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DESCRIPTION
The present invention relates to a wear and

erosion resistant coating for a substrate having a

“having a titaniumconta
of pon- stoichionetric ti

titanium-containing surface.

Resistance.against erosion wear is normally
related to the hardness of the wear part. Some
articles are subject to solid particle erosion in
which particles of various sizes and hardness are
propelled at various angles against the surface of the
articles. For example, a vehicle or the like (for
example a vehicle itself or a large container
associated with a road vehicle or part of a railroad
train) travelling in the desert during a wind storm
will encounter various size solid particles of sand
travelling at various velocities hitting the vehicle
or the like. If the size of the particles is large
and the velocity of the particles is high, the coating
dn the vehicle or the like could be chipped or pitted.
In turbomachines which operate in a dust environment,
this solid particle erosion is a severe problem.
Recently, physical and chemical vapour deposited
coatings, such as titanium nitride coatings and
zirconium nitride coatings, have been used to provide
a protective layer having goéd hardness
characteristics. These coatings have been found to
have good erosion resistance to Al,0; and Si0,
particles at both high and low impact angles.

Although these coatings have high hardness
characteristics, they exhibit inherently brittle
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and hardness are propelled at various angles against the surface of

thegjarticles. For exanple, a car traveling in the desert during a w nd
stofmw || encoun- ter various size solid particles of sand traveling at
varf§- ous velocities hitting the car. If the size of the particles is |arge
andfthe velocity of the particles is high, the coating on the car could be
chi pped or pitted. In turbo- nmachines which operate in a dust environment,
thi$ solid particle erosion is a “severe grobl em Recently, physical and
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vapor deposited coatings, such as titaniumnitride coatings and
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zir{gnlun1n|tr|de coatlngi, haye been used to provide a protective |ayer
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" impact decreases markedly with increasing hardness
and particle size of the erodent. It has been
observed that dynamic impact of solid particle

5 erodents onto a coated surface of an article can
form lateral and/or median cracks around the impact
site. Median cracks are responsible for the
strength degradation of the material while lateral
cracks, which grow from the centfe of impact

10 parallel to the substrate surface and then propagate
through the coating surface, account for most of the
material loss during solid particle impact erosion.
The solid particle impact erosion of these coatings
at a 90° impact angle is due primarily to brittle

15 fracture. Thin coatings are more suspectible to
spalling and exposure of the substrate which may
lead to premature failure of the article. When
coatings applied by conventional techniques are
exposed to particle impact, pinholes and/or lateral

20 spalling pits generally result in the coating. Once
the coating material is cracked, additional impact
by evgn-reiatively small particles will cause
furrowing or grooves in the coating material. In a
turbomachine, this furrowing can areatly affect the

25 overall performance of the turbomachiﬁe.

Based on the elastic-plastic theory,
toughness and hardness are the dominant properties
controlling the erosion. behaviour. Higher hardness
is believed to increase erosion resistance at both

30 low and high impingement angles while higher
toughness reduces the vulnerability to brittle
fracture and markedly increases 90° erosion

his Sheet Has Been Replaced

Ay




¥

beeh found to have good erosion resistance to A1203 and Si Q2 particles at
both high and | ow i npact angles. Al though these coatings have hi gh hardness

chajacter- istics, they exhibit

i nherently brittle behavior and their

eropi on resistance at normal inpact decreases markedly with increasing

har finess and particle size of the cro- dent. It has been observed that
dynpm ¢ inpact of solid particle_erodentss_onto a coated surface of an
artfcle can formlateral and/or nedian cracks around the inpact site.
Medfan cracks are responsible for the strength degradation of the nmateri al
whi fe | at er aly ggiatigncenhi cin genwe {610t dNiEs €SNt efo O L hgpReédpakel | el to the
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and toughness are generally in opposition in hard
materials. Higher hardness is usually associated
5 with greater brittleness. Multilayer hard compound
materials have been found to have simultaneously
high hardness and high toughness. The high hardness
is an inherent property of hard compounds and the
high toughness is attributed to the formation of a
10 coherent or partly coherent interface boundary
between two different hard compound layers. For
example, it has been found that a TiC/TiB,
multilayer coating has a better wear resistance than
either the TiC or TiB, single layer. 1In cutting
15 tool applications, the multilayer coated tool bits,
having a TiC/Al,03/TiN three layer coating, or a two
layer coating in which one layer is a nitride,
carbide, boride, or silicide of a metal of Group VI
of the Periodic Table and the other layer is a
20 nitride or carbide of a metal of Group VI of the
Periodic Table, have shown good performance in wear
resistance.
In copending application U.S. Serial No.
405,131, a multilayer coating is disclosed which has
25 good wear and erosion resistant characteristics,
such multilayer coating comprising alternate
lamellas layers of a nitride-containing compound in
which at least one layer contains at least 2 atomic
percent of nitrogen different than the nitrogen

