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Evaluating microstructural and damage effects in
rule-of-mixtures predictions of the mechanical
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Ni-Al,03 composites containing 0 to 100 vol % Ni were fabricated using powder processing
techniques. By varying the metal : ceramic particle size ratio, either particle-reinforced or
interpenetrating-phase microstructures were obtained. The mechanical properties of the
composites were characterized and compared with rule-of-mixtures (ROM) predictions.
For certain particle-reinforced composites, the elastic moduli measured ultrasonically did
not obey the ROM. This result was attributed to the presence of damage that could be
accounted for using existing models. In four-point bending, most composites exhibited
linear elastic behavior, however significant inelastic deformation was observed for
composites containing 60 and 80 vol % Ni. The inelastic deformation was reasonably
well described using ROM models, except when substantial damage was present.
Damaged materials were modeled as two phase composites containing one damage-free
phase and one completely damaged phase that was assumed to behave like a porous
material. The failure strains of composites with continuous ceramic phases were
explained using a semi-empirical model that included both damage and residual stress
effects. Fracture stresses were calculated from predicted fracture strains using a new
ROM deformation model. The model was modified to include constraint effects in order
to accurately describe the deformation behavior of the ductile continuous-ceramic
composites. © 1999 Kluwer Academic Publishers

1. Introduction formulations [5]. By accounting in various ways for
The mechanical properties of metal-ceramic composthe interactions between the phases, the ROM estimates
ites represents an important field of study relevant tacan be modified to include some microstructural details,
a wide variety of materials systems. One area of ree.g. the arrangement or degree of contact between the
centemphasis has been the study of functionally gradephases, often resulting in better agreement with exper-
materials (FGMSs), a new class of composites in whichmental observations [6-11]. Regardless of the method
the microstructure and properties vary with position inused, these approaches rely upon the implicit assump-
the material. In these and other studies, the constitutivéion that the material is homogeneous on a macroscopic
assumptions for composite materials are often criticakcale, i.e. the dimensions of the discrete microstructural
to the success of modeling such phenomena as residonstituents are small compared to the size scale over
ual stresses and fracture behavior [1-4]. Although thisvhich the properties are measured.
originated out of research on FGMs, the results and Microscopic models typically use mean-field theo-
modeling approaches presented herein are believed tees to estimate the overall deformation response of
be widely applicable. a composite by considering the behavior of the con-
A number of different modeling approaches can bestituent phases. The most common method involves
used to describe the mechanical behavior of metaleomputing the average stress and strain fields for dis-
ceramic composites. These approaches can be broadtyete particles isolated within a matrix phase using var-
categorized as being either macroscopic or microscopious forms of Eshelby’s equivalent inclusion method
in nature. Macroscopic models predict the average of12—-15]. In these models, microstructural details such
global response of a composite using only the volumes the amount, size, shape and orientation of the re-
fraction and properties of the individual phases. Thesénforcement can be explicitly taken into considera-
models are simplistic in that microstructural detailstion, and good agreement with experiments has been
such as the reinforcement size, shape, arrangement antiserved in many cases. Alternatively, various FEM
orientation are ignored. Whether derived empiricallymodels have also been used to extensively investi-
or from continuum assumptions, these models usuallgate the effects of microstructural details on compos-
give rise to the well known rule-of-mixtures (ROM) ite deformation response [16, 17]. FEM methods are
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computationally intensive, but have the advantage ofhe composites. Existing models incorporating the ef-
being able to readily incorporate plasticity and tem-fects of damage were used to explain the elastic moduli
perature dependent thermomechanical properties of thresults [18, 19]. It was determined that Ravichandran’s
phases, which are difficult to include in other models. formulation could be applied to predict the deformation
Each of these modeling approaches has certain adbehavior of the damaged composites by modeling them
vantages and disadvantages. For example, althougts a two-phase mixture consisting of one damage-free
microscopic models offer the ability to include mi- composite phase and one completely damaged porous
crostructural details, they have the disadvantage of bghase.
ing mathematically complicated and limited to discrete  Although models exist for predicting the deformation
particle microstructures. Therefore, in spite of their ob-behavior of these composites, models do not exist for
vious simplicity, ROM models are advantageous duepredicting their failure. In this study, the tensile failure
to their ease of use and applicability to a wide rangestrains of continuous-ceramic composites containing
of microstructural types. The choice of which model- 20 to 100 vol % Ni were predicted using a new semi-
ing method to use for a particular problem thereforeempirical model. This model was developed by incor-
depends upon the level of detail desired, convenienceorating the effects of thermal residual stresses into the
and the degree of accuracy required. empirical relationship between mechanical properties
In previously published FEM studies on residual and porosity described by Coble and Kingery fos®@4
stresses in Ni-AlO3; FGM specimens, a modified ROM [20]. Fracture stresses were predicted from the fracture
approach was adopted to estimate the properties of therains using a new and simple deformation model de-
composite materials that comprise the FGM interlayewveloped by incorporating Coble and Kingery’s empiri-
[1, 2]. This empirical approach, originally proposed cal relationship for the deformation behavior of porous
by Tamuraet al. [10], involves distributing both the Al,O3 into a ROM formulation.
stresses and strains among the constituent phases in
the composite according to their volume fractions and, Experimental procedure

