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Abstract
Sintering, crystallization, and foaming of 44.8SiO2–2.5P2O3–36.5CaO–6.6Na2O–
6.6K2O–3.0CaF2 (F3) and 54.6SiO2–1.7P2O3–22.1CaO–6.0Na2O–7.9K2O–7.7MgO
(13–93) bioactive glass powders milled in isopropanol and CO2 were studied via
heating microscopy, differential thermal analysis, vacuum hot extraction (VHE),
Infrared spectroscopy, and time-of-flight secondary ion mass spectrometry. Full
densification was reached in any case and followed by significant foaming.
VHE studies show that foaming is driven by carbon gases and carbonates were
detected by Infrared spectroscopy to provide the major foaming source. Carbon-
ates could be detected even after heating to 750◦C, which hints on a thermally
very stable species or mechanical trapping. Otherwise, dark gray compact colors
for milling in isopropanol indicate the presence of residual carbon as well. Its
significant contribution to foaming, however, could not be proved and might be
limited by the diffusivity of oxygen needed for carbon oxidation to carbon gas.
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1 INTRODUCTION

The manufacturing of sintered glasses and glass–ceramics
can be complicated by gas bubble formation. Unlike
desired foaming,1–5 such non-desired foaming is rarely
studied, making it difficult to derive foaming miti-
gation strategies. Several foaming sources, like glass
volatilization6 and adsorbed water and oxygen,7,8
crystallization-induced density change and related
gas release phenomena,9 over-firing,10 and encapsulated
sintering atmosphere11 were discussed. Agea et al.12
found strong effects of powder processing on foaming of
commercial Ba alumino-borosilicate glass powders for
solid oxide fuel cell (SOFC) sealing. The authors found
that dry milling in CO2 atmosphere increases foaming
intensity dramatically compared to milling in air, Ar, N2,
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or water and concluded that carbonaceous species trapped
at the glass surface during milling or later storage provide
the major foaming source.
This latter conclusion is consistent with other studies.

Thus, it was found that freshly fractured glass surfaces
can instantly trap atmospheric CO2

13 from which a wide
variety of thermally stable carbonaceous species like car-
boxylates, oxalates, or carbonates can emerge.14–16 In a
similar sense, Kalinkin et al.17,18 demonstrated that inten-
sive milling of Ca and Mg silicate minerals can cause
substantial CO2 uptake. Beyond the thermal stability
of carbonaceous surface species, mechanosorption phe-
nomena like the appearance and migration of structural
defects, and plastic deformation and deformation mixing
of system components,19 propagating micro- and sub-
micro-cracks or the bulk penetration of CO2

20 have been
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discussed as trapping mechanisms. In a recent study on
the glass used in Ref. [12], such burying-like trapping
mechanisms were indicated by the presence of molecular
CO2 unable to rotate, their large thermal stability, and the
occurrence of diffusion-limited carbon gas effusion peaks
close to the glass transition temperature.21
As for glass sealants, non-desired foaming may also

occur for bioactive glasses because of their high network
former content needed to ensure large degradation rates
in aqueous solution. As a high network former content
also increases the glass crystallization tendency, its effect
on foaming is also important.
The aim of this work was to study the non-desired

foaming of bioactive glasses focusing on potential foam-
ing sources, and the effects of glass powder process-
ing and crystallization because such basic knowledge is
required for deriving mitigation strategies. Two bioac-
tive glasses of different crystallization tendencies have
been therefore considered. The fluoride-containing glass
under study, F3, allows fiber drawing and sintering to
dense compacts22–24 but densification is closely followed
by Na2CaSi2O6 (combeite) crystallization.24 The other
glass, 13–93, undergoes onlyweak crystallization of CaSiO3
(wollastonite).24–26 To check whether CO2 uptake dur-
ing milling provides the major source of non-desired
foaming as previously discussed in Refs. [12, 21] for borosil-
icate glass, prolonged dry milling in CO2 atmosphere was
compared with wet milling in isopropanol, as water-free
milling of bioactive glasses iswidely used tominimize glass
corrosion.

