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Abstract

In the preparation of glass–ceramics, bulk crystallization of glasses can be improved by adding nucleating agents. However, surface
crystallization of glasses conventionally can only be enhanced by using small particles, whose surfaces provide nucleating sites. Herein, oxide
nucleating agents such as TiO2 and Cr2O3 which are normally used to improve bulk crystallization were introduced into a lithium–iron-phosphate
(LIP) glass. Differential thermal analysis results suggest that tendency to bulk crystallization of the LIP glass increases to some extent after
addition of the nucleating agents. However, no bulk crystallization really occurred in the thermally treated samples. Instead, surface
crystallization of the glass is facilitated by the nucleating agents. The samples containing nucleating agents show thicker crystallized surface
layers compared with the pure LIP glass. It is proved nucleation stage to be important to increase the surface crystallization, further confirming
the enhancement effect of the nucleating agents on surface crystallization. The results enrich the understanding of surface crystallization of glass
and provide useful information for the preparation of glass–ceramics via glass powder sintering process which is based on surface crystallization.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Glass–ceramics are composites consisting of fine crystallites
and residual glass phase [1]. They are resistant to thermal and
mechanical shocks [2]. Glass–ceramics have found applica-
tions in a wide variety of fields, such as cooking wares [3],
electronic sealants [4], electrodes for lithium-ion batteries [5],
bio-implants [6] and immobilization of nuclear wastes [7].

Glass–ceramics are prepared via controlled crystallization of
parent glasses. The controlled crystallization is realized via
thermal treatment, which typically includes nucleation and
crystal growth steps. The crystallization of glasses is classified
into bulk and surface crystallizations [8]. In the case of bulk
crystallization, formation of crystallites initiates from nucleat-
ing sites homogenously distributed inside bulky glass samples.
The nucleating sites are generated by either nucleating agents
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already dissolved in glass melt or phase separation occurred
during thermal treatments. Traditional nucleating agents are
mostly precious metals (Au, Ag and Pt) and oxides (TiO2,
Cr2O3) [9], which promote glass crystallization by forming
high density of nucleating sites within bulky glasses. However,
no nucleating agent is needed for surface crystallization. In this
case, particles of a parent glass are used as precursors to
prepare glass–ceramics. Thus, particle surface acts as the
nucleating sites. Crystallites grow inward from particle surface.
The smaller the glass particle is, the easier surface crystal-
lization proceeds [10]. Therefore, fine glass powder benefits
surface crystallization. However, too small glass particles lead
to fast crystallization, which significantly increases viscosity of
the glass and consequently retards sintering and densification
of the glass powder, resulting in a porous glass–ceramic with
low strength [11]. In addition, long time, energy-consuming
grinding process is needed to obtain small glass particles.
Crystallization of lithium–iron-phosphate (LIP) glasses has

been demonstrated as a new route to prepare lithium–iron-
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phosphate crystalline materials, which are promising as cath-
ode materials in rechargeable lithium ion batteries [12,13]. For
example, Komatsu et al. [13] prepared LiFePO4 crystals via the
crystallization of LIP glass by Nd:YAG laser irradiation.
Garbarczyk et al. [14] obtained lithium–iron-phosphate
glass–ceramics with orthorhombic triphylite (LiFePO4) and
monoclinic Nasicon-like Li3Fe2(PO4)3 as crystalline phases.
Our previous research has pointed out that LIP glasses show
typical features of surface crystallization [15,16]. In this work,
TiO2, Cr2O3 and their mixtures were used for the first time as
nucleating agents in an LIP glass. Influence of the nucleating
agents on crystallization behavior of the LIP glass has been
investigated by DTA, XRD and SEM techniques. The results
indicate that the traditional oxide nucleating agents enhance
surface crystallization of the LIP glass. The study gives a new
insight into effect of nucleating agents on surface crystal-
lization of glass and may provide a simple way to improve
efficiency with which sintered glass–ceramics are made.