the slope of a line drawn between points on the stress4omogeneous bulk composite specimens approxi-
strain curve for each phase. The slope of the tie-linemate|y 25 mmx 25 mmx 75 mm were prepared us-
q, determines the partitioning of stress and strain in theng the powder processing techniques described else-
microstructure, with a vertical slope & —oo) repre-  where [21]. The Ni and AlO; powders were mixed,
senting an isostrain condition and a horizontal slop&ompacted, pre-sintered, and then consolidated in a hot
(q=0) representing an isostress condition. The valugsostatic press (HIP) at 135Q. Specimens were fab-
of the empiricalq parameter depends upon many fac-ricated from powder compacts having nominal com-
tors, including composition, flow stress ratio and strainpositions of 0, 5, 10, 20, 40, 60, 80, and 100 vol %
hardening of the constituent phases, their microstrucn;. Two different combinations of powder sizes were
tural arrangement, and the applied strain. The exaglsed, either 3m Ni with 22 xm Al,O3 or 18 um Ni
nature of this dependence, however, is not well knownyith 0.5,.m Al,O3, respectively. The submicron ADs
Fischmeister and Karlsson [11] experimentally deterpowder, along with Mn and Ti sintering aids, was re-
mined that a slope af = —4.5 GPa yielded useful re- quired to obtain substantial densification and interpar-
sults for avariety of two phase materials containing hardicle bonding in composites containing a continuous
and soft constituents that were studied over a range aferamic phase. In the case of the Ni and 22um
volume fractions and applied strains. Al,03 samples, compositions with less than 40 vol %
In order to justify use of the modified ROM de- Njwhere poorly bonded and were not studied.
scribed above, experimental verification of the accu- Portions of each Specimen were removed for ultra-
racy of the ROM estimates has been sought. In thigonic measurements, and the remaining portions were
study, the powder processed Ni@8; compositeswere  machined into rectangular test bars having dimensions
produced in bulk form. Composites were fabricatedsg mmx 4 mmx 3 mm. Mechanical tests were con-
for a range of compositions between pure metal an@ucted on the rectangular bars in an Instron load frame
pure ceramic using two different ceramic : metal parti-ysing a four-point bend configuration with an upper
cle size ratios, yielding a variety of particle-reinforced span of 40 mm and a lower span of 20 mm. Strains
and interpenetrating-phase microstructures. The elastigere calculated from crosshead displacements, as well
modulus and deformation behavior of each compositeis measured directly using strain gages. All specimens
were measured using ultrasonic and four-point bendwere loaded to failure, except for the 60 and 80 vol % Ni
ing methods. These results were compared with thgompositions produced from theBn Ni with 22 um
modified ROM model described above, as well as witha| ,05 for which the inelastic deformation exceeded ap-
a ROM-based model developed by Ravichandran foproximately 2%. Load-displacement were used to cal-
particle-reinforced and interpenetrating-phase metalcylate stresses and strains as described below.
ceramic composites [6, 7]. Ravichandran used a ROM For elastic-plastic deformations, the applied bending
formulation at the microstructural level, and included moment,M, can be related to the strain on the outer
the effects of constraint, to predict deformation resultiper of the bend bas;,, using the following well known
similar to the numerically intensive micromechanical formula:
and FEM methods. In this study, significant disagree- ) :
ment between the experimental results and the ROM M —n+ 1<80) 3n ( € ) (1)

models was attributed to the presence of damage in Mo 2n+1\e n+1

€0
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whereMg is the bending moment at yielding asglis Percolation theory [22] states that the transition from
the tensile yield strain for the outer fiber. This equationa discrete particle microstructure to a microstructure
is derived assuming the yield behavior in tension andexhibiting long-range connectivity occurs at a critical
compression are identical and that the material obeys @alue of the volume fraction known as the percolation

power hardening law as follows: threshold. For metal-ceramic composites, the percola-
tion threshold for the conductive (metal) pha¥;,

o |e/eo for le] < &p @ can be determined experimentally from resistivity mea-

00 (8/80)%_18/80 for [¢| > € surements using the following relationship between

whereoy is the yield stress; is the yield strain, and
is the strain hardening exponent.

The outer fiber elastic straim, was measured in-
directly from the radius of curvature of the bay, as
follows:

B h
T 2re

The radius of curvature was calculated from the cross- P
head displacement of the upper fixture,as follows:

®3)

L2
e = 1A (4)
wherelL is the lower span of the four-point bend fixture.
The displacement of the crosshead includes displace:
ments due to the compliance of the test fixture. It was [
possible to account for this contribution by comparing
the Young’s moduli from the four-point bend measure-
ments with ultrasonic measurements for a purely elastic!,
material such as ADs.

