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Abstract

A composite, consisting of 68 vol.% superconducting continuous MgB, fibers aligned within a ductile Mg matrix, was loaded in uni-
axial compression and the volume-averaged lattice strains in the matrix and fiber were measured in situ by synchrotron X-ray diffraction
as a function of applied stress. In the elastic range of the composite, both phases exhibit the same strain, indicating that the matrix is
transferring load to the fibers according to a simple iso-strain model. In the plastic range of the composite, the matrix is carrying pro-
portionally less load. Plastic load transfer from matrix to fibers is complex due to presence in the fibers of a stiff WB,4 core and of cracks
produced during the in situ synthesis of the MgB, fibers from B fibers. Also, load transfer behavior was observed to be different in bulk
and near-surface regions, indicating that surface measurements are prone to error.
© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Magnesium diboride (MgB.) is of interest as a supercon-
ductor due to its unusually high transition temperature
(T. =39 K [1]) as compared with other binary intermetallic
superconducting compounds, and due to its low material
cost, ease of fabrication and lack of weak-link behavior
at grain boundaries as compared with oxide superconduc-
tors [2-4]. Fabrication of MgB, tapes and wires by the
powder-in-tube (PIT) method has been the topic of numer-
ous studies [5-13]. However, the brittleness of the mono-
lithic MgB, core within the tube remains an obstacle for
applications of PIT tapes and wires. To overcome this
problem, composites consisting of numerous aligned
MgB, fibers embedded within a ductile Mg matrix (Mg/
MgB,; composites) have been proposed. The composite
architecture, where a continuous matrix surrounds each
superconducting fiber, improves toughness and crack arrest
under mechanical loading as well as heat conductivity
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when breakdown in superconductivity occurs locally in
some fibers [14]. Such Mg/MgB,; composites can be fabri-
cated by a simple method, where preforms of aligned B
fibers are infiltrated and reacted in situ with excess liquid
magnesium, which, upon solidification after the end of
the reaction, forms the metallic matrix [15,16]. Similar
Mg/MgB, composites, where the MgB, phase is not in fiber
form, have also been reported [15,17-20].

Understanding the mechanical properties of these Mg/
MgB,r composites is relevant to their operation in environ-
ments where they are subjected to mechanical stresses, e.g.
during handling of wires, or during use as windings in elec-
tromagnets as a result of the Lorentz forces [21]. The load
partitioning occurring between matrix and reinforcement
in other metal matrix composites (MMCs) has been the
subject of much research: internal phase strain evolution
during elastic and plastic deformation has been measured
experimentally by neutron [22-27] and synchrotron
X-ray [28-32] diffraction, and explained in terms of matrix
plasticity, interface damage and reinforcement fracture.
Non-destructive imaging of internal damage occurring in
composites during loading has also been performed using
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synchrotron X-ray techniques [29,33-37], often in conjunc-
tion with strain measurements.

The goal of the present study is to use synchrotron
X-ray diffraction to measure phase strains during uniaxial
compressive deformation of Mg/MgB,; composites as a
function of applied stress. Load transfer between the Mg
and MgB, main phases, as well as a minority WBy, phase
found at the core of the fibers, is measured for various crys-
tallographic orientations, and results are discussed based
on simple rule-of-mixture models. Also, measurements in
bulk and near-surface volumes are compared to assess
the validity of near-surface measurements using conven-
tional X-rays sources.

2. Experimental procedures
2.1. Composite processing

Fibers of 99.999% pure boron (140 um in diameter, pro-
duced by chemical vapor deposition by Specialty Materials,
Inc., Lowell, MA) were cut to 25 mm lengths and aligned
at 20% volume fraction within a titanium crucible (8§ mm
inside diameter, 0.75 mm wall thickness). A billet of
99.95% pure magnesium (from Alfa Aesar, Ward Hill,
MA) was positioned above the fibers, and melted by heat-
ing the crucible to 800 °C in vacuum. The melt was then
infiltrated into the fiber preform by application of argon
gas pressurized to 3.2 MPa, using a custom pressure infil-
trator [14,15,38]. After cooling to ambient temperature,
the titanium crucible containing the solidified Mg/B com-
posite was sealed with a steel cap and heat-treated at
950 °C for 2.5h to allow for complete reaction of the B
fibers with the liquid Mg to form MgB, fibers; the air in
the sealed crucible reacted with the excess liquid Mg, so
no oxygen or nitrogen was present during the reaction.

