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CHAPTER 11

Wear and wear maps othard coatings
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Abstract

Delaminationis the mostarmful type of wear of hard coatings in practical use. It is
generated even by a single action of indentatiora dfarder pin into the coating.
Cracks of ring, radial and/or lateral types are generated around the contact region of
the coatingand partial or geeral delamination of coating isduced depending ahe
contact conditions.

Whencracks of such types are not generated by static contact under milder contact
condition, delamination of coating is generated by repesligithg as one type of wear
in the outside or inside of the wear tradie progressivenvear, which takes place at
micro-contacts betweemsperitieson the surface of coating and pin, reduces the
thickness of coatingby every sliding cycle and promotethe generation of
delamination in the inside of the wear track.

The behavior of such modes of delamination follows the law of low cycle fatigue,
where the site of local yield in tfmpating and substrate becomes important together
with the initial distribuion of micro defects in the coating and substrate including the
coating surface and bonding interface.

Based on this kind ofinderstanding ofielaminationmechanism wear maps are
introduced to distinguish theegion of crack initiation and propagatiam relation to
the yield strength ratio between the coating and substrate and the ratio of coating
thicknesstontactradits.



11.1 Introduction

The matingof tribo-elementis mainly male to protect theurfaceof substrate from
wear, and a material harder than substrate is generally chosen foodtieg[L].
Although there are commonly known wear modes of abraaillesive and corrosive
for metals[2], they are all included in the termfipfogressive wearin this chapter
and the wear mode didelaminatiol is high lighted inthe following as the most

harmful types of wear of coating by generating fldike or ribbonlike wear
particles[3].

11.2Delamination of hard coatings byindentation

Fig.11.1 shows thendentationmark and crack patn as functions of normal load
W and coating thicknessith three region$4]. In Fig. 11.1(a), a SiC ball of 1.5 mm
radius is indented into the A5 coating,andthreepatternsof no crack, ring crack and
partial delaminatiorbetween ring crackare observedround the indentation mark
can be seen from the figuire the thickness range ¢of= 1~13 ¢ nthatan indentation
mark without ring cracKs(Hertz crack) is observed with the load beldw= 500 N
and one or two ring cracks are observed with the Wad 800~1900N. WhenW is
larger than about 2000l, ring cracks more than three are generated and partial
delamination takes place betwawsgighboring rings.
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Fig. 11.1.The ndentation mark and crack pattern as a function of normalWadd
coating thicknessat the surface of AD; coating on WECo substrate(a) indentation
of a SiC ball of 1.5mm radius (b) indentation of a diamond pin of Or@m tip
radiug4].



In Fig.11.1(b), a spherical diamond pin of Orn tip radius is indented into the
same AJO; coating as for Figll.1(a), where the contact pressure is much higher with
smaller contact area than that of a SiC ball of hrd radius under the same load.
Observed crack p&itns are classified intour typeswith four regionsthe type of no
crack, the type of radial @cks only around the indentation mark under relatively
small load, the type of radial and lateral cracks together with partial delamination of
coating under medium load and the type of general delamination of coating by the
general propagation of lateradacks’ under relatively large load.

1 The ring crack or Hertz crack is generatied loading processlong he
periphery of Hertz contacategion when the maximum tensile stress there
exceeds a critical value of the Wettmaterial with the prexistentsurface
cracks and is propagated downward to form a shape of cone. Hertz contact is
defined as the elastic contact between balls or a ball and a flat [5].

2 The radial crack is generatdd loading processat the central part of
plastically debrmed zone in the contact region of indenter when the maximum
tensile stress there exceeds a critical value of the brittle materihlis
propagatedadially from the center of contact [6].

3 The lateral crack is generatédunloading processt the central part of the
plasticallydeformed zone ithecontact region of indenter when the maximum
tensile stresgeneratedy the residual stress there exceeds a critical value of
the brittle materigland is propagated in parallel to the surface [7].