30 contained in an adjacent layer.
It has now been found possible to

provide a substrate having a titanium-containing

_
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accqunt for nost of the material loss during solid parti- -2- cle inpact
erogion. ‘The solid particle inpact erosion of these coatings at a 90 i npact
angl§e is due primarily to brittle fracture. Thin coatings are nore
susgectible to spalling and exposure of the substrate which nay lead to
prerature failure of the article. Wien coatings ap- plied by conventi onal

t eclfni ques are exposed to particle inpgc&,_pinholes and/or lateral spalling
pitg generally result in the coating. Once the coating material is

surface with a top layer of a non-stoichiometric
titanium nitride coating that has good wear
resistance and/or erosion characteristics to solid
particle impact.
It has also been found possible
to provide a titanium coated substrate with a
non-stoichiometric titanium nitride coating in which
the atomic percent of nitrogen in the titanium
nitride is from 32.5% to 47%.
10 The above and further objects and
advantages of this invention will become apparent
upon consideration of the following description.

15 According to the present invention there is provided a

non-stoichiometric titanium nitride coating for
substrates having a non-nitrogen titanium-containing
outer surface, in which the atomic percent of nitrogen
L in the titanium nitride coating is from 32.5% to
20 47%. Preferably, the atomic percent of nitrogen in
' the non~stoichiometric titanium nitride coating could
be from 36% to 44% and most preferably about 40%. A
coating containing a layer of titanium nitride in
which the nitrogen is less than 32.5 atomic percent
25 has been obseived to be extremely difficult to strip
by conventional means, while a nitrogen content of
greater than 47 atomic percent has been observed to
be susceptible to spalling by radial and lateral
cracks due to direct impact of particles and has been
30 found to have high residual compressive stress. The
coating of the present invention has gooxd wear and corrosion
characteristics and should have a crystallize size,
measured in the direction perpendicular to (111)
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era ked addi tional inpact by even relatively snmall particles will cause
furrfow ng or grooves in the coating material. In a turbonachine, this
furrfowi ng can greatly affect the overall performance of the turbonachine.
Basgd on the elastic-plastic theory, toughness and hardness are the
dominant properties controlling the erosion behavior. H gher hardness is
bel ifeved to in- crease erosion rgsistance at both |ow and high inpinge-
nmentf angl es while higher toughness reduces the vulner- ability to brittle
fra]%ure and markedly increases 90[err] eg0sion resistance. An erosion
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than 50 nm.

The titanium nitride coating preferably has a
microhardness from 2061 to 2695 kilograms force per
square millimetre. The titanium nitride coating
preferably has a residual compressive stress of 1207
to 2406 x 10° Pra (175 to 349 kilopounds per square
inch).

According to the present invention there is also
provided a coated article having a coating of the
present invention secured to a substrate having a
titanium-containing outer surface.

According to a particular embodiment of the
present invention there is provided a method for
producing a non-stoichiometric titanium nitride
coating on a substrate having a titanium-containing
surface could comprise the steps:

ta) placing a substrate having a titanium-
containing outer surface in a chamber containing a
titanium-based target and a nitrogen-containing gas
3 mixture;

(b) evaporating the titanium from the titanium-
based target to produce a titanium vapour to react
with the nitrogen in the nitrogen-containing gas
mixture and adjust the ratio of nitrogen to titanium
to form a titanium nitride layer on the suberaLe that
has a nitrogen content from 32.5 atomic percenL to 47
atomic percent.

One preferred embodiment for producing a titanium
nitride coating on a titanium coated substrate would
comprise the steps:

- (a) placing a titanium coated substrate having a
titanium-containing outer surface in a vapour
T S
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:hardness is usually associated with greater brittl eness.

hard conpound materials have been found to have sinmultaneously
ss. and hi gh toughness. The hi gh hardness is an inherent prop-

ard conpounds and the high toughness is at- tributed to the
:pn. of a coherent or partly coher- ent interface boundary between two
Aat. .hard conpound | ayers. for exanple, it has been found that a
err] mult tilayer coating has a better wear resis- tance than either
: TiB2 single layer. In cutting tool applications, the multilayer
g,@pl bits, having a [err] three l@ayer coating, or a two | ayer

- whi ch one IayeL %E a pltrlde car bi_de, bori de,
dep051tlon chamber having an anode and contalnlng a

-tltanlum-based cathode along with a nitrogen-

containing gas mixture;
(b) applying a voltage across the cathode and

anode to establish a current to effect evaporation of
the titanium from the titanium-based cathode to
produce a titanium vapour to react with the nitrogen
in the nitrogen-containing gas mixture and;

(c) adjusting the ratio of nitrogen to titanium
to form a titanium nitride layer on the substrate that
has a nitrogen content from 32.5 atomic percent to 47
atomic percent.

