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Abstract 

Surface nucleation is a frequent phenomenon and plays an essential role in the 

crystallization of most glasses, especially glass powders used in sintered glass-ceramics, for 

example. A technique often employed to study the crystallization kinetics of glassy powders 

is Differential Scanning Calorimetry (DSC). However, the shape of the crystallization peak 

profile is usually very complex. For instance, in certain cases of surface nucleation, the 

crystal growth dimensionality may change during crystallization after crystal impingement, 

and a large density difference between the parent glass and the resulting crystalline phases 

may produce cavitation pores in the particle volume. Finally, crushed glass particles are not 

regularly shaped, as assumed in most models. Hence, to evaluate the crystallization kinetics 

of glass powders by DSC experiments, in this work, we modified and tested a particle 
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crystallization model using the DSC crystallization peaks of jagged powders of a non-

stoichiometric diopside (0.9CaO. 0.7MgO. 2SiO2) glass having different granulometries and a 

large crystal/glass density difference. The Reis-Zanotto model was adapted to include two 

complex variables:  particle size distribution and crystallization-induced porosity. As 

predicted by the modified model, we confirmed the radical change of the DSC peak shape 

for some particle sizes as a result of crystal impingement and pore formation. This combined 

experimental-simulation study demonstrates that the adapted model can describe this type 

of complex and yet frequent crystallization case.  

Keywords: Kinetics; Crystallization; Non-metallic glasses (silicates); Differential Scanning 

Calorimetric (DSC); Size effect; Spherical particles 

1. Introduction 

Diopside (CaO.MgO.2SiO2) has been used as a basis for glass compositions to develop 

sintered glass-ceramics having unique thermal [1], corrosion [2] and dielectric [3] properties 

and high fracture strength [4], which combined with low sintering temperature [5] make 

them attractive for several applications. Bioactive [6] and dental materials [7], marble-like 

tiles for architecture and construction [8], and substrates for electronic devices [3-5] are 

some examples. Also, because of its low dielectric constant and loss in the microwave range, 

along with a low firing temperature suitable for metallic conductors, diopside is also being 

used for LTCC (Low-Temperature Co-fired Ceramics) in the production of substrates for 

electronic circuits for communications systems. 

Diopside-based glasses sinter by viscous flow with concurrent surface crystallization. The 

glass particle size and shape affect the sintering and crystallization kinetics, resulting in 
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crystalline grains and pores of different morphologies and proportions in the 

microstructure, whose control allows a design for specific purposes [8-11]. For instance, 

small jagged particles sinter faster than coarse spherical particles. The careful control of 

densification and crystallization kinetics yields sintered products with optimal properties. 

There are different models for the crystallization kinetics of glass particles, which are 

presented in the next section. 

In the case of diopside, an extra complexity arises regarding the density of the crystalline 

phase (3.29 g/cm3), which is considerably higher than that of glass (2.84 g/cm3) of the same 

composition [12]. Thus, for diopside glass particles, the increase of the crystallized surface 

layer thickness gives rise to hydrostatic tensile stresses in the confined residual glass that 

decay by the formation of a single pore within the interior of each particle [12,13]. 

The objective of this work was to propose and test a modified model able to describe the 

complex crystallization case of an ensemble of near-stoichiometric diopside glass particles. 

For this task, we extended the Reis-Zanotto (RZ) [14] model for particle crystallization 

kinetics to include particle size distribution and crystallization-induced porosity. We used 

this particular glass having these two complicating (but frequent found) features and 

characterized its crystallization behavior by Differential Scanning Calorimetry (DSC). Finally, 

we compared the results with DSC-like crystallization peaks calculated using the adapted 

model. The model modifications and tests are thoroughly described in the section that 

follows. 
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2. Theory 

The classical model of Johnson & Mehl [15], Avrami [16-18], and Kolmogorov [19] (JMAK) 

forms the theoretical basis for understanding the overall crystallization kinetics of glasses by 

nucleation and growth [20,21], from which the isothermal time-transformed fraction ��� is 

given by 

��� = 1 − exp�−�����	,																																																												�1� 
where ′��� is the ratio �/�� or �/�� between the volume or surface of the growing crystals 

and their initial values, disregarding their overlap, also known as extended volume. 

′���	can reach values > 1, whereas ��� ≤ 1. 

Crystallization of glass particle compacts, a common case in engineering applications, such 

as ceramic-tile glazes and sintered glass-ceramics, is a more complex, special case of 

transformation kinetics since small particles do not satisfy the infinite volume and surface 

constraints considered in the JMAK approach [22]. However, several analytical models [7,23-

25] use the JMAK theory to calculate the crystallization kinetics of glass particles. Authors 

such as Müller (1989) [26], Weinberg (1991) [27] and Villa & Rios (2010) [28] used other 

approaches, however, their models are mathematically complex and relatively difficult to 

apply, even though the approaches developed by Weinberg and Villa & Rios provide exact 

solutions to the problem.  

