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Thermal-expansion behavior of a directionally solidified NiAl-Mo
composite investigated by neutron diffraction and dilatometry
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The thermal expansion of directionally solidified NiAl-Mo eutectic alloys consisting of nanoscale
Mo fibers embedded in a NiAl matrix was analyzed by neutron diffraction and dilatometry. From
room temperature to 800 °C, perpendicular to the fiber direction, the NiAl and Mo phases expand
independently with average coefficients of thermal expan$®fEs of 16.0x 10°°C™* and

5.8x 107 °C™, respectively. Parallel to the fiber direction, they coexpand up to 650 °C with an
average CTE of 12.810°® °C™, but above this temperature the Mo fibers expand more than the
NiAl matrix. This anomalous behavior is the result of the load transfer to the Mo fibers when the
NiAl matrix softens. The average CTE of the composite parallel to the fiber direction was
determined by dilatometry to be 1301076 °C™%, which is approximately 11% lower than the value
predicted by a simple rule of mixtures using the CTEs of the constituent phas&30%American
Institute of Physic§ DOI: 10.1063/1.1929853

INTRODUCTION mine (in par) how much thermally induced internal stresses

NiAl-based composites have been investigated as poterﬁ"-re g_enerated. Likewise, a stiffness mismatch betwee_n the
tial high-temperature structural material& An example is constituent phases may result in mechanically induced inter-

the NiAl-Mo eutectic which, when solidified from the melt, nal stresses during loading. These thermal and mechanical
forms anin situ composite consisting of I\/gg(solid—solutioﬁ stresses are of interest because they can have deleterious ef-
fibers embedded in a NiAl matr&k?t By carefully fects, including interface debonding, cracking, and elastic/
controlling the solidification conditions, the fibers can plastic deformation of the constituent phases.

be grown quite long(practically continuous, with aspect The macroscopic thermal and mechanical properties of
ratios> 250).° Perpendicular to the growth direction, they composites are typically measured by bulk techniques, such
arrange themselves in a hexagonal patiérithe cross- as dilatometry and mechanical testing. In principle, the prop-
sectional shape of the Mo fibers is square, with average edgsties of the constituents can also be deduced from macro-
lengths of 400-800 nm and interfiber spacings of k2,  scopic measurements, provided bulk materials with the same
both of which depend inversely on the square root of theompositions and structures as those found in the composite
growth rate between 20 and 80 mnh. are available. However, it is not always possible to produce

In order to understand and model the thermomechanicg}, . iqividual constituents in monolithic form. In such cases,

response of such a composite, it is important to measure th{fn in situ technique like neutron diffraction can measure
individual thermal and mechanical properties of the constitu-

ent phases as well as those of the overall compéjsﬁ'@r phase-specific CTES. It can also be utilized to study the

example, the coefficient of thermal expansit@TE) of a response of the constituent phases to mechanical Ioéﬁ?ﬁg,

composite determines its overall length change upon heatin at is, the elgstlc-plastlc behavior of the individual phases
nd load sharing between the phases.

or cooling, whereas the CTEs of its constituent phases detef~ ] “ ]
In this study, the phase-specific response of a NiAl-Mo
eutectic alloy to thermal and mechanical loading was inves-

dElectronic mail: beih@ornl.gov i d b diff . d th .
Y Author to whom correspondence should be addressed; electronic ma'Pgate y neutron diffraction, and the composite response

georgeep@ornl.gov was determined by dilatometry and extensometry.
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EXPERIMENTAL PROCEDURES

In situ composites consisting of Mgfibers embedded in
a NiAl matrix were produced by arc-melting and drop-
casting an alloy of composition Ni-45.5Al-9M@t. %), fol-
lowed by directional solidification in a high-temperature op-
tical floating-zone furnace. All compositions in this paper are
given in at. %, unless otherwise noted. Details of the pro-
cessing and its effects on microstructure have been described
elsewheré? Button-head tensile specimens with a gage
length of 50.80 mm and gage diameter of 5.08 mm were
machined from these composites, with the tensile direction
parallel to the fiber directiofwhich is also the solidification
direction of the composites

