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Abstract: Research into WC-Co submicron hardmetals involving measurement of hardness, coercivity and microstructural
characterization, as well as analysis and comparison of results from recent literature led to the development of a unified constitutive
expression for Vickers hardness in a form that separates the effects of the tungsten carbide grain size from those of the cobalt binder
volume fraction. With the proposed expression for HV one may recalculate and compare hardness values for hardmetals featuring
the same average grain size but differing in the binder matrix content. The paper shows that, in contrast to the Lee-Gurland model,
the proposed constitutive expression framework treats the hardmetal hardness as a function of the carbide skeleton hardness
(Hwc) and contiguity (C) described as HV = CH\y¢c. The carbide skeleton hardness depends on the WC grain size only, and it is
described by the Hall-Petch equation. The results of parallel hardness and coercivity measurements led to an empirical equation
relating H, to the WC grain size and the Co volume fraction. Based on the complete experimental data, the relationship between the
coercivity and Vickers hardness was explored, and a simplified relationship between these physical values was proposed to carry
out the primary HV evaluation based on the measured coercivity values. As noted in the paper, the above equations are valid for
relatively narrow WC grain size distributions with a maximum coefficient of variation of 0.5.
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3aBucumocTb cBOMCTB TBepAabix cnnasoB WC—Co ot nx cocrasa
M XapaKTepUCTUK MUKPOCTPYKTYpbI

B.A. MecuH, A.C. Ocmakos, C.10. BoiikoB
000 «Bupwuan», . CaHkT-MeTepbypr, Poccus

Crarbs noctynuna B peaakumio 22.02.22 r., popabotana 14.04.22 r., nognncanxa B neqats 20.04.22 r.

AHHOTauuma: B xoae npoBeAeHHbIX MCccneaoBaHuii CcyOMUKPOHHBIX TBepAbIx crnaBoB cucteMbl WC—Co, BKlOYaBLLMX B cebs aun-
arHoCTUKY TBEPAOCTU, KOSPLUUTUBHOM CUJIbl U NApaMeTPOB MUKPOCTPYKTYPbI, @ TakXXe aHafiM3 U ConocTaB/ieHNe pe3ynbTaToB 13
COBPEMEHHbIX INTEPATYPHbLIX MICTOYHUKOB, NPeacTaBeHa 06beaHEHHas MOe b, COrfIaCHO KOTOPOW BblpaXeHue s TBEpLOCTU
no Bukkepcy MOXHO NpeacTaBuUThL B BUAE, MO3BONSIOLLEM PA3LeNNTh BIMSHUE pa3mepa 3epHa kapbuaa Bonbdpama u 06beMHO-
ro coaepXxaHuns ko6ansToBoOM CBA3KU. [peanoxeHHOe BbipaxXeHne AaeT BO3SMOXHOCTb MPOBOAMTL NEpepacyeT U CONOCTaBNATb
3HauveHus HV ans TBepabix CMIaBOB C OAMHAKOBLIM CPEAHMM Pa3MeEPOM 3epHa U Pas3fiMyHbIM COAEPXaHUEM CBA3KU. B paboTe
nokasaHo, 4To B 0Tin4mne ot mogenu Jin-fepnanga B paMmkax npeacraBnsemMoli Mogenn TBepAoCTb CryiaBa onpeenseTcs TBepao-
CTbio kKapbupaHoro kapkaca (Hygc) v ero cmexHocTblo (C) n 3apaetcs cooTHoweHnnem HV = CHy,c. Npun aTom BennynHa Hyyc 3aBucut
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TONbKO OT pa3mepa 3epHa kapbuaa sonbdpama n onnucbiBaeTcs ypaBsHeHnem tuna Xonna-rlertya. No pesynstatam napannienbHbiX
M3MepeHnii TBepAoCTU 1 KOIPLUTUBHOW CUJibl (H,) NONYy4eHO SMNNPUYECKOe ypaBHEHNE 3aBUCUMOCTHN BENNYUHBI H, OT pasmepa
3epHa WC 1 o6bemMHoro cogepxaHus Co. Ha ocHoBaHUM BCE COBOKYMHOCTM 3KCNEePUMEHTaNbHbIX AaHHbIX UCC/ieA0BaHbl CBA3M
KO3PLUMTUBHOM CUJbl N TBEPAOCTM MO BMKKEPCY 1 NPenioXeHO YNPOLLEHHOE COOTHOLLEHME MeX Ay 3TUMK PpU3nyecknmm nokasa-
TensMu, No3BoNSIOLLEE NPOBOANTL NEPBUYHYIO 3KCMPECCHYIO OLEHKY BEIMYMHbI HV N0 n3MepeHHbIM 3Ha4eHUSIM KOSPLUMUTUBHOM
cunbl. B paboTe oTMevaeTcs, YTO NPUBEAEHHbIE COOTHOLLEHUS CNPaBeaMBbl A1 OTHOCUTENbHO Y3KOro pacrnpeneneHuns 3epeH
WC no pasmepam ¢ koadduumeHToM Bapuaumm He 6onee 0,5.