Recently, Reis and Zanotto [14] proposed a new model for the non-isothermal crystallization 

kinetics of spherical particles, !�"�, with a finite number of heterogeneous nuclei 

randomly distributed on the particle surface. Their model, Eq. (2), combines the JMAK 

expression for the crystallized surface fraction, #�"�, and the volumetric crystallized 

fraction related to the inward growth of a continuous crystalline layer from the surface of a 
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particle, $%&'(�"�. The model may also consider the crystallization from internal nucleation 

sites. 

!�"� = #�"� · $%&'(�"�																																																�2� 
α*+,-.�T� is the thickness of a continuous crystallized layer from the particle surface, i.e., 

considering a very large N1. However, due to the finite number of nucleation sites, only a 

fraction of the particle surface crystallizes in the initial stages; therefore α2�T� ≤ 1. The 

product α2�T� ·α*+,-.�T� in Eq. (2) accounts for this incomplete transformation of the 

layer in the beginning. 

For a spherical particle, $%&'(�"� is given by the classic result known as volume contraction 

model or Jander equation [29], Eq. (3), 

$%&'(�"� = 1 − 31 − ℎ�"�5 67 ,																																									�3� 
where 5 is the particle radius and ℎ�"� is the thickness of the surface layer formed by 

crystals that nucleate at the particle surface and grow inwards. If the crystalline and glassy 

phases have the same density, Eq. (4) is valid for ℎ�"� ≤ 5, i.e., until the crystalline layer 

reaches the particle center. Considering heating at a constant rate 9,  

ℎ�"� = : ;�"�9
<
<=

>",																																																		�4� 
where "@ is the initial temperature, which is set to a temperature in which the crystal 

growth rate is insignificant, and ;�"� is the crystal growth rate in the interval between "@ 

and the final temperature of study, ". 

For particles with a relatively large number of surface nuclei, the crystals cover the surface 

(#~1) before reaching the particle center. From this moment on, the crystallization kinetics 
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is described only by the increase of the surface layer thickness. This change in 

transformation dimensionality, from 3D to 1D, can be detected as shoulder in DSC 

crystallization peaks [26].  

2.1. Surface crystallization kinetics of square crystals 

The crystallization of our diopside glass particles starts at their surfaces from a fixed 

concentration of nuclei, BC (sites/m2). The diopside crystals are nearly square; therefore, we 

may use the JMAK expression for square crystals to estimate the surface crystallized fraction 

in a non-isothermal regime, considering that the square diagonal is the direction of the 

fastest crystal growth, and thus it is equal to 2. ℎ�"�. 

#�"� = 1 − exp D−2.BC. 3: ;�"�9
<
<=

>"6EF.																																						 �5� 

2.2. Crystallization-induced porosity 

To estimate the effect of pore formation on the crystallization kinetics, we assume that 

surface crystallization fixes the particle volume at the beginning of phase transformation–as 

soon as a rigid crystalline crust forms on the particle surface–and that pores nucleate in the 

particle center and grow radially, simultaneously with the crystallized surface layer (Figure 

1), until they meet. We will refer to these pores as “density pores.” Therefore, the 

crystallization front never reaches the particle center. Instead, it stops abruptly at the 

crystal-pore interface, causing a sudden end of the DSC crystallization peak. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

Figure 1. Schematics of different stages of spherical-particle crystallization: (a) crystallization 

starts from a finite number of surface nuclei; (b) after crystal impingement crystallization 

proceeds by decreasing the residual glass volume simultaneously with the nucleation and 

expansion of a central pore; and finally (c) crystallization ends at the pore interface. 

 

For spherical particles, each nucleated pore grows up to a maximum volume given by 

�HI%J = �@ K1 − LMLNO,																																																										�6� 
where �@ is the initial particle volume, and LQ  and LR  are the crystal and glass densities, 

respectively. When LM = LN, there is no stress in the residual glass, and a pore is not 

formed, i.e., �S = 0. Considering the maximum volumetric pore fraction HI%J = !TUVW!= , the 

maximum crystal volume fraction is given by QI%J = 1 − HI%J, and one can deduce that 

QI%J = XYXZ. In this case, the maximum layer thickness is 

ℎI%J 	= 5 · K1 − K1 − XZXY	O	[ 7⁄ O.																																																�7�		
This is reached when the crystallization front reaches the pore. For diopside crystal [12], 

L] = 3.29^ ]_7⁄ . The density of the glass used in this work is L^ = 2.87^ ]_7⁄ , measured by 

He pycnometry, as subsequently detailed. Thus, QI%J = 0.87 and ℎI%J ≅ 0.505. The 
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difference between glass and crystal densities limits the maximum crystallized volume 

fraction to the initial particle volume. 

The crystallized mass fraction b�"� can then be calculated for an ensemble of spherical 

particles of the same 5, considering the effect of a finite number of nucleation sites as 

b�"� = !�"� LNLM ,																																																											�8� 
with 0 ≤ b�"� ≤ 1.  