2 SAMPLES ANDMETHODS

Glasses of nominal composition 44.8SiO2–2.5P2O3–
36.5CaO–6.6Na2O–6.6K2O–3.0CaF2 (F3) and 54.6SiO2–
1.7P2O3–22.1CaO–6.0Na2O–7.9K2O–7.7MgO (13–93)24
were prepared from reagent grade SiO2, CaCO3 (≥99%
purity; Merck, Darmstadt, Germany), NaPO3, Na2CO3,
K2CO3, MgCO3, and CaF2 raw materials. Batches of 200 g
were molten in 200-ml Pt crucibles for 1 h at 1350◦C. Glass
frits were produced by quenching in water. Bulk samples
were casted into copper molds.
Glass powdersweremade by crushing andmilling. After

drying in air at 120◦C, steel mortar crushed glass frits were
sieved to 315–3150 μm and used for subsequent planetary
ball milling in 80-ml zirconia jars with 10 Ø 15-mm zir-
conia balls per jar at 320 r/min (Pulverisette 5/2; Fritsch,
Idar-Oberstein, Germany).Wetmillingwas done in badges
of 20 g in ≈20-ml isopropanol for 10 min at 340 r/min
(F3Iso and 13–93Iso). Wet milled powders were dried at
room temperature for 16 h and then annealed at 80◦C
for 30 min to evaporate residual isopropanol. For dry

milling in CO2 atmosphere a planetary ball micro mill
(PULVERISETTE 7, Fritsch, Idar-Oberstein, Germany)
with sealed corundum jars of 25 ml, each containing seven
Ø 12-mm corundum balls were used. Milling of 7-g glass
per jar was done at a maximummotor speed of 3400 r/min
for 60 min (F3𝐶𝑂2 and 13–93𝐶𝑂2) and 120 min (F3𝐶𝑂2−𝑏 )
in steps of 15 min with 30 min of cooling in between. For
milling in CO2, sealed jars were evacuated to <10 mbar
and refilled with CO2 (99.99%, Air Liquide, Germany) to
≈1 bar. Evacuation and gas filling were repeated five times
to minimize the amount of residual air. Every 30 min,
the atmosphere was renewed following the previously
mentioned procedure. Glass powders were then stored
in a desiccator in vacuum, which was twice evacuated
and refilled with pure argon after inserting the samples.
This procedure should prevent any substantial CO2 uptake
during storage.
Particle size distribution was characterized by light scat-

tering (Mastersizer;Malvern,Worcestershire,UK) of 10mg
dispersed glass powder in a 0.003-M Na4P2O7 solution.
Glass transition temperature and crystallization behav-

ior was monitored by differential thermal analysis (DTA)
within 5 Κ accuracy on 12–17-mg powder samples heated at
10K/min using a thermobalance TAG24 (Setaram, Caluire,
France).
Sintering was studied on cylindrical powder compacts

uniaxially pressed at 50 MPa twice for 30 s with a break
of 10 s in between. Compacts with a diameter of 5 mm, a
height of ≈5 mm, and relative green densities of 55%–60%
were heated up at 10 K/min on zirconia substrates (Cer-
amTec, Plochingen, Germany) in a heating microscope
(Erhitzungsmikroskop, Leitz, Wetzlar, Germany). The
sample temperature was measured with 5-K accuracy.
The relative density of powder compacts (Δρrel = 1.3%)

was calculated from sample mass, bulk glass density,
and compact volume estimated from the compact silhou-
ette area assuming ideal cylindrical shape according to
Ref. [27].
Microstructure evolution was studied on powder com-

pacts heated at 10K/min to selected temperatures using the
heating microscope, quenched in ambient air, and man-
ually fractured. Fracture surfaces were studied with envi-
ronmental scanning electron microscopy (ESEM) (ESEM-
FEG; Philips-XL 30, Eindhoven, Netherlands) at 15 and
20 kV, respectively, and at 0.2–0.5-torr H2 atmosphere.
Heated and quenched powder compacts were studied

by means of Fourier-transformed infrared spectroscopy
with attenuated total reflection ATR-FTIR in the range of
525–1700 cm–1 (Nicolet Avatar 370DTGS with Smart Orbit
addition; Thermo Electron Corporation, Waltham, Mas-
sachusetts, USA). Measured absorbance was normalized
on the maximum glass band (Si–O vibration) for each
curve with calibration against air before measuring. For
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F IGURE 1 DTA curves F3 and 13–93 milled 10 min in
isopropanol and 1 h in CO2. Bottom: Decomposition of CaCO3.
Symbols: Glass transition ( ), crystallization ( ), melting ( ).
Sintering onset ( ) densification ( ), and foaming onset
temperatures ( ) are taken from Figure 2. See Table 1 for sample
and temperature data

