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Abstract
A ZrB2-based ceramic, containing short Hi-Nicalon SiC fibers, was fabricated
with a Mo-impermeable buffer layer sandwiched between bulk and the outer-
most oxidation resistant ZrB2–MoSi2 layer, in order to prevent inward Mo diffu-
sion and associated fiber degradation reactions. This additional layer consisted of
ZrB2 dopedwith either Si3N4 or with the polymer-derived ceramics (PDCs) SiCN
and SiHfBCN. Scanning electron microscopy imaging and elemental mapping
via energy-dispersive X-ray spectroscopy showed that this tailored sample geom-
etry provides an effective diffusion barrier to prevent the SiC fibers from deterio-
ration due to reactions with Mo or Mo-compounds. In contrast, the structure of
the SiC fibers in a reference sample without buffer layer is strongly degraded by
MoSi2 diffusion into the fiber core. The comparison of the three buffer-layer sys-
tems showed amoderate alteration of the fiber structure in the case of Si3N4 addi-
tion, whereas in the PDC-doped samples hardly any structural change within
the fibers was observed. A stepwise reaction mechanism is deduced, based on
the continuous progression of a reaction zone that propagates toward the ZrB2–
MoSi2 top layer. The progression of such a reaction zone as a consequence of the
different eutectic melts forming in the different layers, that is, first in the SiC-
fiber-containing bulk, then in the buffer layer itself, and finally in the top layer
at high temperature, allows for an effective separation of the ZrB2–MoSi2 top
layer from the SiC fibers.
Subsequent oxidation at 1500◦Cand 1650◦C for 15mindid not affect the efficiency
of all three buffer layers, since no structural changes regarding buffer layer and
fibers were observed, as compared to the non-oxidized samples.
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1 INTRODUCTION

Modern aerospace crafts have to withstand highly cor-
rosive and oxidizing environments. Beyond that, compo-
nents like wing-leading edges, nose cones of hypersonic
vehicles or scramjet, and rocket propulsions are exposed
to ultra-high temperatures exceeding 2000◦C.1–3 A mate-
rial family which potentially satisfies those needs are ultra-
high temperature ceramics (UHTCs). Among them, tran-
sition metal diborides like ZrB2, HfB2, or TiB2 emerged as
potential candidates to master such demanding require-
ments, of which ZrB2 and HfB2 are the most studied
ceramics, in view of the refractoriness of the correspond-
ing oxides.4 In case of ZrB2, the two major problems hin-
dering its wide use are (i) its intrinsic brittleness, which
also impacts on the thermal shock resistance, and (ii)
the critical oxidation behavior. Another critical aspect in
aerospace application is the high weight, due to the high
density of thematrixmaterials based on ZrB2 with 6 g/cm3,
which must be lowered. The addition of MoSi2 proved to
be beneficial for the sinterability,5 the strength retention
at high temperatures, and for the oxidation resistance of
ZrB2 composites6–10 up to the high-temperature regime of
≥1600◦C,11,12 while the incorporation of SiC fibers con-
siderably lowers the overall density. Moreover, the addi-
tion of 10–30 vol% SiC or C short fibers increases frac-
ture toughness above 6 MPa

√
m,13–15 being attributed to

crack deflection and fiber bridging mechanisms and, for
high-volume fraction of fibers, to pull-out16–18 additionally
improving the oxidation resistance.19 A combination of
bothMoSi2 and SiC fiberswithin a single ZrB2 composite is
unfortunately not feasible, since Hi-Nicalon fibers, or even
the newer fiber generation Tyranno SA3, are not stable at
temperatures above 1500◦C,20 whereas ZrB2–MoSi2-based
ceramics require a densification temperature of approx-
imately 1700◦C.14,21 New developments of SiC and SiC–
ZrB2 composite fibers provide a temperature stability up to
1900◦C due to their much lower oxygen content22,23; how-
ever, the performance of such fibers as a reinforcement
phase in UHTCs is still unknown.
Another drawback in the combination ofMoSi2 with SiC

fibers is the detrimental effect of Mo-compounds on the
integrity of the SiC fibers.14,24 Reactions between transi-
tion metals, Mo in our case, and the fibers jeopardize their
benefit on the mechanical properties of the ZrB2 compos-
ite already during the sintering process. Although a ZrSi2
addition also promotes full densification of ZrB2 already at
temperatures around 1500◦C, due to the formation of low
melting phases, which is vital to keep the integrity of the
SiC fibers, the addition of ZrSi2 does only offer a very low
oxidation resistance as compared to MoSi2.8,25,26
In view of the unfavorable performance of the MoSi2

addition in combination with SiC fibers, a tailored phase

F IGURE 1 Schematic of the functionally graded sample
geometry with (i) the oxidation resistant ZrB2–MoSi2 top layer, (ii) a
Mo-impermeable buffer layer based on ZrB2 with either Si3N4,
SiCN, or SiHfBCN as buffer-layer additive and (iii) a SiC short fiber
reinforced ZrB2–ZrSi2 bulk. Please note that this schematic is not
true to scale. The dimensions of the composite samples are
approximately 2.5 × 2.0 × 0.5 mm3