Kntouesble cioBa: TBepAbI CNiaB, MUKPOCTPYKTYpa, TBEPAOCTb No Bukkepcy, KOSpUMUTMBHAS cuna, pasmep 3epHa, coaepxaHue

CBA3KMN, Kap6I/1,EI,HbII71 Kapkac, CMEXHOCTb.
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Introduction

Many reviews and research papers have investi-
gated the relationship between the microstructure
and composition of WC—Co grades and their proper-
ties such as hardness (HV) and coercivity (H,) [1—4].
Most studies assume that HV and H, values are func-
tions of the WC grain size (dywc) and the volume frac-
tion of the Co binder (V). Empirical HV and H, vs.
dwc and V, relationships are used to build the re-
levant physical models [5—10]. For most dyc mea-
surements, various versions of a single approach, the
linear intercept method, are used. Unfortunately, in
the case of grades with close hardness and coercivity
values, these works report very different WC grain si-
zes. Such discrepancies are particularly evident in the
submicron grain size range. For example, in the case
of grades containing 10 wt.% of Co and the average
grain size dyc = 0.5 pm, the reported hardness rang-
es from 1540 to 1820 HV;, for dyc = 0.6 um, 1610 to
1798 HV3y, and for ¢ dyc = 0.7 pm, 1431 to 1720 HVj3,,.
The empirical relationships are also very different and
therefore of little use.

Papers [11—13] consider the metrological aspects of
WC grain size measurements. The results presented in
[3, 6, 10] seem to be highly reliable. We believe that the
empirical hardness vs. grain size and binder content re-
lationships from [3, 6] can be used to find the relation-
ships with other hardmetal properties.

The hardness vs. WC grain size relationships in [3]
measured by the linear intercept (d,) are Hall—Petch-
type relationships for grades with 6 and 10 wt.% Co, re-
spectively:

HV=970 + 540d,~"/2, (1)
HV =850 + 485d,'/2, )

Kresse T. et al. [6] obtained an empirical equation for
hardness, and tungsten carbide grain size (where d is
the max Feret diameter) vs. cobalt volume content from
the experimental results for WC—Co grades in a wide
range of Co contents (5—25 wt.%):

HV = o(Vo)[729 + 718(dg + 0.13)71/2), €)

wherein the first factor o(V,) = 0.5/(V, + 0.331) rep-
resents the contribution of the binder, and the second
factor, that of the carbide component as a Hall—Petch
relationship with the complex argument (dg + 0.13).
It limits the infinite growth of HV as dp approaches
zero. Comparing the estimations with equations (1)—(2)
and (3) is of considerable interest, but first, we need to
find the d vs. d relationship.

The study objectives are as follows:

— to analyze the WC—Co grades’ hardness vs. com-
position and microstructure relationship;
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— to use the measured HV and H, values for a num-
ber of grades, and to identify the coercivity vs. composi-
tion and microstructure relationship;

— to prove the existence of a correlation between
the HV, H,, and dy, values for the WC—Co hardmetal
under certain conditions.

