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Summary:

Properties of WC-Co functionally gradated materials (FGM) manufactured
by powder metallurgy from nanograin powders are studied. New optical sys-
tem (a 2-D dilatometer) has been developed, using a high-resolution CCD
camera and a dedicated software for image processing. Sintering of WC-Co
hard metals with different cobalt and grain growth inhibitors content was
performed for various conditions (substrate, heating rate, temperature) and
resulting anisotropy was measured.
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1. Introduction:

Powder metallurgy is one of major processing methods for fabrication of
Functionally Graded (more correct, Gradated) Materials, or FGM (1-3).
Pressureless sintering and sinterHIPping (sintering integrated with hot
isostatic pressing) are widely used processing techniques to obtain fully
densified cemented carbides, cermets and ceramic matrix composites. When
sintering is performed in the solid state, the diffusion of the components is
usually low enough to prevent the degradation of the initial graded structure.
If there is a liquid phase during sintering, one has to be aware of the possi-
ble destruction of the FGM due to differences in wetting and/or chemical in-
teraction of components with each other. On the other hand, this effect
could be used as an advantage of the liquid phase sintering process, as was
shown for FGM hard metals (4). Recent experiments show that it is possible
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to achieve the desired cobalt distribution even after liquid phase sintering,
starting from its homogeneous content, by a pre-determined carbide compo-
sition and grain size (4,5).

Hence the densification of FGM remains a challenge, especially with respect
to the conservation of the originally designed microstructure and chemical
composition profile under the complex stress state that is build up during the
heating and cooling process. Since a special attention should be given to
sintering behaviour of FGM, reliable information about shrinkage in situ is
extremely important for optimisation of the component design and sintering
process itself.

In this work, a 2-D dilatometry was developed for in situ observation of
shrinkage of the WC-Co hardmetals. Sintering of these hardmetals with dif-
ferent cobalt and grain growth inhibitors content was performed for various
conditions (substrate, heating rate, temperature) and resulting anisotropy
was measured.

2. Optical Dilatometry Development:

A dilatometric study usually means measurement of linear dimensions of a
specimen in the furnace under controlled conditions. Almost all commercially
available dilatometers are contact ones, i.e. a ceramic (alumina, etc.) rod is
pressed against the specimen and its movement is being registered e.g. by
an inductive sensor. Despite of a higher resolution (-0.2 ^m/mm) they have
two major drawbacks, namely influence of the rod pressure on the shrink-
age, and impossibility to measure anisotropic specimens in several direc-
tions simultaneously.

A possible way to make such 2-D or 3-D measurements may be realised
through an optical system. Recently, the optics and the CCD cameras could
be used for very high resolution. Similar studies are being performed world-
wide (6,7) for observation of liquid state sintering, etc. However, for these
specific measurements, a stroboscopic light (6) or sophisticated image cor-
relation method (7) are used, and final resolution of the raw image is not
high (~2...4 am/mm). In this work, a high-resolution special CCD camera was
used which gives raw image resolution -0.8... 1.2 ,um/mm without any image
processing.

This dilatometer was assembled on the base of a standard tubular one with
an alumina muffle. A typical, non-optimised image of a cylinder specimen is
shown in Fig. 1.
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Fig. 2 shows the same image with initial linear dimensions (in jxm) is shown
as measured from the picture. One may easily recognise that specimen
shape is not strictly cylindrical due to non-uniformity of one-side uniaxial
pressing and elastic expansion of the material after extraction from the die (a
springback effect). The upper part has smaller diameter because it was
subjected to slightly higher compacting pressure. Thus the initial shape is
not uniform but this non-uniformity may be measured and introduced in the
calculations.

Fig. 1. Raw, non-optimised
image of the specimen.

Fig. 2. Image with initial di-
mensions, îm

Testing and calibration of dilatometer was made using green cobalt com-
pacts. Sintering was performed in the dilatometer up to 1000°C at the con-
stant heating rate of 10 K/min where pictures were taken at every 50°C step.
The dimensional changes of the specimen with temperature were evaluated
from the pictures taken. These green compacts are seen to shrink non-
uniformly in different directions. The behaviour of powder compacts in dila-
tometer shows that particle size was the most important parameter (8).
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3. Sintering of Gradated WC-Co Specimens:

In the experiments, granulated "Nanocarb" WC-Co powders (Nanodyne, Inc.)
were used with 6 and 10%Co and the average particle size of 30...40 nm.
Green specimens were manufactured by CIP at 300 MPa (green density
0.56±0.01 of theoretical). Sintering was performed in the optical dilatometer
in argon flow with the following conditions:

Sintering temperature: 1300 and 1350°C (1573 and 1623 K)
Sintering time: 30 min at the sintering temperature
Heating rate: 5 and 10 K/min
Substrate used: graphite and polished alumina

Pictures have been taken at regular intervals (every 200°C before
800...900°C, every 50° between 1000°C and the sintering temperature, and
every 5 min during isothermal holding). The resolution of the PC screen was
1280 x 1024 pixels, which corresponds to the raw image resolution of
1.3±0.05 jim/mm of the specimen length.

