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Characterization of mechanical properties of tungsten
carbide/carbon multilayers: Cross-sectional electron
microscopy and nanoindentation observations

N.J.M. Carvalho and J.Th.M. De Hos$bn
Department of Applied Physics, Materials Science Center and Netherlands Institute of Metals
Research, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

(Received 11 January 2001; accepted May 2001)

Multilayers of tungsten carbide/carbon (WC/C) deposited by physical vapor

deposition onto steel substrates were subjected to depth-sensing indentation testing.
The investigation aimed at probing the influence of dissimilarities between the
microstructure of the multilayers and substrate on the system mechanical properties.
The resultant load-displacement data were analyzed both by conventional
load-displacement?-8) and load-displacement square®d?) plots. Furthermore, it

was demonstrated that the occurrence of annular through-thickness cracks around the
indentation sites can be identified from the load-displacement curve. Also, analysis of
the lower part of the unloading curve permitted us to identify whether the coating had
popped up by localized fracture. The cracking mechanism was characterized using a
new technique for cross-sectional electron microscopy of the nanoindentations. The
information retrieved with this technique eliminates the problems, inherent in assessing
at this small contact scales, whether the fracture is by coating decohesion or by
interfacial failure. In our case, it was demonstrated that the failure mechanism was
decohesion of the carbon lamellae within the multilayers. The mechanical properties
(hardness and effective Young’s modulus) were also assessed by nanoindentation. The
hysteresis loops were analyzed and discussed in terms of the method developed by
Oliver and Pharr [J. Mater. Reg, 1564 (1992)].

I. INTRODUCTION this technique is that very low loads and displacements

Tungsten carbide/carbon (WC/C) deposited by physif,lre available, enabling characterization on a submi-

cal vapor deposition (PVD) has received considerabl&rf[)mdm(ter fce;)le. 'LTe_se (;efaturetsh_pefr.rlmt mett:harlucgl Fhmp'
attention in recent years, owing to its low friction coef- erty data to be obtained from thin fims not only in the

ficient and high wear resistant&in combination with microstructural and residual stress state in which they

substrate temperatures of 200 to 400 °C achieved durin istas cqatings while ona substra}te, butalso in a regime
deposition. Furthermore, the fact that adhesion betweel; here their properties should dommét%?l’he Comb".‘a'

the coating and the substrate has been improved by d on of Ioad—d|sp_lacement data obtained from_ hanoinden-
positing an interlayer of chromiufrhas helped to pro- tation c_ycIe W'.th post mortem observatlon_ of the
mote the deposition of such coatings onto machinéndemat'ons’ using either scanning electron microscopy

components subjected to a high shear stress componeﬁ%EM) or scanning force microscopy, reveals important

However, if the advantages are to be fully employed indspects of the contact-induced fracture of coated sys-

6’7 . . .
improving the surface properties of engineering compo:[ems' However, complementary information is needed

nents, it is necessary to understand more thoroughly threegarding any delamination at the indentation sites. Tech-

detailed mechanisms by which surface properties are infa'ques such as scanning el.ectron' acoustic microscopy
proved. and Nomarski interference light microscdpyave been

Ultralow load indentation (nanoindentation) experi- used to examine delamination, although_ the reso_lutions
ments have become increasingly widespread to gauge (ke found to be too low. To overcome this lack of infor-

mechanical properties of coated systems. The appeal ation, we have developed amethoc_i forcross-_sectiqning
the samples through the contact sites, allowing direct

measurement of the fracture mechanism. Moreover, the
a)address all correspondence to this author. method permits cross-sectional scanning/transmission
e-mail: hossonj@phys.rug.nl electron microscopy (SEM/TEM) of the resulting
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nanoindentations. A thorough study of the depositionTABLE I. Coated systems investigated in this work.
process, microstructure, and chemical composition of the Substrate Substrate Coating  Coating
systems has been described elsewfirEherefore, in Sample  Substrate  hardness roughness thickness roughness

this article information is only given about the structure D material  HV (GPa) R,(wm)  (um) R, (um)
of the systems Whenever itis _required to understgnd their Stainless steel 1.6 0.05 3 0.05
surface deformation behavior. The use of different (AISI 304)
coatings—substrates configurations reveals impor- s2  Stainless steel 1.6 0.03 2.8 0.05
tant clues with respect to the mechanical behavior of the (AISI 304)
entire coating system. A thorough assessment of elastic, 't TO(?AEIZIIGSIZ) 6.8 0.07 2.1 0.06

