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ABSTRACT

Different views exist on the influence of surface preparation on crack
formation at Vickers indentations in the test used by Palmgvist [3-7] to
evaluate the toughness of cemented carbides. The present experimental
results clearly show that grinding diminishes the thermal tensile stresses
in the cobalt phase and thus reduces the crack length. The deformed surface
layer is removed by polishing and a stress pattern is approached corresponding
to that in the bulk material. Cracks of maximum length are characteristic of
this stress state. Deformation stresses can be removed by annealing above
800°C. On the basis of these results, sample preparation for the crack length
test can be simplified, the accuracy of measurement is improved and a simple

and significant parameter is found to describe crack resistance of cemented

carbides.




1. INTRODUCTION

Following suggestions by Amman and Hinniiber [1,2], Palmqvist [3-7]
developed a method for testing the toughness of cemented carbides using as
a measure the crack length at corners of Vickers hardness indentations.

This method has several advantages over the bend test commonly used in carbide
technology:

a) Specially formed samples are unnecessary,

b) Sufficient information can be obtained from one sample,

c) The scatter is relatively small,

d) The range of actual values for commerci;l cutting alloys is wide.
Thus, this test is both cheaper and more precise than the beﬁd:tesf.
Nevertheless, Palmqvist's method is not widely used, mainly for two reasons:

a) The relationship between crack length and the technélégiéal properties

of the material (wear and shock resistance) are not clear.

- b) The crack length is strongly dependent on surface treatment. It is
necessary, therefore, that surface preparation be very precise and
reproducible, conditions usually hard to obtain.

While any other simple mechanical test has this first drawback, the second is
crucial in the applications of the crack length method as a practical test.
On the other hand, the sensitivity of crack length to surface preparation
provides a good method of determining the stresses introduced by different
grinding and polishing techniques [5-7]. Furthermore, study of this problem
could give new information on crack propagation in cemented carbides.

Ohman, Pdrnama and Palmqvist [8] summarized their views on the experimental
results in an intensive study which will be discussed in detail. Two critical
observations are that the crack length in a given alloy is g;eater after griﬁd—
ing with diamond wheels than with silicon carbide wheels, and that the crack

length increases when the surface is polished. Palmqvist [3-7] attributed




these phenomena to the effect of tensile stresses introduced into the cobalt
phase by diamond grinding and polishing. Another explanation was proposed by
Dawihl and Altmeyer [9] and independently by Exner [10]: they suggest that
compressive stresses are introduced into the cobalt phase by silicon carbide
grinding which produce shorter cracks. Little attention, however, was given
to this point of view in the most recent papers [8,11]. Since X-ray measure-
ments have disproven Palmqvist's initial suggestion, Ohman, P&rnama and
Palmqvist [8] propose that polishing work-hardens and thus embrittles the
cobalt phase, thereby increasing crack length. This suggestion, however, is
disproven by the experiments described below. Miyoshi, Hara and Sugimoto [11]
consider work-hardening of tungsten carbide by polishing as an explanation.
They present experimental evidence that an increase in microhardness of tung-
sten carbide after polishing accompanies an increase in crack length, but do
not prove their statement that the crack proceeds through the carbide. Accord-
ing to the views generally accepted at present [4, 7-9, 12-16], crack propaga-
tion in commercial WC-Co alloys with grain sizes up to 2 pym occurs mainly in
the binder phase. In this case, work-hardening or any other change in proper-
ties of tungsten carbide should not have much influence on crack formation at
Vickers indentations.

In this paper we put forward the following explanation for the changes in
crack length with surface preparation. Grinding introduces compressive stresses
into the surface. These diminish the thermal tensile stresses present in the
cobalt phase after cooling from the sintering temperature and thereby decrease
the crack length. Polishing removes the layer deformed in grinding, increasing
the crack length. On the basis of this interpretation, which is consistent with
present views on both the grinding and polishing processes and the fracture of
cemented carbides, a more complete understanding of the influence of surface

preparation on crack length and on the surface stress state is obtained.




Improvements in the method of crack length testing are proposed.

