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ABSTRACT
For the continuous development of ultra high temperature ceramic matrix composites
manufactured using reactive melt infiltration (RMI), the influence of three different melt
alloys and two preform routes on mechanical behaviour and melt infiltration is investigated.
Contact angle and viscosity measurement are performed to describe the melt infiltration
process. The purpose of these experiments is to further understand the RMI process and
increase the mechanical performance of the material. The infiltration height of molten metals
within capillary systems depends on the measured contact angles and viscosity as well as
the different phases present in the preform, matrix and fibre coating. In order to successfully
maintain mechanical performance, minimal reactivity between the melt and coating/fibres is
desired. Resulting phase formations, for each manufacturing step, are investigated and
analysed using SEM, EDX and XRD. Mechanical performance is determined using flexural
strength by three-point-bending, achieving close to 400 MPa with 0/90◦ fabrics.
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1. Introduction

Ultra high temperature ceramics (UHTCs) are a key
factor in hypersonic flight and other extreme temp-
erature applications, reaching 2000◦C and higher.
Without using active cooling systems, UHTCs are
one of the few materials able to withstand these temp-
eratures and to some degree the occurring oxidation,
as discussed in several publications [1–5]. In recent
years, the focus of UHTC development has concen-
trated on including fibre reinforcement to increase
their damage tolerance. Methods used to manufac-
ture these ultra high temperature ceramic matrix
composites (UHTCMCs) are sintering [6], chemical
vapour infiltration [4,7] and reactive melt infiltration
(RMI) [8,9]. The Focus of this study will be the inves-
tigation of melt and preform–matrix interactions
occurring during the RMI process, several of which
occur at the same time. Phases which do interact
are alloy elements (Zr/Cu/Ag/B) and matrix or
fibre-coating elements (ZrB2/TiB2/B4C/B/C). The
matrix interaction can be separated into interaction
prior to and after the chemical reaction. The results
are used to neutralise low melting phases by dissol-
ution and formation of more refractory compounds.
The advantages and disadvantages of the Zr RMI

are comparable to the liquid silicon infiltration
(LSI) process, namely low porosity, residual melt
and manufacturing of large parts. In case of fibre-
reinforced ZrB2 matrix composite, RMI allows a
lower temperature exposure of the fibres compared
to HP or SPS, with no additional mechanical
pressure. However fibres need to withstand the melt
during the RMI process. The purpose of these exper-
iments is to further understand the RMI process and
determine the necessary thickness of fibre coatings.
The infiltration height of molten metals within capil-
lary systems is highly dependent on their contact
angles, and as such, it is important that the chosen
element combinations do promote wetting behav-
iour. In order to successfully maintain mechanical
performance, minimal reactions between the melt
and coating are desired. This allows for adequate
degradation protection without the need for thick
coating layers. Melts investigated are Zr2Cu and Zr-

2Ag, including 1 at.-% B additions. Zr9B is only
used for mechanical characterisation, due to its high
melting point. A sample using each of these melts is
manufactured in combination with a polycarbosilane
and phenolic-based preform.
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2. Experimental methods

Each process state is analysed and compared via SEM,
Zeiss Ultra 55 Plus with Angular selective Backscat-
tered detector (AsB), and EDX from Oxford using a
detector size of 20mm2. Porosity of pyrolysed pre-
forms is determined by mercury porosimetry, CE
Instruments Pascal 240. XRD analysis is performed
using a Bruker AXS D8 with Cu Kα (λ = 154 pm).
Contact angles are measured using the DSAHT17
system from KRÜSS, up to 1520◦C and Ar atmos-
phere. A peak temperature of 1550◦C is set, to be
reached via radiative heating. Heating rates are set
as follows: 10 Kmin−1 from 25 to 1000◦C, 7 K
min−1 from 1000 to 1200◦C and 5 Kmin−1 between
1200 and 1550◦C. The influence of differing heating
rates is determined during preliminary testing to be
minimal, with a variation of less than 10◦ at any
given time across 1000–1500◦C (when comparing
the chosen heating rate against half-speed). The
peak temperature for each experiment, between
1500 and 1550◦C, is held for 20 min before cooling
begins at a rate of 5 Kmin−1. The DSA4 camera sys-
tem takes drop-shape images of the melts shadow and
records the associated contact angle; taking 4–5
images K−1. The DSA4 software measures the volume
and surface area of the drop as it wets, fitting the sil-
houette toYoung–Laplace or Tangent algorithms and
providing information about the melts spreading
behaviour. Viscosity of melts are measured by
Anton Paar Germany GmbH using a FRS 1800 DSR
502 system. Different shear rates and temperatures,
upon melting to 1400◦C or maximum torque, using
three different melt alloys are measured. Starting at
slightly above melting temperature, the viscosity is
measured with a constant shear rate of 15, 25, 50
and 70 s−1, followed by a shear rate ramp from 1 to
75 s−1. Heating ramps are performed under a con-
stant shear rate of 25 s−1. To determine the mechan-
ical behaviour, three-point bending (3PB) tests are
performed at room temperatures. The tests are per-
formed according to standard DIN EN 658-3 [10].
The tests are performed with a universal testing
machine from Zwick GmbH & Co. KG. Each compo-
sition is tested using three samples; the average and
standard deviation, considering a normal distribution,

