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In this study, pure nickel and yttria (Y2O3) were selected as a model system to investigate
the feasibility of processing metal matrix composites (MMCs) through a powder metallurgy
approach for the in-situ formation of a continuous three-dimensional reinforcement
network or the in-situ formation of discrete reinforcements with certain degrees of
interconnected clusters. Composites with a volume fraction of Y2O3 ranging from 20 to 50%
were prepared through hot pressing. The density, microstructure and creep resistance of
these composites were evaluated as a function of the yttria volume fraction. It was found
that a continuous Y2O3 network was formed in composites with 40 and 50 vol % Y2O3, while
yttria was discrete with some degrees of interconnected clusters in composites with 20 and
30 vol % Y2O3. The creep rate was reduced by two to three orders of magnitude with the
addition of 20 to 30 vol % Y2O3, and it continued to decrease with increasing the volume
fraction of yttria to 50%. The analysis indicated that the load transfer to isolated yttria
particles could not account for the improved creep resistance of composites with 20 and
30 vol % Y2O3, while the load transfer to a continuous yttria network in composites with 40
and 50 vol % Y2O3 could not be approximated by the model of the load transfer to
continuous fibres. The discrepancies are believed to be related to the presence of
interconnected yttria clusters, the low relative density of the yttria phase in the composite,
and the low load-carrying capability through a three-dimensional network in comparison
with the load-carrying capability through continuous fibres. It is suggested that the density
of the yttria phase and hence the creep resistance of the composite can be further
improved over what have been obtained in this study by densifying the composite at high
temperatures and pressures. C© 1998 Kluwer Academic Publishers

1. Introduction
The materials used at high-temperature environment
must possess high strength, high creep resistance and
high oxidation resistance. Because the nickel-based al-
loys have a face centred cubic (f.c.c) structure that is
able to maintain good tensile, rupture and creep re-
sistance properties to a much higher temperature than
body centred cubic (b.c.c) systems, they have been
widely used at high temperature environments. In the
past 40 years, many methods have been adopted to
strengthen high-temperature alloys, such as solid solu-
tion strengthening, precipitation strengthening and dis-
persion strengthening [1]. Therefore, nickel alloys were
developed from the simple nickel–chromium matrix to
the multi-elements, multi-phase systems. It is well rec-
ognized that the most effective way to maintain strength
at temperatures above whichγ ′ goes into solution is
to employ a different, stable, non-metallic dispersoid
phase. These phases must have chemical, crystallo-
graphic and microstructural stabilities at high temper-
atures. Thus, the dispersoid is required to have a high
melting point, high modulus, low solubility and low dif-

fusion rates in the matrix. For high-temperature service,
the best dispersoid materials are oxides having high
free energies of formation, such as thoria, yttria and
lanthana. In addition, it is well known that the size and
distribution of the dispersoid phase govern its effective-
ness as a strengthener. The particles must be small and
uniformly distributed, and for the best balance of the
strength and ductility about 2 vol % of dispersoid with a
particle size of 10–100 nm and interparticle spacing of
100–500 nm has been proved to be optimum [2]. Based
on these understandings, a series of oxide dispersion-
strengthened (ODS) Ni-based superalloys have been
developed. Nevertheless, the nickel-based superalloys
have been utilized up to the 80% of their melting
points. Therefore, there is little chance of any dramatic
improvements in their operation temperatures only re-
lying on the conventional solid solution-, precipitation-
and dispersion-strengthening methods [1].

With the development of the composite science and
technology, it is possible to develop new high tem-
perature materials based on composite approaches.
A substantial amount of research on metal–matrix
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composites (MMCs) has shown that unidirectional fibre
composites exhibit superior specific strength and creep
resistance along their fibre axis [3, 4]. However, their
transverse properties are normally lower–in some cases
significantly lower–than those from the corresponding
unreinforced matrices [5–9]. Clearly, more balanced
transverse properties are required for widespread ap-
plications of MMCs. One obvious approach to ob-
tain composites with balanced transverse properties is
to develop three-dimensionally reinforced composites.
Moreover, for the best creep resistance the reinforce-
ment should be continuous in three dimensions, that
is, a three-dimensional self-interconnected reinforce-
ment network is expected to provide the best balanced
creep resistance. In addition, from processing and cost-
effective viewpoints, it is highly desired that the rein-
forcement can be formedin situ during the fabrication
of composites. As such, in this study the feasibility
of processing nickel-based composites through a pow-
der metallurgy approach for thein-situ formation of
a continuous three-dimensional reinforcement network
or thein-situ formation of discrete reinforcements with
certain degrees of interconnected clusters was explored.
As the first attempt, pure nickel and yttrium oxide were
selected as a model system in this study. The connec-
tivity of the reinforcement (i.e. yttria in this study) as
a function of its volume fraction and the microstruc-
tural dependency of the creep resistance of these model
composites were investigated.