2. PREVIOUS EXPERIMENTAL RESULTS
In his first attempt to use the cracks at Vickers impressions as a
qualitative measure of the toughness of cemented carbides, Palmgvist [3]

calculated the work necessary to initiate cracks by the formula

S, = k<P« VP /HV (1)
where k = numerical constant = .6.49
8 = critical work to initiate cracks (p cm)
P = critical load (load necessary to initiate cracks) (kp)
HV = Vickers hardness (kp/mm?)

The difficulties involved in experimental determination of the critical load
were overcome by the observation that a linear relation holds between the
applied load and the sum of the crack lengths at the four corners of the
indentation. This linear function, given by Eq. (2) below, was confirmed by

Dawihl and Altmeyer [9] and by our experiments (see Fig. 1).

o= a, *P+a, : (2)
where Xl = sum of the crack lengths at a Vickers indentation
P = applied load
aj,a, = parameters dependent on the toughness of the alloy and the

surface preparation.

The critical load, Pk’ is now given by ajs which can be obtained by
extrapolating the load-crack length line to zero crack length (see Fig. 1).
This simple relationship (Eq. (2)) led Palmgvist [4,7] to a parameter which
was more reproducible and easier to obtain experimentally than the critical

work:  the work, S 0° put into the sample to produce an average crack length

30



of 300 um per indentation. This parameter is calculated using the formula

S300 = X * Pgoo "Pago/HY (3)

where the load, P300’ giving a crack length of 300 um, can be taken from the
load-crack length plot (Fig. 1) or calculated from Eq. (2) by putting
J1 = 300 um.

The significance of the work for crack formation as a measure of
toughness was discussed by Dawihl and Altmeyer [9] and by Holzberger [17],
who pointed out that S is not directly related to toughness in a practical
sense, because of the different character of the loading in hardness testing
and in machining or drilling. Palmqvist [4] claims that the variation in
work of crack formation corresponds to that in technological properties and
that toughness in the sense of resistance to impact and cracking is very well
measured by this parameter. He demonstrates a close correlation between the
5300 value and the composition of WC-Co and WC-TiC-Co alloys. The crack
length method is sensitive to plastic deformation.of a sample previous to
testing while the hardness test per se, the transverse rupture strength or
other mechanical tests are not,and thus provides additional information on the
mechanical properties of cemented carbides [8,18].

The influence of surface preparation on crack length has been thoroughly
investigated, and the following reproducible observations have been made [4-9]:

a) After grinding with a silicon carbide wheel, the crack length

in a given alloy is a minimum.

b) Diamond grinding produces longer cracks.

¢) Honing and polishing extend the cracks to a maximum which is

typical for every step of surface treatment.

d) Electrolytic polishing after silicon carbide grinding also

extends the cracks.




e) Annealing after polishing does not change crack length significantly.

f) The slope of the load-crack length function (al, Eq. (2)) changes
during surface treatment, increasing in the finer steps.

g) The intercept of the load-crack length function (a2) tends to
zero after prolonged polishing.

Ohman, Pirnama and Palmqvist [8] measured the strains in the tungsten
carbide phase using the two-exposure X-ray diffraction method, which makes
possible accurate calculation of the residual stresses. They obtained the
following results:

a) The stresses in the tungsten carbide are compressive after any

kind of surface preparation.

b) Ground surfaces show the highest compressive stresses. Polishing
decreases these stresses to a constant level which is higher than
that in a fracture surface.

¢) The magnitude of the stresses present in a polished surface is

not significantly changed by heat treatments up to 800°C.

3. INTERPRETATION OF PREVIOUS EXPERIMENTAL OBSERVATIONS
Ohman, Pdrnama and Palmgvist [8] summarized their views on the experimental
results in the following statements:
a) No compressive stresses are introduced into the cobalt phase.
This is a direct corollary of the assumption that the stress states
in the two phases are coupled. Compressive stresses in the cobalt
phase would then produce tensile stresses in the tungsten carbide;
such tensile stresses have not been observed.
b) More tensile stress is introduced into the binder by diamond
grinding than by silicon carbide grinding. Tﬂﬁﬁéggéé'gffaﬁﬁf
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c)

d)

e)

f)

Crack length is mainly a function of strain- and work-hardening;
these occur independently in the two phases and result in an
embrittlement of the cobalt phase.