2. Experimental section

Analytic grade reagents of Li2CO3, Fe2O3, NH4H2PO4,
TiO2 and Cr2O3 were used as raw materials for preparing
glass batches. Pure LIP glass has a composition of Li2O 8%,
Fe2O3 29%, P2O5 63% by weight. TiO2 (anatase), Cr2O3

(eskolaite) or their mixture was added as nucleating agent.
Weight percentages of the nucleating agents in the glass
batches are listed in Table 1. The samples are accordingly
encoded as Ti0Cr0, Cr5, Ti2Cr3, Ti3Cr2, Ti0 (the same as
Ti0Cr0), Ti2, Ti5 and Ti8 based on types and amounts of the
nucleating agents added.

After the batches were melted in sintered silica crucibles at
1200 1C for 1 h, the melts were cast in a steel mold and
annealed at 350 1C for 1 h. The annealed glasses were cut into
small blocks, ultrasonically cleaned in ethanol and air-dried.
Under otherwise specified, the samples were first soaked at
temperatures 50 1C above glass transition points (Tg) for 2 h
(nucleation stage) and then kept at crystallization peak
temperatures (Tc) for 2 h (crystal growth stage). The heating
rate used in the heat-treatments was 5 1C/min.

DTA measurements were carried out on an HCT-1 thermal
analyzer (Henven, China). Powder glass samples with a grain
size in the range of 105 μm and 125 μm or millimeter-sized
bulky samples were put in alumina crucibles and heated with a
rate of 5 1C/min to 800 1C. The crystallized surface layers of
thermally-treated samples were analyzed by XRD technique on
Table 1
The transition and crystallization peak temperatures of the glass samples.

Sample Amount of nucleating agent (wt%) Tg (1C) TC (1C)

TiO2 Cr2O3 Powder Bulk ΔTc

Ti0Cr0 0 0 394 563 661 98
Cr5 0 5 440 621 682 61
Ti2Cr3 2 3 431 619 665 46
Ti3Cr2 3 2 438 621 668 47
Ti5 5 0 416 609 691 82
a D8-advanced diffractometer (Bruke, Germany). For SEM
measurements, the heat-treated samples were first polished
and then etched in 1% HF for 10 s to perform microstru
cture analysis on a QUANTA FEG250 scanning electron
microscope. Thickness of the crystallized surface layers was
determined on a stereoscope (SMZ-140, Motic).

3. Results and discussion

DTA curves (Fig. 1a) of the powder glass samples indicate
that the glasses containing different types of nucleation agents
have higher Tg and Tc values than the pure LIP glass. From the
data listed in Table 1, it can be seen that both the Tg and Tc
values of the samples containing Cr2O3 and the complex
nucleating agents (Ti2Cr3, Ti3Cr2) do not differ significantly.
However, among all the nucleating agent-containing samples,
sample Ti5 has the lowest Tg and Tc values, indicative of its
smallest viscosity.
Depicted in Fig. 1b are DTA curves of the bulky samples

containing different types of nucleating agents. Compared with
the DTA curves presented in Fig. 1a, it can be seen that the
glass transition points almost do not change, whereas the
crystallization peaks displace to higher temperatures and
become blunt (decreased peak height and increased peak
width). The observed displacements of the crystallization
peaks suggest the dominant surface crystallization of the
studied LIP glasses [14]. Differences between the Tc values
of the powder and bulky samples (listed in Table 1 as ΔTc ) are
dependent on the nucleation agents applied. Generally, the
samples containing nucleating agents have smaller ΔTc values
than the pure LIP glass, indicating that tendency to bulk
crystallization of the glasses increases due to the addition of
the nucleation agents [17,18]. Based on relative magnitude of
the ΔTc values, the order that the nucleating agents increase
the tendency to bulk crystallization of the LIP glass is
Ti2Cr3≈Ti3Cr24Cr54Ti5.
The nucleating agents increase the tendency to bulk crystal-