2. Experimental procedure
2.1. Fabrication of composites
Both the yttria and nickel powder, shown in Fig. 1,
were supplied by Johnson Matthey Co. and had a pu-
rity of 99.9%. The particle size of the nickel powder
ranged from 2 to 7µm and that of the yttria powder
from 0.4 to 5µm. Both nickel and yttria were solid
particles without internal voids. Composites with 20,
30, 40 and 50 vol % of yttria were prepared by mixing
nickel and yttria powders in the desired volume fraction
through dry milling with zirconia balls for 10 h. Uni-
form mixing was not pursued because of the intention
of this study to prepare a continuous three-dimensional

Figure 1 SEM images of (a) nickel and (b) yttria powders used in this study.

reinforcement network or discrete reinforcements with
certain degrees of interconnected clusters. The dry mix-
ing described above proved to be an adequate method
to achieve this goal (see the Results section for details).
The mixed powder was first cold pressed at 30 MPa in
a graphite die with a graphite foil as a liner, and then
hot pressed at a temperature of 1250◦C with a pres-
sure of 40 MPa for 1 h under a vacuum of less than
1.33× 10−3 Pa. To obtain the baseline properties, pure
nickel and pure yttria samples were also fabricated un-
der the same conditions as the composites. In addition,
a pure yttria sample was also hot pressed at 1500◦C to
examine the effect of temperature on the density of pure
yttria.

2.2. Creep testing
The creep resistance of the composites were evaluated
using a compressive test setup since compression test-
ing can utilize small specimens. The creep specimens
had a rectangular bar geometry with a height of 10 mm
and a cross-section of 5.08 × 3.81 mm. To minimize
the effect of friction, BN spray was applied on both
the top and bottom faces of specimens. The test was
conducted using a servo-hydraulic machine in vacuum
(1.33× 10−2 Pa) under a load-controlled condition at
1000 ◦C with a nominal stress of either 20 MPa or
40 MPa. A uniform heating zone of 60 mm height
within the vacuum chamber was provided by tantalum
resistance foils. The temperature of the specimen dur-
ing tests was measured by a thermocouple touching di-
rectly to the specimen. No extensometer was employed.
Instead, the crosshead displacement was recorded and
used to compute the creep strain of specimens. The
setup could resolve strains of 0.0002% for the speci-
mens used. The estimation of the deformation from the
loading train indicated that the contribution from the
loading train did not excess 1% of the total strain mea-
sured. The linear ordinary least squares method was
utilized to analyze creep data. Specifically, to calcu-
late the creep rate, ˙ε, at any timet , the creep strain at
that point and the creep strains and times at three previ-
ous and three following points were used. The equation
used is [10]
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2.3. Microstructural and other
characterizations

The microstructure of pure nickel, yttria and composites
was examined in a high-resolution environmental scan-
ning electronic microscope (Phillips ESEM 2020). The
connectivity of the yttria phase in the composite speci-
mens was evaluated by etching away the nickel matrix

Figure 2 Typical microstructures of (a) hot-pressed pure nickel, and (b), (c), (d) and (e) hot pressed composites with 20, 30, 40 and 50 vol % Y2O3,
respectively.

using a dilute nitric acid, followed by comparing the
remaining yttria on the top layer of the etched speci-
men with the average volume fraction of the specimen.
The density of the specimens was measured based on
the Archimedes’ principle.

3. Results
3.1. Microstructure and density of

nickel/yttria composites
Microstructures of pure nickel and their composites
are shown in Fig. 2. It can be seen that under the
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Figure 3 Densities of hot-pressed nickel, yttria and their composites.

present hot pressing condition, grain growth has oc-
curred in pure nickel and the average grain size has
reached 1000µm in diameter at the hot-pressed condi-
tion. Furthermore, pores are present within grains and
along grain boundaries. Because of the presence of an
appreciable amount of pores, the corresponding den-
sity of pure nickel is only about 93% of its theoretical
(Fig. 3). However, it is noted that the grain growth of
nickel and pores within the nickel phase are effectively
eliminated and the relative density of the material is
increased with the addition of yttria, as shown in Figs 2
and 3. Furthermore, It can be seen from Fig. 2 that yt-
tria with a certain degree of interconnected clusters has
formed in all the composites prepared, as we desired
originally.