2.2. Diffraction experiments

A cylindrical sample (5 mm in diameter and 10 mm in
height) was machined from the central part of the infil-
trated, reacted composite, which displayed a high volume
fraction of aligned MgB, fibers (unlike the sample circum-
ferential outer layer, which was mostly fiber-free). As

shown schematically in Fig. 1, uniaxial compression testing
was performed using a custom-built, screw-driven loading
system at the 1-ID beam line of the Advanced Photon
Source (Argonne National Laboratory, IL), similar to that
used in our previous research on other MMCs [28,
30-32,39-42]. Before compression testing, an optical metal-
lography surface image of the composite end and a radio-
graphic transmission image of a full cross-section (5 mm in
diameter and 1.02 mm in height, cut from a region immedi-
ately adjacent to the Mg/MgB,; sample) were collected, as
shown in Fig. 2a and b. The general setup for the imaging
mode of the experiment is shown in Fig. 1 and similar to
that used in Refs. [43-46]. Compressive load on the com-
posite was applied parallel to the fiber axis and the X-ray
beam penetrated the composite perpendicular to the fiber
axis. A strain gage affixed to the sample recorded the mac-
roscopic strain values. The stress was increased in steps of
~30 MPa and held constant during the diffraction mea-
surements. After reaching a maximum compressive value
of —520 MPa, the stress was reduced to 0 MPa in steps
of ~100 MPa.

At each stress level, diffraction measurements were col-
lected for 90s, wusing a monochromatic 81 keV
(A=0.015nm) X-ray beam with a square 100 x 100 pm?
cross-section. Complete Debye—Scherrer diffraction rings
from the crystalline phases present in the diffraction vol-
umes were recorded using an image plate (MAR345) posi-
tioned at a distance of 1500 mm from the sample, as
illustrated in Fig. 1. Additional calibration diffraction rings
were produced from a thin layer of pure ceria (CeO,) pow-
der mixed with vacuum grease, which was smoothly
applied to the back face of the composite. The image plate
had a 345 mm diameter providing 100 pm pixel size with a
16-bit dynamic range. A typical diffraction pattern of the
Mg/MgB,s composite is shown in Fig. 3. For each stress
level, diffraction patterns were collected near the center of
the sample face by scanning over a 1 mm vertical section,
resulting in a total diffracting volume of 0.1 x1x5
= 0.5 mm?, thus providing an average value for the lattice
strains. This volume is illustrated in Fig. 4a, which shows a
radiograph near the center of the composite. Also, for each
stress level, diffraction patterns were collected from a small
volume very close to the surface of the cylindrical sample:

Diffraction: 100 x 100 pm? Applied Diffracted cones
. stress
Imaging: 1 x 1 mm?
Energy: 81 keV Sample l
Beam from APS,

s Beam st
undulator, and \ wimm =
high-energy embedded
monochromator .

Defining Guard lon 4 riBes
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gage CCD camera Image plate
(600 mm) (1500 mm)

Fig. 1. Schematic of experimental setup for combined diffraction and imaging measurements. For diffraction, the CCD camera is removed.
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Fig. 2. (a) Optical image of transverse cross-section of Mg/MgB,¢
composite (the fibers are dark and the matrix is light). The beam path
(diffraction volume) is illustrated for bulk and near-surface measurements.
(b) Radiographic phase-enhanced image of a 1.02 mm thick transverse
cross-section of Mg/MgB,; composite. The lighter regions (C) are the
interface between the MgB, fibers and the Mg matrix. The black regions
are the WBy fiber cores (core A is perpendicular and core B is at an angle
with respect to the cross-section).

the distance between the surface and beam center was
200 um (Fig. 4b), comparable to the penetration depth in
pure magnesium of Cu Ko X-rays (70 pm) [47]. Exactly
the same diffracting volume was identified before each mea-
surement by radiography using a charge-coupled-device
(CCD) camera, positioned far enough (about 600 mm)
from the sample to allow for phase propagation (phase-
enhanced imaging [43-46,48,49]). This volume contained
one complete fiber (whose WBy fiber core is marked as B

in Fig. 4b), as well as parts of three more fibers (with cores
outside the measured volume, marked as A, C and D in
Fig. 4b). The beam size was 100 x 100 pm?, corresponding
to an estimated diffraction volume of 0.02 mm?, very close
to the surface as shown in Fig. 4b.

