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Microstructure and scaling effects in the
damage of WC-Co alloys by single impacts of
hard particles

K. ANAND, H. CONRAD
Materials Science and Engineering Department, North Carolina Sate University, Raleigh,
North Carolina 27695-7907, USA

The size and nature of the craters produced by single impacts of angular Al,O; particles on
WC-Co alloys (6 to 50wt % Co) were investigated as a function of microstructure, impacting
particle size (63 to 405 um), velocity (35 to 93 msec™') and angle of impact (30 to 90°). In
general, the size of the craters increased with increase in particle size and velocity and with
cobalt content of the target. Two distinct types of behaviour occurred depending on the num-
ber of WC grains encompassed by the projected area of the crater. When the number was less
than 10, the crater was formed mainly by cracking of WC grains (brittle regime); when it was
more than 100, the crater resulted mainly from the plastic deformation of the binder phase
(ductile regime). The cracking of the WC grains in the brittle regime did not have the typical
appearance of either cone or lateral cracks. The behaviour in the ductile regime correlated
reasonably well with the model for plastic indentation; the derived work of plastic deformation
was, however, only about 10% of the initial kinetic energy of the impacting particle. Besides
the usual elastic effects, fragmentation of particles was considered to be responsible for a sig-
nificant fraction of the kinetic energy loss, The effects of microstructure of the target on the
crater size in the ductile regime was deduced to be mainly through its effect on the hardness,

which was given reasonably well by the Lee and Gurland relation.

1. Introduction

Because of their high hardness combined with some
ductility, cemented carbides find application where
resistance to wear and/or erosion is an important
consideration. Studies on the erosion of WC-Co
alloys by hard particles [1-5] show that depending on
the erosion conditions the behaviour may change
from one characteristic of a brittle material, where the
maximum erosion rate occurs at normal impact, to
one resembling a ductile material, where maximum
erosion rate occurs at an oblique angle [6]. The brittle
signature in WC-Co alloys was favoured by a larger
WC grain size and less severe erosion conditions
(smaller impacting particle size and/or velocity),
whereas the ductile signature was favoured by the
more severe erosion conditions and smaller WC grain
size. By independently altering the severity of the
erosion conditions or the WC grain size, the erosion
character for a given WC-Co alloy could be changed
from the brittle to the ductile type, or vice versa [5].
The interchangeability between the severity of the
erosion conditions and the WC grain size suggests an
influence of scaling between the impact damage zone
size and the microstructure of the WC-Co alloy.
Scaling effects have also been noted in microscopy
studies of the erosion damage of a number of metal
and ceramic systems [7-10]. However, up to now no
detailed quantitative study has been made on the
effects of scaling between the impact damage zone size
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and the microstructure size. The objective of the
present investigation was, therefore, to determine the
effects of impact conditions and microstructure on the
size of the craters produced by single impacts of hard
angular particles on WC-Co alloys and, in turn, the
effects of scaling on the size and nature of the resulting
damage. To this end, the size of the microconstituents
of the WC-Co alloys and the size of the impact craters
were measured employing special optical microscopy
(OM) and scanning electron microscopy (SEM) tech-
niques. The crater size and related damage were
considered in terms of: (a) the microstructure and
properties of the target, and (b) the impacting con-
ditions, i.e. the particle, size, velocity and angle of
impact. Throughout the investigation special atten-
tion was focused on the scaling between the crater size
and the microstructure (e.g. the WC grain size).

A comparison of the results obtained for steady-
state erosion produced by many impacts with those
obtained in the present investigation on single impacts
is the subject of a separate paper.

2. Experimental details

2.1. Target materials, microstructure and
hardness

2.1.1. Materials

Cemented WC-Co alloys with binder contents ranging

from 6 to 50 wt % (10.8 to 69.2 vol %) were employed

as the target materials; the specific compositions
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TABLE 1 Microstructural parameters of the cemented carbide alloys (all dimensions are in um,; letters refer to the speciment identifi-

cation codes)

Microstructure 6wt % Co 10wt % Co 15wt % Co 20wt % Co S0wt % Co
Parameters

A B C D E KS LA LB GS
Intercept 0.57 1.10 3.25 0.49 1.40 2.23 0.63 1.84 0.42
diameter (dyc)
Area (Ayc) 0.35 1.12 8.65 0.34 1.84 5.7 0.50 3.35 0.54
Maximum 0.83 1.47 4.01 0.85 1.80 3.30 1.06 2.84 [.19
diameter (g
Shape factor 0.79 0.79 0.77 0.70 0.80 0.76 0.67 0.63 0.68
(wc)*
Binder volume 0.108 0.108 0.106 0.163 0.163 0.236 0.306 0.306 0.692
fraction (f¢,)
Binder mean 0.08 0.11 0.35 0.13 0.28 0.69 0.28 0.81 0.92
free path (1c,)t
Binder mean 0.23 0.35 0.94 0.32 0.62 1.68 0.52 1.26 1.42
free path (A5,
Contiguity (C) 0.65 0.69 0.63 0.59 0.55 0.59 0.46 0.36 0.35

*Shape factor dyc = 4n (area)/(perimeter)*.

