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ABSTRACT

The accurate incorporation of interface effects on creep in metal matrix composites
is contingent on the direct experimental determination of the deformation kinetics. An
experimental approach is identified that is capable of providing the necessary data regarding
interface deformation without being influenced by the other mechanisms in the composite.
The goal is accomplished by isolating the composite interface and precisely measuring the
creep characteristics of the interface, by utilizing a fiber-pushout apparatus to apply a
constant force on the fiber of a model single fiber composite (SFC), so that the interface
can creep under the apblied shear stress. Two different model fiber-matrix systems - one
with no mutual solubility and the other with limited mutual solubility - were investigated.
In both systems, the interface displayed Bingham flow (diffusional flow with a threshold
stress). The Finite Element Method (FEM) was utilized to check the conceptual validity of
the test approach for one of the model systems, and to provide -insight into the design of the
sample and test apparatus. FEM was also utilized to estimate the residual radial stresses
present in the model composite system following cooling from an elevated to ambient
temperature. Based on the experimental results and the FEM analysis, an analytiéal model
is advanced to incorporate the effect of radial residual stresses on the creep of the fiber-
matrix interface. The model yields an explicit constitutive law which describes the stress,
temperature, and matrix property dependence of interfacial creep. The model also indicates
that the experimentally observed threshold stress is diréctly attributable to the normal

(radial) stress acting on the fiber-matrix interface.
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I. INTRODUCTION

The automotive and aerospace industries have increasingly focussed their attention
on the potential performance gains which will be generated by the use of metal-matrix
composites (MMC:s) in critical engine and structural components. The low density, high
strength, and superior high temperature properties of MMCs are just a few of the attributes
a;tracting developers to this class of materials. For example, Toyota Motor Company has
used metal-matrix composites in diesel engine pistons [Ref. 1]. Honda has developed and
tested entire engine cylinder blocks composed of aluminum based MMCs [Ref. 2]. The
future of turbine engine components is directed toward the incorporation of Titanium or
Aluminum matrix composites due to their increased strength, low density and improved
high temperature performance [Ref. 3]. Other applications for MMCs in the
aerospace/automotive arenas include those in electronics packaging, where the tailorable
coefficient of thermal expansion and thermal conductivity of MMCs are utilized

advantageously.

The elevated temperature performance characteristics of metal-matrix composites is
a key factor which design engineers wish to exploit in future applications. Interest in

utilizing metal matrix composites under conditions of high homologous temperature (T/Ty,)

has accentuated the need to understand and accurately predict the time dependent
deformation behavior at elevated temperature (i.e., creep response) of this class of
materials. A typical metal matrix composite derives its higher strength and improved creep
resistance from thé ceramic or metallic reinforcements included within the matrix. The
reinforcement material can take the form of either dispersed ;-)articulates, whiskers, or

continuous fibers. However, of all possible reinforcement geometries, introduction of



continuous ceramic or refractory metal fibers into a metallic matrix results in the most

significant improvements in creep characteristics.

A metal matrix composite combines the distinct thermo-mechanical properties of
the two constituent phases into one body. However, a simple continuum mechanics
approach to modeling/prediction of the composite properties is often not be adequate if it is
based on a uniform stress distribution in each phase and the assumption of isostrain
conditions between the fiber and matrix phases. In particular, the latter (i.e., isostrain
condition) is often violated during deformation of the composite, leading to the inability of
existing appfoaches to render phenomenologically accurate predictions. which have not
been experimentally verified. When placed under load, the inhomogeneity of the composite
usually results in a complex variation in active deformation mechanisms, which is a
function of both time and position in the composite. Also, several studies have shown that
the mechanical properties of composite materials are strongly dependent on the strength and
deformation properties of the matrix-reinforcement interface. As a result, fundamental
knowledge of the time-dependent deformation mechanisms operating at the interface is a
vital requirement in order to correctly predict the creep response of a composite material.
Thus, in order to accurately predict the creep behavior of a metal matrix composite it is
necessary to understand: (1) the creep response of the individual constituents of the
composite, (2) the effect of the complex stress state thét exists in a nonhomogeneous .
deforming body, (3) the interaction between creep and internal residual stresses, and, (4)

the role of local stress relaxation mechanisms such as interfacial sliding.

Currently available models for creep in metal matrix composites have used various
techniques to account for the possible effect of localized interface deformation or sliding.

These models either represent the interface as undergoing frictional sliding [Ref 4.] , or as a
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highly dislocated region of the matrix undergoing power law creep with a high stress
exponent [Refs 5,6]. A third type of model allows for diffusional accommodation at the
interface, and has been applied to discontinuously reinforced composites [Refs. 7,8,9].
However, all of these approaches involve experiments on a complete composite system,
followed by the adjustment of some empirical parameter to fit the model to the experimental
result, and thence obtaining the “interface” properties. While good agreement between
model and experiment has been shown, there is as yet no direct experimental evidence
which isolates and measures the interfacial deformation characteristics. As a result, no
clear phenomenologically based model for interfacial deformation, verifiable by
experimental evidence, is available to date. Therefore, in an effort to gain needed
mechanistic insight, this study uses a unique experimental approach involving creep testing
the interface of a model metal-matrix composite. This information is critical in order to
develop a kinetics based model capable of describing the longitudinél creep of a

continuously reinforced composites under non-isostrain conditions.






II. BACKGROUND

A. SOME OBSERVATIONS ON COMPOSITE CREEP

A fundamental understanding of the nature of creep in a continuously reinforced
metal matrix composite can be obtained through the consideration of the basic composite
system shown in Figure 1. In Figure 1 the continuously reinforced composite is placed
under a simple uniaxial tensile load. In this system, the fibers are restricted to elastic
deformation and the matrix is elasto-plastic and capable of stress relaxation by creep. By
assuming an isostrain condition throughout the composite it is possible to utilize the rule of

mixtures to model the nature of the evolving stress state in the composite in response to the

applied load. Using the rule of mixtures the overall stress in the composite G, can be
determined from the following equation:

6,=0,V,+06_V,_ (D
where Vrand Vy, are the volume fractions of the fiber and matrix respectively and 6; and 6_

are the corresponding stresses. For constant applied stress conditions, the derivative of
equation (1) with respect to time yields:

do, do

Vg Vo =0
do, V_do_
TV @

Because the matrix is capable of undergoing stress relaxation due to creep, the time

derivative of the matrix stress approaches zero along with that of the fiber. The result is




Fibers

Matrix

P

Figure 1.  Schematic of a continuously reinforced metal matrix composite placed
under a tensile load P. The fibers occupy a volume fraction of the
.composite Vi.




that the stress in the matrix is eventually completely relaxed, and the cumulative stress in
the fibers equals the composite stress. Consequently, the creep curves of a continuously
reinforced composite are expected to be characterized by a transient creep period while the

matrix relaxes, followed by an asymptotic approach to a fixed strain value equal to:

Thus it is expected that the creep rate of continuously reinforced composites will reach zero
after a certain length of time assuming no interface slippage or fiber fracture. This

conclusion was reached by McLean [Ref. 10] who studied the creep in a continuously
reinforced nickel based superalloy in situ composite with fibers Cr3C,. However,

McLean’s experiments showed that the final stages of creep displayed an increasing strain
rate. The increasing strain rate was entirely attributed to fiber fracture , although it is
possible that interfacial sliding could also produce a finite steady state creep rate following

the initial transient.

Kelly and Tyson [Ref. 11] attempted to perform experiments on silver containing
continuous tungsten fibers. Unfortunately, their efforts were frustrated by the premature
failure by shear of the solder in the testing grips. The test on discontinuous composites
exhibited an increase in the activation energy for creep in Ag-W .composites at high
temperatures. It was noted that the creep rupture sﬁrfaces of the composites tested at
elevated temperature showed that no fibers were broken and all pulled out of the matrix,
with silver adhering to the sides [Ref. 11]. Matsuura et al. [Ref. 12] were successful in
testing an aluminum composite that was reinforced with continuous alumina fibers.
Matsuura et al. [Ref. 12]’ also found evidence of the influence of fiber damage on the
initiation of tertiary creep in the continuous composite. As expected, for low stress level

without excessive fiber fracture, the creep curve was dominated by the initial primary
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transient. Following the primary stage creep, the researchers determined that the specimens
were actually undergoirig a measurable finite creep rate on the order of 10-9 to 10-10 s-1,
This result is worthy of note because at low stress levels in the absence of fiber fracture
and/ or interface failure, any measurable time dependent deformation in a continuously

reinforced composite may be attributed to creep at the fiber matrix interface.

Weber et al [Ref. 13] performed creep experiments on y-TiAl reinforced with

continuous alumina fibers. These tests were specifically set up to determine the effect of
fiber and interface variables on the longitudinal creep in composites. They applied special
coatings to some of the sapphire fibers in order to promote the formation of weak
interfaces. The results of these tests were in good agreement with the McLean model [Ref.
10]. A transient creep response was observed and the creep réte diminished with
increasing strain (i.e., a transient creep response). In this system, the transient creep
response was observed for both conditions, i.e., strong and weak interfaces. Because
these tests were all conducted at a single temperature (982 °C), a possible temperature effect
on the transient creep response was not considered. A transition temperature effect was not
overlooked in the tests conducted by Schwenker and Eylon [Ref. 14] on a Ti-6Al-4V
composite reinforced with SCS-6 SiC continuous fibers. At low stresses and temperatures
(450 and 538 °C) the predicted transient creep response was noted. However, at the same
stress level, but at a higher temperature (650 °C) a small measurable steady state creep rate
was observed. According to the acoustic emission data indications of fiber fracture were
negligible at the lower stress levels. The mechanism that fully explains the measured creep

rate in the absence fiber fracture is the effect of interfacial creep.