2.3. Lattice strain determination

As illustrated in the diffraction pattern of Fig. 3, all
phases present were fine-grained and polycrystalline, lead-
ing to smooth diffraction rings, except for the Mg phase,
which was more coarse-grained and thus showed slightly
spotty diffraction rings. To determine the lattice strains
from measured diffraction rings, an algorithm similar to
those from Refs. [28,32,50,51] is used, which takes into
account the whole diffraction rings. This algorithm is
implemented using the program language MATLAB
(available from www.mathworks.com) and consists of the
following six steps. First, the beam center, detector tilt,
and sample-to-detector distance (‘“‘calibration parameters™)
are determined with the software FIT2D [52,53] using
CeO, (111) reflection near the detector center and CeO,
(311) and (222) reflections near its outer edge. Second,
the diffraction pattern is converted from polar to cartesian
coordinates in NN radial x M azimuthal bins (here N = 750,
corresponding to 2.3 pixels, and M = 144, corresponding
to an angle increment of 2.5°) using the calibration param-
eters to correct for beam center, detector tilt and sample-
to-detector distance. Third, for selected diffraction peaks,
the profile of the peak intensity as a function of radial dis-
tance is fitted using a pseudo-Voigt function to find the
radial peak center R. This is done for all M azimuthal bins
(i.e. in angle increments of n = 2.5°). Fourth, the R(5) val-
ues are converted to absolute d-spacings d(#) using the
above calibration parameters, in addition to the known
X-ray wavelength. Fifth, plots of R vs. sin’(i}) are created
for all applied stresses, where y = n0cos(n) (with 0 as the
Bragg angle and 0 < < nt/2 and similar relationships given
in Almer et al. [50] for n/2 <7 < 2mr). The resulting lines
intersect at an invariant “strain-free’’ value R, at an invari-
ant azimuthal angle 7,. Finally, the X-ray lattice strain ¢ for
a given (hkl) reflection is calculated using:

o) = 2R m

These values are then used to determine the longitudinal
and transverse strains in the sample coordinate system
(e11 = &(90°) and ey, = ¢(0°)), using equations derived by
He and Smith [54] for two-dimensional detectors.

3. Results
3.1. Microstructure
Fig. 2a shows a polished cross-section of the composite

used for mechanical tests which consists of 68 vol.% MgB,
fibers, as determined by counting all fibers in the composite
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Fig. 3. Representative X-ray diffraction pattern (quarter of image plate) for Mg/MgB,; composite. All of the rings were identified as belonging to Mg,

MgB,, WBy, and CeO,, but for clarity only a subset is labeled.

cross-section of Fig. 2a and using their average diameter of
190 um to determine their area fraction (the effect of fiber
cracks is thus neglected). As reported in an earlier publica-
tion [14], the reacted fibers are nearly straight but exhibit
substantial cracking, as expected from the large volume
expansion associated with the B — MgB, conversion reac-
tion. These cracks are illustrated in a scanning electron
microscopy (SEM) image of a fiber, shown in Fig. 5, which
was extracted by evaporating the Mg matrix in vacuum at
900 °C for 30 min. The 15 um WB, fiber cores seem to
remain intact and make up 0.4 vol.% of the composite, as
calculated from the above fiber and core sizes (and again
neglecting fiber cracks).

A radiographic image of a 1.02 mm thick cross-section
of the composite is shown in Fig. 2b. Projections of individ-
ual MgB, fibers are visible as rounded regions, approxi-
mately 190 pm in diameter and slightly darker than the
Mg matrix. In the center of each fiber, a near opaque
region corresponds to the projection of the WB4 cores.
Most fibers are not exactly aligned in the longitudinal
direction, so the projection of their cores appear as
15 pm thick lines, rather than as disks with 15 pm diameter
(two examples are marked as A and B, respectively, in
Fig. 2b). The projected length was measured for 53 fiber
cores (out of a total of 482 cores within the Mg/MgB,¢
composite) from which the misorientation angle was calcu-
lated assuming that the cores were not bent. The average
misorientation angle from the resulting angle distribution
was 3.8°. This low value indicates that the fiber alignment
was good, i.e. nearly all fibers were aligned parallel to the
loading direction, as expected from the high fiber volume
fraction. Good fiber alignment is also illustrated in
Fig. 4a, which shows a radiographic projection of the com-
posite perpendicular to the fiber axis.

In Fig. 4a, the small dashed square box indicates the dif-
fraction beam size and the larger rectangular dashed box
delineates the vertical scanning area which provides an
average value for the lattice strains. Fig. 4b shows a similar
radiograph of the near-surface region of the composite
with the corresponding diffraction volume. It is apparent
that the fiber orientation is not as good near the sample
surface. Specific fiber cores in the diffraction beam are indi-
cated in Fig. 4b. Cores A and B belong to fibers that are
nearly perfectly aligned to the loading direction (6 ~ 0°),
while cores C and D belong to fibers with high misalign-
ment (0 ~ 18°).

