Elastic Phase-Strain Distribution in a Particulate-Reinforced
Metal-Matrix Composite Deforming by Slip or Creep

MARK R. DAYMOND, CHRISTIAN LUND, MARK A.M. BOURKE, and DAVID C. DUNAND

The macroscopic load-bearing capability of a composite is directly related to the strain partitioning
due to load transfer between the component phases. Using neutron diffraction, the elastic mean phase
strains were measured during in-situ loading of a Cu-15 vol pct Mo particulate metal-matrix composite
(MMC) at 25 °C, 300 °C, and 350 °C. The degree of load sharing at each temperature was compared
to finite-element (FE) results. The load transfer from the matrix to reinforcement is both qualitatively
and quantitatively different at low and high temperatures. When the matrix creeps, load transfer is
less effective than when the matrix deforms by slip; also, load transfer at elevated temperatures

decreases with increasing applied stress.

I. INTRODUCTION

THE interest in metal-matrix composites (MMCs) in
recent years has been motivated by their enhanced properties
as compared to the unreinforced matrix, e.g., an improved
specific stiffness, strength, and wear resistance and a tai-
lorable coefficient of thermal expansion (CTE).'"! Further-
more, the reinforcing phase of an MMC has a higher creep
resistance than the matrix at a given temperature, thus
improving the creep properties of the composite as compared
to the unreinforced matrix.[!

At any temperature, the strength of a composite depends
both on the level of indirect matrix strengthening (e.g., due
to an increased dislocation density or increased precipitation
from the presence of the reinforcing phase) and on direct
strengthening from load transfer between the matrix and
reinforcing phase. These issues are particularly relevant
when the reinforcing phase is discontinuous.If a high propor-
tion of the applied load is carried by the reinforcing phase,
the composite is efficient. The level of load sharing is depen-
dent on reinforcement volume fraction, shape, and orienta-
tion and on the relative elastic properties of the phases.™) It
is reasonable to assume that the partitioning ratio of an
applied load between the matrix and reinforcement will
remain constant with increasing applied load, provided that
both phases remain elastic. However, once the stress levels
in the composite (usually in the matrix) are high enough for
relaxation or inelastic deformation processes to occur, the
load-partitioning ratio changes.

Many models have been developed to predict the load
sharing between phasesi®* of a composite. One approach
for evaluating their validity is to measure the mean phase
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stresses using Bragg (elastic) neutron diffraction.*>% For
example, room-temperature in-situ measurements of load
partitioning in the phases of discontinuous Al/SiC and Al/
TiC MMCsP 7% have shown that, once the aluminium matrix
yields, its capability to bear further increases in load is
reduced, so that the reinforcing phase carries a greater pro-
portion of the load.

The majority of diffraction-based studies of in-sifu loading
of MMC:s reported to date have been carried out at room
temperature. However, since many proposed MMC applica-
tions involve high temperatures and stresses, a fundamental
understanding of the mechanics of creep in these materials
is of interest. Only recently have the capabilities at neutron
sources progressed to the pointthat diffraction measurements
can be performed in sifu during creep.”-'% In this article, we
compare the load sharing in a Cu-15 vol pct Mo composite at
elevated temperatures (where the copper matrix deforms in
a time-dependent manner by creep) to its behavior at room
temperature (where plastic deformation by slip of the matrix
is time independent).

II. EXPERIMENTAL PROCEDURES
A. Materials

A composite consisting of a commercially pure copper
matrix, reinforced with pure molybdenum particulates, was
fabricated for this study. The Cu-Mo phase diagram shows
very little mutual solubility in the solid state and no interme-
tallic phases.'!) Nevertheless, a strong metallic bond is
expected at the Cu-Mo interface, providing good load-trans-
fer characteristics. Cu-Mo composites exhibit a high resis-
tance to mechanical wear and thermally induced
deformation, as well as excellent thermal and electrical con-
duction and a low contact resistance. Although this compos-
ite was chosen as a model system, the volume fraction is
somewhat lower than, but still comparable to, that used in
some commercial Cu-Mo composites for (1) contact material
in heavy-duty electrical switching applications, (2) semicon-
ductor thermal management (with tailored CTEs), and (3)
resistance welding and electrochemical machining.'?!

The differences between the elastic properties of the
matrix and reinforcement are somewhat less in the Cu/Mo
system than in the common Al/SiC system (Table I). For a
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Table I. Materials Properties of Copper and Molybdenum

Property Cu Mo
Melting point (°C)* 1085 2610
Density (g/cm?)* 8.93 10.22
CTE at 20 °C (10-%/°C)* 16.5 5
Space group* Fm3m Im3m
Lattice parameter (nm)* 0.361509 0.31468
Elastic modulus (GPa) 125%* 324%*
Poisson's Ratio** 0.343 0.293

*Ref. 32.
**Ref. 42.

