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Abstract. The process of viscous flow sintering is a phenomenon that is closely linked to the 
surface properties of the glass particles. In this work, we studied the extreme case of acid-
leaching of soda-lime-silicate glass beads of two different particle size distributions and its 
effects on non-isothermal viscous sintering of powder compacts. Depth profiling of the chemi-
cal composition after leaching revealed a near-surface layer depleted in alkali and alkaline 
earth ions, associated with concurrent hydration as mass loss was detected by thermogravim-
etry. Heating microscopy showed that acid treatment of glasses shifted the sinter curves to 
higher temperatures with increasing leaching time. Modelling of the shrinkage with the cluster 
model predicted a higher viscosity of the altered surface layer, while analysis of the time scales 
of mass transport of mobile species (Na+, Ca2+ and H2O) during isochronous sintering revealed 
that diffusion of Na+ can compensate for concentration gradients before sintering begins. Also, 
exchanged water species can diffuse out of the altered layer, but the depletion of Ca2+ in the 
altered surface layer persists during the sinter interval, resulting in a glass with higher viscosity, 
which causes sintering to slow down. 
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1. Introduction

Sintering of glass powder is used in many industrial applications, e.g. dental glass-ceramics 
[1], [2], marble-like tiles for architecture and construction [3], solder glasses [4], fibre-reinforced 
glasses [5], electronic substrates [6], [7], 3D printed objects [8], [9], three-dimensional translu-
cent scaffolds for photocatalysis/optical sensors [9] and vitreous enamel coatings [10], [11]. 
During processing, glass powders are often exposed to aqueous solutions to produce slips 
and slurries, which are basic components of wet coating technologies [1], [10]. Various reac-
tions can occur that lead to chemical and physical alterations of the glass surface [12], [13]. 
For example, ion exchange reactions between Na+ in the glass and H+ in the solution, water 
molecules diffusing into the glass, or hydrogen containing species reacting with non-bridging 
oxygen on the surface [14], [15], [16]. The mechanisms and rate-controlling processes at the 
glass surface can depend on the glass composition, homogeneity, surface preparation, ambi-
ent media, atmosphere, temperature and time [12], [13], [17]. For example, an alkali-deficient 
hydrated (leached) layer with altered viscosity and surface energy can form under the glass 
surface. Since viscous sintering is driven by the reduction of the surface energy of the com-
pacted powder and limited by the viscous flow at the surface of the powder particles, corrosion 
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and leaching phenomena are of crucial importance for the sintering progress. In practice, in-
sufficient surface quality of fired products is empirically corrected by parameters at the furnace, 
while only recently a first knowledge-based study on diffusive mass transfer during sintering of 
hydrated glass powders was available [18]. 

Against this background, we focus on the sintering kinetics of acid leached soda-lime-
silicate glass beads studied for different particle size distributions and leaching times. The re-
sults are discussed based on viscometry, electron microscopy, chemical depth profiling, differ-
ential scanning calorimetry, thermogravimetry and mass spectrometry degassing measure-
ments with the aim of providing a prediction of the sintering progress of glass particle compacts 
with altered surface chemistry. 

2. Material and methods

2.1 Glass powders

Small and large soda-lime-silicate glass beads (Potters Industries, Fleurus, Belgium), supplied 
as Sphereglass® 5000 and Sphereglass® 2429 respectively, were used for the present study 
and will hereafter be referred to as 5000 and 2429 for short. To prepare coarse powder sam-
ples, 500 g of glass 2429 was sieved three times to > 45 µm and washed three times with 
isopropanol using a 45 µm square metal grid to remove the undersize fraction. The fine glass 
powder samples were taken from glass 5000 as received. To prepare bulk reference samples, 
200 g of glass 2429 was heated in an electric furnace (LHT04/17, Naberthem, Lilienthal, Ger-
many) at 1773 K for 4 hours and quenched in air. 