FTIR-analysis, samples were crushed in a steel mortar and
milled twice for 30 s in an agate ball mill (KM1; Janetzki,
VEB Spezialmaschinenbau, Lutherstadt Wittenberg, Ger-
many) with intensity 4. The milled samples were <20 h
stored in dry air in a desiccator before the measurement,
to prevent further CO2 uptake.
Gas release was studied with vacuum hot extraction

VHE (custom-made device) allowing to detect gaseous
species released from powder during heating at 10 K/min
(ΔT ≈± 10 K) under a vacuum of 10–6 mbar via mass spec-
troscopy (QMA 4005, Balzers Instruments, Lichtenstein,
Germany).
Time-of-flight secondary ion mass spectrometry (ToF-

SIMS)was donewith a ToF-SIMS5−100 instrument (Iontof
GmbH, Münster, Germany) at 2 × 10–9 mbar in high-
current bunched mode. 25-keV Bi1+ ions (cycle time
100 μm) were used for the analysis of an area of
100 × 100 μm2. Depth profiling was made on 2-mm glass
particles 1-h dry milled in 1-atm CO2 before. Sputtering
was made with 2 keV Cs+ ions (≈25 nm/min at an area of
300× 300 μm2). Sputter depth was calculated from process
time using the Yamamura equation.

3 RESULTS

3.1 DTA

Figure 1 shows DTA curves for F3 and 13–93 glass pow-
ders as well as for the CaCO3 raw material used in the
present study. Symbols indicate characteristic tempera-

F IGURE 2 Silhouette area change, sA, during heating at
10 K/min for F3 (A) and 13–93 (B) glass powder compacts
determined via heating microscopy. Subscripts: Iso = 10-min milling
in isopropanol, CO2 = 1 h milling in CO2, CO2−b

= 2-h milling in CO2.
The sA maximum of 13–93CO2−b

could not be measured.

tures attributed to glass transition ( ), crystallization ( ),
and crystalmelting ( ). Table 1 lists these temperatures and
sample preparation data.
F3 crystallization ( ) and melting peaks ( ) confirm

DTA peaks in Refs. [22, 24], which were attributed to
combeite and silicorhenanite.22,24 More detailed studies
and diffraction analyses on the crystallization behavior of
F3Iso can be found in Ref. [24]. The shoulder between 600
and 700◦C for F3 milled in isopropanol (F3Iso) is caused by
sintering as indicated by the sintering ( ) and densifica-
tion ( ) temperatures taken from Figure 2. The weak DTA
effects above 900◦C, seen for all F3 powders, might be due
to foaming as indicated by its onset temperature ( ) taken
from Figure 2.
The DTA curve for 13–93 milled in isopropanol (13–

93Iso) also shows a weak shoulder during sintering. The
first exothermic peak at ≈1000◦C occurs above the foam-
ing onset ( ). As foaming can affect the local temperature
distribution, and only a weak crystallization tendency is
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TABLE 1 Sample preparation, property, and characteristic temperature data

Symbol F3Iso F3𝐂𝐎𝟐
F3𝐂𝐎𝟐−𝐛

13–93Iso 13–93𝐂𝐎𝟐

Glass F3 F3 F3 13–93 13–93
Milling medium Iso CO2 CO2 Iso CO2

Milling duration 10 60 120 10 60
Particle size D10 2 2 1 2 1

D50 11 9 4 9 4
D90 29 39 27 27 32

Glass transition Tg 540 537 537 586 592
Sintering onset TS0 594 589 567 652 630
Densification TSE 676 675 671 735 697
Crystallization onset TC0 685 683 681 # #
Crystallization peaks TC1 711 703 699 # #

TC2 745 739 725 # #
TC3 816 780 791 # #

Foaming onset TF0 950 933 880 900 705
Melting peaks TM1 1111 1127 1074 1113 1125

TM2 1160 1178 1190 – –
Initial relative density ρ0 56.1 59.6 60.0 55.8 59.1
Final relative density ρE 99.4 90.6 92.8 94.5 90.2

Note: Milling duration is presented in min, T in ◦C, D in μm, relative density in %. Iso = isopropanol. Peak temperature symbols are used in Figures 1 and 2.
# = broad exothermic peaks for 13–93 above 760◦C, which cannot be unambiguously attributed to crystallization.

known for 13–93, this peak could be entirely caused by
foaming. The exothermic peaks between 750 and 1050◦C
for 13–93 milled in CO2 (13-93𝐶𝑂2) could be interpreted
this way either. The DTA curve for CaCO3 shows that the
temperature range of thermal decomposition is well below
the onset temperature of foaming in most cases.

