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Abstract

Neutron diffraction, Raman spectroscopy, and x-ray diffraction were employed to measure the stresses generated in the ZrB, matrix and SiC
dispersed particulate phase in ZrB,—30 vol% SiC composites produced by hot pressing at 1900 °C. Neutron diffraction measurements indicated
that stresses begin to accumulate at ~1400 °C during cooling from the processing temperature and increased to 880 MPa compressive in the SiC
phase and 450 MPa tensile in the ZrB, phase at room temperature. Stresses measured via Raman spectroscopy revealed the stress in SiC particles
on the surface of the composite was ~390 MPa compressive, which is ~40% of that measured in the bulk by neutron diffraction. Grazing incidence
x-ray diffraction was performed to further characterize the stress state in SiC particles near the surface. Using this technique, an average compressive
stress of 350 MPa was measured in the SiC phase, which is in good agreement with that measured by Raman spectroscopy.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride (ZrBjy) is one of a group of metal
boride compounds known as ultra-high temperature ceram-
ics (UHTCs), which exhibit melting temperatures in excess of
3000°C."? In addition to their high melting point, the metal
borides are generally resistant to chemical attack.’ Addition-
ally, ZrB, composites, specifically those produced using silicon
carbide (SiC) as a uniformly dispersed second phase, display
a wide variety of desirable properties. Flexural strengths have
been reported in excess of 1000 MPa.*® The addition of SiC
increases fracture toughness from ~3.5 MPa/m'? for mono-
lithic ZrB,* to as much as 5—-6 MPa/m!" for ZrB, with additions
of 20-30 vol% of SiC particles.*’ Composites of ZrB, and SiC
also exhibit increased oxidation resistance over that of mono-
lithic ZrB, by producing a silica containing glassy layer on
the surface which slows the rate of further oxidation at tem-
peratures above ~1100 °C.>3-13 Both pure ZrB, and ZrB,—-SiC
composites have been shown to posses thermal conductivities
above 60 W/m K.'* This combination of properties has made

* Corresponding author.
E-mail address: jwatts@mst.edu (J. Watts).

0955-2219/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2011.03.024

ZrB>-SiC composites attractive candidates for future aerospace
applications.!>-17

For ZrB,—SiC composites, the mismatch in the coefficient
of thermal expansion (CTE) between the ZrB, matrix and the
dispersed SiC particulate phase results in the generation of resid-
ual stresses in both phases during cooling after densification at
elevated temperatures. Further, the residual stresses would be
expected to play a significant role in controlling the thermal
and mechanical properties, as well as the behavior of ZrB,—SiC
composites as a function of temperature. The CTE of ZrB; is
approximately 2 ppm/K higher than that of the 6H polytype of
a-SiC over the temperature range being tested (room tempera-
ture to 1750 °C). Specifically, ZrB; has a CTE of ~5.2 ppm/K at
298 K,>!® while SiC is ~3.3 ppm/K at 298 K.'® Because of the
CTE mismatch, as ZrB>-SiC composites are cooled from their
final densification temperature (typically >1800 °C) the matrix
tries to shrink at a faster rate than the SiC particles. The result,
after cooling to room temperature, is a tensile stress state in the
ZrB; matrix and a corresponding compressive stress state in the
SiC particulate phase.

One analytical technique that has been used for measuring
residual stresses in ceramics is neutron diffraction.'*>? Neu-
tron diffraction is preferable to standard x-ray diffraction in
this case because neutrons are capable of probing the entire
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volume of a sample.?? For comparison, typical x-ray diffraction
studies that use Cu Ko radiation would penetrate a maximum
of ~50 pm into a ZrB,-SiC composite according to Eqgs. (10)
and (11) which will be discussed in detail below. For diffraction
studies, residual stresses in composite materials are calculated
by comparing the lattice parameters of pure, stress free con-
stituents of a given composite (typically powders) to those of
the matrix and dispersed second phase in a composite after pro-
cessing. Using the appropriate elastic moduli for the phases, the
lattice parameter changes (strains) can be converted to internal
stresses.