Rosler et al. [Ref. 15] performed experiments on TiAl reinforced with Ti,AIC




platelets. In these creep experiments a transition temperature was identified above which
creep strengthening provided by the reinforcement is eliminated. This is attributed to the
rapid diffusional flux of matrix atoms from the compressively stressed to the tensile regions
of the matrix surrounding the reinforcement via interface diffusion, allowiﬁg the matrix to
creep as if the elastic inhomogeneity constituted by the platelets did not exist. Dragone and
Nix [Ref. 16] conducted studies on the creep properties of a model MMC system
composed of a lead matrix reinforced with nickel fibers. Their tests were conducted at 70-
87% of the melting temperature of the matrix. While it was determined that the standard
form of the Kelly and Street creep model gave good agreement with the trends in the data,
Dragone and Nix were only able to obtain an accurate fit to their data after making
adjustments to the model which accounted for the effect of a sliding interface. Thus, based
on various previously published studies, interfacial strain accommodation appears to play
an important role in determining the elevated temperature deformation behavior of

composite materials.

B. COMPOSITE CREEP MODELS

Accurately accounting for the deformation properties of the interface region has
been an area of difficulty since the earliest efforts to model the creep behavior of metal
matrix composites. The initial experimental efforts by Kelly and Tyson [Ref. 11] provided
the foundation for the investigation of creep in MMCs. Working with silver reinforced
with tungsten fibers, Kelly and Tyson concluded that the rate of creep appears to be
governed by the rate of creep in shear of that part of the matrix close to the fiber which is
subjected to high shear stress [ Ref. 11]. Following the work of McDanels et al., S. T.
Mileiko [Refs. 17,18] chose to ignore the special problem of the interface in his first

approach to modeling the creep in composites. Mileiko’s analysis is based on considering



the creep of the composite as the summation of the creep of an array of unit shear cells.
This cell type of analysis continues to provide useful insight into the properties of
composite materials. Mileiko’s model is a stress based analytical model which assumes a
uniform stress distribution and an isostrain condition between the fiber and matrix.
According to this model, as creep progresses within the composite the simple shear cells
deform in such a way that there is a free surface created within the composite matrix.
Thus, the creep rate is controlled by the movement of these free surfaces or holes in the
matrix. Using this approach, Mileiko is able to show reasonable agreemenf between his
model and the results obtained by Kelly and Tyson. Although Mileiko’s model of creep |
by the creation of holes results in a good simplified solution, it fails the test of conceptual
accuracy, since it is well established that creep can occur in a continuously reinforced
material without the foﬁnation of voids or free surfaces. McLean’s [Ref. 19] energy
dissipation approach to the composite creep problem allowed him to avoid the issue of the
complicated internal stress state, although his analysis ignored the role of the interface, and
assumed a perfect bond with no sliding at the interface . McLean’s analysis resulted in an
analytical form which suggests amplification of the internal shear strain occurs between
adjacent shear cells in order to satisfy compatibility conditions, relative to the unreinforced
matrix. De Silva’s model [Ref. 20] for creep in composites is based on: a rule of mixtures
form of the composite stress and a perfect interface creating an isostrain condition between
the matrix and fiber. De Silva’ model, like those discussed above, was generated in order
to analyze the creep response of discontinuous aligned fiber reinforced MMCs. De Silva
points out that as the matrix stress relaxes due to creep, load is transferred to the fibers via
the action of shear stresses. Because the fibers in this model are also able to creep, one
condition for the steady state creep is reached when the creep rate in the fibers matches that
of the matrix. However, de Silva mentions another steady state condition that fits his

model. He has determined that below some critical fiber aspect ratio there is a limit on the

10




shear stresses that can be generated. As a result, the matrix strain rate no longer equals the
fiber strain rate and steady state is achieved by allowing the matrix to creep or slide past the
fibers. Although the latter steady state mechanism violated de Silva’s perfect bond and
strain compatibilify assumption, no further explanation was offered with regard to the

nature of the interfacial sliding.

The perfect bond assumption (i.e. rigid interface) is not the cornerstone of all
composite creep models. In 1972, Kelly and Street [Ref. 4] were the first to incorporate
the possibility of deformation or sliding at the interface in composite materials. Their shear

lag analysis of the composite creep problem allowed them to incorporate a sliding parameter

7. The sliding parameter was a proportionality constant relating the velocity difference

between points in the fiber and matrix to the sliding velocity. Ac;:ording to Kelly and
Street’s model, the rate of sliding along the interface is proportional to the applied shear
stress raised to the power, m. Although the interface was assumed to follow a power-law
stress dependence, no clear mechanism was identified to explain the nature of the interfacial
sliding. Indeed, the specific value of the stress exponent, m, was not established, and
values of m ranging from 1 to 14 were considered in their analysis. Further, this form of
sliding is linked to the stress dependence of creep in the matrix and does not allow for the
possibility of a separate time dependent deformation mechanism operating at the interface.
A time dependent mechanism in the interfacial region was proposed by Bullock et al. [Ref.
21] in order to account. for the apparent sensitivity of unidirectionally grown eutectic
composites to the scale of the microstructure. In their analytical model, the accumulation of
dislocations near the fiber was assumed to create a back stress at the interface. The back
stress across this region was assumed to have a uniform distribution along the fiber axis

and the “interface” was incorporated into the model as a distinct boundary zone
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surrounding the fiber with its own independent creep properties. The effect of the
boundary layer resulted in better agreement with experimentally observed creep rates.
However, there was no direct experimental evidence or mechanistic model offered in order
to establish the exact nature of the stress dependence and deformation kinetics of the
boundary layer. Goto and McLean [Refs. 5,6] also incorporated the concept of an
independently creeping boundary layer in their model of creep in fiber reinforced metal
matrix composites. In this model, the interface is regarded as a separate phase of thickness
0. Similarly to Bullock et al. [Ref. 21], Goto and McLean assumed an isostrain condition
across the composite. As aresult, they were able to account for the interface deformation
by assigning a unique stress dependence to the matrix boundary layer. However, due to
the limited studies performed on continuouslyAreinforced composites at that time, they were
unable to rigorously compare their model with experimental results. Such a comparison
would have proved useful in order to confirm and explain the possible deformation kinetics

of the interface.

In an effort to explain the possible interface deformation kinetics, recent studies

have focused on generating creep models which specifically take into account the effects of
some form of time dependent interfacial sliding mechanism. Rosler et al. [Ref. 7] have
analyzed the effect of diffusional relaxation on creep strength in composite materials. This
study shows that the creep strength of reinforced composites may actually be eliminated
due to the effect of diffusional flow at the interface. The diffusional flow or sliding of the
interface effectively removes the interface tractions which normally act as a constraint on
matrix deformation. Based on their analysis, Rosler et al. were able to develop a
constitutive equgtion for overall creep rate which was dependent on the rate of diffusional

flow along the interface. From this creep law, Rosler et al. were able to determine both a
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critical aspect ratio below which creep étrength is lost and a critical transition temperature
above which creep strength is eliminated by rapid interface diffusion. The removal of the
deformation constraint on the matrix has been analyzed by Kim and McMeeking [Ref. 8].
According to their theory, composite creep strength is equivalently impaired if the interface
is either characterized as an interphase layer with minimal viscous drag or as an interface
along which rapid diffusion occurs. Thus, they have identified two independent interfacial
creep mechanisms in order to explain any possible stress and temperature variation in the
creep strength of discontinuously reinforced composites. In their model, the two separate
mechanisms constituted: (1) a Newtonian viscous slip at the interface, driven by the
interfacial shear stress, and (2) a diffusive flux (i.e., diffusional creep) driven by the
normal (radial) stress acting on the interface. Nimmagada and Sofronis [Ref. 9] adopted a
similar approach to model the interface deformation and reached similar conclusions.
However, they are at variance with Kim and McMeeking with regard to the actual
magnitude of the effects of slip and diffusion on creep strength. Nimmagada and Sofronis
conducted unit cell analysis and finite element methods to accurately solve for the
deformations in the composite and the effect of interface slip and diffusion. Since there is
currently no experimental data for interfacial creep by which the two models (i.e.,
interfacial slip and diffusional flow) can be evaluated and validated, the general trend of
creep strength degradation is mainly of qualitative significance. Also, the effect of the
reduction in residual matrix stress at elevated temperatures is not considered. The
hydro.static stress state in the composite is evaluated as a function of position but its
temperature dependence is not addressed. These two mechanism, viscous drag and
diffusional flow, both have the same linear stress dependence and the same direction of
flow. Therefore, it is reasonable to consider that there may be one single interface creep

law that combines the effects of both normal and shear stresses at the interface.
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C. THE CASE FOR STUDYING INTERFACE CREEP

Independent deformation of the composite interface during creep would constitute a

violation of the isostrain condition that is an inherent assumption in most continuum
mechanics based creep models. However, experimental evidence exists which would
suggest that the isostrain condition between the matrix and fiber is not always maintained
during creep [Refs. 22,23]. Also, several metal matrix composite systems have displayed
a marked degradation in creep strength at elevated temperatures [Refs. 15,16]. Several
studies involving both thermal cycling and creep of metal matrix composites have displayed
characteristics that are best explained by interfacial creep mechanisms. Further, the
continuous fiber reinforced extremities of specimens which have undergone uniaxial
longitudinal tensile creep have been frequently observed to have the matrix extruded
beyond the fiber ends, clearly suggesting the breakdown of the isostrain condition and the
existence of interfacial sliding in the absence of fracture [Ref. 24]. A schematic

representation of this phenomenon is shown in Figure 2.

The most dramatic evidence of an independent interface deformation mechanism is
displayed in the results of thermal cycling experiments conducted on continuously
reinforced metal matrix composites. Due to the differences in the coefficients of thermal
expansion between the matrix and the fiber it is possible to generate high levels of internal
stress in the composite by controlled periodic variation in temperature. Dutta et al. [Ref.
22] conducted thermal cycling experiments on aluminum reinforced with graphite fibers.
In Figure 3 the specimen was slowly cycled between 298-813K at a heat up rate of 0.89
K/min. Near the edge of the fiber tow it is clearly evident that the matrix has crept out
above the fiber to relieve the thermally imposed tensile stress. The sharp step between the

top of the graphite fiber and the crept matrix shows that the condition of isostrain between
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Figure.2

Schematic of the extremity of a crept continuous fiber reinforced SCS-6-Ti
MMC, showing that the matrix has been extruded past the fibers, with a
clear discontinuity at the interface, suggesting the existence of interfacial
sliding [Ref. 24].
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the matrix and the fiber has been violated. This strain incompatibility is significant because
the matrix deformation has evidently been controlled by the rate of déformation_at the
interface and there is no indication that interfacial fracture has occurred. If fracture had
occurred in either of these specimens, the matrix and fiber could have relieved the internal
stress via a non-time dependent deformation resulting in the matrix (which was initially in
residual tension) collapsing below the fiber ends and the fibers (initially in residual
compression) would relax by protruding above the matrix. For example, the appearance of
a specimen of graphite reinforced aluminum which was cycled between 298K and 318K at
a rate of 20K/min is shown in Figure 4 [Ref 25]. Yoda et al. [Ref. 23] performed thermal
cycling experiments on a copper composite reinforced with tungsten fibers. Figure 5
shows the rn‘icrostructure at the end of a specimen that was subjected to 4950 cycles
between 673 and 1073K. From Figure 5 it is evident that the matrix has repeatedly crept
above the tops of the fibers until the total displacement is nearly one millimeter. Such
strain incompatibility across the interface in the absence of fractufe must be accounted for
with some type of time dependent interfacial mechanism such that the matrix and fibers can
display different longitudinal strains while still being linked. Therefore, the determination

of the mechanism and kinetics of that interface deformation constitutes the focus of the

present thesis.
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Figure 3.

