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ABSTRACT. Neutron diffraction time-of-flight measurements using the

Intense Pulsed Neutron Source at Argonne National Laboratoiy have been

employed to study strain in various metal- and ceramic-matrix composites.

For example, measurements carried out to 900°C on a composite composed

of a titanium alloy matrix and silicon carbide fibers have been used to

validate theoretical assumptions in the prediction of fabrication-induced

residual stress. Sapphire reinforced nickel aluminide composites have also

been studied. Studies of a high-temperature ceramic superconducting

composite consisting of yttrium barium copper oxide and silver with

various volume fractions of silver have also been carried out The results of

these studies have provided information on the effect of Ag content on

interface bonding. In addition, ceramic-matrix composites with randomly

dispersed ceramic whiskers with varying fiber content have been

investigated.



1. Introduction

The application of neutron diffraction to the determination of residual

strain (from which residual stresses can be calculated) involves the

application of Bragg's Law to neutrons. The lattice spacing in various

crystallographic directions of stress-free powders or matrix material and

fibers (which are used to fabricate the composite) are determined first.

Shifts in the Bragg peaks of the stressed constituents of the composite are

then determined. For any hkl diffraction peak, the lattice strain (e) is given

by

£hkl - (dhkl - do)/do, (1)

where dhkl and do are the average lattice spacing in the stressed and

stress-free material, respectively, and hkl represents the Miller indices of

the diffracting planes. With a pulsed source, changes in lattice spacing are

related to time-of-flight shifts in the Bragg peaks. The relationship of tlme-

of-flight to neutron wavelength is described by equation

X = ht/mL , (2)

where X is the neutron wavelength, h is Planck's constant, t is the time of

flight for a neutron to reach a detector after leaving its source. L is the

flight path of the neutron from its source to the detector, and m is the

neutron mass. Bragg's law. 2dsin8 = X. can then be written as



t = (2dmL/h) slnG (3)

where d is the lattice spacing and 6 is the diffraction angle, [fixed for the

Intense Pulsed Neutron Source (IPNS), at Argonne National Laboratory],

and £hkl - At/t.

For composites with fibers, only one measurement with the scattering

vector parallel to the fiber axis, and two perpendicular to the fiber axis, are

required to define the stress tensor. With the IPNS, the presence of

detectors at ±148. ±90, ±60, 30, and 20° relative to the neutron beam

forward direction permits acquisition of information simultaneously in

different directions.

In this paper we apply neutron diffraction time-of flight measurements to

study strain in various metal- and ceramic-matrix composite structures.

2. Advanced Engineering Composites

Time-of-flight neutron diffraction has been used to measure residual strains

in unidirectional fiber- reinforced metal-matrix composites as well as

whisker reinforced ceramic matrix composites. As a result of differential

thermal contraction, cooling from fabrication temperatures result in

compressive residual stresses in the fiber. Axial and transverse strains in

the fibers can be measured simultaneously by aligning the fibers at an angle



of 45° to the neutron beam and analyzing neutron diffraction data with

detectors ±90° from the neutron beam direction [1,2]. The composite

samples studied were generally 40mm x 40mm x 2mm thick with the

incident beam 25mm x 13 mm in cross-section. A schematic

representation showing specimen and detectors for examination of single

crystal sapphire continuous fiber is shown in Fig. 1. The (030) line,

prominent in the neutron diffraction spectrum acquired by the upper

detector bank, is used to determine strain perpendicular to the fiber. The

c-axis (006) line, prominent in the neutron diffraction spectrum acquired

by the lower detector bank, is used to determine strain parallel to the long

axis of the fiber. The advantage of the Intense Pulsed Neutron Source at

Argonne is that these measurements can be made simultaneously thus

minimizing systematic errors.

Results for nickel aluminide composites with sapphire (Saphikon)

continuous fibers are presented in Table 1. Strain data is presented for the

matrix as well as for the fibers. A finite element calculation was carried out

to predict these strains. An elastoplastic matrix was assumed, along with a

bilinear stress-strain curve to define properties beyond the yield point.

Fibers were assumed to be linearly elastic. As can be seen in Table 1, the

comparison between experimental results and model predictions are very

good. The axial matrix strains are tensile and large while the axial fiber

strains are compressive and large. Transverse strains are smaller. As can

be seen, the magnitude of the strains varies considerably with matrix and Is

attributable to differences in matrix thermal expansion coefficients.
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Fig. 1. Schematic representation showing incident neutron beam,
orientation of fiber reinforced composite, and detectors used to
acquire strain data, simultaneously, parallel and perpendicular to the
long axis of the fiber. For single crystal sapphire, the (006) line is
used to measure strains parallel to the fiber axis, while the (030) line
is used to measure strain perpendicular to the fiber axis. The (006)
line is the prominent fiber line evident in the lower detector while
the (030) line is prominent in the upper detector.



