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March 13, 2015

Professor Alan Matthews , Editor-in-Chief

Surface and Coatings Technology

Dept. of Engineering Materials, University of Sheffield,
Sir Robert Hadfield Building, Mappin Street,

Sheffield, S1 31D, England, UK

RE: "Contact damage resistance of TiN-coated
hardmetals: Beneficial effects associated with
substrate grinding ",

by J. Yang, F. Garcia Marro, T. Trifonov, M. Odén,

M.P. Johansson-Joesaar and L. Llanes

Dear Professor Matthews,

Please find attached electronic files corresponding to our contribution
on contact damage resistance of TiN-coated hardmetals: beneficial
effects associated with substrate grinding, which we (all authors do
agree to the submission of the manuscript) offer for publication in
Surface and Coatings Technology.

| hope it is found satisfactory.

Sincerely yours,

Jing Yang
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Jing Yang
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Barcelona, May 18, 2015

Professor Samir Aouadi

Editor, Surface and Coatings Technology
Department of Materials Science and Engineering
University of North Texas

Denton, TX 76203-5017

USA

E-mail: Samir.Aouadi@unt.edu

REF: Ms N°% SURFCOAT-D-15-00521, “Contact damage resistance of TiN-coated
hardmetals: Beneficial effects associated with substrate grinding”, by
J.Yang, F. Garcia Marro, T. Trifonov, M. Odén, M.P. Johansson-Jéesaar and
L. Llanes

Dear Professor Aouadi,

Thank you for your email of April 16 informing us about your positive consideration of the
referred manuscript, upon the completion of minor revisions, for its publication in Surface
and Coatings Technology. From the reports appended in your email, it seems that the four
reviewers have read the paper very carefully. Please thank them for their care and
criticism. As requested, we have considered all their comments, and the following is a list of
our responses (and modifications):

(R1) Reviewer #1’s comments:

(R1) This is an interesting paper on the effect of surface finishing of a particular substrate
in the behaviour of PVD coatings. This is a very critical topic in the field of industrial
applications of hard PVD coatings, where this kind of studies is not frequent and most of the
workshop knowledge is far from being of scientific quality.
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It is worth to be noticed that four of the six authors already published similar results in the
2nd CIRP Conference on Surface Integrity, CSI 2014; Nottingham,; United Kingdom
(Procedia CIRP, Volume 13, 2014, Pages 257-263).

(Authors) R1 is right about connection between results published in our contribution to
the 2nd CIRP Conference on Surface Integrity (reference [27] in the submitted manuscript)
and those presented in this paper. However, the two papers are distinctly different and
cover completely different research topics and contain different data. The former focuses on
“ground hardmetals” and “flexural strength/fractography”’, whereas the current one deals
with “coated hardmetals” and “contact damage”. Hence, we find R1’s comment regarding
“similar results” inappropriate.

The paper is well organised, the experimental method is correct and the conclusions are
sound and justified.

Some minor points should be clarified before publication:

(R1)- A 13% of binder is higher than the average. Is there a reason for choosing this
particular grade of hardmetal?

(Authors) Depending on cutting/milling conditions, binder content choice for coated
hardmetal tools usually vary within the range of 3-15%uwt. In the case of interrupted cutting
(e.g. milling), contact damage resistance would be expected to play a more relevant role
than for continuous operation (e.g. turning); thus, relatively higher binder content levels
(tougher grades) may be more appropriated. Within this context, a hardmetal grade with
13%wt binder content was chosen for the study. Accordingly, one sentence has been added to
indicate this issue in the revised manuscript.

(R1) Information about the size of the WC grains should be suitable.
(Authors) Corresponding microstructural information has been provided in the revised
version.

(R1) It is not clear why the effect of the Co binder in the residual stress can be neglected.
(Authors) Co binder effects on residual stresses are not neglected, and our writing may be
blamed for such misunderstanding. Residual stresses induced by grinding are
“macrostresses” evaluated in the WC phase and assumed to be representative of the whole
WC-Co composite. They are different from the “microstresses” (different for each individual
phase) that arise due to the difference in thermal expansion between the binder and the
carbide as the material cools from liquid- or solid-phase sintering. In cemented carbides
with WC as the carbide, the WC is taken as a reliable reference phase because it remains
stoichiometric and does not take solute in solution. On the other hand, the metal binder
does take W and C into solution during sintering, so that the starting binder powder cannot
be used as a stress-free reference. Furthermore, the diffraction peaks from the cobalt-base
binder phase are weak and broad due to its relatively low content that yield nonreliable
stress measurements. The suitability of the protocol implemented for residual stress
assessment is supported by the fact that it is the one reported in relevant literature dealing
with it, e.g. Refs [23-25] of manuscript. Revised version included modified text aiming to
explain this issue better.

(R2) Reviewer #2’s comments:

(R2) 1. The coating composition has significant effects on contact stress of hardmetal,
research in this area are proposed to be discussed.

(Authors) R2 is completely right about the relevance of coating composition on the contact
damage response of coated hardmetals. Indeed, it has been the main topic addressed by
UPC’s research group in recent papers (References [40], [43] and [44]), and interested
readers may get further information on this issue there. However, the variable
experimentally studied in this investigation was “substrate surface finish”, while the



coatings’ features were kept unchanged. Accordingly, effects of coating composition is
outside the scope of this paper.

(R2) 2.Figure 9 is not suitable to be used to explain relevant content in the paper.