Raman spectroscopy is another method for measuring the
residual thermal stresses in Raman active materials. Raman
spectroscopy uses scattered light (usually visible wavelength
laser light) to probe the vibrational energy levels of chemical
bonds.?* Similar to other forms of spectroscopy, Raman pat-
terns are specific to a compound or molecule, which allows for
its use in phase identification. In addition to Raman peaks being
unique to a particular compound, the absolute position of Raman
peaks is sensitive to stress.>>>? While no universal correlation
between Raman peak position and stress has been identified,
various materials have been examined under known stresses to
correlate peak shift to stress.?6-28-3031 Raman spectroscopy is
limited, however, by the fact that not all materials exhibit Raman
scattering. It is also a surface sensitive technique for materials
that are opaque to the incident light.

In a recent study, neutron diffraction was used to measure
the thermal residual stresses in ZrB,—SiC composites.”? The
composite material used in that study was produced by attrition
milling the starting powders with tungsten carbide (WC) media.
As a result, the final composites contained a small amount of
WC contamination (~4 wt%).22 During the neutron diffraction
experiments at elevated temperatures, the W contamination that
was initially present as a solid solution with the ZrB, matrix
came out of solution, which altered the ZrB, lattice param-
eter. As a result, it was not possible to decouple the change
in lattice parameter due to the chemical change and that due
to thermal stresses, meaning that the stress in the ZrB, matrix
could not be calculated from the data. The goal of the current
study was to measure the thermally induced residual stresses in
ZrB,-SiC composites using both neutron diffraction and Raman
spectroscopy for materials free of any W contamination. Special
samples had to be prepared for use in neutron diffraction. Nat-
urally occurring boron consists of ~80% boron-11 ('!'B) and
~20% boron-10 (1°B); the high neutron absorption cross sec-
tion of 1B (3835 barn)*? causes low diffracted beam intensity
making neutron diffraction impractical in ceramics containing
natural boron. However, the neutron absorption cross section
of 'B is 0.0055 barn.3? In order to take advantage of the low
absorption cross section of !'B, samples were produced via
reactive hot pressing using ZrH, and ''B powder precursors to
produce Zr''B, based composites suitable for neutron diffrac-
tion. Three samples were prepared for neutron diffraction: pure
Zr''B, powder, pure SiC powder, and a dense composite con-
sisting of 70 vol% Zr''B, and 30 vol% SiC. To determine the
total magnitude of residual stresses within the composite, as
well as the temperature at which stresses began to accumulate

on cooling, neutron diffraction patterns were collected at temper-
ature intervals ranging from 1750 °C down to room temperature.
To complement the neutron diffraction data, stress measure-
ments were also made using Raman spectroscopy by examining
individual SiC particles within the composite microstructure.

2. Experimental procedure

The ZrB,—SiC particulate composites used in the current
study were prepared via a reactive route to control the isotopic
content of boron in the material. The composite was prepared
from ZrH, (Alfa Aesar, Grade Z-1038, Ward Hill, MA, USA),
boron (Ceradyne Boron Products, Isotopic enriched boron 11
metal, Quapaw, OK, USA) and SiC powders (H.C. Starck, Grade
UF-25, Goslar, Germany). The SiC powder was an a-SiC con-
sisting primarily of the 6H polytype. An appropriate amount of
each powder was used to produce a 70 vol% Zr''B>-30vol%
SiC composite. The powders were attrition milled using a fluo-
ropolymer lined vessel, acetone as the liquid medium, and SiC
milling media (4.7 mm diameter SiC satellites, Union Process,
Akron, OH, USA). The powders were attrition milled for 2 h to
reduce particle size and to intimately mix the powders to facil-
itate later reaction. Following attrition milling the slurry was
rotary evaporated to remove the acetone and minimize prefer-
ential settling. At this stage, an effort was made to limit the
exposure of the powder to air as both the ZrH, and !' B powders
are reactive with oxygen and moisture in the atmosphere. The
newly formed surfaces from milling serve to increase their reac-
tivity further. Following solvent removal, the dried powder was
passed through a 60 mesh sieve to facilitate uniform die filling
for hot pressing.

