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ABSTRACT

This paper reviews the commercially available coating processes used to
deposit MCrAlY overlay compositions onto the hot end components of gas
turbines, These are compared with sputter ion plating a potentially cheaper
and aimpler alternative method which has heen developed with a view to over-
coming some of the limitations shown by the current commercial processes.
Particular advantages of sputter ion plating technology include, good control
of coating composition, no need to rotate the compenents to be coated and
deposition in a clean environment.

The effect of peening on coating microstructure, and the subsequent
oxidation behaviour of the coating, has been examined for a range of MCrAlY
compositions. Peening serves to eliminate leader defects from the surface
layers by compaction of the coating and also affects the oxide-growth
mechanisms. The surface roughness of the SIP coatings, both as-deposited and
after glass bead peening, increases with that of the subatrate and compares
favourably with published values for electron beam evaporated coatings. In
addition to protecting the base alloy, coatings must be resistant to thermal
fatigue and results are presented for coatings deposited onto UDS superalloys
tycled between 1020*C and room ie-pernture using fluidised beds.
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I INTRODUCTION

Corrosion has always been one of the most important life limiting
factors for the hot end components of marine gas turbines. Even though
the early gas turbines used relatively low strength, Cr rich superalloys
with a high intrineic corrosion resistance, it was soon Found necegsary
to coat the components in order to increase their durability, The
thrust in gas turbine development over the intervening years towards
higher operating temperatures and greater stresses has merely
accentuated the problem. To gain strength the general trend of alloy
development has been to veduce the Cr content thus lowering the
corrosion resistance and further underlining the importance of the

coating.

The corrosion resistance of the early coatings, primarily
aluminising, has been considerably improved upon with the development of
such coatings as Pt-Al and MCrAlY. However, to make best use of the
considerable corrosion resistance of such materials it is essential to
have a process which is capable of depositing sound coatings of the
correct composition, 1In addition to this exacting requiresent, the
process must be capable of coating complex shapes whtlut'silnltaneously
working within the coating thickness specifications. It must be an
adaptable process for 1t will have to deal with components of widely
differing shapes and sizes. Ideally coatings of any composition should
be capable of being deposited, but failing this then the abilicy to
handle a wide range of materials would be acceptable, The technique
must be reliable, not only in the operation of the aquipment but in the
standard of the finished product. Finally, the coating aystem must be

cost effective,

Whilst there are alteady several commercially available coating
processes for MCrAlY type materials, e.g. plasma apraying and electron
beam evaporatfon they all have limitations of one kind or another, as
does any coating proceass., For example, plasma eprayed components
require time consuaing polishing to produce an acceptable surface finish
whilat the electron beam evaporation process has difficulty in coping
with coating ailoys which contain elements with videly differing vapour
pressures, Sputter Ton Plating (SIP) has been developed with the
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objectives set out above in mind as well ag the limitations of the

current commercial processes,

2, SPUTTER ION PLATING

spth)

coating from a flux of atoms and fons which have been sputtered from

10 a coating technique which enables one to build up a

s0lid scurce plates. The equipment (Figure 1) consists of a chamber
which is lined with coating source plates and which act as the cathodes
for the glow discharge, a mechanical pump for evacvating the unit, a
getter and a suitable power supply. The components to be coated are
suspended within the volume enclosed by the source plates and are held
at a small negative voltage during deposition to control the structurs

of the coatlngcz's).

The coating compartment and ite contente are
pre-heated to about 300°C to outgas all the exposed surfaces and to
enable the establishment of a very pure atmosphers which is important
for good coating adhesion, The eaaples may be cleaned by fon
bombardment, {f desired, to remove the thin surface oxide layers. A
glow discharge 1a then set up within the chamber by applying a negative
voltage of approximately 1000 ¥ to the cathodes, Atoms and fons are
sputtered off the cathodes (the coating source plates) and form a flux
of material which settles on the components (and exposed parts of the
chanber) to form the coating. The relatively small bias voltage on the
components (0-100 V) results in “ion polishing” of the coating surface
to promote & dense structure without any significant resputcering.

SIP Ls therefore a very simple technique to operate. Mot only is
it easy to establish the clean atacsphere required for costing with only
a mechanical pump and a getter, but no manipulation of the components ia
required inside the vacuua system. This latter feature 1is advantageous
not only because it avolds the recessity for complicated handiing
devices but because it slso eliminates the need for constant maintenance
of such devices, In addition, since SIP 1s a batch precess, no complex
vacuum interlocks, pumping systems and control devices are required,

Sputtering has some distinct advantages over svaporstion for the
production of alloy costings. Since thq‘ynpour pPressures of differing
metals cen vary by several orders of magnitude st a given temperature,

- S{__

the flux of atoms being evaporated from an alloy source will have a very
different composition to the pool Iourée("s). This difference is
carried over into the deposited coating., In addition to this difference
in composition, the flux of evaporating specles is¢ not necessarily
uniform sbove the molten source pool(k) whereas the coatings deposited
by SIP are compositionslly uniform throughout the chamber. In order to
deposit slioys of s specific composition it 1s thersfore necessary to
determine empirical methods of adjusting the composition of the mource
and to continually monitor the coating composition, Further, because of
the difference in composition between the vapour and the molten source
pool, any change in the condition of the pool, for example, as a vesult
of a chenge in powver input, temperature distribution or metal feed rate,
wiil alter the composition of the vapour cloud sand hence the coating,

It takes time to re-establish the former equilibrium. To svold this
requires sophisticated controle on the process, increasing ite
complexity and need for conatant maintenance., For SIP, although
different elements do have different sputtering co-efficients, since
significant bulk diffusion cannot occur wichia the source material if
the tempersture is reasonably low then the loss from the surface of the
source plates of the more easily sputtered apecies cannot be
replenished. The surface concentration of thess species will only riae
ouce the layers of atoms with lower sputtering coefficianta have been
removed %0 as Lo reveal snother layer of atoms, whose average
composition will be that of the bulk meterial, to be eputtered. Hence
providing that the source plates are reasonably homogeneous then the
flux of coating atoms and fone will be of the same composition as the
bulk source platss. Another advantage of SIP 1 that 1t has superior
throwing power to the evaporation routs both becauee of the distribution
of the source material around the components but also because of the
randomising effact of the low pressure gas (0.75=1.5 Pa) in the

chauber,

Efforts have bean made to compare the coste of SIP with some of the
techniques currently employed for applying MCrAlY type overlay coatings
to turbine blades. The principle commercial techniques are electron
beam evaporation and low preasure {(or argon shrouded) plasma spraying
snd the costs are roughly similar for large throughputs, The costs of
production using SIP have been ;hnun to compare favourably with theee
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values. However the costs of electron beam evaporation (in particmlar)
escalate rapidly if the throughput is reduced, whereas the batch
production used in SIP results in an almost constant item cost whatever

the throughput,

3. RESULTS AND DISCUSSION

3.1 Effect of Peening on Microstructure

Figure 2 shows a CoCrAlY coating on the pressure surface of a
Nimonic* turbine blade as coated, and after periods of 114, 500 and
1006 houre at 1000°C. The blade was removed from the furnace once svery
24 hours, and cooled to near room temperature before being reinsertad,
Cycling to low temperature was aleo carried out on an hourly basis +ith
similar, though slightly sccelerated, effects. It is clear from this
series of micrographs that aluminius diffuses into the substrate from
the fnner part of the coating to form NiAl-like fingers and to the
surface from the outer part of the coating to form snd replenish ths
protective alumina scale. Figure 3 shows the variation in the NL, Al,
Co and Cr concentrations along a line from outsfde the oxide scale
(left-hand side), through the coating and well into the substrate
{right-hand side) for a CoCrAlY coating after 1006 hours at 1000°C; the
tracea were obtained using an electron probe picroanalyser (EPMA),
Although the CoAl phase hae largely been consumed by this stage, Al is
still at about 4 "/o throughout the coating, and this level does not
decrease until a2ll the CoAl has disappeared.

All the coatings used to produce the micrographs above were gless
bead peened at about 8,5 N before oxidation, A large number of coalings
have been tested without peening. In general, the oxtdation resistance
of unpeened coatings was inferior to the peened equivalents with &
tendency to inter-dendritic attack as described by Shatfer et 11(6)
(particularly st the highest test temperatures), The primary benefits
of glass bead peening can be summarised as the generation of an even

compreesive stress pattern in the surface layers and the elimination of

Throughout the paper * {s a registered trademark,
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leader defects from, and densification of, the coating. However,
peening elso hardens the near-surface gone of alloy coatings as shown in
Plgure 4 for a CoCrAlY coating about 150 um thick deposited onto a
IN792% corrosion pin: similar data has also been obtained for high
aluminium NiCrAlTi and Fecralloy steel* coatings. During the inftial
stages of oxidetion the large number of dislocaticns which Formed as a
regult of the localised hardening induced by the peening operation
facilitate the rapid diffuaion of aluminfus to the surface to forn a
protective oxide, A comparison of oxides formed on MCrAlY coatings show
interesting differences between peened and unpeened samples, For
exanple, Figure 3 shows secondary electron images of the oxides formed
on a CoCrAlY coating after 6.5 h at 1000°C., The oxide on the peened
surface conaists of sharp needle-like growths compared to the rounded
morphology of the oxide on the unpeaned surface., The gradual loss of
the f~CoAl phase from the outermost part of the coating on oxidation 1s
illustrated in Figure & which compares diffraction patterns from
as-coated materisl (Figure 6(a)) and coatings with and without peening
after oxidation for 6.5 h at 1000°C (Figure 6(b) and (c) respectively).
In the early stages of oxidation the predoainant peaka appearing on the
unpeened surface are characteristic of u-Alzoj. However, on the peened
surface whilat there fa some a-A1203 there are larger peaks which are

within the range of lattice spacings covered by the transition

alulinaa(7’a)

i in each case thers are also small peaks which are
probably due to spinel oxides, The extrs diffraction peaks, and
modified oxide StTucture, remain apparent after 100 h at 1000°C.,

Figure 7(a} shows a secondary electron image of the oxide scale formed
on the peened CoCrAlY coating after oxidation for 100 h at 1000°C, in
wvhich both forms of alumina are present, A continuous layer of alpha
alumina has formed next to the costing whilet the transitional alumina
11es on top of the alpha alumina layer. Similar obmervations of
transitional atumina formation in Pecralloy steels has been reported by

Moseley et 11(9)-

3.2 Effect of Substrate Composition/Surface Roughness on SIP Coatings

A wide variety of alloys are used for the manufacture of rotor
blades for gas tubines, To investigate any possible substrate
composition effects a set of corrosion plas of different materials
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(Nimonic 108%, Mar-MOO2%, IN738%, IN792% and | IN100*) wern prepared i:o
the same surface finigh (0.16-0.3 pm) and coated by SIP, ' Wlgure B chowe
four micrographe of a CoCrAlY coating on & Mar-M002 corraston| pin,. an
compares the etructure of an as-deposited coating (Figure: a{d) snd {clI
with that of a glass bead peened coating (Figure 8(b) and (d}} before
and after oxidation at 1100*C for 24 h, Theae micrographs wne typidal
of those obnerved from all, the various alioys cosated and lshow the
as~deposited costing to be a finely dispersed two-phase structure
(p~CoAl and|Co-Cr solid solution for CoCrAlY wlloys) with saali leasder
defects prewent at the nea; surface of the costing., These|lesders are
clearly closed by the peening operation. During coxidation st 110U°C blm
columnar nature of the costing breaks down and the aluminius rich B~Cod.
phase 13 consumed to form o perfectly uniform depleted band: at the
surface by alumina scale fqrmation, MNo avidence of oxidation. doww
colusnar boundaries is evident in the peened wtructure (Flgura B(d)),
although there 1s a suggestion of such attack in the aa~depssited
coating (Figure 8(b)).

From these results it was concluded that substrate composition hai
no effect on the structure of SIP coatings at a given surfsce: ropghmesL.
However, there wers differences in the axtent of interaction betwvesn| tim
various ailoyl and the CoCrAlY coating when exposed to highitempatnturn
oxidation, Figure 9 shows ffour micrographs of an CoCrAlY ccating onian
IN738 corroslon pin treated as in Figure 8. There 1s extensive nitknl
aluminide formation within the substrate for the Har-H002 comparad with
that observed in IN738: in both alloys the p-CoAl phase 1y preduallly
consumed from a band near the substrate/costiag interface, The vamying
degrees of nickel alumide formation within the alloys can .br nelsted to
changes in alloy chemistry kesulting from interdiffusion ani the
stability of the phasea formed. ‘

In production it is likely thst the surface finish ofi turbine
hardware presented for coating would vary depending on tha manufactuning
route, The effect of such varistions on tha surface finish >f
subsequent SIP coatings ie nhown in Figure 10 for CoCrAlY corcings
deposited onto IN792 corroaion Pine of varying surface roughness, IThe
surface roughness of che coutings, botq ;g-depoagted and aftrr glaww
bead peening, is ssen to increase with tiit of the substrate, Thess
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values for SIP coated corrosion pins compare favourably with those glven
in the literature for electron beam evaporated coatings. Typically for
the electron heam process, after surface cleaning, the surface finiah of
the blades 18 1.43 um which increases slightly to 1.52 um after coating,
falling to 1.30 um after glags bead peening(lo).