Even with the grain growth inhibition and pore-
elimination of the nickel phase by the addition of yt-
tria, it is found that densities of the composites are still
lower than those calculated according to the rule of
mixtures, as shown in Fig. 3. Closer examination of the
microstructure of all the composites (Fig. 2) indicates
that nickel phase is 100% dense, while there are pores
in the yttria phase. Thus, the fact that the densities of the
composites are lower than the theoretical calculation is
attributed to the presence of pores in the yttria phase.

Estimation of the yttria grain size at the as-hot pressed
condition is conducted using the fracture surface of pure
yttria fractured at room temperature (Fig. 4). As can be
seen from Fig. 4, the grain size and morphology of
pure yttria hot pressed at both 1250 and 1500◦C can be
easily identified from their fracture surfaces. It is clear
that little grain growth has occurred for pure yttria hot
pressed at 1250◦C, while grain growth has taken place

for yttria hot pressed at 1500◦C. The relative density
measured using the Archimedes’ principle is 92.5 and
96.8% for yttria hot pressed at 1250 and 1500◦C, re-
spectively. Pores can also be easily identified from the
fracture surface of specimens hot pressed at 1250◦C,
as shown by arrows in Fig. 4. These results indicate
that the hot pressing temperature of 1250◦C is not high
enough to obtain fully dense pure yttria, and confirm
that the low relative density of the composites is related
to the insufficient densification of the yttria phase in the
composites.

The typical microstructures of composites with 20
and 40 vol % Y2O3 etched deeply with a dilute nitric
acid are shown in Fig. 5. With this etchant the nickel
phase is etched away, while the yttria phase is intact.
Thus, most of the pores and holes in Fig. 5 can be con-
sidered to be the location of the nickel phase before
etching. It seems that a continuous Y2O3 network has
formed in composites with 40 vol % of Y2O3. Exami-
nation of composites with 20 vol % of Y2O3 suggests
that a certain degree of connectivity among the Y2O3
phase itself has been obtained as some Y2O3 phases
stand out of the plane of the etched nickel phase. How-
ever, the Y2O3 phase has not formed a continuous net-
work yet. Thus, the microstructure of composites with
20 vol % Y2O3 can be described as possessing discrete
Y2O3 particles with some degrees of connectivity be-
tween these particles. Examination of composites with
30 and 50 vol % Y2O3 indicates that composites with
30 vol % Y2O3 have a similar microstructure as com-
posites with 20 vol % Y2O3, while composites with
50 vol % Y2O3 have a similar microstructure as com-
posites with 40 vol % Y2O3.
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Figure 4 Fracture surfaces of yttria hot pressed at (a) 1250◦C and (b) 1500◦C.

Figure 5 Microstructures of composites with (a) 20 and (b) 40 vol % Y2O3 deeply etched with a dilute nitric acid.

3.2. Creep behaviour and resistance
The creep strain of pure nickel versus time is shown
in Fig. 6 where the test is stopped before the failure of
the specimen. As shown in the figure, the creep of pure

Figure 6 A typical creep strain–time curve of pure nickel under a stress
of 20 MPa and at 1000◦C, superimposed with a creep curve calculated
using the Andrade equation.

nickel exhibits: (i) an instantaneous strain; (ii) a normal
primary stage, where the creep rate decreases continu-
ously with time; and (iii) a secondary stage (i.e. steady-
state stage), where the creep rate is approximately con-
stant. It can be seen that under the current temperature
and loading conditions (1000◦C and 20 MPa) a large
compressive creep strain has occurred (∼ 80%) and no
true steady-state stage is achieved due to the continu-
ously increased cross section of the creep specimen.

The creep curves of composites with 20 vol % Y2O3
under different nominal stresses are shown in Fig. 7.
The tests are again stopped before the failure of the
specimens. It can be seen that the composites exhibit
a similar creep behaviour as the pure nickel, i.e. an in-
stantaneous strain, a normal primary stage and a steady-
state stage. Note that the creep strain has been reduced
dramatically from∼ 80% for pure nickel to∼ 1% for
the composite if the creep strains of pure nickel and
the composite with 20 vol % Y2O3 under a nominal
compressive stress of 20 MPa at 100 min are compared.
Composites with 30 vol % Y2O3 exhibit a similar creep
behaviour as composites with 20 vol % Y2O3. However,
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Figure 7 Typical creep curves of composites with 20 vol % Y2O3 at
1000◦C under a stress of 20 and 40 MPa.

