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Abstract. Oxide fiber-reinforced Ni-base composites have long been considered as attractive heat-resistant materials. After several decades of
active research, however, interest in these materials began to decline around mid-1990’s due chiefly to 1) a lack of manufacturing technology
to grow inexpensive single-crystal oxide fibers to be used in structural composites, and 2) fiber strength loss during processing due to chemical
interactions with reactive solutes in the matrix. The cost disadvantage has been mitigated to a large extent by the development of innovative
fiber fabrication processes such as the Internal Crystallization Method (ICM) that produces monocrystalline oxide fibers in a cost-effective
manner. Fiber strength loss has been an equally restrictive issue but recent work has shown that it may be possible to design creep-resistant
composites even when fiber surface reconstruction from chemical interactions has degraded the strength of extracted fibers tested outside the
matrix. The key issue is the optimization of the composite- and interface structure. Reaction-formed defects may be healed by the matrix (or
a suitable coating material) so that the fiber residing in the matrix may exhibit diminished sensitivity to flaws as compared to fibers extracted
from the matrix and tested in isolation of the matrix. Generally, the Ni-base/AloO3 composites exhibit acceptable levels of wettability and
interface strength (further improved with the aid of reactive solutes), which are required for elevated-temperature creep-resistance. In order to
harness the full potential of these composites, the quality of the interface as manifested in the fiber/matrix wettability, interface composition,
interphase morphology, and interface strength must be designed. We identify key issues related to the measurement of contact angle, interface
strength, and chemical and structural properties at the fiber/matrix interface in the Ni/alumina composites, and present the current state-of-
the-art in understanding and designing the Ni/alumina interface. There should be no doubt that optimization of the interface- and composite
microstructure through judicious control of the fabrication process and surface modification shall yield technologically promising Ni-base/oxide
fiber composites.
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1. Introduction Ni3Al and NiAl, dispersion strengthened superalloys (e.g.,
TD-Nickel and HD-Nickel), in which the dispersed phase ob-

The thermal efficiency of gas turbines and other devices trans-  structs the dislocation motion and resists recrystallization and
forming thermal energy to mechanical energy depends upon  grain coarsening, and superalloys and intermetallics reinforced
the upper temperature of a thermal cycle. Enhancement of in-  with refractory metal fibers (Mo, W, W-Rh, Nb) and ceramic
let temperature has, therefore, always been a significant driv-  fibers (primarily oxides, and to a lesser extent, SiC and SizNy).
ing force to increase the operating temperature of heat-resistant During the last two decades, Ni-Al intermetallics such as
alloys. Advances in materials have been accompanied by ap-  Nj;Al and NiAl were actively considered as matrix materials
plication of increasingly more elaborate thermal barrier coat-  for fiber-reinforced composites. Both NizAl and NiAl possess
ings and cooling systems of turbine blades, the latter being a relatively high melting points (T}, nia; = 1950 K, Ty nig a1 =
consumer of a rather high portion of the turbine power. Cer- 1638 K), excellent oxidation resistance (improved even further
tainly, both a temperature drop across the coating thickness by 7r or Hf alloying), high strength and relatively low density
and achievable levels of cooling have their limits, so any im- (¢ g 5860 kgm 2 for NiAl). These intermetallics also possess
provement in the design of turbine blades will require materials high modulus and high thermal conductivity. NiAl has been
capable of operating at higher temperatures. used as a coating material in aircraft engines, but in a polycrys-
Advances in the development of heat-resistant materi- talline form, the material is extremely brittle, and its strength

als have included Ni-base superalloys containing heavy met-  above about 773 K is very low. For example, the room temper-
als such as Re, W, Ta etc, which stabilize the «'-phase in  ature yield strength (Y.S.) of NiAl is in the range of 120-300
a y-matrix, creep-resistant single crystal structures, in-situ ~ MPa, but at 1300 K, the Y.S. is only about 50 MPa. The ductil-
composites produced by deformation processing and direc- ity of polycrystalline NiAl is nearly zero below about 500 K.
tional solidification of Ni- or Co-based eutectics and multi- The ductility of NiAl can be improved via dual-phase tough-
component and off-eutectic composites based on intermetallics ~ ening and microalloying, and its high-temperature strength can
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be enhanced through fibrous reinforcement. As NiAl exists
over a wide range of stoichiometries, it has been possible to al-
loy it with Ti, Nb, Ta, Mn, Cr, Co, Hf, W, Zr and B to improve
its mechanical properties, such as resistance to compressive
creep, with Nb and Ta being especially effective. Similarly,
small additions of tungsten to NiAl refine the grain size and
inhibit grain growth, resulting in improved crack resistance.

The oxide fiber-reinforced Ni-matrix composites, at the
very beginning of the modern composites study [1] were
thought of as a way to escape the limitations imposed by the
instability of the microstructure of superalloys at temperatures
above ~1350 K. The appearance of sapphire fibers grown by
the EFG method [2] in the mid 1960’s stimulated interest in
heat-resistant composites based on such fibers and Ni-base ma-
trices. After nearly three decades of intensive research, how-
ever, interest in these materials (particularly, in NiAl/Al5O3
composites) began to wane in mid 1990’s due chiefly to two
reasons. The first and the main reason was the absence of
single-crystal oxide fibers sufficiently cheap to be used in
structural composites (polycrystalline oxide fibers can be used
up to 1473 K for short time and up to 1373 K for long time,
due to recrystallization and grain boundary creep [3]). At the
present time, the cost disadvantage has been mitigated by the
development of Internal Crystallization Method (ICM) of fiber
growth [4-7] that produces monocrystalline oxide fibers in a
cost-effective manner. The method, analogous to techniques to
grow bulk oxide crystals, allows bundles of monocrystalline or
eutectic fibers to actually crystallize in continuous channels of
a matrix, usually, Mo.

The second reason for skepticism toward the future of
Ni-base/Al,O3 composites was premised on then-prevailing
conventional- but conceptually unsound view (which neverthe-
less had its genesis in sound experiments) that rejected a com-
posite material as unfit for further investigation and use if the
fibers extracted from the composite matrix and mechanically
tested in isolation (i.e., outside the matrix), exhibited substan-
tial strength loss due to chemical interactions with the reactive
solutes of the matrix [8—10]. Thus, the conclusion that oxide
fibers (actually, just sapphire) are not suitable reinforcement
for Ni-based matrices and oxide composites system has no fu-
ture, gained currency around the mid-nineties. It is notewor-
thy, however, that the Al,O3 composites generally exhibited
high interfacial shear strength (usually, achieved with the aid
of reactive matrix alloying), and showed promise of elevated-
temperature creep-resistance.

The gradual decline in interest in the Al,O3 composites
after initial observations of strength loss in extracted fibers
slowed the technological development of these materials. In
the last two decades, modeling of the mechanical behaviour
of such composites under creep conditions was also conducted
[4,5,11-17]. This research showed that it was possible to de-
sign composite microstructure with high creep-resistance and
high fracture toughness even when fiber surface reconstruction
and morphological changes from chemical interactions had de-
graded the strength of the fibers extracted from the matrix and
tested outside the matrix. Of central importance to the imple-
mentation of this somewhat unorthodox, even revolutionary,
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idea was the need to optimize the composite microstructure.
The fiber/matrix interactions yield, indeed, defects in the fiber
surface. But these reaction-formed defects as well as any orig-
inal surface defects in the virgin fiber can be filled or healed by
the matrix material so that the fiber residing in the matrix can
exhibit diminished sensitivity to surface defects as compared
to isolated fibers extracted from the matrix. The situation is
analyzed in details in references [12,18].