2, is the binder mean free path assuming the presence of a thin film of the binder between WC-WC interfaces, and is given by

Aoy = dwcfc(,/(l — feo)-

UEO is the binder mean free path assuming that there is no thin film of the binder between the contiguous WC-WC interfaces, and is given

by Aco = dwefool(1 — feo X1 — O]

are given in Table I. The alloys containing 6 to
20wt % binder were commercial alloys obtained
from Kennametal Corporation, Greensburg, Pennsyl-
vania; the alloy containing 50 wt % binder was obtained
from Dr J Gurland of Brown University.

2.1.2. Microstructure

The microstructures of the alloys were established by
sequentially polishing specimens from initial rough
grinding with a 30 yum diamond-bonded disc to a final
finish using 0.25 yum diamond paste and then etching
with Murakami’s etchant containing 10g KOH and
10 g K;Fe(CN), in 100 ml H,O, followed by a second
etchant containing 4 ml HCI, 0.3 ml H,0,, 8 m! H,O in
100 ml CH;OH. The etched specimens were examined
and photographed using SEM.

Microstructure size and shape parameters listed in
Table I were determined from enlarged scanning elec-
tron micrographs (SEMs) using the following pro-
cedures. The binder volume fraction, f.,, the binder
mean free path, Ac, or A, the mean linear intercept
WC grain size dyc, and the WC grain contiguity, C,
were determined using the line-intercept method of
Lee and Gurland [11]. The mean maximum WC grain
diameter dip, the mean WC grain area, Ay, and the
mean WC grain shape factor, dyc, were determined
from the SEMs using an Apple Graphics Tablet inter-
faced with an Apple II-plus computer and a special
software package provided by Hare and Russ [12].
The outline of every WC grain in an enlarged SEM
was traced with the graphic tablet’s pen and the infor-
mation fed into the computer, which recorded into
sequential text files the perimeter, area, maximum
diameter and shape factor for each WC grain. The
data were subsequently recalled for statistical analysis
using the software package.

The distributions of the parameters were in all
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cases approximately log-normal; their mean values are
given in Table L.

2.1.3. Hardness

Vickers microhardness tests with loads of 100, 250 and
500 g were conducted on specimen surfaces prepared
by grinding and polishing in the manner described
above for the microstructure determinations. These
loads produced impressions which were similar in size
to the impact craters to be considered below. The
average Vickers hardness, H,, of about 10 tests on
each specimen at each load are given in Table 1I. To
be noted is that H, decreases with increase in load.
This is in accord with a more detailed study by Conrad,
et al. [13] of the effect of applied load on the hard-
ness of a WC-6wt % Co alloy (dwc = 0.59 um) in
which the hardness decreased by 8% as the load was
increased from 0.1 to 40 kg. Also worthy of mention,
because it relates to the size of the impact craters to be
discussed below, is that the number of WC grains
encompassed by the projected area of the hardness
impressions at the 100 to 500 g loads ranged between
approximately 50 and 1000 for the materials considered
here.

2.2. Impact conditions

Prior to impacting, the surfaces of the WC-Co alloy
targets were ground and polished to a mirror finish
using either 1um diamond paste (observation by
OM) or 0.25um diamond paste (observation by
SEM). They were then impacted with a small, con-
trolled amount (0.025g) of alumina particles at a
fixed velocity, v (35 to 93msec™') and impact angle,
o (30° to 90°) using an air-stream erosion system
[14] with the paddle-wheel method [15] to calibrate
the particle velocity. The number of particles em-
ployed was established by trial to give as large a



TABLE II Vickers hardness and projected area of the impression as a function of load, P

Specimen Jeo Awe P =100g P = 250¢g P =500g
() a* H,T 4, H, 4, H,

(um?) (GPa) (um?) (GPa) (um?) (GPa)
A 0.11 0.35 45 20.15 120 18.92 251 18.07
B 0.11 1.12 55 16.49 144 15.73 287 15.79
C 0.11 8.65 65 13.97 187 12.15 3184 11.84
D 0.16 0.34 54 16.98 144 15.73 281 16.19
E 0.16 1.84 109 8.35 246 9.24 320 14.19
KS 0.24 5.70 72 12.61 181 12.57 430 10.55
LA 0.31 0.50 83 10.92 227 10.00 462 9.83
LB 0.31 3.35 100 9.05 254 8.95 450 10.09
GS 0.69 0.64 102 8.89 288 7.90 578 7.86
Co 1.0 - 364 2.49 970 2.34 2116 2.15

* A, = projected area of hardness impression.
= static Vickers hardness.

