JOURNAL OF MATERIALS SCIENCE33(1998)4893—- 4903

Processing and creep resistance of nickel/yttria
composites

LIAN-CHAO SUN, L. L. SHAW

Department of Metallurgy and Materials Engineering, University of Connecticut, Storrs, CT
06269-3136, USA

E-mail: Ishaw@mail.ims.uconn.edu

In this study, pure nickel and yttria (Y,O3) 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 Y,03 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 Y,03; network was formed in composites with 40 and 50 vol % Y,0O3, while
yttria was discrete with some degrees of interconnected clusters in composites with 20 and
30 vol % Y,03. The creep rate was reduced by two to three orders of magnitude with the
addition of 20 to 30 vol % Y,03, 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 % Y,03, while the load transfer to a continuous yttria network in composites with 40
and 50 vol % Y,03 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. © 1998 Kluwer Academic Publishers

1. Introduction fusion rates in the matrix. For high-temperature service,
The materials used at high-temperature environmerthe best dispersoid materials are oxides having high
must possess high strength, high creep resistance aficte energies of formation, such as thoria, yttria and
high oxidation resistance. Because the nickel-based alanthana. In addition, it is well known that the size and
loys have a face centred cubic (f.c.c) structure that iglistribution of the dispersoid phase govern its effective-
able to maintain good tensile, rupture and creep reness as a strengthener. The particles must be small and
sistance properties to a much higher temperature thamniformly distributed, and for the best balance of the
body centred cubic (b.c.c) systems, they have beesatrength and ductility about 2 vol % of dispersoid with a
widely used at high temperature environments. In theparticle size of 10—-100 nm and interparticle spacing of
past 40 years, many methods have been adopted d0-500 nm has been proved to be optimum [2]. Based
strengthen high-temperature alloys, such as solid solwn these understandings, a series of oxide dispersion-
tion strengthening, precipitation strengthening and disstrengthened (ODS) Ni-based superalloys have been
persion strengthening [1]. Therefore, nickel alloys weredeveloped. Nevertheless, the nickel-based superalloys
developed from the simple nickel-chromium matrix to have been utilized up to the 80% of their melting
the multi-elements, multi-phase systems. It is well recpoints. Therefore, there is little chance of any dramatic
ognized that the most effective way to maintain strengtiimprovements in their operation temperatures only re-
at temperatures above whigh goes into solution is lying on the conventional solid solution-, precipitation-
to employ a different, stable, non-metallic dispersoidand dispersion-strengthening methods [1].

phase. These phases must have chemical, crystallo-With the development of the composite science and
graphic and microstructural stabilities at high temper-technology, it is possible to develop new high tem-
atures. Thus, the dispersoid is required to have a higherature materials based on composite approaches.
melting point, high modulus, low solubility and low dif- A substantial amount of research on metal-matrix
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composites (MMCs) has shown that unidirectional fibrereinforcement network or discrete reinforcements with
composites exhibit superior specific strength and creepertain degrees of interconnected clusters. The dry mix-
resistance along their fibre axis [3, 4]. However, theiring described above proved to be an adequate method
transverse properties are normally lower—in some casds achieve this goal (see the Results section for details).
significantly lower—than those from the correspondingThe mixed powder was first cold pressed at 30 MPa in
unreinforced matrices [5-9]. Clearly, more balanceda graphite die with a graphite foil as a liner, and then
transverse properties are required for widespread apiot pressed at a temperature of 128Dwith a pres-
plications of MMCs. One obvious approach to ob-sure of 40 MPa fo 1 h under a vacuum of less than
tain composites with balanced transverse properties i$.33 x 10-2 Pa. To obtain the baseline properties, pure
to develop three-dimensionally reinforced compositesnickel and pure yttria samples were also fabricated un-
Moreover, for the best creep resistance the reinforceder the same conditions as the composites. In addition,
ment should be continuous in three dimensions, thaa pure yttria sample was also hot pressed at 280

is, a three-dimensional self-interconnected reinforceexamine the effect of temperature on the density of pure
ment network is expected to provide the best balancetittria.