Figure 8 The plot of the steady state creep rate of the composite, ˙εc,
normalized by the steady-state creep rate of the matrix, ˙εs, versus the
volume fraction of yttria.

composites with 40 and 50 vol % Y2O3 do not display
a minimum creep rate; instead, they exhibit a continu-
ously decreased creep rate up to the time of 5 h atwhich
time the test is stopped. In order to compare the creep
rates between various composites and pure nickel, the
average creep rate between 100 and 200 min is taken to
be characteristic creep rate for each material and a plot
of the creep rate normalized by the creep rate of pure
nickel versus the volume fraction of Y2O3 is presented
in Fig. 8. Note that the average creep rate between 100
and 200 min is the steady-state creep rate for compos-
ites with 20 and 30 vol % Y2O3 and approximately for
pure nickel (to be discussed more in Section 4.2). It can
be seen from Fig. 8 that the creep rate of composites de-
creases with the increase of the yttria volume fraction.

The effect of the applied stress on the steady state
creep rate is presented in Fig. 9, where a logarithmic
scale is used for both the steady-state creep rate and the
applied stress. The stress exponent,n, calculated from
the slope of the curve was 12.9 and 13.4 for composites
with 20 and 30 vol % Y2O3, respectively.

4. Discussion
4.1. Microstructure and density of

nickel/yttria composites
The presence of pores in pure nickel and the corre-
sponding low relative density as shown in Figs 2 and 3

Figure 9 The dependency of the steady state creep rate of the composite
on the applied stress.

are caused by the hot-pressing condition that is within
the time–temperature regime for pores to separate from
grain boundaries. It is well known that the pore–grain
boundary separation happens when strong grain growth
occurs due to a sintering temperature that is too high
before a high density has been achieved [11]. The pore–
grain boundary separation always leads to a sintered
body with a low relative density due to the slow diffu-
sion through the lattice. Thus, a sintering temperature
lower than 1250◦C should be used to densify pure
nickel powders used in this study.

With the addition of Y2O3, the grain growth of the
nickel phase is substantially reduced, suggesting that
yttria is a good grain growth inhibitor for nickel. Ac-
companied with the inhibition of the grain growth, the
nickel phase in the composites is densified to the full
density. However, the densities of these composites are
still lower than those calculated according to the rule
of mixture. A close examination of Fig. 3 indicates that
the highest relative density, 98.2%, is achieved in com-
posites with 20 vol % Y2O3, and the relative density of
composites decreases with increasing the volume frac-
tion of yttria. These data suggest that the low relative
density of the composite is due to the insufficient den-
sification of the yttria phase. This is confirmed by the
presence of pores in the yttria phases in the composite,
as revealed in Fig. 2. The observed low relative density
of the yttria phase both in the composites and in the pure
form hot pressed at 1250◦C is consistent with works by
other investigators [12, 13]. It is reported that a relative
density of 65% of pure yttria results when the free sin-
tering temperature is between 1450 and 1600◦C [12].
However, the relative density increases to 98.6% when
the sintering temperature is increased to 1800◦C [13].
Also, a dramatic density increase can be achieved by in-
creasing the applied pressure during densification. For
example, a relative density of 99.6% is achieved with
the use of hot isostatic pressing at 1250◦C under a pres-
sure of 150 MPa for 45 min [13]. Thus, it is clear that the
further increase in the densification of the yttria phase
can be achieved by either increasing the hot pressing
temperature and/or pressure.

The selection of 1250◦C as the hot-pressing temper-
ature for the present composite is based on the con-
sideration of the melting point of the nickel phase
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(1455 ◦C). Note that the hot-pressing temperature of
1250 ◦C is 88% of the melting point of nickel in the
absolute temperature scale. However, the present re-
sults suggest that nickel/yttria composites can be den-
sified at temperatures higher than 88% of the melting
point of nickel without the risk of the grain growth and
pore-grain boundary separation. This is important from
the viewpoint of composite fabrication because high
hot-pressing temperatures increase the relative density
of the yttria phase and, hence, the relative density of
the composite. Thus, based on these results, it can
be concluded that it is possible to obtain nickel/yttria
composites with a full density by hot pressing the
nickel/yttria composites at a temperature higher than
1250 ◦C and/or with an applied pressure higher than
40 MPa.