3.2 Heating microscopy

Figure 2 shows the sintering and foaming of glass powder
compacts during heating in terms of the sample silhou-
ette area change, sA. Its decrease by 20%–25% indicates
pronounced sintering. Consistently, relative densities of
approximately 95% and 92% were found after sintering for
milling in isopropanol and CO2, respectively.
F3 compacts start shrinking at similar temperatures ( ,

≈600◦C) due to their similar particle size (Table 1). Their
foaming onset temperature ( ) decreases from ≈950 to
880◦C in the order of F3Iso, F3𝐶𝑂2 , and F3𝐶𝑂2−𝑏. As shown
in Figure 3, compact size and shape remain stable up to
the foaming onset for all these cases. This makes sense
as pronounced crystallization occurs at ⪆700◦C (Figure 1).
Above 880–950◦C, F3 compacts foamup toΔsΑ ≈ 70%–90%
and marked spikes >1050◦C indicate the bursting of large
gas bubbles. Above 1090◦C, sΑ sharply drops as the sam-
ple volume collapses by accelerated bubble bursting and
viscous flow above crystal melting. This behavior results

from the low viscosity during this crystallization-retarded
late foaming.
13–93Iso compacts show smoother foaming curves.

For milling in CO2, foaming is much more intensive
(ΔsΑ > 300%) and starts immediately after densification
(≈700◦C) whereas foaming is less intensive for milling in
isopropanol (ΔsΑ ≈ 65%) and starts at ≈900◦C.
Figure 3 also illustrates the evolution of sample color.

The white color of the “green” F3Iso powder compacts
turns to gray after densification at 668◦C (Figure 2), get-
ting darker and reaches maximum darkening at ≈800◦C.
Above 800◦C, it lightens up and turns into yellowish gray
during foaming andmelting. Similar trends are evident for
the 13–93Iso compacts. The sample color turns to almost
black at ≈750◦C, beyond which it lightens to yellowish
gray during foaming. In contrast, much less darkening was
observed for the powders milled in CO2 as exemplarily
illustrated by the two fully densified samples.

3.3 Microstructure

Figure 4 shows ESEM micrographs of F3Iso and 13–93Iso
glass powder compacts heated to different temperatures,
quenched in air, and fractured. After sintering (F3Iso
670◦C and 13–93Iso 740◦C), both compacts appear fully
densified bearing some isolated pores. The pores are per-
fectly rounded for 13–93Iso and more irregularly shaped
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F IGURE 3 Photographs and silhouettes of F3 (A) and 13-93 (B) powder compacts heated at 10 K/min to characteristic temperatures in
heating microscope and quenched in air (TS0 = sintering onset, TSE =maximum densification, TF0 = foaming onset, TFmax = foaming
maximum, Tm = crystal melting) powder compacts heated at 10 K/min to characteristic temperatures in heating microscope and quenched in
air (TS0 = sintering onset, TSE =maximum densification, TF0 = foaming onset, TFmax = foaming maximum, Tm = crystal melting)

F IGURE 4 Environmental scanning electron microscopy (ESEM) micrographs of F3Iso (top) and 13–93Iso (bottom) powder compacts,
heated at 10 K/min to different temperatures, quenched in air, and fractured
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F IGURE 5 Vacuum hot extraction (VHE) degassing curves for differently milled F3 (A) and 13–93 (B) glass powders during heating at
10 K/min. F3CO2

and 13–93CO2
: 1-h milling in CO2. F3Iso and 13–93Iso: 10-min milling in isopropanol. Characteristic temperatures derived from

other figures (glass transition: , sintering onset: , densification: , crystallization peak: , foaming onset: ) are shown for comparison
(see Figures 1 and 2).