In order to improve the resolution and reduce errors, all pictures have been
automatically processed with a special software "Sigma Scan Pro 4" (SPSS
Inc.). The software allows copying of calibration information from one image
to another (no re-calibration needed at each step) as well as application of
grey and binary filter matrix operations. Convolution filters remap intensity
values by multiplying the intensity values of each pixel in the image and its
surrounding pixel intensities by the corresponding matrix kernel values of the
selected filter. Then the products of the corresponding values are added
(9). Applying a convolution filter to an image affects every pixel.

After all pixels have been evaluated, the image is filtered. Because convolu-
tion filters use surrounding pixels to calculate new pixel intensities, new val-
ues are not calculated for edge pixels. Since edge pixels of the image do no
belong to the specimen, they stay unmodified as 1 pixel-wide border of the
image. During pixel analysis several values less than 0 and greater than 255
often appear as a result of a convolution operation. To remap images so
that all pixel intensities fall within the 0 to 255 grey scale range, each filtered
pixel intensity is divided by a specified divisor value, then adds a specified
offset value. Any values that still fall outside of the range are clipped to 0 or
255 (9).

In these experiments, the Sobel Magnitude filter was used. The Sobel Mag-
nitude (SM) filter detects the magnitude of edges in an image using the
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Sobel North (SN) filter and the Sobel East (SE) filter. The SN filter detects
horizontal edges and the SE filter detects vertical edges (this filter uses a di-
visor value of 8 and an offset value of 128). The equivalent kernel matrix of
the SM filter may be represented as follows (note that this is not a matrix
addition, but a convolution operator):
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Fig. 3 demonstrates initial (raw) picture of the sample in the furnace similar
to these in Fig. 1, and the same picture after SM filter application, showing a
clear border between the specimen and the environment. This gives a pos-
sibility to exclude body points from the analysis and use automated edge/line
tracking and distance recognition features of the software.

Fig. 3. Raw specimen image (left) and the same image after processing
(right) before sintering.

This method was found especially useful at 800...1000°C, when radiation
from the specimen overlays with the radiation of the furnace tube. Then
"normal" image (black specimen on white background) changes to "nega-
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tive" (whiter specimen on grey or dark background). This has been reported
(10) to be a problem along with image "flickering", where repeatability of
±2.5 iim was obtained and reproducibility of length measurements for differ-
ent samples in different sintering experiments was about ±0.5 %.

It was, however, not the case in our experiments - all images were rather
clear without flickering and smoother transition between low and high tem-
peratures has been achieved. The reproducibility of length measurements in
recent experiments was ±0.15 %. Specimens after sintering were also meas-
ured with a digital micrometer, but these data were found to be of a little reli-
ability. Due to anisotropy of the sintering, differences in upper and lower di-
ameters were quite significant, so micrometer's rod was too large to be cor-
rectly applied.

4. Results of Sintering:

The example differences in the shrinkage could be visually seen in Fig. 4.

START = ?0*C

<-i3br

END - 20*C

n
Fig. 4. Overlaid images of a specimen,

demonstrating shape changes.

Here three pictures (initial
specimen, specimen at the be-
ginning of isothermal holding
and final shape after cooling)
are subtracted from each other
and the differences are en-
hanced by applying of the SM
filter. Subtracting images finds
differences in images by sub-
tracting the intensity values (at
each pixel location) in the source
image file from the correspond-
ing intensity values in the desti-
nation image.

The result is re-scaled to a 0 to
255 range by adding 255 to
each intensity and then dividing
by 2. One can see that initial
specimen shape was not a
straight cylinder and not a body
of revolution.
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During sintering, these features preserve and the height of the specimen
becomes anisotropic (smaller on the left side). Relative height changes of
these specimens are shown in Fig. 5 (for heating rate of 5 K/min). These
changes are similar to ones obtained by a contact dilatometry.

Specimens with higher cobalt content have higher expansion during heating
than of 6%Co but very close shrinkage to each other during isothermal
soaking at 1300°C. Axial shrinkage is also starting between 800...900°C
with the highest rate between 1100 and 1250°C. In all these cases shrinking
continues during cooling to which is a combined effect of both sintering and
thermal contraction (11). On the contrary, shrinkage differences during sin-
tering at 1350°C are significantly higher between these two materials. This
may lead to a conclusion that higher sintering temperature may result in
higher strain differences, which may impact on additional internal stresses,
and, possibly, lead to cracks.