=
|

number of craters as possible with only an occasional = nature and geometry of the impact craters. OM was
overlapping. employed to obtain a statistical measure of the size

The alumina particles of grit sizes from 60 to 240  (projected area onto the surface) of a large number of
were purchased from the Norton Company. They  impact craters. Use of SEM at the low magnifications
were angular in shape (similar to those in [16]) and are  required for these statistical measurements was unsat-
estimated to have a Vickers hardness of ~20GPaand  isfactory due to a lack of contrast between the crater
a density of 3.9 gem ™. A detailed statistical analysis  and the neighbouring surface. SEM was, however,
of the size and shape of the particles was performed [17]  used to determine the projected area and depth of

using a computerized image analysis [18] on photo-  some clearly defined craters (from which their volume
graphs taken of a dispersion of the particles on a glass  and surface area were derived). Details regarding the
slide. The size distribution was approximately log-  two (OM and SEM) methods of measurement will

normal for each grit size. A summary of the results of  now be given.

the analysis of the size and shape of the particles is

given in Table III. Unless stated otherwise, the particle ~ 2.3.7. Optical microscopy (OM)

size given in the remainder of the text will be the mean measurements

equivalent spherical diameter, D. The values of D for ~ Examples of the impact craters observed by optical

the grit sizes employed in this investigation ranged  microscopy (using polarized light and Zemarsky con-

from 63 to 405 um. trast) are given in Fig. 1. The size of each crater was
It was found that some fragmentation of the  determined from enlarged optical micrographs by trac-

alumina particles occurred upon impact during  ingits perimeter using the Apple Graphics Tablet inter-

steady-state erosion, the amount increasing with  faced with the Apple IT-Plus computer mentioned above,

increase in particle size and velocity [14]. The amount  which recorded the perimeter, area and shape factor of

of fragmentation was essentially nil at the velocities  the impression. About 150 to 200 craters were measured

considered here for the 63 um particles, but became as for each impact condition, care being taken to avoid

high as 19% for 270 um particles impacting the sur-  overlapping craters. It was found that the average

face at 93 msec™!. projected area, A4, of the craters became fairly constant

after about 25 to 50 measurements. Thus, the results
2.3. Measurements on impact craters based on the measurements of 150 to 200 craters were
Both OM and SEM were employed to determine the  deemed to be representative of the overall population.

TABLE III Size and shape of the impacting alumina particles (all sizes are in um and are mean values)

Grit Mfg. (Norton) DpT D} DS Dl Form factor Elong. ratio*¥,
no. particle size, D* 1, o¢ E.R.

240 63 52(£14) 54 (4 15) 62 40(+19) 0.715(£0.102) 1.50(40.29)
120 143 149 (£ 43) 153 (+45) 179 105(+ 46) 0.716 (£ 0.108) 1.53(£0.32)
80 270 269 (£40) 275(£32) 320 196 (1+82) 0.718 (£ 0.093) 1.53(£0.33)
60 405 - - - - - -

*D (equivalent spherical diameter): diameter of a sphere having the same volume as the particle.

TDp = (44/n)'? (projected area diameter): diameter of a circle having the same area as the projected area A of the particle.

ID, = (LB*)'? (equivalent spherical diameter): diameter of the sphere having the same volume as the elipsoid whose major axis is the
maximum Feret’s diameter, L, and whose minor axis is the minimum Feret’s diameter, B.

§DC = Perimeter/n (perimeter diameter): diameter of a circle having the same perimeter as the projected outline of the particle.

Il D, (sector diameter): length of an intercepted line of the projected particle.

96, = 4n Af(perimeter)’ measures deviation from circular form, e.g. §; = 1.0 for circle, 0.785 for square and 0.605 for triangle.

**E.R. = L/B (elongation ratio).
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Figure 1 Optical micrographs of impact craters in the following materials: (a) WC-6 wt.% Co, dyc = 0.57 um, and (b) pure cobalt. Impact

conditions: D = 270um, v = S0msec™! and o = 90°.

2.3.2. Scanning electron microscopy (SEM)
measurements

The depths at various locations of a given crater
were determined from SEMs taken at two tilt angles
(0° and 20°) with respect to the electron beam [19]. The
tilt axis was chosen such that the crater was displaced
in the Z- and Y-direction (Fig. 2), but not in the
X-direction. Upon tilting, the specimen moved in the
Z-direction, thereby changing the working distance in
the SEM and causing the image to become out of
focus. Refocusing was accomplished by using the Z-
control knob without changing the clectron optics or
the magnification. As the specimen stage was not
eccentric, the image also moved in the Y-direction.
The selected crater was then brought back into the
field of view by translating the image in the Y-direction.
The crater depth was determined by measuring the
relative shifts of discernable features with respect to
reference points far from the crater. The depth, 4,
was calculated using the following equation based on
Fig. 2 [19]

h = (dicos ¢ — d,))/sin ¢ (N

At least 50 to 60 different features were chosen within
a crater and their respective depths determined. The
data were stored in a microcomputer and computations
made using the software developed by Russ and Hare
[20] to yield the corresponding computer-generated
contour map, the crater surface area and the crater

Y4——I
l‘—— dz——’l X
z
: 3 R

A

P
Figure 2 Geometry relating to the determination of the crater depth.
d, is the distance between the reference point R some distance from
the crater and a discernable feature A within the crater. d, is the
distance of the same feature after a tilt of ¢ degrees. The Y- and
Z-directions are in the plane of the paper, while the X-direction is
normal to this plane. The reference point is chosen such that the line
joining R and A is perpendicular to the XZ reference plane.
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volume. The contour maps indicated that the material
displacement was in general not uniform, but rather
contained localized regions of intense deformation.
Measurements were made on about 25 craters for each
test condition to obtain the average crater surface
area, A,, and volume, V. Further, the projected area,
A,, of each of the craters was determined from the
SEMs using the graphics tablet. Reasonable accord
(+10%) existed between the value of the projected
area of a given crater determined by SEM and that by
OM, providing confidence in the OM measurements.

