at different heating rates using the fol-
lowing equation [40, 50]:

#
AH! =E_ - RT, ©)
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where E, ; is local activation energy that corresponds to Ey g
at heating rate i.

The obtained values of local enthalpy AH? as well as
its average value are shown in Table 1. The average values
of AHzqE are in the range of 447.69-546.60, 404.65-462.51
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and 324.85-395.32 kJ mol~! for 30NP, SONP, and 70NP,
respectively. It is clear that the local enthalpy energy var-
ies as the same as the Eg,g, where it decreases with the
increase of both x value and phosphate content.
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Table 1 Crystallization energies

characteristics Ey 5 and A H*for Sample  x\%  Egas\kJ mol”! AH?\kJ mol~!
different glasses at different x 5 10 20 30 Average of AH‘#\kJ mol~!
and f values
B\K min~!
30NP 10 557.03+24 546.80 546.71 546.54 54640 546.60+2.4
30 507.98+3.62  497.68 49759 49743 49772 497.49+3.62
50 487.2+1.88 476.85 476.77 476.60 47647 476.66+1.88
70 474.47+1.21 464.07 46399 463.82  463.69 463.88+1.21
90 458.35+0.98  447.89 44780 447.62 44749  447.69+0.98
50NP 10 472.81+1.93 46272  462.61 46244 46231 462.51+1.93
30 454524222 44435 44425 44406 44394 444.15+2.22
50 44521+1.8 435.00 434.89 434.69 43458 43479+1.8
70 435.40+1.33 425.14  425.02 42482 42471 424924133
90 41520+ 1.41 404.87 404.76  404.53 40442 404.65+1.41
70NP 10 405.55+3.66 395.68 39556 39538 39496  395.32+3.66
30 386.43+3.15 376.50 37637 376.19 376.05 376.28+3.15
50 368.00+3.13 358.05 35791 357.71 35757 357.81+3.13
70 352.76 +£2.95 34278  342.63 34243 34228  342.53+2.095
90 335.13+2.87 325.11 32495 32474 32458 324.85+2.87

Figure 7 illustrates the curves of Kissinger method [49],
Augis—Bennett model (1) [51] and Augis—Bennett model (2)
[52], given by the Egs. (7-9), respectively:

T2
c _ ck
lnF = RT + constant 7
C
B Ecabl
ln(T T =-RT +In(k,) ®)
T E
lnﬁ = RC;E’Q —1In(v) )
C

where E;, E ., and E_,;, are the energies of activation high-
lighted using the Kissinger and Augis-Bennett models(1)
and (2), respectively;v is the number of endeavors performed
by the nuclei per second to break the energy barrier for crys-
tallization; k, is the frequency or pre-exponential factor; and
T, is the initial DTA scan temperature.

The plots in Fig. 7give straight lines, where the activa-
tion energies should be calculated from their slopes. The
obtained values are shown in Table 2 and Fig. 7d. The E_,,
values are close to those obtained from E_,,, where both
methods give slightly higher values than the E one. Nota-
bly, E energies closely approach those obtained using the
Kissinger—Akahira—Sunose (KAS) technique, with x values
ranging around 50% for mullite cristallization. In contrast,
the E_,,; and E_,;, values are somewhat higher than those
shown in Table 1.

Many authors [53, 54] reported the activation energy
for mullite formation. Ondro et al. [53] found the acti-
vation energy of 726 kJ mol~! for mullite production
from kaolinite. Elmas et al. [54] used differential thermal
analysis (DTA) to examine the non-isothermal kinetics of
mullite crystallization in a mechanically activated kao-
linite—alumina ceramic system; they reported the activa-
tion energy values for crystal growth step between 913
and 495 kJ mol™'. As noted in the literature, variations
in the chemical composition of raw materials lead to dis-
tinct energies of activation and reaction processes, with
certain metal oxides (nucleating agents, stabilizers, and
fluxes) generally influencing various variables and stages
of nucleation and crystallization [2, 55].

The k, parameter can be estimated using the Eq. (8).
The obtained values are 5.60 x 10'®, 1.27 x 10'” and1.39 x
10'* s~'for 30NP, 50NP, and 70NP mixtures, respectively.

According to Eq. 9, the values of v parameter can also be
calculated from Fig. 7 plots and are shown in Table 2.The
trends of v can be used to determine accessible nucleation
sites for crystal development. The obtaining values of v are
5.83x 10", 1.33x 10", and 1.45 x 10" s™'for 30NP, 50NP,
and 70 NP, respectively. We note that the values of v param-
eter increase with the decrease of phosphate in mixtures.
This suggests that nuclei make the most tries per second
to cross the energy barrier, whereas the lower CaO content
hinders this behavior, and thereby increasing the activation
energies. Furthermore, the transformed structural units may
be non-uniform, and other competing processes intervene,
such as the degree of depolymerization, hence elevating
activation energy. A second explanation could be that Si—O
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and Al-O have larger bonding energies than Ca—-0O, leading
to a higher thermodynamic barrier to mullite crystalliza-
tion, which involves rearranging the short- to medium-range
structure [20].