Table 1. Parallel (axial) and perpendicular (transverse) strain data for

composites composed of a nickel aluminide matrix with sapphire (AI2O3)

continuous fiber. Experimental uncertainty is ±0.0003

NiA125FelO/Al2O3 Matrix Strain AI2O3 Fiber Strain (6 vol.%)

Axial Measured

Axial Calculated

Transverse Measured

+0.0022

+0.0024

+0.0005

-0.0040
-0.0040

+0.0005

Matrix Strain AI2O3 Fiber Strain (25 vol.%)

Axial Measured

Axial Calculated

Transverse Measured

Transverse Calculated

+0.0014
+0.0014

-0.0004

-0.0003

-0.0011
-0.0014

+0.0003

+0.0001

For another metal matrix composite composed of silicon carbide

continuous fibers (35% volume fraction) and a titanium alloy matrix, a

temperature-dependent experiment was carried out. The results are

presented in Fig. 2. Lattice parameters for various crystallographic

directions were measured as a function of temperature firom room
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Fig. 2. Residual strain as a function of temperature for matrix and fiber

of a metal matrix composite consisting of silicon carbide continuous

fibers in a titanium alloy matrix. The solid line is the calculated

result using a finite element analysis. The strain free temperature is

approximately 800°C and is used in the model calculation.

temperature to 900°C, parallel and perpendicular to the fiber axis. This

experiment allowed the very important stress free temperature to be

detennined (the temperature at which the strains start to build up upon

cooling after fabrication, or relax to zero as the sample is heated).
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Excellent agreement between analytical modeling and experiment is found

if the experimentally determined strain free temperature is introduced

into the finite element model [3}.

Ceramic-ceramic composites, in which both the fiber and the matrix are

brittle, generally require weak bonding to achieve high toughness. In

certain systems, chemical bonding is supposed to be nonexistent, and

frictional forces at the interfaces provide the necessary link between the

fibers and the matrix. Because the frictional forces are dependent on the

residual stresses that develop during cool-down after firing, it is important

to have an idea of the residual stresses that exist in such composites,

particularly at the fiber-matrix interface. A composite consisting of an

alumina (AI2O3) matrix with SiC whiskers (15% by weight) was studied.

The SiC whiskers, approximately 30 pm long and 0.75 Jim in diameter,

were blended with AI2O3 and hot pressed into samples 30 x 25 x 5 mm

thick. The whiskers have a high defect density (primarily stacking faults)

and their crystallographic structure is not clearly defined. The

predominant neutron diffraction peaks for our sample were those

associated with the B (cubic) form.

By using two opposing detector banks, we selected out the whiskers with a

particular orientation and, at the same time, measured the strains parallel

(using the 111 line) and perpendicular (using the 220 line) to the long axis

of the whiskers. The test, conducted with the IPNS. showed that, as

temperature rises and falls, strain relaxes and intensifies. We note that, the

whiskers do not have a well-defined crystal structure, and the handling of



this complication is discussed in detail in Ref. 1. The strains in the

whiskers are very large,, whereas those in the matrix are relatively small.

The strains are relieved as the composite is heated toward the fabrication

temperature, but the extrapolated point of zero strain Is about 1400°C. i.e.,

300°C below the fabrication temperature. These observations indicate that,

during the temperature drop from 1700°C to about 1400°C, the material is

relaxing by creep and is not building up residual stresses. Satisfactory

models to predict hydrostatic strain as a function of temperature have been

developed [1].

As more whiskers are incorporated into the composite, the increased

strain in the matrix can cause cracking. It is apparent from experimental

and analytical results [4] that as the volume of SiC whiskers increases, the

matrix strain (AI2O3) increases and the whisker strain (SiC) decreases

(becomes less negative). It is desirable to incorporate enough whiskers to

toughen the material, but not so much as to cause the matrix to crack.

3. High-Temperature Ceramic Superconductors

The YBa2Cu3O7-d (YBCO) superconducting compounds have received

considerable attention [5-7], because of their high Tc and high upper

critical magnetic field. Additions of silver have recently been shown to

improve the mechanical properties (toughness and strength) of these

compounds [8.9]. During fabrication of YBCO/Ag composites, differential

thermal expansion upon cooling can lead to residual stresses. Because the

Ag contracts more than the YBCO, good bonding between the ceramic and
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Ag could lead [1] to tensile stresses in the Ag and compressive stresses in

the YBCO for relatively small percentages of Ag. The mechanical properties

and life expectancy of components made from this material may depend on

the residual stresses. An understanding of the nature and magnitude of

these stresses will help improve the design of these composites.

Time-of-flight neutron diffraction employing the IPNS and the associated

general purpose powder diffractometer, was used to measure the residual

thermal strains in YBCO composites [10,11].

