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A study is made of the damage resistance of silicon nitride  tional surface-initiated cone crack&:® At moderate contact
bilayers consisting of a hard overlayer (coating) on a soft loads this quasi-plastic damage has a comparatively minor de-
underlayer (substrate). The two layers are fabricated with grading effect on strength in ensuing flexure or tensibff
different starting powders, to provide distinctive elongate- However, at higher contact loads or numbers of repeat cycles
grain microstructures, and are cosintered, to provide the microfailures tend to coalesce within the damage zone, with
strong interfacial bonding and thus to minimize subsequent consequent accelerated strength loss and material reffoval.
delamination. Contact testing with spherical indenters is Accordingly, quasi-plastic damage can have a highly adverse
used to characterize the damage response. The elastic- effect on resistance to fatigtfeand weaf? (although it can also
plastic mismatch between the layers is sufficiently high as  promote machinabilit§?). Improvement in mechanical proper-
to produce distinctive damage modes in the two layers:  ties fromin situ tailoring of microstructures is not universal.
predominantly cone cracking in the coating, and quasi- The search for ceramic structures with superior property
plasticity in the substrate. However, the mismatch is also combinations has led to a novel concept of layered homo-
sufficiently low as to preclude secondary transverse cracks  geneous/heterogeneous microstructures with relatively hard
of the kind observed in other bilayer systems to initiate surfaces (coatings) on soft underlayers (substrate®)A criti-
immediately beneath the contact at the coating/substrate  cal element of this concept is the incorporation of interlayer

interface and propagate upward within the coating. The elastic—plastic mismatch, so as to partition energy from the
dominant damage mode shifts from coating fracture to sub- contact loading system into competing fracture and quasi-
strate quasi-plasticity with increasing contact load and de- plasticity modes, with the principal intent of containing the

creasing coating thickness. Significantly, the presence of the  former mode without unduly promoting the latter. Another
soft underlayer inhibits growth of the coating cone cracks critical element is incorporation of strong rather than weak
as the latter approach and intersect the interface. The un- interlayer interfaces, so as to avoid delamination—the aim is to
derlayer also substantially diminishes strength losses from  suppress rather than to deflect cone (or other) cracks that origi-
the contact-induced damage, especially in bilayers with nate in the coating. The existence of any compression stresses
thinner coatings. The implication is that bilayer structures in the coating from thermal expansion mismatch with the sub-
with thin, hard coatings can preserve benefits from the strate will further inhibit the extension of any such craéks’
inherent toughness of soft substrate materials, and at the  In principle, such a composite layer system should exhibit both
same time afford surface protection (high wear resistance) high wear resistance and high toughness, with reduced suscep-
to the underlayer. tibility to strength degradation from damage accumulation.

In a recent study we investigated these critical elements in
SizN, bilayers with uncommonly large elastic—plastic mis-
match?® achieved by incorporating boron nitride (BN) platelets

VER the last decade there has been a drive to improve theinto the sublayer structuf€:*°In Hertzian contact tests these
toughness of silicon nitride ($,) and other silicon-based ~ bilayers showed confined transverse cracking in the coatings,
ceramics viain situ growth of long, elongate grairis?2 In along with extensive yield in the substrates. In thinner coatings
Hertzian contacts with spherical indenters these enlarged andWith higher mismatch the soft substrate allowed the hard coat-
elongated microstructures produce diffuse energy-absorbinging to “flex” beneath the contact, further enhancing the trans-
subsurface quasi-plastic zones, consisting of individual, grain- Verse cracking. In these cases some of the transverse cracks
localized microfailures (“shear faultd®), instead of conven-  initiated from the coating/substrate interface rather than from
the coating top surface, at relatively low loads. The cracks were
highly stabilized, requiring exceptionally high loads to drive
them upward through the coating, thereby enabling the crack
" G. M. Pharr—contributing editor population to multiply. It was clear that any such proliferation
of cracks, while contributing to damage tolerance, could ulti-
mately compromise the structural integrity of the coating, es-
pecially if the bilayer were to be subjected to high or repeat
. Manuscript No. 190682. Received September 22, 1997; approved December 19,l0ading. It would seem that there are upper limits to the useful
9gaported by the U.S. Air Force Office of Scientific Research. range of mismatch in thesg Struqtures' .
*Member, Amercian Ceramic Society. In the present work we investigate an analogou Sbi-
Adaneed e o S B S SEEETRg Koreelayer system, but with much smaler elastie-plastic mismatch,
;Il\lagv(\:/eat Advanced Material Technology IDgi\):ision, Tgéhnicéll Center, C’aterpille'lr II’I. an atltempF to retain _the advamages of Fhe Ia}’er COﬂCth
Inc., Mossville, lllinois 61552. without inducing excessive transverse cracking. Bilayers with