2.2 Chemical analysis and particle size distribution and glass density 

For chemical analysis, 3 g of the coarse and fine powder were dissolved in lithium tetraborate 
flux. Chemical analysis of the melt product was performed using an X-ray fluorescence spec-
trometer (S4 Pioneer, Bruker AXS, Karlsruhe, Germany) based on calibration curves for SiO2, 
Al2O3, Fe2O3, MnO, MgO, CaO, Na2O, K2O, TiO2, P2O5. The particle size distribution (PSD) of 
the powders was measured by laser diffraction (LS230, Coulter, Miami, USA), while a helium 
pycnometer (Pycnomatic ATC EVO, Porotec, Hofheim, Germany) was used to determine the 
glass density. The standard deviation based on several measurements was ± 0.005 g cm-3. 

2.3 Acid-leaching and electron microscopy 

Fine and coarse powders were leached in an acidic solution of HNO3 (1 mol l-1) at 363 K in a 
sealed polyethylene container containing 1 g of glass spheres and 30 ml of acid for 1 to 24 
hours. Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (SEM-
EDXS) on mechanically polished cross-sections of the sintered compacts (leached and un-
leached) were performed using a SEM (Sigma 300 Zeiss, Oberkochen, Germany) equipped 
with an EDXS detector (Ultim Max 40, Oxford Instruments, Abingdon, UK) for elemental map-
ping at 8 and 20 keV. Spectra acquisition and further quantitative processing of the EDXS data 
were performed using Aztec software (version 6.1, Oxford Instruments, Abingdon, UK). 

2.4 Chemical depth profiling 

Before and after leaching, a depth profile of the chemical composition from the surface to the 
core of the glass beads was obtained using an electron gas secondary neutral mass spectro-
scope (SNMS, INA-X SPECS, Berlin, Germany). The samples were prepared by pressing 
glass beads onto an indium foil, removing the unfixed material with a hoover and covering the 
edge with a copper mask. The area studied had a diameter of 5 mm and was sputtered with 
Kr+ plasma with an energy of 500 eV in high frequency mode (1000 kHz, 60% duty cycle). 
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Since it was difficult to measure the depth of the sputtered crater on the sample consisting of 
several spherical glass spheres, the sputtering rate for flat soda-lime-silicate glass of 0.3 nm 
s-1 [19] was used to convert time to depth. It should be noted that the atomic sputtering process
is independent of the curvature of the glass surface.

2.5 Thermal analysis and sintering 

Differential scanning calorimetry (DSC) was performed with a DSC 404 F3 Pegasus instrument 
(Netzsch, Selb, Germany) in air atmosphere (100 ml min-1). Powder samples (~25 mg) were 
subjected to the heating-cooling-heating programme from room temperature to 1065 K at a 
heating and cooling rate of 10 K min-1 in PtRh20 crucibles with lids. Prior to this, the baseline 
was corrected using two identical but empty PtRh20 crucibles with lids. Temperature calibra-
tion was performed using the melting temperatures of pure In, Bi, Zn, Al, Ag, Au and Sn in 
corundum-coated Pt crucibles of the same geometry. Thermogravimetry and volatile species 
analysis by mass spectrometry (STA-MS, 409 PC Luxx, Netzsch, Selb, Germany) was per-
formed on powder samples (~100 mg) by heating in an Al2O3 crucible and air atmosphere (50 
ml min-1) using the same time-temperature protocol as for DSC measurements. Temperature 
calibration was performed by measuring three times the melting temperatures of the pure met-
als In, Zn, Al and Au in corundum crucibles. The error associated with weight loss was deter-
mined based on the standard deviation of the total weight loss of three measurements of un-
leached fine powder and was ± 0.03 mg.  

For the shrinkage measurements, powder compacts were prepared by placing ~32 and 
~30 mg of fine and coarse powder, respectively, into a cylindrical mould of 3 mm diameter and 
height. The powder was then carefully and repeatedly compacted with a soft spring plunger, 
and three drops of ethanol were added as a binder. The sintering of the compact was meas-
ured using a heating microscope (Hesse Instruments, Osterode, Germany) with optical data 
acquisition and image analysis at a heating of 10 K min-1. The temperature calibration was 
based on the melting points of the pure bulk metals Zn, Al and Ag. The temperature standard 
deviation of three measurements was ± 3 K. 