SEM micrograph showing the effect of slow thermal cycling on an
aluminum composite reinforced with graphite fibers. The specimen was
slowly cycled between 298-813K at a rate of 0.89 K/min. Notice that the
matrix has clearly crept and is protruding above the top of the fiber [Ref.
22].
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Figure 4. SEM micrograph showing the effect of rapid thermal cycling on an
- aluminum MMC reinforced with graphite fibers. The specimen was cycled
between 298K and 318K at a rate of 20K/min. There is clear evidence of
interface fracture. The matrix has relieved itself of the tensile residual
stress and has collapsed inward, while the fibers which were formerly
under compression are protruding out above the matrix.[Ref 25].
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Figure 5.

SEM micrograph of a copper MMC reinforced with tungsten fibers. The
image shows the effect of repeated thermal cycling, the specimen was
subjected to 4950 cycles between 673 and 1073K. This specimen offers
dramatic evidence of the phenomenon of interface sliding. Without any
indication of interface fracture, the matrix has extruded above the top of the

fiber [Ref 23].
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III. OBJECTIVES

Based on the previous discussion, it is apparent that the accurate incorporation of

interface effects on creep in metal matrix composites is contingent on the direct
experimental determination of the deformation kinetics. Therefore, one of the objectives of
this study is to identify an experimental approach that is capable of providing the necessary
data regarding interface deformation without being influenced by the other mechanisms in
the composite. The experimental technique utilized accomplishes this goal by isolating the
composite interface and precisely measuring the creep characteristics of the interface. The
approach chosen in this study constitutes a utilization of a fiber-pushout apparatus to apply
a constant force on the fiber of a model single fiber composite, so that the interface can

creep under the applied shear stress.

The Finite Element Method (FEM) was utilized to check the conceptual validity of
the test approach for one of the model systems, and to provide insight into the design of the
sample and test rig. FEM was also utilized to estimate the residual radial stresses present in

the model composite system following cooling from an elevated to ambient temperature.

Based on the experimental results, and the FEM analysis, an analytical model is
advanced to incorporate the effect of radial residual stresses on the creep of the fiber-matrix
interface. The model yields an explicit constitutive law which describes the stress,

temperature, and matrix dependence of interfacial creep.
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IV. EXPERIMENTAL

A. COMPOSITE SYSTEMS

This study analyzes the creep characteristics of the interface in two model metal

matrix composite systems. Lead (99.99 % purity) is chosen as the matrix material because
its low melting temperature (601 K) allows for the measurement of significant creep rates at
near-ambient temperatures. Also the creep properties of pure lead are well documented and
there is a wealth of knowledge available for comparison [Refs. 21,22]. The two composite
systems studied are lead reinforced with a nickel (Pb-Ni) fiber and lead reinforced with a
fused quartz fiber (Pb-Qtz). The model systems were chosen such that the fiber and matrix
materials have good wetting characteristics and adhere well with each other. Lead and
quartz do not have any solubility in each other, and therefore, the Pb-Qtz system represents
the case of a sharp interface. The lead-nickel system is representative of a MMC with a
diffuse interface. This is evident from the phase diagram shown in Figure 6 [Ref. 26].
There is a eutectic at 99.87 wt% lead, with practically no solubility of nickel in lead. This
results in a nickel-lead interface as shown schematically in Figure 7. Clearly, there is a '
compositional gradient across the interface, suggesting that the interface may be considered
as “diffuse”. The relevant thermal and mechanical properties of the constituent materials

are delineated in Table 1.
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Figure 6. Phase diagram of the lead-nickel system. The blow-up shows the region
relevant to the interface of the lead-nickel SFC system. Interface region
shows solubility which leads to a diffuse interface [Ref. 26].
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Figure 7.  Schematic representation of the interface regions in the two types of
fiber-matrix interfaces (diffuse and sharp) in the lead-nickel and lead
quartz SFC systems.
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Property Lead Fused Quartz " Nickel |
(Youlggs(gdzecli)ulus) '1 6.1 7274 199.5
(vica Stengty 55 | (Compressive) | 45
(Poisso\r)l ration) 044 0.16 0.29
(Coefficient%f '(I‘lh%-ri/rg Expansion) 2 0.54 13.3

Table 1. Material Properties
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B. SINGLE FIBER COMPOSITES
1. Fabrication

Lead based single fiber composites were fabricated using a liquid casting technique.

Both the nickel and the quartz fibers had as-received diameter of one millimeter. A three
step cleaning proceés was used to ensure the fiber surfaces were free of contaminants:

- Rinse fibers in 2% dilute solution of NaOH

- Rinse fibers with distilled water

- Final rinse with methanol and hot-air dry
First, lead was melted in a pyrex test tube until a melt temperature of 798 K was reached.
Following removal of any surface slag, the Pb melt was poured into a second test tube held
inside a furnace. A graphite powder cover was utilized in order to minimize oxidation
during melting. The clean fibers were inserted into the melt utilizing an alignment fixture
(in order to ensure perfect alignment of the fiber along the test tube axis) and held at 798 K
for approximately two minutes. During the holding process and the subsequent cooling,
the free surface of the melt was covered with graphite powder (to minimize oxidation) and
with a thick layer of alumina (to minimize surface chilling). The model single fiber
composites were then furnace cooled to room temperature (298 K) over a period of 4 to 5
‘hours. The micrograph shown in Figure 8 is an example of the resulting composite
microstructure. The edge of the fiber is on the left of the micrograph. The near interface

grain size is on the order of 15 - 25 um. The far-field matrix grain size is somewhat larger,

on the order of 25 - 40 um.
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Figure 8.  Micrograph showing the matrix microstructure in the SFC system. The
grain size is on the order of 10-25 pm near the interface and there is a far

field grain size on the order of 25-40 um.

2. Specimen Preparation for Pushout/Creep Testing

a. Sectioning
The single fiber composites were cut normal to the fiber axis in 1.5 - 4

millimeter thick sections. The samples were then polished on SiC emery paper coated with
paraffin wax. The grit size of the carbide paper was stepped down until the final polishing
step performed on 4000 grit paper. The use of paraffin wax was necessary in order to

prevent the SiC abrasive particles from becoming embedded in the soft lead matrix.

b. Mounting
The polished specimens were mounted on 2 four millimeter thick aluminum
base plate containing a 1.5 millimeter diameter hole with thermal set mounting wax or

colloidal graphite adhesive, such that the one millimeter fiber was aligned exactly over the
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hole (see Figure 9). Proper alignment above the hole was verified with a low power

stereo-microscope prior to testing.

3. Mechanical Testing and Microscopic Examination
a. Apparatus

Figure 10 shows the overall interface testing setup in an MTS 810™ servo-

hydraulic mechanical testing system. The load cell was set to a full scale range of 448
Newtons. This allowed measurements of the load with and error band of less than +0.25
N. The extensometer used was a high resolution (+0.20 pm) bridge displacement gauge
with a full range from 0-0.51 millimeter. A micrometer controlled X-Y stage was used to
ensure the placement of the top of the fiber directly below the center of the flat bottomed
indenter. Low thermal conductivity (alumina/mullite) machinable ceramic from Aremco
Inc.™ was placed in the areas shown in Figure 10 in order to minimize heat loss from the
heated elements to the surrounding instrumentation, and thereby affecting the accuracy of
the load cell and displacement gauge. The specimen platform and indenter were
independently heated by standard Kapton™ resistive heating elements from Minco™
Products. Inc. The platform and indenter heaters are capable of maintaining constant
temperatures up to 125°C with a control band of +1 °C. The geometry of the setup (see
Figure 10) is such that the displacement measured by the displacement gauge is equivalent
to the fiber-top displacement of the specimen. The aﬁangement allows for flexibility in the
tests that can be performed. For example, in addition to the pushout and creep tests, stress
relaxation tests may also be performed using the apparatus. Further, it allows testing a

wide range of specimen thicknesses.
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Figure 9. Schematic representation of the experimental approach adopted in the
pushout/creep test.

b.  Pushout Testing

The pushout test was conducted with the servo-hydraulic system, in strain
control mode where the hydraulic ram is controlled through feedback from the displacement
gauge (see Figure 10). The pushout tests are constant displacement rate tests during which
the fiber is pushed out of the matrix and the load required to effect the displacement is
continuously monitored. ‘Figure 11 shows a typical pushout curve. The key feature of
interest obtained from the pushout curves generated in this study is the linear region prior to
peak load, which corresponds to elastic deflection without interface debonding [Ref. 27].

We have designated this load at the onset of debonding as 'Pd. The debonding load is then

normalized to an average debonding interfacial shear stress T, which is determined as:
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Figure. 10 Overall schematic diagram of the experimental system used for interface
testing. Actual equipment is part of an MTS model 810 servo-hydraulic
test system.
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Figure 11. Load versus fiber-top displacement curve from a pushout test on the lead-
quartz composite system. The point of initial deviation from the linearity
corresponds to the onset of fiber-matrix debonding, i.e. Py.
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where, 1, is the fiber diameter and t, is the thickness of the specimen.
Elevated temperature pushout tests were performed. Following stabilization and
equilibration of the temperatures of the indenter and the SFC sample. This usually took

0.5-1 hour. Several of the pushout specimens were examined in a scanning electron

32




microscope (SEM) in order to inspect the interface and determine the nature of the fiber-
matrix debonding. The SEM images were obtained using a Cambridge™ SEM with a

LaBg¢ filament operating at 20 kV.