I. Introduction
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relatively brittle and quasi-plastic s$5i, components are fabri-  glued together to produce ‘“bonded-interface” speci-
cated, but without addition of a softening agent in the substrate. meng®832.33for investigation of subsurface damage in inden-
The two SiN, layers are fabricated from different starting tation tests. Other specimens were edge chamfered and pol-
powders, at specified layer thicknesses, but are cosintered toished for strength testing.
produce a strong adjoining interface. Contacts with spheres are Hertzian indentations were made on the top surfaces of bi-
used to induce controlled damage patterns into the layeredlayer specimens, as well as on control monolith specimens,
specimens and ceramographic sectioning techniques used taising WC spheres of radius= 1.98 mm at loads up tB =
examine these patterns. Bend tests on damaged bar specimer®00 N, in air. On as-polished specimens, rows of indentations
are carried out to investigate the role of the different damage were made at small load intervals to determine the critical loads
modes on strength degradation. P, andP¢ for first incidence of yield and cracking. Application
We shall show that whereas the,l8j coating layers are still of a gold coat greatly enhanced detection of the initial damage
subject to cone cracking, they show no deleterious interface-in Nomarski illuminationt” For the cracking an acoustic de-
initiated transverse cracking. Quasi-plastic damage is more tector placed on the top surface adjacent to the indenter was a
limited than in the previous BN-doped substrate structéffes, useful adjunct**”On bonded-interface specimens the inden-
but nevertheless appears to play an important role in restrictingtations were made in rows symmetrically across the interface
extension of the surface ring cracks within the coating. traces at the top surfaces. After separating the indented speci-
Strengths of contact-damaged bilayers are enhanced relative tanen halves in solvent and coating with gold, Nomarski illu-
those of the (comparatively weak) coating material, tending at mination was used to view the subsurface damage.
small coating thicknesses to those of the (comparatively strong) Four-point flexure tests were run on bilayer and monolith bar
substrate material. The results suggest the prospect of designspecimens (25 m x 4 mm x 3 mmjnner span 10 mm, outer
ing layer structures for both high toughness and high wear span 20 mm) after indentation. The indentation sites were cov-
resistance. ered with a drop of silicone oil before testing and centered on
the tensile side of the bend fixture. The bars were then broken
in fast fracture (<10 ms) to avoid the influence of moisture
(“inert” strengths). “Effective strengths” were calculated
from beam theory, using the conventional relation

or = 3Ql4wd? 1)

with | the moment spanw the bar width,d the composite
bilayer half-thickness, an@ the breaking load. Later, in Sec-
tion 111(3), we shall take into account the influence of thermal
expansion mismatch (Appendix A) and interlayer modulus
mismatch (Appendix B) on strengths evaluated from fracture
mechanics considerations (Appendix C).

The broken specimens were examined in Nomarski illumi-
nation and scanning electron microscopy to locate the sources
and modes of failure, i.e., from cone cracks or quasi-plastic
zones!® Control strength tests on unindented specimens were
made to measure baseline “natural” strengths.

Il.  Experimental Procedure

(1) Powders and Processing

Two different SgN, powders were selected for preparation
of the bilayers. The starting powder for the coating layers was
a-SigN, of mean particle size 1.(m (UBE-SN-E3, Ube In-
dustries, Tokyo, Japan), with additives 5 wt%04 (Fine
Grade, H. C. Starck GmbH, Goslar, Germany), 2 wt%Q|
(AKP 50, Sumitomo Chemical Co. Ltd., Tokyo, Japan), and 1
wt% MgO (High Purity, Baikowski Co., NC). The powder for
the substrate layers wasSi;N, of average particle size 0.3
pwm (UBE-SN-E10, Ube Industries, Tokyo, Japan), with the
same sintering additives. Previoudfsthese two final batches
were designatedC («a-coarse) and\F (a-fine), according to
Si;N, starting powder—here, we use the simpler designaion
(coating) andS (substrate).

A SizN, powder batch with 30 vol% BN softening additive
from another preceding stutfwas used as a comparison sub-
strate—this material is here designa®80. L . o .

The powder batches were each mixed in isopropyl alcohol (1) Characterization of Silicon Nitride Layer Materials
for 24 h in a planetary ball-mill using zirconia balls in a poly- Figure 1 shows bimodal microstructures for the two materi-
propylene container, to form a slurry. After drying, the softly als*® Common to both microstructures at the high end of the
agglomerated powder was crushed and sieved through a 60-bimodal distribution are enlarged, elongafegphase grains of
mesh screen. The powders were cold-pressed in a graphitdength=5 um and width=1.0 um. In theC material (Fig. 1(a))
mold of 50 mm diameter to form green state bilayers of coating the volume fraction of this high-end grain component is rela-
thickness 1 mm and substrate thickness 3—4 mm. The compostively small 23 vol%)—the bulk of the microstructure con-
ite structure was hot-pressed at 1700°C at a pressure of 30 MPsists of finer, equiaxedi-phase grains of diametesl.2 um
in nitrogen for 1 ht8 Some monolithic samples of each powder (=77 vol%). In theS material (Fig. 1(b)) the volume fraction of

Ill.  Results

mix were prepared for control studies.
Surfaces of some specimens were polished farifinish,

the high-end grain component is increased( vol%)—in this
case the bulk of the microstructure consists of finer elongate

plasma etched, gold coated, and examined by scanning electro3-phase grains of lengtk2 um and width=0.5 pum (=60

microscopy (SEM) to reveal the microstructures.