(Authors) — We disagree with R2 on this issue. Although assessment of substrate grinding
effects on damage tolerance of coated systems exposed to contact loads was not the main
objective of the work, Figure 9 is helpful for as a starting point to understand and discern
the different interactions among propagating contact-induced cracks, remnant compressive
stress fields, surface texture features (nicely highlighted in Figure 9), and pre-existing
grinding-induced microcracks. In this regard, it must be emphasized that we have not
attempted to yield higher relevance of this issue than the one stated, recalling further
research for deeper understanding. The fact that all other reviewers did not do any specific
comment on Figure 9 will support our viewpoint.

(R2) 3. The content discussed in the results and discussion part is very rich, but logic and
systematicness are not strong, propose to adjust.

(Authors) — Although R2’s comment seems “simple”, it is excessively generic and rather
unclear. Indeed, it will be somehow opposite to R1’s assessment of the manuscript as “well
organised with sound and justified conclusions”. We would have appreciated specific
suggestions from R2, as we find current paper’s structure the optimal one for presenting
and discussing our experimental findings. Nevertheless, a final and detailed English
grammar revision has been conducted aiming for an improved final version.

(R2) 4. Effect of heat treatment on mechanical properties of hardmetal and coatings are
proposed to be adequate discussed.
(Authors) The effect of heat treatment on the mechanical properties of hardmetals has
been described and discussed in the manuscript in several sections. For instance, within
“2.1 Materials and substrate surface finish conditions: High temperature annealing .... as
GTT.”; or in page 9: “The coated GTT specimens display virtually no residual stress.”
Furthermore, there is a relevant sections in the discussion presented in sections 3.2, 3.3
and 3.4, regarding relief of grinding-induced stresses and its influence on contact response
of the coated specimens.

Concerning heat treatment effects on the mechanical properties of the coating, it
must be highlighted that referred annealing treatment was carried out on the ground
substrate prior to coating deposition, i.e. the coatings are not heat treated.

(R3) Reviewer #3’s comments:

(R3) Review of « Contact damage resistance of TilN-coated hardmetals : beneficial effects
associated with substrate grinding » by J Yang et al. 2015

This paper comes after the publication of two articles published by the same author in
«Procedia CIRP» in 2014 and in «Surface and coatings technology» in 2015. Some sentences,
in particular in the «experimental procedure», are fully repeated. The authors should correct
this.

(Authors) Similar to the response given to R1 above, R3 is right about connection between
results published in our previous contributions published in Procedia CIRP [2014] and SCT
[2015] (references [27] and [21] in the submitted manuscript respectively) and those
presented in this paper. However, once again, it should be clarified (and emphasized) that
the three studies address different issues within the shared research framework. Focus is
on “flexural strength/fractography” in the 2014’s paper, on “scratch resistance” in the 2015’s
one, and on “contact (spherical indentation) damage” in the submitted contribution. Both
2015’s studies share findings associated with surface integrity characterization of coated
hardmetals, but such information must be included in the two papers. Nevertheless, we
fully agree with R3 that identical sentences in the experimental procedure must be
corrected. We apologize for this mistake and appreciate the thoroughness of the reviewer.
In the new version this has been corrected.



(R3) In this paper, the behaviour under spherical contact of TiN coated hard metal is
studied. Three kinds of samples, having different surface finished substrate covered with the
same film have been examined. The authors clearly show that ground substrate enhance the
contact damage resistance, which is the main goal of the paper. They explained this effect by
the presence of compressive residual stress. However, some revision are needed.

Before the paper being published the authors should answer the following questions:

(R3) 1. The authors should justify why only the WC phase is studied in terms of residual
stresses. Why residual stresses is not expected in the Co-phase.

(Authors) Such query has been addressed above (see Authors’ response to final comment
from R1).

(R3) 2. The values of residual stresses are different from the paper of 2014 while the one of
the roughness are the same. Why?

(Authors) The residual stress values given in the 2014’s paper correspond to those
measured in the “just ground and uncoated” substrate. On the other hand, the values
reported in the submitted contribution refer to those measured in the ground substrate, but
AFTER ion-etching and coating deposition process. Hence, they are indeed different, and
these differences are discussed in the text (final paragraph in Section 3.1).

(R3) 3. What is the effect of the BIT preparation and particularly of the Bakelite coating on
the integrity of the TiN coating ?

(Authors) — BIT preparation technique effect is indicated within the second paragraph of
Section 3.3: “In general, crack extension develops faster, in terms of applied load and
particularly once the crack has already penetrated into the substrate, in indented BIT
samples than in specimens without any artificial interface.” Such “faster damage evolution”
in indented BIT specimens could be rationalized on the basis of a finite element modelling /
experimental investigation conducted by Helbawi and coworkers about difference in
subsurface damage in indented alumina specimens with and without bonding layer [Int J
Mechanical Sciences 43 (2001) 1107]. These authors found that in BIT specimens, stress
distribution is more shifted to and concentrated at the surface as compared to integral
samples. Accordingly, we have included this information (and new reference) in the revised
version.

As for the effect of the Bakelite coating, we do not quite understand R3’s comment,
as our implemented protocol does not involve any Bakelite coating. We use Bakelite just to
mount and fix the two separate coated specimens facing each other. It is possible that R3’s
comment referred to bonding glue’s coating. If this were the case, corresponding effect
would be included in the BIT preparation technique effects described above.

(R3) 4. Generally with spherical indenter, contact pressure versus deformation (a/R) curves
are plotted. Why it is not the case here? It seems that all the experimental information is
available to plot it.

(Authors) R3 is right about the possibility of plotting contact pressure versus deformation
curves. Indeed, experimental data for plotting it are given in Figure 3. However, we found
that relative (slight) differences among studied conditions (G, P and GTT) were shown
clearer by Figure 3 than by plotting pressure-deformation curves.