3.2. Macroscopic composite stress—strain curve

The macroscopic stress—strain curve for the Mg/MgBy¢
composite is shown in Fig. 6. Upon compressive loading,
elastic behavior with a Young’s modulus of 121 GPa is
observed up to the fourth applied stress level of
—116 MPa. Upon further loading, plastic deformation
takes place up to a maximum stress of —496 MPa and a
total strain of —0.96%, corresponding to a plastic strain
of —0.6%. At the three highest stresses, a small level of
creep was recorded during the measurement time (the total
creep strain was —0.017% for the highest applied stress of
—496 MPa), which is not unexpected given the very high
stresses as compared with the yield stress o, =21 MPa
for cast pure Mg [55]. Upon unloading, elastic behavior
with a Young’s modulus of 121 GPa occurs until the fourth
unloading stress level of —132 MPa. Upon further unload-
ing, reverse plasticity occurs, with a residual strain of
—0.44% after complete unloading. No surface damage
was visible upon visual inspection of the sample after
testing.
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Fig. 4. (a) Radiographic phase-enhanced image showing central region of
the Mg/MgB,¢ composite used for bulk strain measurements. Vertical
dark lines are WB, fiber cores, and the load is applied vertically. The
dashed box indicates the beam size (100 x 100 um?). The dotted box
indicates the diffracting region as the beam is scanned vertically over a
height of 1 mm. (b) Radiographic phase-enhanced image showing
circumferential region of the Mg/MgB,; composite used for near-surface
measurements. WBy fiber cores of fibers in the diffracting region (dotted
box) are labeled by A, B, C and D, and are some of their length are
indicated by dashed lines. Both A and B cores are nearly vertical (aligned
to the loading direction with 6 ~ 0°), while C and D cores are highly
misaligned (0 ~ 18°).

Fig. 5. SEM image of cracked MgB, fiber extracted from its matrix (fiber
axis is near vertical).
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Fig. 6. Macroscopic stress—strain curve of Mg/MgB,; composite with the
dashed lines indicating the slopes of the elastic regions. Pairs of symbols at
each stress levels, corresponding to start and end of diffraction measure-
ment, are overlapping except at the highest stress due to creep.

3.3. Determination of lattice spacings and parameters

Fig. 7a and b shows plots of MgB, lattice strain and lat-
tice spacing vs. sin’y for various applied stresses. Each line
was calculated from the average of the mean values of the
four quadrants (0-90, 90-180, 180-270 and 270-360°) of
azimuthal angles. Although only the (1011) MgB, reflec-
tion is shown here, plots for various reflections from all
three phases (Mg, MgB, and WBy) were linear for all
applied stresses in both loading and unloading.

The “strain-free” lattice spacings d, for the (1011)
MgB, reflection is illustrated in Fig. 7a and b. The Mg
phase is coarser-grained, leading to spottier diffraction
rings than the other phases present and, therefore, larger
error in the determination of d,. Since the WB, phase is less
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Fig. 7. Plots of lattice strain/lattice spacing vs. sin*y for the MgB, (1011)
reflection upon (a) loading and (b) unloading. Each line represents a single
diffraction ring at a unique load.

than 1 vol% of the total composite, the diffraction rings are
weaker making the determination of dy more difficult than
for the MgB, phase. The “strain-free’ lattice spacing for
the MgB, (1011) was 2.1312 A at zero applied load,
2.1305 A upon loading and 2.1308 A upon unloading as
shown in Fig. 7a and b. These slight shifts in absolute lat-
tice parameter do not have a significant impact on the
strains measured, since the relative variation in lattice
parameter is of main interest. These shifts were observed
in additional MgB, reflections (not presented here) but
not for the other phases, and may be related to the exten-
sive cracking present in the fibers, as discussed later.

The lattice parameters ¢ and ¢ for each phase (Mg,
MgB,, and WB,) were determined iteratively by minimiz-
ing the lattice strain in the unloaded condition for multiple
reflections ((£00), (kk0) and (hk!)). For lattice parameter
determinations, Miller indices (#k[) are used for conve-
nience rather than Miller-Bravais indices (hkil). These
experimental lattice parameter values for Mg, MgB, and
WB, phases are listed in Table 1. For the two main Mg

Table 1

Lattice parameter values for the Mg, MgB, and WB, phases, as found in
powder diffraction files (pdf) and as determined experimentally in the Mg/
MgB,r composite studied here

Phase Crystal structure Lattice parameter (A) Source
a ¢
Mg Hexagonal 3.2094 5.2112 pdf# 35-0821
3.215 5.213 Experimental
MgB, Hexagonal 3.0864 3.5215 pdf# 38-1369
3.088 3.525 Experimental
WB, Hexagonal 5.200 6.340 pdf# 19-1373
5.210 6.313 Experimental

and MgB, phases, they are slightly larger than, but proba-
bly within the experimental error of, the literature values
also given in Table 1. For WB,, the difference is larger:
0.2% expansion for a and 0.4% contraction for c.