The phase-specific response of the composite to thermal
and mechanical loading was studied by time-of-flight neu-
tron diffraction on the Spectrometer for Materials Research
at Temperature and Stre$SMARTS) at the Los Alamos
Neutron Science Centét ANSCE) at the Los Alamos Na-
tional Laboratory>. To facilitate simultaneous heating and
loading, the sample was held in the SMARTS furnace-load
frame combination which is described in detail elsewH&re.
Briefly, the sample was held at a constant 20 MPa tensile
stress at 45° to the incident beam, while diffraction patterns
were recorded in detector banks at +90° from the incident
beam at temperatures between room temperature and
800 °C. In this geometry, diffraction patterns are collected
with the scattering vectors parallel to the axiak., fibep
and transverse directions simultaneously. Subsequently, dif-
fraction data were recorded at incrementally higher levels of
applied tensile stress until sample failure. The sample wasIG. 1. SEM micrographs showing well-aligned rodlike microstructure of
aligned such that th0l} diffraction peaks of the NiAl and th_e NiAI—Mo eutec_tic alloy dirf-:-ctionally solidified at 80 mm/_h and 60.rpm,
Mo, phases appeared in the center tube of both the axial ar‘i’ﬂth the NiAl matrix preferentially etcheda) transverse sectiorth) longi-

. o udinal section.

transverse detector banks. THespacings for the individual
reflections from NiAl(B2 structure and Ma, (bcc structurg
were determined from single-peak fitting of 90 peak in
both phases using theawpLOT utility of the GENERAL
STRUCTURE ANALYSIS SOFTWAREGSAS.® The elastic lattice
strain in a specific phase, was calculated from

crystal that was directionally solidified at 80 mm/h and
60 rpm. As discussed in an earlier pab(élhe microstructure
consists of long, single-orientation Mdibers embedded in a
single-crystal NiAl, matrix, with the growth direction of both
phases parallel to th€l00) direction. As shown in the inset
_di—dy in Fig. 1(a), the cross-sectional shape of the Mfibers is
& square rather than circular. The fibers ar850 nm across,

do '
. . ) spaced~1.1 um apart, and have a volume fraction of
whered; is thed spacing of a given crystal plane measured__14 104 Electron backscatter diffraction revealed that the

durin_g heating and/or loading amyj is the corresponding NiAl—Moy, interface boundaries are parallel to th@11
spacing at room temperatu@s °C) and 20 MPa load. In IEl[ilanes in both the fiber and the matrix. X-ray microprobe

the dilatometer experiments, the thermal strain of the overa nalysis showed that the NiAl matrix contained essentially

composite was obtained by measurements of the actu@ly \o (<0.1%) and had the off-stoichiometric composition
length of the specimen, that is,

Ni-45.2Al, whereas the Mo fibers were a solid solution of all
three elements and had the composition Mo-10.1Al-3.9Ni.

()

-1
eT= %3, 2

0 Response of the NiAl-Mo composite to thermal
where |1 and |y are the specimen lengths at elevated andoading

room temperature, respectively. Figure 2 shows th¢200}-specific thermal strains in the

NiAl and Mogs phases of the composite along the transverse
RESULTS direction(i.e., perpendicular to the fiber axias a function of
temperature. The two phases in the composite expand inde-
pendently over the entire range of temperature. A similar
Figure 1 shows the microstructure of the NiAl-Mo behavior is also observed in a Ti-6Al-4V matrix composite
specimens used in this study. The specimens were cut froma@ntaining polycrystalline SiC fiberd. The average CTEs