(R3) 5. The Ra value for the uncoated polished sample seems to be strange 0.01+0.01. Is this
correct?

(Authors) Detailed Ra value for the polished samples is 0.010 + 0.003 pm. However, data
in Table 1 (common for all the surface finish conditions studied) is listed with 0.01 pum
resolution.

(R3) 6. The authors claim that cracks were more difficult to distinguish for G samples
compared to P samples due to rougher surfaces. However, the Ra value is lower for G than
for P samples. So, this explanation is no valid.

(Authors) R3 is completely right, and we should apologize for inappropriate use of word
“rougher”. The main reason for crack detection being more difficult in G condition is due to



its specific groove-like surface texture inherited from grinding (and not changed by ion-
etching or coating deposition). Such different surface texture aspect for G and P specimens
is clearly discerned in the surface view of coated specimens shown in Figure 9. Cracks are
then hidden by the larger surface undulations for G surface finish. Accordingly, the text in
the manuscript has been modified (highlighted in the text).

(R3) 7. "Qualitative similar” page 11 is not correct.
(Authors) Text in the manuscript has been modified by adding “ly” to “Qualitative”

(R3) 8. "There, it" at the end of page 12.
(Authors) Text in the manuscript has been modified by adding “,” after “There”.

(R3) 9. In figure 9, the author should underline the residual imprint of spherical contact.
(Authors) Residual imprints of spherical contact have been underlined in Figure 9.

(R3) 10. Finally, is contact fatigue a perspective of this work?
(Authors) Yes, it is an ongoing work, and we hope to obtain some publishable results in the
near future.

(R4) Reviewer #4’s comments:

(R4) You need to specify hardmetal grain size.
(Authors) Corresponding microstructural information has been provided in the revised
version.

(R4) Does the hardmetal polishing regime produce relief of the WC grains and/or chemical
attack of the cobalt?

(Authors) No. The polishing protocol used (described in Section 2.1) includes systematic
and sequential material removal steps, such that relative differences in surface relief of
both constitutive phases as well as possible localized attack of any of them are completely
avoided. The surface preparation method used is based on extensive investigation
conducted by UPC’s research group on hardmetals (bulk specimens) for many years. Such
work includes fracture and fatigue research where extreme surface integrity (mirror-like
finish, no residual stresses and no subsurface damage) is mandatory for understanding
microstructural influence on the mechanical response of cemented carbides.

(R4) Given that crack "pop in" does not occur as it would for a classically brittle material
such as float glass, is Hertzian indentation a serious contender for KIC evaluation in this
type of material? Include in Discussion.

(Authors) Reviewer is right about possible consideration of Hertzian indentation as an
alternative method for fracture toughness evaluation. Indeed, such issue has been
addressed and discussed by the authors in Ref. [22] of the submitted manuscript. It
corresponds to a paper just published by us on testing method (and microstructure) effects
on the fracture toughness of cemented carbides (Int. J. Refract. Met. Hard Mater. 49 (2015)
153-160). As it is detailed there, for the hardmetal used in this investigation, spherical
indentation results in overestimated fracture toughness values, as compared to those
measured using either Chevron-notched three-point bending or Palmqvist indentation.
Nevertheless, discrepancies may be reduced for softer/tougher grades, as far as cracks may
still be induced under Hertzian testing. Additional information on the influence of testing
method on the evaluation of fracture toughness has not been included in the revised version
(space limitation as well as somehow “out of place” discussion), although the above article is
indicated as reference for hardness and toughness values of the hardmetal substrate
studied.

(R4) Is there a possibility of R-curve behaviour, even with a fine grain hardmetal, given that
the growing crack is constrained less than in a standardised plane strain KIC test such as
SENB, SEVNB?



(Authors) We understand that an intrinsic R-curve behavior will always exist for any
cemented carbide, independent of carbide grain size, on the basis of the development of a
multiligament (ductile bridges) zone behind the crack tip. On the other hand, extension and
shape of such R-curve is surely dependent on microstructure (longer and less steep for
coarser and high-binder content microstructures) and “constraining” (plane stress versus
plane strain conditions). As far as cracking phenomenon is localized at the surface (i.e. ring
cracks growing into the substrate), a less-constrained scenario should be expected.
However, we would expect that beneficial effects associated with grinding (main idea
proposed and validated in the paper) would not be directly affected by R-curve issues. This
may not be the case if microstructural assembly of substrate changes, an interesting field to
explore in future research.

We hope the modified version will now be completely suitable for publication. Once again,
thank you for your time and cooperation.

Sincerely yours,

Jing Yang
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» Substrate grinding effectively delay both crack emergence and damage evolution.
» The grinding beneficial effect is related to the compressive residual stresses.
» An additional positive effect of grinding in terms of damage tolerance is proposed.
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Abstract

Contact loading is a common service condition for coated hardrmild and
components. Substrate grinding represents a key step withinatiganturing chain
of these coated systems. Within this context, the influehsarface integrity changes
caused by abrasive grinding of the hardmetal substrate, prawating, is evaluated
with respect to contact damage resistance. Three diffetdrdtrate surface finish
conditions are studied: ground (G), mirror-like polished (P) and gr@lumel heat-
treated (GTT). Tests are conducted by means of sphemcintation under
increasing monotonic load and the contact damage resismassessed. Substrate
grinding enhances resistance against both crack nucleation aiatieg surface and
subsequent propagation into the hardmetal substrate. Hence, ecn@cgence and
damage evolution is effectively delayed for the coated G cond@i®rrompared to
the reference P one. The observed system response is disonsgedbasis of the
beneficial effects associated with compressive residuaksds remnant at the
subsurface level after grinding, ion-etching and coating. THeeimée of the stress
state is further corroborated by the lower contact damagsamese exhibited by the
coated GTT specimens. Finally, differences observed onintleeaction between
indentation-induced damage and failure mode under flexural testings po the
direction that substrate grinding also enhances damage toleraitn@ecoated system

when exposed to contact loads.

