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Abstract The thermal stress distribution of WC and Ni binder phases in WC-26wt.%Ni and WC-6wt.%Ni com-
posites has been investigated over the temperature range 100-900 K using a time-of-flight neutron

diffractometer. To determine the stress distribution, the breadths of WC and Ni peaks in the reference powder

and the composites were analyzed. The peak breadths were corrected for particle size effect using a procedure

based on the integral peak breadth method of particle size-strain analysis. The result shows a broad range of

strain, and thus stress, is present in the WC and Ni binder phases of the composites. The strain distribution of

both phases broadens as the temperature decreases, and some fraction of total strain distribution of the WC

phase remains tensile regardless of the temperature. The strain distribution of the WC phase broadens as the

binder content increases, and that of Ni binder phase broadens as the binder content decreases, which means the

strain distribution broadens as the absolute value of residual stress increases.

1. INTROUDUCTION

Numerous studies on the differential thermal
stress state in cemented carbide composites
have been performed using X-rays' ™" and neu-
trons" % Although the quantitative validity of
the x-ray studies has been questioned, they
have generally shown the presence of compres-
sive carbide and tensile binder stress. Further-
more, some of the recent works have docu-
mented changes in the stress state due to cy-
clic and monotonic compression, with attend-
ant changes in Palmqvist crack length®®,

However, almost none of the experimental
works to date have dealt with the variance or
distribution of the residual stresses around
their average values. In addition to stress gra-
dient in the vicinity of binder-carbide interfac-
es as a consequence of the need to maintain
continuity across boundaries, other contribu-
tors to the variance are possible. Those are
carbide morphology, carbide particle size, and
carbide content. The broadening of the powder
pattern peaks of the material is normally
caused by small crystallite size and by distor-

tions within the crystallites. In addition, the ex-
perimental diffraction geometry contributes to
peak broadening. If the observed line profiles
corrected for instrumental broadening are ex-
pressed as Fourier series, then an analysis of
the Fourier coefficients enables determination
of both particle size and strain contributions,
without the necessity of any prior assump-
tions. The first measurements of this kind
were made by Warren and Averbach® and sim-
ilar studies followed. Recently has the variance
or distribution of stresses been investigated’'.
Those
distrubution is broader for angular relative to

results indicated that the stress
the round carbide and for lower relative to
higher carbide contents. Thus, it appears that
the breadth of stress distrubution increases
with carbide angularity and with the binder
content.

In the present study, strain distributions in
both WC and Ni binder phases has been ob-
tained from model WC-Ni cemented carbide
particulate composites as a function of temper-
ature. Measurements were done by the high

resolution powder diffractometer'' at the Ar-
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gonne Intense Pulsed Neutron Source, and the
breadths of WC and Ni peaks in the compos-
ites were analyzed using a procedure based on
the integral peak breadth method of particle

size-strain analysis.
2. EXPERIMENTAL DETAILS

2.1 Specimens

WC-26wt.%Ni and WC-6wt.%Ni cemented
carbide composites were used for this study.
They were made by liquid phase sintering at
1440°C for low binder composite and at 1350
‘C for high binder composite. Instead of com-
mercial WC-Co, model WC-Ni composites
were used 1n this study because Ni Is more sta-
ble than Co as a binder and more visible due to
a large neutron scattering crosssection com-
pared to Co. Composites are rectangualr
parallelpipeds with approximate dimensions of
0.65x0.65x6.4cm. Krawitz” found that the
FWHM(Full Width at Half Maximum) values
of annealed WC powder are essentially same
as those of annealed Si powder used to obtain
instrumental peak shape parameters. Thus, an-
nealed WC powder was used for the correction
of the instrumental broadening for integral
peak breadth analysis as well as for the strain
—free reference standards. Annealed Ni pow-
der was also used to determine the strain dis-

tribution in the binder phase.