The objective of the pushout tests was to determine the maximum loads that
could be applied without causing fracture along the interface. This information was
necessary so that the proper loads could be established that would allow for the

measurement of creep at the interface without causing fracture.

c. Creep Testing

Referring to Figures 9 and 10, the interfacial creep tests were conducted

under conditions of constant average interfacial shear stress as calculated above. In order

to ensure that debonding and fracture did not occur during initial loading, the creep testing

was conducted at various stress levels below a maximum stress of T,. The creep tests

were conducted with the MTS unit in load control mode where the output of the load cell
controls the position of the hydraulic ram to maintain the applied load at a given setpoint.
Displacement measurements from the displacement gauge are continuously monitored

during the course of the creep test.

The high temperature creep tests were also conducted in air. Two resistive
element heaters were used to conduct high temperature creep testing at various temperatures
up to 104 °C. Prior to the initiation of the test, the temperature of the sample is stabilized
to match the temperature of the indenter tip. The creep samples were examined in the SEM.
These micrographs were collected in order to observe the extent of the deformation which

occurred during the creep test.
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C. DIRECT OBSERVATION OF INTERFACIAL SLIDING

1. Fabrication

In order to show clear visual evidence of the existence of interfacial sliding, a plate

reinforced composite was fabricated in such a way that a free surface containing a
longitudinal section of the reinforcement was exposed. A schematic of this model
composite is shown in Figure 12. Two composite systems were utilized in this experiment
in order to investigate the nature of deformation along the two types of interfaces
considered. A tungsten plate was utilized in order to observe the deformation effects along
a sharp interface (lead and tungsten have negligible solubility in each other). The lead-
nickel composite system was used in this case to determine the effect of a diffuse interface
on the nature of the deformation. A liquid casting technique was used to fabricate both

model composites.

The alignment fixture used to process the single fiber composites was utilized to
maintain the vertical alignment of the plate reinforcement. Lead was then melted in a
crucible with a small diameter beaker until a melt temperature of 798 K was attained. The
plate reinforcement was lowered into the molten lead, and immediately covered with
graphite powder and alumina. The system was held at 798 K for 2 minutes, and then

cooled inside the furnace.

2. Specimen Preparation
a. Sectioning and Polishing

Following fabrication, the specimens were sectioned through the plate

reinforcement using a Beuhler™ high speed diamond saw with a high concentration
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diamond blade. The sectioning was performed in order to accomplish three objectives:
(1) to ensure that the plate reinforcement was exactly perpendicular to the base of the
sample, (2) to guarantee that the base and top of the sample were parallel, and (3) to expose

at least one free surface that would provide direct examination of the interface.

The free surface containing the longitudinal section of the plate
reinforcement was then polished with SiC emery paper coated with paraffin wax. The grit
size of the carbide paper was stepped down until the final polishing step performed on
4000 grit paper. The main focus of the polishing step was to attain a smooth level finish at
the exposed matrix reinforcement interface in order to facilitate the proper deposition of a

fine carbon grid.

b.  Carbon Grid Deposition

A high vacuum evaporative carbon coater was used to deposit a grid pattern

through a fine 1500 Ipi mesh on the sample. The best carbon grid patterns were achieved
when the vacuum was less than 10-3 torr and the polished surface was two centimeters v
below the carbon filament. The deposition resulted in a pattern of 19-20 pm carbon film
squares aligned across the interface. This same technique has been successfully utilized
previously in order to investigate the strains attributable to grain boundary sliding in

polycrystalline materials [Ref. 28]
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Figure 12. Schematic representation of the test approach adopted for the direct observation of
interface creep using a plate reinforced MMC with an exposed longitudinal section
through the reinforcement. A square carbon grid was deposited across the interface to
facilitate observation of interfacial displacement.

3. Testing and Microscopic Examination

The matrix-reinforcement interface was viewed in an optical microscope prior to

testing. Several images were captured along the interface in order to show the perfect
alignment of the carbon grid along the interface prior to testing. The microscopic

examination was performed using a Jenaphot™ 2000 optical microscope.

The specimen was then mounted on a four millimeter thick aluminum plate

containing a 3 millimeter wide slot using colloidal graphite adhesive. The mounting was
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such that the two millimeter wide plate was aligned exactly over the central axis of the slot.

Proper alignment above the slot was verified with a stereo-microscope prior to testing. The
specimen was then placed in the testing apparatus and a constant load was applied to the top
of the plate reinforcement allowing the interface to creep. The load was adjusted upwards
as necessary in order to achieve a sufficient creep rate that would yield clearly observable

displacements across the interface.

Once the creep tests were completed, the specimen was again examined using an
optical microscope. Several images were captured in order to compare the deformed
interface with the images taken prior to testing. Figure 12 shows the sample as mounted

and the placement of the carbon grid.

D. DATA ACQUISITION

The data collected during these experiments were acquired using an Apple

Macintosh™ computer containing a Strawberry Tree™ data acquisition card. The
Strawberry Tree Workbench™ software was utilized to control the data recording and to
provide a real time display of the data as it was collected. The raw data was analyzed using

the graphing software, Kaliedagraph™.

37




38




IV. EXPERIMENTAL RESULTS

A. DIRECT OBSERVATION OF INTERFACIAL SLIDING

As discussed in chapter I, there exists experimental evidence that indicates that the
strain compatibility between the fiber and matrix may not be maintained during creep in
metal matrix composites [Refs. 15,16,22,23]. However, these indications of interfacial
sliding have been observed as a result of creep tests on entire composite systems and have
not been verified through direct loading of the interface in shear. In order to directly
examine the confribution of interface deformation to the overall composite deformation, the
experiment introduced in the previous section was performed on the lead matrix composite
reinforced with a tungsten plate. Figure 13 shows the vacuum deposited carbon grid
pattern as it initially appeared across the interface. In Figure 13, the tungsten reinforcement
is on the right, the lead matrix is on the left, and there is a distinct interface evident between
the two constituents. It is important to note that prior to testing the grid pattern was in

perfect alignment across the interface.

A stress change creep test was performed on the sample using the sétup shown in
Figure 12. The resulting creep curve is shown in Figure 14. The sample was initially
loaded to attain an average interfacial shear stress of 0.05 MPa. This load was maintained
for 2.5 hours and then the load was increased to attain an a{/erage shear stress level of 0.08
MPa and maintained for another 2.5 hours. As shown in Figure 14, the displacement
measured as a funcition of time during the course of the test reveals that the deformation

between the reinforcement and matrix has a distinct time dependent characteristic,

suggesting that the interface is undergoing creep.
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Figure 13. Optical micrograph showing the deposited carbon grid pattern across the
reinforcement-matrix interface. There is perfect alignment of the grids on

both sides of the interface. In the image, the matrix (lead) is on the left and
the reinforcement (tungsten) is on the right. - .
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Figure 14. Fiber-top displacement vs. time plot obtained during the test to directly
observe the effect of interfacial sliding. The distinctive feature of this curve
is its clear time dependent characteristic.
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After completing the creep test, the sample was again examined in the optical microscope to
check for any indication of relative displacement between the reinforcement and matrix. .
Figure 15 clearly shows that after the creep test, there was a distinct displacement between
the reinforcement and the matrix. Upon examining the grid pattern in the matrix, it is
evident that the amount of matrix deformation is negligible compared to the definite grid
discontinuity at the interface. From thesé observations it can be determined that the

measured deformation is dominated by creep along the interface. No evidence of fracture

was observed at the interface.

Figure 15. Optical micrograph showing the appearance of the deposited grid pattern
across the interface following a stress change creep test. The deformation
of the grid reveals a negligible matrix component and a sharp discontinuity
at the interface. In the image, the matrix (lead) is on the left and the
reinforcement (tungsten) is on the right.

The above experiment produces incontrovertible. evidence that at least in the stress /

temperature regime of the experiment, the interface displays time dependent creep
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behavior, with the interfacial creep rate being significantly larger than the creep rate of the
adjacent matrix. Thus, clearly, the interface has its own deformation kinetics, separate
from the deformation kinetics of the matrix. Now that the existence of interfacial creep has
been clearly observed, the following experiments were conducted to gain insight into the

kinetics of the creep mechanism.

B. PUSHOUT TESTING

As shown in figure 4, interface fracture is also a mechanism that can be used to

explain a violation of strain compatibility between the fiber and matrix. However, the
focus of this study is on the determination of deformation mechanisms at the interface
without fracture. Therefore, in order to conduct creep experiments in a stress regime such
that there is no chance of interface fracture, some basic understanding of the fracture
strength of the interface must be obtained. Several studies have shown that the single fiber
pushout test can be successfully utilized to determine the shear strength characteristics of

the fiber matrix interface [Refs. 27, 29-36].

1. Lead-Quartz System Pushout Tests

The setup for the pushout tests was as shown in Figure 9. Two pushout tests were

conducted for the lead-quartz composite system. One test was conduéted at room
temperature (298 K) while the other test was conducted at the highest expected temperature
for creep testing (373 K). Sample thicknesses were 1.7 mm (298 K test) and 2.3 mm (373
K test). The displacement rate for the pﬁshout was set to 40 um/s. The average interfacial
shear stress versus displacement measurements are shown in Figure 16 for both
temperatures. As discussed in chapter III, the departure from linearity is associated with

the onset of partial debonding along the fiber matrix interface. Figure 16 shows that at

42




room temperature (298 K) the onset of debonding does not occur until the shear stress
reaches a level of = 4.8 MPa and complete debonding takes place at 5 MPa. However, the
elevated temperature pushout test (373 K) displays a distinct departure from linearity at a
stress level of only 1.2 MPa and completé debonding occurs at 3.2 MPa. In both curves,
the peak load corresponds to complete interface fracture. The stress measurements

following the peak are generated as a result of frictional sliding. Acoustic emmission tests
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Figure 16. Pushout curves for the lead quartz composite system. The interfacial shear
strength is noted to decrease as temperature increases.

conducted during the course of the elevated temperature pushout confirm that the peak
stress corresponds with a large acoustic signal which is most likely commensurate with
complete interface fracture. The subsequent frictional sliding generated negligible levels of

acoustic signals. Therefore, it is assumed that the debonding in the lead-quartz system
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takes place via a mechanism of unstable fracture.