creep resistance. In addition, from processing and cost-

effective viewpoints, it is highly desired that the rein-

forcement can be formed situ during the fabrication 2 2. Creep testing

of composites. As such, in this study the feasibility The creep resistance of the composites were evaluated
of processing nickel-based composites through a powgsing a compressive test setup since compression test-
der metallurgy approach for the-situ formation of  ing can utilize small specimens. The creep specimens
a continuous three-dimensional reinforcement networlyad a rectangular bar geometry with a height of 10 mm
or thein-situformation of discrete reinforcements with gnd a cross-section of @ x 3.81 mm. To minimize
certain degrees of interconnected clusters was exploreghe effect of friction, BN spray was applied on both
As the first attempt, pure nickel and yttrium oxide werethe top and bottom faces of specimens. The test was
selected as a model system in this study. The connegonducted using a servo-hydraulic machine in vacuum
tivity of the reinforcement (i.e. yttria in this study) as (1.33 x 10-2 Pa) under a load-controlled condition at
a function of its volume fraction and the microstruc- 1000 °C with a nominal stress of either 20 MPa or
tural dependency of the creep resistance of these modgh MPa. A uniform heating zone of 60 mm height
composites were investigated. 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-
2. Experimental procedure rectly to the specimen. No extensometer was employed.
2.1. Fabrication of composites Instead, the crosshead displacement was recorded and
Both the yttria and nickel powder, shown in Fig. 1, used to compute the creep strain of specimens. The
were supplied by Johnson Matthey Co. and had a pusetup could resolve strains of 0.0002% for the speci-
rity of 99.9%. The particle size of the nickel powder mens used. The estimation of the deformation from the
ranged from 2 to 7um and that of the yttria powder loading train indicated that the contribution from the
from 0.4 to 5um. Both nickel and yttria were solid loading train did not excess 1% of the total strain mea-
particles without internal voids. Composites with 20, sured. The linear ordinary least squares method was
30, 40 and 50 vol % of yttria were prepared by mixing utilized to analyze creep data. Specifically, to calcu-
nickel and yttria powders in the desired volume fractionlate the creep rate, at any timet, the creep strain at
through dry milling with zirconia balls for 10 h. Uni- that point and the creep strains and times at three previ-
form mixing was not pursued because of the intentiorous and three following points were used. The equation
of this study to prepare a continuous three-dimensionalised is [10]

Figure 1 SEM images of (a) nickel and (b) yttria powders used in this study.
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) 7Zi7=18iti _ Z?:lgizilﬂi using_ a diIute_nitric acid, followed by comparing the_
= 7 2 7 7 (1) remaining yttria on the top layer of the etched speci-
7Y it = 2oiatid it men with the average volume fraction of the specimen.
The density of the specimens was measured based on
the Archimedes’ principle.

2.3. Microstructural and other
characterizations
The microstructure of pure nickel, yttriaand composites3. Results
was examined in a high-resolution environmental scan3.1. Microstructure and density of
ning electronic microscope (Phillips ESEM 2020). The nickel/yttria composites
connectivity of the yttria phase in the composite speci-Microstructures of pure nickel and their composites
mens was evaluated by etching away the nickel matribare shown in Fig. 2. It can be seen that under the

Figure 2 Typical microstructures of (a) hot-pressed pure nickel, and (b), (c), (d) and (e) hot pressed composites with 20, 30, 40 and 500l % Y
respectively.

4895



10 100

I Theoretical Density
B Experimental Density
— 1
9 Relative Density L o8
(=]
o 87 e - 96 Bt
£ 5 =)
. 2 i N
B g 5
= 7 1 2 - 94 A
2 L2
8 6 e E
1 B R [0
S %
sl - 90
4 a OO0 | 88

0 20 30 40 50 70 100
Volume Fraction of Yitria, %

Figure 3 Densities of hot-pressed nickel, yttria and their composites.