The cobalt phase is only slightly strain-hardened after sintering.
Polishing, a cyclic deformation process, strain-hardens the cobalt
phase to the extent that the crack propagation mechanism changes
from the ductile, Griffith-Orowan type to a completely brittle,
Griffith type.

Strain-hardening by polishing reaches a saturation value which is
independent of previous treatment and which results in maximum
crack length.

Heat treatment does not reduce the stresses, but might diminish

the strain-hardening.

Some of these statements seem rather complicated, not fully consistent with

the experimental results, or completely inconsistent with the usual points of

view on the relative influences of grinding and polishing. In essence, these

difficulties arise, we feel, from two assumptions which Palmqvist has stated

as axioms in all of his papers:

a)

b)

The stresses in the two phases are coupled in such a way that all
compressive stresses in the tungsten carbide must be balanced by
tensile stresses in the cobalt phase, and vice versa, in any volume
element of the sample.

The cracks for a given alloy are shortest in an "ideally" ground
surface, where no additional effects are introduced by surface
treatment and the stress pattern is equivalent to that in the bulk
material. Any increase in crack length, therefore, shows a

deviation from this stress pattern and should be avoided.




Both assumptions, in our opinion, are incorrect. Let us look at the
coupled stress system first. Thermal stresses due to the different coefficients
of thermal expansion are compressive in the tungsten carbide and tensile in the
cobalt phase. The stresses of opposite signs in the two phases balance each
other in volume elements comparable with the grain size, and are thus completely
coupled. Stresses introduced by grinding, on the other hand, are a function of
the distance from the ground surface. Compressive stresses near the surface are
balanced by tensile stresses towards the middle of the specimen. Residual
stresses due to grinding may thus very well be of the same sign and even of
the same order of magnitude in different phases.

Residual stresses resulting from grinding in steels have been the subject
of extensive investigation [19-26]; these studies give us an estimate of the
stresses to be expected in cemented carbides. It has been shown experimentally
(and is to be expected theoretically) that the residual thermal stress pattern
in cemented carbides is not influenced by annealing, and therefore no effect
of the heating and cooling cycle in grinding is to be expected. The stress
pattern in hardened steel ground so as to avoid phase transformations and heat
effects is shown in Fig. 2. The depth and the magnitude of the stresses may be
different in cemented carbides, but the principal features should be the same:
compressive stresses are present near the surface and are balanced by tensile
stresses further down in the sample. The stress distribution predicted in a
tungsten carbide-cobalt alloy is shown in Fig. 3. Grinding superimposes com-
pressive stresses in the surface layer, increasing the compressive stresses in
the tungsten carbide and decreasing the tensile stresses in the cébalt phase.

The second assumption has been discussed in previous papers [9,10].

Dawihl and Altmeyer [9] gave the following explanation for the short crack
lengths after silicon carbide grinding: The silicon carbide wheel removes

material by impact working and thereby introduces compressive stresses, while



in diamond grinding, the material is removed by preferential cutting. The
compressive stresses introduced by silicon carbide grinding must be overcome
by the tensile stresses in loading before cracking appears; thus, crack length
is decreased. However, Dawihl and Altmeyer follow this line of reasoning only
as far as grinding is concerned. They go back to Palmqvist's original concept
in discussing the influence of honing and polishing, and state that additional
tensile stresses must be introduced by the finer steps of mechanical surface
preparation. Because of this surprising step, they are not able to give a
consistent explanation of their experimental results.

Let us look at this problem in more detail. Because cobalt contracts
about three times as much as tungsten carbide when cooled from the sintering
temperature, the residual tensile stresses in the cobalt add to the effective
load and facilitate crack propagation. Any compressive stresses introduced in
the surface will diminish the tensile stresses and increase resistance to crack
propagation. But even if the sum of the stress changes in the surface is zero,
heavy machining, such as silicon carbide grinding, could decrease the crack
length. When a carbide grain is hit by a hard particle of the grinding wheel
it might break, thus allowing the cobalt matrix to relax, or it might change
its position so that the cobalt matrix is under greater tensile stress on one
side and compressive stress on the other side of the particle. Some of the
cobalt layers will therefore be stronger than in the unmachined state; these
layers will resist the applied tensile stress and stop the crack.

