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Hot pressing ‘window’ for (P,Os5, B,0O3)-containing
magnesium aluminosilicate reinforced with

SiC fibres

CHAO ZHAO, KONSTANTZA LAMBRINOU, OMER VAN DER BIEST
Department of Metallurgy and Materials Engineering, Katholieke Universiteit Leuven,
de Croylaan 2, B-3001 Heverlee, Belgium

Unidirectional magnesium aluminosilicate (MAS) glass-ceramic matrix/silicon carbide (SiC)
fibre composites were produced, employing the slurry infiltration-hot pressing technique.
The densification and crystallisation behaviour of the (P,Os, B,O3)-containing MAS
glass-ceramic matrix was studied in depth. The major result of the matrix study was the
construction of a two-dimensional hot pressing ‘window’ within which MAS/SiC
composites were successfully processed. The ‘window’ dimensions, namely temperature
and time, were shown to depend on each other. © 17999 Kluwer Academic Publishers

1. Introduction Glendenning and Lee reported on the crystallisation
In the past 25 years, fibre-reinforced glass-ceramic mamechanism of a (f0s, B,0s)-containing MAS glass-
trix composites (e.g. lithium aluminosilicate (LAS), ceramic [1], while Kumar and Knowles focused on
calcium aluminosilicate (CAS), magnesium alumino-the relationship between microstructure and properties
silicate (MAS) and barium magnesium aluminosili- of (P,Os, B,O3)-containing MAS/Nicalon composites
cate (BMAS)) have received much attention for high[10, 11].
temperature structural applications. Cordierite (MAS) Processing fibre-reinforced MAS matrix composites
glass-ceramics, in particular, have been considered s temperatures higher than the liquidus (“melt press-
potential matrix materials due to their attractive pro-ing”) is impossible, due to the primary crystallisation
perties, such as the low thermal expansion coefficienof mullite upon cooling. The crystallisation of mul-
mismatch with SiC fibres and the high softening point.lite shifts the melt composition away from that of stoi-
Cordierite (2MgO 2Al,03-5Si0,) occurs in one chiometric cordierite and causes the co-precipitation of
metastable and two stable forms [1-&}cordierite, cristobalite (SiQ). Cristobalite undergoes a displacive
also known as the mineral indialite, is the “disor- phase transformation around 200—-2B0accompanied
dered”, hexagonal polymorph, which is stable be-by a considerable volume reductio&3.9%), which
tween 1450C and 1465C (melting point). Below can be detrimental for the composite’'s mechanical
1450°C, the metastable-cordierite transforms slug- properties due to extensive matrix microcracking [10].
gishly to g-cordierite.8-cordierite, known as the min-  An alternative processing method for MAS matrix
eral cordierite, is the “ordered”, orthorhombic form and composites is the so called “window pressing”, which
is stable below 1450C. u-cordierite is the metastable takes place in the temperature range between the glass
polymorph, which crystallises below 90G from transition temperaturel{y) and the onset of crystal-
glasses, and is a high-quartz solid solution with aisation temperatureZ(c) of the MAS glass-ceramic.
hexagonalB-quartz crystal structure. The metastableWithin this temperature range, the viscous flow char-
w-cordierite invariably forms first and transforms irre- acteristics of the matrix ensure the composite’s densifi-
versibly tox-cordierite by increasing either the temper- cation. Another advantage of the ‘window pressing’ of
ature or the isothermal holding time [1-3, 5]. MAS glass-ceramics is the fact that phase nucleation
The first results on the room temperature mechanitakes place on inhomogeneities which were initially
cal behaviour of a MAS glass-ceramic reinforced withpresent on the powder surfaces and are still retained
SiC (NicaloﬁFD fibres were reported in 1985 by Mah within the dense compact [1, 9]. Consequently, nucle-
etal [6]. In 1989, an interface analysis of Nicalon ating agents, such as titania (B)®r zirconia (ZrQ),
fibre-reinforced MAS matrix composites (with or with- are not required.
out Ba, Nb, Zr, Li and Li-Zr-Nb cation additions)  The ‘window pressing’ of large composite compo-
was presented by Cheat al. [7]. Metcalfeet al. [8]  nents of stoichiometric cordierite matrix composition
reported on the properties of Tyrar@lo(SiC with  (MAS) is also very difficult to accomplish, due to
2—-4% Ti) fibre-reinforced MAS composites. The usethe narrow temperature zone within which the press-
of a (R.Os, B,Ogz)-containing MAS glass-ceramic as ing can take place (only 6& betweenT'y and T'¢).
matix for fibre-reinforced composites was introducedHeating of fairly big components usually creates large
by Greengrass and Ridealgh in 1993 [9]. Recentlytemperature gradients, resulting in matrix areas which
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either have started crystallising or have not yet soft-on a planetary ball mill (Fritsch GmbH, Germany), us-
ened and are, thus, too hard to press. However, adding alumina balls in alumina containers down to a mean
tion of P,Os and B,O3 to the MAS glass-ceramic re- particle size of approximately /m.
sults in awider hot pressing ‘window’ (188 between
Ty and T'c) by inhibiting the onset of crystallisation
[1,2,9,10]. Moreover, the addition of,Bs and ROs 2.2, Slurry infiltration-hot pressing method
in MAS glass-ceramics accelerates the transformatiom slurry was prepared, consisting of 350 g powdered
of u- to a-cordierite [1, 2, 9] and limits the formation matrix material, 1 solvent (distilled water), 70 g binder
of u-cordierite [1]. (polyvinylalcohol, 88%, MW 124,000) and a small