Fig. 1-Optical micrograph of the Cu-15 vol pct Mo composite showing
full consolidation, good distribution of the reinforcing phase, and two-
phase structure of the particulates. The scale bar shown is 50 wm.

given applied load, the magnitude of elastic strains in the
reinforcement is, therefore, larger in the Cu/Mo system, thus
offering good strain-measurement sensitivity in both phases.
Based on a simple Eshelby calculation,”!*! a reinforcement
level of 15 vol pct was chosen to induce reasonably large
strains in both phases, thus optimizing the measurement
sensitivity.

Copper composites, with 16.7 wt pct Mo (corresponding
to 15 vol pct Mo), and pure-copper control specimens were
produced by a powder metallurgy route. The starting materi-
als were 99.9 pct pure, spherical copper powder (Aremco
Products, Ossining,NY) less than 44 pum in size, and 99.8 pct
pure molybdenum powder (Atlantic Equipment Engineers,
Bergenfield, NJ) with a reported size range of 10 to 44 um.
The Cu-Mo powder blend and Cu control powders were
packed in steel cans lined with molybdenum foil to prevent
contaminationby diffusion from the steel. The powders were
annealed at 850 °C in a hydrogen atmosphere to reduce any
molybdenum or copper oxides. The evacuated, sealed cans
were subsequently hot isostatically pressed at 900 °C and
100 MPa for 125 minutes. Tensile specimens, with a gage
length of 33 mm and gage diameter of 6.35 mm, were
produced by electrodischarge machining.

Figure 1 is a representative optical micrograph of the
composite, which shows that very few voids exist in the
matrix and that consolidation was effective. This was con-
firmed by density measurements, which showed approxi-
mately 0.3 and 1.1 vol pct of voids in the unreinforced and
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composite materials, respectively. Figure 1 also shows that
the molybdenum particulates are irregularly shaped, approxi-
mately equiaxed, reasonably well distributed in the matrix,
and with an average size close to the reported lower limit
of 10 um (some individual particulates are in the range of
about 1 um). High-resolution backscattered scanning elec-
tron microscope pictures!'! of the densified composites
show that the large molybdenum particulates are not, in fact,
monolithic, but consist of individual, micron-sized molybde-
num particles partially sintered together and separated by a
thin layer of copper matrix (some of which is visible in the
largest particulatesin Figure 1). Thus, the large molybdenum
particulates in Figure 1 are, in fact, a fully dense Mo/Cu
two-phase structure. The most-likely explanation is that the
large molybdenum particulates are partially sintered aggre-
gates of fine, micron-sized molybdenum particles; this is
typical of thermal-spray molybdenum powders, which are
produced by spray-drying of fine particles to form aggre-
gates, which are then sintered into large particulates. Upon
consolidation of the composite, copper was forced into the
interparticle space within the particulates. This results in an
apparently anomalously high molybdenum volume fraction,
if a determination is made from optical micrographs, with
each particulate considered to be pure molybdenum !+

B. Measurements

The use of elastic diffraction techniques to determine
changes in lattice parameter, or d spacing (and, thus, elastic
strains), is well established!!>!®! and is particularly useful
for composites, since both phases can be independently and,
at a pulsed source, simultaneously examined. Compared to
X-rays of the same wavelength, neutrons offer a larger prob-
ing depth (e.g., the depth for 50 pct attenuation in copper
is about 10 mm for thermal neutrons, while it is about
0.1 mm for X-rays of comparable wavelengths!'’!). Thus,
neutrons enable the nondestructive determination of bulk
volume—averaged strains of each crystalline phase of the
material, averaged over a volume, in this case, of about
0.5 cm?®, and in a particular direction determined by the
diffraction conditions!'>!®! This bulk averaging removes
ambiguities implicit in surface measurements, due to the
plane-stress condition. This is especially useful in MMCs,
where X-rays from conventional sources can typically only
measure reliably the elastic strain in the matrix, since rela-
tively large reinforcements, such as those found in this com-
posite, are rarely found in the outer 0.1 mm layer of the
sample. We note, however, that high-intensity, synchrotron
X-rays can be successfully used for these types of measure-
ments, as described elsewhere.!'* 8]

In-situ load tests were carried out using the neutron pow-
der diffractometer at the Lujan Center (Los Alamos Neutron
Science Center at Los Alamos National Laboratory). Unlike
a reactor source, where, typically, a monochromatic beam
of neutrons is used, the Lujan Center is a pulsed neutron
spallation source operating in a time-of-flight mode. Each
pulse contains neutrons with a continuousrange of velocities
and, therefore, wavelengths. By measuring the flight times
of the neutrons diffracted by the sample, the wavelength of
a detected neutron can be calculated from the de Broglie's
relationship. Since the incident neutron beam is polychro-
matic, all possible lattice planes in an orientation defined
by the scattering geometry are recorded simultaneously.
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Detectors are placed at fixed angles around the sample, so
that the scattering vectors for all reflections recorded in one
detector lie in the same direction and, thus, all measure strain
in the same direction. Since all lattice planes are recorded,
the diffraction spectra from all phases in the composite are
measured simultaneously. Strains are recorded relative to
the initial state of the system or, if possible, relative to a
known stress-free reference sample.