Figure 1] shows four micrographs from an CoCrAlY coating on a IN792
corrosion pin which had a surface finish of ~ 3 pm bafore coating, The
as-coated microstructure (Figurs 10(a)} shows coarse Intercoluanar
regiona which extend in some cases to the substrate/costing interface:
these more open boundaries are associated with the most severe of the
sucface irregularities, As discussed sbove, peening services to close
up even the most severe of these intercolumnar regions with the result
that after oxidation at 1100°C for 24 h oxide penetration down these
essy diffusion pathe is ell-inntad(a'll). The absence of "oxide
fingers” in the oxidised coatings after peening is clearly seen in
Figure 12, which compares secondary electron imsges of metallographic
sections which have been deep etched in 10X hromine in methanol, For
the unpeened coating (Migure 12(a)) oxides have penetrated down to the
substrate/coating interface, while peening results in a tight, adhereat
protective oxide £ilm restricted to the surface of the coatfng (see
Figure 12(b))., SIP coatinge deposited onto substrates of a surface
roughness of ~ 3 um will therefore Blve catisfactory oxidation behaviour
provided peening of the coating 1s carried out to ensure complete
closure of leadar defects.

3.3 Oxidation and Thermal Shock Tezrs

Previous sections of this paper have deacribed experiments on
CoCrAlY coatings of varying compositions. However, oxidation and
corrosion tests have also been carried out on many other coating
compositions including M CrAlY, CoNLCrAlY and NiCrAlTi {compositions are
listed in Table 1), Additions of HE, 2r or Y to several of these
matarials hava alao bean investigated.

The performance of these coatings has been evaluated in a number of
different ways, As with all evaluations, care must be taken inm
discriminating between the affect on performance of coating integrity,
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which may be compoaition dependent, and the coating chemistry so far as
it affects the oxidation/corrosion reactlons at the surface, For
example, it is generally taken that it iz more diffiéult to deposit
CoCrAlY type materials free from leader and flake defects than is the
case for NLCrAlY coatings, All else being equal, this must reflect
differences in the processes occurring during coating formation as well
a8 the differing responses of the two types of coating materiala to post
depoeition processing such as peening and heat treatment. The response
of such a coating, containing as it does some form of structural
imperfecton, to a corrosive or oxidising environment will depend upon

the severity and form of the test,

When the test is not severe enough to reveal any etructural
failings of the peened coatinge, as seems to be the case with the cyclic
oxidation tests, then the effect of differences in composition can be
seen, For example, Figure 13 shows a set of micrographs of a NICrAlTY
coating cyclically oxidieed at 850°C, a temperature more immediately
relevent to marine gas turbines than 1000°C. As can be geen, the
coating has been progresasively oxidised in a controlled manner when
compared with the CoCrAlY coatings presented earlier which eatablished
protective oxide acales, However, when the test is more gevere, as i{s
the case of thermal shock, then processing differences can become
important highlighting any shortcomings in the mechanical integrity of
the coatings. Thermal shock tests have been carried out ueing fluidisad
hot and cold beds on 100 um thick CoCrAlY coatinga on directionally
solidified IN7JISLC* substrates (test details are in Table 2). The test
plece was in the form of a mock merofoil with an edge radius aimilar to
that for turbine aerofolls. The heat tranafer coefflcient s likewise

comparable with that found for turbine components.

If the coating was heat treated (2 h @ 1120°C) and then peened
(8.5 N), cracks initiasted within 100-150 cycles. By 300 cycles there
was profuse cracking with eurface crack lengths of up to 1 mm, In
contrast, {f the coating proceas cycle was reversed (peen then heat
treat) cracks did not start to form until approximately 800 cycles had
elapsed deapite obvious plastic deformation of the coating (since the
thermal shock epecimen was examined in & SEM it was posaible to detect
crack iniciation at a very early Btage, corvesponding to a surface crack
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-length of 10-30 pm). Whilst more cracks initiated with further cycling

their rate of growth was 8lower than in the previous case.

A longitudinal section along the trailling edge after 1200 cycles
shows the coating originated crack propagating into the subatrate (see
Figure [4(a)), However, the structure of the adjacent coating shows no
tendency towards cracking or internal attack (Figure l4(b)), Similarly
there haa been no preferential oxidation attack at the substrate-coating
interface, which s indicative of the cleanlinesa obtainable from the
coating process, The difference batween the two procese cycles reflects
the degree of metallurgical continuity within the coating, Whilst
peening deforms individual crystallites into claser contact, unless
recrystallisation or metallurgical bonding can then take place the
stralns generated by the thermal shock will open up these reglons of
weak bonding and lead to early crack initiation, just as was observed,

It {8 worth noting that a sputter ion plated CoCrAly coating offers
a far greeter thermal shock resistance than does aluminising, Whilst
the tife for the unccated alloy to crack initiation {s ~ |50-200 cyecles,
this ts increased to ~ 300-500 cyclee for the aluminised alloy. Again,
a4 low presgure plasma sprayed M 35C021Cr8A1-0.3Y (all wt.X's) coating
offers a life of ~ 600 cycles to crack initiation, illustrating the good
performance and quality of the SIP coating process,

Moving closer to the conditions expected in a marine gas turbine,
the corrosion resistance of some of these coatings has been determined
in burner rig tests at temperatures between 700* and 900°C, However,
the most convincing test vehicle 1a the engine itself, SIP coated
turbine blades have been tncluded, along with other coatings, in several
recent marine gas tutbine trials. In these tests which have extended
out to several thousand hours, the gas turbine has been operated in a
sinulated marine environment under a variety of duty power cycles,

4 CONCLUSIONS
This paper atarted by considering the various features which a good

coating system should possess. Whilat SIP coatings are not currently
available on a commercial basis, the performance and potential of the
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Table !
List of Coating Ctmgéauiona (wt.X)
Coating Co . § Cr { Fe Al | L 51 Y
CoCrAlY Bal - 20 - 91~ - 0.3
MCrAlY - Bal | 20 - 111] - - 0.3
NiCrAlTE - Bal | 35 - 8113 - -
CoNi CrAlY Bal | 24 22 - 91 - - 0.3 .
B:SHI.ET_. GETIER CHAMBER

FeCrAlY (Fecralloy*) - - 15 | Bal 5] - 0.23 | 0.3 _ ——
Fecralloy is & registed trademark in the UK. Figure 1 Schematic view of SIP system.

Table 2

Details of Thermal Shock Test

Maximum and minimum temperature 1020°C - 20°C N
Radius of edge without coating 0.5 o e, ER : »3!
Time in hot bed 4 mins ﬁmﬂ:.:m-

Time in cold bed 4 mins ﬁiﬁ%\{m [

T KN
ﬂ ’:t o(‘. -;‘!. _::..::‘\
g ot »

LI ey

Figure 2 A CoCrAly coating as-recelved, and after cyclic oxidation at
1000°C for periods of 114, 500 and 1006 h.
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Pigure 5 (xide structures on a CoCrAlY coating after 6.5 h at 1000°C,
(&) for an unpeened coating, and (b) for a coating peaned
bafore oxidaticn,
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Flgure 6 X-ray diféraction patterns of CoCrAlY coatings as-received and
after {sothermal oxidation ar 1000°C for 6.5 h,
{a) as—deposited, (b) unpeened prior to oxidation, and (c) for
4 coating peened before oxidation.



Figure 7 Oxide structures on a CoCrAlY coating after 100 h ac 1000°C,
{(a) for a spalled reglon of the coating, and (b) an unspalled
reglon,
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Figure 8 A CoCrAlY coating on a Matr-MOO2 corrasfon pin before and after
oxidation at 1i00°C,
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BIAS, INTERNAL STRESS AND SUBSTRATE EFFECTS ON THE
MICROSTRUCTURE AND PROPERTIES OF PVD-WEAR
RESISTANT COATINGS

D S Rickerby and P J Burnect#

ABSTRACT

The effect of the process parameter 'subatrate bias' on the internal
streis, microstructure and hardness of sputter ion plated titanium nitride
coatings has been investigated. It is found that high bies levels results in
coatings of fine grain size, high internal streas, low porosity and high
hardeess. The role of the thermal mismatch contribution to internal stress in

dens_fication of the coating is elucidared.

"Hardness anisotropy” has been observed when indentiné plan and cross-
sections of thick (~ 20 pm} TiN and WTiC coatings. An explanation for this
behaviour has been proposed in terms of the microstructural anisotropy of the

coatings coupled with the internal stress state acting within the test surface.

Scanning electron microscopy, transmission electron microscopy and X-ray
diffraction atudies of coating morphology, grain sire, defect density and
texture have been performed and the results obtained used to estimate the
relative contributiuns of grain size and defect density to coating hardness

using a simple Mall-Petch approach.
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ILLUSTRATIONS

The variation of compressive internal stress (*) and
hardnass (M) - ) vith biss for sputter fon plated TIN
onto stainless steel.

Scanning electren fractographs (secondary slectron image) of
(a) unbiased and {b) biased titanium nitride coatings.

Scanning electron micrographs of TiN coatings deposited with
{a) no applied biss ang (b) =35 V bias. Note the denser
appearance of (b). The feature towards the bottom of (a) is
the corner of a microhardness indentation,

Fractura surfaces of a tungsten-titanium carbide coating;
left-hand micrograph for a coating adherent to 8 stainless
steal substrate, right-hand micrograph of o free-standing
section (scanning electron micrographs; secondary electron
image).

SEM secondary slectron image of fractore sections through
SIP molybdenum coatings on molybdeaum substrate.

(8) General view; (b) higher magnification showing open
boundaries around the columns.

SEM secondary electron imuge of fracture sections through
SIP molybdanum coating ¢n a sctainless steal substrata.

(a) Ganeral view; (b} higher magnification. Note that the
open column boundaries present in Fig. 5 sre now sbsent.

SEM mecondary slactron images of 300 gf Vickers indentation
on TiN coated stainless steel, (2) Unbiased; (b) -35 v
bias.

SEM secondary electron images of 100 gf Vickers indentations
on (a) TiN coated stainless stesl (~ 5 um) and (b) TIN
coated M2 (v 6 um).

A schematic reprasentation of the deformation geonmtry
beneath an indentation for {a) & hard coating on a hard
elastic/plastic substrate, (b} a bard coating on s soft
rigid/plastic substrate. Note the surface displacements in
(b) that give rise to fracturs of the coating.

Pils-up of materisl around 1 kgf indentation made on soft
(rlgldlplattic) stainleas stesl (reflected light
micrograph, obligue illumination).



Figure 11

Figurs 12

Figure 13

Figure 14

Figure 15

'Figurs 15

Mardness vs. indentation depth plota for {a) 1.7 um unhiased
TiN, (b) 1.65 ym of TIN (-10 V bias), (c) 1.2 pm of TiN

(-35 V bias) and (d) 1 pm of TIN (~50 V bias) onto stainless
stesl substrates. The data points (* 0) are the
experimentally determined composite hardness (open symbals
representing measurements made from oblique illuminatiom
light micrographs), the data points (l) are the measured
substrate hardness values. Curves ! are the substrate
hardness behaviour assumed in subsequent calculations.
Curves 2 are the "true" coating hardness behaviour sssumed
for calculation and curves 3 are the predicted hardness
variation derived from fgivig 1 an 2 using the Burnett and
Rickerby hardness wode]'<'» ). Good fits are achieved in
all cases,

Variation of the interface paramster X vs. (E H;/HEES){
(the ratio of plastic zone sizes at a 10 pm indent size),
used to obtain the fits in Figure 11. Note that all points

ars consistent with the trends derived from previous work.

The hardnsss {50 gf, Vickers) of FeCrAlY () and CoCrAlY (»)
coatings as a function of distance from the coating/
substrate interface obtained from indentation of
metallographic cross-sections. Note that the Zone 1
structure of the FaCrAlY coating results in a softening
towards the surface whilat the denssr Zone 2 structure of
the CoCrAlY coating results in an almost constant hardness.

{(a) An etched metallographic cross-section of a FeCrAlY
coating (similar to that used to obtain the hardness data
for Figure 13) showing a Zone 1 typs microstructurs.
Schematic varistion of (b) hardness, (c) internal stress and
(d) density with distance from the coating/substrate
interface for Zone 1 microstructures (shaded bands) and

Zone 2 microstructures (open banda), Note that for Zore 1
microastructures all three quantities decrease with distance
whilst they are expscted to remain approximately constant
for Zone 2 microstructures.

The weasured Knoop hardness values for a WTiC coating on A0
cemented carbide and austenitic steinless stesl using three
indenter orientations. Note the greater hardness of the
orientation C in both cases.

(2} Schematic representation of tha suggested deformatiom
morphology of a PVD coating beneath a hardness indenter
(orientation C in Figure 15). When indenting the columner
structural units "end-on" the columns expand and interact
with their neighbours (see insert) once these interactions
have occurred the neighbouring columns sffectivaly constrain
any further expansion. Thus, coatings with low lavels of
intercolumnar porosity will appear harder than those with
high porosity.

