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Abstract

As the final part of the study, the interactions between a commercial leadless glaze and a simulated bone china body glass during
glost firing at different temperatures have been investigated. Advanced techniques such as electron probe microanalysis (EPMA)
and transmission electron microscopy (TEM) have been employed in order to assess the contribution of the glassy phase of a biscuit
fired bone china body to the formation of interaction layers at the interfaces independently. The results showed the presence of
several calcium phosphate phases with distinct morphology at the glaze-simulated body glass interface for both the glost firing
temperatures employed. It was suggested that the formation of the hydroxyapatite crystals at the glaze-biscuit fired bone china
body interface may be helped by the glassy phase. TEM was found to be particularly useful since the interaction layers presented a
most complicated and also interesting microstructure due in part to their multi-layered nature and small size of the calcium phos-

phate crystals situated at the interfaces.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Earlier reports of this work have been limited to the
preparation of the crystalline phases of a typical biscuit
fired bone china body and the subsequent interface
studies for simulating independently the interactions
between an ABS type leadless glaze and the individual
crystalline phases originally present in the body during
glost firing at different temperatures.!> With the com-
bined use of XRD and SEM techniques in these studies,
the presence of a range of interactions layers with dis-
tinctly different morphological and chemical character-
istics was demonstrated. It was also proposed that B-
TCP was the major contributor to the overall interac-
tions, by reacting with CaO from the glaze in the pre-
sence of water vapour, and forming hydroxyapatite
crystals at the glaze-body interfaces. In regard to the
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contribution of the glassy matrix phase, however, the
inference was made that the glassy phase played a role
by helping the formation of a low viscosity melt toge-
ther with the glaze at higher temperatures hence
increasing the mobility of the diffusing elements. It was
also suggested that any free phosphorus ions present in
the glassy matrix might react with CaO from the glaze.
As a result, further work was suggested at the time in
order to evaluate its contribution.

A recent study on the biscuit firing of a bone china
body and the formation and the chemistry of its con-
stituent phases was also carried out by the authors of
this paper.>* They successfully demonstrated that
B-TCP, anorthite and a negligible amount of quartz
were the only crystalline phases, all rather unevenly
dispersed in a glassy matrix phase following firing at a
peak temperature of 1245 °C for 1 h soaking. In addi-
tion, the glassy matrix phase was shown to have an
inhomogeneous distribution and varying chemistry, in
particular with different amounts of phosphorus; this
was given as supportive evidence for the hypothesis
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associated with “the phosphate glass equation”.’
According to this hypothesis, the solid state reaction
between bone ash and china clay releases P>Os, and this
was postulated to become incorporated into the glassy
phase with other of the body materials not taken up in
the reaction. This result differs from earlier studies on
the microstructural analysis of several commercial bone
china bodies, where P,Os; was never detected in the
glassy matrix.%’

Of the different techniques used to examine the glaze—
body interactions, the ideal for this type of study is
EPMA. With EPMA, changes in chemical composition
of both glaze and body in the vicinity of the interface
and at considerable distances from it, can be detected,
and if the two have reacted to form a layer of different
composition, this can be analysed. The first use of
EPMA for the study of the glaze—body interactions was
reported by Ruddlesden and Airey® and Roberts and
Marshall® over 30 years ago. Most of their work was
based on obtaining X-ray line scans of the relevant ele-
ments across the glaze—body interfaces. It is worth
mentioning that the present generation of dedicated
microprobes are now much more sensitive. Further
information can be obtained using of the TEM, the
main advantage over other electron microscope techni-
ques being that a high resolution investigation of the
crystalline and glassy phases in the interaction layers
can be achieved.

The present study was undertaken to assess the con-
tribution of the glassy matrix phase to the overall for-
mation of interaction layers between an ABS type
commercial leadless glaze and a biscuit fired bone china
body during glost firing at different temperatures.

2. Experimental
2.1. Material preparation

The simulated bone china body glass employed in
this study was the one suggested by Roberts and Beech®
based on “‘the phosphate glass equation” and later used
by Roberts and Marshall® in one of the most compre-
hensive work for the study of glaze-body interactions.
As mentioned above, the same glass composition was
also prepared and studied previously by the present
authors in order to compare its structure and chemistry
with that of the glassy phase originally present in a
biscuit fired bone china body.* Necessary details con-
cerning the composition and the preparation of this
glass can be found in that paper. In addition, the pre-
paration of the glaze slip, its application onto the
polished surfaces of the simulated body glass samples
and the glost firings (1060 and 1120 °C) were achieved
in the same manner described in the second part of the
study.?