The composite was hot pressed in a graphite die to produce a
sample ~44 mm in diameter prior to sectioning. The die wall, as
well as the ends of the die rams, was coated with graphite paper
(Graphoil, GTA grade, Leader Global Technologies, Deer Park,
TX, USA). The ends of the die rams, which would be in contact
with the powder, were also coated with a boron nitride spray
(Cerac, SP-108, Milwaukee, WI, USA) to prevent reaction with
the graphite. The powder was loaded in the die and cold com-
pacted to ~6 MPa. Densification was achieved using a resistively
heated graphite element hot press (Thermal Technology Inc.,
Model HP20-3060-20, Santa Rosa, CA, USA). Below 1650 °C
the powder compact was heated under vacuum (~25 Pa). The
powder was heated at ~5°C/min up to 700°C to allow the
ZrH, and ''B to react and form Zr'!'B,. The compact was then
heated at ~75 °C/min to 1450 °C and 1650 °C, with 1h holds
at each temperature to facilitate the removal of oxide species
from the surfaces of the powders. Following the hold at 1650 °C
the atmosphere was changed from vacuum to argon, 32 MPa
of uniaxial pressure was applied, and the sample was heated at
~50°C/min to 1900 °C. Once reaching 1900 °C the hydraulic
ram travel was monitored to determine the extent of densifica-
tion. Once ram travel had ceased, the furnace power was turned
off and the sample allowed to cool (~50 °C/min from 1900 °C
to below 600 °C) to room temperature. Pressure was maintained
on the sample until the temperature fell below 1650 °C. Follow-
ing densification the hot pressed sample was removed from the
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Fig. 1. SEM images showing the microstructure of neutron diffraction specimen (A) before and (B) after the experiment showing no obvious change in microstructure.

die and surface ground on both sides to remove any graphite or
boron nitride adhering to the sample. A specimen approximately
4.2mm x 5.2 mm x 30 mm was sectioned out of the hot pressed
sample for the neutron diffraction experiment.

Stress measurements were performed by neutron diffraction,
Raman spectroscopy, and x-ray diffraction. Neutron diffraction
was performed using the time of flight (TOF) method on the
Spectrometer for Materials Research at Temperature and Stress
(SMARTYS) in the Lujan neutron scattering center at Los Alamos
National Laboratory. The 70 vol% Zr''B>-30vol% SiC com-
posite specimen (4.2mm x 5.2 mm x 30 mm) was positioned
vertically in a graphite holder within a tungsten element fur-
nace situated such that only the specimen was exposed to
the neutron beam. The specimen was heated under vacuum
(~1.3 x 1073 Pa) to a maximum temperature of 1750°C at a
rate of 20 °C/min. Neutron diffraction patterns were collected
at regular temperature intervals ranging from room tempera-
ture to 1750 °C during both heating and cooling cycles. The
temperature was allowed to equilibrate for 15 min prior to each
measurement. Diffraction data was then collected for approx-
imately 1h at each temperature. The same procedure was
followed to measure both pure Zr''B; and SiC powders, except
that the powders were contained in a niobium crucible. The data
collected on heating was indistinguishable from that gathered
on cooling; for the purposes of this study the cooling data was
used for subsequent measurements and calculations. Single peak

Fig. 2. SEM image showing the outer edge of a neutron diffraction specimen
after testing, revealing a surface layer ~50 pm thick depleted of SiC due to
active oxidation.

fitting as well as whole pattern fitting was performed using the
General Structure Analysis System (GSAS) software package.>
Raman measurements were made using a Raman spectrometer
(Horiba LabRAM ARAMIS, Edison, NJ, USA) employing a
633 nm HeNe laser and a 1 m spot size. Prior to collecting data,
the instrument was calibrated using a silicon standard and the
main silicon peak at 520.0 cm™!. Raman patterns were acquired
only from the SiC particles within the microstructure since ZrB,
is not Raman active. Spectra were acquired from 25 individual
SiC particles from the surface of the specimen. X-ray diffraction
was performed using a grazing incidence diffractometer (PAN-
alytical, X-Pert, Almelo, The Netherlands). The source was set
at an angle of incidence of 1° to the surface of the specimen,
and the detector was moved to scan the range from 5° to 90° 26.
Specimens of the Zr' ' B,—SiC composite, as well as of the pure
SiC powder, were measured. Single peak fitting was employed
to determine peak shifts between the powder and composite.

Microstructural images were obtained by scanning electron
microscopy (SEM) (Hitachi, S570, Tokyo, Japan). Specimens
were polished to a 0.25 pm finish using diamond abrasives.
Image analysis was performed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA).

