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bstract

he intrinsic hardness of the constitutive phases in WC–Co composites is investigated by combining experimental and statistical analysis nanoin-
entation techniques. It is done on the basis of considering the cemented carbide material as effectively heterogeneous at the microstructure
cale, i.e. consisting of three phases defined by either different chemical nature (carbides and binder) or distinct carbide crystal orientation (i.e.
ith surface normal perpendicular to either basal or prismatic planes). As main outcome, experimentally measured and statistically significant

ntrinsic hardness values for the defined phases (WC and constrained metallic binder) are analyzed and determined. Besides the evidence of crystal
nisotropy for the WC phase, they permit to identify and account the expected strengthening of the plastic-constrained metallic binder, a critical

nput parameter for hardness and toughness modelling as well as for microstructural design optimization of ceramic composites reinforced by
uctile metallic ligaments.

2015 Elsevier Ltd. All rights reserved.
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. Introduction

Hardness is a key parameter for most of the applications
nvolving WC–Co composites (cemented carbides commonly
eferred to as hardmetals): from tools used for machining,
rilling and mining operations, through dies employed in the
orging and stamping industries, to wear and precision parts used
n different industrial sectors. Furthermore, because its measure-

ent is relatively simple and practical, hardness has historically

een the preferred property to be used for (1) comparison among
ifferent hardmetal grades as well as with other hard materi-
ls, (2) assessment of potential enhanced performance through
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evelopments in microstructural design, and (3) basic quality
ontrol at both technological and scientific levels.

Literature focused on hardness of WC–Co composites is not
nly extensive in number of published papers but also broad
n terms of either followed approach (experimental, analytical
nd/or theoretical) or/and length scale implicit to the testing
rocedure (macro-, micro- and nanoindentation). This may be
videnced in the exhaustive review recently published by Shatov
nd coworkers [1]. Main aim behind most of these investigations
as been to understand microstructure–hardness relationship
e.g. Refs. [2–6]) on the basis of proposed models involv-
ng microstructural description and in situ mechanical property
ssessment for each constitutive phase: rigid WC single crys-
als and the cementing metallic binder (e.g. Refs. [1,2,7–11]). In
his regard, many of these studies have provided a relatively sat-

sfactory agreement between experimental and estimated data
y recalling diverse assumptions at the corresponding small
ength scale, such as in situ hardness for both phases obeying

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2015.04.021&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
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all–Petch relations independently from each other or constraint
actors for individual phases and composite being the same. On
he other hand, orientation dependence of hardness for WC sin-
le crystals, although being established [12–19], is usually not
onsidered in the referred studies. Possible reason for such treat-
ent is the continuous recalling of indentation size effects on
icrohardness or nanohardness measurements [3,17–22], a phe-

omenon that may somehow question the effective relevance
f this hardness anisotropy for better modelling or analytical
utcomes.

Following the above ideas, this study attempts to evaluate the
n situ hardness of the constitutive phases of a WC–Co composite
n the basis of considering this material as effectively heteroge-
eous at the microstructure scale, i.e. consisting of three phases
efined by either different chemical nature (binder and carbides)
r distinct carbide crystal orientation (i.e. carbides with surface
ormal perpendicular to either basal or prismatic planes). Within
his context, reliable assessment of properties at small length
cale for each effective phase may be attained by means of sta-
istical indentation techniques, adapting the experimental and
nalysis procedure proposed and validated for evaluating in situ
anomechanical properties of highly heterogeneous materials
such as concrete, bone or shale) by Ulm and coworkers [23–26].
uch a protocol includes performing large grids of nanoindenta-

ions on the cemented carbide under consideration, followed by
ubsequent analysis of the results using statistical techniques.
uccessful implementation of this technique requires that each

ndentation test could be treated as an independent statistical
vent; thus, proper selection of both grid size and indentation
epth becomes critical. Accordingly, aiming to define optimal
anoindentation testing parameters, discrete nanoindentation
vents are first investigated on the composite (WC–Co) as well
s in individual carbides of known orientation. On the basis of
he experimental data gathered, estimates of mean and standard
eviation of small-scale hardness for each defined mechanical
hase are then extracted from statistical deconvolution of the
ndentation results. Because the relatively high length scale ratio
etween nanoindentation depth and binder mean free path, eval-
ation of intrinsic hardness of the constrained metallic phase
equires and additional deconvolution analysis for quantitative
ccount of the influence of surrounding WC particles. It is done
y implementing established thin film models and consideration
f Berkovich tip geometry. Finally, yield stress of the constrained
inder is estimated on the basis of the in situ hardness values
ssessed for the metallic phase.

