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Abstract—Controlled solidification of sapphire–NiAl and sapphire–Hastelloy composites was car-
ried out to evaluate the influence of processing and alloying on the microstructure, chemistry, and
interface and fiber strengths. Pressure casting, gravity casting, and zone directional solidification
(DS) techniques were used to synthesize the composites. Both gravity casting and DS yielded higher
interfacial shear strength in the composites compared to the solid-state powder cloth (PC) techniques.
Large columnarβ-NiAl grains surrounding the fibers in the DS material decreased the propensity for
interfacial decohesion, resulting in a higher interface strength than in fine, equiaxed grains of grav-
ity cast and PC composites. Alloying of NiAl matrix with Cr, W and Yb increased the interface
strength relative to unalloyed NiAl but led to fiber degradation, with Yb causing the most extensive
fiber damage. Pressure casting is viable to make high fiber volume fraction sapphire-reinforced Ni-
base composites; however, fibers suffer strength loss (about 65 pct. relative to the virgin fiber) due to
chemical attack. The residual fiber strengths are consistent with a Weibull distribution function. Con-
trolling the strength-limiting reactions by matrix modification, use of barrier coatings, and process
control (e.g. reduced temperatures) would permit exploitation of the unique potential of solidification
techniques to design the composites for toughening and strengthening.

Keywords: Zone directional solidification; interfacial shear strength; pressure casting; nickel-base
high-temperature composites; sapphire-reinforced NiAl; fiber push-out test; interfacial reactions; fiber
residual strength.

1. INTRODUCTION

The potential of fiber-reinforced intermetallics and superalloys in advanced high-
temperature applications has been explored for some time now. The aluminides
of Ni, Ti, and Fe, as well as various superalloys have been reinforced with uni-
directionally aligned ceramic fibers, using principally, solid-state fabrication tech-
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266 R. Asthana and S. N. Tewari

niques such as powder metallurgy and diffusion bonding [1–8]. However, conta-
mination of the fiber–matrix interface from oxides on metal powders tends to im-
pair the strength of the interfacial bond in powder-processed composites; besides,
composites that contain a binder for green strength during handling and forming
often show poor interfacial shear strength because of interface contamination from
binder residues. Additionally, substantial mechanical damage to the fibers could
be caused during the solid-state consolidation. Liquid-phase composite fabrication
techniques such as vacuum- and pressure casting [9–12], and directional solidifi-
cation [13–20] have been employed to synthesize intermetallic-matrix composites
such as NiAl, Ni3Al, TiAl and FeAl reinforced with a variety of alumina fibers
(DuPont’s fibers FP and PRD166, Saphikon’s single crystal sapphire, and others).
Likewise, high-temperature superalloys also have been reinforced with both metals
(tungsten fiber [21]) and ceramics (Al2O3 fiber [22]). However, fiber degradation
at elevated temperatures by the matrix, and preform deformation and damage dur-
ing fabrication present difficulties in composite manufacture using the liquid-phase
techniques.

In spite of such problems, liquid-phase techniques are attractive because they offer
greater flexibility in designing the matrix- and interface microstructures than solid-
state consolidation techniques. For example, controlled solidification allows growth
of dual-phase microstructures, single crystals, oriented crystals, and cellular and
dendritic growth morphologies [23–26]. Thus, directional solidification (DS) of
pseudobinary NiAl–X (X could be Mo, W, Cr Fe etc.) eutectic alloys has been used
to create a matrix containing an alignedβ-phase sandwiched between a ductile sec-
ond phase. Likewise, DS of NiAl-rich (hypoeutectic) compositions could be used
to obtain aligned cells ofβ-phase surrounded by thein-situcomposite (DS eutectic)
microstructure created by the solidification of the intercellular eutectic liquid. These
in-situ composites of pseudobinary eutectic compositions significantly improve the
room temperature ductility and toughness [23, 24]. While all such advantages of
solidification techniques can be realized in the ceramic fiber-reinforced composites
also, the issues of fiber–matrix compatibility (wettability, interface strength, and
fiber degradation) must be carefully assessed.

This study focusses on the development of sapphire-reinforced nickel-base com-
posites using the solidification and casting techniques. The emphasis is on how
processing methodology and process variables influence the interface response
as manifested in interfacial shear strength, interfacial decohesion, fiber residual
strength, and interface microstructure and chemistry. In particular, as cast and di-
rectional solidified (DS) sapphire-reinforcedβ-NiAl and its ternary alloys with Cr,
W and Yb, and a pressure cast sapphire-reinforced Ni-base superalloy (Hastelloy)
containing reactive solutes are evaluated and compared with the solid-state (hot-
pressed) composites.
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Sapphire-reinforced Ni-base composites 267

2. EXPERIMENTAL PROCEDURE

2.1. Composite fabrication

2.1.1. Vacuum induction melting (VIM) and gravity casting.Stoichiometric
β-NiAl (equiatomic fractions of Ni and Al, Fig. 1a) and ternary alloys of NiAl
with Cr and W were synthesized using induction melting under a protective, ultra-
high purity (UHP) argon atmosphere, followed by casting in a high purity Cu mold.
Alloying of NiAl was performed by arc-melting master alloy pellets, followed by
remelting and alloying to obtain the desired chemistry. Low fiber volume fraction
(<0.5%) composites were fabricated by laying in a copper mold sapphire fibers with
fiber ends rigidly supported within holes drilled in steel caps, followed by gravity
casting of molten alloy.

2.1.2. Zone directional solidification (DS).NiAl-matrix composites prepared
using both VIM and a ‘powder cloth’ (PC) [2] technique were used as the feed
material for DS in the floating-zone mode (Fig. 1b and c). The zone DS was carried
out in a 30 kW RF induction melting unit which housed a current concentrator for
efficient coupling, and a motorized traverse mechanism which permitted control
of the growth speed. The DS was carried out by creating a floating molten
zone (0.006–0.008 m long) under a 20 kPa positive pressure of UHP argon to
suppress Al loss, and traversing this zone along the specimen at a controlled rate.
The temperature of the floating zone was recorded by using a pair of radiation
pyrometers focussed on two orthogonal surfaces of the molten zone.