is calculated. The ratio of bearing distance and sample
thickness is kept at a ratio grater than 20. The upper
loading bearing has a radius of 5 mm and the two
lower bearing have a radius of 2 mm. The testing
speed of each sample was 1 mmmin−1.

3. Manufacturing

Similar to LSI, a ZrB2 formation with Zr-based melts
requires attention of the following aspects. A Boron
containing porous preform with a capillary system is
necessary, which enables liquid melt infiltration. As
there are no precursors yet to build boron chains, it
is necessary to produce a powder-based slurry which
can be infiltrated into fibre bundles. Additionally, the
composition of the Zr-based melts needs to be taken
into account. Different alloy compositions do influence
contact angles, viscosity, phases forming and melting
temperature. The three-step process, as described in
the previous work [8,9], for UHTCMCs manufactured
by RMI is shown in Figure 1. Compared to the previous
work, an additional B2O3 infiltration of phenolic-based
preforms is introduced. This additional step enables
the infiltration with Zr alloys without polycarbosilanes.

3.1. Slurry infiltration and pyrolysis

Each precursor is mixed with boron powder, Tradium
GmbH amorphous Boron powder 95/97, and impreg-
nated onto fabrics through a foulard (Mathis AG),
varying in boron content from 20 to 70 wt-%. Two
precursors are used – a polycarbosilane, essentially
forming a SiC matrix, and a phenolic, essentially form-
ing C during pyrolysis. Boron is mixed with the precur-
sors prior to handling in a foulard. The foulard has two
cylinders rotating under a defined pressure contact.
The fibre sheets are stacked into a mould and trans-
ferred to a warm press orautoclave for curing. The phe-
nolic-based slurry is infiltrated after drying the stacked
fabrics using a vacuum bagging infiltration method.

To prevent the zirconium–carbon reaction during
Zr infiltration of the carbon fibres, GRANOC XN-80
weaves are coated with a TiB2 coating by chemical
vapour deposition in a standard CVD reactor (built
by Surmetal, Switzerland). The reaction of TiCl4
(flow rate: 0.2 slm) with BCl3 (flow rate: 0.4 slm) and

Figure 1. Schematic of the RMI process.
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H2 (flow rate: 10.0 slm) forms TiB2 and HCl at 800◦C.
The coating pressure is 300 mbar and the coating time
varies between 2 and 4 h, with a growth rate of around
1m h−1. During the CVD process, each fabric is placed
separate inside the reaction chamber.

Both compositions are pyrolysed at 1300◦C in Ar
atmosphere. For both precursors, the main mass loss
is before reaching 1000◦C. From investigating thermo-
gravimetric analysis (TG) and SEM images after pyrol-
ysis, we find that there is no apparent reaction of the
boron powder and precursors during pyrolysis cycles.