3. Results and discussion

The neutron diffraction experiment involved holding the
specimen at elevated temperatures (as high as 1750°C) for
extended periods of time; therefore, the microstructure of the
specimen was examined using SEM both before and after neu-
tron diffraction to determine whether or not the experiment
affected the microstructure (Fig. 1). The micrographs indicate
homogenous microstructures consisting of a Zr!'B, matrix (the
light grey phase) with uniformly dispersed SiC particles (the
dark phase). It is important that the microstructure of the speci-
mens does not change during the neutron diffraction experiment.
Grain growth of either phase, or coalescence of the dispersed
SiC particulate phase, could generate or alleviate stresses inde-
pendent of the thermal cycle. The microstructures in Fig. 1 are
indistinguishable from one another; this in addition to the lack
of any additional phases detected via neutron diffraction indi-
cate that the measured lattice parameter shifts were likely due
to temperature effects and not other microstructural changes. It
should be noted that the outermost surface of the specimens was
affected by extended holds at elevated temperature, and in par-
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Fig. 3. Neutron diffraction intensity as a function of temperature for representative Zr'' B, and SiC planes showing that the change in intensity between heating and

cooling was negligible.

ticular by the high vacuum (~1.3 x 1073 Pa) conditions during
testing. The temperatures of the experiment combined with the
atmospheric pressure fall into a regime where SiC is known to
actively oxidize.?*3¢ As a result, SiC particles near the speci-
men surface underwent active oxidation leaving a surface layer
of ~50 pm that was depleted of SiC (Fig. 2). The transition
between the SiC depleted layer and the normal microstructure
remained sharp. While a decrease in the amount of SiC tak-
ing part in the neutron diffraction should result in diminished
peak intensity, the thickness of the depleted layer represents a
small volume of material in comparison to the overall specimen.
Based on the thickness of the SiC depleted layer, approximately
4.5 vol% of the SiC was lost. While this would result in a small
decrease in the diffracted intensities, the loss of SiC would not
affect the peak positions and, therefore, should not impact the
analysis of residual stresses.

The change in intensity of a diffracted peak as a func-
tion of temperature is governed by the Debye—Waller factor.
The intensity should decrease as temperature increases due to
increased thermal vibrations. This change, however, is com-
pletely reversible and as the specimen is cooled the intensity
should return to its original value. Deviation from this behavior

is an indication that the quantity of the phase in question has been
altered during the experiment; whether by reaction, oxidation,
or some other means. Plotting intensity as a function of temper-
ature for representative peaks from Zr!''Bs and SiC, the (1 10)
and (108), respectively, revealed that the change in intensity
as a function of temperature was completely reversible (Fig. 3).
The other crystallographic directions show the same behavior.
The slight difference in diffracted intensities (~4%) between
heating and cooling of the SiC is consistent with the loss of a
small amount of SiC due to active oxidation as discussed earlier.

Initially, single peak fitting was performed on peaks in both
the composite and powder samples using only peaks that exhib-
ited no overlap with peaks from the other phase or the Nb
container used for the powder samples. This was done in an effort
to minimize any potential error due to interference between
peaks. Examples of the peak fits for the Zr!'B, (1 10) and SiC
(006) reflection (Fig. 4) illustrate the isolated peaks used for
data fitting. The plus symbols represent the actual data points
with a curve representing a smooth fit passing through the data.
The lower line in the plots is a measure of the error between the
actual data and the position of the fit curve. The fits obtained
using this method produced data that could be used to calcu-
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Fig. 4. Single peak fits for Zr''B; (110) and SiC (00 6) reflections obtained by neutron diffraction showing actual data points (plus symbols), the fit line (smooth

curve), and the error associated with the fit (bottom line).
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Fig. 5. A representative full pattern fit of a Zr''B,—SiC composite where X’s
denote real data with the solid curve representing the full pattern fit.

late stresses; however, only two peaks from each phase could
be fit due to overlap of the other peaks. The stressed posi-
tions of the SiC (006) and Zr''B> (1 10) peaks were found
to be 2.50817 £ 0.0001 A and 1.5853 £0.0001 A, respectively.
To calculate stresses based on more crystallographic reflections,
full pattern fitting was then also employed (Fig. 5). Rietveld
refinements resulted in fits with reduced chi® values below 3.

Table 1

The five independent stiffness coefficients for ZrB, and SiC.