It is believed that the simultaneous coating of a-

 substrate with a TiN, based composition and
bombardment of the titanium-containing outer surface
of the substrate with’ inert gas ions, such as, for
example, argon ions, will produce a low stress and
small crystallite for the TiNy coatiné of the present
invention.

Preferably, the nitrogén—containing gas mixture
could be argon-nitrogen; krypton-nitrogen; helium-
nitrogen; zenon-nitrogen; neon-nitrogen or the like.
the titanium nitride éoating of the preseht invention
can be deposited by using conventional physical vapour
deposition techniques such as arc prccesses, dc and rf
magnetron sputtering, reactive ion plating and the
like. .

As used herein, a substrate having a titanium-
containing outer surface is a titanium substrate or a
substrate coated with titanium or with a non-nitrogen
titanium alloy. If the substrate is other than

titanium, the titanium-containing outer layer should
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licide of a netal of Group VI of the Periodic Table and the other
Is.a nitride or carbide of a netal of Goup VI of the Periodic Table,
 shown good performance in wear resistance. |In copending application

. S.} Ser. No. 405, 131 now abandoned, a nultilayer coating is disclosed

whi ch has good wear and erosion resistant characteristics, such nultilayer
coat{ng conprising alternate lanellas |ayers of a nitride-containing
conppund in which at |east one |ayer contains at |least 2 atom c percent of
nitrpgen different than the nitrogen cqp%gined i n an adj acent | ayer.

preferably be from 0.1 to 6.0 microns thick, and more
preferably from 0.2 to 4.0 microns thick.

The thickness of the titanium nitride coating of
this invention can vary greatly as for example from 1
to 40 microns thick while for wear applications the
preferred thickness of the coating could be from 1 to
15 microns and for erosion applications the coating
could be from 8 to 40 microns.

" The titanium nitride coating of this invention is
ideally suited for coating substrates such as, for
example, titanium, titanium coated iron, titanium
coated aluminium, titanium coated nickel, titanium
coated cobalt, alloys of the base substrate material
thereof and the like. In applications using other
than a titanium substrate, the substrate should be
coated with a non-nitrogen titanium-containing layer
prior to depositing the coating of this invention
since titanium will effectively provide.a better
adherence for the coating.

The present invention will now be further
described with reference to the following Examples.
| Example 1
Titanium nitride coatings were deposited on
Ti-6A1-4V substrates using a physical vapour
deposition arc evaporation process. Before

deposition, the vapour deposition chamber was

evacuated to a pressure below 7 x 10~ “4 pa and then
backfilled with argon to 0.7 Pa. The substrate to be
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-3- It is an object of the present invention to provide a substrate having
a titdniumcontaining surface with a top | ayer of a non-stoichionetric
titaniumnitride coat- ing that has good wear resistance and/or erosion
char- |acteristics to solid particle inpact. Another object of the present

i nvention is to provide a titaniumcoated sybstrate with a

non- stioi chiometric titaniumnitride coatiAg”in which the atom ¢ percent of
nitroden in the titaniumnitride is between 32.5% and 47%

coated was sputtered to remove surface contaminants.
Subseguently, a 250 ampere d.c. arc was activated
across a titanium cathode and a chamber which acts as
an anode to evaporate Ti from the Ti cathode in an
5 argon environment at an overall pressure about 4 Pa
so as to deposit about 1 micron of titanium on the
substrate and then the argon was changed to an
argon-nitrogen reactive gas mixture. The ionized Ti
vapour reacted with N, ions and then lormed a titanium
10 nitride coating on the substrate. Each coating was
formed by adjusting the nitrogen N, gas flow rates
during the deposition. Specifically the nitrogen gas
flow was varied from approximately 80 to 100 staﬁdard
cubic centimetres per minute (sccm) and the total
15 argon gas flow was maintained at about 250 sccm. The
deposition temperature, determined using an optical
pyrometer, was between 420°C and 530°C,
The nitrogen content of each sample coating
was measured by sputtered mass neutral spectrometry.
20 The neutral atoms of the coating were sputtered from
its surface into plasma by icns which were generated
from a low pressure r.f. plasma. The neutral atoms
were then ionized by energetic electron impact.
These ions were subsequently analyzed and detected in
25 a8 gquadrupole mass spectrometer. The measured area
was in an B mm diameter circle and the total
sputtered depth was approximately 5 microns.
The nitrogen content of each sample coating

is shown in the Table.
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~The above and further objects and advantages of this invention will becone
" apparent upon consideration of the follow ng description. SUMWARY OF THE