3. Results

3.1. Impact crater shape and size

3.1.1. Projected area (OM)

The projected areas of the craters had shape factors,
d,, of 0.4 to 0.6, which were in general lower for the
larger craters. They tended to be slightly elongated
with an average aspect ratio of 1.25. The distribution
of crater areas was strongly skewed towards the smaller
sizes compared to the distribution of the impacting
particle sizes; see Fig. 3. Plotted here are the normal-
ized frequencies, f/f,.., for both (a) the normalized
impact areas 4,/A4;"*, and (b) the normalized particle
sizes, D/D,,,,, for impacts of 80 grit Al,O, particles
(D, = 125 to 400 um) on the WC-6wt % Co alloy
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Figure 3 Comparison of the distribution of impact crater areas on
specimen A (fg, = 0.11, Ayc = 0.35 um?) with the distribution of
the impacting particle sizes for 80 grit alumina powder
(D = 270 ym). Impact conditions: v = 50msec™', a = 90°
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Figure 4 Log-log plots of mean projected impact area, 4, against
particle velocity v for two WC-6wt% Co alloys representing
extremes in WC grain size (Adye = 0.35 and 8.65um?). Impact
conditions D = 143 um, oo = 90°.

with Awe = 0.35(mm)*. Evident in Fig. 3 is a wide
distribution of impact areas, but having no direct cor-
relation with the impacting particle size distrbution.
To check further whether or not there existed any
direct correlation between the distribution of crater
areas and the impacting particle sizes, a further classi-
fication of the 80 grit particles was carried out employ-
ing a series of standard ASTM sieves to yield particles
whose sieve sizes, Dg,,., now ranged between 210 and
246 um compared to the sieve sizes of 98 to 246 um of
the original Al,O; powder. No significant change in
the impact crater area distribution resulted for this
more restricted distribution of impacting particle
sizes. It was therefore concluded that the size distri-
bution of the impact craters for a given particle size
resulted mainly from the variation in orientation of
the impacting particles as they struck the surface
and their subsequent response, which consisted of
rotation and skidding of the particle at the surface,
and possible fragmentation. In the discussion to follow,
the mean value of the projected area, A4,, will be
considered unless stated otherwise.

It was found that 4, increased with increase in
particle size, D, and velocity, v, and with increase in
cobalt-content; see Figs 4 to 6. A reasonable fit to a
straight line is indicated in the log-log plot (Fig. 4)
of A4, against v for the two WC-6wt % Co alloys
representing extremes in the WC grain size, yielding

_ )
4, = po (2)
300
200 +
&
[ 4
=
a
< 100 -
0 S —
0 100 200 300 400

D {pm)

500

with b = 5/4. B depends on the WC grain size (and
presumably the cobalt content). In Fig. 5, 4, increases
in a linear fashion with D. Extrapolation of the
straight line to the abscissa gives D, = 50 um as the
limiting particle size which will produce an impact
crater for the given test conditions. Taking the aver-
age linear size of the crater d, = A,/*, one obtains that
the ratio d,/D ~ 0.04 from the results in Fig. 5. In
Fig. 6 it is seen that 4, increases in an approximately
linear manner with the binder volume fraction.

The effect of WC grain size on A4, (Fig. 7) is not
as straightforward as for the parameters considered
above. It is here seen that A, tends to go through
amaximum at Ay =~ 1.1 um?. As will become evident
below, this behaviour results from the effect of scaling
between the crater size and the WC grain size on the
nature of the impact damage mechanism. An increase
in A, with increase in Awc occurs when the scaling
ratio A,/Awc is =50, whereas the lower values of 4,
at the largest WC grain size are associated with a
scaling ratio < 10.

The effect of impact angle, « is shown in Fig. §. In
this case 4, goes through a maximum at « = 50°. It
was found that the angle at which 4, was a maximum
depended on the number of WC grains encompassed
by the projected area of the crater, i.e. by the ratio
A,/ Awc. When A4, /Ay was < 10, the maximum value
of A, occurred at a = 90°. As the ratio increased
above 10, the angle at which the maximum in 4,
occurred decreased becoming ~ 45° when A, /A was
> 200.