2.1.3. Pressure infiltration of composites.Trial runs on vacuum infiltration of
sapphire preforms with NiAl and Ni-base superalloy (hastelloy) were unsuccessful
and led to incomplete infiltration, poor interfacial bonding, and porosity. Subse-
quent runs were made using a pressure infiltration technique. Three different pre-
form fabrication procedures were used:
(a) sapphire filaments were cut to about 0.2 m length, cleaned ultrasonically in

deionized water, and laid unidirectionally with their ends cemented in quartz
capillaries of 300µm internal diameter (I.D.). About 15–20 such fibers with
capillaries attached to fiber ends were inserted in open ended, high-purity,
recrystallized alumina molds (I.D.= 0.006 m, length= 0.20 m). Additional
capillaries were cemented between the fibers near the fiber ends to permit metal
suction and flow;

(b) fibers were bundled and inserted in open-ended recrystallized alumina molds to
achieve tight packing; and

(c) fibers were intermixed with a small amount of NiAl powder to reduce fiber-
to-fiber contact, rolled into bundles, and inserted into alumina molds prior to
infiltration.

Infiltration was performed in a pressure chamber that housed a pair of induction
coils, powered by a generator. Infiltration was carried out in either bottom-fill (fibers
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268 R. Asthana and S. N. Tewari

(a)

(b)

Figure 1. (a) Equilibrium phase diagram of Al–Ni system [26], (b) schematic of zone directional
solidification of sapphire–NiAl composites, and (c) photograph showing molten zone in a test
specimen during the zone DS process, and (d) schematic of pressure infiltration casting technique
used for preform infiltration.

on top, melt at bottom) configuration or top-fill (melt on top, fibers at bottom)
configuration. The infiltration procedure consisted of setting up the preform and
the metal charge in the desired configuration (Fig. 1d), positioning the W–Re
thermocouples at various locations to monitor preform- and metal temperatures,
closing the pressure vessel and purging the chamber with ultra high-purity (UHP)
argon gas followed by evacuation to a vacuum level of about 10−3 torr. The
preform and the metal were heated simultaneously but independently using a pair of
induction coils, until the desired temperatures were reached, whereupon the vessel
was pressurized with UHP argon gas. At the conclusion of infiltration, the chamber
was purged with argon gas to cool the samples. The solidification shrinkage during
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Sapphire-reinforced Ni-base composites 269

(c)

(d)

Figure 1. (Continued).

cooling of composite specimens was fed by use of suitably positioned chills (e.g. in
the top-fill infiltration, a copper chill was placed in contact with the lower (closed)
end of the alumina mold). Trial runs were also made with a graphite susceptor
with tapered walls (with smaller diameter toward the melt and larger diameter
toward the preform). This susceptor design was believed to allow progression of
the solidification front from the bottom toward the top. Chilling was found to be
more effective than use of a tapered susceptor.
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270 R. Asthana and S. N. Tewari

2.2. Characterization

2.2.1. Microstructure and chemistry.Optical- and scanning electron micro-
scopic examinations of composites were carried out following appropriate sample
preparation procedures. The NiAl composite samples were ground, polished and
etched in an aqueous solution of 25% acetic acid and 25% nitric acid. The SEM
examination was carried out in a Cambridge 2000 scope with an EDS attachment.
X-ray and EDS examinations of selected test specimens were done for phase iden-
tification and phase analysis. SEM fractography was used to examine the crack
propagation behavior in the composites during the fiber push-out test. The chemical
analysis of the test specimens was carried out using Inductively Coupled Plasma
(ICP) and wet chemical analysis. The sapphire fibers were extracted from the com-
posite matrix for microscopic examination and residual strength measurements. The
fibers were extracted by dissolving the matrix in a solution of 75% acetic acid, 23%
nitric acid, and 2% hydrochloric acid.

2.2.2. Fiber strength, interface strength and microhardness.The fiber push-out
test set-up [27] records the time dependence of applied load during compresson
of a fiber (embedded in a thin wafer of the matrix) using a flat bottomed punch of
sintered tungsten carbide aligned over the fiber. For this purpose, flat disks or wafers
of composite specimens were first cut, ground and polished to metallographic
surface finish. To examine the effect of disk thickness on the fiber push-out
behavior, disk thicknesses in the range 230 to 720µm were used. The polished disks
were then firmly glued to a steel sample holder having 400µm wide grooves, taking
care to align the fibers over the grooves so as to enable their unobstructed sliding
during the fiber push-out. A motorized traverse mechanism allowed the sample to
be moved toward the stationary punch at a rate of 0.82µm s−1. The load versus
time data were recorded at 50 milliseconds intervals for a period of 3 minutes or
less, and stored in computer files. The acoustic emission response generated during
the fiber push-out was also recorded. Typically, ten to thirty fibers were tested for
a given set of processing conditions, and the load–time data were transformed into
stress–displacement plots as explained in Section 3.2.1. The stress–displacement
profile for each fiber was examined with reference to the decohesion behavior as
revealed in the SEM views of the fracture surface. Several samples were tested
using the interrupted fiber push-out test in conjunction with SEM fractography
to identify the onset of deformation of the disk, and crack initiation and growth
behaviors. For this purpose, all the fibers in a given wafer were ‘tagged’ on
low-magnification photomicrographs for identification, and were examined under
the SEM after stopping the push-out test at two or three different load transitions
during the push-out. The thermal fatigue resistance of as-fabricated composites was
characterized by measuring the interfacial shear strength of the test samples after
thermal cycling in air (500 cycles, 400 K (15 min soak) to 1273 K (10 min soak)).
Additionally, the fiber srength measurements were made on extracted fibers using
an instron frame. A gauge length of 1.27× 10−2 m, a grip distance of 0.114 m and
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Sapphire-reinforced Ni-base composites 271

a cross-head speed of 1.27× 10−3 m min−1 were used. The microhardness profiles
near the fiber–matrix interface were measured using a Buehler microhardness tester
with a knoop indentor and 0.30 kg load.

3. RESULTS AND DISCUSSION

3.1. Chemistry and microstructure

3.1.1. Powder cloth (PC) and gravity cast sapphire–NiAl.The microstructures
of both ‘powder cloth’ (PC) (Fig. 2a) and gravity-cast specimens consisted of a fine
NiAl grain structure, and some interfacial- and matrix porosity due either to incom-
plete sintering (in the PC specimens), or inadequate wetting between the fiber and
the NiAl matrix (in the gravity cast specimens). In gravity-cast sapphire–NiAl(Cr)
and sapphire–NiAl(W) specimens, however, interfacial bonding was better. As the
fiber volume fraction was low (<0.5%) in the gravity-cast test composites, metal
penetration of interfibers spaces did not present a major problem.

