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Abstract

The aim of this work is the optimization of the sin-
tering process of particle-reinforced glass matrix
composites to obtain densities as close as possible to
the theoretical value and improved mechanical prop-
erties in comparison with the parent glass matrix. A
pressureless sintering process has been studied by
means of heating-microscopy, differential scanning
calorimetry and dilatometry on glass powders and
mixtures of glass and reinforcement powders. The
chosen glass matrix composites have the following
compositions: (1) 5, 10 and 20 wt% Ti particle-
reinforced ZnO-B,0;~PbO based glasses, and (2)
5, 10 and 20 wt% Ti particle-reinforced TiO,ZnO—
B,0;~PbO based glasses. These glasses are suitable
as ‘model’ glasses, but the method can be extended
to any other matrix.

1 Introduction

Glass and glass-ceramic matrix composites (GMC,
GCMC) are promising materials for structural
and functional applications in the fields of auto-
motive, acrospace and biomedical industries. They
are low cost, low density, highly thermal and
chemically resistant materials, compared with
metal and ceramic matrix composites. The matri-
ces are common silicate glasses or glass-ceramics,
toughened by metal or ceramic fibres, platelets or
particles.'?

One of the main drawbacks of these materials is
the difficulty in obtaining full density bodies with
low cost preparation techniques (e.g. pressureless
sintering). In order to focus the subject of this
work, the discussion will be limited to metal particle-
reinforced GMC and the optimization of a pressure-
less sintering process.

There are several preparation processes for
GMC and GCMC materials: firstly, ‘green’ bodies
(i.e. not sintered) can be prepared by uniaxial or
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isostatic cold pressing or slip casting methods.
Then, there are three main sintering methods:
greens can be sintered by uniaxial hot pressing or
isostatic hot pressing or pressureless sintering.
This last method is very attractive from an eco-
nomical point of view as well as for its industrial
feasibility; moreover, pressureless sintering allows
the densification of larger and more complex
shapes compared with expensive hot pressing or
isostatic methods.

Due to the peculiarity of the glass matrix, these
composites can be subjected to pressureless sinter-
ing in a viscous phase process (VPP), at tempera-
tures well below the melting point and without
any sintering aids. The key is to operate within the
softening range of the glass and at the maximum
temperature allowed without any crystallization
and with minimum viscosity. The sintering time ¢ is
proportional to the ratio 7/y, as can be deduced
from:

(x/a) = (32)(vim)(Va) t

where x is the neck radius between two particles,
a is the particle radius, 7 is the viscosity and vy the
surface tension of the glass, at the sintering tem-
perature.>'® A pressureless method is effective
when the surface tension is high and the viscosity
is low, i.e. when the glass is at its lower viscosity,
without any crystallization process in action.’ If
crystallization occurs, the process does not follow
VPP behaviour, but other sintering theories come
into play, e.g. solid or liquid phase sintering pro-
cesses.

The presence of a second phase (metal particles,
in this case) can interfere with the above described
model: the second phase causes internal stresses in
the matrix during the sintering process and the
resulting sintering rate is decreased. This effect is
less dramatic for the VPP of composites, because
the internal stresses are almost completely absorbed
by the matrix in the viscous state, but the sinter-
ing time and temperature should be increased
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proportionally with the second phase volume
fraction.®!® The rule of mixtures does not work
above 15-20% volume fraction; above this limit,
the glassy phase is not enough to guarantee a
pressureless viscous phase sintering process.®%!!

Furthermore, the presence of a crystalline sec-
ond phase enhances the heterogeneous nucleation
rate of the glass: as any crystallization during the
sintering process is to be avoided,’ the best com-
promise between the highest sintering rate and the
lowest crystallization level needs to be determined.
Moreover, by operating at the lowest possible
temperature, the interfaces will be less reactive
and can be designed to fulfil the composite
requirements: a good interface between reinforce-
ment and matrix is the main factor in determining
the mechanical behaviour of brittle matrix com-
posites. A subsequent heat treatment can be done
to ‘ceramize’ the matrix and to obtain a glass-
ceramic matrix composite with a low percentage
of residual glassy phase.