3.2. Boron oxide infiltration

A method enabling Zr RMI for a phenolic-based boron
slurry needs to increase pore diameters and improve
the contact angle within the pore structure. Essentially
the phenolic resin could be depleted for adaption of the
pore size distribution with an additional internal coat-
ing of the pore structure after pyrolysis to adapt the
contact angle. The coating itself will again influence
the pore size distribution due to the deposition of
material. Instead the following reaction can be used
to influence both factors at once:

7C+ 2B2O3 −� B4C+ 6CO (1)
Decrease in volume enlarges the pore size distribution
and the contact angle will be enhanced due to B4C for-
mation. B2O3 has a melting point of˜475◦C and upon
melting will start to infiltrate into the capillary system
of the preform. The formation of B4C will start at higher
temperatures according to the literature [11–13]. Jung
et al. [12] describes the influence of pyrolysis tempera-
ture, dwelling time and carbon content on the formation
of B4C. Figure 2 shows a SEM image of a phenolic-based
pyrolysed composite on the left and the same compo-
sition after B2O3 infiltration and pyrolysis at 1800◦C
on the right. Most of the amorphous carbon is being
transformed into B4C, leaving a larger pore structure.

Figure 3 shows the pore size distribution of the
different precursors, polycarbosilane, phenolic resin

and phenolic resin after B2O3 infiltration. Polycarbosi-
lane has a very large bandwidth of larger pores com-
pared to phenolic resin. Pore size distribution of
B2O3 infiltrated sample are similar in bandwidth and
size to polycarbosilane samples and therefore promote
infiltration with Zr alloys. Once the carbon is con-
sumed, additional infiltration cycles do not change
the pore size distribution further, as shown by the bot-
tom graph of Figure 3. This is also observed by measur-
ing overall porosity and mass change during pyrolysis.
The amount of B2O3 can be calculated by the ceramic
yield of the phenolic resin and the fibre volume con-
tent. Besides contact angles and overall porosity,
adopted pore sizes are essential for Zr-based RMI.
The formation of ZrB2 and ZrC do include a volume
expansion, when compared with the volume of C or
B. If the pore sizes are too small, they are blocked by
the volume expansion and infiltration is chocked.
Figure 4 shows an XRD analysis of a pyrolysed pheno-
lic slurry-based sample, including carbon fibres, in
comparison to an identical sample infiltrated with
B2O3. Each sample is pyrolysed at 1300◦C and infiltra-
tion is taken to 1800◦C in order to start B4C formation,
both in Ar atmosphere. The XRD shows that both B
and B4C signals become more prominent. This is due
to the formation of B4C and consumption of the amor-
phous C, from the phenolic precursor. As described in
the SEM images in Figure 2. TG analysis of pure B2O3

powder and carbon from a pyrolysed phenolic with
B2O3 powder up to 1600◦C shows a mass loss of the
mixture being slightly lower due to the formation of
B4C instead of evaporation of the B2O3. At 1400◦C
evaporation of the B2O3 becomes much more rapid,
as seen by rapid increase of mass loss of pure B2O3.
In order to promote B4C formation heating rates
from 1400◦C onward should be at max.

3.3. Reactive melt infiltration

Melt infiltration is performed as described by Küte-
meyer et al. [8,9], heating melt and samples separate

Figure 2. Matrix micro-structure before (a) and after B2O3 infiltration (b).
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from each other in order to control infiltration temp-
erature, ranging from 1500 to 1900◦C. As shown in
the previous work, TiB2 is a suitable protection for car-
bon fibres during the RMI process. Oxidation resist-
ance of TiB2 at ultra high temperatures is, however,
inferior compared to ZrB2 [3,14,15]. Hence the TiB2

coating thickness should be as thin as possible. In
addition, a thick fibre coating will start to seal the
fibre bundles, not allowing any boron slurry or melt
to infiltrate into the fibre bundles. Figure 5 shows
the TiB2 coating thickness after (a) 2 h and (b) 4 h
of CVD process time. Due to the linear behaviour of
this process, as long as bundles are not sealed and sur-
face areas start to change rapidly, the 4 h process pro-
duces twice the coating thickness of around 4mm.