In order to develop oxide-based/nickel-based composites
for heat resistant applications, three main points should be em-
phasized: interface phenomena, availability of suitable fibers,
and optimization of composite microstructure. Interface phe-
nomena in Ni-base/oxide systems have always been consid-
ered a key issue in developing composites. However, it was
only in the last two decades that essential contributions to un-
derstanding the interface phenomena in Ni based oxide fiber
systems were made. In this paper we focus on some interfacial
aspects of liquid-phase processed Ni-base composites for heat-
resistant applications in which critical properties like creep re-
sistance strongly depend upon the wetting and bonding at the
interface.

2. Fabrication

Liquid-phase fabrication techniques for Ni-base composites
include pressure infiltration, internal crystallization, and direc-
tional solidification. Initial trials to make sapphire-superalloy
composites using vacuum infiltration were generally unsuc-
cessful, and use of external pressure was necessary to over-
come the poor fiber/matrix wettability. Infiltration is aided by
alloying additions that promote wetting, such as Ti and Y, both
of which are effective. NiAl-, NizAl-, and superalloy (Hasteal-
loy and Inconel 718)-based matrices have been reinforced with
a variety of alumina fibers (single crystal sapphire, polycrys-
talline fiber FP, and PRD-166) using pressure infiltration cast-
ing technology [19-22].

Controlled directional solidification (DS) of Ni-base ma-
trices has been used for the in-situ growth of composites. DS
has been done using either the Bridgman technique or a con-
tainerless floating-zone technique on Ni-base superalloys, and
NiAl and NizAl-based eutectic and off-eutectic alloys con-
taining Cr, Mo, W, V, Ta, and Re [23-29]. The second phase
crystallizes as in-situ grown refractory fiber for strengthen-
ing. Improvements in toughness and creep resistance are also
achieved. The floating-zone technique produces high-purity
Ni-based composites because mold/metal reactions are elim-
inated. The DS techniques have also been used to grow ce-
ramic fiber-reinforced composites. For this purpose, fibers are
first incorporated in an off-eutectic NiAl-Me matrix (Me = Cr
or W) using either pressure casting or a powder-based tech-
nique. This feed material is then directionally solidified to cre-
ate a dual-phase matrix containing ceramic fibers with excel-
lent bond strength and toughening potential.

The internal crystallization method (ICM), developed
at Russian Academy of Sciences [4-7], allows bundles of
monocrystalline or eutectic fibers to actually crystallize in con-
tinuous channels of a matrix, usually, Mo. The process is sim-

Bull. Pol. Ac.: Tech. 54(2) 2006



Wettability and interface considerations in advanced heat-resistant Ni-base composites

ilar to the methods used to grow bulk oxide crystals, and has
been used to grow sapphire, mullite, yttrium-aluminum gar-
net (YAG), and alumina-YAG eutectic fibers. These fibers have
been incorporated in Ni-base intermetallics and superalloys us-
ing pressure casting, thus yielding considerable gains in creep
resistance. The ICM approach saves the cost and labor of com-
bining fibers and matrices from separate sources.

Ni-matrix composites fabricated using the liquid-phase
techniques generally exhibit better bonding than solid-
state diffusion-bonded composites. For example, hot-pressed
‘powder-cloth’ NiAl/sapphire composites (made from fiber
mats and plasma sprayed matrix powders) exhibit purely
frictional bonding [30]. Interface contamination from binder
residues interferes with interface development in these com-
posites (e.g., interfacial segregation of residual carbon from
PMMA and Teflon binders used in the composite facili-
tates fracture initiation). In addition, fiber damage during hot-
pressing remains a major technological concern.

Another factor that favors liquid-phase route for composite
fabrication is the Work of Adhesion, W4, of solid/solid and
liquid/solid interfaces (Woq = 0y, (1 + cos 8), where oy, is the
surface tension, and 6 is the contact angle). Table 1 summa-
rizes the literature data on W4 for a variety of Ni based alu-
mina joints created under different test conditions. The value
of W4 for solid Ni/AlyOg interface is approximately 518—
645 mJm~2 (depending upon the test chamber atmosphere)
[31,32], whereas the value of W,4 of liquid Ni/sapphire in-
terface is significantly higher (~1100 mJm~?2) [34-36], which
suggests that stronger interfaces may be designed using the
liquid-phase techniques. In addition, liquid-phase techniques
such as directional solidification permit microstructure de-
sign through creation of dual-phase aligned microstructure,
fiber surface modification via precipitation of eutectic on ce-
ramic fibers, fiber engulfment within the grains of the pri-
mary phase (thus eliminating matrix grain boundaries coinci-
dent on the fibers, which serve as crack initiation sites during
loading), and growth of single-crystal matrix. These unique
microstructure designs improve the composite’s engineering
properties. For example, controlled directional solidification of
fiber-reinforced NiAl/sapphire composites with large oriented
NiAl grains leads to significantly higher fiber/matrix bond
strength compared to fine-grained, polycrystalline NiAl rein-
forced with sapphire. This is because in a polycrystalline ma-
trix, grain boundaries coincident on the fibers promote crack
nucleation even at relatively low stress levels.

Table 1
Approximate values of work of adhesion in Ni-base/Al>O3 systems
System Waq, mJm 2 Reference
NiAl/sapphire ~1701 [38]
Ni/Al203 ~700 [74]
Ni/Al>,O3 ~200-700 [41]
CoNi40/Al203 ~2800-2900 [41]
Ni/sapphire ~1100 [34-36,75]
NiAl/Al;O3 ~1438 [33]
Ni/Al203 ~645 [32]
Ni/Al203 ~518 [31]
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3. Fiber-matrix wettability

3.1. Sessile drop test. For liquid-phase fabrication, the wet-
ting behaviour of liquid matrix on the fiber plays a key role
in the development of the fiber/matrix interface. The degree
of wetting, usually characterized by the contact angle, 0, is,
therefore, an important technological parameter for enhancing
the joint strength. Contact angle measurements in Ni/ceramic
couples have been reported in the literature [33-49]. Figure
1 shows the experimental sessile-drop data on contact angles
measured between various Ni-base alloys and oxides (Al;Os,
7ZrQ5), carbides (SiC, TiC, Cr3Cs), borides (TiBg, TiB,Cr),
and nitrides (TiN, AIN) as a function of test temperature, con-
tact time and matrix alloying. These data encompass both reac-
tive and non-reactive couples. Generally, large obtuse contact
angles are observed in Ni/Al,O3 [40,44,46] (e.g., at 1773 K,
the values of 6 are 128°, 133° and 141° in vacuum, H, and He
atmospheres, respectively [43]) for the pure Ni/Al,O3 couples.