Based on lattice parameters a and ¢ for the MgB, phase,
the density (py,p,) for the MgB; phase is calculated from
the following equation:

N - MWy,

NoV 2)

PMgB, =

where NV is the number of atoms per unit cell (N =1), N4 is
Avogadro’s number, MWy, is the molecular weight of
MgB, MWy, =45.93 g mol’l) and V is the volume of
the unit cell (for a hexagonal system V = a’csin(2n/3))
[56]. Using this calculated density for MgB, (pygs, =
2.62 g cm ) and the density for pure B (pg = 2.34 gcm °)
and their respective molecular weights, the volume expan-
sion for the 2B — MgB, reaction is calculated as
Uwmgs, /2vg = 1.90, where v is the molar volume.

3.4. Lattice strain evolution during composite loading

3.4.1. General behavior

Plots of applied stress vs. elastic lattice strain are shown
for the Mg (1011), MgB, (1011) and WBy (1011) reflec-
tions in the longitudinal direction (e;; parallel to the
applied stress) in Fig. 8a and in the transverse direction
(exz perpendicular to the applied stress) in Fig. 8b. At zero
applied load, residual longitudinal strains are small and
tensile for the Mg and MgB, phases (e;; = 300 and 50 pe)
and very large and compressive for the WB,; phase
(e11 = —2490 pe). Residual transverse strains are small for
the Mg and MgB, phases (e>» = —80 and 30 pe¢) and again
very large but tensile for the WB,4 phase (e, = 1040 pe).

Upon mechanical loading at applied stresses where the
composite macroscopic deformation is elastic (from 0 to
—116 MPa, Fig. 6), the slopes of the plots of applied stress
vs. longitudinal lattice strain in Fig. 8a for the Mg matrix
(121 GPa), MgB, fibers (119 GPa) and the WBy fiber cores
(121 GPa) are, within experimental error, equal to each
other and to the macroscopic Young’s modulus for the
composite (121 GPa, Fig. 6). Similarly, these loading slopes
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in Fig. 8b for the transverse strains for the Mg matrix
(—406 GPa) and MgB, fibers (—693 GPa) are approxi-
mately equivalent to each other, given the very large errors
on the slopes, while the slope for the WB, fiber cores
(=267 GPa) is significantly less steep. For the two main
phases, Mg and MgB,, the magnitude of the ratio of the
transverse to longitudinal slopes (i.e. magnitude of ey /e,
in the elastic range) provides the in situ Poisson’s ratio,
which takes values of 0.30 and 0.17, respectively. The value
for Mg is in good agreement with the literature value of the
Poisson’s ratio for Mg (v = 0.29), indicating that the aver-
age state of stress of Mg phase is close to uniaxial compres-
sion. No value was found in the literature for the Poisson’s
ratio of MgB,, but values well below those of the matrix
are expected, given that Poisson’s ratios of 0.09-0.12 have
been reported for TiB,, ZrB, and HfB, [57].

The onset of plasticity is visible in the macroscopic
stress—strain curve (Fig. 6) at an applied stress of
—116 MPa and also corresponds to a slight change in the
slope for the longitudinal matrix strains in Fig. 8a for
Mg (1011). At applied stresses between —300 and
—496 MPa, the matrix longitudinal strains become approx-
imately constant (at about —1500 pg), deviating sharply
from the elastic line. An opposite deviation is observed
for the WBy fiber cores, with lattice strains becoming larger
than the elastic line. Similar deviations are also observed
for the plots of transverse Mg and WBy strains (Fig. 8b).
Such deviations from the elastic lines are usually associated
in MMCs with load transfer occurring from a plastic
matrix to elastic reinforcement, as discussed later. Here,
however, the MgB, phase does not show any deviation
with respect to the elastic slopes of the longitudinal or
transverse strains (Fig. 8a and b).

Upon mechanical unloading, the slope of the Mg matrix
plot in the longitudinal direction is 121 GPa, indicating a
return to elastic behavior (Fig. 8a). When the applied stress
has dropped to ca. —215 MPa, deviation from linearity is
again observed, indicating reverse plasticity. The unloading
plot for the WBy4 core phase also exhibits a mostly linear
elastic behavior, within the large errors due to the small dif-
fracting volume. Finally, upon unloading, the slope of the
MgB, fiber phase plot remains constant and equal to the
loading slopes, in both longitudinal and transverse direc-
tions (Fig. 8a and b). At the end of unloading, residual ten-
sile strains for the Mg phase (e;; = 1400 pe) and residual
compressive strains (e;; = —4450 pe) for the WBy4 phase
are present in the longitudinal direction, while the MgB,
phase is almost strain-free (e;; = 200 pe). As shown in
Fig. 8b, a symmetrical behavior is observed in the trans-
verse direction to the applied stress (e,, large and positive
for WBy, smaller and negative for Mg, and near zero for
MgB.).