The pushout samples were examined in the SEM to check for indications of the
nature of the debonding. The SEM micrographs shown in Figure 17 reveal the appearance
of the top and bottom surface of the sample subjected to elevated temperature pushout
testing. The sharp clearance at the interface indicates that debonding is likely to have
occurred by initial interfacial fracture at the top, followd by continued downward crack
propagation until complete debonding occured. It is also possible that debonding occured
according to the model suggested by Chandra and Ananth [Ref. 27]. In this model, |
debonding initiates first from the bottom surface then a following debond occurs on the top
surface and propagates downward until the two cracks meet in the middle of the fiber (i.e.

both top and bottom debohding occur).

2. Lead-Nickel System Pushout Tests

In Figure 18, the pushout curves for the lead-nickel system show a markedly

different appearance than those recorded for the lead-quartz system. The pushout tests
were conducted at 313, .343, and 373 K to gauge the effect of increasing temperature on the
interface fracture strength. The peak aebond load at all three temperatures was significantly
higher than that measured in the lead-quartz system. The sample tested at 313 K displayed
indications of the onset of debonding at a stress of 6 MPa, While the sample tested at 373 K
had a debonding onset at a stress of 4.2 MPa. As expected the sample tested at 343 K
exhibited fracture strength properties intermediate to the other temperature extremes. The
shape of all three pushout curves are distinctive. The lead-quartz pushout curves were
characterized by that sharp debond peak and a sudden stress drop. However, none of the

lead-nickel pushout tests exhibit a sharp debond peak. In fact, they are characterized by a
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blunted debond peak indicating a gradual, stable interface debonding mechanism initiated
from the top of the fiber. This distinctive behavior is also corroborated by acoustic

emmission data that reveals significant acoustic signals throughout the course of the

pushout up to and including the region following the peak load. The diffuse nature of the

$:08220 P02

Figure 17. SEM micrographs showing the top and bottom faces of a lead-quartz
~ composite that has undergone a single fiber pushout test. This pushout
was conducted at a temperature of 373 K. Note the sharp interface edges
indicating possible top and bottom debonding.
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lead-nickel interface is offered as a possible explanation for the difference in the interface
strength characteristics. Also, the normal strength of the lead-nickel metallic bond is
expected to be substantially greater than the bonding that exists between a metal and a

ceramic such as quartz.

foury
N

LN NL N R L BN LAY LN AN BN R SN e L St ML AN ANLONLAN AR LA

ok
o

(e o]

Pb matrix - Ni fiber
Displ. rate = 40 pm/s
Y NS P FI ST NIRRT PR P

0 50 100 150 200 250 300 350 400
Fiber-top displacement ({tm)

e vy g by v b vy b g by

Ave. interfacial shear stress (MPa)
(@)

Figure 18. Shear stress versus fiber-top displacement curves measured during the
pushout tests on lead-nickel single fiber composites. There is a decrease in
the interfacial strength at elevated temperatures. The 313 K sample exhibits
a 11.8 MPa peak with a debonding onset point at 6 MPa. Note the peak
has a more blunted appearance than in the lead-quartz system.

The SEM micrographs in Figure 19 reveal the appearance of the top and bottom
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surfaces of the sample subjected to pushout testing at 343 K. The top of the sample has the
same characteristics as those shown in the lead-quartz case. The sharp edge at the interface
indicates that debonding initiated from the top of the fiber and propagated downward.
However, the bottom of the sample reveals some interesting features. On one side, the
bottom of the fiber is clearly sticking out and there is a sharp discontinuity at the base of the
fiber where the interface has practicallly fractured. However, on the other side of the fiber,
there is a gradual slope where it appears that the matrix/interface has undergone extensive
plastic flow and the matrix is still attached to the edge of the fiber. It is important to note
that the scale of this interfacial zone appears to be on the order of 50 um thick. This feature.
is in no way associated with the hole in the specimen support plate, as the dimensions of
that hole place its perimeter outside the frame of the photograph. Thus, the stronger
metallic bond, combined with the microstructure of the lead rich eutectic surrounding the
fiber, may have contributed to the observed plastic deformation along the interface. Clearly
in this case, debonding starts at the top surface of the specimen and progresses downward,
and appears to have resulted in pushout in the absence of complete debonding at the bottom
face. The incomplete debonding and plastic flow may possibly be attributed to rapid

diffusional accommodation at a thin interfacial layer between the fiber and the matrix.
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Figure 19. SEM micrographs showing the top and bottom surface of a lead-nickel
composite system specimen. The specimen has undergone a pushout test.
There is indication of top face debonding. Note the left edge of the bottom
of the fiber still has a thin (=50 pm) interface layer attached to the side.
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3. Pushout Test Summary

Table 2 summarizes the average interfacial shear stress corresponding to initial

debonding obtained from the single fiber pushout tests.

Lead-Quartz SFC Lead-Nickel SFC

4.8 MPa -
-- 6 MPa
-- 5MPa
1.2 MPa 4.2 MPa
Table. 2  Summary of the average interfacial shear stress at the onset of debonding

for both single fiber composite systems at various temperatures.

C. CREEP RESPONSE OF THE INTERFACE

With the information obtained from the pushout tests, a series of experiments were
performed on both single fiber composite systems using the setup from Figure 9. These
tests focussed on determining the temperature and stress dependence of the secondary stage
(apparent steady state) of the observed creep response. Thus, the constant creep rate
(during the apparent steady state) is used to gain insight into the deformation kinetics of the

interface.

Tests were conducted at room temperature (298 K) at various stress levels in order

to determine the stress dependence of the mechanism of interfacial creep. Following the
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stress dependence tests, creep experiments were performed at the same stress level at
various temperatures. Creep mechanisms are expected to obey a temperature dependence

according to the Arrhenius equation:

_Q
G woxpl )

where U is the average interfacial displacement rate, as measured by the time-dependent

displacement of the fiber top, R is the universal gas constant, T is the absolute
temperature, and Q is the activation energy for the operative mechanism of creep. As a
consequence of this relationship, creep tests at constant applied average interfacial shear
stress and under varying temperature creep conditions can be used to determine the
magnitude of the activation energy. This activation energy value can then be compared
with the material specific values previously determined, and thus information on the nature

of the mechanism may be obtained. Additionally, by plotting U versus Tave (applied

average interfacial shear stress), a functional relationship may be obtained between the

creep rate and the applied stress.

1. Lead-Quartz SFC Creep Response

Room temperature interfacial creep experiments (=298 K) were conducted on lead-

quartz single fiber composite specimens as stress levels from 1.3 to 3.75 MPa. The
nominal sample thicknesses was 3 mm. Elevated température creep experiments were
conducted at temperatures ranging from 313 K to 377 K. Based on the results of the
pusthout tests, the elevated temperature creep tests were conducted at a constant stress level

of 1.01 MPa, which was determined to be substantially below the average interfacial shear

stress level corresponding to debond initiation.
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Figure 20 shows three representative fiber-top displacement versus time curves

measured during the course of these tests. For the two tests conducted at room temperature

there is small but distinct difference between the measured secondary stage creep rate,

thereby indicating a low stress dependence. As expected the elevated temperature test

exhibits a significantly higher secondary stage creep rate even though it was performed at a

lower stress level. The Arrhenius type of temperature dependence (i.e. exponential) is

expected to yield dramatic variation in creep rate as a function of temperature.
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Figure 20. Results of interfacial creep experiments performed on lead-quartz single fiber
composites. Notice that all curves are characterized by a transient primary
stage followed by a secondary stage with a constant creep rate.
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After creep testing, some of the specimens were examined in the SEM to determine

whether the nature of the creep deformation could be detected via a surface examination.
Figures 21( a &b) and 22 are SEM micrographs of the top and bottom faces of a sample
which underwent creep at an average interfacial shear stress of 3.25 MPa for 5 hours.
Figure 21b shows the edge of the fiber at the top of the sample at a high magnification.
Inspection of this image reveals a distinct step near the interface where the fiber has crept
downward into the lead matrix. The sharpness of the step, and the apparent absence of a
gradual slope in the matrix immediately adjacent to the fiber, suggests that the measured
time dependent displacement is attributabutable directly to interface creep, with negligible
contribution of matrix creep. Figure 22 shows the bottom of the sample, and again there is
a distinctive edge where the fiber has crept out of the matrix. It is important to note that the
sharp discontinuous nature of the displacerﬂent, combined with the time dependent

displacement curve clearly indicates that creep has occurred and that the deformation is

dominated by interfacial sliding.
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Figure 21. SEM micrographs at (a) low magnification and (b) high magnification of
the top of a ead-quartz composite interfacial creep specimen. The average

interfacial shear stress was 3.25 MPa applied for 5 hours. The the closeup
below shows a distinct-step at the fiber-matrix interface. -
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Figure 22. SEM micrograph of the bottom face of a lead quartz SFC following creep
testing. Notice the sharp edge where the bottom of the fiber is above the

bottom face of the sample.

2. Lead-Nickel SFC Creep Response

As in the previous section, creep experiments were performed on the lead-nickel

single fiber composite system over an array of stresses and temperatures. Room
temperature interfacial creep experiments (=298 K) were conducted on lead-nickel single
fiber composite specimens as stress levels from 0.6 to 3.9 MPa. Again, the nominal
sample thickness was maintained around 3mm. Additionally, experiments were conducted

at various temperatures under conditions of a constant applied average interfacial shear

stress (Taye) Of 1.5 MPa.

Figure 23 shows three representative examples of the creep curves gathered during

these experiments. All three curves are characterized by a transient period of decreasing
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creep rate followed by a secondary stage of constant creep rate.
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Figure 23. Results from interfacial creep experiments performed on lead-nickel SFCs
at room temperature (298K). Notice the increase in secondary stage creep
rate as the stress level increases.