During the wettability test, alumina partially dissolves in
the Ni droplet, and oxygen and Al released by the dissolution
process diffuse into the drop and alter its chemistry. This disso-
lution process, however, does not significantly lower the con-
tact angle, and large, non-wetting (6 > 90°) contact angles are
attained. Suitable alloying of Ni droplet lowers the contact an-
gle. For example, alloying Ni with Cr improves the wettability
in Ni/Al,O3. Small quantities of Cr are sufficient to achieve
good wetting and bonding in Ni/Al»Os; for example, the con-
tact angle is close to 90° on both sapphire and polycrystalline
alumina at 10% Cr in Ni, and the angle is ~75° at 20% Cr
[35]. The solid/solid Ni/Al;Og interfacial energy (o) is esti-
mated to be in the range 2.0-2.7 Jm~2 (from works by Hon-
dros and by Nicholas, cited in [41]), whereas the solid/liquid
interfacial energy (oy;) is estimated to be ~2.44 Jm~2 [41]. In
contrast, the solid/liquid interfacial energy in Ni-Cr/alumina
couples is in the range of 1.3-1.8 Jm~2 for Cr contents in
the range 0.001% to 10% [35]. The contact angle is related
to the interfacial energies from the Young-Dupre equation:
cos @ = (ogy, — 015/ 01y ), Where o, and oy, are the surface en-
ergy of the solid and surface tension of the liquid, respectively.
This equation shows that a decrease in o;5 by Cr alloying will
decrease the contact angle, , a conclusion that is consistent
with the experimental results. In the case of Ni containing Fe
and Pd, there is no change in the wettability with Al,O3 [34];
however, Cr improves the wetting of alumina by NiFe alloys
without significantly attacking the alumina, although in NiPd
alloys the addition of Cr up to 15% has little effect.

The contact angle measurements of Ni-base intermetallics
(NiAL NizAl)on Al; O3 ceramicsarescarce[33,42]inspite of the
fact that these intermetallics have been considered as potential
matrices for oxide fiber-reinforced Ni-base composites. No
information on the wetting properties of near-stoichiometric
single-phase NiAl with alumina could be found in the literature,
and this represents an important area of study. The only data
available on Ni-Al/alumina system are for much smaller Al
content (for Almole fraction, X 4; < 0.25)[33]thatindicate two
opposing effects of Al additions to Ni, and a maximum at
X a1 = 0.25 in the curve of work of adhesion versus X 4;.
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Fiber coatings are frequently employed in the manufacture
of composites for better compatibility with the matrix. Fre-
quently, however, differences in the wetting and bonding be-
haviours are noted when the same chemical element is used as
an alloying addition to the matrix and as a surface coating on

the ceramic fiber. For example, Ti films on Al,O3 improve the
wetting and bonding in AI/Al,O3 couples whereas Ti alloying
of Al droplet does not improve the wetting [50]. Recently, the
effect of alumina surface modification using Cr films on the
wettability and bonding in Ni/AlyO3 couples was investigated
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Fig. 1. Contact angle data of Ni-base alloys in contact with oxides (Al2O3, ZrO2), carbides (SiC, TiC, Cr3Cs), borides (TiB2, TiB2Cr), and
nitrides (TiN, AIN). Data show the effect of temperature and time of contact
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[51]. The results show that Cr, either as an alloying addition
to Ni or as a surface film on Al;Os, improves the Ni/Al,O3
wetting and bonding. Likewise, Cr alloying of NiAl improves
the bond strength in NiAl/sapphire fiber composites. Thus, un-
like Ti which is effective only as a coating rather than as an
alloying element in the Al/Al,O3 system, Cr is beneficial both
as an interfacial coating and as an alloying addition in the

Ni/Al2O3 system. Both polycrystalline and single crystal alu-
mina substrates modified with vapor-deposited Cr films exhibit
improved wetting with Ni [51]. For example, the contact an-
gles decrease from 108° to 94° for Al,OY and from 100° to
98° for Al,O5¢ (PC: polycrystalline, S€: single crystal) when
Cr-coated AlyO3 is used in the wettability test.

186pm

Fig. 2. SEM views of different regions in the Ni/Cr/AloO5© (polycrystalline) sessile-drop sample at magnifications increasing from (a) to (g):
(a) general view, (b) regions 1,2 & 3, (c) regions 1 & 2, (d) region 1, (e) & (f) region 2, and (g) region 3 (data after Ref. 51)

Bull. Pol. Ac.: Tech. 54(2) 2006
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Fig. 3. The results of microanalysis of chemical composition made at Cr-coated Al,O% [51] surface near Ni-drop after the wettability test at
1773 K for 15 min; a) scheme of regions and point analysis; b) EDS spectra taken from points marked A, B, C and D in Fig. 2

Fig. 4. SEM views of the surface of Ni/Cr/AloO5¢ (single crystal) sessile-drop sample [51] recorded from the top of the drop showing (a)
island-like structure of Cr-film in region 1, and (b) the droplets of different size in ring-like region 2 near the drop
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Fig. 5. The results of microanalysis of chemical composition at Cr-coated AloO5€ surface near Ni drop after the wettability test at 1773 K for
15 min [51]: a) scheme of regions and corresponding point analysis; b) EDS spectra taken from points A, B, C, and D

Figures 2 and 3 show the top views of solidified sessile
drop samples in Ni/alumina and Ni/Cr/alumina, and the corre-
sponding microanalysis. Significant changes in the morphol-
ogy of Cr film surrounding the Ni droplet can be noted. In
Ni/Cr/Aly 050, three regions of dissimilar structure and com-
position form around the drop. The outer region 1 corresponds
to the Cr-film, which is rough and discontinuous. Region 2
(~1.5-2 mm wide) has a different morphology, and is com-
posed of a number of fine droplets; in the outer portion of
this region (Point A), the droplets are very fine and Cr-rich
while in the inner portion (Point B), the droplets are coarser
and depleted in Cr. Region 3 (~0.2 mm wide), located just
near the drop, is completely devoid of Cr, and contains very

Bull. Pol. Ac.: Tech. 54(2) 2006

minute quantities of Ni and Cr (Points C, D). Region 3, there-
fore, displays the surface structure of alumina substrate after
a 30 min. direct contact with molten Ni, and represents an
‘opened’ interface due to solidification shrinkage and/or drop
movement during the test. Frequently, inter-granular areas in
Region 3 display small, Zr-rich voids (Point C) and Zr-free
alumina grains (Point D) (a small quantity of ZrO, was added
to alumina as a sintering aid).

With a single-crystal alumina substrate in the
Ni/Cr/A1,05€ couple (Figs. 4 and 5), ring-like regions form
around the Ni droplet; these regions are, however, less distinct
than in Cr-coated polycrystalline alumina substrate. Moreover,
compared to rough polycrystalline alumina, the Cr film on
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smooth single-crystal alumina is unstable and discontinuous (a
thin Au layer was deposited for SEM examination to prevent
charging from the uncovered areas of alumina; the unmarked
peaks in the spectra of Fig. 5 correspond to Au). On both types
of alumina substrates, Ni is present even quite far from the lig-
uid Ni droplet; this suggests an evaporation-deposition process
which could be operative not only during isothermal hold at
the wettability test temperature, but also during heating and
cooling. To confirm this, a Ni/Cr/Al,O5© couple was heated
under controlled atmosphere to 1680 K (i.e., below the melting
point of Ni), and then suddenly cooled to room temperature.
Even though Ni did not melt, a dark Ni-rich hallo formed
around the solid specimen of Ni, and the latter had bonded
to alumina even under solid/solid contact in the absence of
external pressure.

In the case of molten Ni in contact with Cr-coated Al5Os3,
the interaction between Ni and Cr-film, and between Ni and
Al;Og3 leads to interdiffusion and mass transfer. When Cr-
coated alumina is used, evaporation and deposition of Ni forms
a Ni-Cr film at the drop/substrate interface and around the
Ni drop. An increase in O, Al and, particularly, Cr content
in the Ni drop lowers the latter’s melting point, leading to
the formation of liquid Ni-Cr(AlLO) phase in the form of fine
discrete droplets as shown in Figure 2e. Furthermore, due
to a favorable CTE of Cr relative to Ni and Al,O3 (CTEy;
= 133x107% K™, CTE¢, = 6.2x107% K™!, CTEspphire
= 9.5x106 K1), better Ni/alumina bonding is achieved in
Ni/Cr/Al5O3 couples as compared to uncoated couples.