Test samples and methods

The samples consisted of submicron WC—Co tool
hardmetal from Sandvik (Sweden), Konrad Friedrich
and Konrad Micro Drill (Germany), Iscar (Israel), Ge-
sac (China), and Virial (Russia). The carbon content is
close to the stoichiometric value.

In order to evaluate Vickers hardness, the polished
microsections were analyzed using a Falcon 508 hard-
ness tester (Netherlands) at 294 N.

A Koerzimat 1.096 CS measuring system (Germany)
was used to measure coercivity. We estimated the mi-
crostructural features using the Fiji software (USA) by
analyzing the images obtained with a Mira 3 scanning
electron microscope (SEM) (Tescan, Czech Repub-
lic). The images represented the surfaces of the samples
etched and pre-polished with diamond suspensions.
The etching process consisted of soaking the samples in
the Murakami solution for 60s followed by rinsing and
a 10-minute ultrasonic bath cleaning. Five SEM imag-
es were used to estimate the grain size. The FOV was
7.22 um, with 80* magnification.

Hardness vs. WC grain size
and Co binder content

The linear intercept (d.,) method assumes that the
single WC grain size is the length of an arbitrary chord.
Therefore, the grain size is the «average» chord length.
The grade’s average grain size estimated with the linear
intercept method is double-averaged and does not sig-
nificantly depend on WC grain shape. If we assume the
equivalent circle diameter (d,q,) to be the grain size, its
average value does not depend on the WC grain shape,
and the d; to dq, ratio loosely depends on the grain
morphology: dq, ~ 1.15 d [13].

When the max Feret diameter (the longest chord)
is assumed to be the grain size, the average grain size
(dp) strongly depends on the grain isometricity. We can
expect that in commercially available grades the de-
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gree of grain isometricity varies in a relatively narrow
range. Therefore, in order to find the d, /df ratio, we
selected 6 grades from different manufacturers. Their
average grain size dc was 0.39—0.68 pm. We used the
samples to measure d, and dg. We obtained d, /dg =
=(.70%0.04.

Since the variation did not exceed 10 %, we used the
result to modify equation (3):

HV=10.5/(Veq + 0.331)] x

x [729 + 601(d, + 0.09)~/2], (3a)
For grades with 6 and 10 wt.% Co respectively we ob-
tain:

HV =842 + 694(d. + 0.09)"'/2, @)

HV =135+ 606(d, + 0.09)"1/2, ()

These equations are more suitable for comparison of
the grade hardness vs. WC grain size relationships pre-
sented in [3] and [6].

Fig. 1 shows the hardness vs. grain size relationships
for grades with 6 and 10 wt.% Co content obtained from
equations (1), (4) and (2), (5), respectively. Our experi-
mental data and the data from the studies [3, 6, 10] are
also indicated.

Within the experimental data scattering for the 0.2—
5.0 um grain size range, the approximations present-
ed in [3] and [6] give similar results. In the nanoscale
range (d, < 0.2 pm), the plastic deformation mechanisms
change, and equations (1) and (2) are no longer valid.
Therefore, it is preferable to use modified equation (3a).
For example, in the case of grades with 10 wt.% Co and
0.14 um [14] and 0.061 um [15] grain sizes, equation (3a)
gives 2000 and 2294 HV hardness values, respectively.
This is in satisfactory agreement with the experimental
values (2036 and 2356 HV).