3.1.2. Zone directional solidification (DS).

3.1.2.1. DS optimization. Both as-cast (AC) and powder-cloth (PC) feedstocks
were used for ‘floating zone’ directional solidification (DS). Melt temperature was a
critical parameter for zone stability and fiber integrity during the DS; a temperature
of 2033 K led to fiber breakage and specimen deformation, whereas a temperature
of 1993 K was near optimum, and did not lead to appreciable change in the shape of
the composite feedstock specimen (Fig. 2b). During floating zone DS with the help
of an induction heater, an axisymmetric electromagnetic field pushes the melt zone
toward the center of the flux concentrator, and extensive convection is caused by the
eddy currents. While the fibers dampen fluid convection and reduce the tendency
for the sample shape distortion, vigorous convection caused by a departure from the
optimum zone temperature increases the tendency for fiber fragmentation and zone
instability.

3.1.2.2. Sapphire–NiAl. The directional solidification (DS) of powder cloth
(PC) and as cast (AC) feedstocks led to large columnar grains (Fig. 2g) aligned along
the growth direction; the average matrix grain sizes in the PC and DS specimens
were approximately 50µm and 1000µm, respectively. In the DS specimens, grain
boundaries appear to migrate past the fibers (Fig. 2d), leading to fibers that are
either anchored to a few (two-to-three) grain boundaries, or are completely engulfed
within the grain interior (Fig. 2c–f). The fibers anchored at grain boundaries in the
DS specimens are termedGB fibers, whereas the fibers that are embedded within the
grain interior are termedGI fibers. The progressive elimination of grain boundaries
from the fiber vicinity suggests that the zone DS technique could potentially allow
growth of single crystal NiAl-matrix composites reinforced with ceramic fibers for
both toughening (from single crystalline matrix) and strengthening (from fibers).
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272 R. Asthana and S. N. Tewari

(a)

(b)

Figure 2. Photomicrographs showing (a) powder-cloth (PC) sapphire–NiAl composite used as a
feedstock for zone DS, (b) directional solidified (DS) sapphire–NiAl composite bar, (c) and (d) DS
microstructure showing fibers engulfed within theβ-NiAl grains (GI fibers), and fibers anchored at
grain boundaries (GB fibers) in the DS specimens made from (c) PC feedstock, and (d) gravity-cast
low fiber volume fraction (<0.5%) feedstock, (e) and (f)β-NiAl grain structure in the vicinity of a
sapphire fiber in the (e) PC, and in the (f) DS specimens, and (g) columnarβ-NiAl grains in a DS
specimen.

The melt convection in the floating zone leads to some fiber breakage in the DS
specimens just as the hot consolidation of solid-state powder-cloth (PC) composites
results in fiber damage (Fig. 3).
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Sapphire-reinforced Ni-base composites 273

(c)

(d)

Figure 2. (Continued).

3.1.2.3. Sapphire–NiAl(Cr). The composition (in wt%) of NiAl(Cr) matrix to
5% relative accuracy is 28.2Al–11.4Cr–60.2Ni; the average oxygen concentration
is about 300 ppm. The NiAl(Cr) phase diagram (Fig. 4a) suggests formation
of NiAl–Cr eutectic which is seen in the cellular microstructure of the DS test
specimens, with the eutectic residing in the intercellular regions. Chromium
preferentially precipitates onto the fibers (Fig. 4b) and appears well bonded to the
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274 R. Asthana and S. N. Tewari

(e)

(f)

Figure 2. (Continued).

fiber (Fig. 4c). The chromium precipitates present within the NiAl cells form by the
solid-state precipitation from the supersaturated NiAl matrix upon cooling.

The extracted fibers show evidence of chemical attack in the form of pits (Fig. 4d)
which would serve as local stress raisers and sites for premature fiber failure. The
critical size,c, at which a surface flaw extends into a damaged fiber is related to the
fiber tensile strength,σf , by [4, 28],σf = 0.893[EfGc/πc]0.5 whereEf is the fiber
modulus, andGc(= K2

Ic/Ef ) is the strain energy release rate of fiber. For single
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Sapphire-reinforced Ni-base composites 275

(g)

Figure 2. (Continued).

crystal alumina,KIc ≈ 2.38 MPa m0.5 [4], Ef = 435 GPa,σf = 2.7 GPa [29],
so that the critical flaw sizec is obtained as 0.2µm. As the critical flaw size is
quite small, the surface pits on the sapphire from chemical attack (Fig. 4d) could
become strength-limiting. It is noteworthy that, in the solid-state processed NiAl-
and superalloy composites also, the strength of sapphire degrades by almost 50% or
more [4, 5, 8].

3.1.2.4. Sapphire–NiAl(W).The composition of the NiAl(W) matrix is: 31.4Al–
1.5W–67.4Ni and 300 ppm oxygen. Large columnar NiAl grains characterize the
structure of the DS material; however, unlike the chromium precipitates in the di-
rectional solidified (DS) NiAl(Cr), the tungsten-rich particles do not preferentially
precipitate onto the fiber surface (Fig. 4e), suggesting a relative lack of chemical
affinity of tungsten toward Al2O3. The fiber–matrix interfaces are clean, and no
gross fiber damage appears to have occurred.

3.1.2.5. Sapphire–NiAl(Yb).The average grain sizes of the powder cloth (PC)
and directional solidified (DS) NiAl(Yb) specimens were 80µm and 230µm,
respectively. The chemical and X-ray phase analyses of composite specimens are
given in Table 1. Extensive chemical attack of fibers by the matrix appears to have
taken place in both the PC and DS specimens (Fig. 5c and d) in contrast to the fibers
in the DS NiAl–sapphire specimens without Yb (Fig. 5a and b), where no evidence
of chemical attack was noticed at comparable magnifications. The extent of attack
in the NiAl(Yb) composites increased after directional solidification (DS), and led
to a multiphase interlayer together with excessive fiber surface reconstruction. The
Al, O, and Yb images on fibers extracted from the NiAl(Yb) matrix are shown in
Fig. 5e–h. The oxide of Yb (Yb2O3) is stabler than Al2O3, and a reaction between
the sapphire and ytterbium is expected from the thermodynamic considerations (the
free energies of formation of Yb2O3 and Al2O3 are−1727.5 kJ mol−1 and−1583.1
kJ mol−1, respectively). The reaction products identified using the phase analysis
were Yb2O3 and Yb3Al5O12 [14, 16]. Figure 6 shows the various interfacial reaction
product phases that formed in the PC and DS NiAl(Yb) specimens. The Ni and Al

D
ow

nl
oa

de
d 

by
 [

Si
au

liu
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 0
7:

12
 1

7 
Fe

br
ua

ry
 2

01
3 



276 R. Asthana and S. N. Tewari

(a)

(b)

(c)

Figure 3. Fiber breakage during composite fabrication in the PC and in the DS processes: (a) powder-
cloth specimens, (b) zone DS specimen, and (c) frequency histogram for fiber length distribution in
the DS specimen.

contents of the NiAl(Yb) matrix did not change during processing, but a near 50%
reduction in the amount of Yb occurred after DS (Table 1) [14, 16].