Chromium films on alumina protect the latter from chemi-
cal attack by molten Ni. Surface asperities on bare (uncoated)
Al>Oj3 substrates dissolve in molten Ni droplets during sessile-
drop wettability test, leading to an “etched” or “polished” re-
gion concentric to the droplet. This dissolution process releases
Al and O (which presumably form Ni-O clusters that are ad-
sorbed on Al»O3), and if O is continuously removed from the
reaction interface (as under a dynamic vacuum), then dissolu-
tion of the substrate can continue. A practical consequence of
this is that alumina crucibles should be used for melting Ni in
air but not under vacuum.

4. Adhesion

The adhesion strength of bi-material interfaces in ce-
ramic/ceramic and ceramic/metal systems is generally charac-
terized by bend test, fiber push-out test, and droplet push-off
shear test. The bend test is widely used with ceramic/ceramic
joints; however, with a metallic interlayer (as in brazed ceram-
ics), data are strongly influenced by the braze layer thickness.
Additionally, joining of ceramics is often done in the solid-
state, and the measured bond strength is not comparable to the
outcomes of the wettability test, or to the strength of the joints
made via liquid phase joining techniques. In view of this, cor-
relation of interfacial shear strength with the basic interfacial
properties (0 and W) is usually difficult. The need for rel-
atively large samples and very specific requirements for sam-
ple preparation frequently make it difficult or even impossi-
ble to execute bend tests in ceramic/metal couples. The droplet

154

push-off shear test and the fiber push-out test permit a more
direct measurement of the shear strength of joints, and of the
fiber/matrix interface strength in composites, respectively.

4.1. Droplet push-off shear test. The droplet push-off shear
test was developed to study the wetting-bonding relationship
in metal/ceramic couples by measuring the contact angle of
molten droplets on ceramics, and the shear stress required to
debond solidified sessile droplets in contact with ceramic sub-
strates at the conclusion of the wettability test. The test has
been applied chiefly to Me/alumina couples (Me = Cu, Ag, Al,
Ni, and Fe). In the Ni/Al,O3 system, a decrease in the bond
strength of joints made via liquid/solid contact is observed
with increasing contact angle (the bond strength is in the range
of 71-111 MPa [39,52]). In contrast, the solid-state diffusion-
bonded Ni/Al;O3 couples possess lower bond strength [41],
typically, 16-60 MPa, when hot pressing is done in the temper-
ature range of 1223-1323 K. As a rough generalization, there-
fore, liquid-phase techniques provide better interfacial bonding
than solid-state fabrication techniques.

The conventional push-off shear test suffers from cer-
tain methodological limitations, mainly the difficulty of ap-
plying shear debond stress on thin (i.e., wettable) solidified
droplets. An improved droplet push-off shear test (Fig. 6), de-
veloped at the Foundry Research Institute (Cracow) and de-
scribed in detail in references [50,51,53-56], allows shearing
of thin solidified sessile droplets in contact with ceramic sub-
strates. The test is done by first carefully bisecting the solid-
ified droplet/substrate couple perpendicularly to the substrate
at the mid-plane of the contact circle, and then using one-half
of the bisected couple for the push-off test (the other half is
used for characterizing the interface structure and chemistry).
The push-off test automatically records the load-displacement
data up to failure under a constant strain rate. This technique
has been applied to both non-reactive (Ni/alumina, Al/alumina
and AI/AIN), and reactive (Al/Si3Ny4 and Al-Ti/SizNy) systems
at the Foundry Research Institute.

The improved droplet push-off shear test was recently used
to directly measure the effect of Cr films on adhesion and
its relationship to contact angle in Ni/Al,O3 couples [51].
Chromium additions to Ni have been known to lower the con-
tact angle and increase the adhesion strength with alumina, but
the effect of Cr as a surface film was not studied until recently.
The improved droplet push-off shear test shows that Ni bonds
to Al;OFC substrates better when Cr coatings are used (shear
strength ~138 MPa) than in the absence of Cr coating (shear
strength ~78 MPa). In the case of uncoated Al,O5C, shear
strength measurements were difficult owing to a number of in-
terfacial cracks that were visible through transparent alumina
single crystals. These cracks weakened the Ni/Al,O5 joint,
and precluded shear strength measurements. In contrast, in Cr-
coated Ni/Al,O5¢ couples, the joints were free of cracks. This
suggests that Cr interlayer serves as stress absorbing compliant
layer.

Chromium possesses good thermoelastic compatibility
with both Ni and Al;Oj3, and Cr films indeed could serve as
stress-absorbing compliant layers in Ni-base composites such
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as Ni/Al;O3 and NiAl/Al,Os3. For example, the mismatch of
the coefficients of thermal expansion (CTE) between Ni (or
NiAl) and Al,O3 is rather large (CTEy; = 13.3x107% K1,
CTEsapphire = 9.5x1076 K1 and CTEnia; = 15x 1076 K1),
This results in thermal clamping stresses (compressive on the
fiber and tensile in the matrix), which could cause matrix
cracking in the vicinity of the fiber (the compressive stresses
from radial clamping over the fiber length increase the fiber
debond stress). Because chromium has a CTE intermediate be-
tween Ni (or NiAl) and alumina, an interlayer of Cr could serve
as a stress-absorbing intermediate compliant layer (CTEc, =
6.2x1076 K1),
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T Tp

T

Load P

Displacement

Fiber push-out test

Sessile drop sample Conventional push-off test

D S
S

~ AU Structural
Improved push-off test characterization
S Be —» s

Optical microscopy, SEM TEM

Droplet push-off shear test

Fig. 6. Schematic diagrams showing the improved droplet push-off
shear test and the fiber push-out test methods to measure the interfa-
cial shear strength

Figure 7 displays the contact angle and shear strength
data in Ni/Al,O3 couples measured by various investigators.
The results show that, as a general rule, high shear bond
strength correlates with a low contact angle, consistent with
the behaviour noted in other ceramic/metal systems such as
Al/Al;03 [57]. Some dispersion in the measurements arises
from the different techniques (droplet push-off, bend-test etc.)
employed by different investigators, and the different test con-
ditions, and Ni alloy compositions used in contact angle mea-
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surements. Figure 7 also shows the Ni/Al;O3 shear strength
data in hot-pressed composite joints; these data are shown at
an arbitrary value of the contact angle (~75°) because no di-
rect measurements of contact angle could be obtained in hot-
pressed couples. The scatter in the shear strength values of hot-
pressed joints is due to variations in the chemical composition,
structure, and processing of the alumina substrates. Figure 7
also shows that liquid-phase processed Ni/ceramic joints ex-
hibit better bonding than solid-state joints. Extraneous factors
such as interfacial defects and matrix plasticity could, however,
mask this behaviour. It is, therefore, necessary to examine the
experimental contact angle/shear strength correlations in light
of the microstructure of the interface region.