The early stage of sintering up to t0.8 (= time to reach a relative density ρ of 0.8) was 
modelled using the Frenkel approach [20] for the coalescence of two glass spheres, which 
determines the linear sintering rate s’ = ds/dt, where s is the linear shrinkage, by equating the 
energy gain from the decrease in surface area with the dissipated energy of the viscous flow. 
The Frenkel model is often expressed in the form [21]: 

𝑠𝑠′ =  3𝛾𝛾
8𝜂𝜂𝑟𝑟0

𝑘𝑘𝑓𝑓 (1) 

with γ = surface energy, η = viscosity, r0 = particle radius and kf = particle shape factor (= 
1 for spherical particles). The later stage of sintering (isolated pores, t > t0.8) was modelled 
using the Mackenzie-Shuttleworth approach [22]. For the relative densification rate ρ’ = dρ/dt, 
where ρ is the relative density of the compact, one has [23]: 

𝜌𝜌′ =  3𝛾𝛾
𝜂𝜂
�𝑂𝑂

1/3

2𝑟𝑟0
� (1 − 𝜌𝜌)2/3𝜌𝜌1/3 (2) 

with O = number of pores per particle. Eq. (1) and (2) were combined for numerical inte-
gration of the entire linear shrinkage. Using the conversion for isotropic sintering ρ0/ρ = V/V0 = 
(1-s)3, which results in s = 1 - (ρ0/ρ)1/3 and s’/ρ’ = ρ0

1/3/3ρ4/3, respectively and relating O1/3 ≈ 2kf 
one may integrate [5]: 

𝑠𝑠(𝑡𝑡) = ∫ 𝑠𝑠′(𝜉𝜉)𝑑𝑑𝜉𝜉 + ∫ 𝜌𝜌′(𝜉𝜉) � 𝜌𝜌01/3
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For a narrow particle size distribution (PSD), preferred interaction (contacts) of glass par-
ticles of the same size have been assumed so far in literature [24]. In this cluster model, sin-
tering is described as a superposition of the contribution of each particle size, weighed by its 
relative frequency Ψ(r0j) of the PSD according to [24]: 

𝑠𝑠 ≈ ∑ Ψ𝑗𝑗�𝑟𝑟0𝑗𝑗�𝑠𝑠𝑗𝑗𝑗𝑗  (4) 

with sj = shrinkage of powder fraction j. 

2.6 Viscometry 

Bulk samples of reshaped glass 2429 were cut for the determination of high and medium vis-
cosity. For high viscosities (1010.3–1012.1 Pa s), a vertical dilatometer (Bähr VIS 404, Hüllhorst, 
Germany) with a micropenetration setup was used. For this, a polished glass plate (2.75 mm 
thick) was placed under a SiO2 glass rod, which pressed a sapphire ball (1.5 mm diameter) 
into the glass sample at the target temperature and under a load of 400 g. Medium viscosities 
(108.5–1010 Pa s) were determined with a horizontal dilatometer (Bähr VIS 401, Hüllhorst, Ger-
many) in a symmetric three-point bending mode setup. For this purpose, a rod of approximately 
43 × 3 × 4 mm3 was bent during heated at 10 K min-1. Low viscosity measurements (101.3–102.7 
Pa s) were performed in a concentric-cylinder rheometer (Haake RV 20, Karlsruhe, Germany) 
using 40 g of glass beads. The experimental procedures for measuring the viscosity of these 
three methods, including temperature calibration, are described in detail in [25], [26]. The cer-
tified viscosity data of DGG-I glass [27] were reproduced with a standard deviation of ± 0.1, ± 
0.05 and ± 0.02 in log units for micropenetration, beam-bending and concentric cylinder meas-
urements, respectively. Finally, the MYEGA model was used to describe the temperature-de-
pendent viscosity η(T) [28]:  

log 𝜂𝜂(𝑇𝑇) = 𝐴𝐴 + (12 − 𝐴𝐴) 𝑇𝑇12
𝑇𝑇
𝑒𝑒𝑒𝑒𝑒𝑒 �� 𝑚𝑚

12−𝐴𝐴
− 1� �𝑇𝑇12

𝑇𝑇
− 1�� (5) 

where the three adjustable parameters are A = logη∞ (viscosity in the high temperature 
limit), m (kinetic fragility) and T12 (viscometric glass transition temperature = T(1012 Pa s)). 