While carrying out fits on single diffraction peaks allows
the determination of elastic strain for the corresponding crys-
tallographicdirection, it is usual at a pulsed source to average
over all the peaks in the spectra using a Rietveld refinement
procedure['>2% This has been shown to provide a good
measure of the bulk average elastic strain.?!?*! We used the
Los Alamos Rietveld code GSAS™?¥ to produce the results
described in the following sections. Refinements were car-
ried out between 0.04 and 0.4 nm (0.4 and 4 A) over a total
of 55 peaks in the two phases, using the peak-shape function
described in References 19 and 20. The effect of hkl-depen-
dent intergranular strains due to elastic and plastic anisot-
ropy, and the comparison of Rietveld-determined strains and
strains obtained from single-peak fits, is discussed in detail
in References 21 and 22.

The load frame used in these experiments was designed
for use in the neutron beam. It incorporates universal joints
to ensure good uniaxiality of loading and is described in
detail elsewhere.!”! Briefly, the loading axis is horizontal and
forms an angle of 45 deg to the incident neutron beam,
allowing simultaneous measurement in opposing 90 deg
detectors of lattice plane spacings parallel to and perpendicu-
lar to the loading direction. Each detector is comprised of
31° He tubes that subtend an angle of 11 deg in 26 (from
84.5t095.5 deg). Spectra from individual tubes are summed,
with corrections for differences in diffraction angle and flight
path, to provide a single spectrum for each detector.

The room-temperature operation of the load frame is
described in Reference 7, but, in the present experiments,
we added two water-cooled radiant parabolic heaters. These
are mounted above and below the specimen, out of the
neutron flight paths, and produce parallel beams of infrared
and visible light 38 mm in width. These heaters provide
rapid temperature adjustment in moderate-temperature (150
°C to 700 °C) experiments.''?* The sample temperature was
monitored using a 0.5-mm-diameter K-type thermocouple
placed in a hole in the shoulder of the specimen.!'%-12:24]
Preliminary tests, using a control sample, showed no detect-
able temperature gradients (i.e., <0.5 °C) between the speci-
men shoulder and the irradiated region, after 10 minutes
hold at temperature. The temperature at the shoulder was,
therefore, considered to be the gage-length temperature and
was held to the setpoint temperature within 1 °C throughout
the experiments. Boron nitride heat shields were placed on
each side of the heaters, with windows that allowed unob-
structed passage of the incident and diffracted neutron
beams. Due to the limited available space, it was not possible
to attach an extensometer to the sample during the high-
temperature neutron tests, although one was used during the
room-temperature measurements. Conventional creep tests
were, therefore, carried out on separate samples outside of
the neutron beam, using a dead-weight loading creep frame
to determine macroscopic strain rates.
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Fig. 2—Room-temperature macroscopic stress-strain response of the unre-
inforced and composite materials, as measured experimentally and as pre-
dicted by the two FE model geometries.

The room-temperature tests were performed at incremen-
tal step loads, i.e., the load was raised to a given stress and
was held constant under load-control conditions while the
neutron measurements were made, then was raised to its
next level of stress. Relaxation was noted during the holding
times at the highest stresses, as evidenced by some strain
accumulation during the hold periods, resulting in a stress-
strain curve with less hardening than would have been
observed during an uninterrupted tensile test. The macro-
scopic stress-strain curve shown in Figure 2 indicates the
mean elastic strain measured at each applied stress.

A similar procedure was followed for the creep tests, but,
in this case, three different samples were used in the 300
°C test to ensure that all measurements were taken during
secondary creep, removing any ambiguity caused by the
establishment of a steady state during primary creep, or
cavitation and necking during tertiary creep. For each speci-
men, a neutron measurement was made at a low applied
load, the load was then increased, and a second neutron
measurement made. For the 350 °C test, a single specimen
was used for all three elevated loads. We have assumed that
strain partitioning is independent of whether the external
stress is established in a single step (i.e., a new sample for
each applied stress) or incrementally (i.e., one sample for
several stresses), provided that tertiary creep does not occur.
This behavior is shown by the models described in the fol-
lowing section and in Reference 25. At each new experimen-
tal load, neutron-data collection was initiated immediately.
However, after primary creep had been exhausted (typically
after half an hour), a new set of neutron data was collected
for 4 to 5 hoursin the secondary creep regime, before increas-
ing the load to the next level. The data collected in the
primary regime were poor, due to the short counting times,
and only the secondary creep data are reported here.