The transformation oft- to «-cordierite in the ma- amount of dispersing agent (few drops of TEEPOL).
trix of SiC fibre-reinforced MAS is desirable, because it The SiC fibre tow was first introduced into the slurry,
defines the residual stress state at the fibre/matrix inteiwhere it got infiltrated by the matrix material. The im-
face. The thermal expansion coefficientetordierite  pregnated tow was subsequently wound around a rotat-
is4.72x 1075 °C~* from 25 to 870°C, of a-cordierite  ing drum, forming ‘prepreg’ sheets, which after hav-
is 1.2x10°6°C~* from 25 to 1000C and of SiC ing been dried in air were cut into the proper dimen-
(Nicalon) fibresis 3L x 1076 °C~1from 25t0 1000C.  sions for composite production. For every composite
Consequently, in SiC fibre-reinforced composites withplate, 12 ‘prepreg’ sheets were placed unidirection-
pureca-cordierite matrix, the residual stresses at the fi-ally in a graphite die and then heat treated for binder
bre/matrix interface are tensile [11]. This excludes theburn-out.
formation of the detrimental radial matrix cracks upon  Both monolithic MAS glass-ceramics as well as
cooling from the processing temperature. MAS/SiC composite samples (2612 mn¥) were hot

To the authors’ knowledge, the ‘window pressing’ pressed (KCE Sondermaschinen GmbH, model 8633,
of MAS/SIC composites has never been studied withrRgdental, Germany) in vacuum, the monolithic ones
respect to the time dimension. It is, nevertheless, impeing previously cold pressed under a pressure of
portant for the accurate determination of the processing2 MPa. Two different hot pressing schedules were
conditions that both the temperature and the time diadopted (Fig. 1). In schedule 1, the sample was heated
mension of the ‘window’ are defined. The presentworkat 100°C min~! to the ‘soaking’ temperaturelsoa
aims at the determination of the hot pressing ‘window’where the glass-ceramic was subjected to a ‘soften-
of (P20s, B203)-containing MAS matrix/SiC (Nicalon)  ing’ period,tsof. A pressure of 12 MPa was applied on
fibre-reinforced composites. The MAS/SiC compositesthe sample for a periothess before the sample was
were processed according to the slurry infiltration-hotcggled at about 16C min~—! to room temperature. The
pressing technique. sum of the ‘softening’ periodss, and the pressing pe-

riod, tpress Was defined as the ‘soaking’ peridghax In
schedule 2, the sample was first heated atT®in—!