2.7 Surface energy 

The surface energy of glass 2429 was determined by the pendant drop method using a heating 
microscope (Hesse Instruments, Osterode, Germany) with optical data acquisition. A block 
(0.2–0.3 g) of reshaped glass 2429 was placed on a Pt wire loop, flowed through the loop and 
formed a hanging drop at temperatures between 1102 and 1364 K. The surface energy was 
then determined from the mass (density times volume) and shape of the pendant drop based 
on the Young-Laplace equation using the dpiMAX software of the contour analysis system 
(OCA 15plus, Data Physics, Filderstadt, Germany). The density was corrected for the thermal 
expansion of the liquefied glass, using typical coefficient of thermal expansion values of 9 and 
27 ppm K-1 for temperatures below and above the glass transition, respectively.  

3. Results

Chemical composition analysis revealed that glasses 5000 and 2429, which were used to pre-
pare fine and coarse powders, had only minor differences of 0.3 and 0.9 wt% for CaO and 
MgO, respectively (Tab. 1). The difference in glass density, i.e. 2.472 g cm-3 for glass 5000 
and 2.475 g cm-3 for glass 2429 was within the measurement error. 

Fitting Eq. (5) to the viscosity data of the glass 2429 gave the parameters values A = -1.30 
± 0.05, m = 38.9 ± 0.2 and T12 = 834.3 ± 0.3 K (Fig. 1). It was assumed that these values also 
apply to glass 5000, which was used to produce fine glass powder compacts. 
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Table 1. Chemical composition in wt% obtained from XRF. The error was ± 0.1% based on the stand-
ard deviation of four measurements.  

Glass SiO2 Na2O CaO MgO Al2O3 FeO/Fe2O3 K2O SO3 TiO2 
5000 (fine) 72.2 13.7 9.7 2.4 1.1 0.1 0.5 0.2 0.1 
2429 (coarse) 72.2 13.6 9.4 3.3 0.9 0.1 0.3 0.2 0.1 

 

 

Figure 1. Viscosity of 2429 glass as a function of temperature (symbols) and fit of Eq. (5) to the data 
(line). 

Fig. 2 shows that the surface energy of glass 2429 is constant within the uncertainty of the 
method for the temperature range studied. The mean value of 342 ± 5 mJ m-2 agrees quite 
well with those calculated from the composition [29], [30], [31], [32], [33]. It should be noted 
that the pendant drop method only provided direct access to surface energy for temperatures 
above the sintering range. Therefore, this value was also assumed for sintering of glass pow-
der compacts as analysed below. 
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Figure 2. (A) Surface energy in dependence on temperature, (B) contour of the pendant drop at 1364 
K recorded in the heating microscope and (C) contour analysis of the part of the drop below the tail 

marked by the second cyan line and scaled to obtain correct drop volume by first cyan line above the 
drop (IFT = interfacial tension). Calculation from composition by Dietzel 1942 [29], Lyon 1944 [30], Ap-

pen1954, 1956 [31], [32] and Sasek and Houser 1974 [33]. 

When comparing the small and large beads before and after different acid-leaching times 
by electron and optical micrographs, no differences in shape could be detected apart from 
minor surface damage caused by the manufacturing process. Consequently, acid-leaching re-
sulted in only a slight change in the logarithmically scaled PSD of the fine powder (Fig. 3). For 
the coarse powder, the changes induced by acid-leaching are likely to be negligible. Attempts 
to determine them were unsuccessful because the statistical significance of the PSD was too 
low due to the small number of leached coarse beads. For a better overview, the characteristic 
quantities of the individual PSD are listed in Tab. 2. 

 

Figure 3. Particle size distribution (PSD) of the fine (5000) and coarse (2429) glass powders under 
study. 
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Table 2. Characteristic sizes d10, d50 and d90 (µm) of the PSD of fine and coarse glass powders for dif-
ferent times of acid-leaching tal (h). 