2.3. Particle size distribution 

The Reis-Zanotto model can be extended for a particle size distribution by considering the 

weighted contribution of each particle size interval c. Thus, the crystallized fraction is given 

by the average crystallized fraction weighted by the volume fraction of particles at each size 

interval de, Eq. (9). 

b�"� =fbe�"� · de
g

eh[
.																																																			�9� 

2.4. DSC crystallization peak 

The intensity of a DSC crystallization peak is proportional to the rate of heat released by the 

sample during phase transformation. The area under the DSC crystallization peak of partially 

crystallized glass particles may then be associated with the mass of residual glass in the 

sample [30]. Hence, the crystallized mass fraction given by Eq. (9) may be directly related to 

the corresponding DSC crystallization peak. Considering a normalized peak with unit area, 

i.e., with 100% of its mass transformed, the i�j�"� signal can be defined as 
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i�j�"� = >b�"�>" .																																																							�10� 

3. Materials and Methods 

A glass with composition 0.95CaO. 0.73MgO. 2SiO2, close but off the stoichiometric 

diopside (CaO.MgO.2SiO2), was prepared from reagent grade raw materials (SiO2, CaCO3, 

MgO). The strategy was to study a relatively more complex, non-stoichiometric case–yet not 

too far from the stoichiometry-which is often encountered in real applications to make sure 

that crystalline diopside would crystallize and induce density pores.  

A batch for 200 g glass was weighed, homogenized in a high-impact mill Pulverisette 6 

(Fritsch, Germany) and melted in a platinum crucible in a bottom-load electric furnace at 

1773 K for 4 h. Glass samples were obtained by splat-cooling the melt between stainless 

steel plates. The glass composition was analyzed by X-ray fluorescence (XRF) in a sequential 

X-ray Fluorescence Spectrometer S8 Tiger (Bruker, Germany). The quantitative elemental 

analysis was performed for a sample dissolved in molten lithium tetraborate and quenched 

into a glass. We made use of a calibration standard based on the following compounds: 

SiO2, Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2, and P2O5. The density of a coarsely 

fragmented sample was determined by He pycnometry in an Ultrapyc 1220e (Quantachrome 

Instruments, USA). 

The glass was hand-milled in an agate mortar with pestle. Samples of jagged particles of 

different granulometries were obtained by sieving through monofilament nylon meshes in 

the nominal granulometry ranges (µm): < 7, 7-20, 20-45, 45-76, 76-150, 150-300, 300-430, 

430-500, 500-650, 650-800, 800-1000 and 1000-1500. The particle size distribution of 

samples passing through meshes with granulometry below 20 µm was determined by 
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dynamic image analysis in a Camsizer L (Retsch Technology, Germany) granulometer in dry 

mode. The high-speed image capture generated a fast and statistically reliable measure. The 

granulometry of particles passing through < 20-µm opening meshes was determined by low-

angle light scattering in a Mastersize S (Malvern, UK) granulometer in wet mode. The 

powder samples were dispersed in deionized water by ultrasound. The Cansizer L and 

Mastersize S granulometers provide the equivalent circle and spherical diameter, 

respectively, as measures of particle size. 

Differential Scanning Calorimetry (DSC) experiments were performed in a DSC 404 F1 

Pegasus (Netzsch, Germany) at 10 K/min from 373 to 1763 K in air, with Pt pans and lids, 

sample mass of 50 mg and one empty lidded Pt pan as a reference. To prevent the crucible 

from sticking to the sample holder at high temperatures, we used an alumina 200-µm-thick 

disk below each pan. The temperature was calibrated by the average of three 

measurements of phase-transformation characteristic temperatures for the compounds: 

C6H5COOH (122.4 K), Ag2SO4 (699 K), CsCl (749 K) and BaCO3 (1081 K). DSC was performed 

three times for each particle size.  

The crystal phases appearing just after each DSC crystallization peak were characterized by 

X-ray Diffraction (XRD) in samples with extreme granulometries, < 7 µm and 430-500 µm, 

using a D5005 X-ray diffractometer (Siemens, Germany) at 40 mA, 40 kV, with CuKα (1.5406 

Å) X-ray radiation. The XRD samples were prepared by die-pressing the glass powders at 104 

MPa and submitting the obtained disk-shaped compacts to non-isothermal heat treatments 

(10 K/min) in the DSC furnace. We also performed DSC on cooling to search for any 

reversible transformation. The maximum temperatures 1323, 1503 and 1553 K were 

somewhat above the endpoint of each crystallization peak (presented in the Results 
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Section), after which the DSC furnace was cooled down to room temperature at 40 K/min. 

The obtained patterns were indexed by comparison with JCPDS files [31].  