Keywords. Substrate grinding; Contact damage resistance; Coatedinéi;

Surface integrity
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1. Introduction

Hardmetals belong to a class of composite materialghioh hard particles, tungsten
carbide (WC), are bound together by a soft and ductile neetatider, cobalt (Co).
Such a particular microstructure assembly yields an exireoy combination of
mechanical and tribological properties. As a consequencsg ttemented carbides
are positioned at the forefront in a wide range of applicationgjnly as
machining/forming tools and wear-resistant components [1]. Imym& these
applications the hardmetals are coated by a thin ceramicTiiisnmain advantages of
depositing such coatings are better protection against meahanit thermal loads,
superior wear resistance, and chemical stability,heestirface can withstand a higher

tool speed and less lubricant usage [2-5].

Manufacturing of hardmetals often involves grinding, and endhse of cutting tool
inserts also edge preparation, etching and coating. The qudlithe shaped
components is influenced by how the surface integrity evolvesigh the different
process steps. In this regard, substrate grinding and coatingtaepospresent key
steps, as they are critical for defining the final perforreamnd relative tool

manufacturing cost [3,6,7].

Considering the complex service conditions to which coated hardnoetal and
components are subjected (abrasive and adhesive wear, icmaei;t loading, etc.),
extensive research has been conducted in order to investigateechanical response
of these coated systems. Within this context, existing lite¥aconcentrates on the
influence of either chemical nature or layer-architectofrghe film on hardness,
scratch resistance, friction coefficient, as wellesr and impact behavior [3,8-11].
Only a few investigations address the influence of surfagegraphy or subsurface
integrity resulting from changes induced at different mastufang stages,
particularly regarding those implemented prior to coating déposii.e. grinding,
lapping, polishing, blasting, and peening [7,12-19]. On the other, lzafavorable
effect of substrate grinding on lifetime of coated hardmetalst (i.e. enhanced
tribomechanical performance) is well established [3,7,13,171]19-Therefore,

knowledge and understanding of these surface finish effects bemdevant for



effective design of coated hardmetals in machining apmitatinvolving extreme

service conditions, e.g. interrupted cutting and difficultaehine materials [7,12].

Following the above ideas, it is the aim of this study to ityate the contact damage
behavior of a fine-grained hardmetal coated with an arc evagdofaN film, with
three different substrate surface finish conditions prior to cibeting deposition:
ground (G), mirror-like polished (P), and ground followed by high teatpee
annealing (GTT). Controlled damage is induced by means ofisphardentation
under increasing monotonic load, and contact damage resistaassessed on the
basis of crack nucleation at the coating surface as witdl agbsequent extension into
the hardmetal substrate. Mechanical testing is complemdntedesidual stress
evaluation using X-ray diffraction and detailed scanning \dactmicroscopy

inspection of the damage zone in a cross section view.

2. Experimental Procedure

2.1 Materials and substr ate surface finish conditions

The substrate studied was a WC-Co hardmetal grade wétbale mean grain size of
0.7 um and binder content of 13 wt.%. Hardmetals with such higlc@dent are
frequently used for application with intermittent loading coodsi such as cutting
tools for milling due to their improved toughness. The cementebidea under
consideration here has a Vickers hardness and fracture t@sgbhd4.8 GPa and
11.2 MPa/m respectively [22].

Three different surface finish conditions prior to coating depusitiere investigated.
Two of them corresponded to abrasive material removal procagsemd (G) and
polished (P). G surface finish was attained by means obramercial diamond
abrasive wheel, using coolant to minimize heat generatioamirror shine P surface
was achieved by a sequence of polishing steps using diamondraantdisks,
diamond suspensions (final grit sizgu®), and finishing with a suspension of 45 nm

colloidal silica particles.



It is well established that grinding of hardmetals introdutechanical and thermal
alterations at the surface and subsurface levels [23-27]seThbanges include
deformation, microcracking, residual stresses and possiblyeptiansformation of
the binder phase. However, knowledge about how each alterationdgpéutes to
the global effects from grinding remains unclear. This ipadticular interest since
their individual contribution may be either beneficial or detrimemtaan attempt to
provide such information, a residual stress-free ground substestestudied as the
third surface finish condition. High temperature annealing ofirhatals has been
validated as a successful protocol for relieving residuasstts, independent of nature
(tensile/compressive) or source (mechanical abrasion [2B+28lectrical discharge
machining [30-32]). Hence, ground specimens were heat traat@2D °C for 1 h in

vacuum, and the resulting surface finish condition is heesrexf to as GTT.

The coating deposition was conducted using an MZR323 reactive cathadic
evaporation system. All substrates, corresponding to the thoemce finish
conditions, were mounted on a rotating mounting drum facing puratodes and
kept at the same height during the deposition. Aboum3thick TiN coating was
reactively grown in a Natmosphere at a pressure of 2 Pa, using a substrate bias o
50 V, and maintaining the substrate temperature at 450 °C. tBra@position, the
substrates were ultrasonically cleaned in an alkali solutionaladhol followed by
sputter cleaning with ~500 eV Ar-ions. The base pressure afeépesition system
was 2.0 x 18 Pa. Hardness of the deposited coatings was about 28 GPparidéat
of substrate surface finish. It was obtained using a nanoind@nies XP system),
equipped with a calibrated Berkovich diamond tip [21]. 16 indehds 4 array) were
performed until they reached the maximum load limitation 650ahtke equipment.