The model by Kresse T. et al. [6], where the grade’s
hardness is determined by the hardness of its carbide
network while the contribution of the Co content is ex-
pressed as a normalizing function. For d, > 0.2 pm the
model unifies the Hall—Petch factors for different Co
concentrations:

HV=10.5/(Vco, + 0.331)](850 + 485d,7/?). (©6)

For example, for 10 wt.% Co, a(V,) = 1, we ob-
tain equation (2). For 6 wt.% Co, a(V,) ~ 1.155,

—_ .
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Fig. 1. Hardness of 6 wt.% Co grades (a),
and 10 wt.% Co grades (b) as a function of WC grain size

Solid lines mean calculation as per Equation (1) (a)

and Equation (2) (b) [3], dashed lines mean calculation

as per Equation (4) (a) and Equation (5) (b);

symbols mean O — experimental data from [3];

A — experimental data from [6]; O — experimental data from [10];
& — Virial’s own measurements

Puc. 1. 3aBUCHMOCTb TBEPIOCTH CIJIABOB ¢ 6 Mac.% (a)
u 10 mac.% Co (b) ot BemmunHbI 3epHa WC

CIUIoIIHbIC IMHUW — PacyeT Ha OCHOBaHUM ypaBHeHUI (1) (a)

u (2) (b) [3], wTprxoBble — pacyer 1o ypaBHeHUsM (4) (a) u (5) (b);
3HAYKM — IKCIepUMeHTabHbIe naHHbIe [3] (O), [6] (A), [10] (O)
u cooctBeHHbIe u3MepeHust OO0 «Bupuan» (&)

then HV = 982 + 560d,~"/2, which is almost identical
to ().
For V¢, = 0, equation (6) becomes:

HViye = 1284 + 733d,7'/2, (7)

where the factors are similar to the results presented in
[16] (1382 and 731) and [17, 18] (1112 and 911). Equa-
tions (3a) and (6) enable comparison of the hardness of
grades with different binder volume contents (at least for
the 0.08 < ¥, < 0.24 range), and to estimate the grain
sizes.

The physical meaning of o(¥,) becomes clear, if we
compare it to the carbide network contiguity (connec-
tivity). C. Roebuck B. et al. [12] proposed the following
equation for contiguity:

C=1-127v5%7. ®)

Fig. 2 shows a comparison of o(V,) and C values
for WC—Co grades with the V-, < 0.24 cobalt volume
content. It follows that:

oV, = 1.5C. 9)

Then the expression for hardness can be exp-
ressed as

HV=C(1284 + 733d.7'/%). (10)

HV'vs. tungsten carbide grain size and binder content
in WC—Co grades is well described using the compre-
hensible phenomenological model. The grade’s hardness
depends on the hardness of its carbide network, while the
volume content of the binder governs the contiguity of
the network.

It should be noted that, as shown in [19], the WC—
WC interfaces may or may not contain Co interlayers
3 to 30 nm thick, depending on the carbon content.
It is not clear how the presence of such nanosheets af-
fects the mechanical properties of the grade and whether
we should adjust the concept of the carbide network and

o 1,5C
1,6 1,6
144 14
1,24 1,2
1,04 -1,0
0,8 -0,8
0,6 T T T 0,6

0 09 1 052 Oa3 VCO
Fig. 2. Ratio between the coefficient ou(V,) ()
and contiguity C (2) depending on Co binder fraction

Puc. 2. CooTHoureHne Mexny KoabduuneHToM o V,) (1)
U cMexXHOCThIO C (2) B 3aBUCUMOCTH OT COJIepKaHU S
Co-cBsI3KHU
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its contiguity in grades with nearly stoichiometric car-
bon content.

Coercivity vs. WC grain size
and Co binder content

In order to find the coercivity vs. WC grain size re-
lationship for a number of tool hardmetals from dif-
ferent manufacturers (6, 10, and 12 wt.% Co content),
we concurrently measured H, and HV. Then we applied
combined equation (6) to the measured HV values, in
order to estimate the grain size (dp). The solid lines in
Fig. 3 show the curves for 6, 10, and 12 wt.% Co alloys.
They are well fitted by the following empirical equa-
tions:

H, =547 +102d,7", (12)
H,=50.8 +83d,~", (13)
H,=53.0 +76d,7". (14)

Within the margin of error, we can assume the free
terms in equations (12)—(14) are all equal to 53 Oe,