3.1.2. Projected area, surface area and
volume (SEM)

The mean values of the actual crater surface are, A,
and the crater volume, V, derived by computer analy-
sis of the crater depth, 4, measurements are given in
Table 1V; also included are the mean projected
areas, 4,, determined from the SEMs. A plot of V
against A, for individual craters on two alloys of
nearly the same WC grain size but differing in cobalt
content is presented in Fig. 9. The data fit a straight
line through the origin, giving

Vo= kAP 3)

with x = 0.069. The exponent 3/2 is in accord with

expectations based on a simple geometric form.
Examples of the two extremes in the type of damage

produced by the single particle impacts are given in

Figure 5 Mean projected impact are, 4, plotted against
particle size D, for the WC-6wt % Co alloy of inter-
mediate WC grain size (dye = 1.1pm?*). Impact con-
ditions: v = 50msec™', o = 90°.
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Figure 6 Variation of mean projected area, 4,,, with cobalt content
for the WC-Co alloys with 4y = 0.35 to 0.50 yum?. Impact con-
ditions: D = 143 and 270 um, v = 50msec™ ', a = 90°.

Figs 10 and 11. The type of damage illustrated in
Fig. 10 (here termed Type I) occurred when the impact
crater encompassed only a few (at most 10) WC
grains, i.e. A,/Awc < 10. Evident is cracking and
crushing of the brittle WC grains. Debonding of the
WC grains along their contiguous boundaries and at
the cobalt matrix interface also occurred in some
cases. These damage features (i.e. cracking, crushing
and debonding) occurred very frequently at the WC
grain edges and corners, similar to the situation in
Fig. 10. The impact craters did not exhibit the usual
features characteristic of cone cracks or lateral cracks,
which are generally observed for the impact of single-
phase brittle materials [9, 10].

Fig. 11 shows the type of damage (termed Type II)
produced when the impact crater encompasses 100 or
more WC grains, i.e. 4,/Awc > 100. In this case the
crater resembles that observed for the impact of duc-
tile materials, being characterized by appreciable
plastic deformation with the formation of ridges and
lips at the crater edges. The plastic deformation has
mainly occurred in the binder phase, the WC grains
remaining relatively intact. The ductile character of
the crater for the condition when 4,/4wc > 100 was
especially evident for oblique impact; see Fig. 12.

When the crater encompassed an intermediate num-
ber of WC grains (i.e. ~10 < A,/Ayc < 100), the
damage consisted of a mixture of Types I and II; see
for example Fig. 13. The degree of the ductile-type
damage features in such cases increased with the num-
ber of WC grains encompassed, i.e. with increase in
the ratio 4,/Aywc.

The micrographs of Figs 10 to 13 are for impacts
on 6wt% Co alloys. Similar damage features and
behaviour were noted for the alloys with higher cobalt
contents. However, at intermediate values of 4,/4wc,

300
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__ 200 A
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3— 4
a
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Figure 7 Mean projected impact area, 4, plotied against the mean
WC grain area Ay, of the WC-6 wt % Co alloys as a function of the
impact conditions, v = 50msec™', « = 90°,

more cracking of the WC grains generally occurred as
the cobalt content increased, especially near the edges
of the crater; see for example Fig. 14. This increased
cracking probably résuited from the fact that for given
impact conditions the crater became deeper with
increase in cobalt content, representing a larger
amount of plastic deformation of the binder phase
and in turn a greater stress on the WC grains.

4. Discussion

The results presented above indicate that the single-
particle impact damage of WC-Co alloys can be
classified into two principal regimes based on scal-
ing between the crater size and the WC grain size:
Regime I, where the crater encompasses less than
about 10 WC grains and the damage is of a brittle
type, and Regime II, where the crater encompasses
more than about 100 WC grains and the damage is of
a ductile type. Because the nature of the damage
differs markedly in the two regimes, the discussion to
follow will consider each regime separately.

4.1. Brittle behaviour (Regime I)
As mentioned above, the damage in this scaling
regime consists mainly of the crushing and cracking of
the WC grains, the appearance of the cracks differing
from that normally associated with either cone or
lateral cracks. The projected area of the crater in this
regime increased with particle velocity (see specimen
with Ayc = 8.65 um? in Fig. 4) and its maximum value
as a function of impact angle occurred at o = 90°.
Taking the average linear dimension of the crater, d,,
equal to A% and inserting into Equation 2, one
obtains 58

d, c v )

The value of the exponent in Equation 4 is smaller

TABLE IV Mean values of the projected area, 4,, the depth, A, actual surface area, 4;, and the volume, V, of impact craters
determined by SEM for two WC~Co alloys. Impact conditions: D = 270 um, v = 50msec™', « = 90°

Specimen Jeo dyc Awe h A, A, 14 hidyc Ay Awe
(um) (m?) (um) (um®) (um?) (pum’)

A 0.11 0.57 0.35 1.15 114 127 123 2.02 326

D 0.16 0.49 0.34 1.75 298 358 368 3.57 876
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Figure 8 Mean projected impact area, 4,, plotted against impact
angle o for the WC-6 wt % Co alloy with Ay = 0.35 um?. Impact
conditions: D = 270um, v = 50msec™'. Specimen A.

than that (4/5) predicted for the effect of particle
velocity on the radius of a Hertzian cone crack [21, 22]
or those (8/9 to 2) for the radial crack length in
elastic-plastic indentation fracture of brittle materials
[23-25].