for F3Iso. The micrographs F3Iso 800◦C and 13–93Iso 852◦C
illustrate the compact microstructure prior to the onset
of foaming. The microstructure of F3Iso at 800◦C con-
firms Figure 1 as it clearly indicates the presence of
crystals. These crystals grow inwards from the surface of
former glass particles (arrow, inbox). In contrast, no crys-
tals appear in the 13-93Iso compact heated to 852◦C. The
micrographs F3Iso 1005◦C and 13–93Iso 967◦C and their
right neighbored detail images illustrate the microstruc-
ture evolution beyond the onset of foaming. For F3Iso,
pore size and number density are strongly increased. The
fine-grained texture (detail image) indicates the presence
of small crystals. 13–93Iso compacts heated to 967◦C also
reveal significant increase in porosity, pores are more reg-
ularly distributed and less coagulated and only few crystals
are evident (arrows).

3.4 Degassing

The degassing behavior of glass powder compacts during
heating is presented by Figure 5. Characteristic tempera-

tures derived from other figures are shown for comparison
(symbols, Table 1).
Broad peaks between 150 and 500◦C can be attributed to

the desorption of surface species.28 Consistent with Refs.
[12, 21], this degassing range is dominated bywater and car-
bon gases, which most likely represent cracking fragments
of carbonaceous surface species as, for example, carbon-
ates or carboxylates.14–16,29 As no sintering occurs in this
temperature range, these species can easily escape through
the open compact porosity not being able to drive later
foaming. A partial degassing exhaustion of such thermally
less stable surface species is indicated by the decrease in
degassing between 450 and 500◦C for both glasses and
milling conditions.
The desorption of thermally more stable surface species

is later retarded by sintering ( – ) as densification
reduces the powder surface and increases the diffusion
path lengths. This effect is most striking for carbon gases,
which indicates their possible role as the major source of
foaming.
After densification, a smooth degassing peak at 800◦C

appears for F3. As expected from the sinter-induced drop
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in their degassing activity, this mechanism is driven by
carbon species. As this degassing temperature is well
above Tg, the compact is fully densified, and no degassing
spikes indicate bursting gas bubbles, this degassing should
reflect the outward diffusion of carbon species from the
compact bulk. It is difficult, however, to understand why
such outward diffusion exhausts prior to foaming. A
speculative explanation could be related to the striking
degassing of fluor. As its degassing temperature range
correlates with the late stage of F3 crystallization, and
flour is not incorporated into the crystal phase,24 fluor
could be enriched in the residual glass phase as recently
shown for CaO–MgO–Al2O3–SiO2 glass–ceramics.30 This
effect could locally decrease glass viscosity,31 which finally
would increase diffusion-limited degassing. As this effect
would be limited to the surface near a region of former
glass particles, which undergo surface crystallization,
and fluor would finally get depleted and increase vis-
cosity again, a temporary degassing exhaust might be
understandable.
At high temperatures, degassing strongly increases at

the onset of foaming ( ), where sharp spikes indicate
bursting gas bubbles. As this degassing range reveals the
major foaming source, Figure 5 clearly proves that foam-
ing is driven by carbon gases. Figure 5 also shows that
this degassing strongly depends on powder processing.
For 13–93𝐶𝑂2 , foaming starts right after densification at
≈700◦C,whereas foaming ismuch less intensive and starts
at ≈850◦C for 13–93Iso. This finding gives clear evidence,
that the foaming source is related to carbon species trapped
at the powder surface.

3.5 FTIR

To get hints into the possible nature of such carbona-
ceous surface species, all powders were studied with
ATR-FTIR spectroscopy. Figure 6 shows double bands in
the range 1350–1580 cm–1, which correspond to typical
asymmetric stretching vibrations of carbonates. For 13–
93, a center position of 1470 cm-1 and Δνas ≈ 120 cm–1

occurs (upper arrows). The peak intensity does not
significantly vary for milling in isopropanol and CO2
but decreases after heating to 740◦C. A center posi-
tion of ≈1450 cm–1 and Δνas ≈ 75 cm–1 occurs for all
F3 milling regimes (lower arrows). The doublet peak is
less intensive for milling in isopropanol and it signifi-
cantly decreases after heating. The carbonate doublet is
most pronounced for 2-h milling in CO2. Consistent with
Figures 2 and 5, this finding indicates that carbonates have
been enriched during milling in CO2. The doublet inten-
sity again decreases after heating, but this effect is less
pronounced.