(b} A schematic representation of the strass-state acting in
the coating shown in (a). Stress orfentation as in insert
in (a}.

Figure 17

Figure 18

Figure 19

Figura 20

Figure 21
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(a) Schematic representation of the suggested deformation
morphology of & PVD coating beneath a hardness indenter when
indenting in cross-section {orientations A snd B in

Figure 15). Preparation of the cross-section releases the
0., compressive internal stress component close to the test
shiface (see (b}) which can result in the "epening up” of
the columnar units towards the new surface {as indicated by
the large shaded arrow). Indentation in this orientation
can then result in densification of the columns togethar
with sliding of the weak grain boundaries and buckling of
the columns. This results in a low hardness compared to the
"end-on" indentation of Figure 16.

(b) A schematic representation of the stress-state acting in
the coating shown in (a). Stress orientation as in insert.
Note that for a given depth into the coating the internal
stress component ¢, decreases towards the test surface
whilst o x renninsy¥elat1vely unaffected by the presence of
the new ¥rae surface,

Bright-fiald electron micrograph of a TiN film stripped from
its M2-tool steel substrate.

Bright~field alectron micrograph of a TiN film stripped from
its martensitic-420 stainless steel substrate.

Bright-fisld electron micrograph of a TiIN film stripped from
its austenitic stainless stes] substrate.

Bright-field/dark-field pair of a region of TiN coating
atripped from martensitic-420 stainless steel substrate
showing a high density of defects thought to be dislocation
loops.
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1. INTRODUCTION

The increasing importancs and use of surface coatings in
tribological applicaticns brings with it & need for o fundamental
understanding of their propertiss if the optimua coating for a
particular purposs is to ba selected. Furthermore, in order to produce
coatings tailored for specific tasks a knowledge of the inter-
relationship betwesn Process or system paraseters (for exasple,
substrate bias) and coating properties (s.g, hardness) needs to be
detearmined. Of the wear-resistant coatings, titsnium nitride i{s finding
an increasing range of applications in addition to its uss on drill
hlts(n and tool ntu‘llh(z'”. This material, produced either by
chemical vapour deposition (CVD) or physical vapour depos{tion (PVD)
techniques, is usually deposited as fiims of 1-10 pm in thickness and
has been shown to be beneficial to wear rnutanc-(l-s).

In this paper we shall consider only PVD costings produced by the
procass known as sputter ion plating (SIP)“'S). This class of coating
is becoming of imcreasing intersst as it is possible to deposit films at
temperatures substantially lower than thoss used for cvD (2 s550%
against 3 800"C) and thus coating of heat-sensitive substrates becomss
fusiblc“) - Hany studies have besn published concarning the propertiaes
and structure of PVD-TiN (and other wear-resistant coatings)(®-8-7-11)
in these previous studies, the tribologically important parsmeter of
hardness has besn correlated with ltoichin-ct:y(."-”, the presence of
porosity/ volds(?'m'n), both at the grain boundaries and within the
graing themselves, and the degres of ion~bombardwent that the workpiece
undergoes during coating, whilst other properties such as alectrical
resistivity have besn correlated to grain sizs, stoichiometry
(purity“z)) and defuct donaityu"). In addition to thess parameters,
quantities such as internal stress (a combination of thermal aismatch
and intrinsic growth stressea) may also be important in determining the
wesr-resistance of PVD coatings. The réle of internsl stress in
determining coating adhesion has been extensively ducuued(e‘s'ls-ls)
but, in contrast, the réle of internal stress in determining the natura
of the final costing microstructurs has besn relativaly neglected.
However, Aubert et ll.(“) have correlated compressive internal stress
vith the density of magnatron sputtered molybdenum and Rlckerby(w) has
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suggested similarly that compressive internal stresses may be of
paramount importance in determining the porosity of titanium nitride and
other hard PVD coatings. Thus, internal stress #ay constitute another,
previously unconsidered, degree of freedom in the construction of PAD
coating structure modals such as those described by Movchan and
Demchishin(l7) with modifications due to Thornton(la).

In PVD processes such as ion-plating the application of a substrate
biss makes it possible to control the degree of ion-bombardment the
coating experiences during growth, which in turn affects the density,
grain size and growth morphology of PVD coatings(7'12'19). Importantly,
surface mobility increases with fon-bombardwent flux and this aids the
nucleation stage of f£ilm growth resulting in a& coating of higher
density, higher defect density and smaller grain size end, in extresls,
a loss of columnar microstructura(e's'zo). Recent uork(la) has also
shown that internal stress increases with bias voltage due to a
concomitant increase in density. Consequently, substrate bias may alzo
be expected to affect properties such as hardness by controlling
porosity, defect density and grain size.

Clearly, all the properties, procesa parameters and microstructaral
characteristics described briefly above, are inextricably linked.
Furthermore, these are not the only quantities that may determine the
ultimate behaviour of a PVD coating. Factors such as growth rate,
deposition temperature, etc., all play a major réle. However, we shell
not discuss these here, rather, it is the aim of this paper to review
and develop ideas on mechanical properties and structure relationships

and to correlate these explicitly with process and SysStem paraseters.

The variation of internal stress and microstructure with substrate
bias will be presented together with both scanning electron microscopy
(SEM) and transmission electron microscopy (TEHM) studies of the
morphologies of the titanium nitride coatings deposited onto a variety
of gsubstrate materfals. The variations of hardness with biss will be
determined using the volume law-of-mixtures hardness model, as proposed
by Burnett and Rickerby(ZI'zz), for the determination of "tyue" thin
film hardness values. The variation of hlr&ness ("hardness anisotropy™)

of coatings when tested in through~-thickness (plan) and in cross-section

will be described and deformation mechanisms proposed to account for
thess effects. An attempt will be made to describe the way in which the
process parameter, 'substrate hias' and (principally) system parameter,
'internal stress' determine the microstructure of the coating and the
rasultant mechanical properties. Finally, the relative importance of
grain size and defect density on the hardness of PVD-TIN will be
discussed.

2. EXPERIMENTAL

2.1 Sputter Jon Platigg'

SIP(A'S) is a coating technique which-enables a coating to be bullt
up from a flux of atoms and ions which have been sputtered from solid
soarce plates. The aquipment consists of a chamber which iz lined with
coating source plates and which act as the cathodes for the glow
diacharge, a mechanical pump for evacuating the unit, a getter and a
suitable power supply. The components to be coated are suspended within
the volume enclosed by the source plates and are held at a small
negative voltage during deposition to contrel the structure of the

(7’20). The coating compartment and its contents are pre-heated

coating
to about 300°C to outgas all the exposed gurfaces and to enable the
establishment of a very purs atmosphera which is important for good
coating adhesion. To enhance adhesion the samples may be cleaned by ion
bombardment, i{f desired, to remove the thin surface oxide layers and a
thin metallic interlayer deposited to further improve adhesion. An
argon glow discharge is then set up within the chamber by applying a
negative voltage of approximately 1000 V to the cathodes, Atoms and
iors are sputtared off the cathodes (the costing source platez) and form
s flux of material which sattles on the components {and exposed parts of
the chamber} to produce the coating. In the reactive sputtering mode,
titanium source plates are sputtered in the presence of an Ar/N2 gas
minture to form titanium nitride at the surface of the component to he
coated. The relatively small bias voltage on the components (0-100 V)
results in “ion polishing™ of the coating surface to promote a dense
stmucture and ;llb serves to refine the composition of the nltride(lz).
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SIP may be used to produce coatings of complex alloys: by the
provision of source plates of suitsble composition (see Ref. 23 far
further details).

In the present study SIP was used to deppsit titanive nitride ook
& nusber of austanitic and|tcrr1tic stesl coupons to thickmesses in the
rangs 1-10 ym using negative bias voltages of 0 to 50 V. : In additlon )
tha titanium nitride coatings, tungsten~titanjua carbide £ilmm wen alao
produced (using wixed W/Ti gourca plates and an ArICH& gai mixture) ,| thm
thickness of these coatings being ~ 20 um. Coatings of pnre metal:n
(molybdenum) and alloys (MCralY composition where M is Ni, Coor Fy)
were also deposited under Zpne 1 (Fecralloy* 4nd molybdenus) and, Zoné !
(CoCrAlY) conditionsz to invpstigate the effects of coating temparaimze
on the sicrostructurs of PVD deposits,

2.2 Microhardness Tostigs

Microhardness testing was parformed with & Shimadzu micyohardimss
tester using loads between 15 gf and 1 kgf and a dwell time:of
15 seconds. In addition to the usual through-thickness studies on
coatad coupons, eicrohardneys tests were also carried out pn
wotallographically preparad cross-sections in order to study any
"hardness anisotropy" sffects in thase coatings. Messurements: of
indentation size ware made ysing the optical system of the( ailcrohardms:s
tester and from photomicrographs taken at x2.5 k wagnificatton (n.s =
0.95} using oblique illumination. This latter method was fouml to
highlight the edges of indentations and enabled measurement: to
accuracies in excess of thoss usually attainable using normal| incidunce
illusination.. For all bardnass measurements, spproxigately ten
disgonals wers measured at esch loud and the hardness numbers:calculiatei]
from the mesans and standard feviations of thess valuas.

Analysis of the through-thickness hardness data was pacforsed umiing
the model proposed by Burnet and Rickerby(zo’ZI) for hard wasr-

* Facralloy is a Tegistgred trademark of the United Kindcm Atouwilc
Energy Authority.

Tesistant coatings, which sllows contributions to the measured hardness
from the coating and substrates to be identified. The "true" costing
hardness is derived using the expression:

0 = ;i He v 5=, for B, > H_ )
where Hc, Hf and H' ars the hardness values of the coaposite (i.e. the
woasured hardness), the film and the costing respectively; Vf and Vs are
the deforming volumes beneath the indentor of the film and substrate
respectively (so V = V. + Vf) and X, termed the "interface paramater”,
is s messure of the constraint imposed by the harder coating on the
deformation of the softer substrate at the interface and is given
approxisately by:

X = 0.08 + 1,099 (Efﬂ.'IEst')* 2)

where Ef and E. are the Youngs moduli of the film and substrate
respactively and Hsl’ Hf' are the hardness of the substrate and coating
at s given indentation size (usually 10 pm).

In this mode] the hardness values used incorporate indentstion size
sffect (ISE) terms since it is sxpected that the PVD coatings will
exhibit a marked dependence of hardness on load (or diagonal) in common
with other ceramic -at.ri:ls‘za). The Meyer Law ISE fo:-ulntion(za’zs)
is used whereby:

Hy = og"? (3
where "d is the hardness at diagonal d, 'a' 1s a constant and m the ISE
index. To tompletely define the hardness at all indentation sizes we

need only specify the hardness at a known diagonal size (usually 10 pm,
"_1
1., Hlﬂ ".) and tha constant 'a'.
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2.3 Electron Microscopy

Scanning electron microscopy studies (using a Hitachi §-520 SEM
operated st 20-30 keV) were performed on both plan-sections (i.e.
as-coated surface) and fracture cross-sections of the coatings.

Transeission electron microscopy was carriasd out using a Philips
EM4OOT operated at 100 and 120 kV. The samples were prepared by first
dissolving away the substrate in a 10% bromine in methanol mixture and
then mounting the free-standing filw on 2 3 mm copper keyhole grid prior
to ion-beam thinning te electron transparency with a 5 kV Ar* beam.

2.4 X-ray Stress Measurement

The internal stress present in the TiN coatings was measured by
the sin2 ¥ nethod(zs) vsing Cu Ke radiation on a Philips diffractomster.
High angle diffraction peaks were usaed whers possible to ensure a high
precision. Full experimental details can be found elsewhera(la'zrj.

3.  RESULTS AND DISCUSSTON

3.1 Bias Effects

In this section we zhall explore the ways in which substrate bias
can influence (1) internal stress, (ii) microstructure and
(1ii) microhardness. Finally, we shail summarise the results of theses
sections,

3.1.1 The Effect of Bias on Internal Stress

For titanium nitride deposited onto an austenitic stainless steel,
the level of compressive internal stress increases with bias voltage as
shown by Figure 1 {see also Ref. 13) and depends upon (1) the density
and (i1) the yield strength of the film. [This latter quantity will
depend to some extent upon the grain size; since it is known that high
biases decrease grain size, which from a simple Hall-Petch approach
would bring abont an increase in the yield stress of the coating (see

Section 3.4).) By way of comnarison Table 1 lists the mweasured internal
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stresses for SIP (-35 V substrate bi;s) and ion plated titanium nitride
coatings (dats from Ref. 28). Clearly, the stress in a SIP coating 1s
somewhat greater than the strezs component which could be genarated due
to differences in the thermal expansion coefficisnts of substrats and
coating alone, and this haas been attributed to the presence of an
intrinsic or growth stresa. However, it is worth noting that for
ion-plated titanium nitride the high bias levels used in ion plating

(~ 500-2000 V) would (on the basis of Figure 1) be axpected to produce
wuch higher levels of internal stress due to an incressed contribution
of the intrinsic or growth stress contribution to total internal stress.
Furthermore, it is interesting to note that, both in the present study
and for fon-plated titanium nitrida, the averaga stress level in the
coating decresses with increasing coating thickness. This, we believe,
is related to the changing structure/density of the coating as it grows,
& point which will now be dealt with in some detafl.