Material cij (GPa) Reference
cil c12 c13 €33 C44

7rB; 567.8 26.9 120.5 436.1 2475 0 ®

SiC 511.7 112.6 533 5652 1676 4

graphic direction must be used (Ej;), which requires use of the
full elastic matrix. Since ZrB, and a-SiC have hexagonal crystal
structures, they each have five independent stiftness coefficients
as shown in the elastic stiffness matrix (Eq. (1)). The values of
each stiffness coefficient for both ZrB, and SiC are given in
Table 1.%7

ciy cr2 ci3 0O
ciz e ez 0O
ci3 ci3 ¢33 0
0 0 0 cu
0 0 0 0 cy4
0 0 0 0 0

ey

S O O O
S O O O O

1
s(cir —c12)

Using an equation developed by Zhang et al.’® the elastic

modulus, Epy, related to any crystallographic direction in a
hexagonal crystal can be calculated from Eq. (2).3

[h2 + ((h + 2K)2/3) + (al/c)*T

Epy =

Following refinement, each pattern was visually inspected to
ensure that the background fit was not overparameterized.

To gauge the accuracy of the full pattern fitting, the available
single peak fits were compared to their counterparts in the full
pattern fitting. The SiC (00 6) d-spacing obtained at room tem-
perature from the full pattern fit was the same as that obtained by
the single peak fit to within 0.0001 A, which was at the resolution
of this measurement. The Zr'!'B, (110) d-spacing was differ-
ent by only 0.0004 A. This close agreement between techniques
indicated that the full pattern fitting was able to fit the individual
peaks with the same precision as the single peak method. As a
result all calculations have been performed using data gathered
from full pattern fitting.

The residual stresses present in the Zr!''B,—SiC composites
were calculated by comparing the lattice parameters of Zr!!B,
and SiC from the composite with those of pure powders, which
were assumed to be stress free. The strain (¢) in the composite
was calculated by dividing the difference in lattice parameter
(AL) between the composite and powder by the lattice param-
eter of the stress free powder (L,), which was assumed to be
unaltered by stress (¢ = AL/L,). By knowing the elastic modu-
lus (E) of the material as a function lattice direction, the stress
(0) can then be calculated (o = E¢). Because the strains, and
therefore the calculated stresses, are specific to a given crystal-
lographic direction, the average elastic modulus of the material
is not sufficient for the calculation of the directionally dependent
stresses. Instead, the elastic modulus specific to each crystallo-

s11(h2 + ((h + 2K)%/3)) + s33(al/0)* + 2513 + saa)(h2 + ((h + 2k)%/3))alfc)?

@

where s11, 512, 513, 533, and s44 represent the compliance coeffi-
cients for a hexagonal crystal, &, k, and / are the Miller indices
of the desired crystallographic direction, and a and c are lattice
parameters. The a and c lattice parameters for ZrB, are 3.168 A
and 3.530 A (JCPDS card no. 34-0423), respectively, while those
for SiC are 3.073 A and 15.080 A (JCPDS card no. 29-1131),
respectively. The compliance coefficients of both ZrB, and SiC
needed for Eq. (2) were calculated from the known stiffness

coefficients using Eqgs. (3)=(8).%7
8§33
] 3
ci + e S 3
1
cyp—cpp=—— “4)
S11— S12
—S513
= 5
13 S ()
S11+ 512
2 rele 6
€33 S (6)
1
C44 = — @)
S44
S = 533511 + 512) — 2573 (®

Solving Egs. (3)—(8) simultaneously and using the stiffness
coefficients from Table 1, yielded the compliance coefficients
for both ZrB, and SiC (Table 2).
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Table 2
The five independent compliance coefficients for ZrB, and SiC.
Material s (GPa™1)
s11 512 513 533 S44
ZrB, 1.88E—03 —8.28E—05 —4.95E—-04 2.57E-03 4.04E—-03
SiC 2.07E-03 —4.39E—-04 —1.54E—-04 1.80E—03 5.97E-03
Table 3 SiC (0086)
Elastic modulus, strain, and compressive stress in the SiC phase of a Zr' B,—SiC 2535 | e Composite
composite for seven crystallographic directions. 1 = Powder |
2,530 -
(hkl) Epn (GPa) e o (MPa)
100 484 1.94E—03 937 2.625 |
101 474 1.94E—03 918 z
006 556 1.51E-03 842 =
102 452 1.93E—03 872 £ 25204
108 437 1.87E—03 820 é
110 484 1.94E—03 939 T 2515
116 426 1.92E-03 815
2510
Using Eq. (2), the Miller indices of given directions for SiC 2.505