. Experimental procedure

An experimental WC–Co composite grade supplied by
andvik Hyperion (Coventry, United Kingdom) was studied.

field emission scanning electron microscopy (FESEM)
mage of the material investigated is shown in Fig. 1. Carbide
ontiguity was assessed from best-fit equations following

mpirical relationships given by Roebuck and Almond [27],
ut extending them to include carbide size influence on the
asis of extensive analysis of data from open literature [28,29].
inder mean free path was finally estimated from the carbide

2
s
t
a

ig. 1. FESEM micrograph of the WC–Co microstructure for the hardmetal
rade studied.

ontiguity data [27,30]. Data attained was finally validated
y experimental measurement (discrete rather than statistical)
f thickness of binder pools following the interception linear
ethod. The corresponding microstructural parameters are:

ominal weight fraction of binder, %wt. Co = 11%; mean
rain size of WC, dWC = 1.12 ± 0.71 �m, mean free path
n binder, λCo = 0.42 ± 0.28 �m, and carbide contiguity,

WC = 0.38 ± 0.07.
Nanoindentation tests were performed on a Nanoindenter

P (MTS) with a calibrated Berkovich tip, and the obtained
ata were analyzed using the Oliver and Pharr method [31,32].
urface to be indented was carefully polished with diamond
aste down to 3 �m, with a final polishing step with colloidal
ilica. Three different sets of experiments were done at two dis-
inct maximum penetration depths, 1000 nm and 200 nm. First,
he possible indentation size effect or tip defect interactions
or the WC–Co composite was determined through a homo-
eneous array of 100 imprints (10 by 10). They were performed
t 1000 nm of maximum penetration depth with a constant dis-
ance between each imprint of 50 �m, in order to avoid any
verlapping effect. After that, single indentations in the middle
f selected grains were done to study and determine hardness
nisotropy for the WC phase. These specific nanomechani-
al tests were conducted at 200 nm of maximum penetration.

C grains chosen for these tests corresponded to those with
ell-defined crystal orientation, i.e. either basal or prismatic,
ith respect to indentation axis. Such orientation information
as attained through electron back-scattered diffraction (EBSD)

nalyses, carried out on a JEOL 7001F FESEM equipped with an
rientation imaging microscopy system. In general, the diffrac-
ion response of grains oriented with a surface normal near the
asal direction was sufficient for indexing with beam current in
he order of 1 nA. EBSD measurements were performed with a
onstant scanning step of 100 nm, at an acceleration voltage of
0 kV and beam probe currents up to 9 nA. The nanomechanical

tudy was combined with a topographic study of nanoindenta-
ion imprints. Surface observations were conducted by FESEM
t 20 kV.
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Fig. 2. P/S2 ratio against displacement into surface for the imp

Finally, a statistical analysis was performed over 1400
anoindentations performed in an array of 70 by 20 imprints,
ccording to the method proposed by Ulm and coworkers
23–26]. On the basis of the results attained in the individual
anomechanical tests, indentation maximum penetration depth
nd the distance between two successive imprints were chosen
s 200 nm and 5 �m, respectively. Such nanoindentation test-
ng parameters guarantee each indentation test could be treated
s an independent statistical event, as results were not affected
y either indentation size or overlapping effects. Foundations
ehind statistical data analysis following Ulm et al.’s approach
26] will be briefly described within the corresponding results
nd discussion section later.

. Results and discussion

.1. Indentation size effect on the WC–Co composite
tudied

Possible indentation size effect (ISE) or tip defect interactions
ere evaluated by plotting the ratio between applied load and

2
tiffness squared (P/S ) as a function of the displacement into
urface in Fig. 2. This quantity is independent of the contact
rea, and therefore do not depend on the calibration of the tip.
s it may be seen from the resulting graph, P/S2 data becomes

w
p

c

ig. 3. Local crystallographic orientation determined by EBSD for two generic and d
erformed at 1000 nm of maximum displacement into surface.

ndependent of indenter penetration as the latter gets deeper than
75 nm. On the other hand, for indents shallower than 175 nm
he values are strongly affected by length scale or indentation
ize effects, as reported elsewhere [18,19]. Accordingly, aiming
o avoid any scale or size effects, penetration depth for the low-
oad nanoindentations conducted in this study was defined as
00 nm.