3.1.2 The Effect of Bias on Microatructure

Application of a substrate bias during the deposition of s coating
has & profound effect upon the growth and resultant microstructure of
PVD films. Figure 2 shows fracture sections through unbiased and biased
SIP-TIN films. The unbiased fila (Figure 2a) clearly shows an open
columnar structure (a Zone 1 type microstructure) whilst the biased film
appears much more dense, the individuval columns being much less well
defined (Zone T type structure). Figure 3 shows higher magnification
views of the surface topography of these specimens. The unbiased
specimmn (Figure 3a) shows the columns to be faceted, generally
terminating in tetrahedral structure (this is consistent with a {111}
texture, see Section 3.3.1), again large geps are evident between the
coluans. In contrast, the biased specimen (Figure 3b) shows much
smaller, rounded ends to the columnar structures, with no cbvious
gsps between the structural units which make up the coating., Both
Figures 2 and 3 support the previous reports that bias both densifies
the coating and reduces the grain 5120(8'3'7-11). This apparent
increase in the density of the coating with substrate bias haz heen
reported previously by one of us (Rickerby(la)) and can be correlated to
the levels of internsl stress present in the coatings. Figure &
compares tungsten-titanjum carbide coatings (~ 20 pm thick) both
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adherent to a stainless steel] substrate (Figure %a) and Exea-istahding
(Figure 4b). On removal of the constraining substrate the interhal
stress present in the plane of the coating is relaxed and so ithe
columnar atructure becomes apparent in the free-standing film, the
intercolumnar voids extending to the coating/substrate interface (Fig.
4b), this microstructurs now being consistent with the structure sodelis

of Thornton(la).

In contraat, in the adherent (strained) coating the
colvanar units are only apparont close to the surface where i .is
expected that the coating becomes more open with a concomitan: reduction
in the level of internal stress (see Sections 3.1.1 and 3.2). The
affects of stress in densification of coatings can bs very cluarly
demonstrated using SIPF molybdenum coating onto (i) molybdenum.and

(1i) stainless steel substrate. Clesrly in (i} thera will be .nc tharmal
aismatch and so0 the internal Atress will be low for Zone 1 type
deposition conditions. However in (1i) there is substantial thermal
mismatch (A = 10 x ltl_6 °C-1) and a large comprussive stress will
develop on cooling from the deposition temparature (of approximatply
500°C). Figures 5 and 6 show fracture cross-sections for these two
cases and, as expectad, the Mo onto Mo coating (internal stress: measuradl
45 100~200 MPa) appears open and fibrous (Figure 5) whilst thel Ho ontx
Stainless steel coating (internal stress of approximately 1000 MKa)
appears denser and the columnar units, whilst still visible (sea

Figure €), appear to have few §2p8 between them. Sinca these specimens
were coated in the same run al] other Process variables are assumed
identical go the differences iy structure sust be a menifestation of the
Stress state and confirm the importance of internal stress [(n
densification of hard wear-resistant coatings.

Thus, the process variable of substrate bias will refine goain
size, may alter columsnar morphology and will act to produce denser
coatings by virtue of increased surface mobility and enhanced nucleation
kinetics. Denser coatings mean that high internal stresses may ba
supported, whilst for unbiased coatings, where each column 18 an {slerd
surrounded by space, little or o stress can be supported since the
coluans do not interact with their neighbours and have to ba braought
together befpre they can transmltbstrassas,: In addition to bius
effects, Ehe systems variable gf céating/substrltu combination can
enhance densification if the thermal expansion of  the substrate in
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greater than that of the coating. In this case, on cooling the columnar
urits will be brought together and a compressive internsl stress set up.
This say then act to further densify the costing resulting in a very
dense microstructurs such as that in Figure 4a, In suemary, 1f bias
veltage is increased the intrinsic of growth stress component also
increases, and by virtus of the better microstructurs substantial
thermal mis-match stresses can be generated. Howsver, the opposite
state~of~saffairs may exist in which the thermal stress may be tenszile
and this can cancel the compressive growth stress and so result in a
very low residual internal stress on cooling from deposition temperature
as shown in Table 1 from titaniua nitride coatings deposited onto a
cemsnted carbide.

3.1.3 The Effect of Mas on Hardness

Coating microstructurs depends critically upon bias voltage and
this in turn affects tﬁs way in which the coating can raspond in any
given situation, o.g. durin;llndantntion testing. Figure 7 shows
indentations made in unbfased (Figure 7a} and =35 V bissed (Figure 7b)
TiN coated stainless steel. For the unblassd sample, little cracking is
in evidence, although smearing and densification is readily apparent,
particularly along the edges of the indentation and at the apex of the
incent. [Figure 3a shows this smearing and densification st higher
magnification.] Conversely, for the blased specimen {Figure 7b)
cracking is evident around and within the indentation, the cracking
appearing most marked in thoss areas in which smesring was apparent in
(a), these regions being those that suffer the freatest stresses during
indentation. The nature of the substrate may also affect the mode of
deformation. Figure 8 shows 100 gf indentations made in titanium
nitride deposited on austenitic steel and M2-tool stesl. In the former
(Figurs 8a), cracking within the indent and to some distance outside of
the impression is apparent whilst in the latter much less cracking is
svident and it is contained entirely within the impression,

The reason behind this differenca may be easily understood by
reference to Figure 9. The hard Hi-tocl steel babaves as an elastic/
plastic substrate and displaced material is removad by redially directed
plastic flow until the displaced volums is spread over a sufficiently
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large yield front that it may ba accommodated elasticnlly'(thiu being
the spherical cavity model for indentation(zg)). The coating will alsc
deforet in a radial meanner, these processes being described in greater
detail alsawhere(zo'ZI). In contrast, the soft stainless steel behaves
as a rigid/ plastic substrate for which the Tabor relatlon(zs) holds

thus:
H = 3y (%)

Rather than undergo radial displacements during indentation, these
"materfals "pile-up" the displaced material around the indentation
forming a lip (Figure 10) which is shown schematically in Figure 9.
Clearly, the shear stresses that arise because of this vertical motion
may be sufficiently 1arge to shear the coating slong its grain
boundaries (these being weak) giving rise to cracking away from the
indentation as in Figure 8a, For unbiased coatings such as Figure 7a
the individual "islands" of material merely move up and down with the
substrate - although the individual ‘{slands' of material are adherent
to the substrate, they do not form a continuous coating and thersfore
cannot crack.

Hicrohardness tests werse performed on titanium nitride coatings
deposited onto an sustenitic stsinless steel at four bias levels and the
data analysed as daescribed in Section 2.2. The best fit “10 - values
obtained using thia procedure are shown in Table 2 and plotted against
bias in Figure 1. A selection of experimental data and the predicted
fits using the parameters in Table 2 are shown in Figure 11. Good fits
are achieved in all cases. Tha values of interface parameter, %, used
te obtain these fits are plotted in Figure 12 and it can be seen that
thess are consistent with values obtained for other coating/aubstrate
systems previously studied(ZO'ZI). From Table 2 it can be seen that in
order to fit the hardness model to the experimental data it was
hecesssry to vary the effective elastic modulus of the coating
considerably. This ia not surprising since, for the less denss, low
bias coating the effective slastic modulus will reflact the relative
levels of porosity {n TiN coatings. Once fully dense coatings of TiIN
have been established the elastic modulus of bulk TiN {s required.
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As mentioned in Section 3.1.1, the average internal stress present
in PVD-TIN costings genarally decreases with increasing thickness, this
being consistent with the structure becoming less dense as it grows
Jutwards. Thus, thicker costinga of otherwise similer material, might
be expected to sappear softer than thinner coatings since the indentation
vill be sampling greater borositytzo'zl). Dus to the thinness of the
PVD-TiN coating, it is impossible to study this directly using
motallographic cross~section, however, it is possible to obtain
wicrohardnesa profiles on cross-sections of thicker (» 100 pm) MCrAlY
coatings, and Figure 13 shows such dats obtained for a Zona 1 type
structure Fecralloy coating and & Zons 2 type structure CoCraAlY coating,
both deposited by SIP. The Zone ) structure, as defined by
ThorntantlaJ, consists of columner crystallites with open boundaries
(see Figure 14a). These open boundaries develop as certain favourably
ariented crystallites grow out into the vapour phase at the expense of
ather crystal nuclei that ®ay have formed on the substrate. Thus, the
material at the interface is finer grained and wore dense than the
large, widely spaced columns that eventually constitute the structure
some distance from the interface (see Figure l4a). This growth
morphology was recently shown by Helmerzgson et .l-(SO) for reactively
sputtared (TiN}, so the MCrAlY type matarials appesr to parallel the
behaviour of PVD wear-resistant coatings. From Figurs 13 it can be seen
that the hardness of the coating decreases with increasing distsnce from
the interface. In contrast the Zone 2 CoCrAlY coating (defined as
consisting of columnar crystallitea separated by dense inter-
crystalline boundaries) shows little change in hardness. Figure 14(b-d)
indicates schematically how hardness, internal stress and density are
expected to vary with distance from the interface. For Zone 1 (the
staded bands in Figure 14(b~d) and to a lasser extent Zone T type
PVD-structures, all three of these quantities decreass with distance
from the interface. The expected variations of these ptoperties for
Zane 2 structures are also shown for comparison {open bands). Here,
little change in hardness, internal stress and density ara expected.

: Since bias can determins the density and growth worphology of o

titanivm nitride coating (Section 3.1.2) (the structures varying from
1 open Zons 1 type (e.g. Figure 3a) to dense Zone T/Zone 2 type} it 1s
| axdected that these PVD-TIN coatings will exhibit variations of
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hardness, internal stress and density akin to those observed for the
HCrAlY coatings. Accordingly, Figure 14(b-d) may be considuret to
represent the low blas case (shaded bands) and, high bias caie (open
bands).

This section has attempted to indicate the, interdependance; of lhias,
microstructure, sechanicel properties and internsl stress. In wddition,
the deforamstion modes associated with indentation and the influsnce of
the substrate have besn discussed. Biss has boen shown to pefine; the
grain size, promote densification and in¢rease internal stress. levals
(both by virtus of increasing growth stress contribution and: providing a
dense coating for thermal mismatch streas to act within)}. The Ithermal
sismatch between coating and substrate hag also been shown to be sble: to
substantially saffect the coating structure, those combinations of
" coating snd substrate that result in high thermal compressive xtrssaes
acting to densify the coating. Finally, the consequence of the
microstructural sffects of bias upon hardness have been dimcussed .amil it
has been shown that hard coatings result from high biss levels.

3.2 Hardness Anisotropy

The apparent discrepancy betwsan tha, hardness of PVD coatings
measured in crosa-section and thron;h-thit‘.kncu‘ has been reportsd by us
and others pr-viously(zo'n'n). This will now be discussed furthar.

Figure 15 shows typical Knocp hardness daty obtained by Andenting
thick {~ 20 um) PVD wesr-resistant costings both through thlokness
(orientation C) and in cross-section (orientations A and B)ian
metallographically preparsd sections. It can be seen that inrespactive
of substrate the hardness in cross—section was gignificantly less than
that in through-thicknesa. In a puviounipapor(‘j:!o’zn we yuggestad
three possible reasons for this behaviour:

(1) Hicrostructural anisotropy.

(11) Crystallographic snisotropy.
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(i11) Differences in internsl st:lron.

We suggest that it is & combination of (1) and (111) that is responsible
for this effect as follows.

With refersnce to Figure 16, during through-thickness indentatiocn
the columns sre cospressed along their sxis. Since the action of the
comprassive internal stresses (shown schematically in Figure 16b) iz to
push the columns togethar, these columna will be constrained by their
neighbours, except maybe near the surface whers the coating becomes more
open (Section 3.1.3), Thus, any deformation that occurs within the
coluans will be additionally constrained by furthar interaction with
their peighbours (ses inset Figure 16a). Consequently, deformation is
difficult and the coating appsars hard (in contrast, open unbiased
coatings lack this constraint and the columns are sasily deformed or
pushed to one-side). However, in the cross-ssction the stress state ia
markedly different (Figure 17b), since the internal streas acting normal
to the indented surface (ﬂ'”) aust fall to zero at that surface,
consequently the stress inducad packing of the columns is loat resulting
in the columns moving apert towards the tast surface. Consequently, LA
parallel to the surface is retained and relatively unaffected, whilst
L {the tensile stress nocrmal to the interfaca) is somswhat raducad,
Now, upon indentation (Figure 17a), the loosely packed columns are
indesnted scruss their axis and may buckle or crack. In addition, their
looss packing and weak grain boundsriss may alide ovar ous another
allowing both plasticity end densification. Thus, the coating appears
softer than the through-thickness hardness. It is worth noting that
coatings thst exhibit s fine, ®.g. squiaxed grain structure (such as
those produced by CVD processes} do not show a hardness anisotropy
offect(m.