and Zr''B,, and the compliance coefficients in Table 2, the elas-
tic moduli were calculated for seven individual crystallographic
directions for both SiC and Zr!!B, as shown in Tables 3 and 4,
respectively. Also in Tables 3 and 4 are the stresses calculated for
those crystallographic directions in both SiC and Zr''B,. These
calculations indicate an average compressive stress within the
SiC of ~880MPa and a corresponding average tensile stress
within the Zr!'!' B, of ~450 MPa for composites cooled to room
temperature. In a composite such as this, the stresses within the
two phases must be balanced. That is to say that using the rule
of mixtures, the sum of the stresses, weighted according to vol-
ume fraction of each phase, must sum to zero. Starting with
the nominal SiC content of 30 vol% and the average measured
compressive stress of 880 MPa, the tensile stress in the Zr''B,
would be expected to be ~380 MPa, which is only 70% of what
was measured. However, the initial powders were attrition milled
using SiC milling media. As aresult, erosion of the media during
milling added to the total amount of SiC within the composite.
Performing areal analysis of SEM micrographs of the compos-
ite revealed that the SiC content comprised ~34 vol% of the
composite and not 30 vol% as expected based on the starting
powder composition. This analysis was based on the measure-
ment of ~1000 SiC particles from 5 SEM images similar to those
in Fig. 1. Contamination from milling is common in ceramic
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Fig. 6. Measured d-spacing as a function of temperature for the SiC (0 0 6) peaks
for both the composite and pure powder as measured by neutron diffraction along
with a fit curves.

processing, which is why SiC milling media were selected for
this study to prevent the introduction of additional components
into the system. Using 34 vol% SiC and its average compressive
stress of 880 MPa, the tensile stress in the Zr! 1B2 was estimated
to be ~450 MPa using the rule of mixtures calculation, which
agrees with the neutron diffraction measurements that predicted
an average tensile stress of ~450 MPa.

Neutron diffraction data was also analyzed to determine the
temperature at which stresses began to accumulate during cool-
ing. Figs. 6 and 7 are representative plots of the d-spacings as a
function of temperature for SiC (Fig. 6) and Zr!' B, (Fig. 7) in the
composite and as pure powders. The (006) planes of SiC in both
the composite and powder had the same d-spacing at elevated
temperature (Fig. 6). Because diffusional mechanisms which can
relax stresses become active as temperatures increase, it follows
that the composite should be stress free above some critical tem-
perature. Diffusional creep in the ZrB, matrix as well as grain
boundary sliding in SiC have been observed at temperatures as

Table 4

Elastic modulus, strain, and tensile stress in the Zr'! B, phase of a Zr'!B,—SiC composite for seven crystallographic directions.

(h k 1) Epnx (GPa) € o (MPa)
1 0 1 553 —9.00E—04 498

0 0 2 390 —7.18E—04 280

1 1 0 533 —1.01E—-03 540

1 1 1 557 —9.61E—-04 535

1 1 2 544 —8.80E—04 478

3 0 0 533 —1.01E-03 539

1 0 4 419 —7.45E—-04 313
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Fig. 7. Measured d-spacing as a function of temperature for the Zr''B, (110)
peaks for both the composite and the powder as measured by neutron diffraction
along with a fit curves.

low as 1200°C at 100 MPa stress in ZrB>—SiC composites.>”
At 1200 °C and below, the d-spacings were no longer the same,
indicating the development of strain in the SiC lattice and, there-
fore, residual stresses. Fig. 7 illustrates the same behavior from
the Zr''B, (110) planes. At elevated temperature the lattice
parameters of the powder and the composite were the same, but
at 1200 °C and below they deviated. To estimate the tempera-
ture at which stresses began to accumulate, the powder d-spacing
data were fitted with a second order polynomial. Likewise, the
composite d-spacing data were fitted from 1200 °C and below
to another second order polynomial. The fit to the composite d-
spacing data was then extrapolated to higher temperatures until it
intercepted the fit for the powder data. The two fit curves for both
the SiC (00 6) and the Zr' !B, (1 10) intercepted one another at
~1400 °C (Figs. 6 and 7). Similar analyses have been performed
for other crystallographic planes in both SiC and Zr'!B,, all of
which indicated that stresses began to accumulate at ~1400 °C
as the composite was cooled. Due to the fact that stress relax-
ation above 1400 °C s likely based on diffusional mechanisms it
is expected that all the crystallographic directions would behave
similarly.