2.2. Techniques

In addition to XRD and SEM techniques, EPMA and
TEM have also been employed in order to assess the
interactions between the ABS glaze and the simulated
bone china body glass during glost firing. EPMA studies
were achieved on the polished cross-section of the ABS
glaze-simulated body glass interface with a JEOL JXA-
8600 superprobe electron probe microanalyser. Repre-
sentative specimens were coated with carbon before the
analyses. The coating unit was Model 12E6, Edwards
High Vacuum Ltd., England. The elemental distribution
profiles were obtained across the underlying body glass,
interface and the glaze layer to follow up the variations
of oxide contents, using four computer controlled WDS
spectrometers. This was accomplished mainly by mov-
ing the sample in 1 pm intervals under an approximately
I um stationary electron beam and taking X-ray counts
at each interval (line scan). Characteristic X-ray counts
of relevant elements were collected through the micro-
analysis time of 10 s for each interval. The electron
accelerating voltage and the beam current were 10 kV
and ~7.4x107% nA, respectively. No quantitative ana-
lysis was attempted due to the number of elements and
the complex nature of the interfaces involved.

The procedure in order to prepare the cross-sectional
TEM specimen of the glaze—simulated body glass inter-
face was developed from the published techniques for
the examination of coatings.!? For this, two glazed pie-
ces are glued together with the glazed surfaces face to
face using standard twin pack Araldite. The configur-
ation was then clamped together until the Araldite had
cured. The resulting sandwich was then ground down to
such dimensions, on the SiC papers, by hand, that it
would fit and could be glued into a brass tube of 3 mm
external diameter and 2 mm internal diameter. The
assembly was then sectioned into about 300-400 um
thick slices with a diamond wafering blade on a preci-
sion saw. A representative slice was then mounted on a
glass slide with quartz wax and ground and polished
until a level and polished surface was achieved with a
thickness of around 100 um. Finally, the cross-sectional
TEM specimen was mechanically dimpled on both sides
using a dimpler, model: D500i, (VCR Group Inc., USA)
and thinned by ion beam milling to electron transpar-
ency using argon from both sides simultaneously, at
room temperature, on a Gatan dual ion mill thinner,
model 600 (England). Coating of the specimen, in order
to ensure specimen stability in the electron beam, was
achieved with a thin layer of carbon (Model: 12E6,
Edwards High Vacuum Ltd., England) prior to TEM
observation.

TEM studies were performed using a JEOL 200 kV
analytical electron microscope using a side entry, single
tilt holder. The morphology of crystalline and vitreous
phases present at the interface were examined in detail.
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Chemical microanalyses of the phases were obtained
using the EDS attachment, an Oxford Instruments AN
10/25 Link microanalysis system, mounted without a
window, allowing light elements such as sodium and
oxygen to be analysed without difficulty. All images and
EDS spectra were recorded using a 200 kV incident
electron beam.

Note that XRD, EPMA and TEM studies were only
achieved on the representative samples glost fired at
1120 °C due to the similar nature of the interaction
layers for both glost firing temperatures.

3. Results and discussion
3.1. SEM results

SEM examination of the polished cross-sections of
ABS glaze—simulated body glass interfaces revealed a
complicated interaction layer formation at both glost
firing temperatures. Figs. 1(a) and (b) illustrate typical
BE images of such interfaces fired at 1060 and 1120 °C
respectively. There is sufficient atomic number contrast
present to appreciate that the interaction layer was

(a) glost fired at 1060°C

(b) glost fired at 1120°C

Fig. 1. Typical BE images of the polished cross-sections of the ABS glaze—simulated bone china body glass interface.
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actually made up of at least three distinct continuous
layers (designated as A, B, C). It is apparent in Fig. 1(b)
that the white top layer close to the glaze (layer A)
consists of acicular crystals having unidirectional
growth into the glaze layer. The layer B also shows fea-
tures of crystallinity but it was difficult to resolve indi-
vidual crystals, even when higher magnifications were
employed. The layer C in contact with the body glass
itself, however, appears to be glassy in nature. Finally,
there appears to be another glassy layer with a thickness
of about 0.5 pum between B and C. The bright nature of
the whole interaction layer in comparison with the glaze
and the body glass is considered as an indication of the
presence of high atomic number elements. An almost
two fold increase in the thickness of the whole interac-
tion layer (marked with arrows) with an increase of