2 Nicholas et al (1968): Ni/alumina

A4 Sutton (cited by Nicholas et al (1968)): Ni/sapphire
Ritter & Burton (1967): Ni/sapphire

Crispin & Nicholas (1976): Ni-Cr/sapphire
Nicholas (1989): Ni/alumina (hot-pressed)

o Sobczak et al (2003): Ni/alumina (polycrystal)
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Fig. 7. Contact angle-shear strength relationship in some Ni/Al2O3

systems. Shear strength data on solid-state diffusion bonded

Ni/Al2O3 composite joints are shown at an arbitrary value of the con-

tact angle (~ 75°) because no direct measurements of contact angle

were reported. The scatter in the shear strength values of hot-pressed

joints is due to variations in the chemical composition, structure, and
processing of the alumina substrates

4.2. Fiber push-out test. The fiber push-out test yields the
interface strength of fiber-reinforced composites from the mea-
surements of the compressive load on a single fiber that is
required to debond and displace the fiber in the matrix. The
test has been applied to a wide variety of ceramic-ceramic
and metal-ceramic composites, such as SiC/SigNy, Ti/SiC,
TiAl/glass, Nb/sapphire, and NiAl/sapphire. In the conven-
tional test, thin (100—1000 pm) composite wafers, ground and
polished to reveal the fiber ends and the surrounding matrix
structure, are mounted on a support block containing grooves
that permit unobstructed sliding of individual fibers through
the wafer with the help of a flat-bottomed microindentor at-
tached to an INSTRON frame. The load-displacement data
(and acoustic emission) are recorded, and apparent interface
strength 7* is obtained from the measured debond load, Q, and
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the interfacial contact area, with 7* = @Q/(wDt), where D
is fiber diameter and ¢ is the wafer thickness. Figure 8 shows
typical load-displacement profiles from the fiber push-out test
on actual NiAl/sapphire composites. These profiles mimic the
schematic load — displacement profile of Fig. 6, which also dis-
plays the stresses corresponding to three load transitions that
characterize the interfacial properties: 7, (proportional shear
stress, which signals the onset of inelastic deformation), 7,,
(maximum shear stress at which the fiber debonds from the
composite matrix), and 7 (frictional shear stress for sliding of
debonded fibers in the wafer); the maximum shear stress pro-
vides an estimate of the interface debond strength. Normally,
the fiber push-out load-displacement data are examined in light
of the fractorgraphic observations of debonded interfaces to in-
terpret the results on a semi-quantitative level.

35
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Fig. 8. Load versus time profiles from fiber push-out test on
NiAl(Cr)/sapphire (top) and DS NiAl(Yb)/sapphire (bottom) compos-
ites. The different curves in the bottom figure correspond to separate
fibers in discs of different thicknesses

Attempts have also been made to identify the stress at
which cracks initiate at the fiber/matrix interface during fiber
loading via interrupted push-out tests. For this purpose, the
front- and the back-faces of each loaded fiber are viewed un-
der a SEM after stopping the push-out test at different load
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values [59,60]. The interrupted test is done on a large num-
ber of individual fibers in order to develop general conclusions
concerning the crack initiation and progatation behaviours.
Typical fractographic observations from the interrupted push-
out tests on directionally solidified (DS) NiAl/sapphire com-
posites (Fig. 9a) and hot-pressed, powder metallurgy (PM)
NiAl/sapphire composites (Fig. 9b) are summarized in Fig-
ure 9 (PM composites are also referred to as PC or Powder-
Cloth composites because they were fabricated using NASA’s
Patented PC process). These observations also take into ac-
count the effect of matrix structure in the vicinity of the fiber
and the thickness of the wafer on the crack initiation behaviour.
The test results are sensitive to the (¢/h) ratio, where ¢ is spec-
imen thickness and A is the width of the hole in the support
block over which the composite wafer is positioned prior to
the fiber push-out test (Fig. 6 shows a schematic of the test
configuration). In the DS composite wafers, the sapphire fibers
were either anchored at grain boundaries (GB fibers) or en-
gulfed within the grain interior (GI fibers) whereas in the PM
composite wafers, the fibers were contacted by numerous grain
boundaries. The results showed that in spite of the interfacial
porosity (Fig. 9(a)) from the binder residue in the DS compos-
ites, the shear strength was significantly higher for the GI fibers
than for the GB fibers and for the fibers in the PM compos-
ites. Based on these results, it was recommended that in order
to realize the full potential of interfacial strengthening in the
NiAl/sapphire composites, pressure cast feedstock (rather than
binder-based PM feedstock) would be a better choice. Figure
9c summarizes the results of interrupted push-out tests on PM
and DS composites: in thin (¢/h < 0.75) wafers of PM (or PC)
composites, front- and back-face interfacial cracks initiated as
soon as the proportional shear stress, 7,,, was reached; how-
ever, no cracks formed at 7, in thick wafers (¢ /h > 0.75), and
the first evidence of cracking was noted in the vicinity of the
maximum shear stress, 7,,,. In the DS composites, there was no
effect of the ratio (£/h) on the crack initiation behaviour (for
100 um < ¢ <700 um); interfacial cracking occurred on both
front and back faces of the composite wafers at 7,,, for the GB
fibers, whereas for the GI fibers in both thick and thin wafers,
only backface cracks formed at 7,,,. Such micromechanical and
fractographic observations provide an empirical basis to under-
stand the interface behaviour in fiber-reinforced composites.

Actually, a strict theoretical interpretation of results ob-
tained in a fiber push-out test needs reasonable assumptions on
nucleation and propagation of the interface crack under a rather
complicated stress state. Perhaps, approaches based on ideas
of fracture mechanics (e.g., [58]) are more promising than just
straightforward calculation of the average shear stress, and ac-
cepting it as a measure of the interface strength. Attempts have
also been made to account for matrix plasticity [61,62] during
loading of fibers in a push-out test, but a complete understand-
ing of all the features of the real behaviour is absent. Hence,
the main use of the test outcomes is to study the relative ef-
fects of constituents’ properties and fabrication parameters on
the interface strength.

Virtually all well-known variants of the fiber push-out test
apply to fibers of circular cross-section. Sometimes, however,
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Fig. 9. The SEM views of fiber/matrix interfaces in NiAl/sapphire composites from interrupted fiber push-out test on thick and thin composite

wafers. The push-out test was terminated at different stages of the loading process: (a) directionally solidified (DS) composites made from

powder metallurgy (PM) feed stock with fibers either anchored at grain boundaries (GB fibers) or engulfed within the grain interior (GI fibers);

(b) powder metallurgy (PM) composites; and (c) summary of the effect of disc thickness () and grain boundaries on cracking at 7, and 7,,

observed in different composite materials. The parameter, /4, denotes the ratio of the wafer (or disc) thickness-to-support hole span width.

Note that in spite of the interfacial porosity (Fig. 9(a)) from the binder residue, the shear strength was significantly higher for the GI fibers than
for the GB fibers and for the fibers in the PM composites
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Fig. 10. A modified fiber push-out test that permits uniform loading

of non-symmetrical fibers. The approach employs a ball indenter po-

sitioned between a flat-bottomed micro-indenter and the fiber; the ball
indenter distributes the applied stress over a large area

fibers of a variable cross-section are encountered, such as those
manufactured by ICM. The variability of fiber shape and size
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could make it difficult to load a fiber exactly at its center of
gravity, leading to fiber fracture or unreliable strength mea-
surements. One approach to overcome this problem employs a
metal ball indenter positioned between a flat-bottomed micro-
indenter and the fiber [63]; the ball indenter distributes the ap-
plied stress over a larger area. Figure 10 shows a schematic
illustration of the modified fiber push-out test.

5. Fiber-matrix interface strength

The room-temperature interface strength measurements in
some Ni-base superalloys and intermetallics in contact with
oxide ceramics are summarized in Table 2. The data in the
Table need some commentaries. Besides the testing method
and test configuration, processing conditions, binders, alloy-
ing, and interfacial coatings all influence the interface strength.