.2. Intrinsic hardness of WC grains with different crystal
rientations

Fig. 3 presents local crystallographic orientation of WC
rains, as determined by EBSD for two generic and different
egions of the material studied. The inset in region 2 shows corre-
ponding mapping of normal direction orientation (ND) in terms
f colour characteristics. It allowed clear identification of WC
rains with well-defined crystallographic orientations, particu-
arly those exhibiting ND close to surface normal of basal and
rismatic planes (e.g. carbides 1 and 2 respectively). Nanoinden-
ations were then selectively performed at 200 nm of maximum
enetration depth, where no size indentation and/or scale effects

ould affect the intrinsic indentation hardness of the carbide
hase, as depicted in Fig. 2.

Fig. 4 displays representative indentation loading–unloading
urves for single indentations performed on WC grains with ND

ifferent regions, using IPF colouring for the WC phase. Step size = 0.1 �m.
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Fig. 4. Indentation loading–unloading curves (or P–h curves) for WC basal
plane, WC prismatic plane and constrained metallic binder, at 200 nm of maxi-
mum penetration depth. P–h curves for WC prismatic plane and metallic binder
have been shifted 25 and 50 nm respectively, to clearly discern the pop-in events
i

c
a
l
a
i
t
e
a

p
o
p
a
h
w
r

F
t
a

3
t
c

i
p
h
h
r
i
n
t
b
f
a
t
e
t

[
d
c
a
m
p
f

p

w
f
(
s

n the loading curve.

lose to surface normal of basal and prismatic planes. Black
rrows indicate discontinuities (pop-ins) detected during the
oading part of the indentation test. These pop-in events can be
ssociated with plastic deformation micromechanisms becom-
ng operative as load is increased. As it may be appreciated in
his figure, pop-ins during indentation of prismatic plane emerge
arlier (with respect to both applied load and penetration depth)
nd are more pronounced than those discerned for the basal one.

Typical curves of indentation hardness as a function of
enetration depth for carbides exhibiting basal and prismatic
rientations are shown in Fig. 5. Hardness values stabilize for
enetrations higher than 75 nm, yielding plateau values of 32
nd 24 GPa respectively. Relative differences of about 20–30%
igher for basal-like orientations than for prismatic-like ones
ere a common trend, in agreement with hardness anisotropy
eported in the literature for WC crystals [13–16,18,19].

ig. 5. Hardness evolution against the penetration depth for nanoindentation
ests done within individual WC grains. The harder character of the basal plane,
s compared to that of the prismatic one, is clearly discerned.
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.3. Statistical evaluation of hardness: Intrinsic values for
he phases under consideration and flow stress for the
onstrained metallic binder

Indentation depth and grid size are critical parameters to take
nto consideration for implementing the statistical method pro-
osed by Ulm and coworkers to assess hardness response of
eterogeneous materials [23–26]. When tests are performed at
igh penetration depths (Fig. 2), the mechanical response cor-
esponds to the average one of all the different phases present
n the WC–Co composite, defined by either different chemical
ature (binder and carbides) or distinct carbide crystal orien-
ation (i.e. carbides with surface normal perpendicular to either
asal or prismatic planes). On the other hand, when tests are per-
ormed at small length scale, it is possible to confine the imprint
s well as the plastic field inside each individual phase; thus,
heir intrinsic hardness can be obtained. Furthermore, it is nec-
ssary to mention that a large number of imprints will increase
he accuracy of the results.

Theoretical framework behind Ulm and coworkers approach
26] is based on considering a sample composed by several i
istinct phases (in this investigation defined in terms of either
hemical nature or carbide crystal orientation: Co, WC,basal
nd WC,prismatic) with different mechanical properties. This
ethod assumes then that distribution (pi) of the mechanical

roperties (H) of each phase follows a Gaussian distribution as
ollows:

i = 1√
2πσ2

i

e

(
− [H−Hi]2

2σ2
i

)
(1)

here σi is the standard deviation and Hi is the arithmetic mean
or each of the number of indentations (Ni) on the material phases
i). Then, the cumulative distribution function (CDF) using a
pecial sigmoid shape error function can be written as follows:

DF =
∑
i

1

2
fi erf

(
H −Hi√

2σi

)
(2)

The fitting process was programmed to be completed when
he χ2 tolerance was less than 1 × 10−15, with a final coefficient
f determination (R2) value of 0.993.