F IGURE 6 ATR-FTIR absorbance spectra of differently milled
glass powders. For F3 2-h milled in CO2 (F3CO2−b

), ATR-FTIR
measurements were performed before and after heating at 10 K/min
to 740◦C in air. Absorbance is normalized to the Si–O stretching
band at 930 cm–1. Arrows indicate average doublet center position
and splitting of the carbonate doublet.

3.6 ToF-SIMS

Surface near carbonaceous species could also be revealed
by depth profiling with ToF-SIMS. Due to the analyzed
area of 100 × 100 μm2, however, the measurement was
made on 2-mm F3 glass particles exposed to 1-h milling in
CO2 prior to the measurement.
Figure 7A shows the depth profile measured for this

particle. As expected, most frequent species are corre-
lated with major glass components and do not show any
surface near concentration enrichment. Although carbon-
ates were clearly detected in Figure 6, no surface near
enrichment is evident for carbonates or possibly related
fragments. Unfortunately, the carbonate ion itself, how-
ever, cannot be detected in the present case because of
similar mass numbers for SiO2 (60.084) and CO3 (60.009).
The only possible fragment could be C for which a sur-
face near enrichment is clearly detectable. As shown in
Figure 7B, this enrichment is not evident for the frac-
tured sample, whereas it still occurs for the glass particle
exposed to milling and heated to 520◦C. This annealing
treatment should make sure that weakly trapped species,
which would not cause later foaming, are fully desorbed
prior to measurement.
On the other hand, the surface near carbon enrichment

observed in Figure 7 could also reveal adventitious carbon
environmental contaminations as indicated by the depth
profiles of chlorine and sulfur. The mechanically rough
surface of milling exposed particles (see e.g., Ref. [21]) and
the large, analyzed surface area could pretend an extended
depth profile for surface contaminants.
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F IGURE 7 (A ) Time-of-flight secondary ion mass
spectrometry (ToF-SIMS) depth profiles measured at the surface of a
2-mm glass particle exposed to 1-h milling in CO2 prior to the
measurement. (B) Carbon depth profiles at a freshly fractured
surface (F3frac), and at glass particles exposed to 1-h milling in CO2

before (F3CO2
) and after heating to 520◦C at 10 K/min (F3CO2−520

)

4 DISCUSSION

Carbon gases provide the major blowing agents for both
glasses under study. This conclusion is proved by Figure 2
showing that bursting gas bubbles, indicated by sharp
degassing spikes occurring during foaming, predomi-
nantly release carbon gases. This finding is consistent with
similar observations for a barium alumino-borosilicate
glass (K01) reported in Refs. [12, 21].
In contrast, water does not contribute to foaming as

indicated by the absence of degassing spikes in the tem-

perature range of foaming. The same effect was found in
Refs. [12, 21]. Although water dominates degassing at low
temperature in all cases, it obviously tends to fully escape
before being encapsulated during densification. Figure 2
also indicates minor foaming contributions of oxygen and
nitrogen. But, as newly formed gas bubbles may serve as
diffusion sinks (as utilized in glass fining), this is most
likely due to secondary transport kinetic phenomena.
The present study also shows that the carbonaceous

species, from which carbon gases later emerge, must be
trapped at or close beneath the surface. This is indicated
by the strong effect of milling on degassing intensity in
Figure 2. The same conclusion for the glass K01 was made
in Refs. [12, 21] based on the strong effect of milling dura-
tion, milling atmosphere, and powder storage on later
foaming.

4.1 Carbonates

4.1.1 Adsorbed carbonates

As a simple and intuitive idea, adsorbed carbonates could
be assumed to provide the major foaming source. Their
presence, however, could not be proved by IR spectroscopy
for the barium alumino-borosilicate glass K01 studied in
Ref. [21] as the carbonate doublet at ≈1350–1580 cm–1

overlaps with a strong BO3 glass band at ≈1440 cm–1.
For the not boron-containing bioactive glasses under the
present study, however, the ATR-FTIR spectra in Figure 6
clearly prove the occurrence of carbonate doublets.
Moreover, comparing the onset temperatures of foaming

in Figure 2 with the temperature range of CaCO3 decom-
position in Figure 1 gives clear evidence that CaCO3 starts
to decompose well below the onset of foaming and could
therefore provide the major foaming source. The CaCO3
decomposition temperature range was even lowered by
ΔΤ ≈ 70 K after mix-milling with F3 glass powder.32 Thus,
even the low foaming onset of the 13–93𝐶𝑂2 glass pow-
der does not question the suitability of CaCO3 as a major
foaming source.