3.1.3. Pressure infiltration of sapphire-hastealloy composites.

3.1.3.1. Process optimization.The counter-gravitational (bottom-fill) infiltration
generally led to unsound castings even at pressures as high as 3.5 MPa with evidence
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Sapphire-reinforced Ni-base composites 277

(a)

(b)

Figure 4. (a) Pseudobinary NiAl–Cr phase diagram [26], (b) DS microstructure of a
sapphire–NiAl(Cr) specimen showing interfacial segregation of Cr onto the fibers, (c) cellular mi-
crostructure of DS sapphire–NiAl(Cr) specimens showing intercellular eutectic, and good interfa-
cial bonding between Cr precipitates and sapphire fiber, (d) fiber pitting and adhesion of Cr pre-
cipitates to the fiber on the surface of an extracted sapphire fiber, and (e) microstructure of a DS
sapphire–NiAl(W) specimen made from gravity cast feedstock (fiber vol. fr.< 0.5%).
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278 R. Asthana and S. N. Tewari

(c)

(d)

Figure 4. (Continued).

of fiber clumping, deformed casting, and incomplete infiltration. On the other
hand, the top-fill infiltration yielded sound castings with good metal penetration
of interfiber spaces even at lower infiltration pressures. The amount of metal in the
crucible had to be carefully controlled; both inadequate and excess metal resulted
in incomplete infiltration. In one bottom-fill infiltration run, the charge melted,
overflowed the side of the alumina crucible and filled the annulus between the
susceptor and the crucible; as a result, the alumina crucible floated up and blocked
the passage of the metal into the preform (which resided in an alumina tube) when
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Sapphire-reinforced Ni-base composites 279

(e)

Figure 4. (Continued).

Table 1.
Chemical composition and phase analysis of sapphire–NiAl composites

Material Ni (atom %) Al (atom %) Yb (atom %) Phases present

PC NiAl 49.9 50.1 — NiAl and Al2O3
DS NiAl 50.3 49.7 — NiAl and Al2O3
PC NiAl(Yb) 62.1 36.8 0.36 NiAl, Al2O3, Yb2O3, and Yb3Al5O12
DS NiAl(Yb) 62.5 36.4 0.19 NiAl, Al2O3, Yb3Al5O12, Ni3Al

pressure was applied to initiate the infiltration. In this case, no metal penetrated
the fiber bundle. With bottom-fill infiltration, fast pressurization usually led to
mold cracking and loss of pressure differential; only slow or stepped infiltration
(in steps of about 80 kPa per second) prevented mold cracking. In the top-fill
configuration, infiltration was less sensitive to the rate of pressurization; slow,
fast and stepped (interrupted) pressurization all yielded good infiltration. Rapid
pressurization also tends to chill the metal surface thereby making infiltration more
difficult to accomplish. Post-infiltration cooling was a critical factor; a rapid surge
of Ar led to mold cracking, loss of liquid from partially solid casting, and/or stress
cracks in the casting, whereas slow cooling achieved by a controlled decrease of
power to about 800◦C, followed by a cold blast of Ar eliminated such defects.

3.1.3.2. Microstructure and chemistry.The matrix alloy composition in the
sapphire–hastealloy specimens was (in wt%) 47.5Ni, 21.5Cr, 17.8Fe, 8.3Mo,
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(a)

(b)

Figure 5. Photomicrographs showing sapphire fibers extracted from (a) and (b) zone DS
sapphire–NiAl, (c) powder-cloth (PC) sapphire–NiAl(Yb), and (d) and (e) DS sapphire–NiAl(Yb)
showing complex multiphase surface structure; (f) through (h) show (f) O image, (g) Al image, and
(h) Yb image of the zone DS fiber of Fig. 5d.

1.7Co, 0.3Mn, 0.4Si, 0.2Al, 0.1Cu, 0.4Nb, 0.06Ti, 0.08C and 0.02 oxygen.
Figure 7 shows fiber distribution and the fiber–matrix interface in a typical
sapphire–hastelloy composite specimen synthesized using the pressure infiltration
casting technique. The SEM examination of specimens showed that fiber distrib-
ution influenced the extent of chemical attack; regions with a high fiber packing
density (small fiber spacing) exhibited little fiber damage whereas regions where
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(c)

(d)

Figure 5. (Continued).
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(e)

(f)

Figure 5. (Continued).
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(g)

(h)

Figure 5. (Continued).
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(a)

(b)

Figure 6. (a) Interfacial reaction zone in a DS sapphire–NiAl(Yb) composite, and (b) and (c) SEM
views of the interfacial zone in (b) powder-cloth (PC) specimen and (c) zone DS specimen showing
different phases at the interface (A: O-rich NiAl, B: Yb3Al5O12, C: Yb2O3, D: NiAl). The fluoride
compound (YbF) marked in the figure formed due to reaction with fluoride-based binders used in the
powder-cloth feedstock specimen.

a relatively large pool of metal was in contact with the fibers (large fiber spac-
ing), significant fiber damage due to interfacial reactions was observed. In other
words, extensive fiber damage occurred in fiber-impoverished regions where fibers
were surrounded by a relatively large area of the matrix whereas less fiber dam-
age occurred in fiber-rich areas. This difference is presumably due to the smaller
amounts of reactive solutes in fine pores between tightly packed fibers and a rela-
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(c)

Figure 6. (Continued).

tively smaller sink for the diffusion of solutes released by reactions in such pores.
The fiber damage was believed to be caused due to a chemical reaction between
sapphire and the reactive solutes in the matrix such as chromium (also observed in
sapphire–NiAl(Cr) composites [12, 13]). The extracted fibers were very brittle and
difficult to handle, and in fact, only a relatively small number could be recovered
for residual strength testing.

3.2. Interface strength and decohesion behavior

3.2.1. Sapphire–NiAl composites.The fiber push-out test has been used to
measure interface strength in a variety of fiber-reinforced materials such as SiC/Ti,
glass/TiAl, sapphire/Nb, sapphire/NiAl and SiC/Si3N4 composites [30–45]. In
this test, a fiber embedded within a matrix is loaded in compression using a
microindentor, and the load required for interfacial debonding and sliding is
measured as a function of the displacement. The interfacial shear stress,τ ,
is then calculated from the relationshipτ = load/πDt , where D is fiber
diameter (130µm), andt is the disk thickness. In the present study, the stresses
corresponding to the three load transitions shown in Fig. 8a were considered
important to characterizing the fiber–matrix interface strength. These stresses
are: τp (proportional shear stress),τm (maximum shear stress), andτf (frictional
shear stress). Table 2 and Figs 8 and 9 present interfacial shear strength data and
microstructure of debonded interfaces from the fiber push out tests performed on
the as cast (AC), powder-cloth (PC) and directional solidified (DS) composites used
in this study.