The aim of this work is to optimize the pres-
sureless sintering of glasses and composites with
various percentages of titanium particles as the
second phase, by differential scanning calorimetry
(DSC) simulation of the sintering process, to find
out the maximum sintering temperature, without
encountering crystallization of the matrix, for
both glasses and composites. To verify the effective-
ness of this method a morphological and micro-
structural characterization was performed, and
some preliminary mechanical tests were carried
out on samples with a higher density, as a check
on the improved mechanical properties of the
composites in comparison with the parent glasses.

2 Experimental Procedure

Two glass matrices have been prepared by melting
mixtures of ZnQO, B,O,, PbO and TiO,. The molar
compositions are shown in Table 1. The addition
of TiO, to the glass matrix modifies the interface
between the titanium particles and the glass.!*!’
The glasses have been powdered in a ball-mill
and sieved to 100-140 mesh. Part of the powders
were mixed with 5, 10 and 20 wt% of Ti particles
(PlasmaTechnik, 99-99%) (sieved to 100 mesh).
The thermal properties of the glass powders and
of the mixtures of glass plus Ti were studied by
means of heating microscopy (Leitz mod.Il A),

Table 1. Mol% composition of the two glass matrices

dilatometry (Netzsch 402) and differential scanning
calorimetry (Perkin-Elmer DSC 7). The linear
shrinkage versus temperature of the two glasses has
been measured by heating-microscopy on cubes of
pressed glass powder (heating rate 10°C min™).

Isothermal heating of the powders (glasses and
glasses plus titanium) has been carried out by
DSC, in the range of temperature between T,
(glass transition) and T, (first crystallization) with
a 10°C min™" heating rate, for 150 min under flow-
ing Argon, in graphite crucibles. After the isother-
mal treatment, each sample was submitted to a
scan in the temperature range 400-700°C to verify
if the isothermal treatment has caused total, par-
tial or no crystallization of the glass. The highest
temperature after which the isothermally heated
and scanned sample (‘iso and scan’ in the follow-
ing text) still shows T, and both crystallization
peaks has been chosen as the maximum sintering
temperature allowed for a viscous flow sintering
process.

On the basis of this calorimetric study, a pres-
sureless sintering process has been tested on
greens of glass and glass plus Ti particles, under
Ar flow. Greens have been prepared by uniaxial
pressing, using pressures from 4 to 6 tons cm?,
with the aid of liquid binders (isopropyl alcohol).

The sintered samples were characterized by
X-ray diffraction (XRD, Philips PW 1710), scan-
ning electron microscopy (SEM, Philips 525 M),
compositional analysis (EDAX, Philips 9100),
porosimetry (Carlo-Erba 2000 mod. 120), density
measurements  (Archimedean method) and
mechanical tests: Young’s modulus measurements
(Grindosonic-Lemmens Elektronica), K- (inden-
tation technique'’’) and Vickers induced crack
propagation.

3 Results

Table 2 shows the characteristic temperatures (°C)
and the thermal expansion coefficients (10 °C™)
of the two glasses, obtained by DSC and dilatom-
etry, respectively.

Figure 1 represents the percentage linear shrink-
age versus temperature for ZPB (a) and TZPB (b)
greens, obtained by heating microscopy. The two
glasses show rapid shrinkage above 500 and
550°C, respectively, and their crystallizations occur

Table 2. Characteristic temperatures (°C) and linear expansion
coefficients (107 °C™!) of the two glasses

Sample ZnO PbO B,0; Tio, Sample T, T T, a
ZPB 45 15 40 — ZPB 479 612 653 7-96
TZPB 45 8 40 7 TZPB 523 625 650 502
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Fig. 1. Per cent linear shrinkage versus temperature for (a)
ZPB and (b) TZPB greens (heating rate 10°C min™),
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Fig. 2. DSC curves of ‘iso and scan’ ZPB (heating rate
10°C min™).

with any volume increase. The arrows refer to the
characteristic temperatures (7, T, and T,)
obtained by DSC and to the sintering temperature
chosen after DSC ‘“iso and scan’, as described below.

Figures 2-5 show the DSC curves of ZPB
(Fig. 2), ZPBT20 (ZPB powders plus 20 vol% Ti)
(Fig. 3), TZPB (Fig. 4), and TZPBT20 (TZPB
powders plus 20 vol% Ti) (Fig. 5): each ‘iso and
scan’ curve represent a DSC scan made on the
same powder previously heated at the temperature
labelled on the curve.