plastic, and fracture properties of the coated systems was

performed by nanoindentation experiments. Advanced ) ) )
e|ectr0n m|Croscopy techr“ques were used to retrievélsed n the ana|ySIS to account fOf the fa.Ct that the eIaSUC

mechanisms. is related to the specimen modulus through
1 1-v) 1-v)
= = + ) (3)
E, E E,
II. EXPERIMENTAL PROCEDURES .
) whereE andv are the Young’s modulus and Poisson’s
A. Substrate materials ratio for the specimen anB, andv, are the same quan-

The coatings examined in this work were depositedities for the diamond indenter. When the Poisson’s ratio
onto stainless steel (AISI 304) and tool steel (AISI D2)for the specimen is unknown an effective elastic modulus
substrates with a rectangular (90 x 10 x 3 mm) geometryis used instead:

The tool steel was heat treated and tempered at 520 °C to E

obtain 60 Hardness-Rockwell (HRC). The surfaces were Eeif = > (4)
finished by polishing to an average roughneRg, of 1-w

0.03, 0.05, and 0.04m. Then, three dissimilar WC/C Nanoindentation experiments were carried out using a
coatings, denoted S1, S2, and T1, were deposited ontitome-made apparatus with a Berkovich diamond tip,
those substrates in a BAI 830 coating unit by Balzersyvhich was described elsewhéereIndentation cycles
Ltd., Liechtenstein. The combinations of coating/were made under both load and displacement control to
substrate evaluated in this study are presented in Table peak loads ranging from 10 mN to 1 N. For each load a
series of at least ten indentations was made and a mean
value for the hardness and effective modulus was deter-

_ ' _ mined. The standard deviation was used as a measure of
To determine the hardness and elastic properties of thée experimental uncertainty.

material from a nanoindentation response several meth-

ods have been developed, all being based on contatt Nanoindentation cross-sectioning procedure

mechanics!* The hardness and elastic modulus were To investigate the coated system response beneath the

calculated from the load-displacement curve using therigonal impression of a nanoindentation, cross-sectional

following equations. TEM specimens from the contact sites were prepared.
The novel method developed is as follows. Two thin

B. Hardness and elastic modulus

_ Prax slabs (1,300 x 50 x 35@m) of coated material with the
H= A @ coating on the 1,300 x 5@m surface were fitted in a
1004m-wide slot of a titanium grid. Then three rows of
\/ﬁ s indentations, distributed over the coated surface, were
E=—F——#+~ , (2)  performed in each specimen with a load ranging between
2 B\/Z 50 mN and 400 mN. After performing the indentations,

the slabs were removed from the grid and fitted film-to-
whereP is the maximum applied load is the projected film in a 7004um-wide slot and then embedded in a two-
area of the elastic contad, is the reduced elastic modu- component glue. When the glue was cured, which was
lus, B is a geometrical correction factor accounting foraccomplished by placing the specimen in a temperature-
the cross-sectional shape of the indenter equal to 1.034pntrolled oven, it was polished (using a Tripod Polisher)
and S is the experimentally measured contact stiffnessfo remove 1Qum of material from each side. Subse-
e.g., using the procedure of Oliver and Phdrit corre-  quently, ion-beam milling was performed by using two
sponds to the slope of the unloading curve during thgguns in mirror-image positions on both sides of
initial stages of unloading. The reduced modulls,is  the rotating specimen using a Gatan PIPS, model 691.

