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3D spatially-resolved polychromatic microdiffraction was used to nondestructively obtain
depth-dependent elastic strain gradients and dislocation densities in the constituent phases
of a directionally solidified NiAl–Mo eutectic composite consisting of �500–800 nm Mo
fibers in a NiAl matrix. Measurements were made before and after the composite was
compressed by 5% and 11%. The Mo fibers were analyzed both in their embedded state
and after the matrix was etched to expose them as pillars. In the as-grown composite, due
to differential thermal contraction during cooldown, the Mo phase is under compression
and the NiAl phase is in tension. After the prestrains, the situation is reversed with the Mo
phase in tension and NiAl matrix in compression. This result can be explained by taking
into account the mismatch in yield strains of the constituent phases and the elastic
constraints during unloading. The dislocation density in both the Mo and NiAl phases is
found to increase after prestraining. Within experimental uncertainty there is little
discernible difference in the total dislocation densities in the Mo phase of the 5% and
11% prestrained specimens. However, the density of the geometrically necessary
dislocations and the deviatoric strain gradients increase with increasing prestrain in both
the Mo and NiAl phases.

I. INTRODUCTION

Micropillar compression testing has become a popular
way to characterize the mechanical behavior of small
volumes of materials, following the seminal work of Uchic
et al.1 Typically, the pillars are fabricated by focused ion
beam (FIB) milling and pillar diameters ranging from
hundreds of nanometers to tens of micrometers have been
tested. Interesting size effects (“smaller is stronger”) have
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been identified below sizes of �10–20 mm.2–7 An alterna-
tive technique of micropillar testing involves directional
solidification (DS) of fibrous eutectics, for example, NiAl-
Mo,8 followed by etching of the matrix to expose the fibers
as pillars for compression.9,10 Molybdenum alloy pillars
produced by the DS route show some significant differ-
ences relative to their FIB counterparts. For example, the
directionally solidified pillars behave like dislocation-free
whiskers and yield at close to the theoretical strength
independent of size over a fairly wide size range of pillar
sizes, �360–1400 nm9–11 unlike FIB-milled Mo pillars
which yield at significantly lower stresses.12 Interestingly,
when the directionally solidified NiAl-Mo composite was
prestrained before the matrix was etched, the yield strengths
of the exposed Mo pillars were found to be dramatically
lower than those of the as-grown pillars.10 Additionally,
their subsequent stress-strain behavior was found to be
closely related to the amount of prestrain, with stochastic,
stair-step-shaped flow curves at �4–8% prestrain, and
relatively smooth, reproducible, bulk-like flow curves with
stable work hardening at 11% prestrain.10 In general, the
scatter in the stress-strain curves decreases with increasing
pillar size for a given prestrain, and with increasing pre-
strain for a given pillar size.10 FIB milling of the DS pillars
dramatically lowered their strengths,13 consistent with what
others have generally reported for FIB-milled pillars,
namely, that they yield at stresses much below the theoreti-
cal strength.9

To understand the small-scale mechanical behavior of
micropillars, it is critical to develop techniques to
characterize their defect distributions at appropriate
length scales. Transmission electron microscopy has
been used to analyze the defects present in FIB-milled
pillars7 but, since the FIB process can introduce a variety
of defects,14–16 it is not straightforward to separate their
effects from those of the deformation-induced defects.
Nor is it easy to unambiguously determine how the FIB
damage evolves during subsequent microcompression.
For example, as the pillar size decreases, both decreases7

and increases17 in dislocation density have been reported
after compression. It would be useful, therefore, to ana-
lyze pillars produced without FIB milling and character-
ize the changes in their dislocation distributions after
deformation, which is our objective in this paper.