In addition to contact angles, viscosity of the melts
influences infiltration. Figure 6 shows the viscosity of
Zr2Cu, Zr2Cu-1 at.-%B and Zr2Ag-1 at.-%B over

temperature at shear rates of 10, 25 and 50 s−1. Zr2Cu,
being the only one with no B addition, shows an
expected decrease in viscosity when temperature is
raised. Both alloys containing B do increase rapidly
in viscosity within 100◦K upon melting. All of them
do decrease in viscosity with increasing shear rates.
Upon melting Zr2Cu and Zr2Cu-1 at.-%B are similar
in viscosity. In the range of 1000–1100◦C, Zr2Cu-1
at.-%B starts increasing in viscosity, while Zr2Cu does
become lower in viscosity. Zr2Ag-1 at.-%B decreases
in viscosity until 1350◦C, showing an increases in vis-
cosity at 1400◦C. Experiments have been performed
with graphite crucibles, which can cause reactions
with the liquid Zr or changing the alloy composition
to include C. SEM and EDX analysis show a small
ZrC layer on the crucible and rod after testing.
Micro-structures of Zr2Cu-1 at.-%B and Zr2Ag-1 at.-%
B show scersed ZrB2 particles as well as Zr rich phases
inside the Zr2Cu/Zr2Ag melt after the tests. Both melts
also infiltrate a few mm into the carbon crucible and
rod. Measurements from Zr2Cu are more stable when
increasing shear rates as compared to Zr2 Cu-1 at.-%
B, may be due to the formation of ZrB2 particles within
the melt. Slightly above melting temperature, 1027◦C,
both alloys do have similar viscosity across the shear
rate spectrum. Until 1350◦C Zr2Ag-1 at.-%B has the
lowest viscosity of the tested melts.

Due to comparison, each of the tested samples is
infiltrated at 1500◦C using Zr2Cu-1 at.-%B and
Zr2Ag-1 at.-%B alloys, additional infiltrations at
1900◦C for a Zr9B alloy are performed. Lower infiltra-
tion temperatures are not possible for the polycarbosi-
lane samples due to a large volume expansion
described by Kütemeyer et al. [9]. Each sample is
heated separate from the melt and upon reaching
1500◦C is lowered into the melt. To further increase
capillary force, infiltration are performed in vacuum
atmosphere. Figure 7 shows the contact angles of
Zr2Cu, Zr2Ag, Zr2Cu-1 at.-%B and Zr2Ag-1 at.-%B
melts on C and SiC substrate to determine their per-
formance for RMI. SiC is an important substrate to
determine the wetting behaviour of each melt for poly-
carbosilane sample infiltration. The Ag-based alloys
immediately drop in contact angle on SiC after melting,
Cu-based alloys keep constant for around 300◦K on
SiC before dropping to low contact angles (, 5◦).
For both substrates and alloy types, B addition lower
the contact angles. Zr2Cu and Zr2Cu-1 at.-%B do not
drop under 25◦ on C substrates, which is why infiltra-
tion of samples with high C content only infiltrates a
few mm. Contact angles for B4C substrates will be
determined while continuing RMI research.

From contact angle measurements two different
melts are determined to be using as infiltration alloys.
Zr9B is chosen as an additional candidate for these
investigations, even though its contact angle could
not be determined due to its high melting point. The

Figure 3. Pore size distribution of pyrolysed polycarbosilane,
phenolic resin and phenolic resin after B2O3 infiltration.

Figure 4. XRD of pyrolysed phenolic samples with and without
B2O3 infiltration.
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advantage of Zr9B is the absence of any low melting
phases and large ZrB2 grain, which form during RMI.
All trials are performed with the same heating rates,
dwelling time at peak temperature and infiltration
times. The infiltration time is set to 20 min, ensuring
a full infiltration of each sample. Each preform man-
ufacturing rout is tested with each of the alloys and
evaluated according to its mechanical properties and
phases formed within its micro-structure, shown in
Figure 8. In each of the six variations, ZrB2 and ZrC
are the main phases. The different alloys do influence

the residual melt in between the UHTC grains. Both
preform manufacturing methods show similar frac-
ture surface on 3PB tests. The main difference in frac-
ture surfaces is between the different melts used for
infiltration. While Zr2Cu-1 at.-%B and Zr2Ag-1 at.-
%B are similar, the Zr9B infiltrated samples have a
different fracture behaviour, as shown exemplary
for the phenolic preform in Figure 9. The different
behaviour is due to the incomplete infiltration of the
fibre bundles, when using the Zr9B alloy. Either the
viscosity of the alloy is not low enough to fully
infiltrate the bundles, or the formation of ZrC and
ZrB2 and their volume expansion is preventing a full
infiltration.