The SEM micrographs shown in Figures 24 (a and b) and 25 strikingly reveal the
nature of the fiber-top displacement. The sample shown was creep tested at an average
interfacial shear stress of 3.25 MPa for 12 hours. The length of the creep test was
extended in order to obtain a creep deformation that was visually discernible. There is a
well-defined step on the top face of the sample in Figure 24. The two arrows in the high
magnification view of the top face (Figure 24b) clearly indicate a sharp step at the interface,
suggesting that the interface has undergone creep deformation, with litttle associated creep
of the matrix in the vicinity of the fibber. Also, in Figure 25, there is a raised boundary
zone around the bottom of the fiber which corresponds with the deformation observed on

the top face.
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Figuré 24.

(b)

SEM micrographs of the lead-nickel SFC at (a) low magnification and (b)
high magnification showing the effect of an interfacial creep test on the
fiber-matrix interface profile. The sample was tested with an applied
average interfacial shear stress of 3.25 MPa for 12 hours. Note the well-
defined step at the fiber-top matrix interface.
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Figure 25. SEM micrograph showing the bottom face of a post creep test lead-nickel
SFC. The specimen was tested at a stress level of 3.25 MPa for a period of
12 hours. There is a distinct raised boundary zone around the perimeter of
the fiber.

D. ANALYSIS OF CREEP RESPONSE

Despite the assumed microstructural differences between the interfaces of the two

composite systems (i.e., sharp and diffuse), the results of the constant temperature creep
test reveal strikingly similar linear stress dependence for both systems. Figures 26 and 27
summarize the results of the room temperature tests for the lead-quartz and lead-nickel

composite systems, respectively. The measured fiber-top displacement rate during

secondary creep (U ) is plotted as a function of the average applied interfacial shear stress

(Tave). In both systems, a linear stress dependence of the interfacial creep rate is observed.

Additionally, in both systems, the existence of a threshold stress (T,), below which no
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measurable interfacial creep occurs, is apparent (Bingham flow). In the lead-quartz system
this threshold stress is on the order of 1.4 MPa (Figure 26), whereas for the lead-nickel

system the treshold stress is ~ 0.7 MPa (Figure 27).

The linear stress dependence of the interfacial creep rate, as observed in both
systems, suggests that interfacial creep is controlled either by diffusional flow, or by
Harper-Dorn dislocation creep. Of these, the latter may be eliminated forthwith as a
possibility since: (a) experimental evidence strongly suggests that the measured
displacements are almost entirely confined to the interface, and have no perceptible
contribution from the matrix; and (b) since the matrix grain size near the interface in the
experimental system is ~ 15 pm, which is far too low to cause detectible matrix creep by

the Harper-Dorn mechanism.

Therefore, the evidence is strongly in support of an interfacial sliding mechanism
accommodated by diffusional flow of matter along the interface, controlled by either matrix

or interface diffusion.

Figure 28 summarizes the results on the temperature dependence of creep rate,
based on the lead-quartz composite system. By plotting the natural log of the measured
creep displacement rate as a function of the reciprocal of the absolute temperature (1/T), the
resultant plot yields a straight line with a slope of -Q/R , where Q is the apparent activation
energy of the rate controlling mechanism for interface creep. For the lead-quartz system, Q
was determined to be 51.8 kJ/mol. This is roughly half the activation energy for volume
diffusion in lead (109 kJ/mol), and is significantly less than the activation energy for grain
boundary diffusion in lead (66 kJ/mol). This suggests that at least in the case of the lead-

quartz system, which has a sharp interface ( lead and quartz have no mutual solubility), the
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interface behaves much like a free surface and the activation energy for creep at the interface
is equal to that for surface diffusion. Thus, for sharp interfaces, the rate of interfacial creep

is likely to be controlled by the rate of surface diffusion. (The apparent value of Q; assumes
that 7, is constant, i.e., possible temperature dependency of T, has not been evaluated).

Based on the experimental results, the phenomenological form of the rate equation

for interfacial creep may be written as:

U = K (1-t,) exp(-Q/RT)

where 7 is the applied average interfacial shear stress, T, is the measured threshold stress,

Qj is the activation energy for the rate controlling process (interface diffusion), R is the

universal gas constant, and T is the absolute temperature.

In viewing the general form of the interface sliding equation the main question that
must be answered is what constitutes the physical basis for the threshold stress behavior.
Models for pure diffusional control of the creep process are unable to explain the existence
of a threshold stress for diffusional flow. Diffusional flow with a threshold stress
(Bingham flow) has been explained on the basis of the rationale that there needs to be
stress-activated generation and absorption of vacancies (e.g., at grain boundaries and
interfaces), since grain boundaries / interfaces are not “perfect” sources and sinks for
vacancies. Typically, such stress-activated generation / annihilation of vacancies have been
associated with complicated interfacial dislocation mechanisms, which are difficult to verify
experimentally [Refs. 36-38]. However, the results of these experiments in conjunction
with the model developed subsequently (see Chapter VI), indicate another possible origin
for the observed threshold stress. The fact that the measured threshold stress is greater in

the lead-quartz system is interesting when one considers that the magnitude of the
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difference in vthe coefficient of fhermal expansion between the two constituents is also
greater in the lead-quartz system. As a result of the higher ACTE mismatch it is expected
that the residual stresses acting on the fiber matrix interface will be higher in the lead-quartz
system. This seems to suggest that there is some relationship between the measured
threshold stress an the radial residual stress in the composite system. This is indeed shown
to be the case by the model developed in Chapter; VI. This suggests that at least for multi-
component systems with a large ACTE, an alternate source of any measured threshold

stress is traceable to the internal residual stress state.
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Figure 26. Fiber-top displacement corresponding to secondary stage creep (apparent
steady state) as a function of the applied average interfacial shear stress for
the lead-quartz composite system. The system exhibits a linear stress
dependence with a threshold stress of 1.4 MPa.
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Figure 27. Fiber-top displacement corresponding to secondary stage creep (apparent
steady state) as a function of the applied average interfacial shear stress for
the lead-nickel composite system. The system exhibits a linear stress
dependence with a threshold stress of 0.7 MPa.
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Temperature dependence of the interfacial creep rate for the lead-quartz
composite system. Tests were conducted at an average applied interfacial
shear stress of 1.0 MPa. The activation energy for the interface creep
mechanism is calculated to be 51.8 kJ/mol. Note that Q; was calculated

assuming a constant value for T,.
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V. EVALUATION OF THE VALIDITY OF THE
EXPERIMENTAL APPROACH: FINITE ELEMENT MODEL

A. PURPOSE

A finite element approach was utilized in order to evaluate the shear and radial stress
distributions in the matrix adjacent to the interface of the single fiber composite (SFC). The
purpose of this study was to estimate the spatial variation of the interfacial shear stress
during creep testing in a fiber push-out apparatus so that some physical basis may be
ascribed to the average interfacial shear stress term used in the representation of the

- experimental data (t,y. = F/2mrt). Further, the FEM approach was used to arrive at an

optimum sample design in order to minimize the variation of the interfacial shear stress
along the fiber-matrix interface. A further goal of the study was to estimate the radial
stresses that develop at the interface due to (a) differential thermal contraction of the matrix
and the fiber following cooling from the fabrication temperatﬁre, and (b) Poisson
expansion of the fiber under the applied load during creep testing. Finally, the FEM
approach was utilized to evaluate the contribution of matrix creep on the overall fiber-top

displacements measured during the experiments.

B. APPROACH

The axi-symmetry of the SFC allowed the use of a cylindrical coordinate system,
with only one-half of the system necessary to be modeled. Displacement-based boundary
conditions, with displacements u, and u, corresponding to the z and r axes, respectively,
were specified. A schematic of the model is shown in Figure 29. Because of axi-

symmetry, all displacements u, on the z-axis were zero, as were all ug for the entire model.

63



INTERFACE
>
FIBER
P> MATRIX
P
HIlI E
A A A A A A Y

Figure 29. Schematic representation of the finite element model of the SFC sample used in the
pushout/creep tests.

Additionally, the displacements u, of all the nodes on the top surface of the fiber were
slaved to the node at r=0, to which the pushout / creep load was applied. The bottom
nodes on the segment ED were constrained in the z direction, since they rested on the base-
plate. As in the experiments, the segment AE, representing the radius of the hole in the

base plate, was assumed to be 1.5 times the fiber diameter.

The fiber (Ni) was modeled as an elastic-plastic solid, whereas the matrix (Pb) was
modeled as an elasto-plastic creeping solid. Analyses were conducted with two separate
assumptions of matrix creep law: (1) dislocation core diffusion controlled power-law creep

or (2) grain boundary diffusion controlled diffusional flow (Coble creep) with a matrix

64




grain size of 5 pm (this number severely underestimates the matrix grain size and therefore
exaggerates the matrix creep rate, and was deliberately chosen to conclusively eliminate the
possibility that the interface displacements measured in the experiments are influenced
appreciably by artifacts due to matrix creep). The relevant data for creep of Pb for both

conditions were obtained from Frost and Ashby [Ref. 39].

The "interface" was modeled as a thin region surrounding the fiber. The ratio of its
thickness to the fiber radius was assumed to be 0.1. The interface possessed the same
elastic and plastic properties as the Pb-matrix, but followed an interface diffusion controlled
diffusional flow law as determined experimentally. The relevant constants in the equation
were estimated from the experiments and were in qualitative agreement with the explicit
equation developed in the next chapter. Appropriate boundary conditions were specified to
maintain the verticality of the left and right 'surfaces' (GH and IJ) of the interface. This

was done in order to force the interface to strictly follow the contour of the fiber.

The thickness of the SFC sample was varied from a minimum of Imm to a
maximum of 3 mm in order to establish the impact of specimen thickness on the
experimental results. The diameter of the SFC sample analyzed was 10mm, which was
roughly the same as that used in the experiments. In order to estimate the magnitude of the
thermal residual stresses in the radial direction, a steady state thermo-elasto-plastic-creep
analysis was conducted whereby all the nodes were cooled simultaneously from 543K to
298K over a period of 4 hours (corresponding to the experimental cooling time following
SFC fabrication), after placing it on the base-plate for push-out / creep t¢sting. The matrix

yield stress data as a function of temperature were inputs for this part of the analysis.