The models also suggest that strain partitioning should
be constant during the secondary creep regime, i.e., once a
steady state is reached, the load sharing in the composite is
a function only of stress. If this were not the case, an apparent
broadening of the peaks would be observed, because a drift
of the phase strains during the measurement period causes
a shift in the instantaneous position of the diffraction peak.
In fact, the peaks at high temperature were slightly narrower
than at room temperature (normalized peak widths ~15 pct
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smaller). This can be explained by the lower capability of
the matrix to maintain stress gradients at elevated tempera-
tures, so that strain broadening of the diffraction peaks was
reduced and, in the present case, seems to have compensated
for any increase due to thermal broadening.

III. FINITE-ELEMENT MODELING

To model the experiments, finite-element (FE) analysis
was carried out using a two-dimensional axisymmetric unit
cell with second-order elements. The FE program ABA-
QUSPY was used, with mesh generation provided by the
PATRAN program.?” Two reinforcement geometries were
considered: spherical and cylindrical (with an aspect ratio
of unity). However, the results from the spherical geometry
were in poorer agreement with the experiment and, for clar-
ity, are not included in the majority of the figures. Spherical
and cylindrical reinforcement geometries give qualitatively
the same response, although, quantitatively, the cylindrical
system results in a stiffer behavior.?8! Figure 1 shows that
most molybdenum particulates are irregular in shape and
can, thus, be considered neither spherical nor cylindrical;
they often exhibit sharp angles whose stress-concentration
effects are better captured by assuming a cylindrical geome-
try. An increased mesh density near the matrix/reinforcement
interface was used to better describe the high stress gradient
at the interface,”®! which is important in creep studies
because of the high stress sensitivity of the deformation rate.
A three-dimensional FE model was also produced to check
the validity of the axisymmetric model. The strain-parti-
tioning results obtained for the two- and three-dimensional
models in typical calculations were within 5 pct of each
other; thus, the results reported are for the two-dimen-
sional model.

The diffraction experiments provide an elastic strain aver-
aged over all the copper and molybdenum present within
the sampling volume. Accordingly, to compare the FE results
to the diffraction results, it is necessary to carry out a phase-
specific average of the strains and stresses over all the ele-
ments in the model. A FORTRAN program was written to
carry out this averaging on data from the ABAQUS out-
put file.

Initial thermal residual stresses were includedin the model
prior to loading, by assuming a stress-free temperature of
250 °C (~40 pct of the melting point of the matrix?*"),
cooling to room temperature, and then, if appropriate, heat-
ing to the testing temperature. Monolithic-phase material
properties were used as input parameters (Table I). Elastic
and plastic room-temperature data for copper were obtained
from tests carried out on the pure-copper control samples
and were used as input parameters, assuming kinematichard-
ening.?53!) Temperature-dependent values of the elastic
modulus, Poisson ratio, yield stress, and creep data were
incorporated in the model. The CTEs were obtained from
Reference 32. The molybdenum was assumed to be elastic—
perfectly plastic,?* but, due to its high yield stress, it might
be expected to remain elastic for all values of the applied
stress. In fact, some molybdenum plasticity was noted in
the cylindrical-geometry model at high applied stresses in
the room-temperature test, due to the high level of constraint
on the corner of the cylinder. Copper creep was modeled
with a hyperbolic sine law!?®*#! incorporating both lattice
and core diffusion contributions. At low stresses, this law
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reduces to low-temperature power-law creep, while, at high
stresses, it converges to the power-law breakdown exponen-
tial formulation.?®34! At the temperatures and stresses used
in the present experiments, both regimes were expected to
be important.?*** Even at the highest stress and temperature,
the model predicted negligible creep strain in the molybde-
num reinforcement, which can, thus, be considered elastic
during composite creep.

IV. EXPERIMENTAL AND MODEL RESULTS

A. Room Temperature

1. Macroscopic stress-strain behavior

Figure 2 shows the experimentally measured room-tem-
perature macroscopic response of the composite and pure-
copper standard. Also shown is the predicted macroscopic
response using the cylindrical and spherical models (the
measured copper macroscopic response was used in the
model). The observed Young's modulus of the copper was
121 GPa, compared to the tabulated pure-copper value of
125 GPa (Table I). The measured Young's modulus of the
composite was 145 GPa, a 20 pct increase relative to the
unreinfored material. In comparison, the FE model predic-
tions for the composite (using the measured 121 GPa copper
modulus at room temperature and the reference molybdenum
stiffness (Table I)) are 140.5 GPa for the spherical model
(a 16 pctincrease) and 142.2 GPa for the cylindrical model
(an 18 pctincrease). A simple volume average gives a stiff-
ness of 151 GPa, the Eshelby (spherical-inclusion) model!"!
gives 140 GPa, and a Reuss—Voigt average gives 142.7 GPa
(where the Reuss and Voigt limits are 134 and 152 GPa,
respectively). While the FE models give a good estimate of
the elastic modulus, they significantly underpredict the
strain-hardening rate of the composite. Because of the rapid
strain hardening, the composite 0.2 pct yield stress (mea-
sured at 130 MPa) is double that of pure copper and is also
underestimated by the model.