4.2. Creep behaviour of pure nickel
The creep data of pure nickel measured in this study are
consistent with those reported by other investigators
in two aspects: (i) the transient creep strain in the pri-
mary stage (εtr) can be described by Andrade equa-
tion [14–16]

εtr = βt1/3 (2)

wheret is the time andβ is a constant for the given
temperature and stress. Using the curve fitting ap-
proach,β was found to be 0.045 for testing conditions
of 1000 ◦C and 20 MPa (see Fig. 6); and (ii) the
creep rate at the time of 100 min equals to the steady
state creep rate, ˙εs, of pure nickel calculated from the
following phenomenological equation [17, 18]

ε̇s = B

(
G

T

)(
σ

G

)4.6

exp

(
− Q

RT

)
(3)

where Q is the apparent creep activation energy and
equals 278.4 kJ mol−1, B is a coefficient having a
value of 1.31× 1015 deg s−1 Pa−1, R andT have their
usual meanings, andG is the shear modulus of nickel
and its temperature dependency is described by [19]

G = 9.2 × 1010 − 3.37× 107 T (Pa) (4)

Recall that no true steady-state stage is achieved in
this study because of the continuously increased cross-
section of the specimen during the compressive test.
However, it is noted from Fig. 6 that beyond about
85 min, the change of the creep rate becomes small, sug-
gesting that the steady-state creep starts at about 85 min
if a constant stress were applied. Thus, Equation 3 will
be utilized in this study to compute the steady-state
creep rate of the nickel phase in the composite.

4.3. Creep behaviour of composites
The experimental data in this study show that the creep
rate of the composite is at least two orders of magni-
tude lower than that of the nickel matrix. Furthermore,

the stress exponent (n = 13) of composites with 20 and
30 vol % Y2O3 is found to be higher than that (n = 4.6)
of the matrix. These findings for the nickel/yttria com-
posite are similar to those for aluminium matrix com-
posites reinforced with particulates or whiskers that
normally exhibit high values of both the stress expo-
nent and activation energy [20–25]. Several attempts
have been made to explain the improved creep resis-
tance and high values of the stress exponent and acti-
vation energy of aluminum matrix composites. These
include: (i) the concept of the threshold stress [21–25];
(ii) the shear–lag approach [26–29]; (iii) load trans-
fer to isolated short fibres or an interconnected fibre
network using finite element analysis [30, 31]; (iv) in-
creased dislocation density around the reinforcement
[32–34]; and (v) residual stresses arising from the dif-
ference in coefficients of thermal expansion between
the matrix and reinforcement [35]. Some questions re-
garding these proposed mechanisms have been raised.
For example, it is unclear how the last two mechanisms
above would cause a change in the stress exponent for
creep of the composite material [31]. The need to use
the non-continuum mechanics approach via the thresh-
old stress concept is troubling because of the coarse
scale of the reinforcement. Furthermore, the thresh-
old stress predicted according to various strengthen-
ing processes is normally lower than that required for
the improved creep resistance [25]. The shear–lag ap-
proach with bonded interfaces and the load transfer to
isolated reinforcements using finite element analysis
only result in a creep law for the composite that has
the same stress and temperature dependence as that for
the matrix [27, 31]. However, the load transfer to an in-
terconnected reinforcement network does offer a good
description of the creep behaviour of aluminium matrix
composites [31]. Despite of the aforementioned short-
comings, the threshold stress concept and the shear–
lag modelling will be utilized to compare with the ob-
served creep behavior of nickel/yttria composites. This
is because that the threshold stress concept provides
a reasonable explanation for high values of the stress
exponent and activation energy [21–25], while the con-
tinuum mechanics approach using shear–lag modelling
is consistent with the scale of the reinforcement (note
that the size of yttria clusters ranges from 5 to 30µm,
Fig. 2).

Various origins of the threshold stress have been sug-
gested [21–25, 36–39]. Among them, the concepts of
the detachment stress for a dislocation to escape from
the attractive dislocation–particle interaction [36–38]
and the extra back stress required to create the addi-
tional dislocation line length during “local” climb [39]
are most attractive as both of the concepts have been
shown to provide the right magnitude of the threshold
stress needed in the dispersion strengthened alloys and
high values of the stress exponent and activation en-
ergy [36–41]. The detachment stress,τd, and the extra
back stress,τb, can be calculated using the following
equations [37–39]

τd = Gb

λ
(1 − k2)1/2 (5)
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and

τb ≈ 0.3
Gb

λ
(6)

respectively. In the equations above,G is the shear mod-
ulus of the matrix,b is the Burgers’ vector,λ is the pla-
nar spacing between reinforcement particles, andk is a
relaxation parameter that takes on values between 0 for
maximum attractive interaction and 1 for no attractive
interaction. WhenG = 49 GPa for nickel at 1000◦C
(from Equation 4),b= 0.249 nm [18],λ = 7 µm (de-
termined from the microstructure of the composite),
and k = 0 are used,τd and τb are found to be 1.74
and 0.52 MPa, respectively. However, these threshold
stresses are too small to account for the observed im-
provement in the creep resistance of the composite, as
discussed below. The threshold stress required for the
improved creep resistance can be estimated using the
following equation