Crystallographic texturs may also contribute to the hardness
anisotropy sffect since it is known that PVD coatings often grow with a
praferred orientation!’»1% (ses 3.3.1).
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3.3 The Influence of Substrata on Coating Microstructurae ;

3.3.1 Textura

Films grown by PVD techniques have been reported to exhibit a
For TiN filss & {111} orientation is
commonly reported although both {200} and {220} orientations have also
been found by some workers'''

preferred growth orientation.

The development of textures in PVD
coatings occurs in three stages:

(1) Nucleation - crystallites are nucleated on the substrate from
the vapour phase. The distribution, orientation and size of

which will depend on the nature of the substrate.

(i1} Competitive growth — certain favourably oriented nuclei will
grow faster into the vapour phase than the remainder of the
crystallites. However, these may not constitute the majority
of the nuclei populstion.

(ii1) Stcidy growth - once a preferred orientation has achisved
dominance, steady-state growth will occur.

In the present study, X-ray techniques and slectron diffraction in
the TEM were used to study texture developed in titanium nitride films
deposited onto M2~tool stesl, martensitic-420 stainless steel and
sustenitic stainless stesl. Selected aras diffraction patterns (SADPs)
obtainad from these three films (once the substrate had been dissolved
away) sre shown as the insets in Figures 13-20 respectively, In the
SADPs from the TIN filma on the M2 and 420 steels (Figures 18 and 19)
the first well-defined diffraction rings are the {200} reflections, only
a few {111} reflections baing found within these rings. In contrast, in
the SADP for the coating stripped from the sustenitic stainless steel
the {111] ring is readily apparent. These obgervations indicate that
for TIN on H2 and 420 steel substrates that a {200} texture fs present
whilst for the austenitic stainless steal substrate the presence of the
{111} reflections (indicating {220] planes parallel to the surface)
means that all rings appear of approximately aqual populations
suggesting a random textura., Note that these ohservations are anly
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representative of the microstructure at the depth within the film from
which they were taken, in this case from the central portion of films
originally ~ 5 pm thick,

Table 3 summarises the texturs coafficients, T%, obtained for TIN
(at three thicknesses) on various substrates, thess being derived from
relative X-ray peak intensity measurements vhich, unlike the TEM studies
sbova, are an average of the texture throughout the thickness of the
film. These data qualitatively agree with the SADP ohservations in that
the M2 stasl appears to have a stronger {200} texture, at & given
thickness, than the austenitic stainless steel, the converse being true
for the [111] texture. However, the data does not bear close
examination, scatter betwean samples being large (see Ref. 27 for full
analysis of this data}, but does serve to show that the [111] texture
develops at the expenss of the {200} and [220] textures as the coating
thickens. This {s what would be expected for an fcc material suck as
TiN where the {111} phase ia of lowesat surface onergy(ao).

The affect of preferred orientation upon coating microstructure can
be clearly seen in Figure 3a which shows an unbiased TIN film with a
strong §111] texturs (as confirmed by X-ray methods) exhibiting faceted
grovth. The pyramidal end forms on the columns are likely to ba the low
energy [111} planes. Thus, it would appear for all specimens studied

that & {111} texture will sventually be developed if the coating is

: allowed to grow to sufficient thickness. Thinner coatings show {200}

textures indicating that this is the predominant orientation at
nucleation.

3.3.2 Grain Size

Clearly, from Figures 18-20, the grain sires of TiN from M2 steel
and austenitic stainless stesl are aimilar {~ 70-100 nm) but that of the
TIN grown on martensitic 420 steinlesa #teel appasrs much larger
(200-300 nm}. It is not clear in absolute terms what governs the grain
aslze. Since all thres TiN films in Figures 18-20 were deposited under
slmilar conditions the effacts of bias, vapour flux, etc., can be
eliminated. Thus, the substrate appears to have a strong influence over

grain size and thia may be detarmined by the availability of suitable
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heterogeneous nucleation sites on the substrate such as grain| bowmilar e
and inclusions as vell as the crystal structurs of the subsitrate. iWdth
regard to the latter point, it is interesting to note that Ithe| finmr
grain sizes weres nucleated pn austenitic and ferritic steols and |the
coarse grain strucutre on & ferritic steel, this implies thw:crystil
structure plays s minor réls in nucleation in this case. In: the presen:
studies, titanius interlayers have been used to improve the sdhesion 'of
titanium nitride to the subjtrate and the effect of these Tl Antelrlmyen:
upon nucleation is uncluz(".'z). Upon deposition, Ti interlayers huwe
bean observed to forw as large ;ralm(sz). yet the TiN nuclusted upon
this layer has & very fine grein size. ‘Thus, it may be thel: ithe thim T4
interlayers used here (< 1000 1) replicate substrate featucns which can
then act as nuclsstion sites.

3.3.3 Defect Structurs

It is often stated that, PVD TiN coatings sre hard becauss of |tha
presence of s high denaity of defects such as dislocations, vacancy
loops, argon entrapment, stc. {ses Sections 3.2 and 3.4). In contrmst,
Sundg:on( N bas reported that in certain PVD TiN coatings the presence
of grain boundary voids is rpsponsible for the poor mechanics]
properties of thess coatings, No such voids may be mesn in
Figures 18-20, nor ware any obsarved during the course of this istudy..
However, Figures 18-20 all show some defect contrast withig he ‘griaims.
In particular, the TiN coating stripped from martensitic-420 stainlosy
steel substrate (Figure 19) shows high densities of defects when
compsred to the coating stripped from the H2-tocl steel (Figure .18).
Figure 21 is o bright field/dark field pair of an individual titanium
nitride grain and shows strong defact contrast similar to thnt obtained
from dislocation loops.

These diffarences in dafect density are reflected in the X-ray
peak-broadening or "microstzain” measurements. Upon removal of ' the
coating from the substrate the microstrains present in the TiIN on
M2-tool steel relax, those present in the TiN on coatings strippad  ficon
martensitic—420 and sustenitic stainless stesls remain substuntially

unchanged (see Tsble &), lichrhy“” suggested that the microstrains
present in the TiN/M1 system pers dus principally to intersction st ilhe

-l

grain boundaries under the action of the internal stress whilst those
present on the TiN/stainless steal Bystems also included a ma jor
contribution from the presence of defects such as the dislocation loops
found within the individual grains of titanium nitride and shown in
Figure 21. Table 4 summarises the microstrain data determined for both
adherent and fres-standing films together with the internal stress
levels measured for coatings of similsr thickness. The difference in
defect density batween the M2 and martensitic-420 steels may be
sxplained in terms of the grain size depsndency of yield stress, Since
the TiN on sartensitic-420 stainless stesl coating possesses a larger
grain size than TiN on M2 or austenitic stainless stesl, according to
the Hall-Petch squation (see section 3.4), irs ¥ield stress will be
lower than the othar coatings. Consequently, under the action of an
imposed compressiva internal stress this film may yield reasulting in the
formation of high densities of defects such as the loops cbserved.
Conversaely, under a similer internsl stress the TiN on M2 film would
fail to yield since its smaller grain size results in a higher yield
stress. It should be noted that the thermal contribution to stress is
&imilar for both substrates. The defects in fine grained TIN og
sustenitic stainless stesl probably arise from plastic y¥isld, as for the
Bartensitic—420 steal. However, the presence of s much greater internsl
stress (dus principally to greatsr thermal wismatch) results in ths
yisld stress of the stronger fine grained costing now baing exceaded.
Note, that the very presence of ths defects in the coarss grained
materisl will act to raise its sffective yield stress by
"work-hardening”.

In summary, TEM has shown that the columnar structural units of
SIP-TIN consiats of groups of fine (< 300 nm) approximately oquisxed (in
the plane of the uctl'on) grains that gensrally show some defect
contrast vithin them. The observstion of pyramidal, facetad end forms
to the columns in the unbiased TiN, indicates that on occasion the
columnar units may be single cryatals. The preciss size, defect density
snd texturs present has been shown to be function of the substrate,
although the precise mechanisa by which the substrate exerts controi
over the microstructurs is unclear.
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3.4 Factors Affecting the Hardness of PVD-TiIN

Given the cbsarvations described above, it is of interest to
conaider why these FVD-coatings are so hard. A review of the literature
often finds assartions that the high hardness of these coatings is due
to increases in defact density brought about by an ion bombardsent
and/or the establishment of a very fine grain size. Using a simple
Hall-Petch approach the yield stress, ‘y' may be expressed as:

- = |
ay o, kd (5)
Hl G T b
where k = H2 [ml (6)

and b is the Burgers vector of the dizlocation, T, is the critical
Bhear strese needed to propagate slip (taken to be 6117). v is Pcissons
ratio, G the bulk modulus and Hl’ Hz orientation factors. The term ¢°
is known ax the friction stress and includes tarms such as the strength
of & single crystal and hardening thst rezults from increases in defect
density (p). Since yield stress, o}. is related to hardness thus,

H g 7
* eca (7)
[vhere ¢ is the constraint factor and is expected to be 2-2,5 for
ceramic materials such as TiN] then iz it possible to interpret the
"true” film hardness values derived from the volume law~of-mixtures
hardness model using the Hall-Petch approach of equstion (5).

For titanium nitride coating the {ncresse in friction stress due to
defect dens{ty can be approximated by(ss):

80, = 2016 x 1076 /5 (8)

and the gr:in size constant 'k' (equation 6) can ba calculated as

1.16 MN m .. X-ray measurements allow detarmination of defect
dansity(27). whilat TEM obsarvations provide suitable estimates of graim
8ize, and taking the hardness of a defect free single crystal as

1800 kg -.-2(36) the friction stress contribution to total stress {is

_49q.

given by the term in parenthezes below and the yield strength may ba
expressed thug:

o, = {7200 + 20.16 x 1676 V5] + 1.16 4} (9

Table 5 shows the various contributions to yiald strength
calculated for SIP-TiN on M2, SIP-TiN on sustenitic stainless steel and
compares these with estimates of the strength of a Balzers {on-plated
TiN coating. From this simple analysis it {s clear that grain size
dominates the hardness of PVD coatings, the increase in hardness (yleld
strength) due to grain size being approximately an order of magnitude
greater than that due to defects. Furthermore, the much finer grain
sizes possible using don-plating (by virtue of the high bias levels
used) mean that these coatings are generally harder than SIP-TIN
coatings. The experimentally determined hardnesa valuss for the SIP and
ion-plated coatings are in good agreement with those calculated using
the simsple Hall-Petch approach and adequately sccounts for the obsarved
differences in hardness of the two types of coating. Thus, TiN coatings
are hard principally due to their fine grain size.

4. CONCLUSIONS

The preceding ssctions have investigated the correlations that
exist betwsen bias, stress, hardness and microstructure and described
the relevant structure-property relationships. Some general conclusions
can now be drawn.

Increasing substrate bias serves to reduce grain size and densify
the coating. By virtue of the denser microstructure, thermal stresses
can now be supported and thus can contributs subgtantially to the
internal stress. Hence, incresses in substrate bias result in increases
on both the intrinsic (growth) and thermal components of internal
stress. The action of a large thermal stress may also promote further
densification of the coating. Hardness is observed to increase with
substrate biss end this has been attributed to refinement of grain size
coupled with less porosity in the coating.
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As SIP-coatings thicken, they are »buu,‘-\nd to becows
crystallographically textured, while the internal stress dewsls tecceisn
and the porosity levels increass - grain sizo may also chapg. The
hardness of thick coatings is found to be lover than thim castings:ant|
this has been attributad to the increase in porosity tovard xhe murfa:s
of the thicker costinga.

Hardness anisotropy has besn obserwed in SIP-TiN andi HTLC  filime aund]
bas besn attributed to microstructural anizotropy couplediwith ichangas
in constraint (stress-state) associated with the preparation iof
metallographic cross-sections.

On nucleation, SIP-T4N coatings are found to have af }20¥} texturi,
howsver, during coating growth this tends towsrd s {111} vexture as ths
favoured planes grow out into the vapour phase. The gradn slze of the
SYP-TiN coating has been found to be senzitive to the nature lof the
suybstrate. Defects (pnibl,bly dislocationp loops) have been bhwerwad
within the grains of SIP-YIN films and are thought to have bemn
iniroduced b rlastic yield of the film.; Na grain boundary ur iotza-
AUBLe ¢ ooy g have been found in our TiM siud!s.

The high hardness of PVD wear-resistant icoatings (suchi as TiM¥) han
been found to be principally dependent upon the fine grainm #izmes fionnd
in these coatings.
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Table 1 ~ Internal stress levels in PVD-TIN coatings
Process Substrate Thickness | Internal | Estimated
(um) Stress Thermal
(MPa) Stress¥®
at 500°C
(MPa)
Cemented carbide 6 + 200 + 1100
Sputter Ion
Plating
Tool-stesl (M2) 6 - 2100 - 1100
Cemented carbide 2 - 4350 + 1100
Ion Plating
Tool-steal (M2) 2 - 7400 - 1100
Cemented carbids 11 - 1100 + 1100
Ion Plating
Tool-steal (M2) 11 - 4450 - 1100

. E; &ax AT
* As calculated using L -ITT:;T—

where 8 = difference between coating and substrate thermal
expansion coefficients
4T = deposition temperature minus room temperature.