The DCS scans on ZPB samples after the
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Fig. 3. DSC curves of ‘iso and scan’ ZPBT20 (heating rate
10°C min™).
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Fig. 4. DSC curves of ‘iso and scan’ TZPB (heating rate
10°C min™).
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Fig. 5. DSC curves of ‘iso and scan’ TZPBT20 (heating rate
10°C min™).

isothermal heatings (150 min) at 510, 520 and
530°C (Fig. 2) do not reveal any difference from
the DSC of the as-prepared glass.'® On the con-
trary, for the isothermal heatings at higher tem-
peratures (from 540°C upwards), the DSC results
are markedly modified: the two crystallization
peaks and the T, progressively disappear, up to
the limit situation of the curve labelled 570°C,
where only the melting temperature was detectable
(above 700°C), which is not represented here.
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Approximately the same behaviour has been
found for the ZPBT20 composite (Fig. 3), where
some modification of the ‘iso and scan’ occur
from 540°C onwards.

The TiO, modified glass, TZPB, (Fig. 4)
changes from the starting DSC ‘iso and scan’
curve from 550°C onwards, and the same has
been found for the composite TZPBT20 (Fig. 5).

The following sintering temperature ranges have
been chosen on the basis of the thermograms
shown in Figs 2-5, as described above:

ZPB and ZPBT: 520-530°C
TZPB and TZBPT: 530-540°C

The composites have been sintered at temperatures
about 10°C higher than the respective matrices.
The per cent densities (measured density/theoretical
density X 100) of the sintered glasses and compos-
ites are summarized in Tables 3 and 4. All the
densities exceed 92%, with higher values for pure
glasses and 5%-reinforced composites (98%) and
lower values for 10- and 20%-reinforced composites.

SEM observations and porosimetric analysis
confirm the density results. Figure 6 shows a pol-
ished cross-section of a ZPBT20 composite: the
interfaces between Ti particles and the glass
matrix are continuous and deflect a crack propaga-
tion obtained by Vickers indentation (at 5 kg; see
arrows). EDS compositional results of the num-
bered zones are showed in Fig. 6 and its caption
(1 =Ti, 2 = Pb, 3 = matrix). The values found for
the glass matrix (45-4% Zn and 54-6% Pb) are in
agreement with the theoretical ones (48-6% Zn
and 51-4% Pb, calculated taking into account that
EDS only detects metallic Zn and Pb in this glass
and that the technique is semi-quantitative).

A similar behaviour pattern has been found for
TZPBT composites, except for the Pb growth
around Ti particles, due to a redox reaction between
PbO and Ti (as described in Ref. 14).

XRD analysis on the sintered samples showed
an amorphous background, with Ti and Pb sig-
nals for ZPBT composites and just Ti for TZPBT

Table 3. Densities of bulk and sintered glasses

Fig. 6. SEM micrograph of ZPBT20 composite; showing
induced crack propagation after Vickers indentation (1 = Ti,
2 = Pb, 3 = matrix).

ones. The XRD instrumental detection limit is
about 5% crystallinity; which means that less than
5% crystals could be present in the samples, but
would not be revealed by XRD. In fact, with
another kind of analysis, scanning electron micro-
scopy (SEM), some 20%-reinforced composites
revealed the presence of a few crystalline phase
(approximately below 5 vol%).

The Young’s moduli (E) have been measured
for the as-prepared bulk glasses (70 and 80 GPa
for ZPB and TZPB, respectively) and for the sin-
tered glasses and composites having comparable
densities. The obtained values for the composites
are in good agreement with the theoretical ones,
calculated by the following equations:'?