K—RAY': a - 20 keV
Live: 100s Preset: 100=s Remaininat s
Rea1l: 150 s 33% Dead

60 °C in the glost firing temperature is evident from the
images. Note that as opposed to the interaction layers
between the glaze and the experimental crystalline pha-
ses of the bone china body, no etching procedure was
developed for the glaze—simulated bone china body
glass interfaces.

EDS analyses were carried out on the layer A in order
to understand the general chemistry of the interaction
layer. Fig. 2 is a typical EDS spectrum from the layer A
shown in Fig. 1 (b). The presence of P and Ca in the
spectrum suggests that P present in the body glass
probably reacts with Ca in the glaze to form a calcium
phosphate based compound.

Fig. 3 is a typical BE image of the polished top sur-
face (layer A) of the ABS glaze-simulated bone china
body glass interface. The areas with high contrast are
believed to represent the end-sections of acicular crys-
tals grown almost perpendicular to the glaze. Note that
this image was taken from the same surface whose XRD
spectrum is given in Fig. 6.

3.2. EPMA results

The main problem encountered in the course of the
EPMA studies of the interfaces was the behaviour of
alkali elements, namely Na and K, in the glaze and the
simulated body glass under the electron beam. An initial
decrease in X-ray intensities of Na and K was observed
under the operating conditions of the microprobe given
above. Compositional changes in glazes and glasses
during electron bombardment for electron microprobe
analysis were also reported by several investigators.!!—!3
While the nature of the compositional change depends
strongly on the composition of the glass, the effect has

= — —

Fig. 3. A typical BE image of the ABS glaze-simulated bone china body glass interface glost fired at 1120 °C (polished top surface).
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been most pronounced for glasses containing alkalis.
The mechanisms that were proposed for explaining the
alkali decay effects in various glasses are volatilisation,'
desorption,'® surface damage'® and diffusion and ion
migration.!®~1° Several methods have been suggested to
deal with the problem of alkali decay effects during the
EPMA analyses of glasses and glass-ceramics.!'!=13-20
The results of individual procedures are accumulative so
that an optimum analytical scheme will incorporate as
many of the individual steps as possible.

The main technique employed in this study in order to
deal with the problem of the decay of Na and K in the
specimens was to scan a band of about 50 pm wide by 1
pm thick with the electron beam oriented parallel to the
interface, thus distributing the time-average intensity of

1621

the beam over an area large enough to produce negli-
gible alkali decay. In addition, the mean beam current
was reduced to 1x10~% pA as compared to 7.4x10~8
PA since large currents lead to greater specimen
damage. The accelerating voltage, the microanalysis
time, and the step size remained unchanged. The net
result of these procedures was the reduction of the alkali
decay observed at the beginning of the EPMA work to
negligible levels.

Fig. 4 gives the typical elemental distribution profiles
obtained from the polished cross-section of the ABS
glaze—simulated bone china body glass interface, glost
fired at 1120 °C. Note that the right-hand side of all the
profiles is the glaze layer with a thickness of around
120-130 pm, the left-hand side is the underlying glass.
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Fig. 4. The EPMA elemental distribution profiles across the ABS glaze-simulated bone china body glass interface (glost fired at 1120 °C).
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Fig. 4 (continued).

As can be seen, the profiles are rather complex, parti-
cularly across the interface region, due to the multi-
layered character of the whole interaction layer, as was
depicted previously by the SEM images of the same
region for both glost firing temperatures (Fig. 1). The
significant points to be observed in these profiles can be
outlined as follows:

An intermediate layer whose Ca content is greater
than that of either the adjacent glaze layer or of the
body glass is clearly indicated at the interface. In addi-
tion, the Ca concentration both in the glaze and the
glass is observed to decrease towards the interface, sug-
gesting that the formation of this calcium rich layer was
helped by the movement of Ca from the both directions.
Another interesting observation is the behaviour of P at

the interface. Firstly, its concentration decreases with a
corresponding increase in the Ca concentration on the
glass side of the interaction layer; it then increases and
reaches a maximum with a further increase in the Ca
concentration. Then, both the P and Ca concentration
profiles show several peaks across the interaction layer
followed by a sharp fall on the glaze side of the layer
with no indication of solution into the glaze. Finally, a
gradual drop in the Ca distribution profile towards the
glaze surface is seen.