(2) Mechanical Testing

vol%).
Young's modulus and hardness are shownGosi;N, and
S SisN, in the bar chart of Fig. 2, along with comparison values

Fired bilayers and monolithic controls were cut into bars for for S30Si;N,. TheC material is slightly stiffer and harder than
mechanical testing. Routine measurements of Young’'s modu- S, which in turn is very much stiffer and harder th&80.Note
lus, using a sonic method, and hardness, using Vickers inden-that the relative differences are considerably greater in the
tations (load/projected area), were carried out on representativehardness than in the modulus, corresponding to greater plastic
monolithic specimens. For the bilayers, tGe(coating) struc- than elastic mismatch. For reference, bearing grage,3ypi-
ture was placed on the top, and tBgsubstrate) structure on  cally falls somewhere between tl& and S materials—e.g.,
the bottom. The top surfaces of the bars were then ground andmeasurements on commercially available NBD200 (Norton/
polished to 1um diamond paste finish to produce coating TRW Ceramics, Northboro, MA) give modulus 320 GPa and
thicknessesl, = 20—-600u.m. Additional Vickers indentations  hardness 17.5 GPa.
were made on polished sides of representative bilayer speci- The bar chart in Fig. 3 shows critical loaés and P for
mens to evaluate any differential thermal expansion stresses infirst incidence of yield and cracking beneath Hertzian contacts
the coatings, from radial crack measureméntSome speci- in the same monolith material set. The critical Idadfalls off
mens were cut in half and the opposing surfaces polished andstrongly through the sequen-S-S30.8-28 commensurate
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Fig. 1. SEM of SEN, materials used in bilayer: (& (coating), (b)
S (substrate). Surfaces plasma etched (10 min ip &fl Q).
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Fig. 2. Bar chart showing Young’s modulus and indentation hard-
ness ofC, S, andS30(Si;N,~30 vol% BN). Data from Ref. 18.

with the hardness trend in Fig. 2. ConverselBy increases
strongly, such that whereas full cone cracks are generated in
only shallow surface ring cracks appear ${#® and no ring
cracking is observed at all i8300over the load rangé® Note
that for C the values oP, andP. are comparable, suggesting
a relatively balanced competition between yield and fracture in
this material.

Figure 4 plots biaxial compression stressgs associated
with differential thermal expansion betwe€mandsS layers, as
a function of coating thicknesd.. The data are evaluations
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Fig. 3. Bar chart showing critical loads for onset of yiel,, and
cracking,Pc, of C, S,andS30Si;N,, tests in air. FoP. data, unfilled
bar indicates only surface ring crack (as distinct from fully developed
cone); absence of bar f&30indicates absence of any ring cracking at
all. Data from Refs. 18 and 28.
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Fig. 4. Compression stresses @ layers from thermal expansion
mismatch withS substrates, as a function of reduced coating thickness
dJ/d,, for constant bilayer thicknesk + d, = 3000 um. Data from
Vickers indentations (plotted here with compression stress on positive
axis). Solid curve is fitted theoretical function through coating data;
dashed curve is corresponding function for substrate (Appendix A).

solid curve is a theoretical fit to these data. Details of the data
evaluations and fit are described in Appendix A.

(2) Contact Damage in Bilayers

Figure 5 compares bonded-interface section views of dam-
age sites in bulk and bilayer 8\, structures, from indentations
with a WC sphere of radius = 1.98 mm at load® = 3000 N
made on the top surface. In the bilkspecimen (Fig. 5(a)) we
observe the developed cone crack (a faint trace of the subsur-
face quasi-plasticity zone below the contact becomes apparent
in this material at high magnification). In the bilay@fS speci-
men (Fig. 5(b)) the cone crack is substantially shallower and is
contained wholly within theC layer (thicknessl, = 180 pm).

The quasi-plasticity zone is now more intense and extends into
the softerS underlayer. In aC/S30 bilayer specimen (Fig.
5(c)), included here from the earlier stidyor comparison as

a case of extreme mismatch, the coatidg € 250 wm) con-
tains an array of transverse cracks, including both cone cracks

from radial crack measurements on the coating sections; theinitiated from the top surface and upward-extending “inverted
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Fig. 5. Side views of Hertzian contact damage inMNj configura-

tions, using WC sphere of radius= 1.98 mm at load® = 3000 N:

(a) C monolith, showing fully developed cone crack with modest
subsurface quasi-plasticity; (I§)/S bilayer,d = 180 pm, showing
shortened cone crack @ layer and enhanced quasi-plasticity extend-

ing into S layer; (c)C/S30bilayer,d. = 250 um, showing prolifera-

tion of transverse cracks i@ and extensive yield ir830 (from Ref.