3.4.2. Anisotropy effects

The anisotropy in longitudinal strain response to the
applied stress is shown for three Mg lattice reflections
((1011), (1010) and (1120)) in Fig. 9a, corresponding
to three different sets of grains oriented with their respec-
tive crystallographic planes near perpendicular (n = 90/
270) to the applied stress. In the elastic region, the slopes
of loading plots for all three reflections are approximately
equivalent to the Young’s modulus of the Mg/MgB,; com-
posite (121 GPa), indicating isotropic deformation. In the
plastic region, however, a larger deflection from the elastic
line (i.e. more load transfer) occurs for the Mg (1011)
reflection than for the Mg (1010) and (1120) reflections.

Similarly, the anisotropic response of three MgB, reflec-
tions ((1011), (0002) and (1121)) is illustrated in
Fig. 9b. Throughout loading, the applied stress—longitudi-
nal lattice strain plots remain linear for all three MgB,
reflections, indicative of elastic loading and no damage
accumulation. The slopes for the MgB, (1011) and
(0002) reflections are approximately equivalent and equal
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to the Young’s modulus of the Mg/MgB,; composite
(121 GPa), while the MgB, (1121) reflection is stiffer
(147 GPa); a similar effect is found for transverse strains
(not shown).

Spatial anisotropy in mechanical response is illustrated
in Fig. 10a for the Mg (1011) longitudinal strains mea-
sured within the composite bulk and at a near-surface
region. First, the residual strains are of opposite sign
(300 pe in the bulk vs. —350 pe near the surface). Second,
the slopes in the loading elastic range differ markedly
(121 vs. 199 GPa). Third, the first onset of plasticity occurs
at different stresses (—116 vs. —172 MPa). At higher stres-
ses, however, both curves show strong deflection from the
elastic line, indicating substantial load transfer from the
matrix to the reinforcement. The larger error bars associ-
ated with the bulk measurements are due to the coarser
grain size of the matrix in the core due to slower cooling
rate, leading to spottier diffraction rings.
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mechanical loading. Slope values are based on best fits of experimental
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Similarly, differences between bulk and near-surface
measurements are shown in Fig. 10b for the
MgB, (1011) reflection, for which the elastic slopes differ
significantly (121 vs. 149 GPa). There are also visible differ-
ences for the WB, (1011) reflection, but large errors are
associated with the near-surface measurements which
included a single fiber core with a very small diffraction vol-
ume (about 1.8 x 10* um?).

4. Discussion
4.1. Macroscopic composite elastic behavior

The longitudinal Young’s modulus, Erom, of a compos-
ite containing perfectly aligned, uncracked fibers is given
by the rule of mixture (ROM) equation:

Erom = VmgEwmg + Vg, Emgs, 3)
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where V is the volume fraction and E the Young’s modu-
lus. This equation predicts a value of Erom = 199 GPa
for the present Mg/MgB,; composite, using matrix and fi-
ber moduli of Ey,=45GPa [56] and Eygp, = 272 GPa
[58] (the WBy fiber core volume fraction is small enough
that it can be neglected here). The experimentally measured
value, Eqomp = 121 GPa (Fig. 6), is, however, much lower.
We consider two possibilities to explain this discrepancy:
misaligned fibers and cracked fibers.

To estimate the effect of fiber misalignment, we use an
equation for the Young’s modulus (Ej) of a composite with
aligned fibers forming an angle 0 with the applied stress
[21]:

m*  nt 1 2w\ L,

where m = cosf, n =sin0, E; is the ROM modulus in the
longitudinal direction (Eq. (3)), E> = (Vmg/Eme + Vmen,/
EMgBZ)f1 is the ROM modulus in the transverse direction,
Gs = Gmp/(1 — Vllvﬁ(l — Gpg/Gwmgs,)) is the ROM shear
modulus, and v; = VygVmg + VMg, VMen, 1S the ROM Pois-
son ratio. Using the measured average fiber misorientation
angle 0 =3.8°, Eq. (4) predicts a Young’s modulus of
198.5 GPa, very close to the value of 199 GPa calculated
by the ROM equation (Eq. (3)) for fully aligned fibers.
Even for an unrealistically high fiber misorientation angle
0=15°, Eq. (4) predicts a composite modulus of
187 GPa which remains much higher than the measured
value Ecomp = 121 GPa. This calculation provides only a
rough estimation, since the fibers show a distribution of an-
gles and are not parallel to each other, but it strongly sug-
gests that fiber misorientation cannot explain the low
stiffness of the composite.