geometry, based on the concept of functionally graded
materials (FGM), potentially enables a combination of all
phases within one composite, avoiding detrimental reac-
tions. An innovative approach separates a SiC- or C-fiber
reinforced ZrB2–ZrSi2 bulk from the oxidation resistant
ZrB2–MoSi2 top layer by sandwiching it with a MoSi2-
impermeable buffer layer consisting of ZrB2 and 5 vol%
Si3N4.27,28 It was demonstrated that this technique offers
the possibility to reach full density of the ZrB2 composite
at a sintering temperature of 1700◦C, while successfully
preventing MoSi2 diffusion toward the SiC-fiber-enriched
ZrB2 bulk and inside the SiC-fiber structure.21
The present study investigates further possible buffer-

layer compositions in view of developing effective buffers
for their use at high temperature. The approach here is
to study the efficiency of the buffer layers and the cor-
responding microstructure evolution, in particular, the
microstructural variation of the SiC fibers during sintering
and subsequent high-temperature oxidation. Apart from
Si3N4, a promising material group as buffer-layer additive
are polymer-derived ceramics (PDCs), as their chemical
composition can be tailored resulting in ceramics with a
favorable and adjusted chemistry as well as a well-defined
nanostructure.29,30
Three samples were prepared with an architecture as

sketched in Figure 1 and investigated via scanning electron
microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDS) upon hot pressing at 1700◦C for 10min
and upon oxidation at 1500◦C and 1650◦C for 15 min.

2 EXPERIMENTAL PROCEDURES

Commercial powders were employed to prepare the
mixtures to assemble the FGM. As structural matrix, ZrB2
(H.C. Starck, Goslar, Germany; Grade B, d50: 2.4 μm,
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TABLE 1 Overview of the investigated samples, comprising a reference sample and the three buffer layer containing composites, with
the latter being both hot-pressed and subsequently oxidized

Composite Buffer label Label Heat treatment
ZrB2 + 10 vol% MoSi2 / ZrB2 + 10 vol%
ZrSi2 + 10 vol% SiCf

// Top / bulk
(reference)

Sintering at 1700◦C

ZrB2 + 10 vol% MoSi2 / ZrB2 + 5 vol% Si3N4 /
ZrB2 + 10 vol% ZrSi2 + 10 vol% SiCf

B2 (Si3N4) Top / B2 / bulk Sintering at 1700◦C
Oxidation at 1500◦C and 1650◦C

ZrB2 + 10 vol% MoSi2 / ZrB2 + 5 vol% SiCN /
ZrB2 + 10 vol% ZrSi2 + 10 vol% SiCf

B3 (SiCN) Top / B3 / bulk Sintering at 1700◦C
Oxidation at 1500◦C and 1650◦C

ZrB2 + 10 vol% MoSi2 / ZrB2 + 5 vol% SiHfBCN
/ ZrB2 + 10 vol% ZrSi2 + 10 vol% SiCf

B5 (SiHfBCN) Top / B5 / bulk Sintering at 1700◦C
Oxidation at 1500◦C and 1650◦C

main impurities (wt%): 1.5 O, 0.25 N, 0.20 Hf, 0.20 C, 0.04
Fe) was mixed with 10 vol% ZrSi2 (Japan New Metals
Co. Ltd., Tokyo, Japan; Grade F, particle size 2–5 μm,
main impurities (wt%): 1.0 O, 0.1 C, 0.09 Fe) to promote
densification, and with 10 vol% SiC chopped fibers (Hi-
Nicalon, COI Ceramics Inc., Salt Lake City, UT, USA;
Si:C:O ratio = 62:37:0.5 wt%; diameter: 14 μm and length:
1 mm), to provide failure tolerance and weight reduction.
The oxidation resistant outermost layer consists of ZrB2
with 10 vol% MoSi2 (Sigma-Aldrich, Taufkirchen, Ger-
many; mean grain size 2.8 μm, impurities (wt%): 1.0 O).
Three different buffer layers were prepared, each of which
contained ZrB2 plus 5 vol% of either α-Si3N4 (Bayer AG,
Leverkusen, Germany; Baysinid ST, mean particle size
0.15 μm,main impurities (wt%): 1.60 O, 0.20 C, 0.005 Al) or
PDC powders with the general formula SiCN or SiHfBCN,
synthesized according to Yuan et al.31 and Feng et al.32
Each powder mixture was ball milled for 24 h in ethanol
using silicon carbide media. The slurries were dried in
a rotary evaporator and the powders de-agglomerated.
The mixtures were poured by hand, layer by layer, in a
30 mm steel mold and cold pressed linearly at 25 MPa, to
obtain pellets of around 5 mm height, assembled as given
in Table 1. These composites were placed in a hot press
and densified in low vacuum, using an induction-heated
graphite die with an uniaxial pressure of 30 MPa, which
was increased to 40 MPa at 1700◦C with a short holding
time of 10 min. To avoid cracking of the multilayered
structure, the furnace was slowly cooled down to 1000◦C.
Then the furnace power was turned off and the specimens
were allowed to cool down naturally. In addition, as a
reference sample, a composite without a buffer layer
was prepared under the same conditions to illustrate the
detrimental effect of MoSi2 diffusion toward the SiC fibers,
embedded in the ZrB2-based matrix.
In the following, the fiber-containing ZrB2 is labeled