60 vol.% Ni

3. Results

3.1. Microstructural analysis

In order to model the deformation behavior of the Ni-
Al,O3 composites, it was first necessary to characterize
the microstructures. Density measurements performec
using the immersion method indicated that all samples
were consolidated to greater that 99% of theoretical
density. Optical micrographs showing the microstruc-
tures of composites produced from the.& Ni and

22 um Al,O3 powders can be seen in Fig. 1a, and those
produced from the 1@m Ni and 0.5um Al,O3 can be

- ™ & e /'
seen in Fig. 1b. The apparent porosity evident in these s | 80 vol.% Ni ‘
Qp
-

figures is due to particle pullout during metallographic
preparation. Composites fabricated fromx& Ni and Tﬂ-‘ ‘
22 um Al>,O3 powders exhibited microstructures con- ¢
sisting of a continuous Ni matrix reinforced with dis- _ 8 \
crete AbOs particles; however, at the lowest Ni content ¢ "\‘
(40 vol % Ni) there was considerable contact and con-

/
tiguity between the AlOs particles, and itis difficult 5 gg® -4 H I L *‘7& .’
to discern if the AJO3 phase forms an interconnected > g
network. Composites fabricated from 18n Ni and ’ ” oy »
0.5um Al,O3 powders exhibited microstructures con- 3 - ’ ‘ .,.‘.“
sisting essentially of a continuous /83 matrix rein- ' <N - \
forced with discrete Ni particles, except for the highest l : i A S
Ni content (80 vol % Ni) which appears to also have S

)
. . . . R -
an interconnected Ni phase. Since, in some cases, it it ‘S iy _. -)3-
impossible to determine from a micrograph taken from
the cross-section of a composite whether the reinforce-
ment exists as discrete partlcles (Or discrete agglomFlgure 1 Optical micrographs showing the microstructures of com-

erates) or as an interconnected phase, further analysissites fabricated from (a) m Ni and 22:m Al,03 powders and
was requwed (b) 18 um Ni and 0.5um Al,O3 powders.

2243



(b)

Figure 1 (Continued.
resistivity, R, and volume fraction:
R o (Vim — Vcr)_2 (5)

whereVy, is the volume fraction of metal. Resistivity

measurements for the composites are shown in Fig. ?
e

The percolation thresholds for the Ni phase estimat
from the above analysis akg, = 0.10 for composites
fabricated from the %um Ni and 22.m Al,O3 pow-
ders andv.; = 0.30 for composites fabricated from the

600

[ |
[ Equation 5 (V_=0.1)
500 | “ c

400 |

400 _ Equation 5 (V_=0.3)

200 F

Resistivity (uQ-cm)
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Figure 2 Resistivity measurements for Ni-AD3 composites.
2244

18 um Ni and 0.5um Al,O3 powders. Thus, compos-
ites produced from thesm Niand 22um Al,O3 pow-
ders (which all contained 40 vol % Ni or greater) can
all be characterized as having a continuous Ni phase,
s suggested in Fig. 1a. Composites produced from the
8 um Ni and 0.5um Al,O3 powders can be charac-
erized as having discrete Ni particles for Ni concen-
trations of 20 vol % or less, and are characterized as
having a connected Ni phase for Ni concentrations of
40 vol % or greater. Unfortunately, no direct measure-
ment was possible to allow the percolation threshold
for the Al,O3 phase to be characterized. For the pur-
poses of the present analysis, thed Ni and 22um
Al,O3 composite containing 40 vol % Ni was assumed
to consist of a continuous Ni matrix with dispersed
Al,O3 particles. Based on the resistivity measurements
and the connectivity of the AD3; phase observed met-
allographically, the 18m Ni and 0.5um Al,O3 spec-
imen containing 40 vol % Ni was determined to consist
of interpenetrating phases. However, because this mi-
crostructure is near the percolation threshold for Ni,
some Ni may still exist as discrete particles.

In the analysis of the mechanical response of these
materials presented in the following sections, a distinc-
tionis made between those microstructures that contain
discrete reinforcement particles (which could be con-
tained in either continuous metal matrix or continuous



TABLE | Microstructural types based on metallography and resisti- 500

; —_ — 1 1 T T T
vity measurements & L Modified ROM (g=-175 GPa) |
Powder mixture % 400 Ravichandran [6] -
2 4
Composition Sum Ni and 18um Ni and 3
(vol. % Ni) 22 um Al,Os 0.5m Al,0s k 300 ce. N
e
5 Not studied 3 “3, 200 I
10 Not studied 3 5 _
20 Not studied 3 § - Equation 7 -
40 1* 2% 100 : ] 1 I | ] 1
60 1 2 0 02 04 06 0.8 1
80 1 2 Volume fraction Ni
@
Key:
1 = continuous Ni matrix, dispersed AD3 particles
2 = interpenetrating phases
3 = continuous A}O3 matrix, dispersed Ni particles — 500 T T T T T T
* see text for discussion. o 3 Modified ROM (g=-15 GPa)
O
e 400 Ravichandran [7]
3 -
ceramic matrix) and those that contain interpenetrating 3 300
phases. Table | summarizes the microstructure char- EO Lo N
acterization results with regard to this distinction, and PP T T e, -4
also indicates the two composites for which the type of 2 200 L 3
microstructure could not be unambiguously identified. ><33 FEquation 7 1
The discussion regarding microstructures that exhibit 100 1 . I R
continuous ceramic phases involves all composites pro- 0 0-V2 | 0.4 ¢ 0{.6 ﬁ:B 1
duced from the 1&m Ni and 0.5:m Al,O3 powders olume fraction NI
and, as indicated in Table I, includes both types of mi- ®
crostructures.