Table 2 - Best fit) parameters for biasz hardness modo 11 ing

Bias (V) | Thickness* Substrate® Film
(vm)
Hio vaf Ms [Ee | Hiopm | ‘W |5 |!
0 1.7 210 § 1.9 | 200 | soo-1000 | 1.7-1.9 | Bec
10 1.0 250 | 1.9 | 200§ 1900 ) aﬁoi
1.65 250 [ 1.9 | 200 | 1900 P1.7 %50 |
|
1
!
-35 1.2 190 1.9 200 2400 1.7 %00 |
2.0 180 | 1.95 | 200 | 2400 il 7 600
4.8 180 | 1.95 { 200 | 2400 ) 600 |
5.5 180 | 1.9 | zo0 | 2400 ) 8o |
: I
=50 0.5 210 | 1.9 | 200 | 3200 1.7 OO
1.0 21¢ | 1.9 | 200 | 3zo0 1.7 oD

* Experimentslly measured.

Table 3

X-ray texture coefficiaents

Substrate Thickness T
(um)
{200} | {111] ] f220)
2 6.3 0.4 0.25
M2~tool steel 4 4.5 2.0 0.2
9 2.8 4.0 1.6
Austenitic 1 6.6 0.3 0.2
stainlezs steel 2 5.0 1.3 0.4
5.5 4.4 3.1 2.85

IhlktllllohOklll

TR L aps =
(h'k'1'y =7

T
,ll zo

Ty /1%

where h'k’'l' are the

Miller indices of the plane of interest, I is a
weasured intensity and I® a 'standard' intensity for a

randomly oriented spacimen.

to a random texture.

A valus of wnity corresponds

Table 4 - X-ray microstrain messurements (from ref. 27)

Subgtrate Microstrain (%) Sine (HPa)
Adherent | Free-standing

M2 .18 .07 -2110

Martensitic - 420

stainless steel .20 14 =-1500

Austenitic

stainless stesl .24 .24 -4990
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(b) biased titanium

nitride coatings.

AERE R 12360 Fig.2

secondary election image) of (a) unbiased and

Scanning eleciron fractographs (



AERE R 12360 Fig.3
Scammebctmnmmogrmdhﬂooamdapomedmm(a)mapphedmmd(b) -35V
bias. Note the denser appearance of (b}. The leature towards the bottom of (a) i the comer of a

microhardness indentation.

s
| ~

— e

AERE R 12360 Fig.4
Fracture surfaces ol a tungslen-titanium carbide coating; left-hand micrograph for a coating
mramwammolsubsuma.ngm -hand micrograph of a free-standing section (scanning
electron micrographs; secondary electron image).

AERE R 12360 ans
ssmmwmmdkmmmhswmmmma
molybdenum substrate. (a) General view; (b) higher magnification showing open boundaries

around the columns.

SEM AERE R 12360 Fig.6
mmmeanmmmmmwmmmmsma
slainiess sieal substzate. (a) General view; tb)hughormgruﬁcamﬂowmmeopmcohnm
boundaries present in Figure 5 are now absent.

AERE R 12360 Fig.7
ssumwmmmaoogtvmmmﬂmnonmrwmmmmmel
(a) Unbiased; (b) —35 V bias.
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Lo} Elastic I ploslic substrote

Lb) Pugid fpltic pubstrote

Aetormaton e aneath an indontation for {a)a hard
A schematic representation of the deformation geomelry beneal an in :
coaling on a hard elastic/plastic subsirate, (b) a hard nogting onasoft ngldiplasug substrate. Note
the surface displacements in (b) that give rise to fracture of the coating.
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AERE R 12360 Fig. 10
Pile-up of materiai around a 1 kgf indentation made on soft (rigk_vplasuc) slainless steel (reflacted
light micrograph, oblique ilumination).

-Gh-

wdsntalion depih {pm) wcienlabon depth (pm)

AERE R 12360 Fig. 11 '
Hardnass vs. indentation depth plots for (a) 1.7 um unbiased TiN, (b) 1.65 ywm of TiN {- 10 V bias),
(c) 1.2um of TiN (35 V bias) and {d) 1 ym of TiN (~50 V bias) onto stainless steel subsirales. The
data points (e 0) are Ihe experimentaily determined composile hardness (open symbois
repiesenting measurements made from obiliqua iliumination light micrographs), the dala points (®)
are measured substrate hardness values. Curves 1 are the substrate hardness behaviour assumed
in subsaquent calculations, Curves 2 are the *“irue” coaling hardness behaviour assumed lor
calculalion and curves 3 are the predicted hardness variation derived from curves 1 and 2 using the
Bumett and Rickerby hardness model™®'#2, Good fits are achievad in all cases,
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Variation of the interlace parameter x ve. (EH/HE )7 (the ratio of plastic zone sizes ala 10 yum
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AERE R 12380 Fig. 13

The hardness (50 gf, Vickers) of FeCrAlY (s) and CoCrAlY (®) coalings as a functionof disance
lrom Ihe coating/subsirale intertace pbiained from indentation pf malaliographic o1.085-sackions;.
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AERE R 12360 Fig. 14
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AERE R 12380 Fig. 16 .

(a) Schematic rapresentation of the suggested deformation morphology of a PVD coating benemh
a hardness indenter (crientation C in Figure 15). When indenting the columnar structural units

“end-on" the columns expand and interact with their neighbours (see insert) once these )

interactions have occurred the neighbouring columns atiectively constrain any further expansion.
Thus, coatings with low levels of intercolumnar porosity will appear harder than those with high
porosity. (b) A schematic representation of the stress-stale acting in the coating shown in (a).

Siress orientation as in insert in (a).
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AERE R 12360 Fig.17
(a)swemﬂcmpmsenmmmmweddﬂonmﬁmmmwogym;PVDmﬁngmm
ahardneuhdenwrwhenirdemmhcms-sacﬁon(orbmah\sAmBlnFigum15}.
Pmparaﬁmmunm-mbnwteamlm%wmasﬁummmmmmm
the test surface (see (b)) which can result in the “opening up” of the columnar unils towards the
msudaue(aalndicaledbymelargeahadodm).Indentaﬂmhlhisorientaﬁoncanlhenresult
hdensificaliondlhemummgemwmsﬂdngomnweakgminbomdaﬁesandbucklhgol
the columns. Thisrssmumalowhatdmssoomparodtolho“end-on”indemalionorFigurs16.
{b} A schematic representation of the slress-state acting i the coaling shown in (a). Stress
oriemalionasminsen.Notehnltoragivandepthintoﬂnooaﬁngmeinlemalslresammwma,
Memmmmmm“msl%mmummmwmmo’m
new free surface.



AERE R 12360 Fig.20
an‘gm-lieldWMram'dawamummmusmmmmmaw.

AERE R 12360 Fig. 18
&m-mmmwammarmmmsnmlmmmmmamm

Wingn
'

B ' AERE R12360 Fig. 21
AERE ‘R 12360 Fig. 18 * ‘ Bright-fielddark-tield pair of a region of TiN coating
Bright-fiek electron micrograph of a TiN fikm stripped irom its martensitic-420 stainiess sioei sirippod from martensitic-420 stainiess steel substrale
substrate. showing a high density of detects thought to be
dislocation looos.
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Applications of ceramic films

I M BUCKLEY.GOLOER
Materials Engineering Centre, Harwsll, Dideat, Oxtordshire

SYNOPSIS

The use of ceramic filus by the non-engine {gas turtina or raciprocating) industry is

increasing worldwide in many spplications e.g. in the electronices, wear, corrosion and optics

flelds, The main materisls (e.g. SLO N
Fhysical Vapour Deposition, Chemical ‘npou

Si4N., TIN, Al30q, Zr0,, T10;5, SiC) and proc
r Ehpolitl.on. arma

0 (a.8.
Spraying) of fnterest ace

ceviewved and examples of particulatly wseful non-engine applications are discussed to 1lluscrate
the Factors to be considared when designing cersmic films in conjunction with components

manufactured from different wateriale, e.g.

wetales, glass.

Ceneral pradictions are sade to

highlight the expected future developaents in cersmic thin films.

L INTRODUCTION

The resurgence of Interest in ceramic
materfals for advanced uchnoﬁ’y applications ig
cradited to the USA and Jepan'l'?., Tne potentisl
uae of bulk ceramics in engines has been the
principal focus of popular intersst over recent
years. However, ceramic #{lma (up to 2 mm thick)
play ano loportant role in engine developments but
are also part of a much larger applicationg
acenario in advenced technology and engineering
with many important industrial consequences. For
bulk ceramic materisls, the Japanese have
categorised this brosder range of opportunities
in cerms of fundamentsl technical functions such
a8 optical, nuciear, nshanlcll, biological,
chemical and magnetic'?/, In this paper, the
general opportunities for ceramic Hlme will ba
addressed under these same headings, paying
particular attention to fnon-engine applications.

2. HATERIALE FUR USE AS CERAMIC THIN FILMS

A numher of ceramic materials are of
interest for a range of thin film applications
and include TIN, TiC, TIC/N, St 4 S1C, WC,
CrZC}. 10,, Ird,, A0y and T1 2+ The oxtidas,
nitrides and carbides tend to ba‘of greatest
spplicabllity, but Interest also exists in
borides and sulphides for specific spplication
aréas e.§. TiBy for fusion resctor systeas and
IS for infra~red windoww. A list of bulk
ceramic propertias i» given in Table I, but two
points are worth noting regarding cersmic films:
first, the properties of ceramic f3lus can differ
significantly from their bulk countsrparte (e.g.
the room femperature hardness of CVD ss,n,,un be
~ 20 Gll/h compared with 10 GN/-z for the buik
material ) and the Young's modulus of magnesis
dtabilised plasms sprayed ltozuu b an 1“ as 20
GPa comparad to 200 CPs for biulk saterial ));
and, secondly, the Proparties can be highly
dependent upen the patent subsirate which, if &
metal, may yield to anvironaent degradation, auch
4¢ oxidation, before the ceramte fiim, thus
causing coating Faflure by indirect rather than
direct wechanisms, Attention to detail in the
design of ceramic fllm-substrata combinations is
thus very fmportent.

Table 2 comparas indicative valuas for
reprutggﬁuo properties of ceramice and
netats + The valuss have beem chosen for
bulk materials in each case as the properties of
ceramic filme are highly dapendent upon
processing routes. It is important to sate that
the ceramics and wetals wers also chosen es being
typical of the materisls which are of
technotogical importance and which sre often
combined to produce & cersmic fila on a metal,
1.e. oxides, nitrides, carbides, iron, titanfem,
copper, and aluminium alloys. With the sbova
provisos on detailed Property valuas, the msjor
property [eatures of carsmic filma "y be
sumnarised as follows:

. hardar than metsls
. better tharmal insulators than metals
. in many cases eleccrical insulatocs

L] generally of lower expanaton
coefficiant than metels

. less envircnesntatly iomltlu than
westals

» better in compression that tensicn.

Consequently, when seeking applications for
coramic films in terms of tha technical functicas
highlighted in the Introduction, snd vhew ngkiag
prelisinary design sseessments, it is isporcane
t¢ nots the sbove distinguishing faatures.

3. SUKURY OF PRINCIPAL THIN FILN DEPOSITION
TECHNIQUES

Humerous techniques exiet for the ‘deposition
of caramic films onte components. Each techoigue
in based on & phase conversion from either a
liquid, vapour or solid to a thin film condensate
which aay or may not be fully dense. Exssples of
the main phase conversion processes are givan
below but it should be noted that many films cav
be deposited by more tham one technique and tha:z
the deposition method can utkcdlhb fact tha
propatiies of the film as Table 3 shows for
the example of 511N‘.

~69 -
3} liquid phase

Sol-gel technology, Figure 1, is & mathod of
creating colloidsl dispersions (sols} of ceramic
particles (~ 200 A in eize) in a liquid
matrix (organic or aquecus) and then using the
sols sither directly to fors thia (~ 1=-30 ™}
washcoats on substrates which are subsequently
calcinad or, indirectly, by converting the sol to
& gol powder (for exanple, by spray drying
techniques) and then calcining the gl to torm
powlers for plawms spraying.

%2 yapour phase

Chemical vapour deposition (CVD) relien upon
thermally sctivating the chemical resction of
nixtyres of gases st elevared temparatures
{~ 700"-1100°C). Hany thin fflms svaileble
tommercially (e.g. T4C, TN, Aly0q, S14N,) are
prepared by this techniqus, The uchn}qua is

" aleo useful as & weans of inftltrating porous

wedis and covering fibrous structures. Many
substretes (e.g. iron alloys) will not wichetand

" ' the temparatures involved without metallurgical

degradetion snd therefore plasss activated/
assistad vapour deposition (PAVD), as shown in
Figure 2 to cover carbon flbres, may be used to
lowsr the reaction temparaturas to s level vhere
“#ubstrata dssage 1a minimised. For example, the
deposition of S1C by CVD normally occurs at
'1000-1600°C, but the PAVD mode has been shown to
lower tha resction tespersture to ~ ZS?IY)AM
allow brass to be successfully rreated .