4.1.2 Mechanically entrapped carbonates

As another important prerequisite, foaming sources must
not escape during heating to the temperature of sintering.
XPS and ToF-SIMS studies on K01 in Ref. [21], however,
failed to prove the existence of carbonates at the surface
of glass powders after heating to the sintering onset tem-
perature. Instead, several findings in Ref. [21] suggest that
carbonates can be entrapped close beneath the surface due
to the strong mechanical surface damage during milling.
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Such mechanisms were previously discussed for milling
crystalline substances.17,19
The present study provides some hints on such a

mechanical trapping mechanism. The first one is seen
in Figure 6, in which carbonate doublets are evident
even for samples heated to 740◦C. Although the CaCO3
decomposition curve in Figure 1 stretches up to 800◦C,
this high temperature represents the decomposition kinet-
ics rather than the decomposition temperature threshold.
This threshold temperature is indicated to be ≈600–650◦C
and could be even lowered by mechanical damaging dur-
ing milling as shown in Ref [32]. As the carbonate doublet
would disappear above this threshold temperature range
without any kinetic retardation, its thermal stability up
to 740◦C in Figure 6 would be better understandable
assuming a mechanical trapping mechanism.
Consistent with such a trapping mechanism, VHE

studies in on K0121 revealed smooth diffusion-limited
degassing peaks at ≈Tg. Their diffusive nature was indi-
cated as they involve the degassing of argon for the powder
intensively milled in this atmosphere. This observation
hints on the diffusion-limited degassing of argon as argon
adsorbed to the powder surface should fully escape during
heating to Tg. In the present case, mechanically entrapped
carbonates are indicated by the degassing behavior of F3.
In this case, the smooth degassing peak at ≈Tg, which is
mainly driven by carbon gases, also includes the degassing
of fluor, which is part of the glass composition. This effect
is not only more pronounced for F3 milled in CO2 but also
occurs for milling in isopropanol. The minor contribution
of nitrogen and oxygen to the smooth degassing peak at
≈Tg makes also sense as they should have been encapsu-
lated in tight agglomerates during heating toTg. This effect
is more pronounced for F3𝐶𝑂2 as for this intensive dry
milling large agglomerate formation tendency is expected
and is in fact indicated by smallerD50 and largerD90 values
(Table 1).

4.2 Residual carbon

Another source of carbon gas could be residual carbon.
This mechanism is indicated by the gray color evolution
for 13–93 and F3 milled in isopropanol (Figure 3). For
both glasses, maximum darkening appears well above the
densification temperature and the gray color progressively
disappears during foaming. Both observations suggest
that residual carbon is stable enough to be trapped dur-
ing heating to the densification temperature and that
oxidation to carbon gases occurs during foaming. In
contrast, such color evolution was not found for milling
in CO2.

Residual carbon is well known to occur in ceramic pro-
cessing when organic aids are not fully removed before
sintering. As viscous sintering of glass powders can pro-
ceed at low temperatures, this effect might occur even if
only traces of residual organics are expected. Thus, Eqte-
sadi et al.33 found a similar black coloration for 13–93
powder sintered at 700◦C and attributed it to residual car-
bon from milling in anhydrous ethanol. Due to the high
solubility of bioactive glasses, water-free milling was also
applied in the present case.
The idea that the observed oxidation of carbon dur-

ing foaming between 900 and 1200◦C is driven by the
inward diffusion of atmospheric oxygen diffusion, how-
ever, is difficult due to its low diffusion coefficient. Thus,
even for molecular oxygen diffusion at 1000◦C very low
diffusion coefficients should occur. Schaeffer34 reported
O2 diffusion coefficients of DO2 = 10–9 cm2/s for the glass
16Na2O–12CaO–72SiO2

35 and ≈10–5 cm2/s for the glass
40CaO–20Al2O3–40SiO2.36 This way, diffusion lengths of
(DO2 ⋅1 h)

