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The failure of the classical nucleation theofy to quanti-

tatively describe crystal nucleation rates in glasses may
be attributed to several causes. Some authors speculate
that a possible reason for this discrepancy is the forma-
tion of metastable phases in the early stages of crystal-
lisation prior to the equilibrium phase. This issue has
been a subject of controversy for the last 40 years but
our recent transmission electron microscopy (TEM )
analysis clearly shows the precipitation of a second phase
(lithium metasilicate) in addition to the stable phase
lithium disilicate in a slightly hyper-stoichiometric
lithium disilicate glass (34-5 mol’s Li,O) heat treated
at T,~450°C. Additionally, an x-ray photoelectron spec-
troscopy (XPS) study reported in the literature indi-
cated that a metastable phase precipitates in the early
stages of crystallisation of a lithium disilicate glass heat
treated at 450°C. This work aims to confirm the XPS
results for lithium disilicate glass samples treated for
several time periods in the vicinity of T, However, in
none of the samples investigated by XPS were found any
evidence of metastable phase or even of the second phase

previously observed by TEM. Possible causes for the

discrepancy between the present and XPS results of the
literature are discussed.

Due to the scientific and technological importance of
glass crystallisation and glass ceramics, numerous stud-
ies were carried out and thousands of papers were
published in the last 40 years to get a deeper insight of
the crystallisation kinetics and microstructural evolu-
tion of these materials.

The failure of the classical nucleation theory (CNT)
to quantitatively describe crystal nucleation rates in
glasses has been assigned to several reasons, including
the extremely small size and diffuse interface of the
crystalline nuclei at high undercoolings, a possible tem-
perature or size dependence of the surface energy'’ or
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the slow relaxation of elastic stresses that arise on crys-
tal nucleation.*”

In addition to such possibilities, some authors pro-
posed-that the precipitation of metastable phases in the
early stages of crystallisation, prior to the appearance
of the stable phase, could contribute to CNTs failure.
Hence, the 1ssue of metastable phase formation is of
considerable importance because it may offer a possible
explanation for (at least part of) the observed discrep-
ancies between theoretically predicted and experimen-
tally determined nucleation rates in glasses.”

Jacquim et al,”® Zanotto & Leite, Zanotto!” and
Burgner et al®” reviewed numerous publications and
described their own experiments dealing with
microscopy and x-ray diffraction (XRD) studies in
search of possible metastable phases on glass compo-
sitions near lithium disilicate (LS;) but the matter has
not yet been conclusively solved. For instance, Zanotto
& Leite® and Zanotto'” studied the crystallisation of
a LS, glass at 500°C by optical microscopy and found
that any metastable phase, if present at all, does not
have a significant impact on the overall crystallisation
kinetics of the stable phase (LS,). The XRD results of
Burgner et al®” showed only diffraction patterns of
stable LS, crystals, contrary to the findings of Igbal et
al'” who reported the appearance of ¢/-LS, and f’-
LS, phases. These discrepant findings reinforce the his-
tory of controversy on the crystallisation of LS, glasses.

However, ongoing TEM study'" of the same slightly
hyper stoichiometric LS, glass used in this research
(34-5 mol% Li,0) heated from 2:5 to 312 h at 454°C,
clearly shows the presence of a second phase, lithium
metasilicate (LS), in samples treated up to 120 h.

Additionally an i1solated x-ray photoelectron
spectroscopy (XPS) study, by Adams et al,"'*'? ob-
served an extra peak in the Li 1s photoelectron line of
a LS, glass subjected to 0-5-6 h at T,~450°C. This peak
was suggested to be due to the precipitation of a
metastable phase (LS) because it disappeared after 6
h. The motivation for the present work was due to these
unexpected XPS results (our TEM study demonstrated
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Figure 1. Li,0-SiQ,phase diagram according to Migge''*

that the total volume fraction of crystals in LS, glass
treated for 5 h at 454°C 1s <1 %) and due to the fact
that this was the only XPS study on the subject but, if
confirmed, could give additional evidence of the pre-
cipitation of metastable phases.

We present here the results of new XPS measure-
ments in a slightly hyper stoichiometric lithium disilicate
glass (34-5 mol% Li,0) subjected to similar heat treat-
ments as those used by Adams et al."*"” According to
the phase diagram of the L1,0-S10, system, Figure 1,
the nucleation of a second phase, lithium metasilicate,
is expected for this composition.!" Therefore, this study
will allow us to test the sensitivity of XPS to detect small
amounts of crystal as the extra Li 1s peak attributed to
the metastable lithium metasilicate should appear for
this hyper stoichiometric glass.