Hardness values were calculated using the Oliver-Pharr mg8&pd

2.2 Surface integrity assessment

Surface integrity characterization for each surface p@etrent condition was
conducted in terms of roughness, residual stresses, and elaiiz@grned at the
surface and subsurface levels. Surface roughness was measuwisthgpya stylus
profilometer (Surftest SV512, Mitutoyo). Arithmetic deviatimom the mean line



through the complete profildR{) and maximum profile depttR{) were recorded for
the G and P surface finish conditions at different stagekeotoating process, i.e.
uncoated, ion-etched and ion-etched plus coated substrate. Raugliarameter

values were averaged over five measurements per sample.

Surface residual stresses in the hardmetal substrate antbdiMg were determined
by means of X ray diffractometry and employing théxpsimethod using a Panalytical
Empyrean four-circle diffractometer using a Cy-Kadiation [21,27]. The biaxial
residual surface stress induced by grinding was measured inhgi3VC phase.
However, this stress represents a good approximation of thegaté macrostress in
the surface, i.e. the grinding stresses [14,23,25]. The difira peaks from the
cobalt-base binder phase are weak and broad due to its fglddwecontent that
yield nonreliable stress measurements. In this regarghauld be noted that,
according to literature [34-36], residual stress valuekenrange from -100 to -500
MPa would be expected in the WC phase, neglecting any miaghiduced
strain/stress effects.

Finally, the surface integrity was inspected by meangiedi emission scanning
electron microscopy (FESEM), using a JEOL JSM-7001F equipmergs&ectional
samples for subsurface studies were prepared by focused aom (F¢B) milling,

using a Zeiss Neon 40 system.

2.3 Evaluation of contact damage r esistance

In order to study contact damage phenomena in hard ceramg&spinmon practice
to use spherical indentation (Hertzian contact) [37,38]. Recénhas also been
applied to introduce controlled damage in cemented carbidea$3®¢ll as in coated
hardmetals and tool steels [40-44]. The main reason for the gvipubf this
technique is the fact that a spherical indenter deliversertdrated stresses over a
small area of the specimen surface, such that typicahtbkervice-like conditions

are simulated and damage evolution associated with incgelasid can be examined.



In this study, contact damage on the hardmetals was inducqgblyyng a monotonic
load through a hardmetal spherical indenter (with curvaturesadil.25 mm) using
a servohydraulic testing machine (Instron 8511). The load was @édgnysmeans of a
trapezoidal wave-form, at a loading rate of 30'Nand applying the full test force
during 20 s. Applied load ranged from 625 to 2500 N. At least thdemtations were
made at each load. The main goal of these tests waddim afveversible damage,
particularly circular surface cracks. Residual depth of irademt imprints was
evaluated by surface topography analysis using confocal $aaening microscopy
(CLSM, Lext OLS3100 Olympus). This technique was also employedi$oerning
surface damage produced by the Hertzian contacts by meBiosnairski interference
contrast. This experimental protocol was designed to determéneritical load for

circular crack formation under monotonic loading.

Subsurface evolution of the indentation damage with increasadyis essential for
documenting crack extension phenomena from the coating surfadidénhardmetal
substrate. In this regard, two inspection approaches wdosvénl. The first one was
conducted by implementing the bonding interface technique (BIT)y.employing
“clamped-interface” specimens. BIT samples were producdowiolg a procedure
similar to that commonly employed in ceramics by Lawmmug (e.g. Refs. [45,46]),
although here extended to coated systems [40,41]. It is sticaily outlined in
Figure 1, and may be described as follows: (1) a TiN-coated hetanspecimen
(with a given substrate surface finish) is transversallyte@uibtain two rectangular
pieces; (2) the two parts are attached tightly and poatanmould of bakelite, with the
coated sides facing each other, and the ensuing surfacendierper to the substrate
— coating / coating — substrate interfaces, is ground and @djigB) the attained
mould is then broken mechanically and, once more, the tweedare put into
another mould of bakelite with the newly polished surfacaspéd face to face; (4)
the coated surface is indented symmetrically acrosstutiace trace on the interface;
and finally, (5) the two parts are taken out mechanjicadiain and indentation half-
surfaces and cross sections are finally examined using FE&Ieke. it must be
highlighted the extreme care required in the BIT sample pri@are this study,



particularly regarding alignment of the two halves and poliskiages, because the
heterogeneous character of the thin coating — hard substs&ensy

The second approach was based on direct examination ofsercigsas FIB-milled at
specific cracked locations, partially circumventing thadwes imprints. Before ion
milling, a thin protective platinum layer was deposited onateas of interest. U-
shaped trenches with one cross-sectional surface perpend@wesack path and to
the specimen surface were produced by FIB with a finaingilising an ion beam
current of 500 pA. FESEM inspection was done on FIB-polished seugsns.

As it will be shown later, for G specimens contact-inducaglcpenetration exhibits
a diffuse cracking network at specific subsurface locatidegending on the groove-
like surface texture. This localized and distributed crpekiern may affect the
damage tolerance of these materials, as compared to thedRian. Although it is
beyond the scope of this study to investigate the influence ofratgbsurface finish
condition on damage tolerance, a simple additional test vepeged and carried out
for assessment of this issue. It consisted in testingailaré coated hardmetal
specimens previously indented, and documenting the interactionedret the
extrinsically induced damage (i.e. indentation imprint) anddhere mode. In doing
so, the highest indentation load investigated (i.e. 2500 N) veas as it yields quite
different damage scenarios regarding crack penetrationhatsubstrate. Failure was
induced under four-point bending, with inner and outer spans of 20 amdn#0
respectively, on rectangular bars of 45x4x4 mm dimensions. Sp@oimens were
evaluated for G and P surface finish conditions. The interabitween the Hertzian

indentation imprint and the failure mode was inspected using CLSM.