2. Elastic phase strain behavior

A room-temperature tensile test was carried out on a Cu-
Mo sample in situ in the neutron beam. A nominal stress
of 5 MPa was used for the initial unloaded measurement to
ensure that the specimen was properly aligned. This mea-
surement was taken as the “zero point” of the experiments,
for which a reference lattice spacing (d,) is calculated. All
other strains are defined as (d — dy)/d, (where d is the
measured lattice spacing) and are expressed in units of
microstrain (ue), corresponding to a strain of 107° The
reported strains are, thus, not absolute, since they do not
take into account any initial thermal residual stresses caused
during fabrication. However, the cylindrical FE model pre-
dicted only small initial residual strains at room temperature,
which are tensile in the matrix (30 ue) and compressive in
the reinforcement (—108 ue); also, the relative changes in
phase strains with increasing stress are unaffected. Diffrac-
tion measurements were taken at stress increments of 20
MPa up to a maximum value of 165 MPa, with a ramp rate
of 20 MPa/min, followed by unloading to 85 MPa and finally
to 5 MPa. Each diffraction measurement occurred over a 5-
hour period at constant stress.

Room-temperature mean phase strains parallel to the
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Fig. 3—Elastic phase strain as a function of applied stress at room tempera-
ture. Data points were measured by neutron diffraction and lines correspond
to the elastic response of pure copper and pure molybdenum: (@) parallel
to the loading direction and (b) perpendicular to the loading direction.

applied load are shown as a function of the applied stress
in Figure 3(a). Below 80 MPa, the reinforcement exhibits
a lower elastic strain than the matrix. For applied stresses
below 70 MPa, the reinforcement and matrix exhibita linear
response, with apparent moduli (slope of applied stress vs
elastic strain) between the Young's moduli of the individual
phases (Table I), as expected from composite-mechanics
arguments.""¥ Since the strains in the molybdenum rein-
forcement are larger than those in a hypothetical pure molyb-
denum sample and the strains in the copper matrix are
smaller than a hypothetical pure-copper sample, we can infer
that load transfer occurs from the compliant copper matrix
to the stiff molybdenuminclusions. The experimental scatter
shown in Figure 3(a) (=30 ue in the copper and =70 ue
in the molybdenum) was determined from the average error
in lattice parameter calculated from the Rietveld analysis.
The larger errors in the molybdenum phase are due to the
smaller scattering volume and concomitantly poorer count-
ing statistics. Table II shows that, within experimental scat-
ter, the diffraction data in the elastic range (below an applied
stress of 70 MPa) are in agreement with the elastic response
of the phases calculated with the elastic FE or Eshelby
models.
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Table II. Measured and Predicted Elastic Effective
Modulus (Ratio of Applied Stress to Elastic Phase Strain,
in GPa) in the Elastic Range (<70 MPa) of the Room-
Temperature Stress-Strain Curve

Modulus determination Cu Mo
Neutron measurement 158 214
FE model (cylinder) 134 208
FE model (sphere) 132 222
Eshelby model 130 235
Pure phase (Table I) 125 324

The strains perpendicular to the applied load are shown
in Figure 3(b). While the magnitude of error in the strains
is the same as in the axial direction, the relative experimental
scatter in the transverse direction is larger because the abso-
lute Poisson strains are smaller. The strains are smaller in
the copper matrix than in the molybdenum reinforcement
for all applied stresses, in contrast to results in the direction
parallel to the applied load. Such a variation can be attributed
to Poisson constraints on the phases, although the magnitude
of the effect is perhaps surprising. Also shown in Figure
3(b) are the elastic lines of the pure phases, with a slope
given by the phase of the Young's modulus divided by its
Poisson ratio. As expected from the elastic load transfer
observed in the axial direction (Figure 3(a)), the elastic slope
of pure molybdenum is steeper than the slope measured in
the elastic range for the reinforcement, and vice versa for
the matrix (Figure 3(b)). Despite the larger error, it is possible
to observe subtle deviations from linearity in the transverse
copper strains (Figure 3(b)) when macroscopic composite
yield occurs, which is in qualitative agreement with the
increased load transfer observed in Figure 3(a) in the
axial direction.

The experimental measurements are compared to the
cylindrical model results in Figures 4(a) and (b). The models
shows an initially elastic region, followed by plasticity in
the copper at around 70 MPa, which causes the elastic strain
curves for the two phases to cross as load is transferred to
the molybdenum reinforcement. At higher stresses, a second
inflection is seen in the strain response, as the corner of the
molybdenum cylinder starts to yield and load transfer to the
reinforcement becomes less efficient.