Figure 8b and c show debonded interfaces in the directional solidified (DS)
specimens in the region of displaced fibers that were originally anchored at grain
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(a)

(b)

Figure 7. Transverse views of a pressure cast sapphire–hastelloy composite specimen showing fiber
distribution in the matrix: (a) low magnification view and (b) higher magnification view showing the
interface.
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(a)

(b)

Figure 8. (a) Schematic load–time profile in a fiber push-out test showing pseudoelastic deformation
region (A), the inelastic region (B), and frictional region (C). Also shown are the stress transitions in
the load–time profile:τp = proportional shear stress,τm = maximum shear stress,τf = frictional
shear stress, (b) front-face view of the debonded interface at a GB-fiber in a DS sapphire–NiAl
specimen (note the interfacial porosity from the binder residues of PC feedstock, and interfacial
cracking at the grain boundary during push out), (c) front-face view of the debonded interface at a
GI-fiber in a DS sapphire–NiAl, and (d) pseudoelastic deformation of test wafers at 1.37 N load
in the regions of PC-, GB- and GI-fibers at various wafer thicknesses (1.37 N is the smallest load
corresponding toτp in the experiments).

boundaries (GB fiber) and the fibers that resided within the NiAl grains (GI fiber).
Figure 9e–g show histograms for the interfacial shear strengthsτp, τm, andτf for
fibers in the DS and PC test specimens at various values of the disk thickness-to-
support span ratio (t/h), wheret is the thickness of the disk andh is the support
span width (∼400µm) on the specimen holder that was used in the fiber push-out
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(c)

(d)

Figure 8. (Continued).

test. The proportional shear stress (τp) which signals the onset of debond initiation
is greater for the DS composites (84± 40 MPa) than the PC composites (30±
14 MPa). Also significant is the difference in the proportional shear stress values
for the fibers residing within the NiAl grains (GI fibers) and those anchored at a
few grain boundaries in the DS material (GB fibers). The meanτp (97± 39 MPa)
of the GI fibers is greater than theτp (82± 32 MPa) of both the GB fibers and the
fibers in the powder cloth (PC) specimens (30± 14 MPa). The interfacial bond is,
therefore, strongest for the fibers located within the NiAl grains of the DS specimens
(GI fibers) and weakest for the fibers in the powder-cloth (PC) specimens. The large
number of grain boundaries coincident on the fibers in the PC specimens lead to easy
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Figure 9. Typical load–time profiles of the fiber push-out test on (a) DS sapphire–NiAl and (b) DS
sapphire–NiAl(Yb) specimens (note the frictional load undulations during sliding of debonded fibers
in the DS NiAl(Yb) material), (c) through (g) are frequency histograms for (c) and (d) proportional
shear stress,τp, (e) and (f) maximum shear stress,τm, and (g) frictional shear stress,τf (data are
shown separately for thick (t > 350 µm) and thin (t < 350 µm) discs, except for theτf which
was independent of thickness), and (h) fiber push-out data on NiAl- and NiAl(Yb) matrix composites
plotted as stress drop (τm − τf ) versus the maximum shear stress,τm.

nucleation of cracks and correspondingly lowestτp values. On the other hand, GI
fibers had no coincident grain boundaries to assist crack nucleation and decohesion.

The fiber push-out behavior is influenced by the disk thickness; thin disks bend
prior to debond initiation. When the pseudoelastic displacements are plotted
(Fig. 8d) as a function of disk thickness at a constant load (which corresponds
to the lowest measured proportional shear load of 1.37 N), a pronounced disk
thickness dependence and a large dispersion in the data are seen for the fibers in
the powder cloth (PC) specimens at small (t < 350 µm) disk thicknesses. On
the other hand, the fibers residing within the interior of the NiAl grains in the DS
specimens (GI fibers) do not show any measurable disk thickness dependence over
the range of thicknesses examined in the study. The interfacial debonding of fibers
in the PC specimens (PC fibers), and of fibers anchored at grain boundaries in the
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(c)

(d)

Figure 9. (Continued).

DS specimens (GB fibers) is assisted by the cracking of the matrix grain boundaries
coincident on the fibers (Fig. 8b). On the other hand, the fibers within the grain
interior (GI fibers) debond without any front-face cracking (Fig. 8c), although fine
interfacial cracks form in the matrix on the backfaces where the bending of the
disk induces tensile stresses. In the DS specimens, interfacial porosity is seen in
the region of displaced fibers (Fig. 8b and c); this porosity formed possibly due
to reactions between the binder residues of the PC feedstock that was used for
the zone directional solidification. The directional solidification (DS) of samples
made from a cast rather than a powder cloth (PC) feedstock [13] did not show such
interfacial microvoids and led to higherτp values (142± 37 MPa). The NiAl matrix
in the region of displaced fibers shows evidence of microplastic grooving by fiber
asperities.
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(e)

(f)

Figure 9. (Continued).

Whereas front- or back face cracks atτp were not detected during the fiber push-
out test, a strong acoustic emission (AE) signal was generally observed in the
vicinity of the proportional shear stress,τp. On the other hand, fiber push-out tests
interrupted atτm showed that the test specimens had extensive interfacial front- and
back face cracking around those fibers that were anchored at grain boundaries in the
PC and DS specimens (the fibers pinned at grain boundaries also showed frequent
circumferential decohesion on back faces). On the other hand, fibers that resided
within the NiAl grains (GI fibers) did not show front-face interfacial damage, but
partial debonding and fine radial cracks were observed on the back faces atτm

(Fig. 10a). There were also instances where the fiber fracture preceded debond
initiation and propagation as shown in the photomicrographs of Fig. 10b and c.
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(g)

(h)

Figure 9. (Continued).