Glass powder tal d10 d50 d90 
5000 (fine) 0 1.1 4.7 12.2 
 1 0.8 5.5 12.9 
 7 0.9 5.1 12.7 
 24 0.9 5.2 12.7 
2429 (coarse) 0 55.8 79.6 102.6 

 

Fig. 4 shows depth profiles of the atomic composition from the surface towards the core 
of glass beads from fine and coarse glass powders for different leaching times. For clarity, the 
concentrations have been scaled to their internal values. In each case, a near-surface gradient 
of the chemical composition was detected. A narrow (10–20 nm) depletion layer of Na, Mg and 
Ca was already present in the unleached beads. The depth of the altered layer increases with 
prolonged acid-leaching to about 30–40 nm (Ca and Mg), while Na was depleted up to 150 nm 
after 24 h of leaching. Note that under acidic conditions rapid cation-proton exchange is to be 
expected. However, hydrogen-containing species were not measured with SNMS because 
their ionization probability is low when Kr+ plasma is used. Therefore, the effect of hydration 
was determined by thermogravimetry, assuming that all water is released from the hydrated 
surface layer of the beads in a loose powder bed during heating. 

 

 

Figure 4. Relative atomic composition (scaled by their bulk values) of Na, Ca, Mg, Si and O by SNMS 
depth profiling. (A) small 5000 and (B) large 2429 glass beads, respectively, for different acid-leaching 

times. A y-offset is used for clarity. 

Fig. 5 shows the weight loss curves of the powders tested. Regardless of the duration of 
leaching, practically no weight loss is observed for the coarse powders. However, with the fine 
powders there is a considerable loss of weight, which increases with increasing leaching time. 
As Fig. 5 exemplifies for the unleached sample, the first weight loss in the range 300–500 K is 
due to the release of water and some CO2, while at higher temperatures (~660 K and ~790 K) 
further CO2 release is detected. 
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Figure 5. Weight loss (left ordinate) and ion current (right ordinate) of mass 18 (H2O) and mass 44 
(CO2) for heating fine (5000) and coarse (2429) glass powders for different acid-leaching times at 10 K 

min-1. The 24 h sample of glass 5000 was not studied. 

Fig. 6 shows that heating at 10 K min-1 in the DSC does not cause crystallisation at the 
glass surface until the end of the sintering range (no exothermic events). Small endothermic 
bumps of the first upscan below the glass transition were attributed to outgassing of volatiles 
or adsorbed species. The glass transition of the second upscan was used to determine the 
calorimetric glass transition temperature Tg, as this run was free of thermal history effects. Note 
the slight difference between the first and second upscan at the beginning of the glass transi-
tion, indicating such an artefact of thermal history. For the coarse powder, Tg was found to be 
constant with leaching time (840 ± 3 K) and close to the T12 determined by viscometry. How-
ever, for the fine powder, a small increase of 9 and 12 K was found for leaching times of 7 and 
24 hours, respectively. The fact that the glass transition temperature does not depend signifi-
cantly on the leaching time is due to the negligible (coarse powder) or only slight (fine powder) 
change in the overall composition of the glass spheres (see approximation of overall compo-
sition in the Discussion section).  

 

Figure 6. DSC upscans for heating (A) fine 5000 and (B) coarse 2429 glass powders for different acid-
leaching times at 10 K min-1. Tangent construction of the 2nd upscan indicates calorimetric Tg. A y-off-

set is used for clarity. 
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Fig. 7 shows images of the powder compact (glass 5000) during heating through the sin-
tering range (923–983 K). The green frame indicates small differences between height and 
diameter shrinkage, possibly due to influences of the substrate, temperature gradients and 
gravitational forces. To facilitate comparison of the different treated samples, further analysis 
was limited to diameter shrinkage. This was also corroborated by the fact that compacts from 
coarse (2429) glass powders showed some residual porosity (entrapped gases), which led to 
swelling of the compact at the end of the sintering process, as shown by the volume analysis 
from the diameter sd and height sh shrinkage of the compact (Fig. 8A). Repeated tests show 
that the influence of the preparation (for compacts made from coarse powders (2429) this was 
greatest) leads to a scattering of the sintering curve of the compact diameter with respect to 
the temperature of the inflection point of about 7 K and the final shrinkage of about 1.9 % (Fig. 
8B). 