Figure 3 Ultrasonic measurements of Young’s moduli for (a) particle-

The grain size within the Ni phase in the COmpos'tesreinforced and (b) interpenetrating-phase Ny®@4 composites.

was measured to be in the range of 20 tq.50 for all

composites. In contrast, due to extensive grain growth ) ) . .
the grain size for the pure Ni sample was on the order ofhe case of the particle-reinforced composites (Fig. 3b)

1 mm. It was not the focus of this work to manufacture Ny the 80 vol % Ni composite is in reasonable agree-

pure Ni specimens having grain sizes comparable tgnent with the model predictions, and all othgr r_noduli
those of the composites; however in order to be consisVere lower than expected. The reasons for this disagree-

tent with the grain size of the matrix in the compositesMent are discussed below.
the deformation behavior corresponding to fine-grained
Ni was used in the following analyses. The power law3.2.2. Influence of damage on composite
hardening deformation response of the fine-grained Ni, modulus
obtained from the literature [23] was assumed to be: It was suspected that the low moduli values for these
composites could be attributed to damage in the form
o (GPa)= 0.68:%2° (6)  of either debonding between the Ni and®k phases,
poor sinter bonding between contiguous;2a Al,O3
particles or particle fracture, although no direct evi-
dence for the later was observed. To establish a lower
bound on the expected modulus values in the damaged
Young’s moduli were determined from ultrasonic mea_materials, itwas init.ially assumed a'll'the damagg could
surements and the results are presented in Fig. 3 a@—e treated as porosity, an_dthe empirical correlation pre-
cording to the type of composite microstructure (assente_zd by Coble and Kingery was used to relate the
identified in Table 1). Fig. 3a shows results for all in- .EIaSt'C modglusE, to the amo.unt of porosity present
terpenetrating phase composites and 3b shows resul'f%the material, as follows [20]:
for all of the particle-reinforced composites. Compar- E = Eo(1— 1.9p + 0.909) @)
isons were made with predictions from the modified
ROM model, Ravichandran’s ROM model, and an ad-wherep is the porosity andgg is the Young’s modu-
ditional model incorporating porosity that will be dis- lus of the completely dense ceramic. The curves shown
cussed below. In the case of the interpenetrating phasa Fig. 3 were calculated assuming all the reinforce-
composites (Fig. 3a) note that the modified ROM andment phase was porosity. Note that all modulus data
Ravichandran’s predictions yield quite similar results,fell between the ROM predictions and the porosity cal-
and both models are in excellent agreement with theulation, suggesting that this approach does indeed es-
experimental data for composites containing 60 andablish a useful lower bound. For the particle-reinforced
80 vol % Ni. For the 40 vol % Ni composite the modu- composites containing less than 20 vol % Ni, excellent
lus is considerably lower than the ROM predictions. Inagreement was observed between the measured values

3.2. Ultrasonic measurements
of elastic constants
3.2.1. Comparison with ROM predictions
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and the porosity prediction. This result suggests that 30 ——4————F——7——7—

there was essentially complete particle debonding in & 300 § Cracked ]
these materials. e L\ ]

In order to analyze the data for the composites with 9250 N\ ~
modulus values lying between the ROM and the com- 3 200 L N Debonded ]
pletely damaged (porosity) bounds, a damage model @) S i I~ \/ |
was needed that incorporated varying degrees of dam- » 150 N .
age. Models developed by Mochidgal.[18] can pre- g’ 100 L Shattered ~3~ h
dict the reduction in the elastic moduli of the compos- o I S
ite by treating the damaged particles as an additional 50 — .
particulate phase characterized by shattering, debond- Vg|umeo'f2ract%r':' da(r)ﬁggedo'gartic}es
ing or cracking. Tong and Ravichandran [19] utilized 300
these models to predict the reduction in the elastic w Tt
moduli of shock-consolidated SiC-particle-reinforced & 250 A
titanium-matrix composites, however the volume frac- & ]
tion of damaged SiC particles observed microscopi- = 200 _
cally did not correlate with the model predictions; the B 3 1
discrepancy was attributed to microcracking in large ® = 150 .
particles that could not be observed microscopically. o Shattered

Bulk modulus is insensitive to the type of damage 5 100 -
present and is therefore appropriate for quantifying the > ]
amount of damage. The measured bulk moduli for the 50 0 02 04 06 0.8 1
40, 60, and 80 vol % Ni particle-reinforced microstruc- Volume fraction damaged particles
tures were plotted with the damage model predictions 260 ——
(Fig. 4). For the 60 vol % Ni composite, the amount w L
of damage corresponded to approximately 36% of the & 240 Cracked .
particles, while for the 40 vol % Ni composite ap- ?é 000 L Debonded
proximately 30% of the particles were damaged. The 5 L 1
80 vol % Ni composite had significantly less damage, 8 200 1
only 13%. © = 0 i