28). Nomarski optical micrographs of bonded-interface specimens. {E}
Contact diameter AA indicated. Interlayer interface revealed by relief
polishing.

cone” cracks initiated at the interlayer interfageYield and
associated microcrack damage in ®@0sublayer is now ex-
tensive, and some interfacial delamination is evident. It is ap-
parent that incorporation of a soft underlayer can inhibit frac- rig 6. Side views of Hertzian contact damagedfs Si,N, bilayers,
ture if the mismatch with the coating material is small, but can fixed coating thicknessl, = 180 + 10.m, using WC sphere radius
enhance fracture if the mismatch is large. Note that the load r = 1.98 mm: at loads (af = 2000 N, (b) 2500 N, (c) 3000 N, (d)
P = 3000 N used in Fig. 5 exceeds bd®& and P for the 3500 N, (e) 4000 N. Nomarski optical micrographs of bonded-
monolithic C material (Fig. 3), consistent with the appearance interface specimens. Contact diameter AA indicated.
of both yield and cracking in the coating layer.

Now consider results fo€/S bilayers in greater detail, tak-
ing the effects of contact load and coating thickness in turn: plasticity now extends into the substrate. With further loading

(A) Effect of Contact Load: Micrographs of Hertzian to P = 4000 N (Fig. 6(e)) the cone crack penetrates the inter-
contact damage i€/S Si;N, bilayers withC coating thickness  layer interface, but remains inhibited (note that a second cone
d. = 180 pm (210 wm) are shown in Fig. 6 over a sequence crack has now appeared), while the quasi-plasticity expands
of contact loads. AP = 2000 N (Fig. 6(a)) a cone crack has and intensifies within the substrate. The sequence in Fig. 6
initiated and there is a limited quasi-plasticity zone, both con- suggests that the response is dominated by coating fracture at
fined to the coating. At higher load® = 2500 N (Fig. 6(b)), low load and by substrate plasticity at high Ic&d.
P = 3000 N (Fig. 6(c)), and® = 3500 N (Fig. 6(d)) both Measured cone crack depthsbelow the top surface are
cracking and quasi-plasticity zone expand. However, whereasplotted as a function of loal in Fig. 7 for both theC/S bilayer
the cone crack remains confined to the coating, the quasi- and theC monolith, for the coating thicknes = 180 pm
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Fig. 7. Plot of cone crack depth as function of indentation load for
CI/S SizN, bilayers (open symbols), at fixed coating thicknelss=

180 wm (horizontal dashed line), WC sphare= 1.98 mm. Data for

C monolith (closed symbols) provide baseline reference. Solid curves
represent fracture mechanics best-fit to monolith data and ensuing
prediction for bilayer.

indicated by the horizontal shaded line. The solid curves are
representations of fracture mechanics relations for pennylike
cone cracks in layers subjected to superposed uniform stresse!
oR, described in detail in Appendix C. The curve through the
monolith data is a best-fit to these relations in the limit =
0—this fit is used to “calibrate” essential crack-geometry pa-
rameters. The curve through the bilayer data is an ensuing
prediction for coatings witlrg = =190 MPa (. = 180um in

Fig. 4), using the calibrated crack-geometry parameters. (Note
that this latter curve remains valid only while the cone crack
remains embedded in the coating, ile< d. in Fig. 7.) The
presence of the expansion mismatch stress would appear tc
account for the bulk of the data shift between bilayer and
monolith, notwithstanding the scatter in data.

(B) Effect of Coating Thickness:The sequence of micro-
graphs of Hertzian contact damage @S Si;N, bilayers at
fixed contact load® = 3000 N in Fig. 8 illustrates the effect of
coating thickness on the damage pattern. For a relatively thick
coating layerd, = 600 pm (Fig. 8(a)), both cone crack and d}
quasi-plasticity zone are wholly contained within the coating.