All analyses were conducted using the multi-physics finite element code ANSYS™.
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Analyses was conducted for both the Pb-Ni and Pb—Quaftz SFEC systems, but only the data

for Pb-Ni are reported here.

C. RESULTS

1.  Effect of Sample Thickness

The effect of sample thickness on the interfacial shear stress is evident from Figure
30, which shows iso-stress-range regions in the near interface regions of the analyzed
model. On the left of the model is the fiber, and the matrix is on the right. The interface is
represented by a layer of finely gridded region (3 elements across). In both models,
representing lmm and 3mm thfck samples, respectively, the applied load corresponded to
an average interfacial shear stress of 2 MPa at 298K. The plots represent the shear stress

distribution immediately upon applying the load.

It is clear that the interfacial shear stress varies widely (from negative at the top to
positive at the bottom) in the thin sample. With an increase in sample thickness, however,
the variation becomes much less, with the majority of the interface now being subjected to -
a relatively narrow range of shear stresses. Of note is the apparent singularity at the bottom
face of the SFC sample, which arises due to the radial tension imposed due to the applied
bending moment on the sample. Clearly, this moment, and hence the magnitude of the
stress singularity will decline with a decrease in the effective span of the specimen,
represented by the diameter of the hole in the base plate, and an increase in the specimen

thickness.

It is thus evident that the greater the specimen thickness and the smaller the hole in

the base-plate, the more uniform is the distribution of the shear stress along the interface,
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Figure 30. Results of FEM analysis showing the effect of sample thickness on the
shear stress distribution at the fiber matrix interface. Plot (a) shows the

effect of applying a 6N load (corresponding to Taye = 2 MPa) on a Imm
thick sample (T=298 K). Note, there is a widely varying shear stress
distribution. The 3mm sample shown in plot (b) has a more uniform shear

stress distribution with an 18N load (Tave = 2 MPa) on the top of the fiber.
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and the more meaningful are the experimental results.

2. Radial Stresses at the Interface

Figure 31a shows the thermal residual radial stress distribution in a Imm thick SFC
sample following cooling from the fabrication temperature. As eipected, large
compressive stresses are present at the interface. These stresses taper off with increasing
distance fromthe fiber-matrix interface. The magnitude of the peak interfacial radial

stresses is observed to be about 7.3 MPa from Figure 31a.

Figure 31b shows the radial stress distribution due to Poisson expansion of the
fiber under the applied pushout / creep force corresponding to an average interfacial shear
stress of 2 MPa. The radial stress at the interface is observed to lie between -1.9 and 1.5
MPa. It is thus clear that the major contribution to the interfacial radial stresses arises out
of thermally generated residual stresses, with a relatively minor contribution from the

applied force.

As a rough approximation, we will estimate the interfacial radial stress due to both
components (thermal residual and Poisson ekpansion) to be ~10-11 MPa, which is close to

twice the yield strength of the matrix (oys = 5.5 MPa). This figure will be useful later in

estimating the value of the experimentally observed threshold stress based on the analytical

model developed in the next chapter.

3. Creep strain distribution during Pushout Creep
Testing

In order to check whether the contribution of matrix creep confounds / complicates
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Figure 31. Results of FEM analysis showing the distribution of radial residual stresses
present in the SFC. Plot (a) shows the residual radial stress generated in a
1mmmMmmmb@mammmeM3me8Km4MM&Nma
the peak radial compressive stress at the interface is roughly 7.3 MPa
compressive. Plot (b) shows the radial stresses generated as a result of the

. Poisson expansion of the fiber under an applied 18N load. Note peak
radial compressive stress at the interface is approximately 2 MPa
compressive. '
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the strain rate data obtained during pushout creep testing of SFCs, the creep rate of the
matrix was deliberately accentuated by assuming Coble creep with a very s_fnall matrix grain
size (5 pm), as opposed with an experimentally détermincd grain size of 15-
40um).Additionally, the interface creep rate was deliberately inhibited by assuming that the
activation energy for interface creep equals that for grain boundary diffusion (i.e., Q; = Qg

= 66KJ/mol., as opposed to an experimentally determined value of Q; = 52 kJ/mol). The

finite element model was run for these conditions, assuming ‘interfacial amplitude' (h/2)
values of 0.1um and 0.025um (please refer to the next chapter for a physical description of
the ‘interfacial amplitude"), for total times of 8000 seconds and 1000 seconds, respectively.
In both cases, the average interfacial shear stress was 2 MPa, the sample thickness was

3mm, and the test temperature was 298K.

The von Mises effective creep strain distributions are shown for the two situations
(h = 0.1pm and 0.025um) in Figures 32a and 32b, respectively. It is quite apparent that
even following exaggeration of matrix creep and subduing the rate of interface creep, all
creep strain is confined to the interface for the given applied stress and temperature
conditions. Indeed, analyses showed that within the useful range of applied stresses and
experimental temperatures, the interface creep rate was several orders of magnitude larger
than the matrix creep rate. This confirms the validity of the experimental measurements
(based on the displacement rate of the top face of the fiber) as being representative of

interface creep, without confusing artifacts from associated matrix creep.
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Figure 32. Finite element model showing the effect of interface width, h, on the
effective von Mises creep strain distributions. In plot (a), h=0.25um while
in plot (b) h=0.05um. Note creep strains are confined to the region of the
fiber matix interface.
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VI.. MODEL FOR DIFFUSION CONTROLLED
INTERFACIAL CREEP

A. BACKGROUND

The pioneering work by Raj and Ashby [Ref. 40] on diffusional flow controlled

grain boundary sliding in polycrystalline materials provides the fundamental insights which
are necessary to develop a descriptive model for interfacial sliding in metal matrix
composites. Through the course of their experiments they were able to determine that the
shape of the grain boundary is a controlling factor in the rate of sliding between two
adjacent grains. This key observation led to the generation of a sliding model that is -
controlled entirely through stress-assisted diffusional processes along a nonplanar

boundary with a periodically varying normal stress state.

Figure 33 shows four examples of some of the nonplanar periodic boundaries

considered by Raj and Ashby. When a shear stress T, is applied to the periodic boundary,

there is an initial instantaneous elastic deformation in the areas where the boundary departs
from being a perfect plane. As a result of the elastic accommodation, a distribution of
normal stresses is generated along the boundary. This normal stress distribution varies
from regions of compression through zero stress to regions of tensile stress. The
periodicity of the stress variations is related to the periodicity of the shape of the assumed
nonplanar boundary. For temperatures at which the material can undergo creep, the
periodic distribution of stress will initiate the diffusive flux of matter from the regions in
compression to those under tension. As a result of this diffusive flux the grains on each

side of the boundary slide past one another.
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Four examples of nonplanar boundaries. A shear-stress T,, causing a

relative sliding displacement U, generates a distribution of normal stress G,
acting across the boundary surface [Ref. 40].

Figure 33.

B. PURPOSE

The interface in a metal-matrix composite may also be characterized as a boundary,
since reinforcement surfaces are rarely, if ever, atomically smooth. It is therefore plausible
that we can utilize Raj and Ashby’s method, represent the fiber-matrix interface as a
periodic boundary, apply the necessary modifications to account for the unique conditions

at the composite interface, and thereby generate a constitutive law for the mechanism of .

74




diffusional controlled interfacial sliding.

There are two main conditions which will be considered to modify Raj and Ashby’s
model for ;he characteristics of the MMC interface. The first issue involves the problem of
high levels of radial residual stress at the fiber-matrix interface. As shown in the previous
chapter (FEM analysis), the difference in the coefficient of thermal. expansion between the
fiber and the matrix can result in high levels of radial residual stress at the interface upon
cooling from fabrication temperatures. Where Raj and Ashby solely considered the effect -
of an applied shear stress on the boundary, this model will incorporate the effect of a far- |
field radial stress normal to the global plane of the periodic boundary. As in the original
model, the periodicity of the radial stress contribution is related to the periodicity of the
assumed shape of the béundary. The second issue considered must be the effect of the
differing material properties between the fiber and matrix. Specifically, since the
reinforcing fibers in MMCs typically have a significantly higher melting temperature than
the surrounding matrix material, it is usually assumed that the matrix can undergo creep

processes while the fiber deforms elastically. Thus, where Raj and Ashby took into

account the effect of diffusional flow of matter along the interface and as well through

grains on both sides of the boundary, this model only allows for diffusional transport along

the interface and through the matrix, (but not through the fiber).

C. THE MODEL

For simplicity, the fiber-matrix interface is characterized as a sinusoidal periodic

boundary which can be described by the function, x:
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where, h is the peak-to-peak height (twice the amplitude) of the boundary, and A is the

period of variation along the boundary. Figure 34 (a) shows the resulting form of the

boundary as a function of y (y being the interface boundary central axis).

When a shear stress is applied on the interface, fiber and matrix the interface

undergo initial elastic deformation. The elastic shear accommodation combined with the

periodic nature of the boundary results in an entirely normal stress distribution, 6,,; along

the interface which has the form [Ref. 401:
T a}\’ 21

O, = —— sin —y
Th A @)

where, 7, is the applied shear stress. Thus, the normal stress distribution varies

periodically along the interface from compressive through zero to tensile levels of stress.
Figure 34b shows the normal stress distribution in relation to the boundary shape function.
Note, there is a ©/2 phase shift between the normal stress distribution and the assumed

boundary shape, although the period of the stress van'ation‘is equal to the wavelength of the

interface.

For the case of metal-matrix composites, it is well established that high levels of
radial residual stresses are generated near the interface due to the difference in the

coefficient of thermal expansion between the fiber and matrix. In order to take this effect

76




into account in the creep model, a far field radial stress is applied on the interface normal to
the central boundary axis. Again, due to the periodic nature of the boundary, the
distribution of the far field radial stress along the interface is also periodic. However, the

radial stress distribution has a period half that of the normal stress distribution. Therefore,

G, has the form 0,c0s’0, where o is the radial stress acting on the fiber-matrix

interface, and 6 is the inclination of the boundary with respect to the y-axis at any point.