ε̇c = B

(
G

T

)(
σ − σ0

G

)4.6

exp

(
− Q

RT

)
(7)

where ε̇c represents the steady-state creep rate of
the composite. Equation 7 is obtained by modifying
Equation 3 with the incorporation of a threshold stress,
σ0. Substituting the steady-state creep rate (˙εc = 1.02×
10−7 s−1) of the composite with 20 vol % Y2O3 and
the proper values for other parameters as those used in
Equations 3 and 4 into Equation 7, the threshold stress
is found to be 12.5 MPa which is at least one order of
magnitude higher than those predicted from the detach-
ment stress and the extra back stress for “local” climb.
Thus, it is reasonable to conclude that the dislocation–
particle interaction is unlikely to be responsible for the
improved creep resistance of the composites.

The shear–lag modelling of nickel/yttria composites
is carried out by assuming that the load transfer from
the matrix to the reinforcement takes place at both the
nickel/yttria interface with shear loading and the end
of yttria with normal loading (Fig. 10). Furthermore,
several other assumptions are made: (i) yttria parti-
cles are isolated and have a cylindrical shape; (ii) the
creep of the composite is caused by matrix deforma-
tion by shearing; (iii) the matrix follows the creep law
described by Equation 3; (iv) yttria is a non-creeping
elastic reinforcement; and (v) there is a strong bond be-

Figure 10 Schematic of the shear–lag model for nickel/yttria compos-
ites. (a) The front view and (b) the side view, showing the unit cell of a
cylindrical yttria particle embedded in a hexagonal nickel matrix.

tween yttria and nickel. With these assumptions, it can
be shown that the creep rate of the composite can be
expressed as follows (see the Appendix for details)

ε̇c = σ 4.6
c (1 − Vf )

4.6A

×
[

1 + 0.41Vf
1

r

(
1

h

)1/4.6( L

2

)5.6/4.6
]−4.6

(8)

whereσc is the applied stress,Vf is the volume fraction
of yttria, A is a constant related to the coefficientB in
Equation 3,r andL are the radius and height of yttria
respectively, and 2h is the effective separation distance
between yttria, as defined in Fig. 10. Based on the mi-
crostructure of composites with 20 and 30 vol % Y2O3,
it is assumed thatr = 1.5µm and the aspect ratio of
the yttria particle is one (i.e.L = 2r ). With these as-
sumptions, it is found that Equation 8 gives a creep rate
of 6.59 × 10−6 and 2.82 × 10−6 s−1 for composites
with 20 and 30 vol % Y2O3 under a stress of 20 MPa,
respectively. Clearly, the predicted creep rates are one
to two orders of magnitude faster than the measured
creep rates (Fig. 8). It is also noted that the load trans-
fer to isolated yttria particles leads to the same stress
exponent as the matrix (see Equation 8), which is not
consistent with the high stress exponent observed for
the composite. Thus, the load transfer to isolated yttria
particles cannot account for the improved creep resis-
tance. A similar conclusion is also made by Dragone
and Nix [31] using finite element modelling to analyse
the load transfer to isolated reinforcements in A1/SiC
composites and Al/Al2O3 composites.

The discussion above indicates that the improved
creep resistance of composites with 20 and 30 vol %
Y2O3 cannot be explained in terms of either the non-
continuum mechanics concept of threshold stress or
the load transfer to isolated reinforcements. It is be-
lieved that the discrepancy between the prediction and
the measurement lies in the presence of a certain degree
of connectivity within the yttria phase itself. Many stud-
ies [42] have shown that when the volume fraction of
the second phase is larger than 20%, the second phase is
expected to have interconnected clusters permeating the
structure of the primary phase. For nickel/yttria com-
posites, it has been shown that yttria can sinter to over
92% of the theoretical density at 1250◦C. Thus, some
interconnected yttria clusters are expected to be present
in composites with 20 and 30 vol % Y2O3, as con-
firmed by the deep-etching experiments. Using finite
element modelling, Dragone and Nix [31] have shown
that load transfer to an interconnected reinforcement
network could give a good account of the improved
creep resistance, high stress exponent and high activa-
tion energy of Al/Al2O3 composites. Thus, it is believed
that the improved creep resistance of nickel/yttria com-
posites with 20 and 30 vol % Y2O3 is caused by the
presence of some interconnected yttria clusters. It is in-
teresting to point out that if yttria particles were truly
isolated, an aspect ratio of 10 for yttria particles would
be required to obtain the observed improvement in the
creep resistance, a result predicted based on Equation 8.
This suggests that a certain degree of connectivity of the
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reinforcement is very effective in improving the creep
resistance.