3.3 Solid to vapour phake copvarsion

Two principal processes fall under this
heading: élactron basm evaporstion and sputtaring
which sre shown schesatically in Figure 3(a) and
3(b) respectively. In the former £ase, the thin
f1la uunrltl. (#.8. Zr0,) 1n vaporised under high
vacoum (107° Torr) l:mfuon- by an slectron besa
(lesers and resistance hasting could aleo be
used) the vapour then depositing onto the
substrate of interest, In the Latrer case, the
surface of the thin filw source nnrl’l “6
sputtared under vacuusm conditfons {(10™7-10~
Torr) by bombardwent with a-heavy inert inn stom
{a4gs AT) and diffuses to the substrats,

In bath cases, although thin files have been
deposited using the original carasic 4s the
source materisl, the preferred route 1is oftan to
uvis metal {e.g. Al, Zr, 51) as the source
matarial which is then resctively combined in a
partisl prassurs of the appropriate sae {a.g.
:}III:) to yield the prefarred coramic (s.g.

20y, Sy, 2r0;) film.

Cowpasitionsl coutrol 1s thus made essiar and the
risks of source materisl degradation (e.g.
tharsel etress cracking) sre reduced. Flasmas
may also be used to activate/essist the vapour
phase reactions,

3.4 Solid to liquid phase conversion

Thermal spraying technologies (Figure 3(c)
shows an sxample known se plusma spraying) rely
wpon the conversion of powdars to liquid droplste
in & suirable heat source (e.5. oxy-acatylens
flame, plasma gun) and projacting the droplecs at
high velocity (100-800 s/s depanding upon the
uchnglu.!) onto & substrate where rapid fusfon
(~ 10°-107 K/w} occurs ylelding & cersaic film

Bade frow individusl “eplatted” droplets. Thus,
providing the Flame can fmpart enaugh heat to the
powder particles to cause welting {hence the
advent of high temperature plasmas opevating at
10,000-15,000"K) and the powders wil} undergo
wmelting, spraying technologies sre capable of
deponiting = wide variery of cersmic materisls
undar atwospheric ot soft vacuum eonditions.

3.5 GCeners) considerstions when comparing
coating technigues

It is tmportant to note a number of senaral
points vhen comparing coatfng tachniques:

. vacuus chasbers limit the size of
cComponent which can ba processsd

. vacuum processing often requires
sophisticated component handling during
daposition to snsure uniform coverage
around complex geometries #.5. érille,
cutcing inserts and valven

. vicuus processing confers the distincek
advantage of in~situ component cleaning
®.8. by sputter cleaning, wvhich greaatrly
assiste thin e to substrata bonding

[ Lf thin £{lw purity is important, then
vacuum chewbers should be dedicatad to
specific componiticns as cross
contamination may esecur

. plasmas ars incteasingly important for
41l types of ceramic deposition except
the preparation of thin fils wvash coats
by aol-gel technology

L] coupling epraying technologies with
Tobotic procesaing conaiderably extends
their scope

. ataospheric processing techniques (i.a.
#0l-gal and spraying) offer the
potantial for providing relativaly
simple ceramic filas off-aite; other
tachniquas require centralised
procassing facilizies.

b APPLICATIONS OF CERANIC FILMS

The spplications of cersmic Filus are
extensive. Within an evarviav of this kind, only
axamples of applications vill be reviewed to
demonstrate particular points of isportance using
tha Japsnese classificstion of technical
Functions as a guideline.

4.1 Chemical

Work ie presently Mcrnyu” into the use
of PAVD to produce thin (~ 5 ua) §10; layars on
slloys of interest 1o the advanced hest axchangsr
induscry (high alloy steels) to combat oxidetive
and corrosive sttack st alevatad tanperaturen.

It has been demcnstrated that 510, layars can
raduce carburfestion by a factor of 8 after
exposurs to JOS0*C for 300 houra, This work is
also an interesting exemple of the way in which
wore than one deposition tachnique may be wseful:
originally, both sol-gel technology snd PAVD were
viewed as offering the potentiml to contribute to
the solutfon of the probles of chemical sttack on
hast exchangers, Parallel, detsiied work on both
systems showsd an eventual praference for PAVD as



bafng able to offer adherent, dense coatings on
telatively complax geometrias. Morecver, post
deposition procasaing such as lager surface
modifications has been shown Ko improve the
to¢fosion resistance,

Although ceramtc Filma may be used far
surface protection and/or tnsulation they may
sluo be uvasd with considerable promise aa Ras
aensitive surface layars, For sxample, ft hae
been ahown chat sol-gel tachnology can hﬁ"d
to provide thin (~ 3 um) films of AL on
ceramic subdirates supporting tllut-h tls
electronic circultcy or Ced /510, on wvire

mesh used as & catalyst substrate. In the latter

cays, the cevamic f1ilm acted as a high surface
ares, porous medium for subsequent incorporation
of catalyticaliy sctive species (w.g. Pt) in
axhaust gas modification work (Figure 4), wvhilst
in the formar eaample, the sensitivicy of the
poraus cerssic £Llm to environmencal moisture
raalised o range of humidity sensing devices by
monicoring the electrical resistance change of
the film as a funccion of hmidity, Figure 5.

4.2 Oprical

Optical thin films ars required in a range
of {odustries such as &Rergy conversion (solar
cells}, building (architectural sleas) and
sutomotive (mirrors) to modify the ways in which
elecrromagantic vadiation fn the visible and
infra-red regions of the spactrum s absorbed
and/or veflected. Even vaTy thin layers (- 500
A) can hava » asrked «ffact, as shown in
Figure 6{a). After much fundamenta) work, an
lodustrisl preference was found for aputtering
techniques, which sasbled high qualicy (dense,
adherent, controlled composition) filas ?f '{loz
and .uzo] to be deposited satisfactorily 3 .
Moraover, once the basic depoaition requiraments
bad been satisfied it baceme a natursl step to
daposit multilayer filma of T10. -u-ﬂﬂzmd
Tio -(:u-'l'l(:i2 t0 provide controlled 1.r.
rnrftcunc- surfaces. Industrisl usar
accoptabllicy depended upon detafled analyses of
#nvi al resp since ing of oxyg
through tha outer laysr of Ti03 could cause
oxidation of the Ag/Cu. & solution was found in
the vae of & Fourth Llayer of unspecified
Composition, Fundamental werk such & this has
culminsted {n the instelistion of sdvanced vacuum
deposition plant for architectursl glsss (e.g. in
the USA, UK and Sweden) whers the sconomics of
operacion g-g""‘- & high throughput of glags (~
2.1-1 x 10° fyear), which, in turn, demands
sanl-continuous procassing, =a shown
Schematically 1n Figure 6(b). In the most modern
planc, 2 alab of slans measuring 6 m x 2.5 »
tRanates svery 2 mlautes after having raceived
four sputtered tilea, st least tw of which ars
ceramic,.

4.3 Mechanical

Wear resistance 14 a sajor spplication srsa
pand on hanical proparties. 4 Tangs of
caranic files sre now available commercially such

sa TiN, TIC, AlaOy and WC deposited by various
sethods including PVD, CVD and spraying. In sach
Casd success has depanded UPOR aKCtansive
fundamental work Loto Process and materiasls
aclence combined wich industrial evaluation, Tha
wore instructive sxamples are sunmarised below:

- 1o -~

. 1=3 um films of TIN depoaiced by PVD
{aputiering and evaporstion] and CVD
onte cutting tools (.j. dri.ls, teps)
have been shown to reduce CQetting wvea:
and increase tool 1ife by ug te xIN.
The *high hardness snd low frictien of
TIN are thought to contribute te thy
Success, Ia production machines
.pproxlmulhb'rﬂo driiles can de coated
in one batch + An fmportsmt trand
10 towards developing low teeperatars
(< 300°C} processes to anably
Cemparature sensitive pubstrates (a.g.
sluminium alloys, low siloy steals) te
be coared. Additionally, sl:ernstive
materisl compositions are praviag to ba
of valus in the aAtienpt to improwe upun
the ack dged pert of TiN,
0.5 WC, CryCy.

. CVD multilayer cersmic filas of
TIC-AL40x~TiN on indexable csrbids
inserts havs dramatically enksnced the
performance of the imsert to the sxten:
that cutting epeeds of 400 wimis ars
ROt uncommon. This was schissed
through an understanding of the
detailed tool-workpiece cutting
environsent and recognising trat tool
degradation mechanisms varisd arcund
the rool, Hence, TIC 1s used to resist
abrasive and sterition wear ew the toal
flank; Al is resistant to
diesolution™in iton alloys st the Incal
cutting remperature of lOOO®C and TIN
borh reduces friction and makes the
tool more idenzifisble {being 50“1115!
colour) from & marheting viewpolnt .

. Spraying tecbnologies have bees used tw
manufacture srtefacts of cerssics g
Ir0,, Alioj vhere deposition amto a
dispossble mandral allows mear nece
shapas to be fubricatad. Examplan
!ncluﬂ.sruclbhl and powsr call
tubes .

[ PAVD 18 regulerly used te depoait Ged
doped 310, onto the inside of s 510
tube uhleg is theo tharmally callspesd
to provide & duplex waterial cmtainlng
8 510, dopad core and a 510 shaath,
The composite cylinder is them uaed ae
the source nt.r"bfor draving many ka
of optical fibre -

4.4 Electronic

Ceramlc films (10,5, StyM,) 250 A~) ym thick
ara regularly deposited in the slactronics
induscry ae Lnsulating layers in the fabaication
of semiconductor devices. The costing
tachniques uaed include PYD, CVD amd PAVL. it
this scate, the smallest surfsce defect (cuse,
crack, pora} on the substratse is efcher
replicated in the topography of the fiim, or,
causes defects in the flin (a.0. dincontinuous
coverags) Irrespactive of whather it s cerasic
or not, Figure 7 susmarisss the CYpe and aize
of defects which are of particular comcerm. In
paseing £t 1s also importent to nate the -yps B¢
techniques RECRSMATY L0 interrogate the .
microstructure of veary thia filne 1.¢. na.nly

slectro-optical,

~My-

It has thus Proved necessary to adopt
sdvanced processing envircnmsents vhera
cleanliness 1s imporcant. Cleanlinees is
iocreasing in importance to the extent that,
future fecilities will probably eliminace
process operators and be undertsken in-vacuo by
Famote control. In the USA the establishment of
# Microclesnlinass Wit to sarve the induscry
democnstrates this current trend, Advanced
disgnostics such s laser fluorescence are also
proving necessary to monitor environmental
qualicy,

4.5 tic

In the daxs/informarion storsge sedia
industry the tremd is towards using thia file
dapoaition techniquas (principally PvD
sputtaring) to ley down & upt!” file vith a
vertical preferred orisntation + by
controlling the microstructurs during
Sputtering, ss shown schemsticslly in Hgurs §,
it is posaible to grov fine coluanar gTains
Perpendicular ¢o the substrate plene. Zach
graia than » & sasll magnatic domain which
con chenge aign (N§ or SN) by the spplication of
on sxterns! magnetic fiald from » swall geomatry
wmagnecic pole—pleca, Packing density fucreases
of %10 have been achieved as a Fesult. y-Fe,0,
has besn .au-.iud(s”‘ this sppiication togethet
with Co~Cr alloya + This particular use for
spuctering again demonscrates the need to
coatrol thin fila charsctaristics in datail in
ordar to achisve succesa,

4.4 Blological

Experimental work 1s uaderwey to axanine
tha potential for cersmic films in biological
enviroosents. The waia application 1s as & war
reslatant coating on prosthecic hip jointa,
aspacially as & covering on the ball. Dmts from
Al -'rm!. Al,0y and S1C deposited by apraying
[ AVD Indicats t.bﬁzrur Tates cen be
dvsastically veducwd + Hovaver, furthar
extansive work is yaquired to assess reliabllity
from s blocompatibilicy viewpolint. Technicel snd
commercisl competition from iom implantation inte
®ecals and bulk cersmic joiate vill also be
lotense and may not sugur well for the future of
wear renistant catemic f1lms in humane.

&7 Muclear

in the suclear iodusiry caramic films ara of
poteatial importance for advanced £a8 cooled
reactors (AGR's) to minimiee carbon depostition on
the surface of fusl cans, which sdverssly affects
heat transfer and oparsting efficlency, and to
improve the oxidation vesiatence of the fual ¢an
material to allow higher tewperatures of
opetation. Considerable MAD has besn undartaken
on the daposition of 510, filma on AGK fuel
alemsate by CVD end PAVD techniques and these
have glvem zﬁ’ctlu protection in laborstory
avsluaticas .