2.2 Equipments and Measurements

All the measurements for the stress distribu-
tion of WC-Ni composites were carried out
using the General Purpose Powder
Diffractometer (GPPD) at the Argonne In-
tense Pulsed Neutron Source (IPNS). The
GPPD is a high resolution time-of-flight
(TOF) neutron scattering instrument. Banks
of detectors are arranged at a constant
scattered flight path distance (1.5m) from the
sample position, and are located symmetrically
on either side of the incident beam at nominal
scattering angles of 26=151.8, 90, 60, and

30°.

With the detectors fixed, the GPPD uses the
time-of -flight of the neutrons to determine the
various wavelength components. Since deter-
mination of stress distribution requires the pre-
cise measurement of the breadths of several
peaks, the time-of-flight technique is particu-
larly advantageous for this experiments. The
spectrum is measured at a fixed Bragg angle
of 260=148°. A cryo-refrigerator was used for
low temperature measurements and a Ta-
resistance furnace for high temperature meas-
urements over the temperature range 100-
900K. A vacuum of an order of 10 ‘torr was
used for low and high temperature measure-
ments, and about 10 “torr was used for room
temperature measurements.

Composites were put into vanadium cans
and attached to the top of the can using epoxy
resin to fix the sample position. Cans were
sealed in He atmosphere to improve the ther-
mal conductivity for low temperature measure-
ments. For high temperature measurements He
atmosphere was not used because it makes the
vacuum condition worse. Samples were care-
fully positioned such that one face of the rec-
tangular cross section was perpendicular to
the incident beam to reduce absorption prob-
lem which can occur due to shift or rotation of
the samples. Identical measurements were
made on the WC and Ni standard powders.
Powders were put into the same vanadium can
to reduce the absorption problem between the

composites and powders.
3. RESULTS AND DISCUSSION

3.1 Peak Breadth

FWHM values of the WC and Ni binder
phases were obtained using the TOFMANY"
computer program for single peak profile anal-
IPNS. The GPPD peaks are

asymmetric in shape and can be characterized

ysis  at

by a convolution of exponential leading and
lagging tails with a Gaussian. There are seven
parameters which define the shape and posi-

tion of any peak ! two for the magnitude of



234 FEABEIA A5H A 25 (1995)

the background on either side of the peak, two
for the exponential tails, one for the mean
peak position, one for the FWHM of the
Gaussian, and one for the scale or height of
the peak. For this analysis, seven WC peaks
and five Ni binder peaks were used. Those
were 100, 101, 110, 002, 201, 112, 300 for the
WC and 111, 200, 311, 222, 331 for the Ni
binder phases. After examining the entire
spectrum of the composite, these peaks were
chosen as the most appropriate because they
had enough intensity and were not overlapped
with other peaks.

The plots of the Gaussian FWHM for the
WC 201 and Ni 311 peaks in the WC-26wt.%
Ni and WC-6wt.%Ni composites are shown as

a function of temperature in Fig. 1. The WC
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Fig. 1. The FWHM values of the (a) WC phase and (b)
Ni binder phase in the composites and the standard
powder.

powder gives the peak breadths that are essen-
tially the same as those of the annealed silicon
powder standard', so the WC powder is used
to correct the instrumental peak broadening.
On the other hand, the FWHM values of the
WC and Ni phases in the composites are mark-
edly broadened at low temperature and sharp-
en as temperature increases, l.e. as the
residual stress decreases. The FWHM values
of the WC phase are smaller in the WC-6wt.%
Ni than in the WC-26wt.%Ni composite. How-
ever, those of the Ni binder phase are smaller
in the WC-6wt.% NI composite. Thus, the
peak breadths are greatly affected by the
residual stresses in the composites, i.e. the
FWHM values increased as the residual stress

Increased.

3.2 Strain Distribution

The strain distribution is calculated by the
modified integral peak breadth analysis®'’. In-
stead of integral peak breadths, Gaussian
FWHM values which are returned by the peak
fitting programs are used. The basic aspects of
this method are summarized below. The peak
breadth, now termed B, is the FWHM value of
the compeosite after correction for instrumental
breadth, i.e.