3. Results and Discussion

3.1 Surface integrity characterization: roughness, subsurface damage and
resdual stresses

Machining of WC-Co cemented carbides is extremely dependentboasive
processes, and grinding is a primary choice. Material rendhwahg grinding takes
place by the action of abrasive grits (diamond particléis stiarp edges, embedded in
a softer bonding agent within grinding wheels) acting as thousaraiisasive cutting
points simultaneously and millions continually [47]. As a reshtith the hard
(carbide) and the soft (binder) phases are affected by theirgy action, and it is
discerned at both surface and subsurface levels.

Roughness features for all the surface finish conditions adesdtas a function of the
coating process chain and related to the apparent surface tétaae and standard
deviation values for roughness parameRrandR, for the surface finish conditions
G and P vs. the uncoated substrate, after ion-etch andaftetch plus deposition
are given inTable 1. Grinding clearly affects the roughness values, these logiag
order of magnitude higher than those resulting from polishing. Orotter hand,
after ion-etching, the relative differences decreasehms substrate pre-treatment
actually increases the roughness of the mirror polished surfaorthermore, the
coating deposition increases the roughness for all surface finishtiooadiompared
to their uncoated and ion-etched states. The increasednessgyis especially evident
for the P condition, reaching a value similar to that of thatexd G specimen. The
high surface roughness determined in the coated conditionsuisi@s to result from
the presence of protruding coating surface asperities (madotggrtin the TiN-
coatings. These micrometer-sized heterogeneities areakyipic coatings grown by
cathodic arc evaporation and they may negatively impactngpgtiality and surface
finish [48-51]. Finally, grinding effects at the surface leasd evidenced in terms of
not only roughness but also texture. It is intimately associaiéd the relative
movement of the grinding wheel with respect to the hardmnsetadtrate, leaving as a

result unidirectional groove-like features.



The influence of grinding on surface integrity at the subsurfaeel was assessed
through cross-sectional views attained by means of FIB milkigur e 2). Grinding-
induced damage in terms of carbide microcracking, down to deptgsproximately
0.5 um, is evidencedF{gure 2). Similar subsurface damage features are not
discerned in the coated substrates with P finish condition. gfigling-induced
damage scenario is in good agreement with that reporteccgrithn et al. [23], and
is the result of the applied stresses exerted by theodidmabrasive grains during
machining. On the other hand, the relatively soft meitader is smeared out over the
surface with the pulverized WC grains, and may be eithélyp@moved from the
surface together with WC grain fragments or redistributeth@ subsurface level.
Furthermore, cross-sectional inspection reveals dense and ufifdropatings with
fine-grained columns along the growth direction. As expec@®O] samples are
found to have the same surface topography and surface/subsurfaagedasnthe

ground substrates.

The residual stresses assessed in the WC phase, cldee itderface between the
substrate and the coating, are givenT@ble 2 for all surface conditions studied
together with the stress level of the coating. The residtress level for the TiN
coating was found to be independent of substrate surface fifiighcompressive
stresses at the substrate of coated G specimens aredenefomagnitude higher than
those assessed for the coated P substrates. Howeverctacdimgparison of these
values with those obtained on the hardmetal substrate prepiéinademtical grinding

conditions reveals that the residual stress levels dreee by a factor of two during
the coating process [27]. This difference is ascribed toctmbined effect from

removal of highly stressed material during the ion etchingsamds annihilation by
thermal annealing during ion cleaning and coating deposition [7,17[1h8] coated

GTT specimens display virtually no residual stress.

3.2 Spherical indentation and surface damage

Hertzian tests were aimed to induce irreversible defoomagven at the smallest

applied load. Accordingly, plastic yielding was observed for edted specimens



throughout the used load range. Residual depths associated withatimtemhprints
are shown inFigure 3 for the three conditions studied. It is clear that irrates
deformation gets more pronounced as indentation load is incred&ddn the
experimental scatter, clear differences as a function ofratsurface finish are not
observed. However, a trend towards smaller residual depthsdsred for the
coated G condition, particularly at the higher applied indiemtdoad.

The evolution of surface damage induced by spherical contact umclerasing
indentation load was assessed by means of CLSM. Besiddaalesurface traces
associated with irreversible deformation, the first danfagaure corresponded to the
appearance of short and disconnected ring cracks, circumvenéngdént at the
surface of the coating~{gure 4). Due to the surface texture inherited from grinding
(and not changed by ion-etching or coating deposition) cracks werediffarelt to
distinguish in the coated G and GTT specimens comparée e treated variant. The
critical load level was defined on the basis of fobserved damage, i.e. no damage
was observed for any of the three indents made at the imelgdmwver load level.
Within this context, the coated G condition exhibited the highesistance against
crack nucleation (1250 N), followed by the coated P variant (1100 dNjiradly the
coated GTT condition (1000 N). As applied loads get higher, dareaglution and
mechanisms involved are rather independent of surface conditiperposition of
crack arcs into a quasi-full fissure ring and discrete appearinpartial multicracks
circumventing the original single ring cracks. A small gagle difference between
ground and polished surface condition is that crack segmentssaredetinuous in
coated G and GTT specimens. The wavy surface textureiatesbevith grinding-
induced grooves affects the local propagation of ring crackeatontact periphery.
The crack propagates in a zigzag-like manner associategeaks and valleys at the
micrometer length scale, which is not the case for the smoBtberface condition. In
contrast to crack nucleation, no relative difference in tlael llevel is discerned for
the evolution of a specific damage feature with respecutimee finish condition.
Furthermore, local cracking related to grinding grooves amadingp outgrowths are
evidenced in all cases.