Much to our surprise, the creep resistance of com-
posites with 40 and 50 vol % Y2O3 does not show
a substantial improvement over the matrix. Because
the microstructure examination indicates that compos-
ites with 40 and 50 vol % Y2O3 have a continuous
Y2O3 network, it is expected that the creep behaviour
of these composites will be dictated by the Y2O3
network. In order to evaluate the contribution of the
Y2O3 network, analytical models for continuous-fibre-
reinforced composites are utilized to estimate the creep
rate of the nickel/yttria composite. The utilization of
this approach is due to the fact that there is no rig-
orous analytical models available to predict the creep
rate of composites with a continuous reinforcement net-
work. Furthermore, because the yttria phase is contin-
uous, it reasonable to assume that load can be trans-
ferred directly through the yttria network as for the case
of continuous fibres in the continuous-fibre-reinforced
composites. The analysis is carried out by following
McDanelset al. [43] and McLean [44], assuming that
the creep strains in the matrix and reinforcement are
equal and the external load is shared by the two mate-
rials according to the rule of mixtures

σc = Vf

(
ε̇c

Bf

)1/nf

+ (1 − Vf )

(
ε̇c

Bm

)1/nm

(9)

wherenf andnm are the stress exponents,Bf andBm are
temperature-dependent coefficients, subscripts f and m
refer to the yttria and matrix respectively, andσc, ε̇c, and
Vf have been defined in Equation 8.Bm is calculated
from Equation 3 which describes the creep behaviour of
the matrix, whileBf is estimated using a phenomeno-
logical equation proposed by Gaboriaud [45] for de-
scribing the creep rate of fully dense yttria, ˙εY (s−1), at
the temperature range between 1500 and 1800◦C

ε̇Y = 7.0 × 106
(

GY

T

)(
σ

GY

)4

exp

(
− Q

RT

)
(10)

whereQ is the creep activation energy and takes the
value of 385.4 kJ mol−1, R and T have their usual
meanings, andGY is the shear modulus of Y2O3 and
can be expressed as follows [46]

GY = 6.96× 1010 − 7.5 × 106 T (Pa) (11)

The creep rate predicted from the McDanels’ model
suggests that composites with 40 or 50 vol % Y2O3
should have creep rates in the order of 10−15 s−1, which
is much lower than those observed in the experiment
(Fig. 6). The large discrepancy between the prediction
and measurement may be attributed to two origins. One
is the low relative density of the yttria phase obtained in
the present composites. The other is that the analytical
model for continuous-fibre-reinforced composites may
not be suitable for composites with a continuous three-
dimensional reinforcement network. It is believed that
both of these sources contribute to the discrepancy. As
mentioned before, the deformation of the nickel phase

in composites with 40 and 50 vol % Y2O3 is fully con-
strained by the yttria network. Thus, the creep rate of
the composite is primarily dependent of the creep rate
of the yttria network. Pores in the yttria phase will cer-
tainly increase the intrinsic creep rate of yttria and thus
increase the creep rate of the composite. Efficiencies
of the load-carrying capability through a network and
fibres are different even though the same strength and
same volume fraction are assumed. The microstruc-
ture of composites with 40 and 50 vol % Y2O3 can
be imagined to be composed of two interpenetrated
three-dimensional networks one of which is made of
the matrix and the other made of the Y2O3 reinforce-
ment. Thus, the load-carrying capability of the Y2O3
network can be approximated by a continuous open-
cell foam within which nickel is filled. For a given ma-
terial and volume fraction, the stiffness and strength of
an open-cell foam are lower than those of solid fibres
because the deformation of fibres requires axial exten-
sion or compression, while the deformation of the foam
requires bending [47]. Thus, the low relative density
of the yttria phase and the low load-carrying capabil-
ity of the yttria network are all contributed to the low
creep resistance of the composite. Note that whether the
aforementioned two sources can account for the several
orders of magnitude discrepancy between the predica-
tion and experiment remains to be verified in future
studies. Nevertheless, the analysis above suggests that
the creep resistance of composites with high yttria vol-
ume fractions can be further improved by densifying
the yttria phase and thus the composite, which can be
achieved by increasing the densification temperature
and pressure. A fully dense yttria phase not only im-
proves the intrinsic creep resistance of the yttria phase,
but also enhances the load-carrying capability of its
three-dimensional network.