“bulk,” the oxidation protective scale “top,” and the buffer
layer, according to the number of elements involved in
the system, as B2, B3, and B5, regarding the addition
of 5 vol% of either Si3N4, SiCN, or SiHfBCN, respec-

tively. An overview of the hot-pressed composites, cor-
responding heat treatments and labels used are listed in
Table 1.
The efficiency of the three buffer-layer systems upon

exposition to an oxidizing environment was studied using
a bottom-loading furnace (Nannetti FC18, Faenza, Italy) on
rectangular coupons with the size 13.0 × 2.5 × 2.0 mm3 at
1500◦C and 1650◦C. Each sample was bottom-up loaded
into the hot zone of the furnace when the target temper-
ature was achieved, elapsed 15 min and cooled down by
air-quenching.
The sintered and oxidized cross-sections of the com-

posites were prepared by a mechanical Multiprep
Polishing System (Allied High Tech Products, Rancho
Dominguez, CA, USA), subsequently C-coated and ana-
lyzed by SEM (JEOL JSM-7600F, Tokyo, Japan) with
an energy-dispersive X-ray spectrometer (Oxford X-
Max80, Abbingdon, UK) attached to the microscope. The
microstructure evolution upon oxidation was analyzed on
similarly prepared polished cross-sections by SEM-EDS.

3 RESULTS

3.1 Microstructure of the baseline
reference sample

To demonstrate the detrimental effect of MoSi2 diffusion
into the SiC-fiber-containing ZrB2-based bulk, a sample
without buffer layer was investigated as baseline reference
sample. Two characteristic fibers are exemplarily shown
in Figure 2. These were typically found across the entire
matrix, both in the zone adjacent to the ZrB2–10 vol%
MoSi2 top layer and even up to 100 μm away from this
interface. As demonstrated by EDS, the fibers structure
is completely pervaded by MoSi2, recognizable as light-
gray contrast in Figure 2A. The free carbon and the amor-
phous Si–C–O phase composing the original SiC fiber
reacted, forming large SiC crystals located at the fiber
rim and within the ZrB2 matrix. Apart from the observed
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F IGURE 2 Scanning electron microscopy (SEM)-Back scattered electron (BSE) images of the fiber-containing bulk of the reference
composite showing (A) SiC fiber attacked by MoSi2 with characteristic larger SiC crystals at the fiber rim and inside the matrix. Additionally,
a bright phase at the fiber rim and inside the matrix with Zr–C–N composition, as shown in the energy-dispersive X-ray spectroscopy (EDS)
inset, was detected. (B) SiC-fiber cross-section displaying a ring of Zr-based secondary phases like ZrC and/or ZrO2, separating the unreacted
SiC-fiber core (55% β-SiC nanocrystals, 40% of an amorphous metastable Si–C–O phase, and 5% turbostratic carbon) from the altered outer
fiber rim

SiC-fiber deterioration, several additional Zr-containing
phases were assessed. The first Zr-phase consists of 1–
2 μm large Zr(C,N) crystallites inside the fibers with small
rounded SiC nanocrystals trapped inside. This phase can
also be found inside the ceramic matrix, mostly in close
proximity to the fibers. The second set of Zr-phases, ZrC
and/or ZrO2, includes nano-sized grains forming an annu-
lar, ring-like reaction front inside the fibers, of which the
innermost front separates the unreacted fiber core from the
altered outer fiber rim, as shown in Figure 2B.
The initially batched sintering additive ZrSi2 was hardly

detected in either fiber or matrix. The pronounced
decrease of ZrSi2 is a consequence of the formation of the
new Zr-based phases. As reported in literature, ZrSi2 is not
stable in vacuum conditions above 1400◦C, where it starts
to melt (Tm = 1520◦C).17,33 Liquid ZrSi2 or ZrxSiy melts act
as powder cleaner and can incorporate N from the start-
ing powder (0.25 wt% in ZrB2) as well as C and O from
the SiC fiber, forming a Zr–Si–C–N–O glass phase, which
crystallizes to SiC, Zr(C,N), and ZrO2 upon sintering/
cooling27:

Zr − Si − C − N − O(l) → SiC + Zr(C,N) + ZrO2 (1)

With ZrC and ZrN forming a complete solid solution
series.34 Unfortunately, a quantitative phase determina-
tion with EDS within the SEM is not feasible, and there-
fore, the exact crystal composition remains open.However,
this aspect is in general not critical for our further discus-
sion on the efficiency of the different buffer layers.
The circular arrangement of the other nano-sized Zr-

phases, as shown in Figure 2B, can be attributed to the
fiber composition: Hi-Nicalon fibers are composed of 55%

β-SiC nanocrystals embedded in 40% of an amorphous
metastable Si–C–O phase and 5% turbostratic carbon.35
At temperatures above 1500◦C, the softening of the Si–C–
O phase starts and, in parallel, coarsening of the β-SiC
crystallites occurs. When the Zr–Si–C–N–O melt reaches
the fiber–matrix interface and diffuses into the SiC-fiber
structure, precipitation of ZrO2 and Zr(C,N) is initiated, as
described in Equation (1), resulting in characteristic ring-
like reaction zones as depicted in Figure 2B. MoSi2 or Mo-
based phases were not detected inside the fiber-enriched
bulk. It was reported that the reaction between MoSi2
and ZrB2 during heat treatment results in the formation
of a (Zr,Mo)B2 solid solution, which also reveals a core–
shell structure,1,36 and the formation of a transient liquid
phase.5,11,12,37 Consequently, a small amount of the solu-
ble Mo within this composite is captured inside this solid
solution. However, the major fraction of the soluted Mo
within this reference sample is dissolved in the transient
liquid phase, which diffuses toward the fiber-enriched
bulk. The relatively open structure of the SiC fiber, with
the high excess free volume, promotes the Mo diffusion
into the fiber structure, where it eventually crystallizes as
MoSi2.