Stress measurement via neutron diffraction yielded an aver-
age stress over the entire sample due to the ability of the
neutrons to penetrate through the specimens. For comparison,
Raman spectroscopy performed in this study utilized a small
spot size (~1 wm) and was expected to have only probed the
top ~100 nm of the surface of the sample due to the laser wave-
lengths employed.*>*! As a result, Raman spectroscopy was
able to probe the stresses in a single grain per measurement.
Unfortunately, ZrB, is not Raman active; therefore stress mea-
surements could only be performed on the SiC phase. Several
peaks are associated with 6H SiC in Raman spectroscopy; the
2 main peaks are the transverse optic (TO) peak at 789.2 cm™!
and the linear optic (LO) peak at 970.1 cm ™! .2 These peak posi-
tions are sensitive to stress. While no general relationship has
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Fig. 8. Raman pattern of a SiC grain within the Zr''B,—SiC composite along
with deconvoluted peak fits and peak position for the TO peak.

been determined to relate Raman peak shift to stress, researchers
have measured peak shifts as a function of applied stress for a
variety of materials including 6H SiC. Liu and Vohra measured
the peak position of single crystals of 6H SiC as a function of
applied pressure up to 95 GPa.?® By doing so they were able to
develop a correlation between the position of the TO peak and
stress (Eq. (9)),26

wrolcm™) = 789.2 + 3.11 P — 0.009 P2 9)

where wTo is the measured peak position and P is the hydro-
static stress in GPa. In the present study, the position of the TO
peak was measured by acquiring a Raman pattern from ~740
to 840cm~! and fitting the resultant peaks (Fig. 8). Because
of overlap between the TO peak and those surrounding it, the
overall curve was deconvoluted to fit the individual peaks that
comprise it. The central peak in Fig. 8 is the TO peak, which as
found to be at 790.24 cm™ . Inputting this value as wto in Eq.
(9) and solving for P results in a compressive stress of 335 MPa.
While Fig. 8 is representative of the Raman patterns, a range
of stress values were measured. The average stress measured
was 390 MPa; values ranged from 235 MPa to 595 MPa with a
standard deviation of 100 MPa for 25 SiC grains measured to
obtain these values. Assuming the cross section that was exam-
ined contained a random selection of SiC particles, some of the
particles would be expected to be the top of larger particles that
were predominantly below the surface. Others would be only
the tips of particles that were almost completely removed by
sectioning and polishing, while others would cover the range
in between those two extremes. As a result, it is expected that
the Raman peak shifts would provide a range of stresses when
measuring individual particles as they were constrained differ-
ently depending on how much of each particle lay below the
surface. The average stress of 390 MPa estimated from Raman
peak shifts was only ~40% of the stress determined using neu-
tron diffraction (880 MPa). Lower stresses can be expected from
particles on the surface that were probed by Raman spectroscopy
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Table 5
Mass absorption coefficients and densities necessary to calculate x-ray penetra-
tion depth assuming a Cu Ka source.>

Absorber o (g/em?) ulp (cm?/g)
Zr 6.51 136.8

B 2.47 2.142

Si 2.33 65.32

C 2.27 4219

as compared to particles in the bulk that were probed by neutron
diffraction. Modeling in Al,O3—Al particle reinforced compos-
ites suggests that compressive stresses in particles on and near
the surface are less than those of particles in the bulk due to
decreased confinement by the matrix.*?

To further evaluate the stresses in particles near the surface
of the composite, grazing incidence x-ray diffraction was per-
formed. Since Raman only measures particles within ~100 nm
of the surface, the angle of incidence for the x-ray beam was set
at 1° relative to the surface to control the depth of penetration
of the x-ray beam. The mass absorption coefficient, p, and the
geometry of the diffractometer govern the depth of penetration
of an x-ray beam into a specimen. This relationship is given in
Eq. (10) where 6 is one half the diffraction angle 26, and G, is
the fraction of the total diffracted intensity supplied by a surface
layer of thickness x (cm).*3

Gx — 1 _ e(—2;uc/ sin@) (10)

When dealing with a composite or a compound, the value
for p in Eq. (10) is a mass average of the constituents (Eq.
(11)), where w; is the weight fraction and p; the density of the
individual components of the composite or compound.*?