We experimentally determined the crystal growth rates in this non-stoichiometric glass to 

use them for the DSC peak profile calculations. Two ;�"� values were obtained as the 

angular coefficient of straight lines fit to the crystallized surface layer thickness versus 

treatment time data points measured from samples isothermally treated at 1123 K for 

periods of 30, 60 and 180 min, and at 1150 K for periods of 30, 60 and 90 min. We also used 

a recently proposed method that enabled us to determine ;�"� between 1170 and 1275 K 

by performing a single DSC run [32], from which we obtained ;�"� by fitting a third-degree 

polynomial to the experimental data. 

DSC-like crystallization curves were calculated using the Eqs. (8-10) for samples with 

granulometry higher than 20 µm. To test for the effect of the real particle size distribution 

(PSD), we made calculations using the measured PSD for each granulometry range as well as 

their average particle size (D50). We used the growth rate curve fitted to the obtained 

measurements to our glass and, for comparison, we also used a ;�"� function fitted to data 

of several authors (compiled by Reinsch et al. [33]) in a wide temperature range, considering 

the screw-dislocation mechanism of crystal growth. The heating rate of 10 K/min used in the 

experiments was also used to calculate the DSC-like crystallization curves. We used a value 

of 1010 m-2 for B#, determined from the best fit of the impingement temperature of surface 

crystals (Section 5.2).  

The calculated DSC-like curves were compared to experimental crystallization peaks. To 

obtain a unit area and enable the comparison with the calculated peaks, the DSC 

crystallization peaks were normalized by dividing the corresponding DSC experimental data 
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points by the value of the total area under the peak, resulting in (K-1) units. We considered a 

sigmoidal baseline, since the heat capacity changes with crystallization.  

4. Results 

4.1. Glass composition and particle size distribution of powders 

The composition of the glass used in this work is 14.3 MgO, 25.9 CaO and 58.4 SiO2 (wt%). 

Table S1 (Supplementary Materials) compares the stoichiometric diopside with the chemical 

composition of the glass used here and by other authors. Figure 2 shows the particle size 

distribution of the samples. The granulometric distributions are approximately unimodal, 

and for most size intervals the average value is greater than the upper opening size 

(diagonal of a square opening) of the corresponding sieve. This is because these jagged 

particles can pass through the sieve openings with their longest axis perpendicular to the 

sieve plane, leading to the observed larger equivalent-circle diameters. The characteristic 

granulometry parameters including the intercepts at 10, 50 and 90% (D10, D50, and D90) are 

summarized in the Supplementary Materials, Table S2. 
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Figure 2. Particle size distributions of the jagged powdered glasses used here. The indicated 

values are the nominal lower and upper sizes (diagonal of a square opening) of the 

corresponding sieve, in micron (µm). The intercepts at 10, 50 and 90% (D10, D50, and D90) of 

the cumulative size distributions are given in Table S2 of Supplementary Materials. 

4.2. Differential Scanning Calorimetry of glass powders 

The DSC traces of samples with different granulometries are shown in Figure 3. All the 

curves display the same general trend. The first baseline deviation refers to the glass 

transition, immediately followed by an endothermic peak, which can be attributed to a 

fictive temperature change, which results from using a heating rate in the DSC run that is 

different from the cooling rate used to produce the original glass[34]. The subsequent three 
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exothermic peaks refer to crystallization, from the most to the least intense at higher 

temperatures. Finally, two endothermic peaks arise with the melting of the previously 

crystallized phases. "J, "eIS, "S, and "$ are the temperatures of crystallization onset, surface 

crystal impingement, crystallization peak maximum and the liquidus temperature, 

respectively. "eIS is determined at the inflection point after the shoulder at the low-

temperature side of the first crystallization peak.  

The average glass transition temperature ("M) was 996	k and did not show any significant 

change as a function of particle size, as expected. The glass transition temperature was 

determined at the intersection of extrapolated lines from the previous baseline and the low-

temperature side of the neighbor endothermic peak. Both the average "J[ and "S[ shift 

approximately 56	K and 90	K, respectively, to higher temperatures as the grain size 

increases. Table S2 and Figure S1 (Supplementary Materials) summarizes the characteristic 

temperatures for the different particle sizes, except for "S7 = 1535	k and "$ = 1643	k, 

which are not affected by the particle size in the granulometric interval 20-1500 µm. For the 

7-20 µm and < 7 µm samples, the third crystallization peak shifts to lower temperatures and 

almost vanishes.  
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Figure 3. DSC traces at a heating rate of 10 K/min for glass samples with different 

granulometries. The dashed lines are a guide to the eye. 
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4.3. X-ray diffraction characterization of heat-treated powder compacts 

Figure 4 shows the corresponding X-ray diffractograms of the samples with granulometries 

of < 7 µm and 430-500 µm, non-isothermally treated in the DSC furnace at the maximum 

temperatures of 1323, 1503 and 1553 K. We did not observe any transformation in the 

cooling of the samples inside the DSC furnace, indicating that no reversible transformation 

occurred (curves not shown for simplicity).  