5« FUTURE TREWDE AND CONCLUSIONS

Pron the infermstion presantad here a nusba T
of tresds and cosclusions are deawn as followm.

. The Tequirssent to design with caramic
files will grow in importance to weet
o users' requirssants for gaine is
perlormance.

. The detailed charactarisstion and
properties of ceramic films are poorly
undarstood and much work remains fo be
dons,

- Hany sdvanced developsents will depend
on wxtensive fundamental work.

[} The characterisation of cetamic films
i #n srea of espacisl importance and
raquires detailed work in conjunction
with process technology.

L] Mtosated/robotic proceseing will lasd
to incressed raliability,
raproducibility swd to reduced
processing costse.

. Plasss techuologies will play an
incraasing pert in cersaic fila
dovalopment.

L] Clsas room procassing will grow in
importance for very advanced thin film
(¢ 1 ym} applications,

[ For machining and wasr applications,
baw compositions and lowsr deposition
teaperatures sre important limes of
developmant,
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STRUCTURE, PROPERTIES AND APPLICATION OF TITANIUM NITRIDE COATINGS
PROINCED BY SPUTTER ION PLATING

D.5. Rickerby* and R.B. Newbery*

ABSTRACT

The potential bensficis] effects that wear-resistant coatings have on
enginsering surfaces depsnds upon their ability to remain adharent with
the treated cosponent. This paper concentrates on the process of sputter
ion plating, = simple D.C. glow discharge sputtering system opsrating in

. moft vacuum, and relates the propertiss of titanium nitride coatings to

the degres of ion polishing {substrate biss) which is utilised during
deposition. Substrate bias was identified as the most lmportant system's
parasetar since it sllowsd for some stress relaxation wvithin the coating
via its influance on porosity levals in the coating microstructurs. The
influence that thisz hss on coating adhesion is discussed. The internal
stress is a combination of intrinsic growth stresses and thermal missatch
stresses with the latter tending to dominate aa substrate biss is
incrsased. In addition to substrate biss, the role that titanium
interlayers and substrate cleaning play in improving the adhesion of
titasius nitride coatings is discussed, end the potential benefits
highlighted. In the last part of the papsr sowe applications of titanium
nitride coating are described - 1t will be shown that increass in
componant life im by no means the only critsrion which should be
considered vhen judging the success, or otharwise, of a costad component.

INTRODUCTION

Physical vapsur deposition (PVD) coating processes are capable of
prodicing hard wear-resistant surfaces on cutting tools below their
softening or tempesring tespersturss. At prasent the most popular coating
is titanius mitride. To optimise performance it is important to
understand the inter-relationship bstwssn the structure of the coating end
its propertiss. The level of coating/substrate adhesion is of particular
importance and is generally messured in these well-bondad titanium nitride
coatings by means of the scratch test (ref 1). One of the most important
factors which influencas the adhesion of these hard wear~ resistant
coatings is the level of internal stress present in the coating which can
be msnipulated by application of a substrate bias (rafs 2, 3). The
purposs of this paper is to ocutline the salient features of sputter ion
plating (SIP), a simple glow discharge sputtering system which has been
developed in a joint venturs batween Harwall and TI. The use of substrats
pre-trestmants to improve the adherence of the titanium nitride costings
is discussed and the rols of the parameter 'subistrate bias' in deteraining
not enly ths composition of the coating but also its physical propertiss
snd microstrocturs is considered {rafs 3,4). The papsr goss on to
illustrate tte sngineering bensfits of SIP TiN costings with examples
vhich imclude cutting, slitting, bearing and anti-seizure applications.

*Haterials Development Division, Harwell Laboratory, UKAEA, Harwell,
Didcot, Oxfordshire 0X11 ORA.
*TI Research, Hinxton, Saffron Walden, Essex CB10 1RH.
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THE USE OF CLEANING PRE-TREATMENTS IN PVD PROCESSES

la & nuaber of the PVD procasaes, a variaty of pre~treatmants have besan
employed to ensure good adhesion of the titanium nitride coating, This
section of the paper reviews thess pre-traatwents with particular
reference to aputter ion plating (SIP, refs 5,6)., In the SIP process,
titanius atoms are sputtearsd from source cathodes and raact in a low
partial pressure of nitrogen to fors titanium nitride st the surface of
the cosponents. A substrate bias applied during growth promotes 'ion-
polishing' of the deposit and this ensures a danss coating microstructure
(ref 7); ses also ref 2 for further details.

The first pre-treatmsnt to consider is sputter cleaning or jon-bombardment
of the workload. This {s stcomplished by applying a large pagative
voltage (500-1000 V} on the mamples, causing sputtering of the surface by
argon fons. In the case of SIP, this stage is preceded by pretreating io
300°C to break down any carbonaceous residuss which may ba on the surface
and to desorb any loosely-bonded saterial (ref 8). The principal role of
ion clesning is to ramove frisbls oxide layers on the surface of metsls.
Fig.l shows the variation i{n the critical load for ¢coating loss (L ), as
measured by a scratch test, with pre-trastweat ion~ clean voltags for
titanive nitride deposited onto polished stainless stesl coupons. Similar
cbservations have besn reported for tool steel substrates by Halmersaon
ot al. vho also considared the role of substrats tempsrature (ref 9).

Thase improvementa in
coating/substrate adhesion
vhich result from ion cleaning
are clearly shown in fig.2
‘[‘ which compares the scratch
tracks at a losd of 15 N for
surfaces without and with
sputtar cleaning (figs.2(a) end
2(b) respectively). For sa ioa
clasned substrats, only
conforsal cracking is obsarvad
along the edge of the scratch
track whilst flaking (locslised
coating loss) is readily
apparent for titsnium nitride
coatings deposited ocato
substrates without a sputter
cleaning stage (fig.2(a)).

it rﬂ |

Crmca -1 Syt
X

In addition to ion or sputter
cleaning, to enbance the
adherence of the coatings a
e thin interfacial layer of purs
it e " e titanium is deposited prior to
forming the nitride. Fig.3
shows the varlatjon in critical

Fig. 1 Variation of critical load load for coating losa (L) with
(L) with lon claan voltsge for titanium sputter time (i.s.
titanium nitride coatings deposited interlayer thicknsss} for

onto stainless stesl sputter ion plated titanium
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Fig. 3 Variatjon of critical Fig. & The variation of compres-
load (L.) with titanium sputtering sive intarnsl stress (P and
time (interlaysr thickness) for critical load (*) with bias for

TiN coatings onto ferritic aputter ion plated TIN onto M2
stasls tool steel

nitride costings deposited onto two ferritic steels at & tamparature of
approximataly 500°C. Clearly, for both coating/substrate combinstions
there iz sn optimum titsniue intarlayer thickness, and the peak sdhersnce
occurs at & titsniua sputtering time of 30-40 mins which is equivalant to
0.1-0.15 pm of titanium. The existence of such & maximus vas suggestad by
Valli et al. (xef 10) who found no improvement in costing adhesion for a
titanium interlayer of +~ 0.3 um whilst Helmsersson ot &l. reported a

" bensficial sffact for a 0.1 bs titsnium interlayer in msgnetron sputtered

coatings (ref 9). These improvaments in adhssion may rasult from a numbar
of factors which include (1) the dissolution of the wesk iron oxide layars
at ths aurface of the componant {a chemical gottering effect) or, (ii) the
provisiom of a compliant layer which reduces shear streszes across the
coating/substrate interface (a mechanical effact).

SUBSTRATE BIASING DURING DEFOSITION

The application of a substrate bias makes it possible to control the
dagres of ion-bowbardment that the coating sxpariences during growth,
vhich {n turn affects the density, grain size and growth morphology of PVD
coatings (refs 2, 4). Fig.4 shows for titanium nitrids coatings deposited
onto a ferritic tool stesl (M2) ihnt the level of compressive internal
atress (as detersined by the sin® ¢ X-ray technique) incresses with bias
voltage dus, in the main, to changes in the density of the coating

(refs 2, 3). Fracture ssctions through an unbiaged coating show an open
columnar structurs with sach columnar grain, which makes up the coating, a
free stsnding crystal (see fig-5(a)). This type of microstructura cen
quite readily accommodate any thermal or growth stresses and consesquently
the stress measured by X-rays is vary lov in thess cpen-voided
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microstructuras. In contrast, for a biased titanium nitride comting
(fig.5(b}) the Individual columns are much less vall-defined ard by virtus
of the denser microstructurs substantial stresses can be gensratad am
shown in fig.4. Thess stresses result in an incresse in the slastic
strain energy stored in the film which acts at the film/substrate
interface and consequently the level of coating adhesion (L) decreases
with bias voltage (ses f£1g.4)}. Siwilar obssrvations of s reduction in
critical losd with increasing residual stress have been reported; for
titanium carbide coatings deposited by chemical vapour deposition

(zef 11}. Also, the presence of a high compressive stress acting in the
plane of the coating promotes a denser costing microstructure as | reportedl
by Aubert et al. for magnetron sputtersd molybdenuw coatings (ref 12). ln
addition, the lattice parameter of titsnium nitride coatings increanes
vwith internal stress dus to the Poisson's ratio effect (reaf 3) and is wudh
higher than that of bulk titanius nitride and a number of mschabhismi havw
been proposed to account for this behaviour (ref 4). The internal ntress
in sputter ion plated coatings can be completely relaxed by dismalution of
the substrate, with an sccompanying decreass in lattice parametsx offl the
nitride. Therafore it can be concluded that, in these coatings, ithecmal
mismatch stress dominates total strass (see ref 3 for further dataiis).

APPLICATION OF SIP COATINGS

Titenium nitride coatings are being used in a vide variety of applicatiomns
in order to -enhance the perfor of ponents. A good "rule of |thumb'’
is that TiN costings will normally appreciably improve tha performance of
a component that slready (uncoated) parforms acceptably and finally fails
through wear. Badly designed tools, toolas that are misused, or:tools thai:
fall by fracture rather than vear, are unlikely to benefit from'TiN
coating. The performance improvament of a coated component depends very
greatly on the nature of its application. The characteristics of sputter
ion plated TIN costings which contribute to enhanced performanco is Itheir
very high hardnesa (~ 2400 HVN), low cosfficimnt of friction and axcul lens
surface finish; the coating retains the smoothness of the substrate which
is extremely important in besring spplicstions,

Another important consideration is in the iaprovesent in surfaco Finisk
which occurs through the use of coated tools, and this say give ian '
additional enginmering benefit in that a subsequent finishing operatiion
may be omitted. For example, SIP titanium nitride coated drilld hawe
demonstrated up to 10 times improvement in life comparad with conventionall
steam tempered drilla, with spproximately B0X of this improvesent, in 1life
retained after re-sharpening. But the real benefit lies not inlithe
improved economics from longer tool life but the increased productivity
and raduced downtime coupled with the improved quality of holes idrilled
which means, in soms instances, that a subsequent reaming opsratiing may tm
omitted. Similarly, titanium nitride coated tungsten carbide doawing
plugs offer no improvement in lifs over uncoated plugs, but the {mproved
surface finish on the bors of dravn tubss which results from codtlng can
be an important enginesring benefit. The excellent surface finish of SIF
TiN coatings makes the coatings particularly attractive for use dn
anti-seizure coatings snd in bearing applications where low frictional
properties are desirable. The friction coefficient of TIN running against:
TiN {s extremaly low (~ 0.14) and dramstic improvements in bescing life
may be raalised (in some cases improvements batter than x100 have basn
observed), particularly in abrasive vear situations whers strazsl jevels
are low. Coupled with low friction, the chemical inertness of TYM haa
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proved to be very useful in Preventing seizure of fasteners used in hot
vacuum systess,

In the applications described above, the coating has been deposited onto
an existing surface or component and no allowance has been made for the
presence of & coating. Fig.6 illustrates how ths morphology of chip
formation ia affected by applying a TIN coating ontoc thread chasers.
Clearly, balling-up of the chip occurs with costed tools, indicating wore
afficiant cutting with less heat genaration at the cutting tip, and a chip
breaker must be ground in the cutting edge of coated tools to prevent the
formation of thesa potentially dangerous chipballs. This is an exasple of
4 mors general principle that "tools may hava to be radesigned to take
full edvantage of the enginesring benefits of TiN coatings".

CONCLUSIONS

1. BIP is a PVD technique ideally suited to the deposition of hard wear-
resistant coatings. To snsure good adhesion of PVD coatings it is
nacasssry to use & number of pre-treatments befors deposition of the
nitride phase; ion cleaning and the use of titaniua interlayers being
particularly beneficial in this respect.

2. Titanive nitride costings can improve the lifs of many cutting tools
but some redesign may be necessary to take full advantsge of the
enginesring benefits of surface coating.
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Fig. 2 Optical microgrephs of scratch tracks udo on TiN coatad stsinless
stesl at a normal load of 15 N,
with ion cleaning at 500 V

[s) Without s substrate ion clean, (b)

Fig. 5 &capning slectron fractogruphs (secoudary slectron imags) of
(s} uobissed snd (b} bissed titanium mitrids ceatings
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Fig. 6 Chips from uncosted and coatsd thresd chasers
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