Recently, x-ray beams have become available with
beam sizes down to �100 nm. These small penetrating
beams can be used to probe very small volumes of
materials to determine local strain gradients and defect
states.18–21 We show here how microfocused x-ray beams
can be used to characterize the behavior of the DS NiAl-
Mo composite given different amounts of prestrain. Pre-
viously we have shown that, in the as-grown state, the
mismatch in thermal expansion coefficients between NiAl
and Mo phases22 creates elastic strains in both the matrix
and fibers.20 The elastic strain in the fibers is relaxed

when the matrix is etched away, leaving the exposed Mo
pillars essentially strain free.20 In this study, we focus on
the responses of the NiAl and Mo phases to externally
applied uniaxial compression (prestrain), and estimate
from x-ray line-broadening the total dislocation densities
in the pillars before and after prestraining. The technique
described here is applicable to composite materials in
general, where information about phase-specific strains is
useful in understanding the mechanical response.

II. EXPERIMENTAL

A. Specimen preparation

The directionally solidified NiAl-Mo eutectic inves-
tigated in this study has a relatively simple microstruc-
ture, consisting of long Mo fibers embedded in an NiAl
matrix.8,23 The fiber size and spacing vary inversely as the
square root of the growth rate. Details of the directional
solidification process and the resulting composite micro-
structures have been described previously.8 Figure 1(a)

FIG. 1. SEM images of the as-grown NiAl-Mo eutectic: (a) before the

NiAl matrix is etched and (b) after etching to reveal exposed pillars.
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shows a plan view of the composite, with fiber sizes (edge
lengths of the approximately square cross-section fibers)
ranging from �500–800 nm. Figure 1(b) shows the ex-
posed fibers (pillars) after the NiAl matrix is etched away.

Disk-shaped specimens, �2 mm thick, were cut from
the directionally solidified NiAl-Mo eutectic perpendic-
ular to the growth (fiber) direction. After grinding with
SiC paper through 1200 grit, the disks were compressed
in a hydraulic press with tungsten carbide platens. The
amount of prestrain is defined here as the percentage
reduction in thickness of the disks. Specimens subjected
to two different prestrains, �5%, and 11%, were investi-
gated, in addition to the as-grown specimen (0% strain).
All the specimens were mounted in epoxy, and ground
and polished using standard metallographic procedures,
first with SiC papers through 600 grit, and then with
Al2O3 slurries through 0.3 mm. Finally, the specimens
were polished with a colloidal silica suspension in a
vibratory polishing machine. After polishing, some of
the fibers were exposed by etching the NiAl matrix in a
water solution containing 18% HCl and 8% H2O2. The
exposed Mo pillars extended a few micrometers (�3–4 mm)
beyond the surface of the NiAl matrix.

B. Polychromatic x-ray microdiffraction and
differential aperture x-ray microscopy

The Mo fibers and NiAl matrix of the compressed
samples were probed with polychromatic x-ray micro-
diffraction to obtain depth-dependent local elastic strains
and total dislocation densities. Measurements were per-
formed on station 34-ID-E at the Advanced Photon
Source. Both etched and unetched specimens, containing
embedded Mo fibers and exposed Mo pillars, respec-
tively, were investigated by the x-ray microbeams.
Depth-dependent elastic strains and dislocation densities
were obtained using spatially resolved differential aper-
ture x-ray microscopy (DAXM).21,24–26

For spatially-resolved measurements, a platinum wire
was used as a knife edge. At each location, this aperture
blocks the x-ray intensity scattered from different depths
[Fig. 2(a)]. Displacement of this knife edge relative to
the specimen surface creates a differential aperture,
since the difference between images taken with the wire
moved by small steps is due to x-rays passing near the
upstream or downstream edge of the wire. Typically
400 partially shadowed images are used to triangulate
the Laue intensity diffracted from different depths along
the incident beam. Details of DAXM data collection can
be found elsewhere.21,24–26

The Cartesian reference frame for the specimens is
set such that the x and y axes are perpendicular to the
pillars in the plane of the sample, and the z axis coin-
cides with the growth direction, which is parallel to the
[001] direction for both the Mo fibers and the NiAl
matrix [Fig. 2(a)]. In this coordinate system, a poly-

chromatic x-ray microbeam with a diameter less then
0.5 mm is incident on the surface at �45� with incident
components 0;�1= ffiffiffi