B. HIGH TEMPERATURE
1. Macroscopic creep behavior

The minimum creep rates of the composite are plotted as
a function of stress in Figure 5, showing a stress exponent
(n) of 13 at 300 °C and of 14 at 350 °C. The composite
shows lower strain rates and higher stress exponents than
those predicted for pure copper deforming by low-tempera-
ture power-law creep,?*! with a stress exponent of (n + 2)
= 6.8, over the examined stress ranges. With data for only
two temperatures, any determination of activation energy is
doubtful, especially due to the variation in stress exponent
with temperature. However, an average value of 211 kJ/mol
was obtained, which compares well to values of 117 kJ/mol
for core diffusion creep and 197 kJ/mol for lattice diffusion
creep®¥ for pure copper.
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Fig. 5—Creep strain rate as a function of applied stress for 300 °C and
350 °C as determined experimentally for the composites and as calculated
for pure copper assuming low-temperature power-law creep.*!

2. Elastic Phase-Strain Behavior

The experimental window for temperature and stress val-
ues was determined by the time required (about 5 hours) to
obtain a statistically significant neutron measurement of the
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Fig. 6—Comparison between neutron diffraction results and FE models
for elastic strain in each phase: (a) parallel and (b) perpendicular to the
loading direction, as a function of applied stress at high temperature. Filled
symbols are results from measurements at 300 °C and open symbols from
measurements at 350 °C.

minority molybdenum phase, coupled with the need to
remain within the secondary creep regime. As for the low-
temperature tests, a 5 MPa measurement at the appropriate
temperature was used as a “zero-strain” reference. Measure-
ments at 300 °C were made at 50, 75, 85, 95, 105, 115, and
125 MPa, and, at 350 °C, measurements were made at 50,
65, and 80 MPa. As mentioned earlier, only two or three
stress levels were applied to each sample in the creep regime;
the 300 °C measurements at 95, 115, and 125 MPa showed
reduced counting statistics, since they were the final load
applied to each specimen and were terminated before the
expected neutron counts were obtained, due to the onset of
the tertiary regime and subsequent sample failure.

The measured phase strains at temperature are plotted in
Figures 6(a) and (b). In the axial direction (Figure 6(a)),
the copper strains remain larger (more tensile) than for the
molybdenum reinforcement, for both the 300 °C and 350
°C tests at all values of applied stress. While experimental
results are shown in Figure 5(a) for both temperatures, only
the 300 °C model results are shown for clarity, since little
difference is observed in the model results between 300
°C and 350 °C. The experimentally observed elastic-strain
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development with applied stress in each phase is approxi-
mately linear, with perhaps a slight decrease in slope in the
copper strains at the highest stress level (125 MPa). In the
transverse direction (Figure 6(b)), at both elevated tempera-
tures, the elastic-strain variation with applied stress is also
approximately linear.

V. DISCUSSION

A. Room Temperature

1. Macroscopic stress-strain behavior

While the elastic modulus of the composite is predicted
with good accuracy by the FE model, the measured harden-
ing rate is much higher than that predicted (Figure 2). One
possible explanation for this discrepancy is that the proper-
ties of the copper matrix differ from those of the pure copper,
as often reported in MMCs.!"*! Since the pure-copper con-
trol specimens do not show abnormal hardening, the
observed behavior in the composite must originate directly
or indirectly from the molybdenum phase. The molybdenum
particles are, however, too large to significantly increase the
matrix hardening rate by (1) reducing the matrix grain size
(Hall-Petch hardening), (2) punching mismatch dislocations
into the matrix (forest hardening), or (3) interacting with
matrix dislocations (Orowan strengthening). Furthermore,
any molybdenum oxide (which may have been dissolved in
copper and reprecipitated as copper oxide at room tempera-
ture) is expected to have been reduced by hydrogen during
the annealing treatment prior to consolidation, as H,O is
more stable than Mo0O,.*! Finally, the solubility of molybde-
num in copper at the consolidation temperature of 900 °C
(which is less than the maximum solubility of 0.06 at. pct
Mo at 1083 °CP")) is too low to induce significant volume
fractions of precipitated molybdenum dispersoids.

By far, the most likely reason for the anomalously high
hardening rate of the composite is the microstructure of the
molybdenum particulates, which consists of two interpene-
trating networks of copper and molybdenum, the latter in
the form of sintered, micron-sized molybdenum particles.
Matrix dislocations can move through the copper within
these particulates (whereas they would be blocked by mono-
lithic molybdenum particulates) and interact strongly with
the fine molybdenum phase (Orowan mechanism No. 3,
as cited previously), leading to locally very high strain-
hardening rates.*®! Furthermore, the copper phase within the
molybdenum particulates is also expected to be significantly
stronger than the copper matrix, due to a fine grain size
and large dislocation densities from thermal mismatch upon
cooling (mechanisms No. 1 and 2, as cited previously).
The latter mechanism was shown to be responsible for the
anomalously high rate of strain hardening of Cu-W compos-
ites, where tungsten fibers were clustered to volume fractions
of about 0.5 during processing.l**’