 

Figure 4. X-ray diffractograms of diopside glass compacts of granulometries below 7 µm and 

430-500 µm, non-isothermally heated up to 1323, 1503 and 1553 K. The numbers in 

brackets correspond to the respective Powder Diffraction File, Inorganic Phases [31]. 

4.4. Diopside crystal growth rates 

In the relatively narrow temperature range used here, ;�"� was obtained by fitting a third-

degree polynomial expression to the experimental data (log�;op_/_cqr� = s + u" +
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]"E + >"7), for which the coefficients are s = −387.89556, u = 0.82405	kv[, ] =
−5.80981 ∗ 10vxkvE, and > = 1.36759 ∗ 10vykv7. The temperature range of the 

measurements is well above the Stokes-Einstein breakdown temperature, "z (for diopside, 

"z~1100	k), where the crystal growth is driven by viscous flow35,36. The detailed crystal 

growth kinetics for this non-stoichiometric diopside glass will be reported elsewhere.  

5. Discussion 

5.1. Crystallization kinetics and phase formation 

The chemical composition of our glass has a larger content of SiO2 and a smaller amount of 

MgO than that of stoichiometric diopside (Table S1), and belongs to the compatibility 

triangle formed by CaO.MgO.2SiO2 (diopside), SiO2 and CaO.SiO2 (pseudowollastonite) in the 

CaO-MgO-SiO2 phase equilibrium diagram (PED) [37]36 (not shown). These are indeed the 

compositions of the detected phases after full crystallization. The liquidus estimated from 

the phase diagram, approximately	1633	K, is very close to the melting endpoint 

temperature in the non-isothermal DSC curve (T* = 1643	K). An even lower liquidus 

determined by DSC could be expected when the effect of a non-isothermal run is considered 

[38]. 

We observe in Figure 3 three exothermic peaks and two partially overlapped endothermic 

melting peaks. The combined analysis of the DSC and XRD results (Figures 3 and 4) for the 

samples with granulometries of <7 μm and 430-500 µm indicate that the three exothermic 

DSC peaks are due to the crystallization of diopside (D), pseudo-wollastonite (PW) and 

cristobalite (C), respectively. At 1323	K (after the first peak), only diopside crystals are 

detected by XRD for both samples. Further heating led to the crystallization of PW and C. 
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The 430-500-µm samples heat-treated above the second and third DSC crystallization peaks 

showed PW and C, respectively. For the samples with granulometry <7 μm, cristobalite had 

already been detected when the sample was treated up to 1503	K. This is consistent with 

the shift of the third exothermic DSC peak for this particle size, probably because of the 

existence of finer regions of residual supercooled liquid between diopside crystals. 

As the grain size increases, a shift of the first crystallization peak to higher temperatures is 

expected, since crystals growing from the surface can reach the center of smaller particles 

faster than in larger particles. The powder packing in the DSC pan may also affect "J[ and 

"S[.  

Differently from our results, only two crystallization peaks were observed by Fokin et al. 

[12], Reis [32,39] and Cassar [35] in samples of stoichiometric diopside glasses with irregular 

monolithic or plate shapes, or as a powder. On the other hand, Nascimento [40] observed 

only one crystallization peak for a glass with a non-stoichiometric composition similar to 

that used in this work. However, these authors have not presented DSC curves for a 

temperature as high as that of the third crystallization peak detected in this work, nor the 

melting region. They have also assigned two phases to the first DSC crystallization peak, 

showing that a wollastonite solid solution with diopside composition (or wollastonite-SS) 

crystallizes in the stressed residual glass (as the density of the crystallized diopside surface is 

substantially higher than that of the glass of the same composition). The second peak was 

then related to the polymorphic transformation of wollastonite-SS into diopside at higher 

temperatures. The characteristic temperatures of the crystallization peaks for our powders 

are shown in Table S3 (Supplementary Materials).  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

By XRD, we only observed the crystalline diopside related to the first DSC crystallization 

peak and no second phase relative to wollastonite-SS reported in the literature [12,35,39], 

probably because of the difference between the glass compositions (Table S1). In this paper, 

the glass density was experimentally measured, resulting in L^	 = 	2	.87	^/]_3, while the 

density of the crystalline diopside, L]	 = 	3.29	^/]_7, was obtained in the literature [12]. 

5.2. Impingement of surface crystals and dimensionality change of crystallization 

Figure 5a shows a magnification of the first DSC crystallization peak of samples with 

different granulometries. The maximum temperature of such peak shifts to higher 

temperatures, and it becomes wider and less intense as the particle size increases. For the 

samples with granulometries of 150-300 to 1000-1500 µm, a shoulder–easily visualized in 

the first derivative curves–appears before the maximum, as shown in Figure 5b. Figure 5c 

shows in detail the first DSC crystallization peak for the 800-1000-µm sample together with 

its corresponding first derivative, where it is possible to see the shoulder at the low-

temperature side of the peak. 
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Figure 5. a) First (low temperature) DSC crystallization peak of diopside glass powders with 

different granulometries at a heating rate of 10 K/min; b) first derivatives of the first 

crystallization peaks; and c) magnification of the first crystallization peak and its first 

derivative for the 800-1000-µm sample. The dashed lines in b) and c) indicate the 

impingement temperature ("eIS). 