present hot pressing condition, grain growth has ocfor yttria hot pressed at 150C. The relative density
curred in pure nickel and the average grain size haseasured using the Archimedes’ principle is 92.5 and
reached 100@m in diameter at the hot-pressed condi- 96.8% for yttria hot pressed at 1250 and 15@) re-
tion. Furthermore, pores are present within grains andpectively. Pores can also be easily identified from the
along grain boundaries. Because of the presence of dmacture surface of specimens hot pressed at 2250
appreciable amount of pores, the corresponding deras shown by arrows in Fig. 4. These results indicate
sity of pure nickel is only about 93% of its theoretical that the hot pressing temperature of 1280s not high
(Fig. 3). However, it is noted that the grain growth of enough to obtain fully dense pure yttria, and confirm
nickel and pores within the nickel phase are effectivelythat the low relative density of the composites is related
eliminated and the relative density of the material isto the insufficient densification of the yttria phase in the
increased with the addition of yttria, as shown in Figs 2composites.
and 3. Furthermore, It can be seen from Fig. 2 that yt- The typical microstructures of composites with 20
tria with a certain degree of interconnected clusters haand 40 vol % %03 etched deeply with a dilute nitric
formed in all the composites prepared, as we desiredcid are shown in Fig. 5. With this etchant the nickel
originally. phase is etched away, while the yttria phase is intact.
Even with the grain growth inhibition and pore- Thus, most of the pores and holes in Fig. 5 can be con-
elimination of the nickel phase by the addition of yt- sidered to be the location of the nickel phase before
tria, it is found that densities of the composites are stilletching. It seems that a continuousO4 network has
lower than those calculated according to the rule oformed in composites with 40 vol % of03. Exami-
mixtures, as shown in Fig. 3. Closer examination of thenation of compaosites with 20 vol % of 03 suggests
microstructure of all the composites (Fig. 2) indicatesthat a certain degree of connectivity among th€®Y
that nickel phase is 100% dense, while there are porgshase itself has been obtained as sorm®sYphases
in the yttria phase. Thus, the fact that the densities of thetand out of the plane of the etched nickel phase. How-
composites are lower than the theoretical calculation igver, the ¥O3; phase has not formed a continuous net-
attributed to the presence of pores in the yttria phase.work yet. Thus, the microstructure of composites with
Estimation of the yttria grain size atthe as-hot presse@0 vol % Y,0O3 can be described as possessing discrete
conditionis conducted using the fracture surface of pure¥ ;O3 particles with some degrees of connectivity be-
yttria fractured at room temperature (Fig. 4). As can beween these particles. Examination of composites with
seen from Fig. 4, the grain size and morphology 0f30 and 50 vol % ¥Os indicates that composites with
pure yttria hot pressed at both 1250 and 150@an be 30 vol % Y,03 have a similar microstructure as com-
easily identified from their fracture surfaces. It is clearposites with 20 vol % ¥Ogs, while composites with
that little grain growth has occurred for pure yttria hot 50 vol % Y,0O3 have a similar microstructure as com-
pressed at 1250C, while grain growth has taken place posites with 40 vol % ¥Os.
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Figure 5 Microstructures of composites with (a) 20 and (b) 40 vol ¥%0¥ deeply etched with a dilute nitric acid.

3.2. Creep behaviour and resistance

nickel exhibits: (i) an instantaneous strain; (ii) a normal

The creep strain of pure nickel versus time is showrprimary stage, where the creep rate decreases continu-
in Fig. 6 where the test is stopped before the failure obusly with time; and (iii) a secondary stage (i.e. steady-
the specimen. As shown in the figure, the creep of purstate stage), where the creep rate is approximately con-
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Figure 6 A typical creep strain—time curve of pure nickel under a stress
of 20 MPa and at 1000C, superimposed with a creep curve calculated
using the Andrade equation.

stant. It can be seen that under the current temperature
and loading conditions (100CGC and 20 MPa) a large
compressive creep strain has occurred0%) 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 %0¢
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 % O3 under a hominal
compressive stress of 20 MPa at 100 min are compared.
Composites with 30 vol % XO3 exhibit a similar creep
behaviour as composites with 20 vol %Q3. However,
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Figure 7 Typical creep curves of composites with 20 vol %04 at
1000°C under a stress of 20 and 40 MPa.