The thermodynamic parameters including enthalpy (AH")
and Gibbs free energy (AG") as well as entropy (AS*) of
the process, were highlighted using the following equations
[50, 56]:

e (38 =50 (22

AG* = AH* — TAS?

(10)

Y

where & = kT /h, k and h are the Boltzman and Plank con-
stants, respectively.

From Table 2, it is obvious that Gibbs free energy AG*
and the enthalpy AH” for mullite phase have positive val-
ues, while the entropy AS* has negative values. The aver-
age values of AH", A G*, and A S* for 30NP, S0NP, and
70NP samples are 481. 42, 436. 88, 358.26 kJ mol™!,
627.08, 581.14, 499.04 kJ mol~!, and — 115.30, — 115.22,
—115.04 J mol~! K~!, respectively. The negative value of
AS* implies that molecules are more tightly aligned in the
active state owing to dipole—dipole interactions [57]. It
is clear that the values of E, AH" and AG" decrease sig-
nificantly with increasing of NP in the mixtures while the
entropy AS* is almost constant at — 115 J mol~! K~! for all
values of NP. This may be connected to the CaO content that
favors the crystallization process.

Based on the exothermic form of the crystallization peak,
the n Avrami coefficient can be calculated as follows [22,
57]:

2.5RT?
n= ATEC 12)

where AT is the crystallization peak’s width at half
maximum.

The morphology of the developing crystals can be pre-
dicted from the values of the Avrami constant [58]. The n
exponent takes a steady state with a value of ~ 3.00 at low
and medium phosphate content and reach a value of 4.10
after high NP addition, as listed in Table 3.

Matusita et al. [59, 60] given a model (Eq. 13) for deter-
mining out the m parameter, a numerical value that is
dependent on the crystal growth’s dimensions.

p" mE,
In F = - RT + constant
(4

13)

C

where m is the numerical parameter and E_ is the crys-
tallization activation energy. m=1 indicates that surface
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Table 2 Various crystallization

able o ! Sample P\K min~! Average
kinetic characteristics exit for
different samples 5 10 20 30
30NP E (kJ mol™) 491.77+8.55
E,,p; (kT mol™) 498.84+8.55
E, .y (kT mol™) 502.16+8.55
vx 10M (s7h 5.83
ko x 101 (s7h 5.60
A H* (k] mol™") 481.42 481.34 481.42 481.34 481.42+8.55
A G* (k] mol™) 624.67 625.78 624.67 625.78 624.67 £8.55
AS*Jmol' K™  -11516 —-11523 —11516 —11523 —115.16+8.55
50NP E, (kJ mol™!) 44729 +4.96
E,.p; (kJ mol™) 453.94+4.96
E, . (KJ mol™) 457.27 +4.96
vx 107 (s7h 1.33
ko x 107 (s7h) 1.27
A H* (kI mol™)) 437.08 436.97 436.78 436.67 436.88+4.96
A G* (kI mol™) 578.37 579.82 582.42 583.95 581.14+4.96
AS*Umol' K™  —11506 —11514 —11529 —11538 —115.22+4.96
70NP E, (kJ mol™!) 368.22+2.72
Eyp; (KJ mol™) 375.21+2.72
E, o (KJ mol™) 378.45+2.72
vx 1018(s™h 1.45
ko x 1018 (s7h) 1.39
AH" (kI mol™") 358.26 358.12 358.26 358.12 358.26+2.72
A G" (kI mol™") 495.72 497.73 495.72 497.73 495.72+2.72
AS*Umol'K™)  —114.84  —11496 —11484 —11496 —114.84+2.72

Table 3 Morphological

. . Sample Parameter
parameters n and m obtained in
the present study n m
30NP 2.95 3.15
5S0NP 2.90 3.01
70NP 4.10 3.05

Table 4 Different crystallization mechanisms [33, 72]

crystallization is prevalent, and m =3 indicates that bulk
crystallization is predominant (see Table 4) [61].