2214 J. Mater. Res., Vol. 16, No. 8, Aug 2001
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The angle of incidence was 6° (ion energy 4 kV and ionmade with that of the substrate alone. Figure 2 shows the
current 40uA). Final thinning to electron transparency load-displacement responses of the two substrate mate-
was accomplished by rocking the specimen £30° perperrals for two independent indentations. The responses are
dicular to the coating—substrate interface with an incomiypical of ductile materials. The loading curves are para-
ing ion beam at 4°. This process continued untilbolic and the unloading segment displays little elastic
perforation took place and the hole reached the region afecovery of the indentation depth. Plastic deformation is
interest. Finally, the surface contaminants (due to redeevident even at lower loads, being more pronounced on
posited material) were reduced by using an ion energy athe 304 stainless steel due to its higher ductility.
2 kV and ion current of 4.A while continuing rocking The load-displacement curves for the coated systems
the specimen. To ensure that the electron transparent araee shown in Fig. 3. The response when compared to the
was in the desired region, the ion milling was periodi-substrate material demonstrates that the load-
cally stopped and the specimen was examined with SEMdisplacement curve for low peak loads exhibits an in-
SEM of the indentations was performed using a Philipcreased amount of elastic recovery on unloading,
XL 30-FEG microscope (Eindhoven, The Netherlands)establishing that a higher proportion of the deformation
and for higher magnification, TEM was employed usingis accommodated elastically. This is observed by smaller
a JEOL 4000 EX/IlI microscope (Tokyo, Japan). Depthdisplacements at maximum load, and reductions in the
information from the nanoindentations hardness impreselastic and plastic works of indentation. Thus, the influ-
sion was obtained by usinggSurf (Nanofocus) confo- ence of the substrate is much reduced, evidencing that at
cal microscope with an Olympus lens (100x/0.95). Withthese contact loads the response of the system is mainly
this configuration, a 10-nm depth resolution was obtainedcharacterized by the coating properties. At higher peak
loads, however, corresponding to an indentation depth
. RESULTS AND DISCUSSION considerably less than the coating thickness, the elastic

The microstructure of the WC/C coatings is disclosed€covery is more related to the substrate, indicating that
by overview cross-sectional TEM images in Fig. 1. Theythe relative contribution of the coating to the system has
are formed by (A) a chromium interlayer, (B) an inter- been reduced.

multilayer of WC and carbon, (C) a WC layer, and (D) The load-displacement curves displayed in Fig. 3 from
the WC/C multilayers. WCI/C onto stainless steel exhibits a discrete change in

) ) the slope of the loading curve at approximately 150 mN

A. Nanoindentation response for system S1 and at approximately 120 mN for system

Considerable insight into the behavior of coated sysS2. However, the WC/C films deposited onto tool steel

tems can be gained from their load-displacement disdo not exhibit such a change. SEM micrographs from
placement response, especially when a comparison &y/stems S1 and S2 showed that indentations whose peak

i
" ' 1 L "‘ '3 L3
11 160 nm"‘z'- w i

-

FIG. 1. Cross-sectional TEM micrographs showing the microstructure of the coatings investigated in this study: (a) system S1, (b) system S2,
(c) system T1. The structure of the coatings consisted of a chromium interlayer (A), an intermultilayer (B), a WC layer (C) for systems S1 and
T1, and the WC/C multilayers (D).
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FIG. 2. Nanoindentation load-displacement curves of the steel sub-
strates: (a) indentations with peak loads of 100 and 400 mN on stain- 900 t
less steel, and (b) indentations with peak loads of 100 and 500 mN on
tool steel. The responses are typical of plasticity dominated materials, 750+
showing a parabolic loading curve and an unloading segment more Qi
less vertical. Zz 600 |
=
= 450}
g
_ , = 300}
load is lower than the value of decrease in slope reveal no
signs of coating failure, whereas for higher loads the 150+
indentation had always an annular crack around the pe- . ‘ . .
riphery. The fact that the initial unloading contact stiff- 0

ness from the load-displacement curve of Fig. 3(b) is not 0 500 1000 1500 2000

dominated by the modulus of the substrate only [cf.
Fig. 2(a)], indicates that the annular crack is not a com{¢
plete th.r.oth thic.kness' Increaging the peak load, .there iSIG. 3. Nanoindentation load-displacement curves of the three coated
an adqltlonal ﬂ_exmg of the antmg around the p(_:‘”phen)s:ystem: (a) Response of system S1 to peak loads higher and lower than
of the impression and formation of more annular cracksge decrease in slope, which takes place at approximately 150 mN
Then, the initial unloading contact stiffness approximategbest seen at a glancing angle). (b) Response of system S2 for the same
the one controlled by the modulus of the substrate. Asituation as described above, although in this case the change in slope

approximately 700 mN the unloading is controlled cm|yoccurs_a_t approximate_ly 120 mN. The last stages of unlpading §how
he uplifting of the coating. (c) Response of system T1 for indentations

by the SupStrate modulus. In this situation it is be“evedat two different peak loads showing no decrease in slope. Note the
that the f'!’St annular crack has developed completelyjitterent values of peak loads that had to be used to achieve an equiva-
through thickness. lent maximum total surface deflection.