The main cause for the Young’s modulus discrepancy
must thus be the cracks present in the MgB, fibers
(Fig. 5). Introducing the measured value E o, = 121 GPa
for Erom in Eq. (1), the effective Young’s modulus of the
cracked MgB, fibers in the composite is found to be
157 GPa. This reduction by a factor 2.2 from the mono-
lithic MgB, value of 272 GPa is credible in view of the very
steep drops in stiffness observed in ceramics containing
sharp cracks [59-62]: for instance, Wanner [59] measured
a drop by a factor more than 20 in the Young’s modulus
of plasma-sprayed spinel with 13 vol.% slit-like cracks
aligned perpendicular to the testing direction. The present
MgB, fibers have a similarly high crack volume fraction
of 4.2 vol.% (as determined from the cross-section of six
fibers from another sample processed identically to the
present one).

4.2. Residual elastic strains before composite loading

Similar to most other MMCs, the present Mg/MgB,;
composite consists of matrix and reinforcement displaying

a large mismatch in coefficients of thermal expansions:
26.6x 107 ° K" for Mg [63], 54-64x10°K™" in the

a-axis and 11.4-13.7x 107 °K~" in the c-axis for MgB,
[64,65] at ambient temperature. The value for WB4 could
not be found in the literature, but can be assumed to be
lower than those of the lower-melting MgB,. However,
measured residual stresses between the two main phases
of the composites, Mg and MgB,, are small, indicating that
relaxation by matrix plasticity occurred on cooling, first by
creep (at high temperature) and then possibly by slip (at
lower temperature). Thermal mismatch alone cannot
explain the very large compressive residual strains in the
WB, fiber cores (e;; = —2490 and e;; = 1040 pe, Fig. 8a
and b), corresponding to stresses of about —1.9 and
0.81 GPa, respectively, for a typical Young’s modulus of
775 GPa (no value was found for WB4, so we use here
the modulus for W;,Bs [57]).

Rather, these residual strains must arise during conver-
sion of the W wires to WB,4 during the chemical vapor
deposition synthesis of the B fiber, as described in Ref.
[21], and/or during the subsequent reaction of B to
MgB,. This reaction leads to a large volume expansion of
the fiber (calculated earlier to be 1.90), easily accounting
for both the residual strains in the WB, core and the cracks
in the MgB, fibers. The measured discrepancy in the lattice
parameters (0.2% expansion for a and 0.4% contraction for
¢) are further evidence of the large residual strains in the
WB, fiber cores. Nevertheless, they do not noticeably affect
the residual strains in the other phases of the composites
since the WBy volume fraction is so low.

4.3. Lattice strain evolution during composite loading

4.3.1. General behavior

In the elastic range for applied stresses between 0 and
—116 MPa (Fig. 6), all three phases deform in an iso-strain
manner, as illustrated by the fact that stress—lattice strain
slopes are equal for each phase in both longitudinal and
transverse directions, within experimental error (Figs. 8a,
b and 9a, b). There is thus significant load transfer from
the more compliant Mg matrix (Ep, = 45 GPa) to the stif-
fer MgB fibers (Eygs, = 272 or 157 GPa) and their WB,
cores (Ews, ~ 775 GPa), indicating that the Mg/MgB,
and MgB,/WB, interfaces remain strongly bonded during
elastic uniaxial compression.

Above the macroscopic yield stress of —116 MPa
(Fig. 6), the stress—lattice strain slope for Mg increases
for both longitudinal and transverse directions (Figs. 8a,
b and 9a), first moderately in the stress range —116 to
—300 MPa and then very markedly for stresses beyond
—300 MPa, where the average slope is near infinity. This
increase in slope indicates that, as the applied stress is
raised, elastic strains (and stresses) do not increase in the
Mg phase as rapidly as in the elastic range. This behavior
is typical of matrix plasticity, as observed previously in
many other MMCs [25,26,29,36,37,42,66], where it is
explained by the large mismatch developing between the
plastically deforming matrix surrounding the elastic rein-
forcement. In a two-phase composite without cracks, stress



3476 M.L. Young et al. | Acta Materialia 55 (2007) 3467-3478

equilibrium dictates that the applied stress—lattice strain
slope for the reinforcement should decrease (i.e. that the
reinforcement elastic strains and stresses increase more rap-
idly with applied stress than in the elastic range). This is
indeed observed for the WB, phase in both e¢;; and e,
directions (Fig. 8a and b), but not for the MgB, phase,
whose stress—lattice strain slopes remain linear and
unchanged from the value measured in the elastic range.
This indicates that the load shed by the plastic matrix is
transferred to the WBy fiber core but not to the MgB, main
fiber body.