 

 

Figure 7. Snapshots of the compact (3 mm diameter) prepared from unleached fine (5000) glass pow-
der in the heating microscope at room temperature (left) and during heating at 10 K min-1 through the 
sintering range. The green frame illustrates the shrinkage of the diameter and height of the compact.  

 

 

Figure 8. (A) Relative density ρ normalized by the initial “green” density ρ0 of a compact prepared 
from fine and coarse glass powders, respectively and (B) diameter shrinkage sd of 5 compacts pre-

pared from unleached coarse glass powders. The inset of part (A) shows an optical image of the bub-
ble-containing compact (top view) after stopping sintering at 1073 K. 

Fig. 9 shows that the diameter shrinkage with increasing leaching time of the glass pow-
ders shifts to higher temperatures. For fine glass powder the shift in temperature of the 24 h 
leached sample relative to the unleached sample is about 45 K, while for coarse powder a shift 
of about 26 K is determined. In contrast, no trend in the change of the final shrinkage with 
increasing leaching time is evident. 
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Figure 9. Diameter shrinkage of sintering compacts prepared from (A) fine and (B) coarse glass pow-
ders acid-leached for different times. 

Fig. 10 shows electron micrographs of samples at the end of the sintering interval made 
of coarse glass powder that was leached for 24 h on the one hand and not leached on the 
other. First of all, it becomes clear that the commercial glass beads used show slight variations 
in the Al-to-Mg ratio, which is the basis for the contrast difference between the sintered beads 
in both secondary electron images. Due to this chemical heterogeneity, interfaces between the 
sintered beads could be discerned, but a chemical gradient within the sintered beads as well 
as near to these interfaces could not be detected. It should be noted that an up to 150 nm thin 
leaching zone of alkali and alkaline earth ions (see Fig. 4) cannot be resolved with EDXS under 
the imaging conditions used. In case of Na, a certain triggering of the diffusion seems to be 
caused by the energy input of the scanning electron beam. Furthermore, due to the still almost 
spherical shape of the sintered particles, the generated excitation volume could contain a po-
sitional shift of the interface and blur it into an interface zone (with respect to the depth of the 
excitation volume). Therefore, the element maps can only provide integrated information with 
limited resolution. 
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Figure 10. Electron micrographs of the sintered compact (heated to 1071 K) made from (A) 24-hour 
leached and (B) unleached coarse (2429) glass powder. Radial cross-section at half the height of the 

compact. Secondary electron imaging (overview) and enlargements (red and blue frames). SEM-
EDXS with Si, O, Al, Mg, Na and Ca element maps (orange frames) and chemical composition of ar-

eas 1 and 2 (white frames). 

4. Discussion 

Most strikingly, acid-leaching caused a shift of the sintering range to higher temperatures that 
was much larger (~45 K (glass 5000) and ~26 K (glass 2429)) than the scatter caused by the 
replicate measurements. Surface crystallisation as the cause of this shift could also be ruled 
out, as exothermic events in the sintering interval were not detected by DSC. To clarify the 
causes of the shift, the shrinkage was modelled using Eqs. (3) and (4). Therefore, the interfa-
cial energy was assumed to be temperature invariant (γ = 342 mJ m-2), while the temperature-
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dependent viscosity was calculated from the MYEGA parameters A = -1.3, m = 38.9, T12 = 
834.3 K. The PSD of the powders (Fig. 3) was used to specify the relative frequency Ψ(r0j) of 
the sizes r0j. For glass beads, the shape factor kf = 1 was used, while the number of pores per 
particle O was initially set to ~10 (O1/3 = 2.135) to ensure a continuous slope of the linear 
shrinkage curve at t0.8. Fig. 11 shows that only the steepness of the sintering curve of the 
unleached coarse powder (dashed line of Fig. 11B) was actually described with this set of 
parameters. However, T12 had to be increased by about 9 K to fit the measured diameter 
shrinkage, which is only slightly larger than the scatter (7 K) caused by replicate measure-
ments. On the other hand, the sintering curve calculated for the unleached fine powder (dashed 
line of Fig. 11A) was found to be within the scatter, suggesting that the cluster model approach 
of Eq. (4), which neglects any interaction between particles of different sizes, is sufficient to 
describe sintering at all stages. 