We also note that the structure of the molybdenum particu-
lates could also be responsible for the high degree of con-
straint, which would be required in order to explain the
relative magnitudes of the transverse phase strains relative
to the axial values. Finally, since elastic effects are relatively
insensitive to strain hardening in the matrix, the FE models
can still be used for elastic predictions and be compared to
neutron measurements.
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2. Neutron experiments

For both phases, the effective modulus departs from the
linear value given in Table II once macroscopic composite
yielding occurs at a stress of about 80 MPa. For a given
increment in applied stress, the increase in the elastic phase
strain of the copper matrix becomes smaller, while that in
the molybdenum reinforcement becomes larger as compared
to the preyield values. This indicates that, when the matrix
deforms plastically, the load-partition ratio changes as the
reinforcement is preferentially loaded. After subsequent
unloading of the composite (not shown), the two phases
show residual strains as compared to the initial state: parallel
to the loading direction, copper exhibits a compressive strain
of —340 = 30 ue, while molybdenum shows a tensile strain
of 510 = 70 ue. The comparable FE results are —26 and
104 ue for the spherical model and —238 and 600 ue
for the cylindrical model. The relatively large difference
observed between the results from the two models can be
attributed to the differing levels of transverse constraint and
the resulting degree of plasticity.

Figures 4(a) and 4(b) compare the experimental and FE
results for the phase strains of the composite system at room
temperature. Approximate agreement is achieved in the axial
direction, parallel to the loading axis (Figure 4(a)). However,
the calculated slope changes occur at slightly too low an
applied stress, i.e., as the stress in the copper reaches a level
where macroscopic yielding can occur. Agreement between
the models and the experiment is, in general, better at low
applied stresses; the increased discrepancy at higher stresses
seems to reflect the increased level of hardening measured
in the composite compared to the monolithic copper, which
has already been discussed in light of the macroscopic stress-
strain curves (Figure 2). Before yield, however, the presence
of the Mo/Cu two-phase structure does not affect the elastic
load transfer between the matrix and reinforcement. As yield
occurs and the increased hardening becomes important, the
calculated and measured distribution of elastic-phase strains
diverge somewhat. This suggests that quantitative agreement
between the experiment and model, for both elastoplastic
macroscopic strain and elastic phase-strain results, would
be improved if a matrix with a higher strain-hardening rate
were used in the model, as is indeed observed in preliminary
calculations not reported here.

In the transverse direction (Figure 4(b)), agreement
between the model (an average of radial and hoop strains)
and neutron measurements is, at best, qualitative. The experi-
mental data show an essentially linear relationship between
elastic transverse phase strain and applied stress, except for
the copper at the highest applied stresses. The initial strain-
stress slope is reasonably well predicted for the copper
matrix, while the small inflections at higher stress are too
small to be verified, given the experimental uncertainty.
However, for the molybdenum reinforcing phase, the inflec-
tions in the model do not appear experimentally and the
predicted initial strain-stress gradient is also too steep. Since
the perpendicular strains result from the Poisson effect, the
response of the model perpendicular to the applied load is
highly dependent on the constraints and boundary conditions
imposed (i.e., the particular neighbors of the reinforcement),
so that predictions are more susceptible to errors introduced
by the use of a unit-cell approach. Finally, residual strains
in the transverse direction were measured as 15 (*=40) and
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—200 (£80) ue for copper and molybdenum, respectively,
to be compared to 14 and —75 ue for the spherical model
and 123 and —305 ue for the cylindrical model. The experi-
mental residual strains are not expected to give a stress
balance, since they are relative to the room-temperature state,
which is not stress-free because of thermal residual stresses.

B. High Temperature

1. Macroscopic creep behavior

The composite strain rates obtained from the FE models
were higher than those determined experimentally, by
between one and two orders of orders of magnitude, and
the stress exponent in the composite model was raised by
approximately unity relative to that of the unreinforced
matrix. This was true for both the spherical and cylindrical
geometries and in both the low-temperature power-law
regime and the power-law breakdown. Thus, the FE model
underpredicted the creep resistance of the matrix and the
observed stress exponent. As for the room-temperature
experiment, this macroscopic discrepancy can be explained
by the presence of the dense Mo/Cu two-phase structure.
The molybdenum fine particles strongly inhibit the motion of
dislocationsin the copper phase within the large particulates,
thus decreasing the overall copper creep rate. Thus, the
composite can be thought of as a copper matrix containing
particulates which are dispersion strengthened, from which
a high apparent stress exponent and low creep rate result.*"]

2. Neutron experiments

Despite the very poor macroscopic description of the creep
rate by the FE models, the elastic strains predicted by the
FE models are in reasonable agreement with experiment in
the axial direction (Figure 6(a)), capturing at least qualita-
tively the strain dependence, and the actual elastic strain
values are well predicted. In the transverse direction (Figure
6(b)), agreement is slightly poorer. However, the approxi-
mately linear response of elastic phase strain with applied
stress seems correct, within experimental uncertainty.