E. = E,E/(V,E, + V,E,) (lower limit)
E.= E,V, + E,V, (upper limit)

where: E, = E of the composite, E, = E of the
sintered matrix, E, = E of the Ti particles, V;, =
matrix volume fraction and ¥V, = Ti particles vol-
ume fraction. The measured Young’s modulus for
the sintered ZPB is 61 GPa, and it is higher (62-5
GPa) for the corresponding composites having 5
wt% Ti particles (calculated lower and upper mod-
uli for the composite: 62-45 and 63-37 GPa). It is
55 GPa for the sintered TZPB and 56-4 GPa for

Sample Bulk Sintered % Density A :
the 5 wt%-reinforced composite (calculated lower
ZrB 443 4:35 98-20 and upper moduli for the composite: 56-4 and
TZPB 4-02 394 98-34
57-38 GPa).
Table 4. Theoretical and experimental densities of sintered samples
Sample ZPBT TZPBT
Wt% Ti 5 10 20 5 10 20
Theoretical density (g cm™) 4-43 4-44 444 4-04 4.07 4-12
Measured density (g cm™) 435 429 4.09 3-99 3-87 3-85
% Densities 982 969 922 98-8 95-1 934
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The K¢ values (calculated as reported in Refs
16 and 17) for the sintered glasses are, respec-
tively; 0-574 MPa m!? (ZPB) and 0-578 MPa m'?
(TZPB). The K value for the 5 wt%-reinforced
TZPBT composite is about twice the matrix one:
1.027 MPa m'?,

4 Discussion

The ZPB glass matrix is a typical non-silica based
‘soft’ glass,'>!® chosen in this work for its low
characteristic temperatures suitable for a DSC based
study; the glass composition has been modified by
adding 7 mol% TiO, to change the interfacial reac-
tivity between the matrix and Ti particles in the
composites, as discussed in a previous paper'* and
in Ref. 15. The aim of this work is to find the suit-
able temperature range for a viscous-phase pres-
sureless sintering process for glasses and
composites: crystallization of the samples during
sintering is to be avoided, otherwise the sintering
temperatures should be increased and a certain
pressure required to obtain full density; further-
more, the crystalline phases could have different
expansion coefficients with respect to the matrix
and cause cracks or voids in the sintered sample.
The first useful information about the sintering
behaviour is given by the per cent linear shrinkage
versus temperature (Figs 1(a) and (b)): ZPB and
TZPB could be sintered from 575 and 650°C
onwards, respectively (maximum value of % shrink-
age). This information, the same as is obtainable by
dilatometric studies, must be completed, for
glasses, with other considerations: as indicated by
the arrows, 575 and 650°C are very close to or
above the crystallization temperatures (7, and
T,;). As the sintering process requires isothermal
treatment of the sample at these temperatures, it
must be pointed out that the sample will not be in
the glassy state during the entire process, but is
transformed to a partially or totally crystallized
sample during the process. It must also be pointed
out that a glass of the same system (ZnO-PbO-
B,0;) starts with homogeneous surface crystalliza-
tion after 1 h at 420°C.'? The linear shrinkage ver-
sus temperature gives us initial rough information
about the sintering behaviour, but it is not repre-
sentative of the actual sintering process. In partic-
ular, it does not take into account the kinetics of
crystallization: the maximum shrinkage tempera-
ture recorded with a heating rate of about 10°C
min~' can not be immediately transferred to a sin-
tering process which requires a prolonged isother-
mal step. During this time the sample could
partially or totally crystallizez A more realistic
way to simulate the sintering process could be to

consider several isothermal heatings at different
temperatures inside the heating-microscope, but
the choice of temperatures could require several
time-consuming experimental runs.

The alternative way proposed in this work takes
into account the high sensitivity of the DSC in
detecting glass transition and crystallization in
glasses: the ‘iso and scan’ method is more repre-
sentative of the sintering process than a heating-
microscopy or dilatometric study, it does not
require the preparation of greens and it is very
attractive from an experimental (runs versus time)
point of view.

In order to know exactly if the sample is still
amorphous or crystalline after an isothermal heat-
ing, the ‘iso and scan’ curves of Figs 2-5 are of
immediate utility: if the ‘iso and scan’ curve shows
any modification from the previous one, it means
that something is happened during the isothermal
heating at that temperature, so that temperature
may be too high to sinter in a .pure glassy state.
This method also takes into accaunt the nucleat-
ing effect of TiO, and of Ti particles in compos-
ites: in these cases, suitable temperatures to work
in the glassy state must be lowered, because crys-
tallization is favoured by the presence of these
substances.