4.2. Ductile behaviour (Regime 1)

As the impact craters in this scaling regime resemble
those for ductile materials, it seems reasonable to
consider the results in terms of the impact of a massive
ductile target by a rigid projectile. Providing that the
projectible does not deform or fracture, and neglect-
ing any elastic effects, one obtains [26-28]

pV = mo')2 (5)

where p is the pressure acting uniformily over the
contact area, V' the volume of the resulting crater,
m = (nD"g/6) the mass of the impacting particle with
density, g, and whose velocity is ». In Equation 5 the
kinetic energy, U, of the particle is equated to the
work, W, involved in forming the crater. For the case
where a significant fraction, /, of W is associated with
plastic deformation, one can take p equal to the hard-
ness, H,. Further, since it was found in the present

2000

1000 -

V (um®)

oL T . —
0 10000 20000

Ap"s (p.mz ) 1.5

Figure 9 Crater volume, ¥, plotted against projected area, 4, (both
determined by SEM) for impact on two WC-Co alloys (6% and
10% wt Co) with Ay ~ 0.3 um®. Impact conditions: D = 270 um,
v = S0msec™', & = 90°.
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Figure 10 Nature of the impact damage in a WC-6wt % Co alloy
with Ayc = 8.65 um” when the projected area of the crater is of the
order of the WC grain area. Impact conditions: D = 63 um,
v = 50msec”™’, a = 90°.

study that ¥ = «x4)?, Equation 5 yields
A, = (froD*o*/12cH, )" 6)

Hence, a log-log plot of A4, against the quantity
(D*v*/H,) should yield a straight line of slope 2/3.
Such a plot is given in Fig. 15 for all the measurements
of A, (impact conditions: D = 143 and 270 um,
v = 50and 93msec™', o = 90°) and taking H, equal
to the Vickers hardness at the 250 g load. As shown in
Fig. 15, at this load the projected areas of the hard-
ness impressions A,, are intermediate compared to
those of the impact craters. Also to be noted is that
the data points for the most part cluster about two
parallel straight lines with slope 2/3. The results for
Ay/Awe < 10 lie on the lower line; while those for
A,/ Awe > 100 fall mainly on the upper line. In the
latter case, those data points which fall below the
upper line were generally obtained for the larger
(D = 270 um) particles at the higher velocities.
Taking ¢ = 3.9gem™ and ¥ = 0.069 (from Fig. 9),
one obtains /' = 0.09 for the upper straight line in
Fig. 15 and /' = 0.01 for the lower line. The low value

2019

15KY

Figure 11 Nature of the impact damage in a WC-6 wt % Co alloy
with Ayc = 1.12um”> when the projected area of the crater
encompasses more than 100 WC grains. Impact conditions:
D = 405um, v = 50msec™", o = 90°.
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Figure 12 Nature of the damage for an oblique impact angie in a
WC-6wt % Co alloy with Ay = 0.35 um® when the projected area
of the crater encompasses more than 100 WC grains. Impact con-
ditions: D = 405um, v = S0msec™!, « = 40°.

of f for the lower line was not surprising, because the
data points giving this line are for impact conditions
where brittle fracture of the WC grains was the
dominant damage mechanism. Equation 6 was not
expected to apply to this regime, and hence the fit
of the data to a straight line of slope 2/3 may be
fortuitous. The value of f = 0.09 obtained for the
ductile-type crater is, however, smaller than expected
for the impact of ductile targets by rigid projectiles,
where it is generally assumed thatf ~ 0.9 [27]. A 10%
loss in kinetic energy is considered to result from
three elastic phenomena: (a) kinetic energy of the
rebounding particle (1 to 10% loss) [29-31], (b) elastic
vibrations in the particle (a small amount) [27], and
(c) the elastic wave field propagating into the target
(1 to 5%) [27]. The kinetic energy of the rebounding
particle may amount to somewhat more than the 1 to
10% loss indicated above, if an appreciable increase in
its rotational velocity occurs following impact. For
example, Hutchings [32] reported for the oblique
impact of metals by square plates that the rotational
energy after impact represented S to 20% of the initial
kinetic energy. Hence, a liberal estimate of the energy

2005 ZpKv

loss due to all elastic phenomena could be as high as
7 to 35% of the initial kinetic energy.

Additional factors which could lead to a lower value
of fin Equation 6 are: (a) fragmentation of the par-
ticles upon impact, (b) cracking and debonding of the
WC grains and (c) an effect of strain rate on hardness.
The magnitude of these factors will now be considered
in the order in which they are listed. As mentioned
above, fragmentation of the impacting particles was
observed in steady-state erosion tests on WC-Co
alloys [14], the degreee of fragmentation increasing
with increase in particle size and velocity, becoming
about 20% for 270 um particles at a velocity of
93msec™'. Also, in the study [14] of the influence of
the impacting particle flux on the steady-state erosion
of aluminium 1018 steel and WC-6 wt % Co alloys it
appeared that fragmentation of the particles may have
influenced their rebound characteristics. Further, the
fact that the anomalously low values of 4, in Fig. 15
occurred for the larger particles and higher velocities
suggests that fragmentation may have been a con-
tributing factor.