The as-cast (AC) specimens, the DS specimens, and the DS specimens that were
subsequently thermal cycled (termed the DS+ TC specimens) exhibited higher
interfacial strengths than the powder cloth (PC) composites containing the organic
binders as seen in Table 1. The thermal cycling (TC) consisted of 500 cycles
in air in the temperature range 400 K to 1273 K. As matrix- and fiber fracture
was not observed after thermal cycling, the residual stresses were presumably
accomodated by matrix plasticity (these stresses could be as high as 900 MPa [13],
significantly greater than the yield strength of the matrix, 380 MPa). In the
directional solidified (DS) specimens, and in the DS specimens that were thermal
cycled (DS+ TC specimens), catastrophic debonding occurred in contrast to the as
cast (AC) specimens which showed muiltiple step drops in the debond stress due
possibly to incremental failure at grain boundaries coincident on the fiber surface.
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(a)

(b)

Figure 10. (a) Interfacial decohesion and radial cracking at the maximum shear stressτm on the
backface of a GI-fiber in the DS sapphire–NiAl test specimen, (b) and (c) fiber fracture prior to debond
initiation and sliding in the DS specimen, (d) front face view- and (e) back face view of debonded
interface in a DS NiAl(Yb) test specimen, (f) debonded interface in DS NiAl(Cr) specimen showing
Cr precipitation and microplastic grooving of the matrix by fiber asperities, (g) front-face view of a
debonded fiber in a DS NiAl(Cr) matrix showing interfacial cracking through intercellular eutectic,
(h) back-face view- and (i) front-face view of a debonded fiber in a DS–NiAl(W) test specimen.
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(c)

(d)

Figure 10. (Continued).

The thermal and mechanical stresses are not uniform over the embedded fiber length
and are sensitive to test configuration (e.g. tot/h ratio, wheret = disk thickness
andh = support span).

The frictional shear stress values for fibers in the powder cloth (PC) specimens,
and for the GB fibers and GI fibers in the DS specimens in thin (<300µm) disks
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(e)

(f)

Figure 10. (Continued).

were 20± 13 MPa, 42± 23 MPa, and 19± 9 MPa, respectively. Similarly, the
averageτf values for fibers in the PC specimens, and for the GB- and GI fibers in
thick (>300µm) disks were 22± 9 MPa, 28± 15 MPa, and 32± 11, respectively.
The relative independence of frictional stress to microstructure surrounding the
fibers (i.e. whether the fiber is within the grain or anchored to grain boundaries)
suggests that once the fibers are debonded from the matrix, processing history and
matrix structure do not affect the stress required for sliding.
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(g)

(h)

Figure 10. (Continued).

3.2.2. Sapphire–NiAl(Yb) composites.In these composites, the stress drop
during fiber push-out was gradual rather than abrupt beyond the maximum load;
also, large scale fiber sliding exhibited pronounced stress undulations in the
frictional regime (Fig. 9b). These undulations are due to the extensive fiber surface
reconstruction from chemical attack of the sapphire by the rare earth element
ytterbium (Fig. 9d and e). In contrast, the NiAl-matrix composites showed relatively
small stress undulations (Fig. 9a). A gradual stress drop has been reported also
in the reactive sapphire–Ti–48Al–2Cr–2Nb system where chemical attack of the
fiber led to extensive surface roughening. The debond stresses are higher in the
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(i)

Figure 10. (Continued).

PC- than in the DS NiAl(Yb)-matrix composites in contrast to the behavior of
PC and DS sapphire–NiAl composites without ytterbium alloying (the averageτm

values for PC and DS NiAl(Yb) specimens are 205± 69 MPa and 67± 44 MPa,
respectively, compared to 30± 16 MPa and 138± 62 MPa for the unalloyed PC
and DS composites). Matrix and interfacial cracking, and shrinkage porosities
in the DS composites decreased the interfacial shear strength in comparison to
the PC sapphire–NiAl(Yb) composites. The frictional stress of PC and DS
NiAl(Yb) specimens is larger than that of unalloyed NiAl-matrix composites, and
the frictional stress (126± 16 MPa) of PC specimens is larger than that of the
DS specimens (53± 41 MPa). The fiber- and matrix interfaces in the regions of
displaced fibers (Fig. 10d and e) show evidence of extensive fiber roughening from
chemical attack.

Fiber sliding occurs by geometrical decorrelations of the fiber and matrix asper-
ities at the mating interface; this results in a radial clamping pressure that varies
with the sliding distance and with the wavelength and amplitude of the asperity
mismatch at the interface. The modulation of the sliding stress due to interfacial
roughness has been modeled theoretically in studies that considered growth-related
surface flaws in the virgin fiber. However, the growth-related surface flaws on fibers
are expected to be geometrically more ordered than the flaws resulting from chemi-
cal attack of the fiber surface. As a result, the theoretical calculations of the sliding
stress in the latter case is far more difficult. In any case, it must be noted that in
brittle-matrix composites, the roughness-induced interfacial shear stress, especially
the radial stress, will influence the interface debonding behavior as also the fric-
tional sliding stress of the fibers and the fiber pull-out length.
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The shear stressesτp, τm andτf were measured over a fairly wide range of (t/h)
ratios (t/h = 0.5 to 1.8). Figure 9h plots the stress drop at the maximum load
(τm − τf ) versusτm for the NiAl and NiAl(Yb) composites (see Fig. 8a). Each data
point on plots of Fig. 9h represents a test on a separate fiber in a given specimen, or
on a fiber from a different test specimen of identical material. This figure shows that
the stress drop (τm − τf ) increases roughly linearly withτm for (t/h) varying from
0.50 to 1.80; the frictional shear stress,τf , is therefore independent of the embedded
length of the fiber.

3.2.3. Sapphire–NiAl(Cr) composites.The proportional shear stress,τp, of as-
cast (AC) and directional solidified (DS) NiAl(Cr) composite specimens is higher
than that of the as-cast (91± 60 MPa) and DS NiAl without Cr (78± 32 MPa)
(Table 2). After thermal cycling, theτp for both DS NiAl and DS NiAl(Cr) were
similar (146± 40 MPa for NiAl(Cr) and 142± 37 MPa for NiAl), respectively.
The mean values of the maximum shear stress,τm (at which complete debonding
takes place) for the cast and DS NiAl(Cr) specimens are> 154± 55 MPa and
> 155±41 MPa compared to the values of 133± 79 MPa and 62 to>182 MPa for
the cast and DS NiAl specimens without Cr, respectively. After 500 thermal cycles
in the temperature range of 400 K to 1273 K, the mean value of the maximum shear
strength,τm, for AC NiAl(Cr) (considering only the fibers that could be pushed
within the loading limit of the machine) decreased from 154± 55 MPa to 104±
38 MPa whereas it increased from 155± 41 MPa to 174± 40 MPa in the case of
DS specimens. In contrast, the meanτm for NiAl–sapphire was approximately the
same before and after thermal cycling (TC).