To evaluate the type of damage present, the mea- °© L Shaifered ~. ]
sured elastic moduli for each these composites were 3 160 | T
compared with the predictions for the different damage > 140 I
types (Fig. 5). Inall cases the analyses indicated the type 0 0.2 04 06 0.8 1

of damage most closely corresponded to debonded par- Volume fraction damaged particles

ticles. This obse?rvation,is consistgnt with the damag.q‘:igure 5 Young's modulus for the (a) 40 vol % Ni, (b) 60 vol % Ni,

T[ypeS_Observed in Tong’s composites [19] However, itang () 80 vol % Ni particle-reinforced composites compared with the

is believed that the local stress and strain states correredictions for various assumed types of damage using the model of

sponding to debonded particles in the damage modeflochidaet al. [18].

are also reasonable for describing those in poorly sin-

tered contiguous 22m Al,O3 particles. _ composites provides details on the quantity and type of
Applying these damage models to the ultrasonicyamage. The quantity of damage was estimated to be

modulus data for the 0 to 20 vol % Ni particle-reinforced 6294 for the 5 vol % Ni composite, and 86 % for both

the 10 and 20 vol % Ni composites. The damage ap-

250 (T T e peared to be consistent with a mixture of debonded and

o ] shattered particles. This result is not unexpected since
— 200 i 80 vol-% Ni 1 completely debonded particles would be expected to
S R 60 vol.% Ni 1 produce stress and strain states comparable to those
0] oG L ] for shattered particles, yet some particles are probably
@ 150 ¢ R T~/ . only partially debonded. The large quantity of dam-
% r “‘ So \\; age in these composites explains the good agreement
2 100 f (. S~_ J that was observed between the measured modulus val-
e C el s <] ues and the predictions based on Coble and Kingery’s
E s0 L 40 vol.% Ni N 3 porosity correlation.

0 L 3.3. Deforme]tion behavior of ductile
composites
0 02 04 06 08 1 3.3.1. Validation of assumption in

Fraction of damaged particles

four-point bend analysis
In order to verify the assumption that the composite

Figure 4 Bulk moduli for 40, 60 and 80 vol % Ni particle-reinforced X A A N X X
composites measured using ultrasonics compared with predictions fronfi€ld behavior was identical in tension and compres-

the damage model proposed by Tong and Ravichandran [19]. sion, and consequently that the strains calculated using
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Figure 6 Strain gage measurements of tensile and compressive strains from a four-point bend test conducted on a 60 vol % Ni interpenetrating-phase
composite.

crosshead displacements were accurate, strain gagls particle-reinforced composite are not surprising in
were placed on the tensile and compressive sides dight of the damage present in this material. In order
a 60 vol % Ni interpenetrating-phase composite. Theto predict the deformation behavior of this material, it
measured strains, shown in Fig. 6, indicate that thés therefore necessary to take damage into account in
yield behavior was nearly identical. This conclusionthe constitutive models. The model of Ravichandran
is consistent with the numerical modeling of Daehn

etal.[24] indicating that thermal residual stresses cause

only a slight difference between the compressive and 800 . T . I . T .
tensile yield behavior for interpenetrating-phase com- 80 vol.% Ni (Measured)

posites. Shert al.[16] also used numerical modeling ey ol N (ﬁ:;:gg:”ggg 15 GPay
to show that thermal residual stresses .have ‘Fhe sam _ 600 ...... 60 vol.% Ni (Measured) & T
effect on the yield behavior of composites with unit £ | -7 60 vol% Ni (Ravichandran)

-+ 80 vol.% Ni (Modified ROM, @15 GPa) |
; e

cylinder and spherical particle reinforcements as on the<. 400 -

interpenetrating-phase composites. Based on these reg
sults, the assumption used in Equations 1 and 4 was &
justified. ® 200

3.3.2. Comparisons with ROM models

Measurements of the inelastic deformation in the duc- 0 : L : L : ' .
tile 60 and 80 vol % Ni composites were compared with 0 0.005 80-91 0.015  0.02
the ROM models. The results for the interpenetrating- "g')“

phase microstructure and particle-reinforced mi-

crostructure can be seen in Figs 7a and b, respectively  ggg
The modified ROM model and the ROM model of | 80 voi%h Ni {Measured)

Ravichandran [7] both provide adequate predictions of — — 80 vol.% Ni (Ravichandran)

the deformation behavior for all but the 60 vol % Ni 600 | 80 vol.% Ni (Modified ROM, g=-175 GPa)

particle-reinforced composite. The valuesp(slope @ LS f’;::iif:{fmm

of the tie-line in the modified ROM model) used in the = - 86 vol.2% Ni iMocifid ROM, 6175 GPa}

analyses are also indicated on the figures. The behav,, 400 -

ior of the particle-reinforced composite approaches an @ i . e W,,_.gﬂ»—:
isostress conditiomg(= 0 GPa) while that of the inter- ® T ?;;"gﬁﬁ“‘“"
penetrating phase composite approaches an isostrai 200 f/ —=="" ... ]
condition § = —oo GPa). The model of Ravichandran / st
appears to more accurately predict the deformation be- 0 L , L
havior. 0 0.0056  0.01  0.015  0.02
Strain
3.3.3. Deformation modeling of damaged ()
composites Figure 7 Deformation behavior of (a) interpenetrating-phase and (b)