Relative height
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Fig. 5. Axial shrinkage of Nanocarb WC-6%Co and 10% Co vs. sintering
temperature (HR = 5 K/min, on graphite substrate).
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Measurements of radial shrinkage are of the major interest of these experi-
ments because they are difficult to obtain by other techniques. As previously
reported the difference in shrinkage of upper and lower sides is mainly
caused by combined influence of gravity and friction between the specimen
and the substrate (11,12). The difference in diameters D-i (top) and D2

(bottom) was analysed for the different substrates (graphite and alumina)
and different sintering conditions (Fig. 6). When this ratio is greater than
unity, the specimen takes shape of a reverse cone, otherwise it transforms
to a normal cone (black marks on the Fig. 6).
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Fig. 6. Ratio of D^Da for sintering runs
(initial DilD2 was taken as unity; HR = 10 K/min).

The summary of specimen radial anisotropy may be expressed as follows
(for both heating rates 5 and 10 K/min) for the Fig. 7. Although there are
some oscillations, the final diameters ratio for WC-10%Co (1.02±0.02, i.e.
reverse cone) is higher than of WC-6%Co for a graphite substrate. On alu-
mina, the situation is reverse - specimens with 10%Co remain almost straight
(Fig. 7).
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This is believed to be an effect of larger shrinkage and different liquid phase
amount (and its interaction with the substrate) during sintering. It was ob-
served, that specimens sintered on graphite were slightly "stuck" to the sub-
strate which indicates some possible diffusion processes taken place. This
effect although rather small at short cylinders may be significant for another
geometry of the specimen.

Q

%Co

Substrate

Fig. 7. Variation of specimens anisotropy (D-,/D2 ratio) vs. substrate type and
cobalt content. Starting value of 0^62 = 1.

A comparison have been made between 6% and 10%Co specimens sintered
in the similar conditions to check whether the shrinkage values are different.
The changes in top and bottom diameters of the specimens have been
measured and compared. At the ramp, small differences are seen at the top,
but larger at the bottom of the specimens. Although little differences is ob-
served at 1300°C, at 1350°C specimens with 10%Co have a few percent
higher shrinkage in radial direction that the others.
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5. Computer simulations:

The simulation of sintering process was done for the same conditions as dila-
tometric experiments. Several assumptions were made to simplify the solver
construction. A straight cylindrical shape of the specimen 010 x 10 mm was
considered and its lower plane was supposed to be in full contact with the
substrate (vertical displacements are set to zero on this border). Calculations
were made according to the model, reported earlier (12) with the necessary
adjustments for viscosity and the grain growth for Nanocarb WC-6%Co mate-
rial. In addition, elastic contribution was calculated during cooling of the
specimen. This model was applied to get distribution of temperature, density,
strain rates and displacements, normal (radial and axial) stresses and shear
stresses (12,13).

Heat transfer was calculated using non-steady state with the Crank-
Nicholson method for time integration for the prescribed shape function. Cal-
culated temperature distribution within the specimen shows that difference
between the centre and outer surface could reach 15...30 K at the end of iso-
thermal holding (soaking).

Typical results are shown in Fig. 8, where density contours are shown for two
temperatures. For all cases displacements and velocity values have been
also obtained and the shape change have been computed.
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Fig. 8. Calculated density of WC-6%Co being sintered at 10 K/min to 1573 K
for temperatures 1311 K (a) and 1573 K (b), fraction of theoretical density.
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Calculated results for the displacements have been compared with the ex-
perimental results of dilatometer runs. Fig. 9 shows experimentally obtained
changes in upper (D-i) and lower (D2) diameters for sintering at 1300°C and
heating rate 10 K/min. One may see that calculations predict correctly the fi-
nal shrinkage as well as reverse cone shape of the specimen. Taking into
account, that all data including viscosity and grain growth have been ob-
tained from independent sources, the agreement is very good. The major dif-
ferences concern the densification on lower temperatures (800...1100°C) as
well as higher predicted density (99%) in comparison with experiment (-90-
95%).

1.02

1.00

0.98

0.96

0.94

0.92

0.90

0.88

0.86

D1, experiment
O D2, experiment

D1, calculation
—v••• D2, calculation

200 400 600 800 1000

Temperature, °C

1200 1400

Fig. 9. Relative diameter changes for experimental (graphite substrate) and
simulated (friction zero) sintering process (1300°C, 10 K/min, 30 min).

6. Conclusions:

Developed high-resolution optical dilatometry was successfully applied to
measure dimensional changes of homogeneous Nanocarb WC-6%Co speci-
mens during sintering. Results obtained confirm that sintering of even
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homogeneous specimens is not uniform. Dimensional changes of upper and
lower diameters depend on substrate selection and sintering parameters. Us-
ing alumina, a "reverse cone" shape with anisotropy of +3...4 % was re-
sulted, in comparison with ±0.5...1% on graphite substrate.

The difference in shrinkage kinetics vs. sintering temperature and heating
rate has been observed. The modelling of the sintering process for WC-
6%Co was performed and its results are generally in a good agreement with
dilatometric experiments. Some differences in densification kinetics in the
range of 800...1200°C are caused by viscosity equation, which has to be cor-
rected for a better fit. The stress analysis was also performed and the stress
distribution was calculated. This work is part of the project BE97-4176, sup-
ported by the European Commission under the contract BRPR-CT97-0505.
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