It is much more probable that the crack length is decreased (rather than
increased, as Palmqvist states) by any change of the stress pattern present
after cooling. This change is largest for coarse grinding. The original
stress state is approached to a certain extent by honing, polishing, electro-
polishing or heat treatment. If one takes this point of view, almost all of

the observed phenomena can be interpreted very easily.




b, EXPERIMENTAL PROCEDURE

All experiments were carried out on a fine grade of a 93 wt% WC, 0.8 wt%
TaC, 0.2 wt% NbC and 6 wt% Co alloy, the mean linear grain size and Vickers
hardness of which were 0.5 um and 1740 kp/mm2 respectively. The samples were
cylindrical platelets (25 x 5 mm) ground on their flat surfaces (Superfix
diamond wheel type B212, grain size 150 um, concentration 75, speed 22 m/sec).
The samples were polished on an automatic machine (Buehler Whirlimet, 285 rpm,
specific pressure ~0.7 kp/cm?), using diamond paste (15, 7, 3 and 1 um) manu-
factured by Winter & Son, on perlon cloth. The thickness of the layer removed
was measured by the decrease in the diameter of the Vickers indentation and

calculated by the formula

172 a
A s Y2 cot z = 0.143 (D,-D,) (4)
where A = thickness of the layer removed,
Dl’D2 = diagonals of the Vickers indentation mark before and after
polishing, respectively,
a = angle between the faces on the top of the Vickers pyramid (136°).

The polishing conditions were kept as constant as possible. It was found that
there was no direct relationship between polishing time and amount of surface
removed: often more material was removed after 5 than after 30 minutes of
polishing. The variation in the depth removed (1-5 um) each time new diamond
paste is added Es large, but the mean values are nearly the same.for all grades
of diamond paste (3 um depth for the 15 and 7 um grades, 2.5 um depth for the

3 and 1 ym grades). As a standard procedure, therefore, polishing was stopped
every 5 minutes and new diamond paste was added. The thickness of the layer
removed was measured after every step and is used as a measure of polishing

action.
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One sample was electropolished in 2% aqueous NaOH. A layer 7 um thick was
removed, but the surface was quite rough and thus the crack length measurements
are not very accurate. Two other samples were heat-treated in hydrogen.

Hardness indentations were made on a Frank universal hardness tester and
measured on a Zeiss Ultraphot II microscope at a magnification of 300 X.
Measurement of the crack length is accurate to about *2 um. During the experi-
ments it was necessary to decrease the test load from 150 to 50 kp in order to
avoid damaging the diaménds. The parameter used to describe crack length is
the sum of the crack lengths at each indentation mark. Crack lengths

presented in Figs. 1 and 4-7 are the mean values for five indentations.

5. EXPERIMENTAL RESULTS

As a first step the relationship between applied load and crack length was
checked for a ground and a polished sample (1 h, 15 um diamond, thickness of
layer removed 40 um). The results, shown in Fig. 1, agree completely with
those given by Palmqvist [4-7] and Dawihl and Altmeyer [9]. The relationship
is linear, the slope, a;» of the line is higher for the polished than the
ground surface and the intercept, a,, on the load axis (the critical load)
disappears after polishing.

Our results on the influence of progressive polishing are similar in
principle to those of previous experiments [4-7, 9, 11]. As shown in Fig. 4,
crack length increases proportionally to the thickness of the layer removed
and reaches a constant value at 30 ym thickness removed. The data in Fig. u
are the results of three independent test series, showing good reproducibility.
Figure 5 shows the influence of polishing in several steps. After a layer of
20 um was removed a finer grade of diamond paste was applied. At first, the
increase in crack length was great, but after 30 um of surface was removed a

constant value is again reached and is not influenced by the grade of diamond
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paste used thereafter.