1/2 = 2000−18 μm would result after 1-h anneal-
ing. This rough estimation shows that oxygen inward
diffusion during heating is most likely limited to the out-
ermost compact surface near region, whereas gas bubble
formation obviously occurs throughout thewhole compact
volume (Figure 3).
Another oxygen source could be the thermal decom-

position of carbonates. Although residual carbon should
be oxidized to CO2 at room temperature, the Boudouard
equilibrium CO2 + C ⇌ 2CO is approached for the given
temperature. As an example, this equilibrium is kCO2∕CO ≈

3/97 at 900◦C and 1 bar.37 Thus, it could be assumed that
CO2 released fromdecomposed carbonate partially decom-
poses to CO and thereby oxidizes residual carbon to CO.
This way, residual carbon may contribute to foaming. This
hypothesis allows one to explain the homogeneous dis-
tribution of color and gas bubbles during foaming (F3
1005◦C) in Figure 3. The strong difference in the foaming
onset temperatures for milling 13–93 in isopropanol and
CO2 seen in Figure 2 may be explained analogously. As
both powders are similar in size and the same viscosity
and crystallization tendency can be expected, this differ-
ence should be related to differently abundant foaming
sources. As carbonates are required both for the foaming
directly caused by carbonate decomposition and indirectly
via oxidizing residual carbon, their abundance is a key
limiter of foaming. This way, the late foaming onset of 13–
93 compacts for milling in isopropanol could result from
less abundant carbonates as actually indicated by Figure 6.
On the other hand, this explanation and the simultaneous
occurrence of foaming and color change seen in Figure 3
cannot prove that foaming is essentially driven by residual
carbon oxidation at all. This oxidation could be a side effect
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of carbonate decomposition and not essentially contribute
to foaming.

5 SUMMARY

Both bioactive glasses under study, F3 and 13–93, undergo
pronounced foaming. Foaming onset temperatures and
intensity, however, strongly depend on glass crystallization
and milling conditions.
Consistent with previous studies, VHE degassing mea-

surements prove carbon gases to provide the major foam-
ing agents for both glasses and milling conditions under
study, whereas water does not essentially contribute. The
strong effect of milling conditions on foaming shows that
the carbonaceous species, from which carbon gases later
emerge, must be trapped at or at least close beneath the par-
ticle surface. ATR-IR spectra of F3 and 13–93 glass powders
clearly prove the presence of typical carbonate doublets
even after heating to sintering temperatures. Surface car-
bonates can therefore be regarded as the major foaming
source in the present case.
Consistent with Ref. [21], our study indicates the occur-

rence of mechanically trapped carbonates. Assuming that
the thermal stability of surface carbonates is the primary
trapping mechanism, could not explain why carbon-
ate doublets are detectable even after heating to 740◦C,
whereas DTA curves indicate thermal CaCO3 decomposi-
tion threshold temperatures at ≈600–650◦C. Mechanical
trapping or encapsulation of surface carbonate would also
explain the smooth degassing peak at≈Tg, which ismainly
driven by carbon gases, but likewise includes the quite
similar degassing of fluor, which is part of the glass compo-
sition. This mechanismmight also explain why carbonates
are most abundant for 2-h (dry) milling in CO2. For this
milling condition, maximum mechanical damage can be
expected, whereas the opposite should be expected for
(wet) milling in isopropanol.
For milling in isopropanol, the observed color evolu-

tion of glass powder compacts during heating, sintering,
and foaming indicates residual carbon as a possible second
foaming source. The observed color change from dark gray
to light yellow during foaming, however, cannot exclude
that residual carbon oxidation is just a side effect and does
not necessarily contribute essentially to foaming. Due to
limited inward diffusion of ambient oxygen, the most pro-
pel oxygen source is carbonate, as CO2, which is released
after carbonate decomposition, can partially react with
residual carbon to form CO according to Boudouard’s
equilibrium.
As carbonates are required both for the foaming directly

caused by carbonate decomposition and indirectly via oxi-
dizing residual carbon, their abundance is a key limiter of
foaming. The strong difference in foaming intensity and

onset temperature for 13–93 glass powder compacts milled
in CO2 and isopropanol can be explained this way.
The strong foaming retardation for milling F3 in CO2

compared to milling 13–93 in CO2 can be attributed to
glass crystallization. As the presence of crystals increases
the compact effective viscosity, higher temperatures are
needed to allow the formation and growth of gas bubbles.
In contrast, foaming is not retarded by crystallization for
the glass 13–93.
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