Table 1 shows the result of 3PB tests performed for
each melt and preform. Zr2Cu-1 at.-%B reaches the
highest bending strength and ultimate strain, with the
polycarbosilane-based preform being slightly higher
than the phenolic based. All specimens initialised a
crack on the bottom side under tensile loading. Every
combination does show fibre pull-out and crack deflec-
tion. However, these mechanisms are not as distinct as
in previous works [9], most likely due to the thinner
TiB2 fibre coating.

Figure 5. Carbon fibres with TiB2 coating after (a) 2h and (b) 4h CVD coating time.

Figure 7. Contact angles of different melt alloys on C and SiC
substrates.

Figure 6. Viscosity in dependence of temperature at three
different shear rates for different melts.
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4. Discussion

Infiltration of B2O3 does essentially decrease ceramic
yield of preforms by mass loss due to CO formation.
In terms of RMI for ZrB2 a high porosity and low
C contents are favourable. Most critical for the B2O3

treatment is an eventual fibre degradation. As the Zr
melt, the B2O3 does infiltrate using the capillary system
of the preform, also reaching within the fibre bundles.
Due to the TiB2 fibre coating, already protecting the
fibres from Zr melt, this aspect is not causing any

problems upon manufacturing. Evaporation of the
B2O3, as shown by TG measurements, does need to
be compensated by additional B2O3 and fast heating
rates above 1400◦C. Additional investigations will
show, whether B2O3 does infiltrate as a liquid into
the pore system or as a gas phases upon evaporation.
Compared to UHTCMC infiltrated by Kütemeyer
et al. [9], carbon fibres in this work have been coated
with 2mm TiB2 instead of 4mm. Therefore, more
fibres are degraded during RMI, forming a matrix
dominant behaviour. Highest bending strength is

Figure 8. Matrix variations within the micro-structure when using different melts and preforms.

Figure 9. Fracture surface after 3PB of the phenolic preform for each of the three melts.
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achieved using the Zr2Cu-1 at.-%B melt with very little
difference between polycarbosilane and phenolic pre-
form, see Table 1. Beside the absence of Cu phases
within the Zr9B infiltrated samples, the ZrB2 grain
forming within these samples are much large by almost
a factory of 10. Both larger grains and higher infiltration
temperature could influence bending strength. Zr2Ag-1
at.-%B infiltrated samples generate the lowest bending
strength. By examining the tested samples, larger crack
like pores are found within the matrix of the samples.
They appear to be more frequently between each fabric
layer. These pores could either be forming due to the
lower viscosity of the Ag-based melts, draining the
centre of large pore channels. They could also be form-
ing by evaporating Ag having a boiling point of 2210◦C,
which could be reached by the exothermic reaction,
further increasing samples temperature from 1500◦C
at initialising infiltration. Cu would increase this temp-
erature limit to a boiling point of around 2595◦C.

Beside viscosity and different phases forming, the
governing influence for RMI are the contact angles
forming. While Zr alloys drop in contact angle to
about 25◦ on C substrates, they are not infiltrating pre-
forms containing high C contents. Further research
should investigate, whether contact angles of 25◦ on
C are only reached do to the formation of ZrC. SiC sub-
strates, representing polycarbosilane behaviour, do
drop in contact angle at around 1300◦C and start to
show sufficient infiltration, see Figure 7, which could
also occur do to ZrC formation.

5. Conclusion

As described, a phenolic-based preform in combination
with a B2O3 infiltration enables a Zr alloy-based RMI.
Bending strength are almost the same as polycarbosi-
lane-based sample, but manufacturing costs are lower.
Zr2Cu-1 at.-%Bmelts reach 393MPa 3PB strength com-
pared to 190MPa of Zr9B at room temperature. Cu
phases are low within the Zr2Cu-1 at.-%B samples and
can be reduce further, however high temperature
strength might be less influenced when using the Zr9B
melt. Without having the limitation from volume
expansion by the phases forming at temperatures
below 1500◦C, when using a polycarbosilane-based pre-
form, infiltration temperatures can be further reduced
without interrupting RMI. Further investigations will
concentrate on the opportunity to manufacture
UHTCMC at temperature below 1500◦C.
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