An example of the effect of processing conditions on inter-
face strength is shown in Fig. 11. This figure shows the effect
of pressure casting temperature on the interfacial shear strength
in oxide fiber-reinforced Ni-base superalloy composites made
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Table 2
Interface strength in some nickel/oxide ceramic systems
System Bond Strength, MPa Technique Reference
NiAl/sapphire (PC)(! 50150 (with binder), Push-out [30,64]
>280 (without binder)

Niz Al/sapphire (cast) 19 Modified microhardness test [70]
Ni3Al-0.5Cr/sapphire (cast) 54.5 same [70]
Niz Al-1Cr/sapphire (cast) 21.7 same [70]
NigAl-1Ti/sapphire (cast) 39.9 same [70]
INCONEL 718/sapphire (cast) >150 same [21]
NiAl/Al;O3 1368 Push-out [73]
NiAl/SiC-coated Al2O3 107+10 Push-out [73]
VKNA-4U®)/Al,05-YAG eutectic fiber (ICM) 5-100 (depending on wafer Modified push-out test [63]

thickness, casting temperature with a ball indenter

and fiber volume fraction)
GS-32®/A1,05-YAG eutectic fiber (ICM) 5-130 (depending on wafer Modified push-out test [63]

thickness, casting temperature with a ball indenter

and fiber volume fraction)
Ni/Al,O3 (PC) 78 Improved droplet [51]

push-off shear test
Ni/Ct/Al; O3 (PC) 138 Improved droplet [51]
push-off shear test

NiAl/sapphire® (DS) 138462 Push-out [59]
NiAl(Cr)/sapphire® (DS) 155441 same [67]
NiAl(W)/sapphire® (DS) 159469 same [67]
NiAl(Yb)/sapphire® 20569 (PC), 67+44 (DS) same [66]
Ni/Al203, Ni-Cr/Al2 03, Ni-Y/Al203 71-111 Droplet push-off test [35,39,52]

PC: Powder-Cloth (i.e., powder metallurgy or PM), DS: Directionally Solidified, ICM: Internal Crystallization Method
(1) weakly-bonded: PMMA (fiber binder), TEFLON (matrix binder), strongly-bonded composites did not have binders in them
(2)Ni-base superalloys — the VKNA-4U matrix is Ni-8.5A1-4.8Cr-2.2Mo-3.9W-4.4Co-1.1Ti, and the GS-32 matrix is Ni-6.0Al-5.0Cr-1.0Mo-8.3W-4.0Ta-9.0Co-

1.5Nb-4.0Re

(B)average value of shear strength based on the fibers that could be pushed within the loading limit of the machine

using the ICM approach. The data are for Al,O3-GS-32 super-
alloy/Al; Y30, composites containing 30% eutectic AloOs3-
Al5Y30;2 oxide fibers. The nominal composition of the GS-
32 matrix is Ni-6.0Al-5.0Cr-1.0Mo-8.3W-4.0Ta-9.0Co-1.5Nb-
4.0Re. The scatter in the shear strength data at a constant tem-
perature is from the measurements made on composite wafers
of different thicknesses. For the GS-32/Al503-YAG eutectic
fiber composites, the interface strength is approximately 5-130
MPa depending on the wafer thickness. Similarly, the interface
strength in another oxide fiber/Ni-base composite (VKNA-
4U/Al,03-YAG eutectic fiber composite) is in the range 5—
100 MPa, and the interface strength in VKNA-4U/Al;O3 fiber
composite is in the range 10-20 MPa (the VKNA-4U matrix is
Ni-8.5A1-4.8Cr-2.2Mo-3.9W-4.4Co-1.1Ti).

The effect of binders can be illustrated from the example of
(-NiAl/Al;,03 composites synthesized using a solid-state fab-
rication process (NASA’s patented “Powder-Cloth” process).
In the powder-cloth (PC) process, fiber mats are combined with
plasma sprayed matrix powders through hot pressing. Poly-
methylmetacrylate (PMMA) is used as binder for fibers and
polytetrafluoroethylene (TEFLON) is used as a base binder
for NiAl matrix powders. Interface strength measurements on
hot-pressed NiAl/sapphire composites using the fiber push-
out test show [30,64] that composites containing PMMA and
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TEFLON binders exhibit a purely frictional bond and low in-
terface strength (50—150 MPa). Interface contamination from
binder residues during hot pressing interfered with interface
development; carbon (graphite) residue at the interface fre-
quently served as fracture initiation site [65]. In contrast, in-
terfaces in binder-less composites were chemically clean and
possessed higher strength (>280 MPa) [64]; however, the prob-
lems of poor matrix ductility and mechanical damage to the
fiber during hot processing have been major concerns.

The effect of alloying and fiber surface modification on in-
terface strength can be illustrated by alluding to the behaviour
of sapphire-reinforced NiAl. Titanium- and platinum-coated
Al,Os3 fibers bond strongly to NiAl in NiAl/Al,O3 compos-
ites. Titanium coatings also improve the bonding of Al;O3
fibers to NigAl-matrix in NizAl/AlsO3 composites (interface
strength >150 MPa) when compared to composites made from
uncoated fibers. Similarly, when uncoated Al,Oj3 fibers are in-
corporated in a NiAl matrix containing Zr, Y, Cr, Yb or W, the
NiAl/AlyO3 bonding improves. Alloying additions such as Zr
also strengthen the NiAl matrix (but Zr raises the ductile-to-
brittle-transition temperature of NiAl). In a manner similar to
NiAl, zirconium and yttrium additions to NizAl also improve
the bond strength to alumina, although Ti as an alloying addi-
tion to NiAl and NizAl does not have a beneficial effect, and
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low bond strength results (a similar situation is encountered
in Al/Al;O3 couples where Ti coatings on alumina, but not
Ti alloying of Al, markedly improves the bond strength [50]).
Alloying NiAl with Cr, W and especially the rare-earth ele-
ment, Yb, markedly enhances the fiber/matrix shear strength
in NiAl/Al,O3 composites. The NiAl(Yb)/sapphire interface
strength exceeds 205 MPa even when organic binders are used
for composite fabrication, in contrast to 50-150 MPa in the
absence of Yb alloying [66]. The extensive chemical interac-
tion between the sapphire and Yb during processing roughens
the fiber/matrix interface, increases the frictional shear stress
(~53-126 MPa, depending upon the processing conditions),
and causes stress undulations in the load-displacement profile
during large-scale (frictional) sliding of debonded fibers dur-
ing fiber push-out test. This behaviour is characteristic of other
reactive fiber/matrix systems as well, such as the reactive Ti-
48Al-2Cr-2Nb/sapphire composites.
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Fig. 11. The effect of pressure casting temperature on the fiber/matrix

interface strength in a Ni-base superalloy/sapphire composite mea-

sured using a fiber push-out test apparatus that was modified for fibers

of non-symmetrical cross-section. The scatter in the data at fixed

casting temperatures is from the measurements on a range of wafer
thickness

Alloying NiAl with chromium and tungsten has a bene-
ficial effect on the Al,O3/NiAl bonding, with the interface
strength in excess of 155 MPa [67]. The fiber/matrix chemi-
cal interactions are negligible with W alloying and no W-rich
secondary phases preferentially segregate at the sapphire/NiAl
interface. In the NiAl(Cr)/sapphire composites, however, the
fiber/matrix interaction as well as preferential segregation of
NiAl-Cr eutectic at the fiber/matrix interface during controlled
solidification lead to high interfacial shear strength and high
frictional shear stress. The NiAl(Cr) matrix exhibits wear
tracks due to matrix abrasion by hard Cr particles during slid-
ing of debonded fibers through the composite wafer in a fiber
push-out test. The shear bond strength in NiAl(Cr)/sapphire
composites is in the range of 114-196 MPa. Similar high
bond strength (>150 MPa) is achieved in pressure cast sap-
phire/Inconel 718 superalloy composites [21] in which the
fibers react with the active solutes in the composite matrix.
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6. Chemical interactions
and interface development