Here 0 is assumed to be small (i.e. h/A < 1) such that sin 8 = tan 6 = dx/dy. Therefore,

G, may be written as:

3)

This stress distribution is  shown in figure 34c. It is clear that 6, has a location dependent

2
Tth
~ I |

2
. O | ®h 4n . . O
term 6, = —— < | cos —?:— y and a location independent term 6, = ——
2 2

2 2

The periodic variation bf stress'along the boundary generates stress induced
chemical potential gradients which promote the diffusion of matter from regions under
compression to regions under tension. Once the stress state is defined, in order to
determine the exact positional variation of the stress induced chemical potential, it is
necessary to solve the conservation of mass equation. The conservation of mass condition

may be represented as a Laplacian:

Viu(x,y)=0
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where U is the point dependent chemical potential.

The boundary conditions necessary to solve this equation are:
1(0,y) =o= (G, (¥)+00 ()

=lo= (0, () +0, (¥)+0,)

R(=,¥)=Ho~Q0,

au A
—37(0,74") =0
ou S\
3y 0,—7-) =0

where: Q is the atomic volume

Lo is the chemical potential in the stress free system

G’z is the y dependent component in the far field radial stress distribution.

"2 is the constant y independent component of the radial stress distribution.

The solution of the conservation of mass equation with the above boundary conditions is:

_2nx

OB eos E(y-rye T @)
cos — (y——)e
N 4

_ 2mx

N QA 2% A
mxy)=l,- cos T(y—z)e

2
where: T,A  and B= Or [1‘2]
A p—t
7h
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Figure 34. Details of the assumed interface shape and stress distribution utilized in
‘ developing the model.
(a) Graphical representation of the nonplanar interface boundary
(b) Distribution of normal streses along the boundary following the
application of a shear stress
(c) Distribution of normal stresses along the boundary resulting from the

presence of a radial residual stress. Note that the period of G, is half that
Of Gnl . '
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Figure 35 shows the interface Boundary mass flux conditions adapted from the original
model proposed by Raj and Ashby [Ref. 40]. As discussed earlier, this model modifies the
mechanism proposed by Raj and Ashby. The first modification was the addition of the
contribution of the residual vstress. The second modification, shown in Figure 35,
assumes that there is no diffusional transport of matter through fiber. Thus, the diffusive
flux normal to boundary differs from Raj and Ashby in that there is only normal flux into

the matrix and none occurs from the boundary into the fiber. Using the approximation that

the slope of the boundary sin B=tan 6 = (dx/dy) , the equation of continuity is defined as:

X aJiy I:J dx
0,y)-8, = ——= 5

Figure 35. Details of an element E, on the interface boundary. Vacancies enter and
leave the element via an interface flux J;, and a flux through the matrix Jp,

[Ref. 37].




X _ Y _
where, J.= Fp and J; 3y , Dm

is the matrix diffusivity, D; is the interface diffusivity and U is the average interfacial

sliding rate along the y-axis.Substituting equation (4) into equation (5), and determining the

nA
solution at y =—Z— (where n= odd integer) yields the general form of the constitutive

equation for interfacial sliding rate (i.e. creep), U:

2DTQA
kTrh?

4n5,D,Q
kTrh?

(6)

T,+204|—

3

rs [Tch]

Ta R| . a
A

3
nh]

Notice that the displacement rate has two components. The first component is associated
with diffusion in the matrix, while the second component controlled by diffusion along the
interface. Frost and Ashby [Ref. 39] have noted that the activation energy for volume
diffusion in lead is high (109 KJ/mol) and the frequency factor D, for volume diffusion in
Pb is low. Therefore, at least for the experimental system (Pb matrix), the first term is

expected to be small. The interfacial sliding rate is therefore likely to be controlled by

interface diffusion and ﬁmay be written simply as:
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The form of this creep law agrees with the creep characteristics proposed observed

from the experimental results. Recall, from the experiment, it was observed that U has the

general form : U= K(t- 7,)D,. From equation 7, it is clear that a compressive (negative)
or manifests itself as a threshold stress for interfacial sliding, with T, (the threshold stress)

h 3
k&

being given by T,= o’

D. RESULTS

1. Threshold Stress Determination

In order to check the correlation between the experimental observations and the

analytical result, the expression:

O )

is used to determine the value of the threshold stress. The value of Gy is obtained from the

results of the finite element study on the lead-nickel composite system.
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In the above equation (h/A) for the interface is an unknown which needs to be
determined by quantitative electron microscopy. Since such experiments were not
performed, a reasonable valu of (h/A = 0.1), is assumed for the following calculations.
From the FEM analysis reported in the previous chapter, it was determined that oy could

reach appreciable levels on the order of twice the yield strength for lead. Therefore, in our

case, og=11 MPa. Thus, the threshold stress is predicted to be:

3
—] 0,=21"(0.1)"x 11= 0.682 MPa.

This predicted value of the threshold stress is very close to the experimentally

determined threshold stress T,= 0.7 MPa. Although a FEM analysis was not performed on

the lead-quartz composite system, due to the higher mismatch between the coefficients of
thermal expansion of Pb and quartz, it is expected that the residual radial stresses generated
would be significantly higher than in the lead-nickel system. In accordance with equation

(7), the magnitude of the threshold stress increases as the magnitude of the compressive

radial residual stress, G, increases. This result is therefore in qualitative agreement with

experimental observations in which the threshold stress for the lead-quartz system was

found to be approximately 1.5 MPa.
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2. Estimation of h and A

Equation (7) can also be used to gain insight into the geometric factors that
characterize the nonplanar boundary. Assuming that the sinusoidal variation of amplitude
(h/2) and wavelength A is a good general approximation for the periodic nonplanar
boundary, then the curves shown in Figure 36(a and b) can be utilized to determine the
amplitude of the boundary variation. The plot shown in Figure 36a is generated from

equation 8:

The curves shown, represent lines of constant radial residual stress. Once the value of T, is
determined by conducting creep experiments, and the magnitude of Oy, is estimated (e.g. ,
based on FEM studies, the value of h/A for the interface may be obtained directly from

Figure 36a. Conversely, by assuming a reasonable value for h/A, Figure 36a can be

utilized to estimate the magnitude of the radial residual stress.

In Figure 36b, the functional relationship is obtained by dividing the interfacial

sliding rate (equation 7) by the value of the applied shear stress (1=T,). By plotting the
resulting expression as a function of h, based on equation 7 the variation of U versus h for

various stress ratios (Og/t,) are generated. The interfacial sliding rate and the applied shear
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stress are measured from a series of creep experiments. Again, Gy may be estimated via

FEM analysis or through the use of a curve such as that shown in Figure 36a. Then, based

on the known quantities the values of

8] O
— and — ,
T T

it is possible to estimate the value of h from Figure 36b. These curves, therefore, can be
employed to give useful insight into the scale of the periodic variations that influence the

rate of diffusional creep along the interface.

Thus, the utility of Figures 36a and 36b lies in the fact that if any four of the six

quantities U, T,, To,ORr- It and A are known, the other two can be directly determined for a
known set of material properties (d;, D;, Q) and temerature (T). Of the six variables above,

108 T, and 7, are directly determinable from experiments, and Gg may be estimated easily

via FEM, thereby yielding the means of calculating h and A.

From the experimental measurements on the Pb-Ni system, we observe that

U=8x105 um/s at a T, = 2 MPa, 1,= 0.7 MPa, and oy (estimated from FEM analysis) =11

MPa. Using these values in conjunction with Figures 36a and b, we estimate that h=0.185

um when h/A= 0.1. These values are not unreasonable for the model system, which

suggests that the basis of the analytical model is fundamentally sound.
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Figure 36. Plot(a) shows the magnitude of the threshold stress as a function of _h/?»,
for various values of residual radial stress og. Plot (b) shows the value of
I.:T/‘ca as a function of the boundary width, h, for various values of Gr/T,. )
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2.

VII. CONCLUSIONS

It has been shown that an indentation / fiber pushout creep approach may be utilized

to study the interface creep response of continuous fiber composites. This method

is valid as long as the following conditions are satisfied:

The Young's modulus of the fiber must be much larger than that of the |

matrix (E;>>E_). This stipulation is required in order to avoid

complications associated with strongly position dependent shear-lag
between the matrix and fiber during the pushout creep experiments, which
would result in a large interfacial shear stress variation along the length of

the fiber.

The thickness of the pushout / creep sample must be large in comparison to
the fiber diameter and the opening in the base plate, in order to minimize
bending moments on the sample due to the applied point loading on the fiber
top and thereby, to ensure a uniform shear stress distribution along the

interface.

The fiber-matrix interface was found to display the following creep properties:

a.

The kinetics of the interface creep mechanism conform to a linear stress
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dependence (n=1) which is suggestive of diffusional creep. There is strong
experimental and analytical evidence that the measured creep rate is
associated with the interface, and not the matrix adjacent to the fiber. The
stress dependence was found to be identical for both systems studied,
which included lead-quartz, representing a sharp interface, and lead-nickel,

representing a diffuse interface.

b. Experimental results suggest that there is a threshold stress below which
there is no detectible interfacial creep. This threshold stress was found to be -
higher for the system with a larger thermal contraction mismatch (lead-
quartz) and lower for the system with a lower thermal contraction mismatch

(lead-nickel).

c. The activation energy for interfacial sliding in the lead-quartz system was
calculated be less than the activation energy for grain boundary diffusion in
lead, and was about half the activation energy for volume diffusion in lead.
This suggests that the measured fiber-top displacement is controlled by
diffusion along the interface, which, in the lead-quartz system, behaves like

a free surface.

3. Raj and Ashby’s [Ref. 40] model for diffusional creep controlled grain boundary
sliding was modified to account for the effect of imposed radial stresses (generated from

the combined effect of thermal residual stresses and Poisson expansion of the fiber)
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imposed on the interface. A model describing the kinetics of diffusion controlled interface
sliding was thus proposed. The model is capable of explaining the observed threshold
behavior entirely on the basis of the interaction of the geometry of the interface with the

normal stress (i.e., radial stress) acting on the fiber-matrix interface.

The model provides significant insight on the origin of threshold stresses observed
in diffusional creep (Bingham flow), and suggests that this may, at least for multi-
component systems with large differences in thermal expansion coefficients (ACTE), be
attributable to internal thermal residual stresses. The elegance of the model lies in its ability
to explain thr;:shold behavior without resorting to complicated dislocation based models for

interface control of diffusional creep.
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