The critical load for generating partial delamination of coating in Fig.11.1(b) is
almost constant at arounl = 500N for the coating thicknedsabove 6 m, howev
it is increased rapidly if the thickness reduced from 6to & m. The critic
generating general delamination of coating behaves similarly against the coating
thickness at higher level of load.

The critical loadWc for generating a ring or Hertz crack and the critical 1@é&d
for a lateral crack in the coating are describedritgzally by D. F. Diao et al [4] as
follows;

@ ¢mutR,YO 6 ! (11.1)
&) pg8 pmw ; o — (11.2)

where K¢,c is the fracture toughness of coatin® the radius of inderdr, Ec¢ the
effective elastic modulus of coating and substr@tthe length of preexistentsurface
crack Kicinerthe fracture toughness dfondinginterface t the coating thicknessand
Hef the effective hardness of coating and substrate

Figure 112 shows the agreement betwdha experimental and theoretical values
of Wy for Al,O;3 coating on WECo substrate in thcoating thickness range frdiro
13 ¢ m.Figure 113 shows the good agreement betwettie experimental and
theoretical values diV ¢ for the same coating.
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Fig. 11.2.Experimental and theoretical critical loads ring crack generation in
Al, O3z coating on WECo substrate by indentation of a SiC ball of i radiug4].
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11.3Progressive wear andlelamination of hard coatingsin repeated sliding

In repeated sliding o diamond pin of 38m tip radius againstn ALO; coating of
1.0 nm thickneson WGCo substrateonly a small amount of plastic deformation of
asperities onhte coating surface is generatasl shown in Figll4(a) and (b)when
the contact is mildwith a relatively light load(0.1N)where the wear mode is
plowing[3]. Fine powdeiike wear particles are generated after a certain amount of
repeatedsliding cycles, as shown in Fd14(c) and (d) A large amountof
powderlike wear particlesrestacked on the tigurfaceandscatteredalongthe wear
trackafter100sliding cycles as shown iRigs.11.4e) and (f)

(e) 2 o €3] - _
Fig. 114. SEM images ofprogressivewea of Al,O; coating of Irm thickness

observedn repeatedliding of a diamond pin of 3@m tip radiusunder0.1N load (a)
and (b); atthe 1st cycle(c) and (d); atthe 5@hcycle, (e) and(f); atthe 10¢h cycle

[3].

| S}

Under more severe contact with a relatively large load(1.5N), cracks are introduced
at either ombothsides of thavear track and flakelike wear particles are generated by
delamination of coatingn the outside of thevear trackas shown in Fig 115(a), (b)
and(c). After havingprogressivenvear andhinning of coating, long ribboslike wear
particles are generated lglaminationof coating in the inside of the wear track as
shown in Figs.11.5(dnd(e)[8].



&) I
Fig. 115. SEM images ofdelaminationof Al,O; coating of Irm thicknessobserved
in repeatedsliding of a diamond pin of 38m tip radiusunder1.5N load (a); atthe 1st
cycle (b); atthe 3rd cycle (c); at the 4" cycle (d); at the 9" cycle (e); at the 10
cycld8].

Under very severe contact with a large load aboveN] .&racks aralevelopedar
below the surface ofvear trackandthick flakelike wearparticles are generated by
delaminationFig.116 shows the magnified view of feake-like wear particle which
shows substrate material bonding to the flake tefid thatthe crack path was in the
substratgB]. Fig.11.7 shows the regimes of wear modes observed is.Figl and
115 as a function of normal load and the number of sliding cycléé Fig.118
gives the values of wear rate (rfiim) observed in the loathngefrom 0.1 to 1.8N,
where the load of 0.1 N only gives the practically acceptaaliee ofws below 10°
mme/Nm.
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Fig. 116. SEM image of a flakelike wear particle ofAl ,O; coating delaminated by
crack propagation in the substrgi®) an over view(b) a side view showing the
substrate materig].
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The possiblemechanism of coating delaminatiatthe outside of the wearackby
sliding of a hard pinis consideredas illustrated in Fig.119 [9]. The preexistent
micro-cracksat the bondinginterfaceare propagated to theertical direction against
sliding in Fig.11.8(a) and alarge crackis formedalong the bonding interfacén
Fig.11.19(b) due to thelocalized plastic deformation in the contact region. The
compressive stresss, generated by the plastic deformation finally induces
delamination of coatings showrnn Fig.119(c) by releasing theompressivestress A
load, which is large enough to introdute plastic deformation in the contact region,
is therefore necessary for this mechanism.
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Fig. 119. A modelof delamination of coatingt the outside of the wear traagkduced
by the compressive stresg generated by the localized plastic deformationthie
contact region(a); propagation of microcrackgb); formation of a large crack(c);
delaminatiorof coating