3.2 Performance of the buffer layers
upon hot pressing

This section dealswith the performance of the three buffer-
layer compositions, consisting of ZrB2 with 5 vol% of either
Si3N4, SiCN, or SiHfBCN addition upon densification. In
Figure 3A, a schematic representation of the samples archi-
tecture is given.
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F IGURE 3 (A) Schematic of the basic architecture of the
samples: a diffusion barrier consisting of ZrB2 (in gray) + 5 vol%
additive (in orange, Si3N4, SiCN, or SiHfBCN) is placed between an
oxidation protective top layer and the fiber-enriched bulk, to protect
the fibers from MoSi2 attack. Scanning electron microscopy
(SEM)-BSE overview images with (B) Si3N4, (C) SiCN, and (D)
SiHfBCN addition

An earlier study showed that the addition of Si3N4 to
ZrB2 promotes densification starting at around 1500◦C.38
Regarding the interaction with Mo it was demonstrated
that Si3N4 does not react with MoSi2 during heat
treatment.39 Si3N4 and ZrB2 cannot coexist at elevated
temperature and rather form the high-temperature sta-
ble phases BN, ZrN, and ZrO2.40 The zirconia typically
observed in these ZrB2-based systems stems from the sur-
face coverage of SiO2 and B2O3 of the Si3N4 and ZrB2
particles, respectively.41,42 Another class of materials suit-
able as buffer-layer additive are PDCs, as their chemical
composition can be tailored resulting in ceramics with
a favorable and adjusted chemistry and a well-defined
nanostructure.29,30 Here, the ternary and pentanary sys-
tems, SiCN and SiHfBCN, were used as possible buffer-
layer dopants. Regarding the densification behavior, SiCN
preserves its amorphous state up to 1400◦C. At higher
temperatures though, SiCN decomposes into its thermo-
dynamically stable products SiC and Si3N4.30,29 Moreover,
it was reported that annealing SiCN/ZrB2 composites at
1500◦C resulted in the formation of the high-temperature
stable phases ZrC, ZrN, Zr(C,N) solid solution, and ZrO2.43
The introduction of boron, resulting in the more com-

plex SiBCN formulation, suppresses the PDC decomposi-
tion by keeping the amorphous state stable up to rather
high temperature.44 Moreover, SiBCN was demonstrated
to be an effective sintering additive for ZrB2 in the tem-
perature range below 1600◦C, accompanied by the for-
mation of BN, BCN, ZrN, ZrO2, and SiC.45,46 The addi-
tional incorporation of a group IV transition metal, Zr or

Hf, into the SiBCN precursor, significantly reduces the
high-temperature decomposition.47–49 Although the pub-
lished data of MoSi2–PDC composites are scarce and lim-
ited to the temperature range below 1400◦C, MoSi2 has
been reported as one of the best “active filler” for PDCs.30
The addition of MoSi2 compensates the high shrinkage
of the precursor during pyrolysis due to catalytic effects
on the crosslinking reaction of the polymer with residual
carbon or nitrogen in the system, in turn leading to the
formation of secondary phases such as Mo5Si3, Mo2C, β-
SiC, and Si3N4.30,50 Experiments with Mo-fibers embed-
ded in a SiCN matrix, manufactured by polymer infiltra-
tion and subsequent pyrolysis, revealed the formation of
Mo2C and Mo5Si3.51 However, such Mo-rich phases were
not observed in any of our three buffer-layer systems.
All hot-pressed composites were fully dense, as shown in
Figure 3B–D. Please note that due to the manual prepara-
tion of the different buffer layers, which were incorporated
by pouring the respective powder by hand into the hot-
pressing die, followed by the ZrB2–MoSi2 top layer powder,
the resulting buffer-layer thicknesses varied between 80
and 200 μm; as shown in Figure 3; compare also Figure 11
(oxidized samples).
EDS elemental mappings of Mo across the top/

buffer/bulk zone clearly proved that, upon densification,
each of the chosen buffer-layer material was able to
impede Mo diffusion toward the fibers, as illustrated in
Figure 4. Neither Mo was detected in the fiber-rich bulk,
nor inside the buffer layers themselves. Even in regions
right at the edge of the pellets, where the buffer scale
exhibited a thickness of only 40–50 μm, due to variations
introduced by the manual stacking procedure, no Mo
segregation was observed. Therefore, it is suggested that
the buffer-layer effectiveness does in fact not depend of
its thickness (Figure 4A-C); at least down to a minimal
thickness of approximately 20–30 μm.