2
p

; �1= ffiffiffi
2

p� �
. In this diffraction ge-

ometry, the beam probes regions located at different
depths under the surface as it penetrates the sample.
Both monochromatic and white beams were used in
the present study. With polychromatic Laue measure-
ments, parallel planes diffract in the same direction. For
this reason (002), (004), (006) and other (00h)-type
reflections are superimposed. To study changes in the
lattice parameters, measurements with monochromatic
beam were performed. The (006) reflection was chosen
for both the Mo pillars and the matrix to obtain the
inverse lattice parameter, Q, with modulus Qj j ¼ 2p

d ,
where d is the lattice spacing. The depth-resolved
(006) d-spacing distribution was measured with an en-
ergy-scan method. The energy was scanned in 2-eV
steps over a range of �1000 eV through the (006)
reflections of NiAl and Mo. Depth-dependent dislocation
densities and elastic strain gradients were calculated
from these measurements.

III. RESULTS AND DISCUSSION

In the as-grown eutectic composite, Mo fibers with
sizes of �500–800 nm are periodically located in the

FIG. 2. (a) Sketch of the experimental geometry showing the interaction

of the incident x-ray beam with the NiAl-Mo specimen and shadowing

the diffracted x-rays by moving the Pt wire; (b) typical Laue pattern

from the as-grown NiAl-Mo eutectic with two sets of Laue spots from

NiAl and Mo; (c) enlarged regions around the (00h)-type reflections

from NiAl and Mo in the as-grown eutectic, (d) enlarged regions around

the (00h)-type reflections from NiAl and Mo in the 5% prestrained

specimen, and (e) enlarged regions around the (00h)-type reflections

from NiAl and Mo in the 11% prestrained specimen. Note that (c),

(d), and (e) all have the same scale/resolution. (color online)
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NiAl matrix [Fig. 1(a)]. A typical Laue pattern of the
as grown NiAl-Mo composite is shown in Fig. 2(b). The
slight misorientation (�0.3�) between the NiAl matrix
and Mo fibers is the reason that all the Laue spots in the
pattern consist of two separate peaks, one belonging to
the matrix and the other to the Mo fibers [Figs. 2(b) and
2(c)]. This indicates that the Mo (001) and NiAl (001)
planes are not exactly parallel to each other. On the other
hand, such small tilts (�0.3�) are evidence of the very
good crystallographic quality of the as-grown composite.
An enlarged region of interest around the (00h)-type
Laue spot [Fig. 2(c)] is found to contain separate Laue
spots for NiAl and Mo. In each Laue spot, the upper
peak is formed by diffraction from the Mo fibers and
the bottom peak by diffraction from the NiAl matrix.
For the as-grown (0% prestrained) specimen, all Laue
spots are sharp, without any streaking, which is charac-
teristic of a nearly perfect crystalline material with low
defect concentrations.

Similar regions of the Laue pattern around the (00h)-
type reflection after 5% and 11% prestrain are shown in
Figs. 2(d) and 2(e) [at the same scale/resolution as in
Fig. 2(c)]. The subpeaks belonging to both the NiAl
matrix and the Mo fibers are significantly broader, indi-
cating the formation of large strain gradients and/or
geometrically necessary dislocation densities.

The results of depth resolved measurements of the
inverse lattice parameter, Q, for the NiAl and Mo phases
after 5% and 11% prestrain are shown in Figs. 3 and 4. In
this two-phase NiAl-Mo composite, the tiny beam passes
through volumes containing either only matrix or only
pillars/fibers, depending on depth. As a result, the loca-
tions of maximum diffracted intensity from the Mo pil-
lars correspond to locations of minimum diffracted
intensity from the NiAl matrix and vice versa [compare