Despite these limitations of the model for the sintering of unleached powders, the strong 
delay in the sintering of the leached powders cannot be described with the measured physical 
parameters of viscosity and interfacial energy of the initial glass. In order to model possible 
changes in the chemical composition at the surface of the glass spheres, the viscometric glass 
transition temperatureT12 and the melting fragility m were treated as adjustable parameters, 
while the interfacial energy was still considered constant, as its dependence on the chemical 
composition was estimated to be low. Fig. 11 shows the fitted sintering curves, which lead to 
higher T12 values for all leached glasses with increasing leaching time. At the same time, the 
somewhat steeper sintering curves cause an increase in m, which is particularly pronounced 
for the coarse powders.  

Figure 11. Modelled diameter shrinkage (lines) of sintering compacts prepared from (A) fine and (B) 
coarse glass powders acid-leached for different times using Eqs. (3) and (4) and the parameters as 

indicated. 

Since the broadness of the sintering curve is closely related to the PSD-dependent cluster 
model, the predicted increase in m is not considered physically real, also because in silicate 
glasses a higher glass transition temperature is associated with a decrease in fragility (see, 
e.g., the difference between the curves of the normalised viscosity of silica glass and soda-
lime-silicate glass of the Angell plot [34]). Thus, if the altered chemistry of the surface of the
glass spheres, characterised as alkali and alkaline earth depleted (see Fig. 4), is taken as a
basis and diffused water is regarded as degassed before sintering (see Fig. 5), a SiO2-rich
glass melt forms on the surface of the beads with a strongly increased viscosity. One can thus
envisage that the glass beads are equipped with a leather-hard surface which, in contact with
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each other, only allows mass transport through viscous flow at higher temperatures. This sim-
ple picture assumes, of course, that the alkali and alkaline earth concentrations from the core 
and surface of the sphere do not balance each other out.  

The interaction between diffusing atomic species, which balance concentration gradients 
and sintering was analysed using the ratio of the time scales of diffusive mass transport τDiff 
and sintering τSinter. The approach was adopted from the analysis of Vasseur et al. [18] for 
diffusive mass transport during sintering of hydrous glasses. It is based, on the one hand, on 
the time required for mass transport to equilibrate the concentration gradients tDiff = 1/τDiff = 
λDiff

2/D with the effective diffusion length λDiff and D = diffusion coefficient, and, on the other 
hand, on the time for concurrent sintering, which according to Eq. (1) is tSinter = 1/τSinter = r0η/γ. 
Thus, for isochronous heating and for λDiff = r0, one can therefore integrate [18]:  

 𝜏𝜏𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝜏𝜏𝑆𝑆𝐷𝐷𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

=
1

𝑆𝑆02
∫ 𝐷𝐷𝑆𝑆0 𝑑𝑑𝑡𝑡

𝛾𝛾
𝑆𝑆0
∫ 1
𝜂𝜂 𝑑𝑑𝑡𝑡𝑆𝑆

0
 (6) 

For τDiff >> τSinter, diffusive mass transport can balance different concentrations of chemical 
components at the surface and in the core of the acid leached glass spheres before sintering, 
since up to t0.8 there is an open porosity and the effective diffusion length λDiff can be approxi-
mated with the initial radius r0 of the glass beads. For longer times, there is a closed porosity 
in the sintered compact and the effective diffusion length jumps to the size of the sintered body. 
In contrast, sintering at τDiff << τSinter prevents the balancing of chemical gradients within the 
glass beads and altered surface layers can control the sintering kinetics. 