BZ = Bzmﬁaszzs(an ( 1 )

where Bpes 1s the FWHM value measured for
the composite and B.., is the value for the
standard. This correction procedure assumes
that all peak shapes are Gaussian. The breadth
B consists of a particle size component B, and
a strain component Bs. For the case where all
sources of broadening are also Gaussian, the

appropriate equation is’
B?=Bj+Bi=(1/Dcost)*+ (4 <e>tanb)* (2)

where 1 is neutron wavelength, D is the parti-
cle size, 8 is the diffraction angle, and <e¢> is
the variance of the strain in the material. The
terms on the right hand side of eq. (2) corre-

spond to particle size and strain, respectively.
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Rearranging eq. (2) gives the following rela-

tionship.
(Beos/2)=(1/D)*+ (4<e>sinf/R)¢  (3)

However, the FWHM values obtained from the
GPPD are given in time-of -flight units, so this
equation should be converted into time-of-
flight units instead of A using the equation, 1=
ht/mL=2d sind. Thus, the basic equation for
the peak breadth analysis can be expressed as
eq.(4)°.

(%)e(zﬁﬂ}mﬁw (4<e>)%(4)

where h is Planck’s constant, t is the time
taken for a neutron to travel the total flight
path L, d is the interplanar spacing, and m is
the mass of the neutron. In this equation, the
breadth (At) is the FWHM value of the com-

posite after correction for instrumental
breadth, i.e.
Atz - Atzmeas—Atzslan ( 5 )

Where Atnes is the FWHM value measured
for the composite and Atq. is the value for
the standard calculated from that of the WC
powder. The FWHM value of the WC powder
vartes with the peak positions, so all the
FWHM values are plotted as a function of the
time-of-flight (t), and the linear least square
fit is performed. The results are given in Fig.
2. The experimental values are fit well with
the equation and it is used to obtain the stan-
dard FWHM values for each peak.

Plots of (%)sz. ¢* for the WC and Ni bind-

er phases show similar trends. The typical
plots for the WC-26wt.%Ni at 300K are
shown in Fig. 3. Although some of the FWHM
values In the composite are smaller than those
of the standard at 900K, they were assumed to
have the same values as those of the standard.
Strain variance and particle size were calculat-
ed from the intercept and the slope of the line

fitted using methods of least squares,

FWHM (usec)

respectively. The calculated particle size (mo-
salc size) has an order of several thousand

angstroms. This means that the mosaic size
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Fig. 2. The change of FWHM values of the WC powder
with the peak position.
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Fig. 3. Typical plots of (%)Z vs. t* for the (a) WC

phase and (b) Ni binder phase of the WC-26wi.%Ni
composite at 300K.
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measured by diffraction is a substantial frac-
tion of the actual particle size(a few microns).

Drake® reported that the dislocation densities
in the WC and Ni phases for as-produced WC-
Ni composites are 107-10* and 10*-10%m 2,
respectively. These values of the dislocation
densities are similar as those of fully annealed
metals, so it can be safely assumed that the
microstrain effects as a consequence of the dis-
locations do not affect the peak broadening for
the composites used for the present study.
Thus, it can be concluded that the measured
strain  distribution does not result from
microstrain as in cold-worked metals or alloys,
but from a distribution of elastic strain arising
from a local variation in the elastic residual
stress.

The value of the strain variance obtained
from this analysis can be used to generate a
strain distribution, assuming a Gaussian be-

havior, by the following equation'’ :

where f(e) 1s a strain distribution normalized
based on the unit area, ¢o 1s the mean strain
value", and s is standard deviation, which is

related to the strain variance by
<e>=2(2In2)"* - s (7)

The resultant Gaussian strain distributions of
the WC and Ni phases for the WC-26wt.%Ni
composite are presented in Fig. 4 as a function
of temperature.