2. Experimental procedure to 900°C, where it was maintained for a ‘softening’ pe-
2.1. Starting materials riod of 5 min. As will be shown in Section 3.2, 90C is
The composite system studied consisted of a MASnthe center of the hot pressing window where the onset
glass-ceramic reinforced with continuous SiC (Nicalonof crystallisation takes more than one hour. The sample
NL-200) fibres. The MAS glass-ceramic, which waswas subsequently heated at 2@min~ to the ‘soak-
ordered from the University of Sheffield, UK, was pro- ing’ temperatu€eTsoak, Under a pressure of 12 MPa. The
duced based on a patent owned by Pilkinton plc. UK[9].hot pressing cycle was again concluded by cooling at
The nominal composition of the MAS matrix material 10°C min~* to room temperature. Schedule 1 was em-
was 53.4 wt % SiQ, 21.3 wt % AbO3, 22.3wt% MgO, ployed for preparing both monolithic MAS specimens
2.0wt% ROs and 1.0 wt % BOs. The glass, quenched and MAS/SIC composites, while schedule 2 was only
from the melting temperature, was milled for 10 hoursused to produce composite specimens.

Tsoak = = T
\ I
| |
<‘>|
|

| tsoft |
| L

Schedule 1 Schedule 2

Figure 1 Hot pressing schedules.
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TABLE | MAS glass-ceramic crystallisation degree versus XRD peak 5000
intensity

4000
Crystallisation degree XRD peak intensity %‘ 3000
P § 2000
Amorphous-zone?| Absence of crystallisation peaks £
Initial crystallisation-curve AB Very low peak intensities (about 1000
1-5% of the peak intensities 0
in cases of completed
crystallisation)
Intermediate crystallisation-zoné'll Peak intensities between initial
and complete crystallisation 2500
Complete crystallisation-curve CD  Very high peak intensities;
and above (zone I1f) no increase of intensity 2000
when increasing either E’ 1500
T's0akOr tsoak § 1000
=
aCurves AB and CD, zones |, Il and Ill (Fig. 8) are extensively discussed 500
in Section 3.2. 0

2.3. Densification and crystallisation studies
X-ray diffraction (XRD) measurements were per- 300
formed on both monolithic MAS glass-ceramic and 250

@

composite specimens in thé ® 79 260 interval. The £ fgg glass

XRD measurements were done on a diffractometel § 100

(Model PW-1010, Philips Electronic Instruments Co., ~— 5g .
Eindhoven, Holland) operating at 34 kV and 20 mA us- 0 , .
ing monochromatic CK, radiation at a scan speed of 10 20 30 40 50 60 70
1°/min~1. Phase identification was achieved by using 20

the following JCPDS cards: 13-293 farcordierite,
14249 foru-cordierite and 19-768 for enstatite. The Figure 2 XRD spectra of: (a) m(_)n_olithic MAS gla_ss sample hot pressed
-SiC phase in the fibres was identified with referenceit 209°C for 45 min, (b) monolithic MAS ceramic sample hot pressed
tIBO pubri)shed work [12 13] The matrix crystallisation at 1150°C for 60 min, (c) MAS/SiC composite hot pressed at 1160
’ : for 60 min;« = «-cordierite,¢ = orthoenstatite.
degree was qualitatively estimated by comparing the ¢ ’
peak intensities of the crystalline phases as they ap- _ _ N
peared in the acquired XRD spectra (Table I). sis. Scanning electron microscopy (Philips XL 30 FEG,
Differential thermal analysis (DTA) measurements Philips, Eindhoven, Holland) was also used to examine
were performed on 8.62 mg MAS glass samplesthe composites’ microstructure.
employing a Netzsch DSC-404 instrument (Netzsch,
Salb/Bayern, Germany). The samploes vv_er_el heated i3 Results and discussion
argonl (Ar) from 600 to 1100C at 5 Cm'” - The 39 Crystallisation behaviour of the MAS
samples were contained in a Pt pan, while an empty Pt glass-ceramic matrix

pan was used as reference. Data were recorded usinggyp spectra acquired from MAS glass samples re-