Experimental

Two lithium silicate compositions: L1,0.2810, (glass
1) and L1,0.810, (melt 2) were prepared using standand
reagent grade L1,CO; (Aldrich Chem. Co., 99+%) and

S10, (ground quartz, >99-9%). The batches were melted

in a Pt crucible at 1400°C for 2 h 1n an electric furnace.
To ensure homogeneity, the poured melts were ground
and remelted at the same temperature for 1 h. The melts
were ‘quenched 1n air by pressing them between steel
plates. Subsequent chemical analysis revealed the com-
position of the prepared glass 1 to be 34:5%0-5 mol%
L1,0. The second melt resulted in totally crystalhsed
samples.

Heat treatments were carried out in a horizontal tube
furnace with the temperature controlled within £1°C.
Samples of glass 1 were given single stage heat treat-
ments at 450°C for periods of 1, 5 and 24 h. The sam-
ples nucleated for 24 h were given a second treatment
at 610°C for 30 min to fully crystallise them. The sur-
face crystallised layers of the heat treated samples were
removed and the remaining materials were separated
in two types of samples: powder and plates.

The XPS analyses were performed using two difter-

‘ent instruments. We analysed powder samples of glass
1 and melt 2 (right after being ground) by 4 XSAM
HS spectrometer of Kratos Analytical (at the Federal
University of Sao Carlos, Sdo Carlos, Brazil) using a
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Figure 2. O 1s photoelectron spectrum of Li,0.2Si0, heat treated for
5 hat 450°C. Fractured sample

dual Mg/Al anode, employing Mg-K o radiation with
energy of 1253-6 ¢V. The chamber pressure was 1n the
low 10~ Torr range. The other instrument was a Scienta
ESCA300 spectrometer (at Lehigh University, Bethle-
hem, USA) where the plate samples of glass 1 were
fractured in situ at pressures in the low 10~°/high 10~
Torr range. The data were obtained from an area of
about 3X0-3 mm on the fractured surface using Al-

Ko radiation with energy of 1486-6 eV. The insulating

surface required the use of a low energy electron flood
to compensate the surface charging. Charge referenc-
ing was done by using the C 1s line set at a binding
energy of 284-8 eV. The carbon on the surface results
from interactions of the very active fractured surface
with residual hydrocarbons in the vacuum chamber.

The gathered data result from survey scans over the
entire binding energy range and high resolution re-
gional scans over the Li Is, O 1s, S1 2p and C 1s lines.
Each spectrum was deconvoluted and fitted with
(Gaussian peaks and a least squares fit routine.

Results and discussion

Figure 2 presents the O 1s XPS spectrum which 1s con-
stituted by two components. According to Briickner ef
al™ the two O 1s photoelectron peaks observed in al-
kali silicate glasses can be attributed to the bridging
oxygen atoms (51—-0-S1), at a higher binding energy, and
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Figure 3. Concentration of bridging oxygens ( BrO) as a function of

heat treatment. Dotted lines indicate the calculated percentages of

BrOin LS, and LS
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Figure 4. Li Is photoelectron spectra of lithium disilicate obtained by
Adams'"

to nonbridging oxygen atoms (Si—-O-Li), respectively.
The O 1s peak has been extensively studied due to its
high intensity and sensitivity to the changes of the chemi-
cal environment surrounding the oxygen atoms.'?

In Figure 3 the proportion of bridging oxygens de-
termined from the area ratios for both powder and frac-
tured samples is compared to the values predicted for
crystalline lithium disilicate and lithium metasilicate.

According to Ref. 17 the Li 1s peak at 555 eV cor-
responds to Li,O. Adams et al'*'? attributed the pres-
ence of a metastable phase formed during the
nucleation treatment to the component with binding
energy of 51-7 eV. Their results showed only one Li 15
peak at 55:1 eV for glass and crystalline lithium
disilicate plate samples. However, after a short heat
treatment of 30 min their spectra showed an additional
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Figure 5. Li 1s photoelectron spectra of lithium disilicate obtained

Jfrom powder samples using the XSAM-Kratos instrument

peak at 51-7 eV located at ~3-5 eV lower binding en-
ergy than the original peak, which increased steadily
in relative intensity up to a maximum after 1 h at 450
°C and then decreased.