Chemical and structural changes during processing and service
at the fiber/matrix interface are dictated by thermodynamics
and their rates are limited by chemical kinetics. Hence, crite-
ria for selecting the fiber and matrix materials for composites
must consider the fiber’s stability in and compatibility with the
matrix over a wide range of temperatures and contact times.
Many ceramic reinforcements rapidly degrade in reactive ma-
trices during processing and service, although in most cases,
judiciously selected coatings and barrier layers could reduce
or eliminate the attack. Chemical interactions between the fiber
and the matrix may also modify the properties of the fiber and
the metallurgy of the matrix (e.g., age hardening response), and
this must be considered when selecting the matrix chemistry.
It should also be appreciated that a moderate level of chemical
interaction between the fiber and the liquid matrix improves
the wetting, assists liquid-phase fabrication, and enhances the
interface strength, which in turn facilitates load transfer to the
fiber. Thus, a careful balance between competing requirements
is needed to create high-performance composite materials.

With reference to Ni-base composites, pure polycrystal-
line- and single-crystal alumina fibers such as sapphire are
generally stable in NigAl and NiAl matrices, and large-scale
interdiffusion and reaction zones are normally not observed
in diffusion-bonded and liquid-phase processed composites.
Some local interdiffusion could, however, occur at high pro-
cessing temperatures; for example, in NigAl/Al,O3-fiber com-
posites prepared by hot pressing at 1473-1553 K, the diffu-
sion of Ni into fibers to a depth of ~400-500 nm is observed.
Similarly, diffusion bonding of Niz Al/sapphire composites un-
der high partial pressures of oxygen (poor vacuum) leads to
Ni-spinel (NiAly04) and (Mg,Ni)-spinel (Mg,Ni)Al,O4 com-
pound layers at the fiber/matrix interface [68,69]. No such in-
terfacial reaction zones are observed between NigAl and alu-
mina when diffusion bonding is done under low partial pres-
sures of oxygen (~2x 10™* Pa).

Whereas pure polycrystalline- and single crystal alumina
is relatively stable in NiAl- and NigAl- matrices, alloying el-
ements, fiber coatings, and chemical impurities (e.g., sinter-
ing aids) in the fiber markedly alter the reactivity and cause
structural changes (e.g., grain coarsening in the fiber). Thus,
commercial zirconia-toughened alumina (ZTA) fibers (PRD-
166) in a pressure cast Ni-45Al-1Ti matrix led to alumina
grain coarsening, and rejection and dissolution of zirconia
from the fiber into the metal [19,70]. Zirconium released from
the dissolution of ZrO, chemically reduced and degraded the
fibers. The PRD-166 fiber was also incorporated in a pressure
cast Ni-base superalloy (composition: Ni-16.8Al-7.9Cr-1.2Ti-
0.5Zr-0.1B, in at. %) [21]. The as-cast fiber/matrix interfaces
were free of reaction products but showed coarse ZrO parti-
cles. Pressure casting usually involves relatively short interac-
tion times at elevated-temperatures, which reduces the extent
of the fiber/matrix interaction.

In pure-sapphire-reinforced NizAl-based '/~ alloys con-
taining Cr, Mo, W, and Co, no visible trace of chemical in-
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teraction is observed when the composites are fabricated using
pressure casting [71], in which the interaction times at elevated
temperatures are rather short. However, fibers of yttrium alu-
minum garnet (YAG) and YAG-alumina eutectic show some
reactivity with the NigAl-based '/~ alloy together with the
formation of a new interfacial phase. Likewise, YAG fibers in a
Ni-base superalloy containing (Re, Ta, W etc.) show interfacial
carbides whereas pure alumina fibers show limited reactivity
and only a very small amount of a new interphase. The fibers
can be strongly bonded to the matrix as revealed by the inter-
face strength measurements [71], which suggests the positive
influence of yttrium of the fiber in promoting the interfacial
bonding.

As mentioned earlier, another alloying element that ex-
hibits marked reactivity with alumina is the rare-earth ele-
ment ytterbium. Alumina is extremely unstable in Ni-alloys
containing even small quantities of Yb; in sapphire-reinforced
NiAl containing Yb, a strong reaction occurs because ytter-
bium oxide (YbsOg) is more stable than AloOg, and sapphire

el

is reduced by ytterbium (the free energies of formation of
Yb205 and Al;O5 are —1727.5 kJmol~! and —1583.1 kJmol !,
respectively). A complex, multi-layer interface consisting of
YbsO3 and Yb3Al5012 forms in NiAl(Yb)/sapphire compos-
ites containing as low as 0.36 at. % Yb [66] (Fig. 12). Unlike
YD, chromium in NiAl only moderately attacks the sapphire;
Cr preferentially precipitates on and bonds to the fibers. Reac-
tion products do not form in Ni-Cr/AlyOs3, and the improved
bonding results from beneficial changes in the interfacial en-
ergy due mainly to adsorption of Cr-O clusters on alumina.

It should be mentioned that chemical reactions and in-
terface development might be affected also by impurities.
The most common impurity is Mg that might be introduced
from the master alloy during its preparation. Moreover, dur-
ing remelting of master matrix alloy and composite casting,
Mg might come also from contacting refractory materials (cru-
cibles, dies) containing MgO. Whatever the mechanism of the
pollution of metal matrix with Mg, its presence results in the
formation of interfacial Mg-rich spinel compound. Interest-

Fig. 12. SEM views of fiber/matrix interfaces in a NiAl(Yb)/sapphire composite (0.36 at. % Yb) showing reaction layer formation as indentified

in [66]: (a) powder-cloth composite, (b) a higher magnification view showing interface interphases: A- O-rich NiAl, B- Al2O2-Yb2Os3 spinel

(Yb3Al5012), C- Yb20s3, D- NiAl matrix, and E- ytterbium fluoride (fluoride residue is from TEFLON binders used in the diffusion-bonded

feedstock), (c) a partially pushed fiber in the NiAl(Yb)/sapphire composite wafer, and (d) surface appearance of a fiber extracted from the
NiAI(Yb) matrix showing extensive surface reconstruction from the chemical attack
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ingly, during the sessile-drop wettability test under protective
atmosphere, Mg easily evaporates and its vapor reacts with
oxide-containing ceramics to form the same Mg-rich spinel
compound in the form of long whiskers, growing from the in-
terface around the drop [76]. This phenomenon results in the
substrate surface roughening and drop pinning, both contribut-
ing to apparent contact angle values and possibly modifying
the drop/substrate interface strength.