As the coating is made thinnet, = 400 um (Fig. 8(b)), both
crack and plasticity zone remain contained within the coating,
with attendant slight diminution in the cone crack depth. At
d. = 180um (Fig. 8(c)), the cracks are still contained, but the
yield zone penetrates into the substrate. In the thinnest coat-
ings,d. = 80 wm (Fig. 8(d)) andd. = 40 um (Fig. 8(e)) the
cracks, although still highly constrained, occasionally penetrate
into the substrate (e.g., right side of Fig. 8(d)); the quasi-
plasticity zone is now contained largely within the substrate.
The sequence in Fig. 8 suggests that the response is dominate
by coating fracture at high thicknesses, and by substrate plas-
ticity at low thicknesses. E}

Figure 9 plots cone crack depthas a function of coating
thicknesdd,, at fixed loadP = 3000 N. The horizontal dashed
line denotes the cone crack depth in tBemonolith and the
inclined dashed line denotes the lodus= d, for which the
cone crack just intersects ti&'S interface. The plot demon-
strates quantitatively the extent to which the interface increas-
ingly constrains the cone crack as the coating layer becomes
thinner. At small coating thicknesseg, < 180 um, some lim-
ited penetration into the substrate does occur, but the constrain-Fig 8. Side views of Hertzian contact damagedf Si,N,, bilayers
ing influence nevertheless persists down to the smallest coating,;ived loadP — 3000 N using WC sphere radius— %98 mm- at
thicknesses. The solid curve is the fracture mechanics predic-coating thicknesses (@), = 400 wm, (b) 250m, (c) 180pm, (d) 80
tion for cone cracks in coatings with nonzerg(d,), using the pm, (€) 40 um. Nomarski optical micrographs of bonded-interface
calibrated crack-geometry parameters from the monolith data specimens. Contact diameter AA indicated.




September 1998 Contact Damage and Strength Degradation in Brittle/Quasi-Plastic Silicon Nitride Bilayers 2399

400 T T T T 3000 T T T T
P=3000N

2500 .

300 7

Cone crack depth, 2 (um)
.3
S
[}
b
O
Critical load, Pe (N)
|

0 L ! 1 1 n —I I 1 1 I
0 200 400 600 800 1000 L] 50 100 150 200 250

Coating thickness, d,, (um) Coating thickness, o (pm)

Fig. 11. Critical loadsP. for cone crack initiation as a function of
coating thicknessl, for C/S Si;N, bilayers, WC sphere radius =
1.98 mm. Horizontal dashed line indicatsfor the coating monolith.

Fig. 9. Plot of cone crack depth as function of coating thickness for

C/S SizN, bilayers (open symbols), WC sphare= 1.98 mm, at fixed

load P = 3000 N. Solid curve is fracture mechanics prediction. In-

clined dashed line indicates configuratioms= d for which cracks

just intersect the interface; horizontal dashed line indicates crack depth

in C monolith. On those occasions when the coating cone cracks do pen-
etrate into the substrate the crack paths undergo only minor
deflections at theC/S interface, without delamination. Figure

in Fig. 7 (Appendix C). (Once more, this curve remains valid 10 is an example, for an indentation in a thin coatitig= 40

only while the cone crack remains embedded in the coating, um, at high loadP = 4000 N. Note the continuity of the grain

i.e.,, h < d.)). Again, the presence of expansion mismatch structure across the interface in this figure, confirming a strong

stresses would appear to account for the data trends, within theinterface.

scatter. While the presence of the substrate clearly has an important

Fig. 10. Side view of Hertzian cone crack ne@rS interface in SiN, bilayer of coating thicknesd. = 40 wm, at loadP = 4000 N using WC
sphere radius = 1.98 mm. Note crack penetration from coating (top) to substrate (bottom) without delamination. Scanning electron micrograph.
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(a) d. =200 pm (b) P=4000 N

Fig. 12. Failure origins in bend specimens 6fS Si;N, bilayers, for contacts with WC sphere radius= 1.98 mm: (a)d. = 200 wm, at
P = 2000, 3000, and 4000 N; (5 = 4000 N, atd, = 400, 200, and 8@wm. Failure paths tangential to ring crack indicate brittle failurein
layer, through ring crack indicate quasi-plastic failureSisubstrate. Tensile axis horizontal.

influence on the cone crackize, it does not appear to be a (3) Strength Degradation

strong factor in the critical load for cone craicktiation. A plot Figure 12 shows failure origins on broken bilayer strength-
of P¢ as a function of coating thicknesisis presented in Fig.  test specimens containing indentations from WC spheres of
11. The values are relatively unchanged from those forGhe radiusr = 1.98 mm, for two sets of conditions: (a) for fixed
monolith (shaded band—see Fig. 3) at thicknesses down tocoating thicknessl, = 200 pwm, at increasing (postcritical)

d; = 40 pm, below whichP increases. loads; (b) for fixed loadP = 4000 N, at decreasing thick-
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1400 T T T with s, a crack geometry coefficient for Hertzian cones in-

| o8 clined at anglex to the top surfacel, the toughness (assumed

E'*{:l}!- v 0pm | single-valued),or an expansion mismatch stress (Appendix

= Py o 200 pm A), andk an elastic mismatch coefficient (Appendix B). The
4400 pem solid curves in Fig. 13 ara priori predictions ofag(P) for

. failure from cone cracks, using Eqg. (2) in conjunction with
appropriate expressions for the cone crack déptk: ¢ sin )

as a function of loadP, for each of the coating thicknessés
represented. These curves truncate at the loads corresponding
to cone crack penetration into the substrate, i.e., at depth

] d.. The predictions appear to account for the broad data shifts

l for those specimens that fail from cone cracks in Fig. 13, al-
though the absolute predictions lie outside the range of data
scatter.