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
Shear-lag modeling . the time—temperature regime for pores to separate from
‘L/ ¢ 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-

3 5 3 sion through the lattice. Thus, a sintering temperature
-4 ‘ - : ‘ lower than 1250°C should be used to densify pure
0 1020 30 40 50 60 kel powders used in this study.

Vol% of Yttria With the addition of %03, 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
composites with 40 and 50 vol %,©3 do not display  still lower than those calculated according to the rule
a minimum creep rate; instead, they exhibit a continuof mixture. A close examination of Fig. 3 indicates that
ously decreased creep rate up to the tifii@loatwhich  the highest relative density, 98.2%, is achieved in com-
time the test is stopped. In order to compare the creeposites with 20 vol % ¥Oj3, and the relative density of
rates between various composites and pure nickel, theomposites decreases with increasing the volume frac-
average creep rate between 100 and 200 min is taken tn of yttria. These data suggest that the low relative
be characteristic creep rate for each material and a platensity of the composite is due to the insufficient den-
of the creep rate normalized by the creep rate of purgification of the yttria phase. This is confirmed by the
nickel versus the volume fraction of, 03 is presented presence of pores in the yttria phases in the composite,
in Fig. 8. Note that the average creep rate between 108s revealed in Fig. 2. The observed low relative density
and 200 min is the steady-state creep rate for compofthe yttria phase both in the composites and in the pure
ites with 20 and 30 vol % ¥Os and approximately for  form hot pressed at 125 is consistent with works by
pure nickel (to be discussed more in Section 4.2). It camther investigators [12, 13]. It is reported that a relative
be seen from Fig. 8 that the creep rate of composites detensity of 65% of pure yttria results when the free sin-
creases with the increase of the yttria volume fractiontering temperature is between 1450 and 160(12].

The effect of the applied stress on the steady statgjowever, the relative density increases to 98.6% when
creep rate is presented in Fig. 9, where a logarithmighe sintering temperature is increased to 180¢13].
scale is used for both the steady-state creep rate and tagso, a dramatic density increase can be achieved by in-
applied stress. The stress exponentalculated from  creasing the applied pressure during densification. For
the slope of the curve was 12.9 and 13.4 for compositegxample, a relative density of 99.6% is achieved with
with 20 and 30 vol % ¥Os, respectively. the use of hot isostatic pressing at 1280under a pres-
sure of 150 MPafor 45 min [13]. Thus, itis clear that the
further increase in the densification of the yttria phase
can be achieved by either increasing the hot pressing
4.1. Microstructure and density of temperature and/or pressure.

nickel/yttria composites The selection of 125€C as the hot-pressing temper-
The presence of pores in pure nickel and the correature for the present composite is based on the con-
sponding low relative density as shown in Figs 2 and Jideration of the melting point of the nickel phase

"Ex‘perimént

1
N
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Figure 8 The plot of the steady state creep rate of the compaosite,
normalized by the steady-state creep rate of the matgjxersus the
volume fraction of yttria.

4. Discussion
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(1455°C). Note that the hot-pressing temperature ofthe stress exponem & 13) of composites with 20 and
1250°C is 88% of the melting point of nickel in the 30 vol % Y,03 is found to be higher than that & 4.6)
absolute temperature scale. However, the present ref the matrix. These findings for the nickel/yttria com-
sults suggest that nickel/yttria composites can be derposite are similar to those for aluminium matrix com-
sified at temperatures higher than 88% of the meltingoosites reinforced with particulates or whiskers that
point of nickel without the risk of the grain growth and normally exhibit high values of both the stress expo-
pore-grain boundary separation. This is important fromnent and activation energy [20—-25]. Several attempts
the viewpoint of composite fabrication because highhave been made to explain the improved creep resis-
hot-pressing temperatures increase the relative densitgance and high values of the stress exponent and acti-
of the yttria phase and, hence, the relative density ofation energy of aluminum matrix composites. These
the composite. Thus, based on these results, it camclude: (i) the concept of the threshold stress [21-25];
be concluded that it is possible to obtain nickel/yttria(ii) the shear—lag approach [26—29]; (iii) load trans-
composites with a full density by hot pressing thefer to isolated short fibres or an interconnected fibre
nickel/yttria composites at a temperature higher thametwork using finite element analysis [30, 31]; (iv) in-
1250°C and/or with an applied pressure higher thancreased dislocation density around the reinforcement
40 MPa. [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, itis unclear how the last two mechanisms
bove 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-
wheret is the time andB is a constant for the given r5ach with bonded interfaces and the load transfer to
temperature and stress. Using the curve fitting apjsplated reinforcements using finite element analysis
proach,s was found to be 0.045 for testing conditions oy result in a creep law for the composite that has
of 1000 °C and 20 MPa (see Fig. 6); and (ii) the \ho'same stress and temperature dependence as that for
creep rate at the time of 100 min equals to the steady,e matrix [27, 31]. However, the load transfer to an in-
state creep rates, of pure nickel calculated from the erconnected reinforcement network does offer a good
following phenomenological equation [17, 18] description of the creep behaviour of aluminium matrix
composites [31]. Despite of the aforementioned short-
) G\ /o \*® Q comings, the threshold stress concept and the shear—
s = B( )( ) exp(—ﬁ> (3)  lag modelling will be utilized to compare with the ob-
served creep behavior of nickel/yttria composites. This