I NVENTI ON The invention relates to a non-stoichionetric tita- niumnitride
coating for substrates having a non-nitro- gen titani umcontaining outer
surface in which the atomc percent of nitrogen in the titaniumnitride
coat- ing is from32.5%to 47% _Preferably, the atom c per- cent of .
nitrogen in the non-stoichi ometric titaniumm tride coating could be from
36% to 44% and nost pref- erably about 40% A coating containing a | ayer of
tita- ntumnitride in which the rftrogen is less than 32.5
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extrenmely-drffi- cult to strip by
@gventi onal neans, while a nitrogen content of greater than 47 atomc

cent has been observed to be susceptible to spalling by radial and
ral cracks due to direct inpact of particles and has been found to have
resi dual conpressive stress. The coating of this invention has good
and corro- sion characteristi,cs and should have a crystallize size,
ured in the direction perpendicul ar 88 €111) diffrac- tion plane, of
than 55 nm preferably I ess than 50 A nethod for produci ng a
norgstoi chionetric tita- niumnitride coatlng 25 %ate havi ng a
tithni um containing suFh8cer¥stpdlisppsize ﬁeeéFng e sample =

coatings was determined by the Scherrer formula as

follows:

5 thl - .‘K—')‘—
BcosH

Where Dpyxy is the dimension of crystallite in the
direction perpendicular to the reflecting plan

10 (hkl), K is the crystallite shape factor which is
assumed to be 1 in this case, X is the wavelength of
the X-rays, © is the glancing angle of incidence,
and B8 is the half-maximum breadth. Typically, the
experimentally observed breadth (B) is comprised of

15 B due to the particle size effect and b resulting
from the instrumental broadening, 8 = B + b. The
instrumental broadening, b, was determined using TiN
powder with particle size greater than several
microns. The crystallite size Djj;; and Dypq were

20 determined and the results are shown in the Table.

| This data shows that the crystallite size Dyy; and

Dapo increased with increasing nitrogen content. A
large increase in crystallite size of both Dyy; and
D, occurred at approximately 47 atomic percent of

25 nitrogen. Although not bound by theory, it is
believed that the small crystallite size in the
coatings with nitrogen content less than 47 atomic
percent was probably caused by a continuous
formation of nucleation sites resulting from argon

30 ion bombardment during deposition in which the
reactants such as Ti and N ions were sufficient to
rapidly renucleate new grains at newly formed

nucleation sites.
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@i ng a substrate having a titaniumcontaining outer surface in a
gr containing a titaniumbased target and a nitrogen-containing gas
s-e; (b) evaporating the titaniumfromthe titani um based target to
fice a titaniumvapor to react with the nitrogen in the

bgen- cont ai ning gas mixture and adjust the ratio of nitrogen to
fumto forma tita- -4- niumnitride layer on the substrate that

B nitrogen content from 32.5 at oni c percent to 47 atom c percent.

-11-
Residual stresses of the sample Ti.Nx coatings were
determined using the standard sinzf method based on thg change
in lattice spacings (strain). |
The stresses of TiN, sample coatings were then measured
with the assumption of Young's modulus of 279.9 x 106kPa (40.6 x

106 pei) and a poisson ratio of 0.25.

Residual compressive stress was found in
all the TiN, sample coatings and the data are shown
jn the Table. The magnitude of compressive stress
decreased with decreasing N content and reached a
minimum at about 39 atomic percent of nitrogen.