Once the cone cracks approach and penetrate into the tough
substrate, failure occurs from the subsurface quasi-plasticity
zones. Corresponding analyses of strength degradation from
grain-localized “shear faults” within quasi-plasticity zones are
being developed* These are even more complex than the
analyses for cone cracks, because of additional driving forces
Indentation koead, P (N) assocgigt;d with residual local stress fields at the slipped shear
faults34:

1L

G
¥
e
,3|!

Bending strength, op (MPa)

0 1000 2000 3000 4000 5000

Fig. 13. Strength degradation d&/S Si;N, bilayers, plusC and S

monoliths, for contacts with WC sphere radius= 1.98 mm. Data V. Discussion

plotted as a function of indentation lod®| for coating thicknesses '

indicated. Open symbols indicate breaks away from indentation sites, |n this study we have confirmed that microstructural tailor-

gray symbols failures from quasi-plastic zones, black symbols failures jng can have a vital influence on the damage tolerance of
from cone cracks. Boxes at left axis denote strengths of unindented jyijaver structures. An essential element in the tailoring is
specimens. Vertical dashed lines indicate valueBofor S, Pc for C. avoidance of a weak interface at the interlayer junction, in the

Solid curves are theoretical predictions assuming failure from cone ; ; . .
cracks atP > P. and from microstructural flaws @ < P, for C present instance by cosintering the starting powders. We have

monoliths (lowest curve) an@/S bilayers at 400, 200, and 1Q0m focused specifically on g\, bilayers with harder coatings on
(upper three curves, truncated at loads and coating thicknesses whergofter substrates, with modest mismatch. In contacts with
cones penetrate into substrate). Dashed curve is empirical & to  spheres the coatings show mainly cone cracking and the sub-
data'® strates mainly quasi-plasticity (Figs. 5, 6, and 8). Which mode
dominates the composite damage depends on the contact load
and coating thickness: cone cracking tends to dominate at low
o - . oads and thick overlayers; conversely, quasi-plasticity tends to
nesses:Characicrist failre modes e indated by perphera L o Y o e T mosk o
and by ngore centrgalized fractur(—:-g paths through the r?ng cc'racksthe bilayer structure in flexure strength tests (Fig. 12) is also
at highP and lowd,, In conjunction with Figs. 6 and 8, we may sensitive to these factors: coating cracks provide the sources of
associate the firstckind of failure with cone c'racks in t’he coating failure at low loads and thick coatings, and quasi-plasticity
zones the sources at high loads and thin coatings—

(brittle mode) and the second kind with yield zones in the delamination is not observed in these modest-mismatch

substrate (quasi-plastic mod). . . bilayers
asixf%?lr;?c?r? gilctlitgé?lrggae;ger&?fgg ‘;nCéiS ngl‘;okg?geéf These results suggest some prescriptions for layer design
P 9. 19, Y using adjoining materials with modest elastic—plastic mis-

g]rigkge;ziglcit;s l%%tjooc;ir?tr;dzigo%:g'rnasinvt\jlglrlltzz fgrg(;ﬁ\iens match. In the case of the @8I, bilayers studied here the im-
open symbols indicate bFr)eaks away from indentationpsites gra'yportant microstructural elements are fgphase grains in the
. . . ’ coating microstructure, to improve hardness, and coarse, elon-
symbols failures from substrate quasi-plastic zones, and blaCkgateB%rains in the substratepmicrostructure, to enhance quasi-
symbols failures from coating cone cracks. Different regions of plasticity. For these kinds of structures it may be concluded
l(?,zgng;pggsr?gﬁmag ?18F)s?r?\%?clgnihlgasérgggg]nggr%;at;t: that thin, harder (and more brittle) wear-resistant coatings on
b abruot falloff: atP > P gslowl continuir? falloff. with softer (and tougher) underlayers may usefully provide surface
o p ’ c Y 9 ’ protection without seriously compromising strength properties.
failures first from cone cracks and later, at higher loads and \ynere hossible, the layers should be cofired to minimize the
thinner coatings, from quasi-plastic zones. The effects of coat- risk of delamination failure
T e oo, The il damage paen i h preseriibiayer s
; tem provides a marked contrast to that in analogous bilayer
Lrowaﬁgefrgr’r?rthicllo?gwngf,bgﬁ; tcl:))v(\:/z:rhdetr?éastﬁ sfgﬁtbsotmrégly substrates containing BN platelets (cf. Figs. 5(b) and3&h.
pFracture mechanics analyses of strength dggradation for fail the latter system the elastic—plastic mismatch is much greater
2.~ (Fig. 2), and the yield in the substrate consequently much more
umrgfe:igg“ci?]r::?ugirggkssgrl]\lavﬁ’ tf,f;}ogiﬁoggg;ﬁ{amf,?oc','fth'c extensive, allowing the coating to undergo a substantial com-
y 4+ T i1
S . h i, ponent of “flexure” on the soft support beneath the contact.
strengths in bilayer systems is complicated by the additional g1, fiexyre leads to intense concentration of tensile stresses
stress terms associated with mismatch between coating andjiin the coating at the coating/substrate interféaith con-
substrate: from mismatch in thermal expansion Coefficients so. et generation of upward-extending transverse &atks
gIL:a”sTi% 'mgghlcioggﬂggﬁ'ZSL(QSpepqeunedA)t( ﬁ‘e));(ﬁped (f;\c:)rgerm;)r?gt)chlzlgr 5 at relatively low loads. While such cracks tend to be highly
VY2 1 X -\ X : stable, they also tend to proliferate within the coating, com-
flaw of characteristic dimensiomwith negligible residual con- o icing the subsequent integrity of the bilayer. In the present
tact field, the strength under such conditions may be written Si,N, system the mismatch is too small to allow significant
(Appendix C) buildup of coating tensile stresses at the substrate interface,
or = (T/h,c¥2 - or)/k 2) restricting the fracture to conventional cone cracking. At the
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same time, as we have seen, the mismatch is sufficient to
promote failures from subsurface quasi-plasticity zones at high
loads and thin coatings.