where Q is the apparent creep activation energy andS because that the th_reshold stress concept provides
equals 278.4 kJ mol, B is a coefficient having a & reasonable explanation for high values of the stress

value of 131 x 1015 deg s Pa, RandT have their €xPonentand activation energy [21-25], while the con-
usual meanings, an@ is the shear modulus of nickel finuum mechanics approach using shear—lag modelling

and its temperature dependency is described by [19] IS consistent with the scale of the reinforcement (note
that the size of yttria clusters ranges from 5 to.38,

Fig. 2).

Various origins of the threshold stress have been sug-
. ) gested [21-25, 36—39]. Among them, the concepts of
Recall that no true steady-state stage is achieved ifhe getachment stress for a dislocation to escape from
this study because of the continuously increased crosgpe aitractive dislocation—particle interaction [36-38]
section of the specimen during the compressive teshg the extra back stress required to create the addi-
However, it is noted from Fig. 6 that beyond aboutijong) dislocation line length during “local” climb [39]
85min, the change of the creep rate becomes small, SUgre most attractive as both of the concepts have been
gesting that the steady-state creep starts at about 85 mifp o\ 10 provide the right magnitude of the threshold
if a constant stress were applied. Thus, Equation 3 wilkyress needed in the dispersion strengthened alloys and
be utilized in this study to compute the steady-state,igh values of the stress exponent and activation en-
creep rate of the nickel phase in the composite. ergy [36-41]. The detachment stress,and the extra
back stressgy,, can be calculated using the following
equations [37-39]

4.2. Creep behaviour of pure nickel

The creep data of pure nickel measured in this study ar
consistent with those reported by other investigator
in two aspects: (i) the transient creep strain in the pri
mary stage 4;;) can be described by Andrade equa-
tion [14-16]

sy = Pt /3 (2

T

G

G =9.2x10°—-337x 10" T (Pa) (4)

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- 4 = G_b(l — K32 (5)
tude lower than that of the nickel matrix. Furthermore, A
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and tween yttria and nickel. With these assumptions, it can
be shown that the creep rate of the composite can be
 ~ 0.3— (6) expressed as follows (see the Appendix for details)