 

To the best of our knowledge, Müller [26] was the first to observe that the shoulder in the 

DSC crystallization peak of glass powders changes with sample granulometry. He attributed 

this phenomenon to the change in the crystallization mode (from 3D to 1D), in that case, for 

a cordierite glass showing heterogeneous crystallization, similar to the diopside glass of this 

work. This shoulder was also observed in stoichiometric diopside glasses by some of us [32]. 

For relatively small particles, the transformation from the surface confounds with volume 

crystallization. Consequently, only a sharp DSC crystallization peak can be seen. As the 

particle size increases, an impingement occurs before reaching the whole transformation 

peak, and the 3D stage of the crystallization peak becomes more and more insignificant as 

the surface-to-volume ratio decreases.  
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We may define an impingement temperature, "eIS, and relate it to an inflection point in the 

first DSC crystallization peak, detected here as the first peak in the 1st derivative curve. The 

dashed vertical line in Figure 5b shows that "eIS occurs at the same temperature (1198 K) 

for samples with granulometries > 300 µm, and at 1175	k for 150-300-µm; for samples with 

granulometries < 150 µm, it is not clearly shown.  

"eIS must be the same for samples with the same surface density of nucleation sites (BC). 
This was observed for samples with granulometries > 300 µm. However, BC is very sensitive 

to surface processing [41]. The smaller the granulometry, the higher the chance of 

mechanical damage on the surface of the particles during the comminution process, which 

in turn increases BC and decreases the period crystals grow on the surface to meet their 

neighboors. The earlier the surface crystals impinge, the lower the "eIS, as observed for the 

particle distributions below 150-300 µm. As the average particle size decreases, the 

sintering ability tends to increase as a result of a higher surface-to-volume ratio. 

Consequently, the contribution of the 3D crystallization mode at the left of the DSC 

crystallization peak becomes more important. 

The RZ model, extended here to include the particle size and pore effect was able to predict 

the shoulder reported by Müller [26] in the DSC crystallization peaks when complete crystal 

impingement at the particle surface takes place. Independently of the particle size, the 

shoulders occurred at the same temperature (1198	k), indicating a similar value of BC for 

all the samples. As expected, the DSC intensity at the shoulder temperature increases as the 

particle size decreases. For large particles, the crystallized surface layer at the stage crystals 

meet on the surface is insignificant compared with the residual glass volume. Hence, there is 

an impingement of crystals before the crystallization peak maximum. 
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The surface nuclei density BC = 10[@	_vE used in this work was determined by comparing 

the experimental "eIS with the one calculated by the proposed model assuming three 

different values of BC. Figure 6 shows the calculated and experimental impingement 

temperatures ("eIS) as a function of granulometry. BC is the only fitting parameter. For 

stoichiometric diopside glass particles [42], BC ranges from 10[@ to 10[E	_vE. There is a 

strong effect of the Ns on the calculated DSC crystallization curves, as observed in Figure 6. 

In the current case, BC = 10[@	_vE, which is close to reported values of BC for glass 

powders regularly prepared in laboratories, leads to the best fit between the experimental 

and calculated crystallization peaks. As shown in Fig. 6, by changing BC from 10{	mvE to 

10[[	mvE the calculated impingement temperature decreased from 1220 to 1170	°C, a 

difference of 50	°C. Fig. 6 shows that the calculated values of "eIS are reasonably close to 

the experimental values, and are relatively insensitive to granulometry changes. Thus, our 

model properly predicts "eIS. In practice, however, different particles may show different 

BC, but the particle ensemble may have the same average BC. As an example, if BC vary 

from 10{	mvE to 10[[	mvE for different particles, taking particles of different size within a 

given granulometric range, the impingement shoulder would be smeared over a 50	°C 

temperature range. 
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Figure 6. Experimental impingement temperature ("eIS) as a function of particle size. The 

dashed lines represent the calculated "eIS considering different values of surface nuclei 

density (BC). The best fit is for BC = 10[@	_vE. 

5.3. Comparison between simulated and experimental diopside crystallization DSC 

peaks  

 

Figure 7 shows the first experimental DSC crystallization peaks for our glass (Figure 3) 

compared to DSC-like crystallization curves calculated using the Eqs. (8-10) for samples with 

granulometry higher than 20 µm. Different simulations are shown: one using the adapted 

model (considering the particle size distributions of Figure 2 and the “density pores”) and 

another using the original Reis-Zanotto model, using the average particle size (D50) and no 
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pore; we also show simulations using the adapted model and a crystal growth rate equation 

fit to data of several authors compiled by Reinsch et al. [33] 

The calculated curves reasonably agree with the experimental ones. The calculated 

crystallization peak maximum shifted approximately 15 K to higher temperatures for 

samples with particles larger than 150 µm, whereas better agreement was found for 

particles smaller than 150 µm.  