Samples discussed here were fabricated from a mixture of YBCO and Ag

powders, with 0, 15, 20. and 30% Ag by volume (11). Examination of the

fracture surface of a sintered specimen of YBCO/20% Ag showed a typical

grain size of 15 tun, about twice as large as the grain of YBCO specimens

without any Ag addition. This increase in grain size is believed to be due to

the presence of a liquid phase formed as a result of Ag addition.

Results reported here combine the data from the 90 and 148° detectors.

Details of this effort are presented in reference 11. As reported, there is a

trend toward decreasing Ag strain as the volume fraction of Ag increases.

The strain, however, is expected to be proportional to the difference

between the thermal expansion coefficient of Ag and that of the composite

(which increases with increasing Ag) [12]. It is unlikely that Y. Ba, CuorO

can change the Ag spacing chemically. The difference between the thermal

expansion coefficients of Ag and YBCO is -2 x 10-6/°C. An increase In Ag

content from 15% to 30% should increase the composite coefficient of

11



expansion by =2%, however, the observed decrease in strain is much larger

than can be explained by the *2% difference in thermal expansion

coefficient. Tensile strains in Ag range from as high as 0.085% in 15- and

20%-Ag samples to as low as -0.02% in a 30%-Ag sample. Compressive

strains in the YBCO (111) crystallographic direction were estimated by

correcting for the shift in diffraction peak due to changes in stoichiometry

with Ag content. The estimated compressive-strain values vary from 0.04%

(15% Ag) to 0.09% (20% Ag) to 0.01% (30% Ag), with an uncertainty of

-0.03%. The decrease in strain in YBCO is consistent with the decrease in

Ag strain and may be due to stoichiometrically sensitive variations in creep

properties of the composite 111]. The presence of significant average

tensile strain in the Ag, particularly for 15- and 20%-Ag samples, indicates

good interface bonding between YBCO and Ag. The hydrostatic stresses in

the Ag, estimated from these strain measurements, vary from 229 MPa for

the 15%-Ag sample to 130 Mpa for the 30%-Ag sample with an uncertainty

of ±65 Mpa.

As previously indicated, measuring strains in the YBa2CusO7-d is difficult

because the stoichiometry can change with Ag content. Thus, the shifts in

YBa2Cu3O7-d diffraction peaks may not be solely the result of strain.

Destructive analysis, combined with X-ray diffraction analysis of sections of

a 30%-Ag sample [8], shows that the stoichiometry of the 30% sample

changes gradually from d = 0.1 at the outer surface (orthorhombic

superconducting phase) to d *0.8 near the center of the specimen

(nonsuperconducting tetragonal phase). This finding is consistent with the
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observation that the 30%-Ag sample shows a dramatic decrease in critical

current density, as compared with samples with 0, 15, and 20% Ag.

Because the lattice spacing as a function of stoichiometry for the three

principal directions of YBCO are known, it is possible to estimate the

diffraction peak shift resulting from strain (for some diffraction lines) by

correcting for stoichiometry. For example, because the 111 diffraction

peak is a single peak and the shifts are unambiguous, we can predict the

change in the spacing of the (111) plane as a function of stoichiometry

from the relationship

l / d 2 m = l / a 2 + l /b2 + 1/C2. (4)

where the values of a, b, and c as a function of d are determined by neutron

diffraction. The value of d for YBCO in the present composites was

estimated by comparing relationships that are primarily due to

stoichiometry, and not strain, with those of materials with known d. We

have assumed that the addition of 15%-Ag does not significantly change the

stoichiometry of YBCO. The stoichiometry of the 30%-Ag sample is

assumed to be nearly tetragonal (bulk average), and the 20%-Ag sample is

assumed to be intermediate in stoichiometry between the 15%- and

30%-Ag samples. The lattice parameter is predicted to increase as the

stoichiometry approaches the tetragonal phase (with increasing Ag

content). However, experimentally, the spacing for the (111) planes de-

creases as the Ag content increases from 15% to 20%, indicating an aver-

age compressive stress in the YBCO. This result qualitatively agrees with

expectations, because the Ag strain is tensile. With 30% Ag. the difference
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between measured and stress-free lattice spacing indicates negligible YBCO

strain. This finding is consistent with the low strain measured for Ag in

the YBCO/30% Ag composite, and is probably a result of additional

composite creep, which can vary with stoichiometry [13].

4. Summary

Neutron diffraction time-of-flight measurements using the Intense Pulsed

Neutron Source at Argonne National Laboratory have been successfully

employed to study residual strain in various metal- and ceramic-matrix

composites. The results are important to enable validation of theoretical

models used to predict mechanical properties and performance of

advanced composites and to help optimize the design of these new

materials. In many cases the application of neutron diffraction is the only

way bulk residual strain measurements can be made.
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