A

-

o B

. 46 4.6
respectively. Inthe equations abo@is the shearmod-  é¢ = % (1—V)™A
ulus of the matrixp is the Burgers’ vecto, is the pla- 1/46 56/467 46
nar spacing between reinforcement particles, kaisch % |1+ O.41Vf} (}) (E) (8)
relaxation parameter that takes on values between 0 for r\h 2
maximum attractive interaction and 1 for no attractive
interaction. WherG =49 GPa for nickel at 1000C  \yhereo, is the applied stres¥ is the volume fraction
(from Equation 4)b=0.249 nm [18].A =7 um (de-  of yitria, A is a constant related to the coefficiéBin
termined from the microstructure of the composne),Equaﬁon 3y andL are the radius and height of yttria
andk=0 are usedry and 7, are found to be 1.74 (egpectively, andI®is the effective separation distance
and 0.52 MPa, respectively. However, these threshol@etween yttria, as defined in Fig. 10. Based on the mi-
stresses are too small to account for the observed imsrostructure of composites with 20 and 30 vol %04,
provement in the creep resistance of the cor_nposite, dPis assumed that =1.5um and the aspect ratio of
discussed below. The threshold stress required for thge yttria particle is one (i.eL = 2r). With these as-
improved creep resistance can be estimated using thgmptions, it is found that Equation 8 gives a creep rate
following equation of 6.59 x 106 and 282 x 10® s1 for composites
with 20 and 30 vol % YOz under a stress of 20 MPa,
) G\ /o —oo\*® Q respectively. Clearly, the predicted creep rates are one
ec=B T (")  to two orders of magnitude faster than the measured
creep rates (Fig. 8). It is also noted that the load trans-
where ¢, represents the steady-state creep rate of'er to isolated yttria particles leads to the same stress
the comcposite. Equation 7 is obtained by modifyingeXpo.nent as _the matfix (see Equation 8), which is not
Equation 3 with the incorporation of a threshold stressconsistent V.V'th the high stress exponent observed f_or
o0. Substituting the steady-state creep rage{1.02 x the composite. Thus, the load tra_nsfer to isolated yttria
10-7s-1) of the composite with 20 vol % 303 and particles cannot account for the improved creep resis-
nce. A similar conclusion is also made by Dragone
the proper valuzs for other parametirs ?13 thﬁs%used ﬁ’}1d Nix [31] using finite element modelling t%) ana?yse
Equations 3 and 4 into Equation 7, the threshold stres : : ; .
is found to be 12.5 MPa which is at least one order o Coerr:oggittéinas;gr’;ﬁé%)leggar%'gitgscements in A1/SiC
magnitude higher than those predicted from the de'gach— ThF:e discussion abof/e indpicates .that the improved
ment stress and the extra back stress for “local” climb. ot ¢ " h 20 and 30p | %
Thus, it is reasonable to conclude that the dislocation—s(re(fiIo resis ?rg)ce 0 Icqm%osl (tas Wi ¢ 't%n h vol 7
particle interaction is unlikely to be responsible for theccfn tianfjirrlm:omeghz):ﬁca;nceonl;nep?rcrj:‘str?reilhoi; st?er;csmc-)r
improv r resistan f th mposites. : ) )

-?hcé Sge(;f— (ng ?OS(;EZIH%Z ?)ftniilfeci /yt?rci)z ::%Smpositesthe load transfer to isolated reinforcements. It is be-
is carried out by assuming that the load transfer frorﬂieve@I that the disc_rep_ancy between the predicf[ion and
the matrix to the reinforcement takes place at both théhe measurement I!es In the_presencg of acertain degree
nickellyttria interface with shear loading and the end.Of co;;eﬁtlvnyvr\]nthmttfrlle%/ttrrl]aphtase |ts|elf. Mfanyt_stud- f
of yttria with normal Ior_:lding (Fig. 10). Fyrthermore,_{ﬁs[ ] ?jvehs ovynl a vrhenzogz/v?hume rac(:jlor? ot
several fher assumpions ae made: () yria pari £ EXCTBN S = rOer e 0 e erendphase
cles aref |sholated and. haye a cyllgdglcal sh@pcej; f(") the:trﬂcture of the primary phase. For nick(EI/yttria co?n—
creep of the composite is caused by matrix deforma=>"". . o )

: PR ; osites, it has been shown that yttria can sinter to over
gon bybsr(;egrlng, (i) the m(atglx follows the creep law 82% of the theoretical density a¥1250 Thus, some
escribed by Equation 3; (iv) yttria is a non-creeping; . ) ’
elastic reinforcement; and (v) there is a strong bond be:-ztig:rzgggﬁgesd%Eiuazccl)u;eésggevii(E’)chd t;)sbig)r:esent
23, -
firmed by the deep-etching experiments. Using finite
element modelling, Dragone and Nix [31] have shown
Nickel prida i _ Lo > that load transfer to an interconnected reinforcement
| L fopoee network could give a good account of the improved
i“ creep resistance, high stress exponent and high activa-
tion energy of Al/ALO3; composites. Thus, itis believed
that the improved creep resistance of nickel/yttria com-
posites with 20 and 30 vol % 203 is caused by the