In order to obtain a representative distribution of the hardness
roperties in the heterogeneous WC–Co composite sample, a
rid of 1400 indentations was performed in the specimen of
nterest. Fig. 6 is a FESEM image of a small region of the
mall-scale indentation array, performed by applying 200 nm of
aximum penetration depth with a constant distance between

ach imprint of 5 �m. It is important to underline that the size of
he residual imprint should be smaller than the size of the indi-
idual WC grains, enabling the separation of each phase: cobalt
inder, WC,basal and WC,prismatic.

In Fig. 7a the hardness histogram with a constant bin size of

500 MPa, determined from 1400 indents, presents three peaks
entred at different mean values (Table 1). The higher value
eaks, at about 30 and 22 GPa, are attributed to the basal and
rismatic planes, in fair agreement with results reported in the
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Fig. 6. FESEM micrograph of a small region of the indentation array performed at 200 nm of maximum penetration depth.

Fig. 7. Histogram of hardness values (bin size 1500 MPa) determined from
1400 indents performed at 200 nm of maximum penetration depth. The simu-
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Fig. 8. FESEM magnification of specific location within a homogeneous array
of nanoindentations (at 200 nm of màximum displacement into surface), where
individual imprints within each constitutive phase: metallic binder and WC
p

t
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p
w
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ated hardness distribution using the statistical fitting parameters (summarized
n Table 1) are overlapped in the hardness histogram.

iterature [13,15,16,18,19,33]. These values fits with the results
lso reported in Fig. 5 (Section 3.2). The lowest value peak,
etween 11 and 12 GPa, is associated with the metallic binder
hase and it is presented here as one of the main outcomes of
his investigation because it represents an experimentally mea-
ured and statistically significant value of the effective hardness
f the constrained binder. Nevertheless, reliable assessment of
he intrinsic hardness for the constrained cobalt requires further

nalysis. Main reason behind it is the fact that length scale ratio
etween nanoindentation depth and binder mean free path is rela-
ively high (about 0.5, i.e. higher than aimed 0.1 or lower values);

able 1
ummary of the hardness and standard deviation for the different phases (binder
nd carbides with different crystallographic orientations) obtained through the
tatistical method fitting.

hase Hardness, H (GPa) σ (GPa)

obalt 11.6 5.0
rismatic plane 22.0 9.6
asal plane 29.9 4.7

t
v
o
h
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e
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f

H

articles are clearly appreciated.

hus, hardness and stiffness of the surrounding carbides must
e affecting small-scale properties determined for the metallic
hase as is depicted in Fig. 8, where individual indentations done
ithin each constitutive phase (metallic binder and WC particle)

re shown. Within this context, the value of intrinsic hardness for
he constrained cobalt was deconvoluted from the experimental
alues by implementing established thin film models. The use
f thin films models are expected to yield reasonable values of
ardness as the lateral stiffness is considered low in compari-
on to the normal stiffness, due to the large opening angle of
he Berkovick tip [34]. In this study, the models of Korsunsky
t al. [35] and Puchi-Cabrera et al. [36] were used by consider-
ng the WC–Co composite as the effective substrate of a binder
hin film. They are described by Eqs. (3) and (4) respectively, as
ollows:
C = HS + Hf −HS

1 + kβ2 (3)
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here Hc (WC–Co composite), Hf (Co binder) and Hs (WC
articles) are the composite, film and substrate hardness,
espectively; while β is the relative indentation depth and k is a
onstant related to the film thickness.

C = HS + (
Hf −HS

)
e(−k

′βn) (4)

here k′ and n represent material parameters that characterize
he change in hardness as the indenter passes from the film to
he substrate.

As a result, an intrinsic hardness of the constrained cobalt
inder (without the influence of the surrounding WC particles)
as calculated to be 8.1 ± 3.0 GPa. These values are about 40%

ower than those listed in Table 1, sustaining then the strong influ-
nce of the neighbouring WC particles on the original hardness
ata for the metallic phase.