In the case of Na and K, there appears to be some
degree of ion exchange taking place between Na in the
glaze and K from the underlying body glass. This is
shown by an increased amount of both Na and K at
the interface. Na and K distribution profiles in the
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Fig. 5. The EPMA elemental distribution profiles across the ABS glaze—biscuit fired bone china body interface (glost fired at 1120 °C).
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Fig. 6. A typical XRD spectrum of the ABS glaze-simulated bone china body glass interface (T: B-TCP, H: hydroxyapatite).

glaze layer exhibit a slight rise towards the glaze sur-
face. The Si distribution profile is observed to be con-
stant inside the body glass up to the point where there
is a sudden rapid build up of Ca. Subsequently, it
reduces to a minimum level through the Ca peak
before showing an increase towards the glaze layer.
The diffusion of Al into the body glass is also dis-
cernible with a gradual decrease of concentration
across the interaction layer. Finally, the distribution
profiles of the Si and Al inside the glaze layer present
an increase towards the glaze surface. Zr and B cle-
ments diffuse from the glaze layer into the body glass
through the interaction layer and reach a minimum
level in the body glass. There is also a slight penetra-

tion of Mg from the body glass into the glaze but it is
not present at the interface.

In order to show the preferential accumulation of Ca
and P elements at the ABS glaze-biscuit fired bone
china body interface EPMA was also employed. Fig. 5
illustrates such distribution profiles for Ca, P and Zr
elements obtained across the interface. The interaction
layer is marked with arrows on the figure verifying the
presence of a calcium phosphate rich layer. Ca and P
distribution profiles show further peaks inside the sub-
strate due to the presence of B-TCP phase of the body.
The presence of such a layer, consisting of aggregates
of granular crystals, was shown by the earlier SEM
studies in the second part of this study.”? Regarding to
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Fig. 8. A typical low magnification TEM image of the ABS glaze-simulated bone china body glass interface (glost fired at 1120 °C).

Zr, its concentration decreases over the interaction
layer.

3.3. XRD results

Fig. 6 is a representative XRD spectrum of the ABS
glaze-simulated bone china body glass interface glost
fired at 1120 °C. There is a great deal of amorphous
scattering on the spectra due to the amorphous nature
of the glaze and the underlying glass substrate, over-
shadowing the characteristic peaks originating from the
crystalline phases in the interaction layers formed at the

interface. Comparison of the peaks on the XRD spec-
trum of the interface with standard reference patterns
suggests that they are related to B-TCP (JCPDS-ICDD
No: 09-169) and hydroxyapatite (JCDS-ICDD No: 09-
432). The presence of hydroxyapatite was also noted in
the interaction layers at the ABS glaze-biscuit fired bone
china body interfaces in the second part of this study.?
In addition, a comparison of the XRD spectrum of the
ABS glaze-simulated bone china body glass interface
with that of the ABS glaze—biscuit fired bone china
body is illustrated in Fig. 7. As can be seen, the peaks
from both interfaces correspond closely.
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Fig. 9. (a) A typical TEM image of the granular crystals in layer T; (b) EDS spectrum of one of the granular crystals in layer T.

3.4. TEM results

Fig. 8 provides a typical view of the ABS glaze—simu-
lated body glass interface, glost fired at 1120 °C, as
revealed by TEM. It is a relatively low magnification
image formed by displacing the objective aperture
slightly in order to increase contrast. It shows the mor-
phological features of the continuous interaction layers
formerly designated as layer A and layer B (see Fig. 1).
It is also evident that there is another interaction layer
(marked as T), with a thickness of around 1 pm, formed
directly on the acicular crystals in the layer A on the
glaze side of the interface at this magnification. It
appears to consist of single, granular crystals. The
occurrence of this particular layer could not be detected
from the relevant SEM images.