Figs. 3(a)–3(d)]. In the case of exposed Mo pillars with a
height of 3–4 mm, the intensity from the tops of the Mo
pillars is observed above the first depth at which matrix
diffraction is observed [Figs. 3(a) and 3(b)]. For compar-
ison, variations of Q with depth for the two phases of the
undeformed eutectic composite (0% prestrain) are shown
in Figs. 3(e) and 3(f). Using these results for the unde-
formed specimen as a reference, it is seen that the strain
gradient distribution in both phases is reversed after com-
pression. After 11% prestrain, the measured values of
Q for the Mo pillars are similar to those after 5% pre-
strain (compare Figs. 3 and 4). In the as-grown (0% pre-
strained) composite [Figs. 3(e) and 3(f)], the embedded
Mo fibers are under compression and the matrix is under
tension along the [001] growth direction. In contrast,
after the composite is prestrained by 5%, the Mo fibers
are under �0.16% tension [Figs. 3(a) and 3(c)] and the
NiAl matrix is under compression [Figs. 3(b) and 3(d)].
Gaussian fits to the measured intensity profiles from
the tops of the Mo pillars and from embedded fibers
are shown in Fig. 5(a). The tops of the exposed pillars
are practically strain-free both in the as-grown and

FIG. 3. Depth-dependent inverse lattice parameter, Q, for the NiAl and Mo phases of the eutectic composite from two different positions,

corresponding to locations L1 and L2 shown in Fig. 2(a): (a) Mo and (b) NiAl both from L1 in the 5% prestrained specimen; (c) Mo and (d) NiAl

both from L2 in the 5% prestrained specimen. Data in (e) and (f) are for the Mo and NiAl phases in the as-grown eutectic (0% prestrain). (color

online)

FIG. 4. Depth-dependent inverse lattice parameter, Q, for the Mo

phase in the 11% prestrained specimen: (a) matrix etched to reveal

exposed pillars; (b) unetched specimen with embedded fibers. (color

online)
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prestrained samples and have nearly the same lattice pa-
rameter [see the inset in Fig. 5(a)].

The measured residual strains in the Mo fibers and
NiAl matrix before, during, and after prestrain can be
understood by a simple stress analysis as illustrated in
Fig. 6.

(i) As-grown stresses: As denoted by the circles along
the stress/strain curve, the residual stress in the fibers
along the [001] growth direction is compressive in the
as-grown condition, whereas the stress in the matrix is
tensile. These stresses arise naturally during the cool-
down following solidification due to the smaller coeffi-
cient of thermal expansion of Mo compared to NiAl.20,22

At temperatures down to �600 �C, thermal expansion
mismatch between the fibers and matrix is accommo-
dated almost exclusively by plastic deformation of the
NiAl matrix.22 Below this temperature, the thermal mis-
match generates compressive elastic strain in the Mo and
tensile elastic strain in the NiAl.

(ii) Stresses after compression: When the composite is
subjected to a uniaxial compressive strain, ec, the elastic
stress has an increasingly negative component added to
the original as-grown stress state until the yield stress is
reached for both the matrix and fibers (Fig. 6). Beyond
this point, additional strain is accommodated by plastic
deformation of both the fiber and the matrix and the fully
compressed sample stresses are indicated by the squares
along the stress/strain curves of Fig. 6. Assuming that
compression preserves the matrix/fiber continuity at the
surfaces of the sample, the strain change is the same for
the fibers and for the matrix; ec

matrix = ec
fiber = ec.

(iii) Stresses after unloading: When the composite is
unloaded after compression, it expands elastically by Dec
where again continuity requires that Dec

matrix = Dec
fiber =

Dec. Stress/strain states of the fiber and matrix after
unloading are illustrated by the stars in Fig. 6. The stress
in the matrix after unloading, sm, can be expressed in
terms of the yield stress smatrix

Y , and the strain relaxation
of the composite, Dec; sm ¼ smatrix

Y þ DecEm, where Em

FIG. 5. (a) Intensity distributions from the tops of exposed pillars and

embedded fibers in the 0% and 11% prestrained specimens showing

strain reversal after prestraining; inset shows that pillar tops have the

same lattice parameter regardless of prestrain but increased FWHM

after prestraining; (b) Intensity distributions from the NiAl matrix at

10 mm under the surface demonstrate reversed strain in the matrix

after prestraining. Dashed line shows Q value for strain-free NiAl

matrix before deformation.