The plots of In(B"/T?) vs. 10*/T, for mullite forma-
tion in kaolin-NP mixtures are shown in Fig. 8. The plots
show straight lines and the m values (see Table 3) can be
deduced from the slopes of plots. As seen from Table 3, it

Crystallization mechanism

Avrami parameter\n ~ Numerical

factor\m

Bulk crystallization with a constant number of nuclei (i.e. the number of nuclei is independent of the heating rate)

Three-dimensional growth of crystals 3 3
Two-dimensional growth of crystals 2 2
One-dimensional growth of crystals 1 1

Bulk crystallization with an increasing number of nuclei (i.e. the number of nuclei is inversely proportional to the heating rate)
Three-dimensional growth of crystals 4 3
Two-dimensional growth of crystals 3 2
One-dimensional growth of crystals 2 1
Surface crystallization 1 1
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Fig.8 Plots of Matusita-Kissinger for the compounds 30NP, S0ONP,
and 70NP

is found that for mullite formation, m is close to ~ 3.00 for
all the samples. In the present study, bulk crystallization
with a constant number of nuclei (n=m = 3) is controlled
the mullite formation for low and medium NP concentra-
tions. On the other hand, growing number of nuclei in
bulk crystallization (n=3 and m=n+ 1) is the process
mechanism for the sample containing high NP amount.
This difference may be linked to the higher CaO amount
in 70 NP sample that favors/improves the crystallization
process. These results confirm that obtained in Fig. 5b,
where the formation rate showed higher value for the 70
NP sample and differs from the other compounds, almost
with steady dx/dt value.

It should be noted that while surface and bulk crys-
tallization may occur concurrently during the DTA run,
the samples’ particle size has a significant impact on that
process [36]. However, many controversial results show
that bulk nucleation is the major process in mullite crystal-
lization, with crystal development regulated by diffusion
at a constant number of nuclei in kaolin. Therefore, the
crystallization process depends of many factors including
chemical composition, the crystal structure which crystal-
lized the synthesized process, and others. It is also known
that the contribution of bulk nucleation reduces as the
heating rate increases [61].

X-ray diffraction spectra of 30, 50, and 70NP samples
treated at 1473 K for 2 h, are presented in Fig. 9. Three
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Fig.9 XRD patterns of the samples sintered at 1473 K for 2 h

phases are present in the samples’ XRD spectra, which are
Hydroxyapatite, anorthite, and mullite. It is clear that in
the 30NP sample, the peaks of hydroxyapatite phase are
observed with low intensity comparing with rest samples.
On the other hand, as the NP amount increased from 50 to
70% the hydroxyapatite peaks intensity increased, which
indicated the better crystallization. Meanwhile, the anor-
thite and mullite phase’s peaks intensities decreased as the
amount of NP in the combination increased. The anorthite
formation is attributed to the reaction between kaolin and
CaO, which obtained from calcite decomposition [47].

Figure 10 displays the microstructure of samples with
varying NP concentrations that were sintered at 1473 K for
two hours. When NP content was low, the microstructure
is very heterogeneous, with large mullite grains found in
the matrix. The grains corners are likewise rounded. These
suggest the formation of a liquid phase, which is responsi-
ble for the uneven growth of mullite grains [62, 63]. Large
grain growth might also be observed (Fig. 10a). It has been
reported, when microstructural limitations are present, mul-
lite grows in an equiaxed shape. However, with increasing
NP content, they were made of nanometric (and agglom-
erated) hydroxyapatite grains with elongated forms [64].
Indeed, the microstructure of the samples shows a larger
amount of pores and cracks (Fig. 10b, c). Additionally, it
is evident that the pore’s origin can be attributed to the gas
produced by the dissolution reaction and the difficulties of
sintering with the insertion of NP [65].
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Fig. 10 SEM micrographs of
the samples sintered at 1473 K
for 2 h: a 30 NP, b 50 NP, and
70NP

Conclusions

The mullite phase crystallization kinetics synthetized from
kaolin and natural phosphate materials was examined in
non-isothermal environments. The main objective is to
determine the associated kinetic parameters. The curves
of differential thermal analysis reveal that there are multi-
ple phase transitions during the heating process, including
the mullite and hydroxyapatite crystal structures. The tem-
perature of mullite crystallization was around ~ 1200 to
1300 K. Moreover, the thermodynamic parameters includ-
ing enthalpy A H¥, energy of activation E_, free enthalpy A
G* and entropy A S*, were calculated by several methods.
The average value of AH” and A G* for 30 NP, 50 NP, and
70 NP mixtures are 481. 42, 436. 88, 358.26 and 627.08,
581.14, 499.04 kJ mol~!, respectively. The entropy energy
was around — 115.04 J mol~! K~! for all samples. The
values of the growth morphological parameters n and m
are determined for 30 NP and 50 NP samples, indicating a
bulk nucleation with a fixed number of nuclei (n=m=3),

WD15.0mm 20.0kV x5.0k 10um

WD14.6mm 20.0kV x5.0k 10um

whereas, 70 NP compounds has followed the same process
with varying number of nuclei (n=3 and m=4). There-
fore, the CaO amount come from NP acts as structural
modifier and favors the crystallization process of mullite
phase. Finally, Algerian natural substances can be utilized
for producing the mullite crystal structure at low costs.
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