Chemical interactions resulting from deliberate matrix al-
loying or inadvertent impurities released into the matrix af-
fect not only the wettability and interface strength but also
the strength of the reinforcing fibers themselves. Single-crystal
sapphire fibers extracted from Ni-base superalloy matrix com-
posites are known to experience 45-65% strength loss based
on tests conducted on isolated fibers outside the matrix, and
the probability of fiber failure is generally consistent with
the Weibull distribution function. The strength loss has been
attributed to the formation of brittle reaction product layers
at the interface. A high interface strength from chemical re-
actions achieved at the expense of fiber surface quality and
fiber strength is generally considered undesirable for creep-
resistance at elevated temperatures. Recent studies [12,18],
however, have examined this problem carefully and they show
that it should be possible to design composite microstructure
with high creep-resistance even when fiber surface reconstruc-
tion and morphological changes from chemical interactions
somewhat degrade the strength of the fibers extracted from
the matrix and tested outside the matrix. Of central importance
to this somewhat unorthodox idea is the need to optimize the
composite microstructure. The fiber/matrix interactions yield,
indeed, defects in the fiber surface. But these reaction-formed
defects as well as any original surface defects in the virgin fiber
can be healed by the matrix material (or by judiciously selected
coatings such as carbides or carbon) so that the fiber residing in
the matrix will exhibit diminished sensitivity to surface defects
as compared to a fiber extracted from the matrix and tested out-
side the matrix. The effective fiber strength that determines the
composite strength is higher than the strength of separate fibers
if the fiber/matrix interface is able to heal surface defects on the
fiber. The situation is analyzed in detail in [12,18].

7. Interface design for creep resistance

The creep-resistance of Ni-base composites is of considerable
technological importance from the standpoint of heat-resistant
applications. The creep-resistance of fibrous composites de-
pends on the interface strength, which in turn, depends upon
the composition of both constituents, fabrication technology,
and process and structural parameters. In addition, real materi-
als in structural elements experience temporally varying load-
ing. The composites of a given type can experience diminish-
ing interface strength as a result of cyclic loading; the lower
the interface strength, the quicker is the decrease in the inter-
face strength with cycling provided all other conditions are the
same. This will also influence the composite’s creep behaviour.

The fiber/matrix interface strength in a composite depends
also on the fiber volume fraction, a fact that is not always read-
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ily appreciated. However, independent of reasons for fiber vol-
ume fraction to affect the interface strength, such behaviour
of the composite provides an opportunity to scientifically eval-
uate the dependence of creep-resistance on interface strength.
To justify the procedure to explain the creep behaviour of com-
posites with the interface strength varying with fiber volume
fraction, experimental results on creep-resistance and interface
strength must be analyzed. Recent studies [12,18] at the Solid
State Physics Institute of the Russian Academy of Sciences
on mechanics and microstructure of the composites show that
the effective fiber strength that determines composite strength
is higher than the strength of separate fibers if the surround-
ing matrix (or a coating) is able to partially heal the fiber sur-
face defects, thereby diminishing the deleterious influence of
the flaw on the fiber strength. These studies have revealed a
synergistic role of the fiber/matrix interface in determining the
composite’s creep-resistance. The results highlight an essential
role of the “quality” of the fiber/matrix interface in designing
the composites with creep-resistance.

The creep behaviour of the composites predicted by the
theoretical micromechanical models for fibrous composites
[12] is closely related to the real behaviour provided param-
eters of the models are accepted. For example, the first approx-
imations to the strength characteristics of the fiber and creep
characteristics of the matrix are taken from independent mea-
surements. In a recent theoretical model, a parameter, «, char-
acteristic of interface strength, is defined. It is taken as the ratio
of average interface strength at room temperature (~15 MPa)
to the room temperature strength of the matrix alloy (~700
MPa). The parameter, o, has been systematically varied in
composites by judiciously selecting the matrix. In particular,
very weakly bonded composites (o = 0.005) based on NizAl,
moderately bonded composites (o = 0.05) based on a modified
Ni-Al alloy, and ideally-bonded (v = 1) composites based on
TiAl- or Mo-based matrices (both of which are wetted by oxide
melts) have been investigated for creep-resistance and interface
strength in oxide fiber-reinforced composites. TiAl matrix is
chosen for its ideal bond strength, which has not been reached
yet in composites with Ni-based matrices (the largest present
value of « for Ni-based matrices is 0.5 that corresponds to an
intermediate range of values of fiber strength). On a positive
note, however, the creep data for Ni-based composites relate to
higher temperatures of 1423-1473 K, which shows the techno-
logical potential of these composites.

The creep model parameters are varied over a narrow range
to adjust the calculated dependencies to experimental points.
These adjustments are needed, as the constituent’s character-
istics in the composites are different from those determined
outside the composite. Recently developed creep models [12]
provide a good description of the experimental data over a
rather large interval (four orders of magnitude) of the creep
rates. The models yield the correct dependence of composite
stress on creep rate, and include statistical characteristic of the
fiber strength and creep characteristics of the matrix, a param-
eter that characterizes the continuity of the interface, and the
factor, a, describing the fibre/matrix interface strength, men-
tioned above.
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It is important to point out that the creep-resistance/fiber
volume-fraction dependence is non-monotonic in composites,
and the maximum corresponds to the fiber volume fraction
at which the interface strength starts to decrease. A hypothe-
sis can be formulated to explain why the interface strength is
small at high fiber volume fraction in a particular matrix, but
at small values of o (o = 0.01, vy > 0.25), the creep-resistance
is described by a model that includes the fiber strength values
obtained by testing separate (i.e., extracted) fibers, outside of
the composite matrix. For a limiting value o = 1 (ideal bond-
ing), a maximum effective fiber strength is reached. A detailed
exposition of the role of the interfacial parameters in design-
ing creep-resistant fiber-reinforced Ni-base composites will be
presented in a separate paper [72].

8. Summary and conclusions

Oxide fibers such as sapphire have long been considered as
potential reinforcement materials for nickel-base matrices for
heat-resistance applications. After nearly three decades of ac-
tive research, however, interest in these materials began to
wane in mid-1990’s due chiefly to 1) a lack of single-crystal
oxide fibers sufficiently cheap to be used in structural com-
posites, and 2) fiber strength loss during processing due to
chemical interactions with reactive solutes in Ni-base matrices.
At the present time, the cost disadvantage has been mitigated
by the development of Internal Crystallization Method (ICM)
of fiber growth that produces monocrystalline oxide fibers in
a cost-effective manner. The decline in interest in the Ni-
base/AloO3 composites after initial observations of strength
loss in extracted fibers slowed the technological development
of these materials. Recent research has shown that it is pos-
sible to design the composite microstructure with adequate
creep-resistance even when fiber surface reconstruction from
chemical interactions may have degraded the strength of the
fibers extracted from the matrix and tested outside the matrix.
Of central importance to the implementation of this somewhat
unorthodox idea is the need to optimize the composite- and
fiber/matrix interface microstructure so that reaction-formed
defects and any original surface defects in the fiber may be
healed by the matrix (or by a suitable coating material). As
a result, a fiber residing in the matrix may exhibit dimin-
ished sensitivity to surface flaws as compared to fibers ex-
tracted from the matrix and tested in isolation of the matrix.
Generally, the Ni-base/AloO3 composites exhibit acceptable
levels of wettability and interface strength (further improved
with the aid of reactive solutes and surface coatings), and
show promise of elevated-temperature creep-resistance. Thus,
in order to develop Ni-matrix/oxide fiber composites for heat-
resistance applications, the quality of the interface (wettabil-
ity, chemical make-up, defect content, and interphase morphol-
ogy) is of considerable technological importance. In this paper,
we identified several key issues related to the measurements
of wettability (contact angle), interface strength, and chem-
ical and structural transformations during processing at the
fiber/matrix interface. There should be no doubt that optimiza-
tion of the interface- and composite microstructure through
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judicious control of processing and surface engineering shall
yield promising Ni-base/oxide-fiber composites.
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