To the best knowledge of the authors, although experimen-
al hardness values have been reported for the metallic binder,
he wide experimental scatter (within the range of 5–15 GPa
8,19]) and the limited statistical analysis of the data do not
llow to use them as reliable data for modelling and/or micro-
tructural design optimization. In particular, accurate data for
he intrinsic hardness of the constrained binder phase (i.e. one
hat accounts not only for the solid solution strengthening by
issolved tungsten and carbon but also for the limitation of slip
ength by the adjacent carbide crystals) is fundamental for for-

ulating useful and reliable hardness and toughness models.
egarding hardness modelling attempts, in previous studies it
as been estimated by considering the hardness of bulk cobalt
or Co W C dilute alloys) as baseline and assuming it obeys
conventional Hall–Petch relationship [1,2,7–11]. This is also

he case for toughness modelling, where the flow stress (σflow)
or the constrained metallic binder (a critical parameter for reli-
ble evaluation of the energy expended in the flow and fracture
f the reinforcing ductile ligaments [37–39]) has been calcu-
ated through simple conversion of previously estimated intrinsic
ardness data. Accordingly, σflow has been reported as the ration
etween the measured Vickers hardness (HV) and a constraint
actor (ψ), commonly taken as 3 for soft ductile metals but
eported to range from 3 to 4 for WC–Co cemented carbides
epending on binder content or carbide grain size [40]. After
onsideration of a correction factor of 0.9 in ψ, as related to
onsideration of Berkovich geometry instead of a Vickers one
or the material studied [41], the use of experimental and sta-
istically significant intrinsic hardness values measured in this
ork yields a flow stress ranging from 1.8 to 2.4 GPa for the

onstrained metallic binder of the WC–Co composite stud-
ed. Such values are in satisfactory concordance with those
stimated (but not experimentally determined) by Sigl and Fis-
hmeister [38], between 2.2 and 2.6 GPa, for a wide set of

C–Co cemented carbides with microstructural characteristics
imilar to those exhibited by the grade here studied. As a conse-
uence, the statistical indentation approach may be described as

n appropriate tool for reliable assessment of microstructural
ffects on local properties of constitutive phases of WC–Co
omposites.

I
U
t

ramic Society 35 (2015) 3419–3425

. Conclusions

In this study, experimental and statistical nanoindentation
echniques have been implemented for assessment and analysis
f the mechanical response of the constitutive phases of WC–Co
omposites. The main conclusions are as follows:

. Reliable intrinsic hardness values are analyzed and deter-
mined for the three phases defined, by either different
chemical nature (carbides and constrained binder) or distinct
carbide crystal orientation (i.e. carbides with surface nor-
mal perpendicular to either basal or prismatic planes), in the
material under study. It supports the consideration of WC–Co
cemented carbides as materials effectively heterogeneous
at the microstructure scale, and validates then the imple-
mentation of statistical indentation techniques for deter-
mining small-scale properties intrinsic to their constitutive
phases.

. Maximum penetration depth and the distance between two
successive imprints of 200 nm and 5 �m respectively, are
found to be suitable nanoindentation testing parameters for
successful implementation of statistical indentation tech-
niques in cemented carbides. On the basis of microstructure
scale and mechanical response of these materials, such
parameters guarantee each indentation test could be treated
as an independent statistical event. Nevertheless, addi-
tional data analysis is required for assessment of intrinsic
hardness of the constrained cobalt (whose binder mean
free path is just twice the nanoindentation depth), in
order to quantify the influence of the surrounding carbide
grains.

. A clear and defined hardness anisotropy is evidenced for WC
crystals. In this regard, hardness for the basal plane is about
20–30% higher than for the prismatic one.

. For the first time, a statistically significant value of the intrin-
sic hardness of the Co-base binder constrained by the WC
grains has been reported. It is based on experimental data,
later corrected to consider the influence of surrounding car-
bide grains by implementing established thin film models.
The determined value accounts for the strengthening of the
plastic-constrained metallic phase, and is in agreement with
values previously estimated in the literature. Such data are
critical as input parameter for hardness and toughness mod-
elling as well as for microstructural design optimization of
WC–Co composites.

cknowledgements

The current study was supported by the Spanish Ministerio
e Economía y Competitividad through Grant MAT 2012-
4602. J.J. Roa and J.M. Tarragó would like to acknowledge
nancial support received from the Juan de la Cierva Pro-
ramme (Grant number JCI-2012-14454) and the collaborative

ndustry-University programme between Sandvik Hyperion and
niversitat Politècnica de Catalunya (PhD scholarship) respec-

ively.



an Ce

R

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

J.J. Roa et al. / Journal of the Europe

eferences

[1] Shatov AV, Ponomarev SS, Firstov SA. Hardness and deformation of hard-
metals at room temperature. In: Sarin VK, Mari D, Llanes L, editors.
Comprehensive hard materials, vol. 1. Elsevier; 2014. p. 647–99.