The mean frictional shear stress values,τf , for the as-cast (AC) NiAl(Cr) speci-
mens and cast NiAl(Cr) specimens that were subsequently thermal cycled (AC+
TC) are 72± 39 MPa and 43± 27 MPa respectively, whereas the mean values of
τf for the DS and the (DS+ TC) specimens are 72± 35 MPa and 91± 41 MPa,
respectively. These values for the NiAl(Cr)-matrix composites are higher than the
frictional shear stress values of the as-cast (AC) NiAl specimens, cast and direc-
tional solidified (AC+ DS) NiAl specimens, powder cloth (PC) NiAl specimens,
and directional solidified powder cloth feedstock (PC+DS) NiAl specimens. How-
ever, these friction stress values are lower thanτf values for the as processed powder
cloth (PC) sapphire–NiAl(Yb) composites, and the sapphire–NiAl(Yb) compos-
ites that were heat-treated (HT) in the solid-state below the alloy liquidus. In the
sapphire–NiAl(Cr) specimens, the chromium precipitates decorate the debonded
interfaces and cause matrix grooving during fiber sliding (Fig. 10f); the wear tracks
due to fiber sliding are about the same size as Cr precipitates (in contrast, the
debonded surfaces were clean and devoid of second phase precipitates in unalloyed
NiAl specimens, consistent with the lower frictional stress of these materials). In
the sapphire–NiAl(Cr) composites, the fracture path in the composite during fiber
push out is predominantly through the intercellular eutectic (Fig. 10g).
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The mismatch of the coefficients of thermal expansion (CTE,α) between NiAl
and alumina [αsapphire= 9.5 × 10−6 K−1 andαNiAl = 15× 10−6 K−1] is large
and results in thermal clamping stresses which are compressive on the fiber and
tensile in the surrounding matrix. The large compressive radial stresses created
by the thermal clamping over the fiber length tend to increase the magnitude of
fiber debond stress during the fiber push out. The thermal clamping stresses are
expected to be lower in DS NiAl(Cr) than in DS NiAl, since chromium, which
forms an interlayer on the fiber surface, has a lower CTE (αCr = 6.2× 10−6 K−1)
than NiAl (αNiAl = 15× 10−6 K−1). The CTE mismatch between the NiAl–Cr
eutectic interlayer and the sapphire fiber (αsapphire= 9.5×10−6 K−1) and the thermal
stresses arising from the CTE mismatch, will be lower in the NiAl(Cr) compared
to the NiAl. The higher interfacial shear strengths observed in the AC and DS
sapphire–NiAl(Cr) compared to the AC and DS sapphire–NiAl are, therefore, not
simply due to thermal clamping and possibly represent the true effects of chemical
modification of the fiber–matrix interface by alloying. This is consistent with other
studies [46, 47] which show that the wetting angle and the ‘push-off’ strength of
solidified sessile-droplets of nickel on sapphire are improved by the addition of Cr
to Ni.

Limited thermal cycling of the NiAl and NiAl(Cr) specimens did not appreciably
impair the interface strength (the compliant layer of Cr did not lose its effectiveness
due to thermal cycling). However, as thermal cycled samples of NiAl and NiAl(Cr)
had low fiber volume fractions (<0.5%), they may not reflect the thermal fatigue
resistance of real composites having high fiber volume fraction.

3.2.4. Sapphire–NiAl(W). These composites exhibited higher proportional shear
strength,τp, than the unalloyed sapphire–NiAl composites; however, the maxi-
mum shear stress,τm, of directional solidified (DS) sapphire–NiAl(W) specimens
is higher than DS NiAl but lower thanτm of both DS NiAl (>182 MPa) and DS
NiAl(Cr) (174 ± 40 MPa). No interfacial excess of tungsten-rich precipitates is
observed on the fibers with up to 1.5 wt% W addition to NiAl. The frictional
shear stress in the NiAl(W) matrix composites was generally lower than that in
the sapphire–NiAl(Cr) and sapphire–NiAl(Yb) composites, and was comparable
to the frictional shear stress in the sapphire–NiAl composites without any alloying
additions. The debond interfaces in all sapphire–NiAl(W) specimens were gener-
ally clean but showed wear tracks resulting from fiber surface asperities (Fig. 10h
and i).

3.3. Fiber strength

3.3.1. Sapphire–hastealloy composites.The sapphire fibers in this alloy suf-
fered a severe loss of strength. The extracted fibers were very brittle and difficult
to handle. The fiber strength data were analyzed using a two-parameter Weibull
distribution function [14] of the form: F(σ ) = 1− exp(ασ β), where F(σ ) is the
failure probability of a fiber of strength,σ , andα andβ are the scale parameter,
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(a)

(b)

Figure 11. (a) Weibull plots of distribution of room temperature tensile strength of as-received
sapphire fibers, and fibers extracted from pressure cast sapphire–hastelloy composites. Mean Weibull
strength: 904 MPa, standard deviation: 562 MPa, coefficient of variation: 62 pct, (b) microhardness
distribution in the vicinity of fiber–matrix interface in the sapphire–NiAl and sapphire–NiAl(Cr)
specimens (AC: as cast, DS: directional solidified, TC: thermal cycled).
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(b)

Figure 11. (Continued).

and Weibull modulus, respectively. A Weibull distribution plot of the residual fiber
strength data collected in this study is shown in Fig. 11a. The fiber strength will fol-
low a Weibull distribution if a plot of ln ln((N+1)/(N+1− i)) versus lnσ is linear
which is roughly the case in the present situation (Fig. 11a). A least squares fit of
the data yielded the equation of straight line asy = 1.7479x −12.0997. The values
of the Weibull scale parameter,α, and Weibull modulus,β, are 5.561× 10−8 and
1.7479, respectively. The Weibull mean strength,σ , standard deviation,s, and the
coefficient of variation,CV, are 904 MPa, 562 MPa and 62.2%, respectively. There
was on an average 65% decrease in the fiber strength after pressure casting; the as-
received fiber strength is about 2.7 GPa [11] whereas the strength of extracted fibers
(average of seventeen tests) is 0.904 GPa. Extensive chemical attack of polycrys-
talline as well as single crystal alumina fibers also has been noted in pressure cast
and powder-processed Fe- and Ni- base intermetallic-matrix composites [7, 8]. The
degradation of strength of single crystal sapphire (SaphikonTM) fibers in ‘powder-
cloth’ processed FeCrAlY, FeCrAl, Cr, FeAl and NiAl matrix composites is in the
range of 45% to 60% [5, 6], whereas strength degradation in pressure cast Ni3Al–Ti
matrix composites is reported to be 67% [8]. The distribution of residual strength of
extracted fibers in all such composites is roughly consistent with the Weibull statis-
tics. It is noteworthy that the damaged fibers are not likely to yield any strengthen-
ing. A judicious selection of matrix alloy chemistry, use of reaction barrier coatings
and control of processing conditions (e.g. lower temperatures) will likely promote
wetting and interfacial bonding while minimizing the strength loss in the reinforce-
ment from chemical attack.
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3.4. Microhardness

The microhardness profiles for the NiAl and NiAl(Cr) specimens are shown in
Fig. 11b and c. In the as-cast (AC) state, the hardness values for NiAl(Cr)
(501 KHN) and NiAl (513 KHN) are comparable. In the DS state, a hardness
gradient is noticed; at about 175µm from the interface, the hardness gradient is
roughly zero. The bulk hardness is somewhat higher in the DS NiAl (400 KHN) than
the DS NiAl(Cr) (333 KHN). The thermal cycling reduces the hardness gradient
and the hardness of DS NiAl (from 400 KHN to 300 KHN) but does not affect
the hardness of DS NiAl(Cr) specimens (in fact, a slight increase is noted, from
333 KHN to 360 KHN, for the DS NiAl(Cr)).