Displacement (nm)
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The nanoindentation response from coating system T
did not show any change in slope for the load rangé
employed in this study (10 mN up to 1 N). Instead, the
SEM micrographs from higher peak load indentations
showed the presence of nested cracks following the i
dentation profile. Thus, the crack pattern is more relatet
to the substrate deformation mechanism, rather than t
one of the coating. Figure 4 presents SEM micrograph
of nanoindentation response of the coated systems. T
micrographs were taken from the indentation impressio
at the higher loads of Fig. 3. The existence of annula
cracks in the case of stainless steel substrate suggests t
significant tensile stresses were generated around t
outer periphery of the contact zone by coating flexure
and upthrust of the substrate material (pile-up) due td
displacement by plastic floW.Conversely, the nested
cracks for tool steel substrate indicate that the coating has
been bent and stretched as the substrate yields a
plastically deforms to accommodate the indente
displacements®

Hainsworth and Pagéhave proposed that changes in
the slope of load-displacement squardddf) can be
used to assess the transition between the different r

displacement squared curve shows three distinct regiong
Initially, the indenter should just probe the properties ofg
the coating, which should be reflected by a straight line
Then, there is a transition region where the properties
the coating and substrate are probed. Subsequently, th
curve should again be a straight line reflecting the prop{f*
erties of the substrate alone. Figure 5 showsPHé data
for the indentations on the coated systems (obtained fro
the P-3 curves of Fig. 3). Thé>-32 graphs of Figs. 5(a)
and 5(b) display the three distinct regimes of coated
materials. The first regime is characterized by a straighl
line segment, which is believed to be related to the coati¥
ing properties. Then there is the transition region, wherg
the properties of both the coating and substrate are r¢
vealed. Within this region, the substrate deforms plasti
cally causing the coating to crack around the indentatio
periphery, originating the annular crack. At large dis-
placements, the fractured coating will play an insignifi-
cant role in supporting the applied load. Thus, a secon
straight line segment emerges, whose slope is approx
mately controlled by the substrate properties, represen
ing the last regime. The small nonlinear segment at th
beginning of the graph is thought to be caused by ¢
combination of tip shape imperfections and any elastic
only deformation of the coating as the tip first makes
contact with the surfact®

The P-32 graph displayed in Fig. 5(c) for coating sys-

tem T1, does not clearly reveal the transition between thE'C: 4. SEM micrographs showing the indentations impression
on coated systems: (a) 800-mN nanoindentation on system S1,

coating and substrate domination of the indentation F€{h) 400-mN nanoindentation on system S2, and (c) 900-mN nanoin-

sponse. Therefore, when the coating fracture is via nestegntation on system T1. The first two display annular cracks, whereas
cracks instead of annular cracks, the membrane stressts latter fractures through nested cracks.

J. Mater. Res., Vol. 16, No. 8, Aug 2001 2217
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in the coating that supports a fraction of the load still
play role in the system response, even at peak loads as
high as 0.9 N.
600 The lower part of the unloading curve in Fig. 3(b) is of
considerable interest. Since the nanoindenter utilized in
this study is displacement controlled, any change in load
applied to the indenter tip is registered. Therefore, the
load-displacement response gives indication that during
200+ the last stages of unloading the sample is relaxing elas-
tically and thus acts to push the indenter out (increasing
the load at the apex), as if the coating has had popped up
by propagation of a interfacial crack. To confirm this
popping up of the coating, confocal microscopy of the
. ) indentations was performed. The results showed that
(a) Displacement squared (nm”) when the nanoindentation curves presented this behavior,
the indentation apex was located above the residual in-
dentation depth, indicated by the load-displacement
curve. For the nanoindentation of Fig. 3(b) a depth of
approximately 800 nm was measured, indicating that af-
ter the indenter is removed, the coating surface within the
annular crack is displaced above the residual position.
Popping up of the coating did not occur beyond a certain
maximum applied load (approximately 500 mN), pre-
sumably due to an almost complete through-thickness
annular crack. Coated systems S1 and S2 share the same
substrate and both have a chromium interlayer. There-
fore, the evidence that uplifting of the coating had only
' ' . ' occurred for coated system S2 suggests that the failure
0 1x10° 2x10° 3x10° 4x10°  mechanism was decohesion within the coating, rather
than debonding from the substrate. Moreover, Whitehead
and Pag¥ have proposed that interfacial crack propaga-
tion is more likely to take place in systems with a brittle
substrate, where fracture is driven by the stored elastic
900 energy across the interface. To certify that decohesion
takes place only for coating system S2, the other systems
750 ¢ were subjected to the maximum load available, 1 N,
600 - from the nanoindenter. As can be clearly observed from
Figs. 3(a) and 3(c), the nanoindentation responses do
450 - not present evidence of coating delamination upon
unloading.
300+ The confirmation that the failure mechanism was de-
cohesion within the coating was obtained by cross-
150+ sectioning the nanoindentations and inspecting them by
SEM and TEM. Figure 6 shows an SEM micrograph of a
‘ ‘ ‘ ' cross-sectioned 400-mN nanoindentation. The area
0 1x10° 2x10° 3x10° 4x10°  where the micrograph was taken can be precisely deter-
mined from the diameter of the annular crack and the
© Displacement squared (nmz) orientation of the indenter tip. The presence of a brighter
band in the coating is due to a higher tungsten
FIG. 5. Load-displacement data corresponding to the higher peakoncentratiort®
loads of Fig. 3 replotted as load-displacement squared. Curves (a) and The micrograph clearly establishes that the uplifting