3.3 Subsurface indentation damage

The damage resulting from contact loading was assessed atlsurface level by
direct examination of either half-surface’s cross-seatibindented BIT specimens or
FIB-milled cross-sections at specific cracked locatigrartially circumventing the
residual imprints). The evolution of Hertzian-induced damagle mwcreasing applied
load was qualitatively similar for all the surface conditiomslependent of the
inspection technique used. A detailed inspection by FESEM shotwdtdmage
evidenced at the coating surface (&igure 4) advances through the thin film down
to the interfaceKigure 5a). The cohesive failure through the coating is quite straight
and likely conforming to columnar boundaries, i.e. the crackinghefcoating is
directly related to the microstructural texture exhibibgdthe film. As the load is
increased, through-thickness fissures penetrate into the sebsivag the metallic

binder surrounding the ceramic particlesgr es 5b).

A clear substrate surface finish effect is discerned bwidering the load level at
which the referred crack penetration, from the coating imtostibstrate, takes place.
In this regard, examination of both BIT and FIB-milled crsestions indicate a
delayed crack extension for the coated G specimen,mapatzed to the coated P and
GTT ones. The differences in cracking scenario are extiantke inspected BIT
specimens indented using the highest tested load (i.e. 2508 Nystrated irfFigure

6. Here, crack penetration within the substrate is less thum for the coated G
sample. On the contrary, deep crack penetration @@®Chas already occured for the
P condition at a load 1500 N, whereas clear crack extensiorthie substrate (> 7
um) was observed for the coated GTT sample at a loadl dsview as 1000 N. In
general, crack extension develops faster, in terms dfeapmad and particularly
once the crack has already penetrated into the substrateented BIT samples than
in specimens without any artificial interface. This findm@y be rationalized on the
basis of the investigation conducted by Helbawi and coworkerBeoditferences in
subsurface damage in indented alumina specimens with and witbhonding layer
[52]. In their study, it is reported that the stress distiaoushifts and concentates
more to the surface in BIT specimens compared to integras. Such qualitatively
behavior differences depending on the specimens geometry usewivabserved for



the coated G specimen (with a high compressive residuasssfrat the surface), as it

exclusively shows shallow penetration (girh) for all the test conditions studied.

The above findings points out that G substrate surface finish exfghier crack
penetration resistance than the P and GTT ones. Howegenutd be noted that the
coated G specimens may exhibit different cracking extensioerpa#it specific
subsurface locations, depending on surface texture featured. ig\sllustrated in
Figure 7a, the presence of groove-like features (i.e. peaks/vallagy promote the
interaction of penetrating contact-induced cracks with pheeexisting grinding-
induced fissures. It then yields a diffusing crack netwastricted within a thin
(~ 1-2um) subsurface layer. On the other hand, just shallow crackidéerned at
regular and smooth locationsSigur e 7b).

3.4 Substrate surface finish effects on contact damage resistance

All the damage events identified using different inspecéipproaches, together with
the load associated with their emergence in the differeteédcpecimens studied, are
given in Figure 8. They are presented as a contact damage map as a fuoiction
applied load, under spherical indentation conditions.

Considering the coated P condition as reference, it maysberded that emergence
of specific damage events is delayed (in terms of egghad) as substrate is just
ground, before ion-etching and coating. However, if the ground atdss thermal
annealed before coating (GTT condition), damage takes ptatierehan for the
coated P samples. Relative beneficial effects assdcwatéh grinding are more
relevant in terms of resistance to crack penetratfoorn the coating into the
substrate, than resistance to crack nucleation under téoading. It points out that
compressive residual stresses existing at the subsiagarface (about ~1 GPa) are
more effectively shielding through-thickness (coating) cracks tbreventing their
nucleation at the coating surface. Such positive influengelmaaationalized on the
basis of two different action-effect correlations. Fiest,a compressive residual stress
field is superimposed to the far-field applied stress durimgact loading, the driving
force for crack extension diminishes because effectivessirgensity factor at the



crack tip is reduced. Second, compressive residual strassés close pre-existing
fissures introduced during grinding before coating, yielding assaltran effective
recovery of the faulted mechanical integrity at the subserfavel. The relevance of
these effects is experimentally supported by direct compawistive contact damage
response of the coated G and GTT conditions, as clearly eeden Figure 8.
There, it may be seen that once the compressive resigesdes are relived through
heat treatment (GTT condition), the improved crack penetragisistance exhibited

by the G specimen is completely lost.