[2] Lee HC, Gurland J. Hardness and deformation of cemented tungsten car-
bide. Mater Sci Eng 1978;33:125–33.

[3] Jia K, Fischer TE, Gallois B. Microstructure, hardness and toughness of
nanostructured and conventioanl WC–Co composites. Nanostruct Mater
1998;10:875–91.

[4] Schubert WD, Neumeister H, Kinger G, Lux B. Hardness to toughness
relationship of fine-grained WC–Co hardmetals. Int J Refract Met Hard
Mater 1998;16:133–42.

[5] Roebuck B. Extrapolating hardness–structure property maps in WC/Co
hardmetals. Int J Refract Met Hard Mater 2006;24:101–8.

[6] Armstrong RW. The hardness and strength properties of WC–Co compos-
ites. Materials 2011;4:1287–308.

[7] Makhele-Lekala L, Luyckx S, Nabarro FRN. Semi-empirical relationship
between the hardness, grain size and mean free path of WC–Co. Int J
Refract Met Hard Mater 2001;19:245–9.

[8] Engqvist H, Jacobson S, Axen N. A model for the hardness of cemented
carbides. Wear 2002;252:384–93.

[9] Xu ZH, Agren J. A modified hardness model for WC–Co cemented car-
bides. Mater Sci Eng A 2004;A386:262–8.

10] Cha SI, Lee KH, Ryu HJ, Hong SH. Analytical modeling to calculate
the hardness of ultra-fine WC–Co cemented carbides. Mater Sci Eng A
2008;A489:234–44.

11] Shatov AV, Ponomarev SS, Firstov SA. Modeling the effect of flatter shape
of WC crystals on the hardness of WC–Ni cemented carbides. Int J Refract
Met Hard Mater 2009;27:198–212.

12] Takahashi T, Freise EJ. Determination of the slip systems in single crystals
of tungsten monocarbide. Philos Mag 1965;12:1–8.

13] French DN, Thomas D. Hardness anisotropy and slip in WC crystals. Trans
AIME 1965;233:950–2.

14] Pons L. Plastic properties in tungsten monocarbide. In: Vahldiek FW, Mer-
sol SA, editors. Anisotropy in single-crystal refractory compounds, vol. 2.
New York: Plenum; 1968. p. 393–444.

15] Lee M. High temperature hardness of tungsten carbide. Metall Trans A
1983;14A:1625–9.

16] Cuadrado N, Casellas D, Llanes L, González I, Caro J. Effect of crys-
tal anisotropy on the mechanical properties of WC embedded in WC–Co
cemented carbides. In: Euro PM2011 – hard materials. 2011. p. 215–20.

17] Rayón E, Bonache V, Salvador MD, Roa JJ, Sánchez E. Hardness and
Young’s modulus distribution in atmospheric plasma sprayed WC–Co
coatings using nanoindentation. Surf Coat Technol 2011;37:4192–7.

18] Roebuck B, Klose P, Mingard KP. Hardness of hexagonal tungsten carbide
crystals as a function of orientation. Acta Mater 2012;60:6131–43.

19] Duszová A, Halgas R, Bl’anda M, Hvizdos P, Lofaj F, Dusza J, et al. Nanoin-

dentation of WC–Co hardmetals. J Eur Ceram Soc 2013;33:2227–32.

20] Gee MG, Roebuck B, Lindahl P, Andren H-O. Constituent phase nanoin-
dentation of WC/Co and Ti(C, N) hard metals. Mater Sci Eng A
1996;A209:128–36.

[

ramic Society 35 (2015) 3419–3425 3425

21] Nabarro FRN, Shrivastava S, Luyckx S. The size effect in microindentation.
Philos Mag 2006;86:4173–80.