This unexpected behavior is probably linked to the com-
plex and extensive cracking of the MgB, fiber phase, and
the fact that most of these cracks are filled with Mg matrix
and extend to the WBy fiber cores. Also, the high value of
composite strain of 0.96% (as compared with typical cera-
mic fracture strains) without composite failure is probably
only possible because of the presence of these matrix-filled
cracks. They can be expected to close during compressive
deformation of the composite, expelling the plastic matrix
without producing catastrophic failure of the fibers (the
small, but measurable creep strain, <0.02%, observed to
accumulate at the highest stresses may also be explained
by this mechanism). We do not attempt here to calculate
by finite-element modeling the evolution of load transfer
occurring between the three phases in this complex defor-
mation scenario, as it would necessitate many assumptions
concerning the cracks (size, geometry, sharpness, orienta-
tion, spatial and size distribution, etc.) which are not exper-
imentally accessible. Also, a large number of cracks within
numerous fibers would need to be modeled to achieve sta-
tistically relevant results. This is not feasible with current
laboratory computers and must thus remain beyond the
scope of this paper.

During the mechanical unloading of the composite, the
evolution of the phase elastic strains (Fig. 8a and b) is typical
of a fiber-reinforced MMC: all phases display near linear
stress—lattice strain behavior, with slopes similar to those
onloading, indicating elastic behavior. The Mg matrix seems
to exhibit reverse plasticity at low stresses on unloading for
both e, and e,, directions, which is also expected, given
the large strains recovered on unloading (about 0.4% if the
linear curve is extrapolated to zero stress for Mg longitudinal
strains, which is much higher than the yield strain of pure
Mg, estimated as o,/E =21 MPa/45 GPa = 0.05%). This
leads to significant residual strains in the Mg matrix after
unloading, which seem to be partially balanced by higher
residual strains in the WB,4 core. Here, too, the complex
architecture of the composite (fibers with matrix-infiltrated
cracks and stiff cores) is probably responsible for the lack
of significant residual strains in the MgB, phase.

4.3.2. Anisotropy effects

The crystallographic anisotropy in lattice strain evolu-
tion shown in Fig. 9a has also been reported in studies of
unreinforced Mg [67,68] and is responsible for the limited
ductility of Mg [69] which exhibits less than five indepen-

dent slip systems at ambient temperature [67,68]. Here,
three Mg reflections ((1011), (1010) and (1120)) are
examined. As shown in Fig. 9a, load transfer occurs more
strongly from grains with first-order pyramidal slip
((1011) reflection) than from those showing prismatic slip
((1010) reflection). Similar behavior was reported in a pre-
vious study of unreinforced Mg AZ31B alloy [67,68].

Spatial anisotropy is illustrated in Fig. 10a and b, where
the micromechanical response (residual strain, elastic slope,
plastic region) for all phases differs when measured in the
composite bulk or in a near-surface region. This spatial
anisotropy is likely due to the different state of stress near
surfaces. Also contributing may be the higher fiber mis-
alignment near surfaces, as illustrated by the two grossly
misaligned fibers marked C and D in Fig. 4b, which are
partially within the diffracting volume. Fig. 10a and b illus-
trates the importance, for uniaxially loaded fiber-reinforced
composites, of measuring average strains within a large
volume in the bulk of the sample (as performed by neutron
and synchrotron X-ray techniques) rather than over a
smaller volume located near a surface (as done for example
with laboratory X-ray sources).

5. Conclusions

Synchrotron X-ray diffraction was used to study lattice
strain evolution during compressive deformation of a com-
posite consisting of an Mg matrix containing 68 vol.% of
aligned MgB, fibers with small WBy, cores. The following
conclusions were reached:

1. Large residual stresses are present in the WB, fiber
cores, and are attributed to the large volume expansion
from the reaction of B to MgB, during processing. Small
residual stresses also exist in both the Mg matrix and the
MgB, fibers, indicating relaxation of thermal mismatch
developed on cooling.

2. In the elastic range of the composite, the three phases
show the same elastic strains at a given stress, indicating
that load is transferred from the compliant Mg matrix to
the stiffer MgB, fiber and their WB, cores, and that the
matrix/fiber and fiber/core interfaces are well bonded.

3. In the plastic range of the composite (0-0.6% plastic
strain), the matrix experiences lower strain than the
other phases at a given stress. This is indicative of addi-
tional load transfer due to mismatch between the plastic
matrix and the elastic reinforcement. The rate of load
transfer with increasing stress remains constant for the
MgB, fibers but increases for the WB, fiber cores as
compared with the elastic range. This complex behavior
is attributed to the presence of fiber cracks infiltrated
with Mg matrix.

4. Microstructural anisotropic effects on load transfer
occur among the Mg (1011), (1010) and (1120)
reflections in the plastic range and among the MgB,
(1011), (0002) and (1121) reflections in both elastic
and plastic ranges.
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5. Comparison between strain measurements in the com-
posite bulk and near-surface volumes indicate that
near-surface measurements are not representative of
the bulk composite behavior.
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