Figure 6 shows the change in crack length with annealing for a ground
sample. The surface was polished slightly (5 min, 15 pm diamond paste) and
the crack length after annealing could be measured without any further surface
finishing. There is a marked increase in crack length after heat treatment at
700°C for two hours. At 800°C a crack length value is obtained which is
slightly higher than the final value in polishing (see Fig. 5) and which is
not altered by subsequent heat treatment up to 1100°C. The results of the
heat treatment of a second sample were essentially the same, but after anneal-
ing at 1100°C the cracks were much shorter. This observation could be explained
by postulating the formation of a cobalt-rich surface layer [8]. As shown in
Fig. 7, the crack length in an annealed sample is decreased slightly by polish-
ing and coincides with the final crack length in the sample polished without
previous heat treatment (see Fig. 5). Again, there is no noticeable influence
of the grade of diamond paste used.

The cracks in the electropolished sample were much longer than those in
the ground samples, which is in agreement with previous results [9]. However,
here the maximum crack length value reached in the annealing experiments and
approached in the polishing experiments was not obtained, even when mechanical
polishing preceded electropolishing. Before trying to explain this observation
on the basis of the stress state, more probable explanations must be excluded,
such as the enrichment of the surface by cobalt (which is insoluble in NaOH) or
the fact that the cracks are less visible after electropolishing than after
mechanical polishing. This question can be settled only if a better

electropolished surface is achieved.
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6. DISCUSSION OF EXPERIMENTAL RESULTS

The results of the annealing experiments clearly prove that the short crack
length in ground samples is caused by surface deformation and that the removal
of this deformed layer by polishing produces a stress state almost equivalent
to that in a completely undeformed surface. Figure 6 shows that the compressive
stresses introduced in the surface by grinding (see Fig. 3) can be relaxed by
annealing in cemented carbides as well as in steel [21,22]. In annealing exper-
iments by Ohman, Pérnama.and Palmgvist [8], the crack length and the stress

state of a polished sample were to a great extent unchanged. A change would

have supported their assumption that the cobalt phase is embrittled by polishing.

Their X-ray measurements of the surface stresses show, in contrast, that the
stress state in an annealed or polished surface is about the same as that in a
fracture surface (which can be regarded as the best approximation of the origi-
nal stress state). The crack length measured after annealing (Fig. 6) (which
is approached to a certain degree by removing the layer deformed in grinding
by polishing (Figs. 4, 5 and 7)) corresponds to the original stress state pro-
duced exclusively by residual thermal stresses. The same reasoning disproves
the conclusions reached by Miyoshi, Hara and Sugimoto [11], who claim that
work-hardening of the tungsten carbide is essential for the production of long
cracks after polishing. No influence of heat treatment was observed (in
agreement with [8]); therefore, the increase in crack length in ground
specimens cannot be explained on the basis of their concept.

Ohman, Pidrnama and Palmqvist [8] observed that samples after sintering
are stronger in bending than ground samples, and cited this observation as
evidence against the idea that co%pressive stresses are introduced by grinding,
since, if this were true, the bend strength should increase after grinding
because of compressive stresses in the cobalt phase. This argument, however,

seems invalid, because in grinding the cobalt-rich sintering layer is removed

44-----------IIIIIIIIIIIJ

AT

P




13

and flaws and scratches may be introduced. These effects may reduce the bend
strength more than any compressive stress in a layef about 30 um thick would
improve it. Polished and ground samples should be compared for evidence on
the effect of compressive stresses. Filimonenko [27] has shown that an alloy
whose bend strength was about 170 kp/mm? in the as-sintered and polished
states had a bend strength of more than 200 kp/mm2 after grinding with a
100 um diamond wheel. This result is not cited as additional evidence for
our point of view, since the bena strength is very insensitive to the residual
stress pattern [18]. It disproves, however, the argument against it mentioned
above,

Dawihl and Altmeyer [9] pointed out that the small critical loads (a2)
after polishing indicate that little surface deformation has taken place.
This implies that the high critical loads (up to 80 kp) extrapolated by
Palmqvist [4-7] are a result of superimposed compressive stresses. The dis-
appearance of the critical load shows that only very small additional stresses
are necessary for crack propagation from a sharp notch such as the corner of a
Vickers indentation. This is reasonable since the strength of notched speci-
mens is only a small fraction of their nominal bend strength. The critical
work for crack formation, which was initially used by Palmgqvist [3] as a meas-
ure of toughness, is determined by the surface stress state exclusively and
is therefore not a valid parameter for a bulk property of an alloy. We cannct
agree to the conclusion of Dawihl and Altmeyer [9] that these restrictions are
true for the slope (al) of the load-crack length curve as well. We consider .«
this slope the best parameter for the crack resistance of an alloy if it is
measured at a constant stress state (which should preferably be the one given
exclusively by the stress state of the bulk material).