The data in Figs. 11 and 13 warrant further comment, be-
cause collectively they characterize the contact loading condi-
tions under which bilayer structures with modest (but nonzero)
mismatch may operate without incurring intolerable strength
losses from contact damage. Figure 11 indicates that the critical
contact loadP for cone crack initiation is largely insensitive to
coating thicknesd, in the present bilayer system, at least down
to d;. = 50 um (relative to the sphere radius 1.98 mm used in
our experiments). On the other hand, Fig. 13 indicates that the
ensuing abrupt strength decrementPat= P is very much
sensitive tod.. This behavior is consistent with St. Venant's
principle in elasticity theory? in the near field outside the

contact circle at the top coating surface, where the cone cracks

initiate during indentation, the maximum tensile stresses are
very high and are relatively unaffected by the presence of mod-

erate thermal expansion stresses or yield in the remote sub-

strate; in the far field below the contact, where the cone cracks

propagate (Fig. 8), the tensile stresses are much more strongly

influenced by these extraneous factors, especially at higher
and smallerd..?® In the thinner coatings the higher thermal

expansion stresses and increased subsurface yield ultimatel?

suppress cone fracture, leading to the change in mode of failure
observed in Fig. 12.

A complete understanding of this latter kind of quasi-
plasticity-initiated failure in layered structures is currently un-
der study.

APPENDIX A

Differential Thermal Expansion Stresses in
Bilayer Coatings

In-plane biaxial stresses; from C/S coating/substrate ther-
mal expansion mismatch are measured from the lengths o
radial cracks at the vertical corners of Vickers indentations on
coating sections (Fig. Al). The stress-intensity fadtofor

f
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1 -vy) = =311 MPa andE (1 - v)/E(1 - v) = 4.92.
Insertinga,, = 4.16 x 10%°C*andag = 4.62 x 10° °C™?
(dilatometer measurements, Btmosphere, 25-1000°®, =

335 GPa and, = 0.29 (sonic wave measurements), the fit
yields the following estimatesAT = 1430°C, which would
appear to be a little higher than the temperature range over
which stresses no longer relax; aBd(1 - v = 95.9 GPa,
which is substantially lower than the measured value 315 GPa/
(1 - vy = 431 GPa (sonic wave measurements).

In view of the numerical discrepancies between Egs. (1) and
(2), the values ofrg in Fig. 4 should be regarded as no more
than first approximation estimates.

Equivalent stresses in the substrate can be similarly evalu-
ated by inverting the subscripts ¢ and s in Eq. (A-2).

APPENDIX B

Bending Stresses in Layer Structures with Different
Elastic Moduli

Consider a bilayer consisting of two rectangular bars of same
width w, but of different thicknessl, and d, and modulusE,
ndE; (c = coating, s= substrate), perfectly bonded at the
common interface (Fig. B1). The composite bar is subjected to
bending, with layer ¢ on the tensile side and layer s on the
compression side. Although the strain distribution across the
bilayer is linear and continuous, the stress distribution suffers a
discontinuity at the interface.