We have analysed in Fig. 12 three different types of mobile atomic species (Ca2+, Na+ and 
H2O) of the soda-lime-silicate glass structure in terms of their much shorter relaxation times 
than those of viscous flow [35], [36]. The temperature-dependent effective water diffusion co-
efficient was taken from the review by Shelby [37], while the tracer-diffusivities of 22Na and 
45Ca were used from the study of Mehrer et al. [35]. The effective diffusion length λ was ana-
lysed for the radii of the three characteristic particle sizes d10, d50 and d90 of the PSD of fine 
and coarse powders (see Tab. 2). In case of water diffusivity, dehydration of the acid leached 
surface layer (thickness up to 150 nm) was also considered as the partial vapour pressure 
during heating of the powder compacts differs from the water content in the glass. Fig. 12A 
shows that for fine powders, diffusion of water species and sodium ions is effective before the 
start of sintering, while calcium depletion at the surface of the glass beads after acid leaching 
can persist in the sinter interval as diffusion from the core cannot reach the surface. In contrast, 
water diffusivity can also affect the sintering of the coarse powders (Fig. 12B). At τDiff << τSinter, 
water cannot diffuse effectively from the sintered compact and can contribute to the observed 
gas bubble formation (see inset of Fig. 8A). Fig. 12B, however, shows also that dehydration of 
the surface layer is still effective because the diffusion length of 150 nm is significantly smaller 
than r0. The water diffusivity analysis is in principle consistent with the observed mass loss and 
degassing (of H2O) of the fine powder during heating (see Fig. 5), while no mass loss or de-
gassing activity was measured for the coarse powder. Of course, it should be noted that the 
absence of a mass loss signal may also be due to the much lower total amount of water dis-
solved in the acid leached layers of the coarse powder (detection limit). 
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Figure 12. τDiff-to-τSinter ratio (dashed lines) of Na+, H2O and Ca2+ for different diffusion lengths (d10, d50 
and d90) and diameter shrinkage of sintering compacts prepared from (A) fine 5000 and (B) coarse 

2429 glass powders acid-leached for different times.  

While diffusing Na+ ions can compensate for concentration differences before sintering, 
the total amount decreases with increasing leaching time, as Na+ is enriched in the leachant. 
A rough calculation of the mass balance shows that this effect can contribute up to 2.4 mol% 
Na2O for the fine powder (assuming a glass bead of 4.7 µm diameter (d50) consisting of a 150 
nm thick Na+-free layer on the surface, while the initial concentration of 13.2 mol% Na2O is 
present underneath and layer and core glass are of same density). 
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5. Conclusions

Acid-leaching of soda-lime-silicate glass powders leads to ion exchange processes at the par-
ticle surfaces. The interdiffusion of alkali and alkaline earth ions with protons of the acid leads 
to a hydrated surface layer depleted in Na+, Ca2+ and Mg2+. With increasing leaching time, the 
thickness of the altered surface layer increases and the shrinkage curve shifts to higher tem-
peratures. The latter (shrinkage curve shift), is more pronounced for the fine glass powders. In 
order to explain the sintering delay of the acid leached powders, a modelling of the shrinkage 
curves with adjustable viscosity parameters (viscometric glass transition T12 and kinetic fragility 
m) was carried out, which shows that T12 increases with the leaching time. The simulated in-
crease of m was not considered physically real, as the width of the sintering curve was closely
related to the PSD-dependent cluster model used, among other factors. Possible interactions
between diffusing atomic species (Na+, H2O and Ca2+), which can compensate for concentra-
tion differences within the glass powder beads, and sintering were analysed for constant heat-
ing using the ratio of the time scales of diffusive mass transport and sintering. It was found that
for both powder series (fine and coarse), the depletion of alkaline earth ions (Ca2+) in the al-
tered surface layer persists during the sinter interval, while the sodium ion concentration in the
glass beads is already balanced before sintering starts. The effect of water diffusivity is negli-
gible in the case of the fine powder (degassing and mass loss before sintering), while it cannot
be completely ruled out for the coarse powder. The sintering retardation can therefore be de-
scribed as the effect of a composition gradient, which in turn leads to a viscosity gradient,
whereby the outer part of the glass beads is less prone to viscous flow due to the higher silica
content and the lower amount of modifiers. As the total amount of Na+ ions exchanged in-
creases with increasing leaching time, the Na+ concentration remaining in the glass spheres
decreases, further increasing the effective viscosity at the surface.
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