lization of the LIP glass by providing heterogeneous nucleat-
ing sites distributed among the glass matrix. These nucleating
sites are formed by either precipitation of the nucleating agents
or phase separation induced by the nucleating agents. The
difference in the solubility of Cr2O3 and TiO2 explains why
sample Cr5 has a larger tendency to bulk crystallization than
Ti5. We have confirmed that the glass containing 8 wt% of
TiO2 was still amorphous, however, if the content of Cr2O3

reached 8 wt%, the parent glass was already crystallized.
Therefore, when the amounts of Cr2O3 and TiO2 are the same,
the former will have more significant effect on crystallization,
because it is easy to precipitate from the glass matrix, to act as
the nucleating sites.
Regarding the complex nucleating agents of Cr2O3 and

TiO2, the results show they are more effective in inducing bulk
crystallization than either of the single nucleating agent. The
possible reason is that Cr ions in the glass may exist in the
form of trivalent and hexavalent states [9,19,20]. Cr6+ ions are
of high field strength, which increases phase separation in the
glass, thus benefiting the bulk crystallization of the glass.



Fig. 1. DTA curves of the glasses: (a) powders and (b) bulk samples.
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Fig.2. Cross-sections of the heat-treated samples (a) and the XRD patterns (b)
of the crystallized surface layers.
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However, as indicated by the Tg values listed in Table 1, Cr2O3

increases the viscosity of glass most significantly, which on
the other hand retards the phase separation and crystallization.
This negative effect of Cr2O3 can be compensated by
the addition of TiO2, which was shown to decrease glass
viscosity when its content is 2 wt% (see sample Ti2 in the
latter discussion). Therefore, samples Ti2Cr3–Ti3Cr2 with
mixed nucleating agents show the largest tendency to bulk
crystallization.

After the thermal treatments, all samples exhibit surface
crystallization characterized by inward growth of crystallized
layers from sample surfaces as depicted in Fig. 2a. XRD
measurements reveal that all samples have LiFeP2O7 as
crystalline phase (Fig. 2b), indicating that the nucleating agents
do not vary the crystalline phase in the heat-treated samples.
However, the pure LIP glass shows the lowest crystallization
upon the thermal treatment. In contrast, the samples with the
complex nucleating agents (Ti2Cr3 and Ti3Cr2) show much
more improved crystallization, which is indicated by the
strongest crystallization peaks in their XRD patterns. SEM
images of the crystallized surface layers of the samples are
shown in Fig. 3. In sample Ti0Cr0, bar-like crystallites are
about 10 μm in length and 500 nm in width. These crystals are
distributed among a large area of residual glass matrix,
suggesting that sample Ti0Cr0 has the lowest degree of
crystallization among the studied LIP glasses. This result is
consistent with the XRD results. In contrast, the crystallites in
the samples with nucleating agents become much more widely
distributed, indicating that the crystallization is improved by
adding the nucleating agents. In addition, the morphology of
the crystallites in all Cr2O3-containing samples turns to be
spicate. However, the crystallites in sample Ti5 are exception-
ally blocks sized about 1 μm and aligned.

The crystallized surface layers of samples Ti0Cr0, Cr5,
Ti2Cr3, Ti3Cr2 and Ti5 are respectively 361.6, 1081.3,
2047.6, 1868.5 and 908.4 μm in thickness. These data show
that the nucleating agents significantly accelerate surface
crystallization of the LIP glass. In addition, the complex
nucleating agents have the greatest enhancements of the
surface crystallization. Further experiments proved that the
thickness of the crystallized surface layers was reduced if the



Fig. 3. SEM images of the crystallized surface layers of the heat-treated samples containing different types of nucleating agents.
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Fig.4. Digital photos showing the thickness of the crystallized surface layers of
the heat-treated samples containing different amounts of TiO2.
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time of the crystal growth stage was reduced. For example,
when the crystal growth time was reduced to 1 h, the crystal-
lized surface layers of samples Ti0Cr0, Cr5, Ti3Cr2 are 204.1,
785.7 and 1007.7 μm in thickness, respectively. When the
nucleation stage was further omitted, the crystallized surface
layers did not decrease at the same scale for all samples. For
sample Ti0Cr0, the crystallized surface layer was slightly
reduced from 204.1 to 194.1 μm, however, it was greatly
reduced from 785.7 to 524.3 μm for sample Cr5. The above
comparisons suggest the nucleation stage in the thermal
treatments is also important for improving surface crystal-
lization as in the case of bulk crystallization.