The nucleating effect of TiO, can be noted by
comparing Figs 2 and 4 (ZPB and TZPB ‘iso and
scan’ curves, respectively): the stability of the titania-
containing glass matrix is decreased by ~100°C
(T — T). By comparing Figs 2 and 3 (ZPB and
ZPBT ‘iso and scan’ curves, respectively), the nucle-
ating effect of Ti can be noted by the decreasing
crystallization onset in the composite with respect
to the pure glass matrix. The same is true for Figs
4 and 5 (TZPB and TZPBT °‘iso and scan’ curves,
respectively). Titanium particles also have an
opposite effect: the sintering temperature of the
composites must be increased with respect to the
matrix one, proportionally to the volume fraction
of the second phase.*?®

The ‘iso and scan’ curves gave an immediate
answer to sample modification (with or without a
different percentage of second phase) during the
sintering process. Figures 2-5 show the two extremes
of behaviour (pure glass matrices and 20% Ti
composites, the 5 and 10% Ti composites being
similar to the former and latter case, respectively).

The chosen sintering temperature ranges, indi-
cated by arrows in Figs 1(a) and (b) for ZPB and
TZPB glasses, respectively, stress the above dis-
cussed differences between heating-microscopy
and DSC study of the process: ZPB glass starts to
sinter at 520-530°C, but it reaches its constant
shrinkage values after 575°C. ‘Iso and scan’ curves
for ZPB (Fig. 2) show that already, after an
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isothermal heating at 530°C, the sample starts to
show modifications from the glassy state. In fact,
a pressureless sintering process at 520°C gave
98-20% density (Table 3), whereas higher sintering
temperatures gave lower density values. Even
more dramatic is the kinetic factor for TZPB (Fig.
1(b)) where, apparently, the DSC derived sintering
range (530-540°C) is below the shrinkage curve
slope onset temperature. In this particular case,
the presence of a nucleating agent such as titania
causes an early nucleation and crystallization dur-
ing the isothermal heating of the glass, well below
the recorded crystallization temperature onset! In
this last case, as well as for the composites, the
‘iso and scan’ method revealed its effectiveness:
TZPB sintered at 530°C showed the maximum
density obtained (98-34%) (Table 3).

For the composites, the two opposite effects of
Ti particles (the sintering temperature for the
glassy state must be decreased because of its
nucleating effect, but also increased because of its
second phase effect) are clearly evident in Table 4:
the ‘iso and scan’ method proved to be effective
for 5 and 10% Ti composites, but fails at 20%. In
this last case, 92-93% density is the maximum
value obtainable by pressureless sintering in the
glassy state: by increasing the sintering time or
temperature, a partial crystallization of the sam-
ples has been observed. The process is not a VPP
and the use of pressure could be useful to obtain a
full density vitreous composite.

Obtaining high density composites allows their
mechanical characterization, in order to verify
their improved mechanical properties with respect
to the matrix. Figure 6 shows a polished cross-
section of a ZPBT composite (20% Ti): the Vickers
induced crack (see arrows) is made to deviate by
Ti particles (bridging). This energy-consuming
mechanism is responsible for composite toughen-
ing, compared with the sintered glass matrix. In
fact, the measured Young’s moduli, as well as the
calculated K- values, are higher for composites
than for pure matrices, confirming that the inter-
faces between the matrix and reinforcements are
continuous and act as a load transfer zone between
the brittle matrix and ductile particles, leading to
toughening of the material.

5 Conclusions

These first results let us show that pressureless
sintering of glass matrix composites must occur in
the glassy state; the sintering temperature must be
chosen as high as possible to minimize the viscos-
ity and the sintering time, always being in the
glassy state. If any crystallization begins, the

viscosity of the system abruptly increases, and the
sintering time and temperature must be prolonged
and the use of hot-pressing techniques could be
required to obtain fully densified samples. Further-
more, the use of higher temperatures is normally
considered detrimental for interfacial reactivity
and consequently for the mechanical properties of
the composites (i.e. the formation of thick reaction
layers between particles and matrix could occur).

The ‘iso and scan’ curves are an effective
method to identify a sintering temperature range
in the glassy state, taking into account some fun-
damental factors such as the decreasing sintering
rate, and the nucleation effect of the reinforce-
ment, as well as the kinetic contribution occurring
during the sintering process.
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