(b) are of systems S1 and S2, respectively. As these systems haveoq the coating occurred not by interfacial fracture, but
stainless steel substrate, the transition between the differing regimesn%f '

behavior is undoubtedly observed (see text). Curve (c) of syste y crack propagation |nS|d_e the coating. Furthermore, the
T1 does not display so clearly the change of coating—substratéracks produced by tensile stresses, namely, the ones

domination. related to the indentation apex and the through thickness,

800

400 ¢

Load (mN)

0 2x10°  4x10°  6x10°  8x10°

400 ¢

300 ¢

200 ¢

Load (mN)

100 ¢

(b) Displacement squared (nm’)

Load (mN)
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are also observed. It is noteworthy that the elastic straigonfirmed by the initial linear portion of the-3% curve).
energy stored within the coating due to bending is nofThen, the substrate commences to experience a suffi-
enough, upon unloading, to debond the chromium intereiently high shear stress, which forces it to plastically
layer from the steel substrate. Instead, as shown igield. At the same time, the coating is bent to follow the
Fig. 7(a), the energy is released by crack propagatiosubstrate deformation and pile up, generating an increase
in the carbon lamellae of the WC/C multilayers, whereon tensile stresses around the outer periphery of the con-
crack arrest occurs when the system reaches equilibriuntact zone. At a known, but slightly variable load (corre-
The crack propagates normal to the multilayers througlsponding to the change P8 loading slope), the tensile
carbon-enriched defects present in the coating, as seenstress reaches a maximum value, causing the coating to
Fig. 7(b). These defects are created either by substratgack around the indentation periphery, resulting in an
surface irregularities or simply by the top morphology of annular crack. Presumably at this critical load, the tensile
the chromium column¥? stresses beneath the indenter apex are sufficiently high to
The explanation for crack propagation in the carbonstart the crack propagation normal to the coating-
lamellae (and ultimately leading to decohesion) of coatedubstrate interface (this assumption was confirmed
system S2, and not also of system S1, is related to their
multilayers microstructure. From high-resolution TEM it
could be learned that the multilayers have a differen
interlaminar structure. The lamellae thickness of system
S1 and T1 is approximately 6 nm for WC and approxi-
mately 2 nm for carbon, whereas for system S2 it is f
approximately 13 nm for WC and approximately 2.5 nm
for carbon (cf. Fig. 1). Although the carbon lamellae
have approximately the same thickness for the differe
coatings, the important feature for crack propagation is
the existence of a sharp interface between the lamellag
which does not happen for systems S1 and T1, where t
interface is rather diffuse. Moreover, the existence of a
intermediate WC layer in the coating system S1 proves t¢:
be effective in supporting a fraction of the load and pro
moting the adhesion between the multilayers and the re;
maining coating. ¥ ; 5 _ e
The sequence of deformation events occurring during : : pga 20 nm