Fig. 9(a) is a TEM image of the layer T at higher
magnification obtained by the slight displacement of
the objective aperture. A number of granular crystals,
of different sizes, distributed in a glassy phase can be
clearly seen. EDS analyses carried out on these crystals
revealed the presence of mainly Ca and P with varying
amounts Si and Al. Such an EDS spectrum is shown
in Fig. 9(b). The similar morphology and the chemistry
of these crystals to the hydroxyapatite crystals at the
ABS glaze-biscuit fired bone china body interface
reported in the second part of this study is to be
noted.?

Fig. 10(a) illustrates a bright field TEM image that
was focused on the layer A. The acicular morphology
and oriented growth of the crystals within the layer can
be clearly seen. In addition, most of the crystals are
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Fig. 10. (a) A typical bright field TEM image of the acicular crystals in layer A; (b) EDS spectrum of one of the acicular crystals in layer A; (¢) EDS

spectrum of the glassy phase between the acicular crystals in layer A.

observed to have branched. EDS analyses obtained
from these crystals revealed high concentrations of Ca
and P in their composition [Fig. 10(b)]. The glassy phase
between the crystals was, however, found to be rich in
mainly Si and Al. Of further interest is the lack of P in
the glass [Fig. 10(c)].

A bright field TEM image is seen in Fig. 11(a), of the
layer B that lies adjacent to the layer A on the glass
substrate side of the interface. It is evident that the layer
B consists of spherical crystals, with a diameter ranging
from about 50 to 200 nm, embedded in a glassy matrix
phase. EDS analyses on these crystals indicated the
presence of high concentrations of Ca and P similar to
the crystalline phases in both layer T and layer A. A
typical EDS spectrum from a spherical crystal is pre-
sented in Fig. 11(b).

4. Conclusions

In regard to the contribution of the glassy matrix
phase to the overall formation of the interaction layers
at the ABS glaze—biscuit fired bone china body interface
during glost firing, there appeared to be further indica-
tions that the formation of the hydroxyapatite crystals
at the interface may be helped by its presence. These
indications are summarized as below:

The formation of several continuous layers, consisting
of glassy and crystalline phases with different morphol-
ogy at the glaze—simulated body glass interfaces was
observed by the electron microscopy techniques. The
presence of Ca and P as major elements with different
ratios in the crystalline phases was revealed in most
cases. Of further interest was the morphological and
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Fig. 11. (a) A typical bright field TEM image of the spherical crystals in layer B; (b) EDS spectrum of one of the spherical crystals in layer B.

chemical similarity of the granular crystals formed in
the top layer, closest to the glaze layer at the glaze-
simulated body glass interface (layer T), to the hydro-
xyapatite crystals at the glaze-biscuit fired bone china
body interface illustrated in the second part of the
study.? This may be also taken as implying participation
of the glassy phase originally present in the biscuit fired
bone china body in the formation of the interaction
layers during glost firing. In regard to the acicular crys-
tals, however, no such similarity could be reported. As a
conclusion, it was suggested that the preferential reac-
tion between P,Os5 in the simulated glass and CaO in the
glaze may well have resulted in the formation of these
phases. No corresponding selected area diffraction
(SAD) patterns were recorded, mainly due to unstable
nature of the phases, becoming amorphous with the
continued exposure to the electron beam.

The elemental distribution profiles acquired across the
ABS glaze-simulated body glass interface glost fired at
1120 °C clearly demonstrated the complexity of the
interaction layers involved in these systems. The pre-
sence of a calcium phosphate rich region, made up of
several peaks of these elements with varying ratios, was
demonstrated at the interface. In most cases, each peak
is believed to correspond to an individual layer.

Both B-TCP and hydroxyapatite peaks appeared to be
present on the representative XRD spectrum of the ABS
glaze—simulated body glass interface. This can be taken
as further evidence of a preferential reaction between
P,Os in the body glass originally present in the biscuit
fired bone china body and CaO in the glaze at the
interfaces, since phosphorus in varying amounts in the
glassy phase was proved to be present by the TEM
studies earlier.* This finding is significant since it indi-
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cates that formation of the hydroxyapatite crystals at
the ABS glaze—biscuit fired bone china body interface
during glost firing may be helped by the rapid diffusion
allowed by the glassy phase of the bone china body.

Due to the significant differences between the simu-
lated glass and the original glassy phase, it is necessary
to exercise caution when attempting to interpret the
results given above. The relevant results are also inade-
quate to explain the exact mechanism whereby the cal-
cium phosphate phases each having a distinct
morphology occur.
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