In summary, this study focussed on the response of the fiber–matrix inter-
face in sapphire-reinforced nickel-base high-temperature composites to processing
methodology, selected process and material variables (temperature, composition,
grain structure), and test variables (disk thickness in the fiber push-out test). In
particular, interface microstructure and chemistry, interface strength, deformation
and fracture behaviors during the fiber push-out test, fiber residual strength, and mi-
crohardness data were reported for sapphire-reinforced nickel aluminide, and a Ni-
base superalloy synthesized using one or more of the following techniques: powder
cloth process, vacuum induction melting and chill casting, floating zone directional
solidification, and pressure infiltration casting. The results highlight the feasibil-
ity of designing the composite microstructure by the solidification techniques in
these high-temperature composites, yielding improved interfacial shear strength and
toughening potential resulting from microstructure design provided that adequate
wettability is achieved without appreciable fiber degradation and strength loss.

4. CONCLUSIONS

1. The ‘floating-zone’ directional solidification (DS) of sapphire–NiAl compos-
ites creates large columnar grains oriented along the fiber axis, with fibers either
embedded within the matrix grains or anchored at one-to-three grain bound-
aries; the progressive elimination of grain boundaries by DS suggests potential
to grow single crystal NiAl matrix reinforced with sapphire fibers for improved
strength and toughening. The Powder Cloth (PC) and as-cast specimens show
fine equiaxed grain structure with some porosity; the DS of PC feedstock spec-
imens led to appreciable interfacial porosity due to binder residues compared
to as-cast (AC) specimens.

2. Alloying NiAl with the rare earth element ytterbium leads to a severe chemical
attack and extensive reconstruction of the fiber surface; the extent of attack
is greater in directional solidified (DS) composites than in Powder Cloth
(PC) composites. The products of reaction are Yb2O3, Yb3Al5O12, and O-
enriched NiAl matrix. The fiber–matrix interfacial shear strength of the
sapphire–NiAl(Yb) composites is considerably greater than the strength of all
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other sapphire-reinforced NiAl matrix composites examined in this study. The
interfacial roughening due to chemical attack of sapphire by Yb resulted in a
very large post-debond sliding stress. However, the high interfacial strength is
achieved at the expense of the fiber surface quality.

3. The stress–displacement profiles during fiber push out display three stress
transitions characterized by the proportional shear stress (τp) near the onset
of debond initiation, maximum shear stress (τm) at which complete debonding
takes place, and frictional shear stress (τf ) for the sliding of debonded fibers
through the matrix. A strong acoustic emission response was usually detected
near the stressτp. The deformation and fracture behaviors of all composites
at these stresses are sensitive to processing methodology, matrix composition,
grain structure, and the ratio of the test specimen thickness (t)-to-support span
width (h) during fiber push-out. Thick (t/h > 0.75) test specimens exhibit
an abrupt stress drop atτm, whereas thin (t/h < 0.75) specimens exhibit a
continuous rather than abrupt drop in stress atτm. The pseudoelastic bending of
test specimens during the fiber push-out is small att/h > 0.75−1.0, with fibers
embedded within the NiAl grains in the directional solidified (DS) composites
exhibiting least sensitivity to disk thickness at all (t/h) values.

4. The matrix grain boundaries (g.b.) anchored on the fibers serve as crack
initiation sites during fiber push out. This is borne out by the fact that only
the fibers pinned at grain boundaries in DS specimens, and all the fibers in the
powder cloth (PC) specimens exhibited low interfacial shear strengths as well
as front- and back-face interfacial cracks atτp. On the other hand, all the fibers
engulfed within the NiAl grains in the directional solidified (DS) specimens led
to significantly higher interface strength and exhibited interfacial decohesion
and radial cracks only at specimen back-faces at stresses close to the maximum
shear stress,τm. The maximum debond stresses were the highest for the fibers
engulfed within the grains in the DS (and as cast) specimens, followed by
the fibers pinned at grain boundaries in the DS specimens, and the fibers in
the powder cloth (PC) composites. This suggests that matrix polycrystallinity
influences the measurements of interfacial strengths using the fiber push-out
test. The frictional shear stress,τf , is largely independent of the processing
history, and the grain structure in the vicinity of the fiber, but exhibits a strong
dependence on the alloying additions to the matrix.

5. Alloying NiAl with Cr and W increases the interfacial shear strength in
sapphire-reinforced NiAl matrix composites in both the as cast (AC) and
DS conditions with relatively little additional fiber degradation. Chromium-
rich eutectic deposits preferentially at the interface, and forms a dual-phase
microstructure suggesting possible room-temperature toughening potential.
On the other hand, no tendency for preferred deposition at the interface
was noted for tungsten-rich eutectic in the sapphire–NiAl(W) composites,
although a significant increase in the interfacial shear strength was noted in
comparison to the unalloyed sapphire–NiAl composites. Thermal cycling
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only marginally decreased the interface strength in low fiber volume fraction
(<0.5%) composites. Additionally, a microhardness gradient existed in the
matrix near the fiber–matrix interface due to thermal stresses; the thermal
cycling only marginally affected the hardness gradient in the low-fiber volume
fraction composites.

6. Infiltration in the top-fill configuration (melt on top, preform at the bottom) of
densely packed sapphire fiber preforms by a Ni-base superalloy (hastelloy) led
to acceptable composite castings when infiltration was carried out with argon
gas at pressures of 3.5 MPa or less, and melt temperatures of 1500 to 1600◦C.
Sapphire was extensively attacked by the matrix, resulting in a strength loss
of about 65% relative to the virgin fibers, in contrast to the reported strength
loss of 45 to 60% in solid-state fabricated sapphire-reinforced intermetallic and
superalloy composites. The strength distribution of fibers extracted from the
pressure cast matrix was consistent with a Weibull distribution function.
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