22] Nino A, Tanaka A, Sugiyama S, Taimatsu H. Indentation size effect for the
hardness of refractory carbides. Mater Trans 2010;51:1621–6.

23] Constantinides G, Ulm F-J, Van Vliet K. On the use of nanoindentation for
cementitious materials. Mater Struct 2003;36:191–6.

24] Constantinides G, Chandran KSR, Ulm F-J, Van Vliet K. Grid indenta-
tion analysis of composite microstructure and mechanics: principles and
validation. Mater Sci Eng A 2006;A430:189–202.

25] Constantinides G, Ulm F-J. The nanogranular nature of C S H. J Mech
Phys Solids 2006;55:64–90.

26] Ulm F-J, Vandamme M, Bobko C, Ortega JA, Tai K, Ortiz CJ. Statistical
indentation techniques for hydrated nanocomposites: concrete, bone, and
shale. J Am Ceram Soc 2007;90:2677–92.

27] Roebuck B, Almond EA. Deformation and fracture processes and the phys-
ical metallurgy of WC–Co hardmetals. Int Mater Rev 1988;33:90–110.

28] Torres Y [Ph.D. thesis] Comportamiento a fractura y fatiga de carburos
cementados WC–Co. Universitat Politècnica de Catalunya; 2002.

29] Coureaux D [Ph.D. thesis] Comportamiento mecánico de carburos cemen-
tados WC–Co: influencia de la microestructura en la resistencia a la
fractura, la sensibilidad a la fatiga y la tolerancia al daño inducido bajo
solicitaciones de contacto. Universitat Politècnica de Catalunya; 2012.

30] Exner HE. Physical and chemical nature of cemented carbides. Int Met Rev
1979;4:1149–73.

31] Oliver WC, Pharr GM. Improved technique for determining hardness and
elastic modulus using load and displacement sensing indentation experi-
ments. J Mater Res 1992;7:1564–83.

32] Oliver WC, Pharr GM. Measurement of hardness and elastic modulus by
instrumented indentation: advances in understanding and refinaments to
methodology. J Mater Res 2004;19:3–20.

33] Csanádi T, Bl’anda M, Chinh NQ, Hvivdos P, Dusza J. Orientation-
dependent hardness and nanoindentation induced deformation mechanisms
of WC crystals. Acta Mater 2015;83:397–407.

34] Botero CA, Jiménez-Piqué E, Baudín C, Salán N, Llanes L. Nanoindenta-
tion of Al2O3/Al2TiO5 composites: small-scale mechanical properties of
Al2TiO5 as reinforcement phase. J Eur Ceram Soc 2012;32:3723–31.

35] Korsunsky AM, McGurk MR, Bull SJ, Page TF. On the hardness of coated
systems. Surf Coat Technol 1998;99:171–83.

36] Puchi-Cabrera ES, Berrios JA, Teer DG. On the computation of the absolute
hardness of thin solid films. Surf Coat Technol 2002;157:185–96.

37] Viswanadham RK, Sun TS, Drake EF, Peck JA. Quantitative fractography
of WC–Co cermets by Auger spectroscopy. J Mater Sci 1981;16:1029–38.

38] Sigl LS, Fischmeister HF. On the fracture toughness of cemented carbides.
Acta Metall 1988;36:887–97.

39] Ravichandran KS. Fracture toughness of two phase WC–Co cermets. Acta
Metal Mater 1994;42:143–50.

40] Doi H, Fujiwara Y, Miyake K. Mechanism of plastic deformation
and dislocation damping of cemented carbides. Trans Met Soc AIME

1969;245:1457–70.

41] Casals O, Alcalá J, Miyake K. The duality in mechanical property extrac-
tions from Vickers and Berkovich instrumented indentation experiments.
Acta Mater 2005;53:3545–61.


	Intrinsic hardness of constitutive phases in WC-Co composites: Nanoindentation testing, statistical analysis, WC crystal orientation effects and flow stress for the constrained metallic binder
	1 Introduction
	2 Experimental procedure
	3 Results and discussion
	3.1 Indentation size effect on the WC-Co composite studied
	3.2 Intrinsic hardness of WC grains with different crystal orientations
	3.3 Statistical evaluation of hardness: Intrinsic values for the phases under consideration and flow stress for the constrained metallic binder

	4 Conclusions
	Acknowledgements
	References