LIS hi N presence of some interconnected yttria clusters. Itis in-
Y. teresting to point out that if yttria particles were truly
® isolated, an aspect ratio of 10 for yttria particles would

Figure 10 Schematic of the shear—lag model for nickel/yttria compos- be requm_ed to obtain the Obse_rved Improvement m_ the
ites. (a) The front view and (b) the side view, showing the unit cell of a CF€€p resistance, aresult Pred|Cted based on Equatlon 8.
cylindrical yttria particle embedded in a hexagonal nickel matrix. This suggests that a certain degree of connectivity of the
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reinforcement is very effective in improving the creepin composites with 40 and 50 vol %,®3 is fully con-
resistance. strained by the yttria network. Thus, the creep rate of
Much to our surprise, the creep resistance of comthe composite is primarily dependent of the creep rate
posites with 40 and 50 vol % 203 does not show of the yttria network. Pores in the yttria phase will cer-
a substantial improvement over the matrix. Becauseainly increase the intrinsic creep rate of yttria and thus
the microstructure examination indicates that composincrease the creep rate of the composite. Efficiencies
ites with 40 and 50 vol % ¥O3 have a continuous of the load-carrying capability through a network and
Y 203 network, it is expected that the creep behaviourfibres are different even though the same strength and
of these composites will be dictated by theO4 same volume fraction are assumed. The microstruc-
network. In order to evaluate the contribution of theture of composites with 40 and 50 vol %,®3 can
Y 203 network, analytical models for continuous-fibre- be imagined to be composed of two interpenetrated
reinforced composites are utilized to estimate the creethree-dimensional networks one of which is made of
rate of the nickel/yttria composite. The utilization of the matrix and the other made of the(Q3 reinforce-
this approach is due to the fact that there is no rigiment. Thus, the load-carrying capability of the(s
orous analytical models available to predict the creemetwork can be approximated by a continuous open-
rate of composites with a continuous reinforcement neteell foam within which nickel is filled. For a given ma-
work. Furthermore, because the yttria phase is continterial and volume fraction, the stiffness and strength of
uous, it reasonable to assume that load can be tranan open-cell foam are lower than those of solid fibres
ferred directly through the yttria network as for the casebecause the deformation of fibres requires axial exten-
of continuous fibres in the continuous-fibre-reinforcedsion or compression, while the deformation of the foam
composites. The analysis is carried out by followingrequires bending [47]. Thus, the low relative density
McDanelset al. [43] and McLean [44], assuming that of the yttria phase and the low load-carrying capabil-
the creep strains in the matrix and reinforcement aréty of the yttria network are all contributed to the low
equal and the external load is shared by the two matecreep resistance of the composite. Note that whether the
rials according to the rule of mixtures aforementioned two sources can account for the several
orders of magnitude discrepancy between the predica-
PINAL e \ Y/ tion and experiment remains to be verified in future
0c = Vf<§> +(1- Vf)<B—) (9)  studies. Nevertheless, the analysis above suggests that
m the creep resistance of composites with high yttria vol-
wheren; andny, are the stress exponenBs andBp are ~ UMe fractions can be further improve.d by dgnsifying
temperature-dependent coefficients, subscripts f and he ytria pha_se and _thUS the composite, which can be
refer to the yttria and matrix respectively, andéc, and achieved by increasing the den_smcatlon temperature
Vi have been defined in Equation By, is calculated ~and pressure. A fully dense yttria phase not only im-
from Equation 3 which describes the creep behaviour oproVes the intrinsic creep resistance of the yttria phase,
the matrix, whileB is estimated using a phenomeno- but alsp enhz_;\nces the load-carrying capability of its
logical equation proposed by Gaboriaud [45] for de-thrée-dimensional network.
scribing the creep rate of fully dense yttrig, (s™1), at
the temperature range between 1500 and 2800
5. Concluding remarks