FIG. 6. Schematic diagram showing the residual strain and stress

states in the Mo fibers and NiAl matrix. Circles: as-solidified state

before compressive prestrain is applied; squares: under prestrain of ec;
star: after elastic unloading of strain Dec.
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is the elastic modulus of the matrix. The stress in the fiber
is given by a similar expression; sf ¼ sfiber

Y þ DecEf

where Ef is the fiber elastic modulus. Substituting yield

strains for yield stresses efiberY ¼ sfiber
Y

EF
; ematrix

Y ¼ smatrix
Y

EM
, and

equating the unloading strain of the fiber to the unloading

strain of the matrix, we can eliminate Dec and obtain
sm

Em
� sf

Ef
¼ ematrix

Y � efiberY . Additionally, with the force bal-

ance condition, sm ¼ �sf
Vf

1�Vf

� �
, we find, that

sf

Ef

1þ Ef

EM

Vf

1� Vf

� �	 

¼ efiberY � ematrix

Y : ð1Þ

If ematrix
Y > efiberY , the residual stress state will be ten-

sion in the fibers and compression in the matrix. This
would appear to be the case given that the NiAl and Mo
phases have similar yield strengths (�1.0–1.2 GPa),10,27

but the modulus of the Mo fibers is higher than that of
the NiAl matrix.8 The residual strain in the prestrained
Mo fibers is measured to be �0.16% (Figs. 3 and 4),
which gives a value of sf = 0.43 GPa. Based on the
above analysis and assuming a fiber modulus of 270 GPa
and matrix modulus of 180 GPa,8 the yield strain

difference can then be calculated as ematrix
Y � efiberY =

0.23%. Therefore, the residual strain in the NiAl ma-
trix after prestraining is predicted to be about –0.07%.
Consistent with this analysis, the experimentally
observed change of its inverse lattice constant, Q, is
indeed small (�0.068%), as shown in Figs. 3(b), 3(d),
and 5(b). Note that in our elastic-perfectly plastic
model, the final residual stress state is determined
solely by the yield/flow strengths of the two phases.
Therefore, different values for the externally applied
compressive strain, for example, ec = 5% or 11%, will
not change the final residual stress state.

The intensity profiles corresponding to the tops of the
as-grown pillars (0% prestrain) have a small full width at
half maximum (FWHM) indicating a narrow range of
strain variations and small dislocation densities. In con-
trast, the FWHM of reflections from the deformed Mo
pillars are twice as broad [Fig. 5(b)], suggesting storage
of dislocations in the prestrained pillars. The FWHM
of reflections from the embedded Mo fibers also double
after deformation [Fig. 5(a)]. Following the procedure
discussed elsewhere,24–26 the total dislocation density at
different depths in the exposed pillars and embedded
fibers was estimated after 5% and 11% prestrain
(Fig. 7), and found to be �109 cm�2. However, within
experimental uncertainty, no significant differences in
dislocation density between the 5% and 11% prestrained
specimens with comparable initial pillar sizes can be
discerned in Fig. 7(b). In contrast, the dislocation den-
sity in the NiAl matrix increases with prestraining,
from (2�4) � 109 cm�2 in the 5% prestrained specimen
to 8 � 109 cm�2 in the 11% prestrained specimen
[Fig. 7(c)]. An increase of dislocation density in the

matrix was also observed by Misra et al.23 after defor-
mation of NiAl-Mo eutectic composites. Despite the
above increase in dislocation density after prestraining,
it is worth noting that the mean spacing between dislo-
cations in the 500–800 nm micropillars studied here
is still only about 300 nm, indicating that dislocation