This difference may be related to the effect of particle geometry, especially for samples 

larger than 50 µm. Recently, using the geometry-contraction model [30] to calculate the 

DSC crystallization peak of diopside glass particles of different regular shapes (cube, needle, 

plate, sphere, and oblate and prolate ellipsoids) and constant particle volume, some of us 

[30] showed that the non-isothermal crystallization kinetics determined by DSC is heavily 

affected by the particle shape. When the particle geometry deviates from spherical, that is, 

the particle geometry becomes less symmetrical, the DSC crystallization peak becomes 

narrower and more intense. As particles are subjected to further milling, they tend to 

become more symmetrical. Smaller particles are also more susceptible to rounding by 

viscous flow before crystallization [11]. Thus, taking into account different particle 

geometries seems to be an opportunity to enhance the model used in this work. 
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Figure 7.  Experimental (LHS axes) and calculated (RHS axes) DSC crystallization curves on 

heating at 10 K/min for diopside glass powders with different granulometris. The curves for 

the original RZ model were calculated with D50 and ;�"� of this work. The curves of current 

revised RZ model were calculated for the indicated particle size distributions, with ;�"� of 

this work and from ref. [33]. For the calculated curves, BC = 10[@	_vE. 
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In Figure 8, we compare the experimental DSC crystallization peak with the calculated one 

for the 500-600-µm sample, taking into account the PSD for both cases: with and without 

the density pore effect. For example, without density pore correction, the transformation is 

limited to ℎI%J 	= 5, i.e. the crystallization front advances down to the particle center, 

whereas with density pore correction, the transformation is limited to ℎI%J ≅ 0.505. As 

expected, the calculated DSC crystallization peak without the density pore effect has a lower 

intensity and delayed crystallization end at higher temperatures than with the density 

correction.  

 

Figure 8. Experimental (LHS axis) and calculated DSC crystallization curves on heating at 10 

K/min for the 500-650-µm diopside glass sample. The calculated peaks (RHS axis) were 

obtained with and without the effect of the crystallization-induced porosity. 
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Figures 7 and 8 show that when the particle size distribution and pores are taken into 

consideration, there is a better fit to the experimental DSC peaks than when only an average 

particle size is used or the pore effect is disregarded.  

The use of the experimental ;�"� obtained for the current glass indeed makes a difference 

in the calculated curves and improves the agreement, however, it is not far from those 

calculated for diopside glasses considering ;�"� fitted from data of different authors. This is 

a fortuitous case, since the ;�"� data for (nominally) stoichiometric diopside glasses from 

different authors show a remarkable similarity, even considering that they probably have 

significant composition deviations and impurity levels. However, a noteworthy scatter is 

evident on the ;�"� data [33] in the temperature range between 1200 and 1300 K, the 

same of the DSC peaks in this work, indicating the effect of the (slightly) different glass 

compositions used by these authors.  

It is relevant to note that the crystal growth rate on the glass surface may be different from 

the growth into the glass sample interior. This has been demonstrated, e.g., for combeite 

(Na2O.2CaO.3SiO2 or 123) glass, for which Yuritsyn et al.43 observed that the ratio between 

the surface and volume crystal growth is ;C ;~⁄ = 1.8 at 1.21"M, ;C ;~⁄ = 81 at 1.07"M and 

;C ;~⁄ = 110 at 1.03"M. For a diopside glass, Reis [39] noted similar values for ;C and ;~ at 

1.08"M. In our case, the first DSC crystallization peak ranges from 1.14"M to 1.32"M for 

different particle size ranges, and thus to a first approximation we expect that ;C ;~⁄ ≅ 1. 

Hence, there is no significant difference between the crystal growth on the surface and 

towards the volume in the temperature range of our DSC study. In our case, the crystal 

growth rate measured by a change of thickness of the crystallized layer (growing towards 
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the sample interior) as a function of time between 1.12"M and 1.28"M is a good 

approximation for both surface and volume transformation kinetics. 

Finally, the RZ model extended to include the particle size and pore effect may aid in the 

design of the microstructure and properties of glass-ceramic materials by controlling the 

particle size and the sinter-crystallization path. The model could be used alongside sintering 

models to determine in which temperature the sample should be treated to trigger (or not) 

the nucleation of pores.  