Crack tip

_ — ) Defect

FIG. 6. SEM micrograph displaying a cross-section of a 400-mN na: iyt

noindentation on system S2. The coating contrast is related to dissim \ 20 nm
larity in tungsten concentration, where brighter corresponds to a highe
concentration. The right- and left-hand side cracks normal to the su
face are from the annular crack formed around the indentation periphFIG. 7. Cross-sectional TEM images of the crack path. The images
ery, while the central crack was created by the indenter apex. Thenequivocally confirm that the crack propagates in the carbon lamellae
micrograph clearly establishes that the crack propagation occurredf the multilayers and glides through carbon-enriched defects, as in-
inside the coating. dicated by the arrow.
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experimentally by cross-sectioning a 200-mN nanoin-may not work well for elastic/plastic indentation. In the
dentation). Increasing the load, the coating still playspurely elastic contact solution, the material around
some role in the deformation mechanism until the thirdthe indenter always sink in, while for elastic/plastic in-
regime in theP-87 curve is reached. Beyond that, the dentation the material may either sink in or pile up. A
coating confined by the annular crack retains only a smalinethod of characterizing materials for pile-up and the
portion of the membrane stresses and the substrate dontypes where it is important have been developed in detail
nates the system response to deformation. When the lodny Bolshakowet al.,using the finite element methdd:*?
is released, the slope of the initially unloading curve isA convenient, experimentally measurable parameter can
constant due to elastic recovery within the indentationbe used to identify independently the expected indenta-
However, during the last stages of unloading very sigtion behavior of a given material. The parameter is the
nificant levels of elastic recovery occur followed by a ratio of the final indentation depth to the displacement at
sudden increase of the load at the indenter apex, corr@eak loadhs/h,,,,. Whenhi/h,,..< 0.7, very little pile-up
sponding to crack propagation inside the carbon lamellags present, irrespectively of the work hardening behavior
parallel to the interface. The crack propagation is driverof the material. The observations leads to the conclusion
by the elastic strain energy stored within the coating freg¢hat the hardness values obtained by the Oliver and Pharr
from the annular crack, i.e., the portion of the layer thick-method, i.e., using Eq. (1), are inaccurate only when the
ness beneath the through-thickness annular crack tip. Theaterial piles up, which results in an underestimation of
annular crack tip is always deflected outward fromthe real contact area. The reduced modulus, according to
the indentation impression. Eq. (2), is also overestimated when pile-up is important,
The cracks propagate until the system reaches equilithk/h,,,, > 0.7, because the elastic solutions do not apply
rium, which occurs further than the position of the an-for a material with large plastic deformation. Curiously,
nular crack. The nonobservance of coating uplifting forfinite element calculations show that even when pile-up
peak loads above approximately 500 mN is thought to bés negligible, the reduced modulus is still overestimated
related to the elastic strain energy stored by bending dfy 2 to 9%. Taking into account the considerations drawn
the small coating fraction beneath the annular crack tipabove on the influence of pile-up in quantifying the hard-
This energy is not enough to overcome the carbon cohaiess and elastic modulus, all the indentations performed
sive energy and the energy necessary to push the coatiog the coated systems and substrates were checked for
volume (bounded by the annular crack) upwards. material pile-up. It was found that only the stainless steel
substrate presented a large amount of pile-up around the
hardness impression. Consequently, the hardness values
measured for the coated systems might be considered
The load-displacement curve obtained from depthaccurate.
sensing indentation enables one to get quantitative values The overestimation of the elastic modulus when meas-
for the hardness and modulus with accuracies better thamred by the Oliver and Pharr method was addressed by
10%* Nevertheless, previous wdrkhas shown that for Hay et al?2?* It was established that a correction to
some materials the methodology can lead to significanSneddon’s solution for elastic contact by a rigid cone is
overestimation of the hardness and modulus due to aneeded to account for radial displacements. The correc-
underestimation of the true contact area, when a larggon factor ends on the Poisson’s ratio of the indented
amount of pile-up forms around the residual hardnessnaterial and the half angle of the indentér, For a
impression. The underestimate of the contact area occuBerkovich indentergd equals 70.32°. In the case of the
because Egs. (1) to (4) were derived from a purely elastipresent study, when the procedure for correction of
contact solution developed by SneddSrand therefore the Sneddon’s solution is applied, the hardness obtained
by the Oliver and Pharr method, is underestimated by
about 16.5%. The applicability of the correction factor to
estimate the deviation on the effective Young’s modulus
is not straightforward as in the case of the hardness.
However, for a material withh = 0.25, the correction
reduces the effective modulus by about 7.4%. Thus,
when the Oliver and Pharr method is applied to materials
that do not exhibit pile-up, there is an explanation for the