3.3 Fiber degradation

A closer examination of individual fibers revealed two
main trends. First, the fibers show a variation in the degree
of alteration when different buffer-layer compositions are
encountered, where Si3N4 provides the poorest protection
(Figure 5A), followed by SiCN (Figure 5B), and HfSiBCN
as the most effective additive, with almost no fiber degra-
dation (Figure 5C). Second, in all three buffer-layer com-
positions it was observed that fibers that are located more
distant from the buffer layer unexpectedly showed a higher
degree of alteration, as compared to the fibers adjacent to
the buffer/fiber-rich matrix interface (Figure 5D–F).
The secondary phases found inside the fibers are mainly

Zr(C,N) and ZrO2, as a consequence of the reaction
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F IGURE 4 Scanning electron microscopy (SEM)-BSE overview images and corresponding energy-dispersive X-ray spectroscopy (EDS)
Mo mappings across ZrB2 with 5 vol% of either: (A) Si3N4, (B) SiCN, and (C) SiHfBCN. Since Mo was not detected beyond the outermost
ZrB2–MoSi2 top layer, all three buffer-layer compositions were found to successfully prevented Mo diffusion toward the SiC fiber-rich bulk

between the SiC fiber and the early eutectic liquid that
formed in the surrounding ZrB2–ZrSi2 matrix, whileMoSi2
is not available. Due to the more pronounced alteration
of the fibers with increased distance from the buffer-layer
interface, a change in chemistry of the formed eutectic liq-
uid must occur across the composite. The transient silica-
based liquid phase, which forms in close proximity to the
buffer layer, is chemically influenced by the elemental
composition of the buffer dopant itself, namely its N, C,
B, O, and Si, Hf content. All those elements are soluble
in the melt in different quantity, notably influencing the
glass viscosity with N52, C53, and Hf54 increasing the vis-
cosity, while B has the opposite effect.55 As will be dis-
cussed in more detail in the last paragraph of Section 3.6,
the main reason for the more pronounced alteration of the
SiC fibers at larger distance from the buffer-layer inter-
face, is the increase of the Zr-content within the liquid
phase with increasing distance from the buffer layer/bulk
interface.
Local EDSmeasurements within the Si3N4-based buffer

layer evidenced only on one occasion a small Mo-peak
inside the altered rim of the fiber located close to the

transient zone, which is interpreted as MoSi2, depicted
in Figure 6. On the contrary, inside the SiC fibers of the
SiCN- and SiHfBCN-doped buffer-layer systems, no Mo
was found in any of the studied fibers, being consistent
with the observed improved effectiveness of these two sys-
tems, as compared to Si3N4.

3.4 Microstructure of the Si3N4 buffer
layer

The main components of the Si3N4-doped buffer layer are
shown in Figure 7. The ZrB2 matrix grains are decorated
with elongated BN flakes and small SiC crystallites. Triple
junctions are typically filled with SiC, ZrO2, and BN, in
addition to a minor amount of residual glass.
The formation of those phases is based on the follow-

ing reactions, reported in previous studies56,57: at 1500◦C,
Si3N4 reacts with boron oxide, covering the ZrB2 grains
surface, forming BN and SiO2:

2B2O3 + Si3N4 → 4BN + 3SiO2 (2)
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F IGURE 5 Scanning electron microscopy (SEM)-BSE images of SiC fibers within the three different buffer-layer systems, showing the
fiber appearance close and further away from the buffer layer. Two trends are noted: first, close to the buffer layer, the fiber-alteration degree
was more pronounced for Si3N4 and the lowest for SiHfBCN addition (A–C), and second, a stronger SiC-fiber alteration away from the
respective buffer layer (D–F). The overall trend in fiber degradation holds for (A–C) as well as for (D–F)

F IGURE 6 Scanning electron microscopy (SEM)-BSE image
of a SiC fiber in the hot-pressed sample with ZrB2–Si3N4 as
buffer-layer composition. The energy-dispersive X-ray spectroscopy
(EDS) measurement of the light-gray phase shown in the enlarged
image of the boxed region revealed a Mo-peak, which was
interpreted as MoSi2. Note that in this case, the Cu signal comes
from a sample supporting Cu grid, since this specimen was already
prepared for upcoming correlative transmission electron
microscopy (TEM) investigations

F IGURE 7 Scanning electron microscopy (SEM)-BSE image
revealing the microstructure observed in the ZrB2–Si3N4

buffer-layer system upon densification. Elongated BN, polyhedral
SiC, rounded ZrO2 grains, and small amounts of Si–O-based glass
can be found at the grain junctions. Note that no residual Si3N4 was
detected, implying that all silicon nitride was consumed during
densification
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F IGURE 8 Scanning electron microscopy (SEM)-BSE images of the buffer layers with the addition of (A) SiCN and (B) SiHfBCN,
showing the different ZrB2 matrices and the corresponding secondary phase distribution of ZrO2/(Zr,Hf)O2, SiC, BN, and Si–O-based residual
glass. Note that the higher volume fraction of glass phase in the Hf-based system is due to its intrinsically higher oxygen content

Residual Si3N4 reacts with SiO2, ZrB2, and C to form a
Zr–Si–B–C–N–O liquid, inwhichZrO2 and SiCprecipitate:

ZrB2 + Si3N4 + SiO2 + C →

Zr − Si − B − C − N − O(l) + ZrO2 + SiC (3)

Remaining traces of the glassy Zr–Si–B–C–N–O phase
are only very rarely detected, since the transient glass
phase is mostly consumed due to the formation of the crys-
talline products ZrO2, BN, and SiC.