Finally, the interaction among propagating contact-induced cracksgmamant
compressive stress field, surface texture features andxmiag grinding-induced
microcracks at the subsurface deserves an additional anaigsis.is observed in
Figure 7a, damage scenario resulting from the referred intenacteems to be less
localized (and thus critical) than those observed for the P tommdin general terms,
it may be described as distributed and oriented, departing thenstraight and
longitudinal crack path exhibited by the through-thickness fissouekeated at the
surface. Indeed, it somehow resembles the damage scermritingeafter contact
loading of structural ceramics with heterogeneous micrdstes; which has been
validated as an optimal microstructure tailoring stnatégr improving damage
tolerance of these materials [37]. Based on this gssom a simple damage
tolerance investigation was made for the G and P coastelnsy. It consisted of bend
testing to failure coated specimens previously indenkegure 9 shows surface
CLSM micrographs of failures from Hertzian indentation sitedars broken for
these two coated systems. As expected, in both cases ruptar@ssociated with
indentation-induced damage. However, interaction between ectrilaenage and
failure path are different. While rupture in the coated §tesy is characterized by
surface traces of the fracture going along previously idedti$urface ringRigure
9a), fracture for the coated G condition traverses the inoetact orthogonally (i.e.
following grinding-induced grooves}-(gure 9b). As extrinsically induced damage is
maximum (regarding depth and localization) in the contour peripkieege findings
would point out a beneficial effect of grinding-induced changes digtributed
damage, surface texture and residual stresses) with regpexffective damage

tolerance of the coated hardmetals studied. Nevertheeséintlings presented here



are limited, and further research is recalled in tieil fif grinding effects on damage

tolerance of coated hardmetals want to be documented anctandiethroughly.

4. Conclusions

The influence of surface topography and subsurface integegguyltng from abrasive
grinding of the hardmetal substrate, on the contact damagtares of a TiN-coated
13 wt.% Co fine-grained hardmetal has been studied. Theriemgntal study
involved introduction of controlled damage under monotonic sphemckntation
and assessment of contact damage resistance in tearsckfprevention (nucleation)
as well as crack containment (extension). The main reanlts conclusions are

summarized as follows:

1) Substrate grinding enhances contact damage resistanaens dé both critical
load for crack emergence and subsequent damage evolution.efleiickal effect is
particularly relevant regarding extension of surface cracke the hardmetal
substrate, corresponding crack penetration being rather shalldkefooated ground

condition.

2) The grinding-induced compressive residual stresses are pouteas the main
reason for the enhanced contact damage resistance, asaliséerm the direct
comparison between the responses observed for the coated GTdandonditions.
Such remnant stress state overcomes the potential deleteffeas expected from
surface texture (peak/valley stress raisers) or pre-exigtinging-induced damage,
the latter given by microcracks confined but widely distributeidhin a thin

subsurface layer (aboutuin in depth).

3) The interaction among resulting surface integrity (espedié above referred
distributed damage) and the cracks introduced by the externaktdoads indicates

an additional positive effect in terms of damage tolezanc
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Table captions

Table 1. Nomenclature and roughness parameters (R, and Ry) associated with substrate surface conditions and the

coating process steps: uncoated; ion-etched; and coated.

Table 2. Residual stresses measured (for the WC phase) on the substrate surface of coated systems for the G, P and

GTT conditions. The intrinsic residual stresses level for the coating is also listed for comparison purpose.



Table 1

N Ra (um) Ry (um)
Condition  Substrate surface finish
Uncoated lon-etched Coated Uncoated lon-etched Coated
G Ground 0.19+0.07 0.16x0.02 0.25+0.05 1.05+0.35 1.03+0.12 1.72+0.30

P Polished 0.01+0.01 0.09+0.01 0.27+0.05 0.11+0.04 0.59+0.06 1.54+0.20




Table 2

Condition  Residual stresses (MPa)
G+Coat -1071+24
P+Coat -59+15

GTT+Coat -118+14

-3299+140

Coating
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Figure captions

Fig. 1. Schematic show of the sample preparation procedure of bonding interface technique (BIT) for analysis of
sub-surface damage induced under Hertzian contact stresses in cross sections. Note that the size ratio between the

coating and the substrate is exaggerated.

Fig. 2. Cross-section view of the coated system, corresponding to the ground substrate surface finish. Note that FIB

milling was made perpendicular to the grinding marks, and grinding-induced damage is pointed out with arrows.

Fig. 3. Residual depth of the indentation imprint for the G, P and GTT conditions corresponding to each indentation
load level: 625 N, 1000 N, 1250 N, 1500 N, 1870 N and 2500 N. The dashed lines are linear fittings for the three
conditions.

Fig. 4. Circular cracks in the surface of the P conditioned sample, generated with a sphere of 1.25mm curvature
radius and applied load level of 2500 N.

Fig. 5. The evolution of crack penetration for P conditioned sample corresponding to the load levels: (a) 1500 N
and (b) 1870 N, respectively. The bottom two images are the enlarged views of the upward regions indicated by the

dashed squares, respectively.

Fig. 6. Cross-section view of crack penetration feature in the inspected BIT specimens for the (a) G, (b) P and (c)
GTT conditions at the 2500 N load level.

Fig. 7. Two different crack path views for the G conditioned sample at the load level 1500 N: (a) crack propagates
into a substrate area containing pre-existing grinding-induced fissures; and (b) crack penetrates into a clean sub-
surface where the surface texture irregularities are absent. The bottom two images are the enlarged views of the

upward regions indicated by the dashed squares, respectively.

Fig. 8. Damage map showing the surface top view and the cross-section views obtained by BIT and FIB techniques,
for the three substrate surface finish conditions (G, P and GTT) and different load levels studied. The meaning of the
symbols inside the map is indicated by the right schematic drawing: blank — no crack/no penetration; half filled —

partial cracking/shallow penetration (<3 pm); full filled — multi cracking/pronounced penetration (>5 um).

Fig. 9. Surface CLSM micrographs of failures sites from Hertzian indentation at 2500 N in bars broken for the
investigated coated systems: (a) coated P condition - failure origin at surface ring crack; and (b) coated G condition
- fracture path going through the inner contact orthogonally (i.e. following grinding-induced grooves). The residual

imprints of spherical contact are underlined by dashed lines.
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