-1 -1
d, , pm
Fig. 3. Coercivity HC as a function of WC grain size

in grades with different Co binder content:

O — grades with 6 wt.% Co; O — grades with 10 wt.% Co;
A — grades with 12 wt.% Co

Puc. 3. 3aBUCHMOCTb KOSPLIIMTUBHOM CHIIBI OT pazmepa
3epHa WC B cr1aBax ¢ pa3iuYHbIM COepXaHUeM
Co-cBs3ku, mac.%: 6 (O0), 10 (O) u 12 ()
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Fig. 4. Coefficient k as a function of cobalt volume
fraction

Puc. 4. 3aBucumoctb KoadduireHTa kK oT 00bEMHOTO
comepkaHus KobaspTa

while the k& multiplier of a’P_1 linearly varies with the
binder volume content (Fig. 4) within the 6—12 wt.% Co
range. This relationship can be expressed as k£ = 131 —
— 283V,

By substituting the calculated d|, value with d, in
equations (12)—(14), we obtain the following expres-
sion for the H, coercivity vs. grain size and binder con-
tent:

H, =53+ (131 — 283V)d, . (15)

Since the empirical dependences (12)—(14) and, re-
spectively, (15) were obtained with the grain size (d)
values estimated by equation (6), they are valid for the
0.2—5.0 um grain size.

Hardness vs. coercivity
relationship

Fig. 5 shows our concurrent H, and HV measure-
ments for 6, 10, and 12 Co wt.% alloys. The solid lines
indicate the estimated coercivity vs. hardness relation-
ships obtained from equations (6) and (15). It follows
from the figure that the relationships satisfactorily de-
scribe the experimental data. The data variation is due
to certain variations of the hardmetal manufacturing
process variables. The manufacturers usually specify
[20—25] a fairly wide range of acceptable hardness and
coercivity values: 50 HV and 35 Oe, respectively.
Such a variation should be considered when analyzing
the relationships for many different grades.

In hardmetal manufacturing, magnetic measure-
ments are one of the first express NDT stages of sintered
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HV

1000 T

0 200 400 H,

Oe

Fig. 5. Relationship between hardness and coercivity
in the researched grades

Solid lines mean HV and H, calculated as per Equation (6)

and Equation (15), respectively, for grades with 6 wt.% Co (1);

10 wt.% Co (2); 12 wt.% Co (3); symbols mean experimental data:
O — grades with 6 wt.% Co; O — grades with 10 wt.% Co;

A — grades with 12 wt.% Co

Puc. 5. CooTHollleHre MeX Ty TBEPAOCThIO
U KOSPLUMTUBHOM CUJION B UCCIEIOBAHHBIX CITJIaBax

CIulolIHbIe IMHUU — pacyeTHbIe JaHHble U1 HV u H, criiaBoB
c6 (1), 10 (2) u 12 mac.% Co (3) o ypaBHeHuUsiM (6) 1 (15)
COOTBETCTBEHHO; 3HAYKM — SKCIIEPUMEHTAJIbHbIC JaHHBIC IJIsI
craBoB ¢ 6 Co (O), 10 Co (O) u 12 mac.% Co (A)

products. As Fig. 6 shows, for 10 wt.% Co grades, the
following linear approximation

HV=1932H,+ 1112. (16)
can be used as an express hardness assessment from co-
ercivity (in the 110—350 Oe range).

It should be noted that the hardness and coercivity
of WC—Co grades depend not only on the average grain
size and Co binder content, but also on a number of oth-
er factors [3]. Therefore, we can expect some deviations
from the proposed relationships for grades with wide or
bimodal WC grain size distributions [26]. For example,
the VHSII grade, 10 wt.% Co (from Virial) was deve-
loped to offer both relatively high hardness (1400 HV)
and fracture toughness (> 13.5 MPa-m"/ 2). It has a wide
WC grain size distribution. As shown in Fig. 6, it results
in a noticeable change in the HV to H, ratio compared
to the grades with a narrower grain size distribution
(CVlessthan 0.5).