Fragmentation of the impacting particles can lead
to two modes of energy loss: (a) that due to the result-
ing increase in surface area of the fragmented particles
and (b) that due to the kinetic energy of the scattered
fragments. A rough estimate of the energy due to the
increase in surface energy can be obtained if we
assume that the particles are cubes before and after
fracture and that their size distribution remains con-
stant. Making these assumptions, it can be shown that
the fraction of the initial kinetic energy, U, consumed
in creating new surfaces due to cleavage is given by

Ady, 120 - a)/aly,

U - Dov? (7)

ov

where A4, is the increase in surface area by cleavage
of a particle whose surface energy is y, and a = D,/D
is the ratio of the average size, D,, of a particle after
impact to that, D, before. Taking the reasonable values
a=09,v = 2000ergcm™*, D = 143um and v =
50msec™!, we obtain f (cleavage) = 0.002, which
is insignificant. If fragmentation occurs by crushing
[33, 34] rather than simple cleavage, a significantly

f(cleavage) =

Eiﬂa

LA

’$

20KV

1001

Figure 13 Nature of the impact damage in WC-6 wt % Co alloys when the projected area of the crater encompasses between 10 and 100 WC
grains. (a) Aye = 0.35um?, D = 63pm, v = 75msec™', « = 90° and (b) Ay = 8.65 um?, D = 270um, v = 93msec™!, a = 90°
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Figure 14 Nature of the impact damage in a WC-20wt % Co alloy
with Aye = 3.3 um’ and the ratio 4,/4yc = 30. Note cracking of
the WC grains near the edge of the crater. Impact conditions:
D = 270 um, v = S0msec™' and o = 90°.

larger increase in surface area would occur and in turn
the value of f might conceivably reach 2% or more.

It has been observed [33-35] that when a particle
fragments upon impact there occurs a stream of fine
debris which radiates from the impact site at velocities
ranging from 0.3 to 4 times the initial particle velocity.
It is easily shown that the ratio of the kinetic energy of
the stream of fragments, Up,,, to the initial kinetic
energy, U, i1s given by

(]frag/U = (1 - a3)b2 (8)

where a = D,/D defined above b = v, /v is the ratio
of the velocity of the fragments, vy,,, to the initial
particle velocity, v. Taking a = 0.9 and b = 1, we
obtain U, /U = 0.27, which amounts to a significant

3

energy loss. Appreciably higher or lower values for
this energy loss ratio can result, depending on the
values of @ and b.

Turning our attention to the target, some energy
loss in addition to that associated with plastic defor-
mation can occur as a result of the cracking and
debonding of the WC grains. The magnitude of this
loss is expected to be small (at most 1%), in view of
the small amounts of cracking and bonding actually
observed in the ductile regime.

The value of the hardness employed in Equation 6
is the static hardness obtained at a plastic rate of
about 107?sec™'. In impact tests of the type con-
sidered here the strain rate is estimated to be 10° to
107 sec ™' [36-38]. The dynamic hardness of metals at
these high strain rates has been found to be higher by
10 to 100% over the static hardness [38-41]. An esti-
mate of the increase in the hardness of the WC-Co
alloys which occurs as a result of the increased strain
rate upon impact can be made based on data by
Schenck et al. [42] on the effect of strain rate, é on the
flow stress, ¢ of WC-6 wt % Co alloys. They found for
their alloys that the activation volume V*, given by

V* = 2kT (9 In /o) ©)

was relatively constant at high stresses, being
~ 107 em®. k is Boltzmann’s constant T the absolute
temperature. Rearranging Equation 9 and taking
H, = 30 [26, 27], one obtains

AH=3AO:M

: = (10)

where ¢ is the plastic strain rate at impact and & that
during a static hardness test. Taking 7' = 300K, & =
10%sec™", & = 107 %sec ! and V* = 107 cm®, we
obtain AH, = 3.1 GPa for the increase in hardness of
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Figure 15 Log-log plot of 4, against the parameter D’¢*/H,, for WC-Co. Impact conditions: D = 143 and 270 um, v = 50 and 93 msec™!,

o = 90°
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Figure 16 The ratio of p/H, plotted against the
initial particle size, D, as a function of initial velocity,
v for the dutile regime, for WC-Co, 4,/Awc > 100,
4 o =90%(@)v = SOmsec™', (b) v = Bmsec".
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the WC-Co alloys due to the increased strain rate at
impact. This increase in hardness leads to an increase
in f of Equation 6 from 0.09 to 0.10-0.12 depending
on the static hardness.

Based on the above considerations, we have made
estimates of the fraction of the initial kinetic energy
consumed by the various processes which occur
during impact; these estimates are given in Table V.
The fact that the sum of the fractions amounts to 0.62
rather than unity suggests that we may have under-
estimated the energy consumed by one or more of the
processes. The value of 0.62, is however, sufficiently
high to support Equation 6 as a reasonable description
for the formation of the ductile-type craters in WC-Co
alloys.