Both the WC and Ni binder phases show
similar trends, i.e. the strain distribution broad-
ens as the temperature decreases. In the case
of the WC phase, some fraction of the total
strain distribution remains tensile regardless of
the temperature. However, this does not neces-
sarily mean that there is tensile stress in the
sample, because the strain distribution can not
be converted into the stress distribution direct-
ly. There seem to be two sources for the strain

(stress) distribution : the angularity of the

WC particles and the distribution of the WC
particles with various aspect ratios. Separation
of these two effects, however, appears to be
difficult.
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Fig. 4. The strain distributions of the (2) WC phase and
(b) Ni phase for the WC-26wt.%Ni composite as a
function of temperature.

The experimentally determined strain distri-
butions of the WC and Ni phases in the com-
posites at 300K are presented in Fig. 5. The
strain distribution broadens as the binder con-
tent increases for the WC phase. This is to be
expected, because the high binder composite
contains more compressive stress than the low
binder one'!. The percentages of the tensile
strains are 16.3 and 17.3% for WC-26wt.%Ni
and WC-6wt.%Ni, respectively. Even though
this does not directly mean there is the same
fraction of tensile stresses, the low binder com-

posite shows a greater possibility of a large
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Fig. 5. The experimentally determined strain distribu-
tions of the (28) WC phase and (b) Ni phase in the com-
posites at 300K.

fraction of tensile stress than the high binder
one.

In the case of Ni binder phase, the low bind-
er composite shows a broader strain distribu-
tion than the high binder one. This is consis-
tent with the results of the WC phase. As the
tensile stress of the binder phase increases, the
strain distribution broadens. However, the Ni
binder phase does not exhibit compressive

strain.

3.3 Stress Distribution

Krawitz’ directly converted the strain distri-
bution into the stress distribution assuming
that all strain distributions are due to the an-
gularity of WC particles, l.e. they have a
hydrostatic nature. However, the distribution

of the WC particles with various aspect ratios
1s also a source for strain distribution. It has
an anisotropic nature so that it cannot be con-
verted into the stress distribution easily. An
other trouble for the conversion of the strain
distribution into the stress distribution is that
the fraction of each effect to the total strain
distribution of the real sample is not known.

Krawitz assumed only one source of strain
distribution and also normalized the Gaussian
function based on unit height instead of unit
area. Thus, the absolute stress values given by
them are questionable. Recently, Majumdar"
calculated the stress distribution of the WC
phase in a WC-Ni composite by the finite ele-
ment method (FEM) with triangular and rec-
tangular particle shapes. Although the calcula-
tion is two-dimensional, the calculated stress
distribution is much narrower than that ob-
tained by Krawitz. Thus, absolute values of
stress distribution obtained by Krawitz assum-
Ing one source of strain distribution should be
corrected.

Fig. 6 shows the typical Gaussian plots for
stress distribution of the WC phase in the com-
posites at 300K. These plots are obtained as-
suming that the stress distribution is due solely
to the angularity of the WC particles, which is
same assumption used by Krawitz. As shown
in Fig. 6, the stress distribution 1s broader as
the absolute magnitude of stress increases.
Although 1t 1s difficult to say quantitatively,
the actual composites possibly have some frac-
tion of tensile stress. A more accurate three-
dimensionl FEM model and quantitative metal-
lography may be needed for a better quantita-

tive analysis.
4. CONCLUSTIONS

The strain distributions of WC and Ni binder
phases iIn WC-26wt.%Ni and WC-6wt.%Ni
composites have been determined
experimentally. The result shows a broad
range of strain, and thus stress, is present In

the WC and Ni binder phases of the compos-
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ites. The strain distribution broadens as the
temperature decreases and some fraction of
the total strain distribution of the WC phase
remains tensile regardless of the temperature.
The strain distribution of the WC phase broad-
ens as the binder content increases and that of
Ni binder phase broadens as the binder content
decreases. This means the strain distribution
broadens as the absolute value of stress in-
creases. Although it is difficult to say quantita-
tively, the actual composites show a possibility

to have some fraction of tensile stress.
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Fig. 6. Typical Gaussian plots for stress distribution of
the WC phase in the composites at 300K.
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