on(3) ()
P P/ PJ2

Using Eq. (11), the appropriate u/p values were calculated
for both ZrB, and SiC, which were then used to calculate u
for the composite for use in Eq. (10). Using the values pre-
sented in Table 5, an angle of incidence of 1°, and a fraction of
the total diffracted intensity of 95%, the depth of penetration,
x, was calculated to be ~1 pwm. This calculation suggests that
95% of the total diffracted intensity came from a layer on the
surface of the composite that was 1 wm thick. Hence, stresses
measured using grazing incidence x-ray diffraction and Raman
Spectroscopy should be similar. X-ray diffraction patterns for
both the composite material and pure SiC powder were collected
(Fig. 9). Comparing the d-spacings of the SiC peaks present in
both the composite and powder samples (Fig. 9) showed that
the SiC peaks in the composite were shifted to higher 26 values,
which correspond to a smaller d-spacing and thus, a compressive
stress. As discussed above, the difference in d-spacing for each
peak was used to calculate strain, and the appropriate Ejg; were
then used to calculate stresses in each individual crystallographic
direction. Based on the average of the individual crystallographic
directions the compressive stress in SiC as determined by graz-
ing incidence x-ray diffraction was ~350 MPa. This is in close
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Fig. 9. Grazing incidence x-ray pattern of both pure UF-25 SiC powder as well
as the Zr''B,—SiC composite showing the SiC peaks in the composite pattern
have shifted to higher 26.

agreement with the 390 MPa average compressive stress mea-
sured by Raman spectroscopy.

The presence of tensile stresses in the brittle matrix of a partic-
ulate reinforced composite such as ZrB,—SiC could be expected
to decrease the strength of the composite as compared to the
nominally pure matrix material. However, additions of SiC par-
ticles to ZrB; have been shown to increase the strength of the
composite.*~’ The strengthening effect can be explained, in part,
through analysis that uses the Griffith equation (Eq. (12)),*

Kic

o =
YJe

12)

where o is the failure strength, Kjc is the mode one fracture
toughness, c is the flaw size, and Y is a geometric parameter
dependent on flaw shape. Given this relationship, increasing
the fracture toughness should increase the failure strength pro-
portionally assuming that the geometric parameter and flaw
size are not affected. Additions of SiC to ZrB, have been
shown to increase the fracture toughness from ~3.5 MPa-m'/?
for monolithic ZrB,* to as much as 6 MPa-m'2.7 The rela-
tionship, however, is more complex than simply doubling the
fracture toughness since the addition of SiC particles to ZrB,
also decreases the critical flaw size,>® ¢, as well as induc-
ing thermal residual stresses. This analysis does indicate that
the possible reduction in strength due to tensile stresses in the
matrix can be more than overcome by the increase in strength
due to increased fracture toughness and decreased critical flaw
size. This also means that if the tensile stresses generated in
the ZrB, matrix during processing could be reduced without
changing the grain size or sacrificing fracture toughness, the
strength might be further improved over the monolith and the
composite.
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4. Conclusions

A Zr''B»-SiC composite was produced using isotopically
enriched boron-11 to facilitate the use of neutron diffraction to
characterize residual stresses. Neutron diffraction patterns were
collected at regular temperature intervals from room tempera-
ture up to 1750 °C. By comparing the d-spacings of Zr''B, and
SiC in the composite to their pure powder counterparts, it was
determined that stresses within the composite begin to accu-
mulate at ~1400 °C during cooling. Total accumulated stresses
within the composite at room temperature were 880 MPa com-
pression in the SiC particle phase, and 450 MPa tension in the
Zr''B, matrix. Both Raman spectroscopy and x-ray diffraction
were used to provide complementary measurements. Both deter-
mined that the stresses on the surface of the composite were
~40% of those present in the bulk. Stress measurements using
Raman spectroscopy showed the compressive stress in the SiC
particulate phase to be 390 MPa while measurements performed
using grazing incidence x-ray diffraction show it to be 350 MPa.
Stresses in the bulk as well as on the surface of ZrB,-SiC
composites were successfully measured using a combination of
neutron diffraction, x-ray diffraction and Raman spectroscopy.
While the addition of 30 vol% SiC particles to ZrB; resulted in a
tensile stress of ~450 MPa in the ZrB, matrix it did not decrease
the strength of the composite but instead increased it. This is due
in part to the increase in fracture toughness and decrease in grain
size that the SiC particles impart to the composite. The increase
in strength through the addition of SiC may be improved further
if the matrix tensile stresses can be reduced.
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