5. Concluding remarks
The feasibility of processing nickel-based compos-
ites through a powder metallurgy approach for the
in-situ formation of a continuous three-dimensional
reinforcement network or thein-situ formation of dis-
crete reinforcements with certain degrees of intercon-
nected clusters was studied using the nickel and yttria
system. Despite of a large difference in the melting
points of the two constituents, i.e. 2685◦C for yttria and
1455◦C for nickel, it was found that a reasonably dense,
continuous Y2O3 network could be formed in compos-
ites with 40 and 50 vol % Y2O3, and discrete yttria
with some degrees of interconnected clusters formed
in composites with 20 and 30 vol % Y2O3. The creep
tests of these composites indicated that the creep rate of
nickel was reduced by two to three orders of magnitude
with the addition of 20 to 30 vol % Y2O3, and it con-
tinued to decrease with increasing the volume fraction
of the yttria phase.

Analyses of microstructures and creep resistances of
these composites offers several general implications:

1. Densification of nickel-based composites rein-
forced with yttria can be carried out at temperatures
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near the melting point of the matrix without the risk
of the pore–grain boundary separation which led to the
presence of pores in the nickel phase. This is believed
to be also applicable to other metal matrix composites
as long as the reinforcement is a good grain growth in-
hibitor. High densification temperatures will improve
the density and creep resistance of the reinforcement
phase and hence the creep resistance of the composite.

2. The creep resistance of metal–matrix composites
could be improved over that of composites with only
isolated reinforcement particles if the reinforcement
particles can sinter to form interconnected clusters dur-
ing the densification process.

3. At a given volume fraction, a three-dimensional
reinforcement network provides less improvement in
the creep resistance than fibres.

Appendix: shear–lag modelling
Equation 8 is derived based on the shear–lag analysis
proposed by Kelly and Street [27]. The geometry for
the shear–lag analysis of the nickel/yttria composite is
shown in Fig. 10 where yttria particles are assumed to
be isolated and have a cylindrical shape embedded in
the nickel matrix with a hexagonal unit cell. Based on
the assumed geometry, the volume fraction of the yttria
phase is given by

Vf = 31/2Lπr 2

6(L + 2h)(r + h)2
(A1)

Assuming a perfect bond at the interface, the shear rate,
γ̇z, of the matrix at an average rate between a point at
the interface and a point in the matrix distanceh from
the interface will be

γ̇z = u̇m

h
(A2)

whereu̇m is the axial velocity of the point in the matrix
distanceh from the interface, as shown in Fig. 10, and
equals

u̇m = ε̇mZ (A3)

whereε̇m is the creep rate of the matrix andZ is the
coordination along the yttria particle axis, as defined
in Fig. 10. The shear stress at the interface,τ , can
be found by assuming that the Tresca-type yield crite-
rion holds (σm = 2τ ), that the matrix is incompressible
(ε̇m = γ̇

2/3
m ), and that the creep of the matrix follows a

power law (Equation 3) or condensed into ˙εm = Aσ n
m).

Combining these assumptions with Equations 13 and
14, it can be shown that

τ = 1

2

(
2

3

)1/n( Z

Ah

)1/n

ε̇1/n
m (A4)

The stress carried by the yttria particle,σf , comes from
the normal stress at the end of the yttria particle,σm,

and the shear stress at the side interface,τ , and can be
found with the following equation

σf = −
∫ z

L/2

2τ

r
dz + σm (A5)

The average stress carried by the yttria particle is de-
fined by

σ̄f = 2

L

∫ L/2

0
σf dz (A6)

and the composite stress follows the rule of mixtures

σc = σ̄fVf + σm(1 − Vf ) (A7)

Substituting equations A4–A6 into Equation A7 the
relationship between the creep rate of the matrix and
the composite stress can be found. The creep rate of the
composite is assumed to be proportional to the volume
fraction of the matrix

ε̇c = (1 − Vf )ε̇m (A8)

Thus, the final equation for the creep rate of the com-
posite is

ε̇c = σ n
c (1 − Vf )

n A

[
1 + Vf

(
2

3

)1/n 1

r

×
(

n

2n + 1

)(
1

h

)1/n( L

2

)(1+n)/n
]−n

(A9)

For nickeln = 4.6, then Equation A9 reduces to Equa-
tion 8. Note thath needed in Equation A9 can be cal-
culated from Equation A1.
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