Thus the Li 1s spectra obtained by Adams''¥ showed
changes in the electronic structure during nucleation,
Figure 4, which was attributed to the precipitation of
a metastable phase. However, our results showed the
two peaks in all (glass to fully crystallised) powder sam-
ples, Figure 5y suggesting that there is no relation be-
tween the second peak and the formation of a
metastable phase (that should disappear after some
time). The peak positions and relative intensities are
given in Table 1.

We observed that the 51-5 eV peak intensity de-
creased after ion bombarding the plate surface sam-
ples. This suggested that there could be a cross
contamination of Al-Ka as we used a dual Mg/Al x-
ray anode of the Kratos instrument, the same kind of
anode used by Adams. Cross contamination leads to
ghost lines which are small peaks appearing in a spec-
trum resulting from impurity elements in the x-ray
source.'"*'” The most common ghost lines are due to
Al-Ko from a Mg-Ka source, or vice versa, in a dual
anode source."®!” The difference between the two ra-
diation energies is 233 eV, hence a ghost peak of C 1s
excited by the Al-Ka radiation would appear at
~51-8 €V (284-8-233 eV).

The atomic sensitivity factor for XPS of Li 1s is
12-5 times smaller than that of C 1s.""® The C 1s ghost
lines observed in Figure 5 are less than half the size of
the L1 1s peaks, implying that the carbon content in
the surface of each sample is less than 25 times smaller

Table 1. XPS O Is, Si 2p and Li Is binding energy of

powder samples

Binding energy (eV) and peak relative intensity (%)

Nucleation time  Si2p Lils O Is

at 450°C (eV) (%) (eV) (%0 ) (eV) (%a)
Glass 1027 100 51:6 29 530-7 31
| 55-7 71 53244 69
1h - 102-8 100 51-6 34 530-8 30
| 55-8 66 5325 70
5h 102-7 100 517 24 530-4 26
33-6 76 532:2 74
Crystalline 102-1 100 51-7 32 531-1 35
55-6 68 532-8 65
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Table 2. XPS O Is, Si2p and Li 1s binding energies for
[fractured samples

 Binding energy {eV) and peak relative intensity ( /3)
Nucleation time  Si2p Lils Ols =

at 450 °C (eV) (%) (eV) (%) (eV) (%)
5h 102:3 100 55-2 100 5303 31
| i 5320 69

Crystalline 1027 100 55-2 100 53006 272

' 5323 728

than the lithium amount. At ultra-high vacuum re-
gime 1n the XPS chamber, the dominant residual gases
are H,, H,0, CO, CO, and hydrocarbons, which lead
to carbonaceous deposits on the sample surface. We
had to perform several scans to obtain a reasonable
L1 1s spectrum thus the acquiring time was quite long
(about 12 h). As the atomic sensitivity factor for the
L1 Is XPS spectrum is much smaller than that of C s,
a significant carbon peak appeared. |

To avoid the cross contamination effect, we ana-
lysed fractured samples with a monochromatic Al-K o
source using a Scienta—ESCA300 instrument. The re-
sults, Table 2, showed just ane peak for Li 1s at §5-2
eV, Figure 6, proving that the second peak observed at
~31-5 eV 1n the spectra obtained by dual Mg/Al x-ray
anode, Figure 5, 1s a ghost peak of C 1s,

The sizes of the ghost C 1s peaks depend on the
amount of carbon present on the surface. Adams et
al'*'” used samples in the form of plates which were
sputtered by low energy argon ions inside the ultra-
high vacuum chamber. The amount of residual car-
bon on their samples would depend on the effectiveness
of such in situ cleaning treatment. Therefore, the dif-
ferences in the spectra would probably reflect only the

Counts

5h

Crystalline

48 50 52 54 56 58 60 62
Binding energy (eV) |

Figure 6. Li 15 photoelectron spectra for fractured samples usmg the
SCIENTA ESCA300 instrument
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state of surface cleaning not structural changes in the
samples. In addition the long acquiring times could
cause build-up of carbon layers.

Conclusions

From the XPS results presented herein, we conclude that
the second Li Is peak observed at ~51-7 eV is not due
to ithium metasilicate crystals but instead isa C 1s ghost
peak caused by the cross contamination of the dual Mg/
Al x-ray anode. On the other hand, our recent TEM
results on;similar samples clearly show that lithium
metasilicate crystals appear in the early stages of nu-
cleation and survive up to 120 h at ~7,. Therefore XPS
1S not a suitable technique to detect structural changes
in this glass (and probably in any other glass) when the
volume fraction of crystals is very low.
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