The improved agreement between the model and experi-
ment for internal phase strains at high temperature (Figures
6(a) and (b)), as compared to the room-temperature case
(Figures 4(a) and (b)), is noteworthy, especially since the FE
model does not predict the observed level of improvement in
macroscopic-creep strain rate. This suggests that, once a
steady state has been reached, the exact rate of creep does
not have a major effect on the elastic phase strains. This
conclusion is further supported by the fact that the elastic
phase strains observed at 300 °C and 350 °C are very similar
(both experimentally and in the model), despite the increase
in matrix macroscopic creep rate by one order of magnitude
(Figure 5).

The stress in the copper matrix at all measured applied
stresses is lower at room temperature than at high tempera-
tures. This stress can be estimated as the ratio of the elastic
phase strain and the phase Young's modulus (at the appro-
priate temperature), giving values of 73 and 112 MPa at
room temperature and 300 °C, respectively, for an applied
stress (ag,) of 125 MPa. While, in both cases, the molybde-
num is acting as a reinforcing phase by lowering the stress
in the copper relative to the applied stress, this load transfer
is considerably less efficient at high temperatures. Figure 7
shows the fraction of the applied stress measured in the
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Fig. 7-Fraction of the applied macrostress present in the copper matrix
phase parallel to the loading direction, for high- and low-temperature
deformation.

matrix (oc,/0,) as a function of the applied stress, at both
room temperature and 300 °C. In Figure 7, the stresses have
been calculated using both the axial strain (¢,) and transverse
strains (&, = &3), assuming that these are the principal strain
directions, and using the appropriate stress-strain relation
(e.g., Reference 41):

_ Eg vE(e, + &, + &3)
S0+ v (1-2p1+ )

o (1]
where E is the Young's modulus and v is the Poisson ratio.
This approach is more accurate than the simple ratio men-
tioned earlier, but introduces larger errors due to the large-
percentage scatter in the strains measured in the transverse
direction. It is necessary to use the full form of the stress-
strain tensor relation, because the constraining (Poisson)
effects of the phases on each other mean that the individual
phase does not necessarily experience a uniaxial load; it is
only the composite as a whole which does.!

At room temperature, the fraction of load borne by the
copper matrix peaks at an applied stress approximately equal
to the 0.2 pct yield stress of the unreinforced matrix, after
which the fraction decreases due to plasticity in the copper
matrix. One might expect the load bearing of the copper to
be constant prior to macroscopic yield. The most likely
explanation for changes at the low loads is a relaxation
of the residual stresses present from fabrication. At high
temperatures, however, not only is the efficiency of load
transfer to the reinforcement reduced relative to that at room
temperature, it decreases further as the load is raised,
resulting in a much-higher level of load being born by the
matrix. In other words, because matrix creep and stress
relaxation are rapid in the matrix, it is not possible for the
matrix to bear the high stress gradient required to transfer
load efficiently to the reinforcement. Therefore, the rein-
forcement becomes less effective as the temperature is
raised, until the stress borne by the matrix is the same as
the applied stress. Figure 7 even shows that, at an applied
stress of 125 MPa, the copper phase stress is slightly larger
than the macroscopic applied stress. This might indicate that
the molybdenum reinforcement has delaminated from the
matrix, or that creep is so effective in the matrix surrounding
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the reinforcement that no load is transferred to the reinforce-
ment, resulting in a matrix which exhibits a smaller effective
cross section. An upper bound for this effect is when no
load is transferred across the particle/matrix interface and
the matrix bears a higher stress of a factor of 1/(1 — f)
times the applied stress (where f1is the reinforcement volume
fraction), as shown for the case of f = 0.15 in Figure 7,
with the dotted line marked as the “delaminated interface.”

VI. CONCLUSIONS

Pulsed neutron diffraction measurements were performed
in situ during mechanical loading of composites consisting
of a copper matrix reinforced with nominally 15 vol pct
elastic molybdenum particulates. Elastic strains in both
phases were determined at different stresses at room temper-
ature, where the matrix yields plastically by slip and strain
hardens, and at elevated temperatures, where the matrix
creeps. While FE models provide reasonably good predic-
tions of the microscopic elastic phase strains, they overesti-
mate the macroscopic elasto-plastic strain (and
correspondingly, underestimate the strength) of the compos-
ites. This discrepancy is primarily attributed to the complex
structure of the molybdenum particulates, which contain a
continuous copper phase and, thus, contribute to strong
matrix strain hardening. The load transfer from the matrix
to reinforcement is both qualitatively and quantitatively dif-
ferent in the two temperature regimes. When the matrix
creeps, load transfer is much-less effective than when the
matrix deforms by slip, and it also becomes less effective
as the applied stress is raised.
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