3.5 Microstructure of the
SiCN/SiHfBCN buffer layer

In comparison to the Si3N4 system, the SiCN- and
SiHfBCN-doped buffer layers yield a higher amount of
transient glass phase, due to the higher intrinsic oxygen
content,31,58 which is recognizable as a darker contrasted
phase at multi-grain junctions, as shown in Figure 8A,B.
The ZrB2 matrix grains are decorated with small rounded
ZrO2 particles, while voids are filled with a mixture of the
glassy phase, SiC, BN, and ZrO2. Additionally, the residual
glass in the SiHfBCN buffer layer shows small crystallites
of Hf-doped ZrO2, see Figure 8B. A single Hf-based phase
was not detected in the Hf-containing system. The occur-
rence of the observed phases is a consequence of the reac-
tion of SiCN and SiHfBCN at temperatures above 1500◦C
with ZrB2, forming crystalline BN, SiC, ZrO2 and a Zr–Si–
(Hf)–B–C–N–O glass phase.30 The higher amount of ZrO2
in the SiHfBCN-containing buffer layer is attributed to the
higher amount of oxygen impurities present in this PDC-
starting powder of approximately 3 wt%,31,58 which also
increases the volume fraction of the transient liquid phase

F IGURE 9 Scanning electron microscopy (SEM)-BSE image
of the interface of ZrB2–Si3N4 buffer layer and fiber-rich bulk. A
dense reaction zone consisting of ZrB2 + Zr(C,N) of approximately
10 μm thickness is formed. The inset shows a higher magnification
of a SiC fiber right at the interface to the dense transition zone with
a pronounced precipitation of Zr(C,N) crystallites (brighter phase)

and possibly also affects the solubility of (Zr,Hf)B2 in the
melt.

3.6 The formation of a reaction zone

At the interface of the buffer layer and the fiber-rich bulk,
the formation of a reaction zone is visible in all three com-
positions. In case of Si3N4 as buffer-layer additive, this
reaction zone consists of a dense layer of ZrB2 + Zr(C,N) of
approximately 10 μm thickness (Figure 9). Here, the pres-
ence of C, which originates from the adjacent SiC fibers,
reacts with the existing Zrx–Siy melt, being enriched in N
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F IGURE 10 Scanning electron microscopy (SEM)-BSE image of the reaction zones of the polymer-derived ceramic (PDC)-doped buffer
layers at the interface of the buffer layer and the SiC fiber-rich bulk with (A) SiCN and (B) SiHfBCN addition. Both ZrB2 matrices show the
precipitation of the secondary phases SiC, BN, and ZrO2, whereas the amount of Zr(Hf)O2 drastically increasses within these reaction zones.
Si–O-based glass is hardly detectable. (C) The addition Hf in the ZrB2 + SiHfBCN buffer layer results in the formation of a core–shell
structure of the ZrB2 grains, as indicated in the energy-dispersive X-ray spectroscopy (EDS) spectra

from the originally batched Si3N4 buffer layer, forming a
Zr(C,N) solid solution.17,34
In contrast, the SiCN- and SiHfBCN-doped buffer lay-

ers show a reaction zone consisting of ZrB2 with Zr(Hf)O2
as the predominant phase, next to SiC and BN precipitates
(see Figure 10). The amount of the residual glass phase,
in comparison to regions within the buffer layers that are
closer to the ZrB2–MoSi2 top layer, shown in Figure 8,
is drastically reduced here. The thickness of the reaction
zones in the two systems is also approximately 10 μm, as
observed in the Si3N4-doped sample.
The pronounced microstructural changes in the tran-

sition zones between all buffer layers and the fiber-rich
bulk, more precisely the immediate local formation of a
high amount of Zr(C,N) in the Si3N4-doped system and the
even higher amount of Zr(Hf)O2 in the SiCN and SiHfBCN
system, prove that a chemical reaction between the con-
stituents of the buffer layer and the components of the SiC
fiber-rich bulk has occurred.
Considering the Si3N4 addition, the eutectic ZrxSiy melt

that formed in this system at about 1500◦C reacts with the
silicon nitride, also incorporating carbon that stems from
the SiC fibers, resulting in the observed precipitation of
the Zr(C,N) solid solution (Figure 9). A study on a ZrB2
composite that also used Si3N4 as the buffer-layer additive,

however containing C instead of SiC fibers, did not reveal
such a reaction zoneupondensification at a higher temper-
ature of 1900◦C, where diffusion, formation of melt phases
and reactions are even more pronounced.27,28 Therefore, it
is concluded that the formation of the ZrB2–Zr(C,N) reac-
tion zone observed here is in fact SiC fiber specific.
In case of the PDC-doped buffer layers, the formation