As Palmqvist [5-7] has pointed out, the damage caused by surface

preparation can be measured by the crack length test. Knowledge of whether
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long or short cracks indicate deformation is, of course, essential for the
correct interpretation of the results. In our opinion, crack length measure-
ments [4,7,9] show that diamond grinding does not produce as much damage as
silicon carbide grinding. The depth of the layer deformed by grinding in our
experiments was about 30 ym (see Figs. 4 and 5). Crack length after honing
is smaller than that after prolonged polishing [9], indicating that appreci-
able‘compressive stress is introduced by honing. A surface with minimum
deformation and superimposed stresses is reached by polishing. Any influence
of the grade of diamond paste used could not be observed in the range between
15 and 1 ym (Figs. 5 and 7). Whether or not a stress free surface can be
approached even more closely by using finer grades of diamond paste has yet
to be tested. The conclusions suggested by the crack length test are in full
agreement with the common views on the influence of the different steps of
surface preparation {28].

Furthermore, the results of the annealing experiments (Fig. 6) give some
estimate of the temperature at which the thermal stresses become zero. vValues
for this temperature are necessary in the calculation of the residual stresses
at room temperature [8], and are important in evaluating the influence of
residual stresses on the mechanical strength of cemented carbides [12]. Since
the crack length of a sample annealed at 700°C increases when it is annealed
at 800°C but remains constant for higher temperatures, this critical tempera-
ture should be higher than 700 but lower than 800°C. This value is in rough
agreement with that calculated from X-ray measurements of compressive stresses
in tungsten carbide [8], but much higher than that assumed by Kreymer,
Alekseyeva and Vakhovskaya [12].

As suggested by Fig. 3, high compressive strésses in the surface tungsten
carbide should, in our opinion, be coupled with low rather than high tensile

stresses. Thus, shorter cracks should be found at higher compressive stresses.
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Figure 8 shows experimental results of Ohman, Pidrnama and Palmqvist [8] which
give qualitative support to this view.

Not all our experimental results may be interpreted without difficulty.
It has already been mentioned that the maximum crack lengths were not obtained
by electropolishing, as had been expected. Furthermore, cracks longer than
any on the annealed specimens were occasionally found after extended polishing
with 3 uym diamond. X-ray measurements [8] showed a slight increase in com-
pressive stress in tungsten carbide, accompanied by a decrease in crack length,
when polished samples were annealed at 800°C. However, we shall assume here
that these anomalous results were caused by experimental errors. There is a
possibility, however, that cracks after mechanical polishing may be longer
than those for the "ideal" surface, or that an "ideal" stress state is not
obtained by annealing and some influence of previous deformation still remains.
Another explanation could be that polishing causes some work-hardening and
thus embrittles the cobalt phase (as suggested by Ohman, Pirnama and Palmgvist [8]).
Further experiments are desirable, and it may be necessary to modify some of
the conclusions which follow; the principal concepts, however, should remain

essentially unaltered.

7.  CONCLUSIONS

Our interpretation of the experimental results may be summarized as

follows.

a) Coarse grinding reduces the residual tensile stresses in the cobalt
phase. The cracks at Vickers indentations become shorter with
increasing surface deformation and damage by the mechanical surface
treatment.

b) Annealing at temperatures about 800°C removes the damage produced by

grinding and restores a surface stress state corresponding to that
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of the bulk material.

¢) The increase in crack length resulting from honing and polishing is
caused by the removal of the layer deformed in grinding and not by
introduction of additional tensile stresses into the cobalt phase.

d) Embrittlement of the cobalt phase or of the tungsten carbide by
wopk—hardening after prolonged polishing cannot be completely
excluded. Its contribution, however, is not very important, and
may even be negiigible.

e) Mechanical surface treatment influences the crack length mainly by
altering the stress state from that produced by residual thermal
stresses.

f) Crack length in a given alloy reaches a maximum if the surface
preparation does not introduce additional stresses into the cobalt
phase, but reproduces a stress state corresponding to that in the

bulk material.

g) This maximum crack length is determined exclusively by the load and
the properties of the alloy (residual thermal stresses, composition

and structure) and is the best measure for the crack resistance of

an alloy.