B. Mechanical properties

~ Annular crack -

Substrate ) X . -
deformationv\' — overestimation of the modulus observed in the finite ele-
ment results.
Delaminated region Figure 9 shows the compositional hardness values
FIG. 8. Schematic diagram of the indentation-induced cracks whichneasured as a function of peak load for as-deposited
form on coated system S2. WC/C coatings onto steel substrates. In range of low
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loads, the hardness values of the coated systems are sirapating itself, where for system S1 the presence of a WC
lar. It validates the idea that the properties of the coatingsterlayer promotes the load bearing capacity of the
can be measured at these depths of indentation. Thus, tlkeating.

hardness of WC/C can be estimated to be about 14 GPa, The effective Young’s modulus values obtained as a
a value within the 10 to 40 GPa commonly reported forfunction of peak load for the coated systems is shown in
hard hydrogenated amorphous diamond-like coatfig. 10. Considering once more that the coating proper-
ings2>2’ It is also interesting to analyze the hardnessties are probed at low loads, an effective modulus value
behavior with peak load. For coated system T1 the hardef about 220 GPa can be obtained for the WC/C. For
ness is approximately constant. Therefore, the presen@mated system T1, the modulus increases with the applied
of nested cracks does not decrease the efficiency of tHead approximating the values of the tool steel substrate,
coating in supporting the load. Conversely, for systemsvhile for system S1 the value is almost constant. At low
S1 and S2 the appearance of annular cracks immediatepeak loads, system S2 has a higher effective modulus.
decreases the ability of the coatings to support the loadlhis is thought to be due to dissimilarities in the WC/C
and the properties of the stainless steel substrates startaultilayers, where the thicker WC lamellae could have
come into sight. Further, the difference in hardness for

systems S1 and S2 is associated with the structure of tf

20 X System S1
® System S2
16} o System T1
&
< 12 F i % 5 7
2 5 poe § @
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FIG. 9. Mean .compositional hardness values of the coated syste
obtained from nanoindentation as a function of peak load.
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><3 160 -
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0f., ., . - ovseml 100 nm
0 100 200 300 400 R T

Load (mN) FIG. 11. Cross-sectional TEM image of the WC/C multilayers from
FIG. 10. Mean effective Young's modulus values of the coated systhe coated system S1 showing a surface groove created by a through-
tems obtained from nanoindentation as a function of peak load. thickness defect.

J. Mater. Res., Vol. 16, No. 8, Aug 2001 2221



N.J.M. Carvalho et al.: Characterization of mechanical properties of tungsten carbide/carbon multilayers

increased the stiffness. To some extent, the scatter olthors thank Dr. W.P. Vellinga at the Faculty of Materials
served in the hardness and modulus values obtaineBechnology and Mechanical Engineering from the Uni-
at low peak loads is related to the place where thesersity of Technology Eindhoven for the use of
indentation is performed. When a nanoindentation is perthe nanoindenter and helpful discussion.

formed in a defect-free region the coating can defothFERENCES

under load to accommodate the indenter without failure
due to the bending stresses generated. This is achieved
the shear that occurs in the elastic lamellae (carbon) al-
lowing the brittle ones (WC) to slide over each other in 3
the manner of a multileaf book when béftwhen na-
noindenting on a surface groove, such as the one in*
Fig. 11, the defect in the coating inhibits sliding of the 5
lamellae causing a localized increase in hardness. Logiy
cally, this effect is not observed at higher load. Conse- 7.
guently a small deviation in the hardness and modulus
values is obtained.

8.

V. CONCLUSIONS 9.

In this work the nanoindentation response of structurg,
ally different WC/C multilayers, deposited onto stainless
steel and tool steel substrates, has been investigated. The
results are analyzed and discusses with support of planar
and cross-sectional electron microscopy observations.
The main conclusions are the following. 12.

(1) Whenever the load-displacement curve shows as.
discrete change in slope, annular cracks around the in-
dentation periphery are present.

(2) The deformation mechanism of coated systems
depends on the substrate plastic properties. For stainless
steel substrates, annular cracks are formed, while for
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ing unloading. L
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strain energy by crack propagation in the carbon lamellae
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coating. The mechanical properties of each layer, thick-
ness, and function must be analyzed thoroughly to opti-
mize the system response. o
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