We are specifically concerned with the maximum tensile
stresses in the coating at the top surfaceand in the substrate
at the interlayer interfacer.. The stresses of interest in four-
point bending are related to the effective strengthin Eq. (1)
by

o = (3Pl4wd)k = kor (B-1)

wherek is a dimensionless factor (unity fog = d, E. = EJ).
The stress distributions can be determined in a straightforward
manner from thin beam theofy.Let us write

Vickers radial cracks of half-lengthis given by* 8 =dy/d, (B-2a)
K = xvP/c¥? + yorc? = Kc = T (A-1) e =E/E, (B-2b)
with x,, = 0.066 an indentation coefficient for fine-grain : : ;
SiN,17 4, = 0.77 a geometrical radial crack coefficifi, \Ilzvc;r(t)rg)?atitrelnsue stress in the top surface of the coating (layer 1),

andT, the toughness (assumed single-valfedeasurements
from comparative Vickers indentations in th@ monolith
(o0r = 0) enable the determinatioh, = 4.2 MPam*/2

ke=e(2+1/8 +£3)/{3e + (1 + 1/8°%)(1 + &d)/(1 + 1/8)}

The stressesy, can also be calculated from a force balance (B-3)
relation for bilayers with thermal expansion mismatch between por the tensile stress in the substrate at the interlayer interface
coating (c) and substrate (%): we have
Or = (e = aBATAL Vo) + (1~ VaI(BS/BI2ASAI} (A2) = (1/5 — g5)/(36 + (1+ 1891+ ed)/(1+ 133 (B-4)
where « is the thermal expansion coefficier, is Young’s
modulus,v is Poisson’s ratio, and, is layer thickness. The
solid curve through the coating data in Fig. 4 is a best fit of Eq. <. ©
(A-2) to the data, with the adjustmentsi (- o )EAT/ Cﬂ

l > |- o, l
d Coating \
¢ N . __ Neutral
I ¥ . £ axis
L Coating + ke Substrate
A
2
d_ | Substrate E .o, T T
L v
|‘_ e }‘_ Mg

Fig. ALl. Coating/substrate bilayer, with elastic and thermal expan-
sion mismatch. Vickers indentations are used to evaluate thermal ex-
pansion mismatch stresses in coating.

Fig. B1. Four-point bending of bilayer, generating maximum stress
o in the coating and in the substrate.
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Fig. B2. Plot of elastic mismatch parametegsand kg for coating
and substrate in flexure, as function of reduced coating thickuhéds

The coefficientsk. andk, are plotted as a function &fin Fig.
B2, fore = EJE, = 335/315= 1.06 appropriate to our $\,
bilayer system.

APPENDIX C

Calculation of Cone Crack Depths and Strengths
for Bilayers

For the SiN, bilayers that fail from cone cracks in the

Contact Damage and Strength Degradation in Brittle/Quasi-Plastic Silicon Nitride Bilayers
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Fig. C1. Cone crack geometry.

stress-intensity factor for equilibrium cone cracks in an applied
field o, and superposed fieldy is

K = ¢,0ct2 =T, (C-4)
wheres = o, + og = ko Failure then occurs spontaneously
from the cone base according to the strength relation

or = (Tohac"? = or)lk; (C-5)

with ¢, a crack geometry coefficient for Hertzian cones at
anglea. This relation again makes allowance for the presence
of thermal expansion mismatch stressgs(Appendix A) and

for stress modifications associated with the elastic mismatch
parametek in flexure (Appendix B). At failure, the cone crack
reinitiates unstably in predominantly tensile mode from its

coating we use a fracture mechanics analysis developedpase, at some angle tg thereby determinings,. Below the

elsewherd?:34
The cone crack depth is determined from the following geo-
metrical relations, from Fig. C1:

h=csina

c=C-Ry/cosx

(C-1)
(C-2)

with « the cone angleC the face length of a virtual conical
surface with tip located above the indented surface,Ryttie
radius of the surface ring crack. To a first approximation, the
cone cracks at contact lod@ satisfy an equilibrium stress-
intensity relation for penny-like cracks

K =x4P/C¥2+ W (og sif a)cV? =T, (C-3)

with x,, and s, Hertzian coefficients for straight-ahead cone
extension, and, the toughness (again assumed single-valued).
This latter relation incorporates allowance for the action of the
(resolved) stressy on the cone crack response (Appendix A).
Equations (C-1) to (C-3) form the basis for the computations
of cone crack depths in Figs. 7 and 9, plotted in those two
figures as the solid curves. We take= 25° andR, = 238um
from direct measurements (e.g., Figs. 6 and 8), along with
Ty = 4.2 MPam¥2 (Appendix A). (Actually,a andR, may be
expected to vary witlkrk, and hence with coating thickness, but

critical load P¢, the ¢ term in Eg. (C-5) is governed by the
geometry of preexisting natural flaws, independenPof

The functionso(P) calculated from Eg. (C-5), in conjunc-
tion with Egs. (C-2) and (C-3), are included as the solid curves
atP > P¢ in Fig. 13. For these calculations$,, is determined
from a previous analysis of crack reinitiation from the cone
crack base, from whicky, = 0.03% = 0.93 approximately
for a = 25°34 Appropriate values ok(d,) are computed from
Appendix B. (Note again that this analysis is valid only while
the cone crack remains embedded in the coating.)
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