8. SUGGESTIONS FOR IMPROVEMENTS IN THE CRACK LENGTH TEST

The conclusions above suggest a substantial change in surface preparation
of samplesvfor the crack length test. In contrast to the preparation method
recommended hitherto [4-7], the surface should be prepared so that the maximum
crack length for a given alloy is obtained. In comparison to the directions
given by Palmqvist [4-7], which are very difficult to follow in practice and
are not very reproducible [17], the grinding and polishing can be done in

arbitrary steps with the machines and wheels available. The only important
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requirements are the complete removal of the layer deformed in the coarse
machining steps (grinding and honing) and the consequent achievement of a
stress state typical of a polished surface. Mechanical removal of the deformed
layer can be replaced by annealing at 800 to 1000°C. Polishing the annealed
specimen with a fine grade of diamond paste for a short time will produce the
same stress state as that achieved by long polishing.

The accuracy of the measurements is improved substantially by this method
for three reasons: the cracks are more visible on a scratch-free surface; the
cracks are longer; and the surface treatment is easy to reproduce.

The following procedure for sample preparation was found useful, though,
of course, it can be varied. After diamond grinding the sample is polished
with 15, 7 or 3 um diamond paste. The paste is renewed ten times at short
intervals (3 to 5 minutes), and the sample is finally polished with 1 um
diamond paste. After testing another layer is removed (in 2 to 3 steps) and
testing is repeated to assure that equilibrium has been obtained.

A second fact which is important for simplifying the crack length test
and which has not yet been emphasized adequately [4,9] is the disappearance
of the critical load after polishing. The relationship between the crack

length, Zl, and the load, P, then becomes
J1 = a, «P (5)

and one single measurement gives a pair of values sufficient to establish it.
This suggests a reformulation of the parameter used. Instead of the crack
length or the work for crack formation, both of which require a definition of
testing conditions (constanf load and constant crack length, respectively),
the resistance to crack formation can be expressed by the reciprocal slope of

the load-crack length line a; (Fig. 1), which we shall call the '"crack

resistance', W:
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_ P
W = 1 (8)

The advantages of this parameter are that its numerical value is independent
of the load and of the hardness of the alloy (compare Eqs. (1) and (3)) and
that it is very easy to calculate. The dimension (force per unit length)
corresponds to energy per unit area and suggests a simple relationship to a
physically significant property of the material. A sufficiently accurate
analysis of the stress field around a Vickers indentation has not yet been
achieved, nor is the fracture mechanism in cemented carbides completely under-
stood. The practical advantages should therefore be the deciding factor for
using the crack resistance, as defined in Eq. (6), as the characteristic
parameter for the crack length test.

The wear on the diamond indentor, which influences the test results [17]
and is most severe for high loads and low-cobalt alloys, can be reduced by
using an optimum testing load. For hard alloys small loads may be used; but
for tough, cobalt-rich alloys high loads (up to 200 kp) must be used in order
that the cracks produced are long enough to assure fair accuracy. Since the
crack resistance, W, is independent of the load, values of W obtained for
different alloys can be compared directly.

With these modifications the crack length test becomes an extremely
simple one, and standardized precepts are unnecessary to give comparable
results. The next question, essential for its use as an industrial test, is
that of the relationship between crack resistance and material properties in
practical use. This relationship is not yet clear, mainly because quantita-
tive parameters characterizing wear resistance or other properties in applica-
tion are hard to define and difficult to measure. It is quite well established,
however, that the crack resistance (or work of crack formation) is intimately

connected to the composition, the structure and other properties (coercive
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force, hardness) of cemented carbides [4-7, 13, 14]. In addition,

Palmqvist [4-7], Dawihl and Altmeyer [9] and Exner and Gurland [18] have
found experimental evidence that the crack length test gives information on
mechanical behavior which cannot be obtained by hardness or fracture strength

measurements.
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