The possiblemechanism of coating delaminatiahthe inside ofthe weartrack by
repeated slidingis considered asillustrated in Fig.11.0. The preexistent
micro-cracks at the bonding interface are propagated to the direction of sliding in
Fig.11.10(a), and a large crack is formed by repeated sliding along the bonding
interface in Fig.11.10(b). When the coating thickness is reduced tocalcvitilue by
progressive wear and/@rhenthe large crack is grown to a critical size, del@ation
of coating isfinally induced as shown in Fig.11.10(chy releasing the residual
compressive stress in the coating.
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Fig. 11.10. A modelof delaminatiorof coatingat the inside ofthe weartrackinduced
by the progressive wear and thresidual compressive stress in the coating.(a);
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11.4 Low cycle fatigue aw of delamination

Fig.11.11 shows the wearack( 1 ¢ mI DfsCh)coating of 100nm thickness on
Si wafer after 40transversaepeated slidingyclesby a diamond pin of 15@m tip
radi us und&hewebrttackdf CNa@ating is formed byearasshown in
Fig.11.12 where the progressivand suddenincrease in depth of wedrack is
described as a function of numberrepeated slidingycleg10]. Similar results are
observed in [11,12].
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Fig. 11.11. AFM image of weartrack of CN, coating on Siwafer formed by 40
transverseliding cycleswith a diamond pin of 15am tip radiugl0].

It is clearlyshownin the figure that the depth of wefmackis drasticallyincreased
by therepeated slidingycle from 13th to 14th and that from 29th and 30th.
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pin of 150nm tip radiu§lO].



This kind of sudden increase in depth of weé@ack is caused by the sudden
delamination of a thin surface layef the coatingn the wearrackas shown in Fig.
11.13, where the wavysurfaceof wear trackat the 18thsliding cycle in Fig.11.13(a)
is suddenly disappeardy surface delaminatioat the 19thsliding cycle in Fig.11.13
(b). The critical number ofsliding cycles for the generation of delamination is
decreased by increasing the conlt.#dct | oas

(a) 18 sliding cycles (b) 19 sliding cycles
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Fig. 11.13. AFM images of weartrack of CN, coating on Sivaferformed by repeated
sliding with a diamond pin of 15@m tip radius. (a) wavy surfaceof weartrack after
18 cycle (b); dark image of wearackafter surface delamination at"16yclg10].



Fig. 11.14. The load dependency of the critical humberstiling cycles for the
sudden increase in depth of weiack by surfacedelaminationof CN, coating of 100
nm thicknesson Si wafer by repeatedsliding with a diamond pin of 150m
radiuglQ].

If a simple model of contact is described as shown inlEids where a is the
contact radius an® the radius of pintip t he represen tl‘.’,gaatttﬁev e
contact region of the diamond pin is given as follpgg,

o

Y- T Y'Y (11.3
The value ofiis calculatedy the following equation
w Y Y YQ (11.4)

whereqh, is the average increasd wear depth per sliding cyclendis defined as
follows,

I

yQ Yy Qi (11.5)

In Eq(11.5),qh, is the increase of wear depth per sliding cyeahéch is obtained from
the depth of wear track in Fig.11,1@&nd Ny the number of sliding cycle for
delamination.