of ZrO2 is triggered by the additional oxygen input from
the SiC fibers, consisting of 40 wt%metastable amorphous
Si–C–O. During heat treatment, the Si–C–O fraction of
the fibers starts to soften and diffuses into the surround-
ing matrix, enriching the transient Zr–Si–C–B glass phase
with oxygen, which in turn reacts with the buffer layer and
fosters the precipitation of ZrO2. The incorporation of Hf
in case of the SiHfBCN buffer layer introduces additional
oxygen in comparison to the SiCN-doped buffer layer, thus
resulting in an even higher amount of ZrO2. Furthermore,
most of the Hf present was incorporated both in the ZrO2
and in the ZrB2 crystal lattice, forming a core–shell struc-
ture within the diboride grains, as shown in Figure 10C.
This dense and compact network of essentially ZrB2 and
Zr(Hf)O2 or ZrB2 + Zr(C,N) at the bottom of the three
buffer layers serves as an effective diffusion barrier, imped-
ing the Mo-rich liquid to diffuse toward the SiC fibers at
elevated temperature.
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F IGURE 11 Scanning electron microscopy (SEM)-BSE overview images and corresponding energy-dispersive X-ray spectroscopy (EDS)
Mo-mappings across ZrB2 with 5 vol% of either: (A) Si3N4, (B) SiCN, and (C) SiHfBCN as buffer-layer composition after oxidation at 1650◦C
for 15 min. Mo diffusion toward the fiber-rich bulk was successfully prevented in all three composites. Please note that the transition zones
are also present in these oxidized samples, however, they cannot be revealed at such a low magnification

It should also be noted that all three material sys-
tems showed the formation of a reaction zone, which
is characterized by a very local but high amount of Zr-
phase (ZrB2, Zr(C,N), and Zr(Hf)O2). Hence, the remain-
ing eutectic liquids are depleted in Zr. As a consequence,
the SiC fibers right next to the buffer layer show less
alteration by Zr-phases than those further away from
the buffer layer, as shown in Figure 5. Since this effect
diminishes with rising distance from the buffer layer, the
Zr-content in the eutectic melt again increases, which
explains the observed more pronounced alteration of the
SiC fibers at a higher distance from the buffer layer/bulk
interface.

3.7 Performance of the buffer layer
upon oxidation

The oxidation of the investigated samples at 1500◦C and
1650◦C for 15minwas explored to evaluate anymicrostruc-
tural changes caused by subsequent thermal cycles, the
composites were subjected to. At both temperatures and

in all the three composites, the oxidation did not induce a
significant decrease of the buffer efficiency against Mo dif-
fusion toward the fibers, as Mo was only detected in the
outermost ZrB2 +MoSi2 layer. This is exemplarily demon-
strated in the SEM-backscattered electron (BSE) images
and corresponding EDS elemental Mo-mappings across
the samples oxidized at 1650◦C, as shown in Figure 11.
The beneficial effect of MoSi2 regarding the oxidation

resistance, due to the formation of high-temperature sta-
ble phases like MoB and ZrO2 as well as a passivating SiO2
top layer, has been extensively studied.12 The oxidation
conditions only affected the upper 50 μm of the surface
layer at most. The residual ZrB2–MoSi2 region remained
unaffected. Regarding the fibers, a negligible alteration
was visible, which is mainly attributed to the diffusion of
the formed Zr–Si eutectic melt into the fiber structure. As
the oxidation front did not reach the buffer layers, they
were consequently not affected by oxidation reactions. All
phases described in the former sections were still present,
including BN. Therefore, it can be concluded that short-
term oxidation at 1650◦Cdid not affect the efficiency of any
of the buffer-layer compositions studied here.
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F IGURE 1 2 Schematic illustrating the proposed reaction mechanism of the buffer layer, effectively retarding the diffusion of Mo into
the SiC-fiber-containing bulk. The four steps next to the overall microstructure of the green body reveal both the liquid formation process and
the corresponding main diffusion path with increasing temperature. The red line represents the main reaction front; the color of the arrows
indicate the diffusion direction of the corresponding melt: first of a Zrx–Siy eutectic melt (blue), the advancing of the reaction front (red), the
progression of a new eutectic comprising the dissolved buffer additives (yellow), and last the formation of a melt in the outermost ZrB2–MoSi2
scale (green)

4 DISCUSSION

4.1 Reaction mechanism of the buffer
layer

The schematic in Figure 12 illustrates the proposed overall
reaction schemeupon sintering and densification of a sam-
ple with a buffer layer in between a ZrB2–MoSi2 top layer
and a SiC-fiber-containing ZrB2–ZrSi2 bulk. Next to the
initial starting configuration of the green body, four steps
are presented, revealing both the liquid formation process
(color shaded areas) and the correspondingmain diffusion
direction of themelt (arrows)with increasing temperature.
The first eutectic melt is formed at approximately

1500◦C in the ZrB2–ZrSi2 bulk, which contains the Hi-
Nicalon SiC fibers. Due to capillary forces, this initial melt
phase will diffuse toward the surface of the sample. On its
way up, it first encounters the bottom of the buffer layer,
indicated by the solid red line which represents the local
reaction zone, consisting of ZrB2 +Zr(C,N) in case of Si3N4
as buffer-layer additive and ZrB2 + Zr(Hf)O2 as predomi-
nant phases with the addition of SiCN or SiHfBCN. Note
that the opposite diffusion direction of the liquid phase is
deliberately neglected here, in order to keep the proposed
reaction model simple (step 1).
The liquid phase reacts with the respective buffer layer,

forming a new liquid phase with a different composition
and also with an increased volume fraction. By dissolving