The discrepancies bet\/}/een the ROM predictions angarticle-reinforced Ni-AlO; composites compared with predictions
the observed deformation response for the 60 vol %made using the modified ROM and Ravichandran's models [6, 7].
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can be utilized by treating the composite as two dif-mation response of the of the 60 vol % Ni particle-
ferent particle-reinforced phases, one with completelyreinforced composite (Fig. 8a). Predictions are also
damaged particles and one with completely undamageshown for the case in which the effects of constraint
particles. have been eliminated from the model, giving slightly
The volume fraction of the completely damagedbetter agreement with the observed behavior. This
phase was assumed to be the same as the volume franedification to the model for its application to dam-
tion of damaged particles determined from analysis ofiged composites is justified since the completely dam-
the elastic modulus data. Unfortunately, the deformaaged phase is highly compliant and cannot provide
tion response of this completely damaged phase is naignificant constraint on the undamaged phase.
known. For the purpose of this analysis, it was assumed The effects of damage in the 80 vol % Ni specimen
that the damaged phase could be treated as a poroasge shown in Fig. 8b. Since this material contained only
metal with a porosity equal to the volume fraction of the approximately 13% damage, the effects of accounting
particle reinforcement. From German [25], it is known for this damage on the deformation behavior predicted
that porosity,o, reduces the work hardening exponentusing both composite models were relatively minor.
of steel as follows:

_ _ \-19
n=031(1-p) (8) 3.4. Fracture of continuous ceramic-phase
In order to apply this relationship to Ni, the initial value composites .
of the work hardening exponent was taken to be 0.233-4- 1. Prediction of fracture strains ,
(from Equation 6) instead of 0.31. The modified work Almost all of the composites studied failed in a brit-
hardening exponentwas used in conjunction with Equall® manner, exhibiting relatively low fracture strains
tion 6 to represent the deformation behavior of the dam{l-€-, [€ss than 2%). However, the 80 vol % Ni particle-
aged Ni phase. ren_wforcec_i composite d_|d not fail after 2% strain, at
The deformation responses of the damaged compo¥‘-’h'Ch point 'Fhe four-point bend test was term!nated.
ites predicted using Ravichandran’s models for botHn the following analyses, fracture of the continuous
interpenetrating-phase and particle-reinforced composg€ramic-phase composites is described. Fracture strains
ites are shown in Fig. 8. The damaged interpenetratingand stresses for these materials having compaositions

phase composite model better describes the defof@nging from O to 80 vol % Ni are shown in Figs 9a
and b, respectively.

The following simple model was proposed to de-

600 - - - . . . . scribe the fracture strain of these composites. The com-
A f:te‘:g;; t'j;ﬁg:&j;u‘mage s consraimt 1 posites were assumed to be comprised of a continuous,
e Intorpenetrating w/ damage ] porous ceramic phase penetrated with metal. Since the
= 450 T —.— Particle-reinjorced w/ damage & constraint ceramic phase is continuous, the strain in the ceramic
g P Particle-reinforoed w/ damage . was assumed to be equal to the overall composite strain.
w300 - Itis further assumed that fracture of the brittle ceramic
8 phase dictated failure of the composite. The fracture
o strain, ¢, for a porous composite was calculated from
150 the properties of porous AD; [20] as follows:
0 . L . I . 1 . o = ot _ —(00/5)(1— p)In(0.6p) ©)
0 0.005 0.01 0.015 0.02 E Eo(1— 1.90 + 0.902)
Strain
@ whereos is the fracture stres&; is the Young's mod-
600 - . , ' . ulus, oy is the fully dense fracture strength, akd is
.................. 80 vol.% Ni (Measured) the fully dense Young’s modulus.
| — — — Interpenetrating w/ damage & constraint | To apply Equation 9 to the continuous ceramic-phase
450 | e Interpenatrating wi damage composites, interactions between the ceramic and the
& | 7 Panticle-einforced w/ damage & constraint | reinforcement must be accounted for. During fabrica-
s | Particie-reinforced w/ damage . . . .
= s00 b i tion, residual stresses are developed in the ceramic and
§ T the metal due to the mismatch in thermal expansion
= = T coefficients. In the simplest case the interaction effect
150 _/V - is equal to the residual stress. This is analogous to
/” | the treatment of hydraulic fracturing of rocks, wherein
. ' . | } ‘ . pore pressure has the effect of decreasing the fractu.re
0 0 0.005 0.01 0015 0.02 strength by an amount equ'allto the pressure [26]. Th|s
Strain effectis described by the Griffith theory for a crack with
(b) internal pressure [27], and is valid for both positive and

- 8 Predicti  the deformation behavior of d 4 ( )negative pressures. Thus, it is reasonable to assume for
igure redictions o e deformation behavior O amage a . _rai . .
60 vol % Ni and (b) 80 vol % Ni particle-reinforced composites made partlde reinforced ceramics that the thermal residual

using Ravichandran’s interpenetrating-phase and particulate reinforce§'€SS€Strs, in the particulate phase will have_ an ef-
models, with and without constraint [6, 7]. fect equivalent to that of pore pressure. Equation 9 can
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0 0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
Volume fraction Ni Volume fraction Ni
@ Figure 10 Thermal residual stresses measured using neutron diffraction
techniques for interpenetrating-phase Np®4 composites.
600 T T T T T T T T T
] f ] thermal residual stress in the ceramic rather than in a
475 . particle.