400

200

Oe

(&

Fig. 6. HV(H,) ratio for grades with 10 wt.% Co
(part of Fig. 5)

Solid line corresponds to theoretical curve 2in Fig. 5, dashed line
corresponds to linear approximation as per Equation (16);
® — mean experimental data for VHS11 grade (Virial)

Puc. 6. CootHowenne HV(H,) ayisi crijiaBoB
¢ 10 mac.% Co (dparmeHT puc. 5)

CrutolrHasi TMHUST COOTBETCTBYET pacueTHOU KPpUBOiA 2

Ha puc. 5, IITpUXoBasi — JIMHEHAas alMmpoOKCUMAIIs COTJIaCHO
ypaBHeHUIO (16); ® — sKCIIeprMeHTaIbHbIE JaHHbIE 7S CIUIaBa
VHS11(O0O0 «Bupmuan»)

Discussion

As we noted earlier, Roebuck B. et al. [3] provided
the experimental approach to building the models by
describing the hardness vs. WC grain size and bind-
er content relationships. Kresse T. et al. [6] proposed a
semi-empirical model in which grade’s hardness is de-
termined by the hardness of its carbide network normal-
ized with a binder content factor. The carbide network
hardness in their model is a Hall—Petch function of a
complex argument. The max Feret diameter is assumed
to be the WC grain size. It makes it impossible to direct-
ly compare the results since most publications refer to
the average grain size determined by the linear intercept
method.

We obtained the experimental hardness vs. average
WC grain size relationships using the linear intercept
method (d.), the max Feret diameter (dg), and modi-
fied equation (3) to (3a), in which dc is included. Such
a modification makes it possible to compare a large
number of published experimental datasets with the es-
timated values. The comparison showed that the hard-
ness vs. average grain size and binder volume content
relationship (3) [6] provides a good agreement with ex-
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perimental data in a wide range of grain sizes: from the
nanoscale to coarse.

In the case of d, > 0.2 pm, we applied the o(Vc,)
normalization factor, in order to produce equation (6)
which expresses the grade’s hardness as a single Hall—
Petch relationship for different Co binder contents.
The a(V¢,) to C ratio for hardmetals which we found
makes the unified model clearer: The hardness of a
grade with a nearly stoichiometric carbon content is a
product of the carbide network hardness and contiguity.

In order to find the coercivity vs. grain size relation-
ship, we used d, estimated from the hardness values
produced by equation (6). The HV variation of the same
grain sizes can lead to a dj, estimation error. We evalu-
ated the average deviation of the experimental hardness
values from the trend curve presented in [3]. It does not
exceed 30 HV, which corresponds to a less than 9 % un-
certainty of the estimated grain size value. Since hardness
values deviations are random, the estimated dj, errors are
also random. This will cause more scattering relative to
the trend curve, as we analyze the coercivity vs. grain size
relationship. If the number of samples is sufficient, it does
not affect the trend curve equation. Another confirmation
of this is the good agreement between the experimental
and estimated HV and H, values as shown in Fig. 5.

Conclusions

1. We analyzed studies [3] and [6] and proposed
a combined model to express HV as:

HV=10,5/(V + 0,33D)](850 + 485d,71/2)

and to compare the harnesses of grades with the same
grain sizes and different binder volume contents in the
0.08 £ V¢, £0.24 range for d, > 0.2 pm.

2. As a part of the model, we obtained a simple re-
lationship between the grade’s hardness, the carbide
framework hardness (H V), and contiguity (C):

HV=C-HVyc,
HViye = 1284 + 733d.7'/2,

3. The coercivity vs. grain size and binder content
relationship was found for grades with a 6—12 wt.% Co
content:

H.=53+ (131 — 283V, d.~".

Powder Metallurgy and Functional Coatings = 2022 = Vol. 16 = N° 3

4. We proposed an equation for the coercivity
vs. hardness for grades with a 10 wt.% cobalt binder con-
tent:

HV=1,932H, + 1112.
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