Microstructure
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FIG. 2. Temperature dependence of {B80-specific thermal elastic strain 1.2 ’ f ’ ’ f ’
in the NiAl and Mo phases of the composite in the transverse direction. For
comparison, the corresponding strains in a NiAl single crystal having the
same composition as the NiAl phase in the composite, and in pure Mo, are 11+ T
also shown.
N Mo phase A 1
=~ in composite &’
% /7 pol
were determined from the slopes of linear fits to the data in 5 09] ///Cf 1
Fig. 2 and found to be 1601076 °C™* for the NiAl phase = PRt
and 5.8<10°° °C™ for the Ma, phase. £ i
For comparison, a NiAl single crystal, with composition g 08+ /0 NiAl phase T
- . L . K= /7 in composite
similar to that of the NiAl matrix in the composite, was == ﬁ;’
grown and its CTE measured. X-ray microprobe analyses 0.7, s 1
o . . ¢
showed that the composition of the NiAl single crystal was Jod
Ni-47.3Al, which is within 5% of the composition of the 0.6 4 . . . . . .
NiAl matrix, Ni-45.2Al. This small difference in composi-- "550 600 650 700 750 800 850 900
tion is not expected to affect the thermal-expansion behavior Temperature (°C)

of NiAl as shown previously by Clark and Whittenberé%r.
who investigated alloys having Al contents in the range ofFIG. 3. () Temperature dependence of {200-specific thermal elastic

44%—53%. As shown in Fig 2 the CTE of the monolithic strain in the NiAl and Mg phases of the composite in the axial direction
) T (i.e., parallel to the fibeys For comparison, the thermal strain of the com-

NiAl phase in the{20G direction was found to be 15.3 osite measured by dilatometry is also shovim Magnified portion of right
X 1076 °C™1, which is within 5% of that of the NiAl matrix  upper corner ofa) showing that the Mg phase expands more than the NiAl
in the compositg16.0x 10°® °C™, Fig. 2. phase between 650 and 800 °C.

In contrast, the CTE of the Mg phase is 5.8
X106 °C™, which is 20% greater than that of pure Mo
(5.0 10°® °C™1),*2 probably because the Mo phase in the posite. The two phases coexpand up to 650 °C with an av-
composite contains Al~10%) and Ni(~4%).° These el- erage CTE of 12.810°°C™l For comparison, the
ements have lower melting point860 and 1453 °C, respec- composite CTE was determined by dilatometry measure-
tively) than does Ma2610 °Q*° and, consequently, higher ments as the temperature was raised from room temperature
CTEs, 23.1x10°%°C™? and 13.4x10°%°C™1,  to 800 °C, and the results are shown as the straight line in
respectively? They would, therefore, be expected to in- Fig. 3a). The average CTE obtained from the dilatometry
crease the CTE of Mo when present as alloying elements. Tmeasurements is 13:010°° °C™%, in agreement with the av-
verify this we attempted to arc-melt an alloy having the sameerage CTE obtained from lattice-parameténeutron-
composition as the Mgfibers and independently determine diffraction) measurements.
its CTE. However, we were unsuccessful in making such an  Beyond 650 °C, the NiAl phase continues to expand
alloy because the boiling temperature of Al is lower than thewith roughly the same slope as bef¢fég. 3(b)]. However,
melting point of the Mo, resulting in an almost complete lossthe expansion of the Mgphase increases abruptly, which is
of Al during melting. surprising because it has an intrinsically lower CTE than

We next discuss the elastic thermal strain along the axiafloes NiAl (Fig. 2). This unexpected behavior appears to be
direction(i.e., parallel to the fiber directionFigure 3 shows related to the softening of the NiAl phase as the temperature
a plot of the temperature dependence of the a{@@l0}- increases and will be discussed later in terms of the mechani-
specific strains in the NiAl and Mgphases within the com- cal loading results to be presented in the following section.
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450 ¢ strains in the individual phases. The lack of elastic strain

400 + development in the NiAl matrix in both the axial and trans-

350 £ verse directions at 800 °C indicates that it flows freely in
E 300 response to the applied load. At this temperature, thg;Mo
= oo phase supports essent_ially the gntire applie_d Ioao_l. The slope
Tn’ F of the Maq stress-strain curve in the elastic region, when
2 200} normalized to the effective area of the minority phase in the
5 150 composite(14.199, indicates a modulus of 214 GPa for the

100 4 fibers. Additionally, the slope of the transverse stress-strain

50 4 curve indicates a Poisson’s ratio of 0.38.