The thermal residual stresses in these materials have
been determined experimentally using neutron diffrac-
. tion measurements [30]. The results for the hydrostatic
stress are shown in Fig. 10 as a function of Ni volume
fraction. Note that the hydrostatic stresses in the ce-
N ramic increase almost linearly with Ni content in the
range of 40 to 80 vol % Ni. However, for composites

N Equation 9 containing less than 40 vol % Ni, the residual stresses
100 SR S S ER i R in the particles were negligible. These observations are
0 0.2 0.4 0.6 0.8 1 consistent with the elastic modulus measurements that
Volume fraction Ni indicated substantial particle debonding for compos-
(b) ites containing 20% Ni or less. Including the measured
Figure 9 Measured and predicted fracture strains (a) and fracturereSIduaI hydrostatic stresses in Equation 10 yields pre-

stresses (b) for continuous ceramic-phase composites shown as alfung—ICtIorlS of the fracture strain in gOOd correlation with

Equations 10 and 11

350

225

Fracture stress (MPa)

tion of Ni content. the measured values (Fig. 9a).
therefore be modified as follows: 3.4.2. Prediction of fracture stresses
—(00/5)(L — V) In(0.6V}) + otrs Fracture stresses can also be calculated from the frac-
= E(1_ 19V +00V2 (10)  ture strains predicted in the previous section provided
0( — LIV +USV; ) appropriate deformation models are used. As has been

. . demonstrated, no single model can be used to predict
where the porosity of the ceramic has been replaced by e geformation behavior of these materials since some
the vqume_fractlon of reinforcement;. Althoqgh not composites exhibit interpenetrating phases and some
done for this study, a more exact relationship betweer, ipi harticle-reinforced microstructures. In the case
the thermal residual stresses and pore pressure could iha continuous ceramic-phase composites, the de-
be determined for particle-reinforced composites usingq,mation behavior was predicted using an empirical
a micromechanical analysis based on Eshelby’s equivy 5 ceramic approach, identical to the formulation
alent inclusion model [28, 29]. Exact models are not Equation 9. Assuming no interaction between the
purrently available for composites with interpenetrat- .o .o mic and the reinforcing phase, the deformation be-
ing phases. avior of the composite can be predicted from the de-

While it is reasonable to assume that the thermat, maion hehavior of each phase using a simple ROM:
residual stress in the particulate phase is equivalent to

the pore pressure for particle-reinforced composites, o 2 ,

this assumption may not be valid for interpenetrating- ~ c°mPosite = Eo(1 — 1.9V + 0.9V) composie

phase composites. In this case, the effect of the rein- + Vror(ecompositd (11)
forcing phase is to pre-stress the ceramic by an amount

equal to the thermal residual stress in the ceramiovhereocompositdS the composite stress asidscompositd
phase. For the present analysis it was assumed thathe deformation behavior of the reinforcing phase.
the effects of pre-stressing are identical to the effects Fracture stresses calculated with Equation 11 us-
of pore pressure, so Equation 10 can also be appliethg the predicted fracture strains (including the effect
to interpenetrating-phase microstructures by using thef residual stresses) are shown in Fig. 9b. In these
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600 — 77 dicts modulus values significantly lower, most notably
- 1 near the 60 vol % Ni composition. Assuming this re-
500 - A sult is due to an interaction between the phases not
- Measured // Pt accounted for in Equation 11, the model was modified
n’c?_s‘ 400 - - DA to include a new constraint factop(V;), dependent
s - _ AN 1 uponthe volume fraction of the Ni phase. Consequently,
» 300 | / \ - Equation 11 was rewritten as:
§ i X Equation 11 1 )
» 200 N @ (Vr)ocomposite= Eo(l — 19V, + 0.9V, )Scomposite
100 -_// _- + Vror(ecompositd (12)
,Equ"’,m", ! ,(Rav"(:ha,"dra," °°,"S"?'m) The new constraint factor can be evaluated by calculat-

0 ing the stresses in a hypothetical composite consisting

of a reinforcing phase with the same properties as the
ceramic phase. Since, in order to be self-consistent, the
Figure 11 Deformation behavior ofa 60 vol % Niinterpenetrating-phase modulus of the composite must equal the modulus of
composite compared with predictions made using Equation 11, with ang¢he single phase material for all reinforcement volume
without the constraint factor of Ravichandran [6]. fractions, the constraint factor must be of the form:

0 0.001 0.002 0.003 0.004 0.005
Strain

calculations, the contribution of the Ni phase to the de- P(Vi) = 1 — 1.9V, + 0.9V? (13)
formation behavior of the composites was neglected for
materials containing 20 vol % Ni or less because of the Using this constraint factor the moduli were
substantial particle debonding previously demonstrate@gain calculated and compared with the model of
in these materials. Note that in the case of the 60 vol ¢4Ravichandran. As shown in Fig. 12, substantial agree-
Ni specimen, the model predicts a significantly lowerment was obtained between the two models. In addi-
fracture stress than would be expected based on tH&n, the predicted deformation behavior of the 60 and
good agreement between the measured and predict& vol % Ni interpenetrating-phase composites calcu-
fracture strains (Fig. 9a). The reason for this disagreelated using Equation 12 and using the new constraint
ment is illustrated in Fig. 11 where the actual deforma-factor (Equation 13) is shown in Fig. 13. Note that
tion behavior of the 60 vol % Ni specimen is comparedthe new model yields excellent agreement with the ob-
with that predicted using Equation 11. The specimerserved behavior of these composites.
was considerably less compliant than the model pre- As a final note, Tuaet al.[31] prepared fully dense
dicts. This effect was believed to be due to constrained\l 203 composites with less than 13% Ni by pressure-
deformation of the metal phase, therefore the calculaless sintering of coated powders. Increases in fracture
tions were repeated including the constraint parametestrength of up to 23% were reported and attributed to
proposed by Ravichandran [6]. The modification, alsomatrix grain refinement. In this case, however, fracture
shown in Fig. 11, had a relatively minor effect on the stress typically exhibits an inverse square root depen-
behavior predicted by Equation 11. dence on grain size. Since grain size refinements of
Elastic moduli predicted by Equation 11 are com-approximately 10% were reported, increases in frac-
pared with predictions from Ravichandran’s model forture strength of only about 5% would be expected. Us-
interpenetrating-phases in Fig. 12. Equation 11 preing the fracture model described above, an increase in
fracture strength of approximately 30% can be expected

450 — T 7 T T T T T
i Ravichandran [6] 1 600 ' ' Lo ' ' '
< 400 . - r s T
& \( - 500 |- K -
g 350 NN ] _ I : L]
=] i \ \ Equation 12 1 & 400 - ’ /y'/ 7
8 300 + N BRI — = " - T
= i N RNy ] 300 | < -
7] RN Ny 3 v
o 250 /\ N < \\\\\\ — o - ‘ i
5 L / ~ S & 200 F -
>o_ Equation 11 ~ o Tl ., 80 vol.% Ni {Measured) ]
200 - Tm a7 J;/ — — — - 60 vol.% Ni (Measured)
I 100 7 80 vol.% Ni {Equation 12} |
150 5 I \ } . ! 1 . It —=emr- 60 vol.% Ni (Equation 12) 4
0 02 04 06 08 1 0 —
Volume fraction Ni 0 0.003 0.006 0.009 0.012
Strain

Figure 12 Dependence of Young’s modulus on Ni content for

interpenetrating-phase composites predicted using the model ofFigure 13 Deformation behavior of 60 and 80 vol % Ni composites
Ravichandran [6], and the ROM deformation model with and without compared with predictions using the ROM deformation model with con-
constraint (Equations 12 and 11, respectively). straint (Equation 12).
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for thermal residual stresses on the order of 200 MPathe volume fraction. For particle-reinforced composites
Although residual stress measurements were not rezontaining substantial damage, Ravichandran’s model
ported, itis possible that the observed strength increasesn still be applied. In this paper, we included damage
were due to the presence of residual stresses. in Ravichandran’s particle-reinforced model by treat-
ing the composite as two different particle-reinforced
phases, one with completely damaged particles and one

4. Conclusions
An effort has been made to employ simple ROM models
in order to explain the deformation and fracture behav-
ior of powder processed Ni-A03; composites exhibit-
ing a wide range of compositions and microstructures.
For the purposes of these analyses, the materials were.
broadly classified as being particle-reinforced (either
ceramic in metal matrix or metal in ceramic matrix) or
having interpenetrating phases.

Ultrasonic elastic modulus measurements indicated
that particle-reinforced composites with 20 vol % Ni 5.
and less had complete particle debonding, therebys.
exhibiting the elastic behavior of a porous ceramic. /-

1.

4.

Particle-reinforced composites with between 40 and
60 vol % Ni exhibited elastic behavior indicative of

materials containing substantial damage, which was atto.

tributed primarily to poor sinter bonding between con-
tiguous ALbO; particles. Both interpenetrating-phase
and particle-reinforced composites of 80 vol % Ni, as, ,
well as the 60 vol % Ni with interpenetrating-phase

exhibited elastic moduli consistent with ROM predic- 12.

tions.

Only Ni-Al,03 composites containing 60 vol % Ni
or greater exhibited significant inelastic deformation,, ,
which, inthe case of the interpenetrating phase compos-

13.

with completely undamaged patrticles.
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