computer-driven data acquisition system. The dimeny5ied the presence of a broad peak nehe24°

sional change of composite specimgns during hot PreS$ihich is typical for silicate glasses (Fig. 2a). The@R,
ing was monitored by the plunger dlsplac_ement with 38,04)-containing MAS glass-ceramic crystallised
LHM data logger (DTL 1214). The density of all hot 14\ ar4g,-cordierite o-cordierite and orthoenstatite af-

pressed samples was measured using the Archimedgg 5 high temperature heat treatment, whether in the

principle. monolithic (Fig. 2b) or in the fibre-reinforced compos-
ite samples (Fig. 2c). The amount and type of crys-
2.4. Mechanical testing and examination of talline phases depended upon the soaking temperature
composites and time. The XRD spectra of MAS/SiC composites
Bars (27x 4 x 1.5 mn?¥) were cut from the produced showed additiong-SiC peaks from the SiC fibres and
composite plates using a diamond cutting wheel. The broad peak att?= 34°, which was attributed to the
bars were tested on a three-point bending jig (Instroramorphous material in those fibres (Fig. 2c).
1196, UK) with a 20 mm span and at a crosshead speed Using XRD is not sufficient to distinguish between
of 10 mm mirrL. The work of fracture was calculated «- andg-cordierite because of their similar interplanar
by integrating the area under the load-displacemenspacings. However-cordierite was considered to be
curve up to an arbitrary displacement limit of 4 mm. the phase present in all the crystalline MAS samples
This was considered to be a good approximation beproduced in this study, since the transformationuef
cause at such a displacement, the load has decreasedaax-cordierite under similar processing conditions is
a negligible level. well documented [1-3, 5].
Polished cross sections of composite plates were ob- Figs 3 and 4 show the influence of the soaking tem-
served with an optical microscope and the fibre volumeperature and time, respectively, on the matrix crys-
fraction was determined by quantitative image analy-allinity of MAS/SIiC composites produced based on
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Figure 3 XRD spectra showing the phase evolution in MAS/SiC com-
posites due to the increase in the soaking temperatutay-cordierite.
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Figure 4 XRD spectra showing the phase evolution in MAS/SiC com-
posites due to the increase in the soaking time;«-cordierite.

XRD measurements performed on MAS/SIC com-
posites processed according to schedule 1 revealed the
primary crystallisation ofc-cordierite. In Fig. 3, asmall
pn-cordierite peak can be distinguished in the spectra of
the samples sintered at 1000 and 1020for 5 min,
while in Fig. 4, a similar peak can be seen in the spec-
tra acquired at 975C for 10 and 20 min. However, in
both cases, the amount gfcordierite is limited and
is even further decreased due to its transformation to
a-cordierite when the soaking temperature or time in-
creases. Inthe spectra of the samples sintered atTD50
for 5min (Fig. 3) and at 975C for 50 min (Fig. 4),
the u-cordierite peak disappears, accompanied by the
intensity increase of the-cordierite peaks. Fig. 5 pro-
vides a clear and convincing evidence of the primary
crystallisation ofu-cordierite and its transformation to
a-cordierite.

3.2. Hot-pressing ‘window’ for MAS/SiC
composites
The determination of the ‘window’ started by mea-
suring the softening point(y) of the glass-ceramic
matrix. Fig. 6 shows a DTA trace from the MAS glass-
ceramic according to which, the softening point is ap-
proximately 800°C. Similar information regarding the
softening point was acquired from the shrinkage curve
of MAS/SIC hot pressed composites (Fig. 7). The press-
ing of fibre-reinforced composites should take place
above the softening point, where the viscosity of the
matrix is sufficiently low to ensure densification with-
out any fibre damage.

The construction of the ‘window’ was completed
by hot pressing several composite plates according to
schedule 1 in the temperature range between 825 and
1150°C for different soaking times. XRD measure-
ments on those specimens allowed the construction of
a time-temperature-transformation (TTT) diagram of
the matrix crystallisation (Fig. 8). The TTT diagram is
divided into three zones (I, Il and Ill) by two curves
(AB and CD). The phases observed in the matrix of
MAS/SIiC composites pressed in each one of the three
zones are given in Table 1.