For example, a sintered glass-ceramic prepared from a precursor glass showing only 

heterogeneous nucleation, and whose crystal phase has a much higher density, could be 

thermally-insulating when each particle crystallizes after partial sintering until one 

cavitation pore forms in their center. As the rigid crystallized surface does not allow for 

particle shrinkage, a central pore nucleates and grows. Hence, by choosing large enough 

particles and a temperature above "eIS, a crystallized surface layer could form around each 

sintered particle, and this effect could maximize the trapped gas and the thermally-

insulating property of the resulting glass-ceramic. On the other hand, if the same glass is 

prepared as fine particles, such that the number of surface nucleation sites is insufficient to 

form a continuous crystallized layer around each particle, it would sinter faster, and would 

present a crystallization behavior similar to glasses showing internal nucleation. In this case, 

the resulting glass-ceramic would reach a higher relative density by sinter-crystallization and 

would be mechanically stronger, but less thermally-insulating than in the previous case. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

6. Conclusions  

We adapted the Reis-Zanotto model for describing the crystallization kinetics of a glass 

particle ensemble. The revised model considers the particle size distribution and 

crystallization-induced porosity. These two complicating factors are quite common in 

practice and were not included in the original derivation of the RZ model.  

We then successfully tested the modified model for a glass that shows these two features. 

For the largest particles, the experimental and simulated DSC peak profiles present a 

shoulder before the crystallization peak maximum, which was attributed to a change in the 

transformation dimensionality – from 3D to 1D – which occurs after impingement of the 

surface crystals. The temperature of the shoulder in the experimental DSC traces was 

consistent with BC = 10[@	_vE (the only fitting parameter). The very reasonable, but non-

perfect, agreement between the experimental (jagged particles) and theoretical (spherical 

particles) peak profiles indicates that the glass particle morphology also plays a role in their 

non-isothermal crystallization kinetics.  

The adapted model describes the complex crystallization kinetics of our glass powder, 

showing that the two complicating factors studied should be taken into account in future 

studies of glass particle crystallization.  
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Supplementary Materials 

Table S1. Nominal and analyzed diopside glass compositions (wt%). 

 MgO SiO2 CaO 

Stoichiometric diopside 18.6 55.5 25.9 

This work 14.3 58.4 25.9 

Fokin et al. [12] 18.1 56.4 25.5 

Cassar [35], Reis [39] 18.6 55.4 25.8 

Nascimento [40] 17.9 60.1 22.0 

 

Table S2. Sample characteristics: intercepts at 10, 50 and 90% (D10, D50, and D90) of the cumulative size distributions, and 

DSC temperatures of glass transition (Tg), the onset of crystallization (Tx), impingement (����), and peak maximum (Tp). 

Sieve meshes 
(µm) 

i[@ 
(µm) 

i�@ 
(µm) 

i{@ 
(µm) 

"M 

(K) 
"J[ 
(K) 

"eIS 

(K) 

"S[ 

(K) 

"SE 

(K) 

< 7 4 9 19 997 1148 - 1168 - 
7-20 12 24 35 997 1163 - 1183 1439 

20-45 44 64 103 996 1166 - 1190 1451 
45-76 70 90 129 996 1170 - 1197 1465 

76-150 100 139 189 996 1171 - 1204 1464 
150-300 176 280 421 996 1173 1175 1213 1459 
300-430 361 457 568 996 1178 1198 1224 1461 
430-500 458 589 747 996 1179 1198 1228 1459 
500-650 627 792 999 996 1188 1198 1234 1464 
650-800 717 938 1167 994 1187 1198 1233 1458 

800-1000 880 1149 1489 994 1195 1198 1240 1458 
1000-1500 1332 1854 2513 994 1204 1198 1257 1460 

 

Table S2 presents the average "M, "J[, and "S[, and the corresponding 95% confidence 

intervals, assuming the Student t-distribution (performed in this work to represent the error 

bar). The average "M = 996	k does not show any significant change as a function of particle 

size in the error intervals, as expected. Both the average "J[ and "S[ shift approximately 

56	K and 90	K, respectively, to higher temperatures as the grain size increases. These shifts 
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are expected, since large particles present a low surface-to-volume ratio, and thus small 

numbers of surface nuclei when compared to small ones, delaying the crystallization 

progress. The powder packing in the DSC pan may also affect "J[ and "S[. The characteristic 

temperatures of the crystallization peaks are shown in Figure S1.  
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Figure S1. Characteristic temperatures of the diopside glass as a function of particle size. a) Maximum temperature (Tp1) 

and b) onset of crystallization (Tx1) of the first crystallization peak, and c) glass transition temperature (Tg). 

 

Table S3. DSC heating rate (�), maximum temperature (����), the temperature of the crystallization peak 1 (���), the 

temperature of the crystallization peak 2 (���), particle shape and size from different authors for nominally 

stoichiometric diopside glasses. 

 9 (k/min) "I%J (K) "S[ (K) "SE (K) Shape Size (µm) 

This work 10 1763 1197 1465 Powder 45-76 
This work 10 1763 1213 1459 Powder 200 
Fokin et al. [12] 10 1573 1173 - Powder 200 

Reis [39] 10 1473 1184 1303 Powder 38-75 
Reis et al. [32] 10 1473 1225 1339 Plate 130 (thickness) 
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Fokin et al. [12] 10 1573 1273 1373 monolithic 4000 
Cassar [35] 9 1400 1254 1319 monolithic - 
Nascimento [40] 20 1473 1291 - monolithic - 
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Figure 3 
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