To further verify the importance of the nucleation stage,
another series of samples (Tix) with different amounts of TiO2

were prepared. DTA analysis indicated that the crystallization
peak temperatures for sample Ti0, Ti2, Ti5 and Ti8 were 563,
609, 609 and 623 1C, respectively. To avoid the influence of
the crystal growth stage, heat-treatments of the Tix samples
were purposely carried out under same conditions (450 1C,
2 h; 600 1C, 2 h), in which the temperature (600 1C) set for
crystal growth was higher than the crystallization temperature
of sample Ti0, whereas it was lower than the crystallization
peak temperatures of sample T2, Ti5 and Ti8.

Fig. 4 shows that Tix samples exhibit surface crystallization.
However, thickness of the surface crystallization layer
decreases with increasing the content of TiO2. The data are
1650, 950, 640 and 360 μm for samples Ti0 (the same as
Ti0Cr0), Ti2, Ti5 and Ti8, respectively. XRD patterns of the
crystallized surface layers of Tix samples presented in Fig. 5
indicate that Tix samples have LiFeP2O7 as crystalline phase.
However, samples Ti2, Ti5, Ti8 depict much stronger crystal-
lization peaks than sample Ti0. In addition, the circled band in
the XRD pattern of sample Ti0 suggests that there exists
significant residual amorphous phase inside its crystallized
surface layer. This band decreases with increasing TiO2.
The decrease in the residual glassy phase is also identified
by SEM observations. A large region of amorphous area in
sample Ti0 can be observed, and the size of crystals is not
uniform (Fig. 5). With increasing TiO2, the region of amor-
phous area reduces, and the crystallites become widely
distributed. The results show that more crystallites are formed
when increasing the content of TiO2 nucleating agent. As a
result, connection or aggregation of the crystallites is visua-
lized. Both the SEM and XRD results have proved that the
content of crystallites in the crystallized surface layers
increases with the content of TiO2. Since the crystallized
surface layers decrease in the thickness with TiO2, the
increased crystallites in the crystallized surface layer can only
be as a result of more nuclei formed by the increasing addition
of the nucleating agent.
The reason why Ti0 has the thickest surface crystallization

layer is due to the fact that the temperature set for the crystal
growth process for sample Ti0 is higher than its crystal-
lization temperature. In contrast, this temperature for other
samples is lower than their crystallization temperatures.
Therefore, Ti0 has the fast crystal growth rate. However,
Ti0 is more amorphous because it has fewer nuclei than the
other samples. The low density of nuclei of Ti0 may also
contribute to its fast crystal growth, as otherwise more nuclei
would initiate more crystallization, which increases glass
viscosity and retards the crystal growth.



Fig. 5. XRD patterns and SEM images of the crystallized layers of the samples containing different amounts of TiO2 .
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4. Conclusions

Study on the crystallization of lithium–iron-phosphate
glasses containing different types and amounts of nucleating
agents indicates that the addition of nucleating agents could
increase the tendency to bulk crystallization of the glass.
However, no bulk crystallization really occurred in the glasses
containing the nucleating agents. Instead, the nucleating agents
enhance the surface crystallization of the lithium–iron-phos-
phate glass. The complex agents of TiO2 and Cr2O3 show the
most profound effect on promoting the surface crystallization.
In addition, the nucleating stage is important when using
nucleating agents to improve the surface crystallization.
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