The hot pressing ‘window’ is the grey area expanding
between the softening poink= 800°C) and the onset
of crystallisation temperature. The high-temperature
limit of the ‘window’ (curve AB) is a function of the
isothermal soaking time: the higher the soaking tem-
perature, the shorter the time (Fig. 8). For example, at
1000°C the MAS matrix needs only a few minutes to
become fully crystalline, while at 90 it needs more
than 1 hour. Above 1000C the MAS glass-ceramic
can no longer be in the glassy state.

TABLE Il Matrix composition of MAS/SiC composites

schedule 1. Fig. 3 shows that, the amount of amorphougone Matrix compositiof

phase present in the matrix decreased as the soaking
temperature increased at a constant soaking time, whilgbelow curve AB)
the amount of crystalline phase increased. A similar
evolution of phases was observed in the matrix, when

the isothermal soaking was prolonged (Fig. 4).
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| (between curve AB and CD) n+a+G
Il (above curve CD) a+e

aG = glass,u = u-cordierite, o = a-cordierite, e= enstatite.
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Figure 5 XRD spectra showing the transformation pfcordierite tox-cordierite in the matrix of MAS/SIiC composites;= a-cordierite, u =

u-cordierite.

Endothermic Exothermic

Temperature (°C)

Figure 6 DTA trace from MAS glass-ceramic powder; heating rate

5°CmintinAr.

600 700 800 900 1000

1100

Expansion Shrinkage

Temperature (°C)

600 700 800 900 1000

1100

more difficult, since the amount of the viscous, amor-
phous material decreases very fast. In zone Il (above
curve CD), the matrix is completely solid and the pos-
sibility of densification is excluded.

Fig. 9 shows the density values of two groups of
monolithic MAS glass-ceramic samples prepared ac-
cording to schedule 1: for one group, the softening time
(before the application of pressure) was 5 min and for
the second group, the softening time was 50 min. The
density of the hot pressed samples decreased rapidly as
the hot pressing conditions approached curve AB (the
high-temperature limit of the ‘window’). Outside the
‘window’ (above curve AB), the crystal growth rates
were high, increasing melt viscosity and hindering den-
sification. This was proven by the low density values of
the matrix samples pressed within zones Il and 11l

The choice of an optimal softening time, which
should be neither very short (fibre damage due to the
hard glass particles) nor very long (fibre degradation
due to a long heat treatment) is very important for the
production of composites. Inthe case of MAS/SiC com-
posites, a softening period of 5 min at 900 appears
to be sufficient to ensure densification. This conclusion
was based on density measurements done on two groups
of composite plates produced according to schedule 2
(Table Ill). One group of specimens was softened at
900°C for 5 min, while the other was pressed without
a softening stage. Both groups of specimens were sub-
sequently ceramed at 1150 for 1 hour. The group of
specimens produced with a softening stage before the
application of pressure had a higher average density (5

Figure 7 Shrinkage curve obtained during the hot pressing of MAS/SIC measurements per group) in comparison to the group

composites.

3.3. Densification behaviour of the MAS

glass-ceramic matrix

Defining the hot pressing ‘window’ is crucial for the gfiening
production of dense fibre-reinforced MAS matrix com- time at

posites. With respect to the TTT diagram of Fig. 8,900°C (min) (C) (min)
the composite densification should preferably be coms=
pleted inside the ‘window’ (below curve AB). In zone g
Il (between curves AB and CD), densification becomes

where the softening stage was not incorporated.

TABLE |IIl Density of MAS/SIC composites versus processing
conditions
Soaking Soaking Average Relative
temperature time density density
(genr®) (%)

2.60+ 0.18 98.2+ 0.07
2.14+ 0.11 80.8+ 0.04

1150 60
1150 60

1869



1100

C;.? III Crystalline
~ 1000 F
e
2
<
by
a
5 900 -
H
o0
g
E
Z 0

800 o

Softening Temperature
700 T T T T v T T T T T
0 20 40 60 80 100

Soaking Time (min)

Figure 8 Hot pressing ‘window’ of MAS/SIC composites processed according to scheddleaimorphous matrix) : matrix at the initial crystalli-
sation stage®: matrix at an intermediate crystallisation stagematrix after the crystallisation is completed.