Another approach to evaluating the experimental
results is to compare the derived value of the dynamic
flow pressure, p, with the measured static Vickers
hardness, H,, similar to Rickerby and Macmillan
[28, 38]. The values of p were therefore calculated from
Equation 5 by taking ¥ = 0.069 4. The ratio p/H,
obtained thereby is plotted against the initial particle
size, D, at two initial velocities, v, in Fig. 16. The
individual data points for a given D each represent a
separate alloy. To be noted is that the ratio p/H,
increases with D and v over the range considered. No
clear effect of WC grain size or cobalt content on p/H,
could be ascertained within the scatter of the data. The
value of p/H, at D = 143 um is ~ 11, which is in
accord with f = 0.09 (~ H,/p) derived from Fig. 15,
indicating consistency in the analyses. The marked
increase in the ratio p/H, with D and v supports the
idea proposed above that a significant fraction of the
initial kinetic energy of the particle may be consumed
in its fragmentation. Worthy of mention is that the

TABLE V Estimate of the fractions of the initial kinetic energy
consumed by the various processes which occur during impact of
the WC—Co alloys in the ductile regime

Process Fraction of initial
kinetic energy

Dynamic plastic deformation 0.11

Cracking and debonding of WC grains 0.01

Elastic phenomena 0.20

Fragmentation of particlés 0.30

Total sum 0.62
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value of 11 for the ratio p/H, obtained here for the
impact of WC-Co alloys by small angular particles is
somewhat higher than the values of 1 to 5 obtained by
Rickerby and Macmillan [28, 38] for the impact of
aluminium, nickel, MgO and LiF single crystals and
aluminium polycrystals by spherical steel and WC-
6wt % Co particles of ~1.58 um diameter, for which
no fragmentation was indicated.

Finally, of interest is the effect of target micro-
structure on the hardness of Wc—Co alloys were
above analysis leads to the conclusion that the major
effect of the microstructure on the crater size is
through its influence on the hardness H, in Equation 6.
Therefore, three correlations of the effects of micro-
structure on the hardness of Wc-Co alloys were
considered: (a) that of Lee and Gurland [11], (b) that
of Chermant and Osterstock [43] and (c) that of Laugier
[44]. Appropriate plots were made to check each of
these correlations for the three hardness test loads
employed here and the correlation coefficient of the
best fit line for each relation was determined. The
correlation coefficient (CC) ranged between 0.76 to
0.96 (see Table VI), increasing with increase in test
load and by taking the contiguity C = 0 rather than
the measured value given in Table 1. The best corre-
lation at all three test loads was for the Lee and
Gurland [11] relation, which gave a CC of 0.88 for
the 100 g load and 0.96 for the 500 g load assuming
C = 0. Only slightly lower values of the CC (0.87 to
0.95) were obtained by taking the contiguity, C, equal
to those listed in Table I. Thus, a reasonable descrip-
tion of the effect of microstructure on the impact
crater size is obtained by substituting the Lee and
Gurland [11] relation for H, in Equation 6.

5. Conclusion
The following is a summary of the results obtained in
this investigation and the conclusions derived.

1. In general, the size of the impact crater increased
with impacting particle size and velocity and with the
cobalt content of the target.

2. Two distinct types of behaviour occurred,
depending on the number of WC grains encompassed
by the projected area of the crater. When the number
of WC grains encompassed was < 10, the crater
formed mainly by the cracking of WC grains; when



TABLE VI Correlation of measured static hardness values of the WC-Co alloys with predictions

Reference Equation Contiguity, Correlation Coeflicient (Vickers
C Hardness Test Load)
100g 250g 500g
Lee and Gurland [I1] H, = Hyc fwe + Heo(1 — Measured 0.87 0.90 0.95
SwcO)*
0 0.88 0.92 0.96
Chermant and H, = Aig)"? Measured 0.79 0.81 0.90
Osterstock [43] 0 0.87 0.89 0.95
Laugier [44] H, = Al5)"? Measured 0.76 0.78 0.88
0 0.85 0.87 0.94

*Hye = 1382 + 23.1 dwd? (kgmm™2). He, = 304 + 12.7 A5} (kgmm™2).

¥ Given in Table 1.

the number was > 100 the crater resulted mainly from
the plastic deformation of the binder.

3. The detailed mechanism of the cracking of the
WC grains in the brittle regime was not clear; the
cracks did not have the features normally associated
with either simple cone cracks or lateral cracks.

4. The results for the ductile regime correlated
reasonably well with the model for plastic indentation.
However, the calculated energy consumed in the plas-
tic deformation amounted to only about 10% of the
initial kinetic energy of the impacting particle.

5. Besides the usual elastic effects, fragmentation of
the impacting particles was concluded to represent a
significant fraction of the energy loss, especially for
the larger particles and higher velocities.

6. The effects of microstructure of the target on the
crater size in the ductile regime was deduced to be
mainly through its effect on the hardness, which was
found to be given reasonably well by the Lee and
Gurland relation.
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