0 F i

0 50 100 150 200 250 30.0 BISCUSSION
Strain (%)
The “coexpansion” of the composite constituents parallel
FIG. 4. Tensile stress-strain curve of the NiAl-Mo composite at 800 °C. to the fiber direction during heating to 650 °C is due to the
_ _ _ constraint imposed on the fibers by the matrix and has been
Response of the NiAl-Mo composite to mechanical observed previously in both thermaland mechanica

loading loading of continuous fiber composites. Based on the mea-

In situ neutron diffraction was conducted during tensile Surements of phase-specific coefficients of thermal expan-
testing at 800 °C, which is above the ductile-to-brittle tran-Sion, it is possible to estimate the thermal-expansion behav-
sition temperaturé~650 °C) of the NiAl-Mo composit¢®  ior of the overall composite. A simple rule of mixtures
Figure 4 shows the stress-strain curve of the composite re2redicts that the thermal strain in the composite is given by
corded with a load cell _and an extensometer spanni_ng the g =g Vi, +eVs, (3)
gage length of the specimen during timesitu neutron dif- . ]
fraction. Initially, the composite responds in a linear elasticVhereVn=0.859 andv;=0.141 are the matrix and fiber vol-
manner with a Young’s modulus of30 GPa(determined ume fractions and,, and e; are the phase-specific thermal
from the slope of the elastic stress-strain ciinde will be strains in the matrix and in the fibers, respectively. Each term

discussed shortly, this low value for the modulus is due tPn the left- and right-hand sides of K@) can be divided by
extensive softening and plastic flow in the NiAl, which re- the temperature difference over which the thermal strains are

sults in all the elastic strain being borne by the Mo fibers.measured to obtain an analogous expression for CTEs, from

The 0.2% offset yield stress is 331 MPa, beyond which thevhich the CTE of the composite was determined to be

material work hardens slightly for the first few percent strain,14-6x 10°° °C™%. This value is similar to the composite CTE

and then softens before finally fracturing-a26% strain. measured by dilatometry which, although varying with tem-
Figure 5 shows the phase-specif@2 elastic strain Perature, has an average value-e13.0x 10° °C™* from

response of the NiAl and Mgphases as a function of ap- "0om temperature to 800 °C.

plied tensile stress in the axial and transverse directions. Itis 1he deviation from codeformation behavior at 650 °C

important to note that neutron diffraction measures onlysuggests that the NiAl matrix flows readily above this tem-

brittle transition reported in Ref. 10. Indeed, as the stress-

. . . strain curve shown in Fig. 5 demonstrates, at 800 °C, the
NiAl matrix is unable to support any load whatsoever. Thus,
T the apparent increased rate of expansion of thgldioove
650 °C is likely due to the softening of the NiAl. As dis-
cussed in the experimental section, the samples were held in
T place during the CTE measurement by a constant 20-MPa
tensile load. Once the NiAl softens, this load is transferred
entirely to the Mg fibers, which constitute only about 14%
Mo-axial T of the volume of the composite. Indeed, timesitu loading
data indicate that an applied stress of 20 MPa produces an
additional elastic strain in the Mgfibers of ~660x 10°° at
-+ 800 °C (Fig. 5), which corresponds well to the additional
strain accumulated in the Mgofibers when heated from
650 to 800 ° C[Fig. 3b)].
0 : : Our results provide further understanding of the thermo-
0.5 0 0.5 ! 15 mechanical behavior of long-fiber-reinforced metallic com-
Lattice strain (%) posites: e.g., in the transverse direction, the fibers and matrix
FIG. 5. Stress vs phase-specific lattice strain curves at 800 °C showing tha?tXpand. mdependently, Wh.ICh appears to be a Commo.n char-
elastic strains are produced only in the Mphase. The NiAl phase flows acteristic of a continuous fiber-reinforced composftaddi-
freely at this temperature and transfers all the load to the, Kitzers. tionally, the mismatch in the phase-specific CTEs indicates

400 +

3001+
NiAl-trans

Stress (MPa)

%
2001+ @
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that thermal residual stresses can be generated in the comeros and Dr. B. Clausen at Los Alamos National Laboratory
posite, which may explain why interface debonding has beefor their help and discussion in neutron-diffraction measure-
observed between the NiAl and Mo phaé‘és. ments.
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