the components of the buffer layer, Si3N4, SiCN/SiHfBCN
in the melt, the eutectic temperature will be further
reduced and presumably the viscosity of the liquid phase
will be altered. It should be noted that, although a variation
in melt viscosity is most likely to occur, it is assumed here
that this aspect does not play a major role in the densifica-
tion process as well as in the retardation of the Mo down-
ward diffusion toward the SiC-fiber-containing bulk. In
this initial stage of densification, triggered by the increased
volume fraction of the liquid phase, a dense reaction zone
is formed at the bottom of the buffer layer (step 2).
Upon further migration of this eutectic liquid toward

the ZrB2–MoSi2 top layer, it shifts the reaction front closer
to the sample surface, again increasing the total frac-
tion of liquid accompanied by a variation in composi-
tion toward the overall chemistry of the buffer layer addi-
tive. At the time when the reaction front reaches the
ZrB2–MoSi2 top layer, the entire additive of the buffer
layer, Si3N4, SiCN, or SiHfBCN is consumed, being consis-
tent with the observation that no remnants of the respec-
tive additives were observed in the buffer-layer region
(step 3).
Last, the densification of the ZrB2–MoSi2 top layer starts

by forming an individual eutectic liquid approximately at
the high temperature of 1700◦C. It is assumed that no
major reaction of this liquid phase with the initial eutectic
melt occurs, because no pronounced concentration of Mo
was detected within the buffer layers as well as within the
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F IGURE 13 Schematic illustrating the proposed two-step
diffusion mechanism of the reference sample without buffer layer.
To the left, the initial microstructure of the green body of the
reference sample is sketched

SiC-fiber-containing bulk. Therefore, it is proposed that
an intermixing of the ZrB2–MoSi2 eutectic melt formed at
high temperature with the liquid phase formed at an ear-
lier stage of densification (and at lower temperature) does
not occur in these systems, which is also supported by the
rather short holding time of 10 min at 1700◦C (step 4).

4.2 Comparison with the reference
sample

To undermine the proposed reaction mechanism pre-
sented in Section 4.1, the diffusion steps in the reference
sample without buffer layer are illustrated in Figure 13.
Again, the first eutectic melt is formed in the ZrB2–ZrSi2–
SiCf bulk which diffuses toward the samples surface due
to capillary forces, immediately encountering the ZrB2–
MoSi2 top layer. SinceMoSi2 is partly soluble in the Zrx–Siy
melt,59 it diffuses toward the fibers already in an early stage
of the sintering process (step 1). With increasing temper-
ature, the Mo-containing liquid phase propagates toward
the surface, further dissolving Mo and Si, but as well
diffuses downwards into the SiC-fiber-containing bulk.
Therefore, the fibers encounter the Mo-enriched melt
already at temperatures way below 1700◦C. When reach-
ing the maximum temperature of 1700◦C, a secondMo–Si-
based eutectic melt is formed, which again increases the

Mo-content within the liquid, enabling an even stronger
degradation of the SiC-fiber structure.

5 CONCLUSIONS

The efficiency of three different intermediate buffer-layer
compositions based on ZrB2 containing 5 vol% of either
Si3N4, SiCN, or SiHfBCN PDC additions was evaluated
upon hot pressing at 1700◦C and subsequent oxidation up
to 1650◦C with the aim of developing functionally graded
ceramics with an outermost ZrB2–MoSi2 oxidation resis-
tant scale on top of a stable unaltered SiC-fiber-rich ZrB2–
ZrSi2 matrix. In the following, based on the SEM/EDSmea-
surements, the main findings are summarized:

1. SEM imaging and EDS measurements confirmed the
efficacy of all three buffer compositions, which suc-
cessfully inhibited the detrimental diffusion of Mo-
compounds to the SiC fibers underneath.

2. An overall, stepwise reaction mechanism is deduced,
describing the diffusion of a Zrx–Siy-based eutectic
melt, initially formed in the SiC-fiber-containing ZrB2–
ZrSi2 bulk, which changes in volume fraction and
chemistry, while reacting with the overlaying buffer
layer. Thereby, at the interface of the buffer layer and
bulk, a rather dense reaction zone of Zr(C,N) in the case
of Si3N4 addition and ZrO2 when SiCN or SiHfBCNwas
utilized as buffer-layer additive, is formed, opposing the
Mo diffusion toward the SiC fibers.

3. Oxidation tests up to 1650◦C for 15 min evidenced that
the oxidation resistant ZrB2–MoSi2 top layer formed a
passivating SiO2 coating on the surface, preventing any
modification of the underlying buffer layer and SiC-
fiber-rich bulk.

All three buffer-layer compositions were found to be
effective both after densification at 1700◦C and upon oxi-
dation up to 1650◦C, protecting the SiC fiber against Mo
diffusion and respective degradation reactions. In partic-
ular, the spatial separation of the SiC-fiber-enriched bulk
and the ZrB2–MoSi2 top layer by a buffer layer with similar
sintering performance, in addition to the early formation of
a eutectic liquid inside the fiber bulk, are the key aspects to
ensure the SiC-fiber integrity regarding their degradation
by MoSi2. It is assumed that also other buffer-layer addi-
tives like SiC, as an equivalent counterpart to Si3N4, have a
similar positive effect and also impede the MoSi2 diffusion
toward the SiC fibers.
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