2.8 1200
430
261 1100 L Temperatyre
N 25
| ~ 1000
~ 24 ¢ . Dj20 ¥
“ \a-; Softening §
é} 22} é 900 Lremperature | 15 5
~—' s —
%‘ 201 §* 800L/ . ) TN 110 é
[
_ 181 700 =— Pressure 1s
600 L L . Nl
161 0 20 40 60 80
850 900 950 1000 1050 1100 1150 1200 Time (min)

T ture (°C ) . . .
emperature (°C) Figure 10 Suggested hot pressing cycle for MAS/SiC composites.

Figure 9 Density of monolithic MAS samples prepared according to

schedule 1 as function of the softening tirtg. 3. After densification, the composite article must

be heated rapidly to the soaking temperature to limit

the formation of metastable-cordierite. The ‘ceram-
3.4. Suggested hot pressing cycle ing’ treatment should be engineered in such a way, so

for MAS/SiC composites as to yield a polycrystalline matrix consisting of fine

Although there is no unique ‘optimum hot pressing cy-«-cordierite grains.
cle’ for the production of MAS/SIC composites, the  The suggested hot pressing cycle presented in Fig. 10
processing conditions may be defined based on the fois based on the above considerations and was applied to
lowing suggestions: produce large MAS/SiC composite plates (13 cnr).

The composites, which were produced on an industrial
size hot press (Balzers, type TYP VSG 30HP, Asslar,

o lé (?bsec:‘greglcﬂg gmﬁ-g;?;r:eoiﬁrgsrg'r:esggilg tgeaa(l)_' é;ermany), had a fibre volume fraction of approximately
W pplicat P u Vol 0%, flexural strength values up to 830 MPa with an

fibre damage from the hard glass particles due to prema;, erage value of 378 106 MPa (10 measurements per

]'Eure presstljng.r? nr?e ap{)lljleclj, the pressrl::e |sttm_a|3ta|n_e mposite plate) and an average work of fracture equal
oraperiod, which must be fong enoughto attain @ensty, 11 5 1 312, The backscattered electron micro-

fication bu; not so long so as to cause fibre deg_rac_iatl_o raph of Fig. 11 shows the characteristic microstructure
The pressing temperature should preferably lie insid f such a MAS/SIC composite

the ‘window’ (defined in Fig. 8).

2. During the processing of large composite tiles,
heat flow considerations should also be taken into ac4. Conclusions
count. In that sense, the composites should be pressédhis study defined the hot pressing ‘window’ for pro-
at a temperature, where the time width of the ‘window’ cessing (POs, B,0O3)-containing MAS/SIC compo-
is large enough to avoid the existence of crystallisingsites. The ‘window’ is the two-dimensional (temper-
matrix areas due to temperature overshoot. ature-time) space, where the application of pressure
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Figure 11 Backscattered electron micrograph revealing the microstructure of a MAS/SiC composite prepared with the hot pressing cycle of Fig. 10.

leads to the densification of fibre-reinforced compo- 2.

sites. Before the application of pressure, a ‘softening’

period is foreseen, in order to allow the glass particles
to soften and avoid fibre damage during pressing. The,
‘window’ expands between the glass transition temper- s,

ature £800°C for the (ROs, B,O3)-containing MAS

used in this study) and the onset of crystallisation tem- 6.

perature, which is a function of the isothermal soak-
ing time. The time dimension of the ‘window’ varies

between 90 min at 828C and 5 min at 975C. Beyond g

the high-temperature limit of the ‘window’, crystallisa-

tion starts and is completed within maximum 40 min. 9

The matrix crystallises initially towardg-cordierite,
which subsequently transforms éocordierite as the

processing conditions (temperature and time) becomeg;
12.

more severe.

MAS/SIiC composites were successfully prepared
with a hot pressing cycle derived from the acquired13
data.
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