FIG. 7. (a) Sketch of the NiAl-Mo composite with coordinate systems

indicating the Z = 0 planes for Mo pillars and NiAl matrix. (b) Calcu-

lated depth-dependent dislocation density distributions in the Mo

phase after 5% (open square) and 11% (filled triangle) prestrain. The

vertical dashed line separates the exposed pillars (on the bottom) from

the embedded fibers (on the top). (c) Calculated depth-dependent dislo-

cation density distributions in the NiAl matrix after 5% (square) and

11% (circle) prestrain.
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multiplication appears to be required to accommodate
subsequent pillar deformation. These results indicate that
the dramatic differences previously observed10 in the
stress-strain responses of the 4% and 11% prestrained
Mo pillars cannot be explained simply as being due to
different initial total dislocation densities. Other
possibilities, including increased surface roughness at
higher prestrains, which could lead to enhanced surface
nucleation of dislocations,28 need to be investigated in
future studies. Similarly, we need to measure dislocation
densities over a wider range of pillar sizes than what was
investigated here (�500–800 nm), to better understand
the transition from stochastic to bulk-like flow behavior
as the pillar size increases.10

While the total dislocation densities do not appear to
be different in the 5% and 11% prestrained pillars, the
depth-integrated Laue patterns show increased streaking
and broadening of both the Mo and NiAl reflections
with increasing prestrain, as shown in Figs. 2(c)–2(e).
According to previous analysis of streaked Laue pat-
terns,24 this is evidence of prestrain-induced geometrically
necessary dislocations (GNDs) and/or deviatoric strain
gradients in both phases of the composite material. Addi-
tional investigations are needed to understand how such
increases in GND density and deviatoric strain gradients
affect the stress-strain behavior of prestrained pillars.

Finally, the depth dependent dislocation densities plot-
ted in Fig. 7 suggest a higher density in the embedded
fibers compared to the exposed pillars. Although the un-
certainty of the data preclude any definitive conclusions
at this stage, the apparent dislocation density gradient in
the exposed pillars (from top to bottom) suggests possi-
ble dislocation escape at pillar-free surfaces.

IV. CONCLUSIONS

Elastic strain gradients and dislocation densities in the
constituent phases of a NiAl-Mo eutectic composite
were studied with polychromatic x-ray microdiffraction
as a function of uniaxially applied prestrains of 5% and
11%. In contrast to the as grown NiAl-Mo composite,
where along the growth [001] direction the Mo fibers are
in compression and the NiAl matrix is in tension (due to
the thermal expansion mismatch during solidification),
in the 5% and 11% prestrained specimens, the Mo fibers
are in tension (0.16% strain) and the NiAl matrix is in
slight compression (0.068% strain). This can be ex-
plained by considering the mismatch in yield strains for
Mo and NiAl and the elastic constraints imposed during
unloading after prestraining. When the NiAl matrix is
etched back to expose Mo pillars, the tops of the pillars
(both for 5% and 11% prestrain) are almost completely
relaxed. Their lattice parameter is nearly the same as that
of the pillars produced from the as-grown eutectic. The
dislocation density in the Mo pillars after prestraining

(both for 5% and 11% prestrains) is at least two orders of
magnitude higher than that in the as-grown pillars and
reaches a value of �109 cm�2. This explains why the
prestrained pillars are significantly weaker than the
as-grown ones. Within experimental uncertainty, no
difference could be discerned between the total dislocation
densities in the Mo phase after 5% and 11% prestrain.
In contrast, in the NiAl matrix, the dislocation density
increases with increasing prestrain. The amount of streak-
ing in the Laue spots increases with increasing prestrain,
indicating that although the total dislocation densities
in the 5% and 11% prestrained Mo pillars are not signifi-
cantly different, the GND density increases with in-
creasing prestrain in both Mo and NiAl. Additional
characterization of the prestrained pillars is needed to ex-
plain the dramatically different stress-strain behavior of
the 4% and 11% prestrained pillars observed in Ref. 10.
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