4 S . .
by = 7.0 106(&)( o ) exp( Q ) (10) The feasibility of processing nickel-based compos

T Gv RT ites through a powder metallurgy approach for the

G
Y in-situ formation of a continuous three-dimensional
whereQ is the creep activation energy and takes the'€inforcement network or the-situ formation of dis-
value of 385.4 kJ mott, R and T have their usual crete reinforcements with certain degrees of intercon-
meanings, an@y is the shear modulus of 03 and  nected clusters was studied using the nickel and yttria
can be expressed as follows [46] system. Despite of a large difference in the melting
points of the two constituents, i.e. 2685 for yttria and
Gy = 6.96 x 10° — 7.5 x 1¢° T (Pa) (11) 1455°Cfornickel, itwas found thata reasonably dense,
continuous ¥0O3 network could be formed in compos-

The creep rate predicted from the McDanels’ modelit€S With 40 and 50 vol % XOs, and discrete yttria
suggests that composites with 40 or 50 vol %0¢  With some degrees of interconnected clusters formed
should have creep rates in the order of #3s-1, which N composites with 20 and 30 vol %,®s. The creep

is much lower than those observed in the experimentests of these composites indicated that the creep rate of
(Fig. 6). The large discrepancy between the predictiorflickel was reduced by two to three orders of magnitude
and measurement may be attributed to two origins. On#/ith the addition of 20 to 30 vol % XOs, and it con-

is the low relative density of the yttria phase obtained intinued to decrease with increasing the volume fraction
the present composites. The other is that the analytic&f the yttria phase. .

model for continuous-fibre-reinforced composites may Analyses of microstructures and creep resistances of
not be suitable for composites with a continuous threethese composites offers several general implications:
dimensional reinforcement network. It is believed that

both of these sources contribute to the discrepancy. As 1. Densification of nickel-based composites rein-
mentioned before, the deformation of the nickel phasdorced with yttria can be carried out at temperatures
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near the melting point of the matrix without the risk and the shear stress at the side interfacand can be
of the pore—grain boundary separation which led to théound with the following equation
presence of pores in the nickel phase. This is believed
to be also applicable to other metal matrix composites Z 2t
as long as the reinforcement is a good grain growth in- ot=- /L/z T dz + om (AS)
hibitor. High densification temperatures will improve
the density and creep resistance of the reinforcementhe ayerage stress carried by the yttria particle is de-
phase and hence the creep resistance of the composiged hy
2. The creep resistance of metal-matrix composites

could be improved over that of composites with only 2 L2

/ Of dz

0

isolated reinforcement particles if the reinforcement of = —

] (AB)

particles can sinter to form interconnected clusters dur-
ing the densification process.

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

Iand the composite stress follows the rule of mixtures
oc = otVs + om(1 — V) (A7)

Substituting equations A4—-A6 into Equation A7 the
relationship between the creep rate of the matrix and
Appendix: shear-lag modelling the composite stress can be found. The creep rate of the
Equation 8 is derived based on the shear—lag analysgomposite is assumed to be proportional to the volume
proposed by Kelly and Street [27]. The geometry forfraction of the matrix
the shear—lag analysis of the nickel/yttria composite is
shown in Fig. 10 where yttria particles are assumed to gc=(1— Vi)ém (A8)
be isolated and have a cylindrical shape embedded in
the nickel matrix with a hexagonal unit cell. Based onThus, the final equation for the creep rate of the com-
the assumed geometry, the volume fraction of the yttrigyosite is
phase is given by

1/2 2 n n 2 Hn 1
3YeLnr e = — = b
Vi — T (A1) gc=o0,(1—W)"A 1—I-Vf<3> .
6(L + 2h)(r + h)2
1 1 -n
Assuming a perfect bond at the interface, the shear rate, % n 1 a L Gn/n (A9)
7, Of the matrix at an average rate between a point at 2n+1/)\h 2

the interface and a point in the matrix distatcrom

the interface will be For nickeln = 4.6, then Equation A9 reduces to Equa-
0 tion 8. Note thah needed in Equation A9 can be cal-
m

Ve = -2 (A2)  culated from Equation Al.
h
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