The as-coated surface of each of the TiN,
gample coatings was metallographically polished
pefore being subjected to microhardness
measurements, using a Vickers hardness tester with a
joad of 0.1 Kg for 15 seconds. The data obtained is
presented in the Table and shows that thg
microhardness of TiNx increased with increasing
nitrogen content from 2290 kilogram force per square
millimetre (Kgfmm‘z) at 32.5 atomic percent N to a
maximum of 2640 Kgfmm~2 at 38.6 atomic percent N,
and then decreased to 1800 Kgfmm~2 at 50 atomic
percent N. Based on the data in the Table, the TiNg
coatings with a maximum microhardness exhibited a
minimum residual compressive stress. This discovery
is in contrast to what has been observed in tre art
4n which the hardness of a coating increases with
increasing residual compressive stress. In general,
+he microhardness of the coating increases with
decreasing crystallite size and it is also believed
+hat small crystallite size contributed to high

I —
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_Cne pgeferred enbodi nent for producing a titaniumnitride coating on a
“titanfum coeat ed' substrate woul d conprise the steps: (a) placing a titanium
"coat e substrate having a titani- umcontaining outer surface in a vapor
tion chanber having an anode and containing a titanium based cat hode

depos

al onggwi th a nitrogen-containing gas mxture; (b) applying a voltage across
the cgthode and anode to establish a current to effect evaporation of the
tita- gniumfromthe titani umbased cathode to produce a titanium vapor to

react gwith the nitrogen in the nitro- genlzoataining gas m xture and,

microhardness of the coating. However, relatively
high Ti content in the coating with 32.5 atomic
percent of nitrogen, showed an adverse effect on
microhardness in spite of small crystallites.

The TiNx sample coatings were exposed to 50
microns alumina erosion at both 20° and 90°
impingement angles at room temperature. Compressed
air with a pressure of 290 kPa (42 psig) was used to
deliver alumina particles through a 5 mm diameter
alumina nozzle. The hozzle—to-specimen disténce was
maintained at 10 cm. The amount of alumina
particles used for 20° and 90° erosion was 1600 g
and 400 g, respectively. The relative erosion
resistance was calculated by comparing the total
weight loss of the non-stoichiometric TiN, coatings
with that of a stoichiometric TiN coating, in which
the erosion resistance was assumed to be 1 at both
20° and 90° impact angles. The data obtained is
presented in the Table and shows that a maximum
erosion resistance at 20° and 90° occurred at about
38 to 40 atomic percent N, which corresponds very

- well to the region of maximum microhardness.

The present invention will now be further
described with reference to, and as illustrated in the
accompanying drawings, in which:-

Figure 1 is a plot of residual compressive stress
vs. microhardness for the coating of the present

invention;
Figure 2 is a plot of erosion resistance vs. the

nitrogen content in TiN, coatings and a plot of
residual compressive stress vs. the nitrogen content

in TiN, coatings;
- R
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(c)§E$usting the ratio of nitrogen to titaniumto forma titaniumnitride
| aySl¥ on the substrate that has a nitro- gen content from32.5 atonic
per@@nt to 47 atonic percent. It is believed that the sinultaneous coating
of #sub- strate with a [err] based conposition and bonbardnent of the
titg®i umcontaining outer surface of the substrate with inert gas ions,
sucigas argon ions, will produce_,a |ow stress and small crystallite for the
[er @ coating of this invention. Preferably, the nitrogen-containing gas

m xij@re coul d be argon-nitrogen; krypton-nitrogen; heliumnitrogen
xen{e- ni trogen; neon-nitrogen or the 4kike. The titanium

Figz=—e 3 s a plot of erosion resistance vs. the
nitrogen cccszest in TiNy, coatings and a plot of
crystallite size vs. the nitrogen content in TiN,

i coatings; .

: Figure 4 is a plot of the texture coefficient vs. %

the nitrogea content in TiN, coatings; and
Figure 5 is a plot of relative life vs. coating

thickness for various TiN, coatings.

Based on the elastic-plastic theory,

t toughness and hardness are the dominant properties
 *contro1ling erosion behavior. Higher hardness is
believed to increase erosion resistance at both low
7and high impact angles; high toughness reduces the
;Qulnerability to brittle fracture and markedly
¢increases high angle erosion resistance. An erosion
is-r;e's:i.stant: coating needs to be simultaneously hard
and -tough. Previous study showed that the erosion

tesistance of TiN coating to 50 microns alumina

I ESr————
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————
nitrijde coating of this invention can be deposited by using conventional
physifgal vapor deposition tech- niques such as arc processes, dc and rf

magne§ ron sput- tering, reactive ion plating and the |ike. As used herein,

a subptrate having a titaniumcontain- ing outer surface is a titani um
substfate or a substrate coated with titaniumor with a non-nitrogen
titangumalloy. If the substrate is other,than titanium the titan

um cofgt ai ning outer | ayer should preferab\y be from0.1 to 6.0 mcrons

thickg and nore prefgrabl rea L9. 2 EF m crons thick. The thickness of
the t i ani um niRd5td& 1&5at F Fhlé n@%ﬁﬁﬁa§nn@aﬁeﬁaﬂwadreatIy as for
exanplge betmeenxﬂmgu2551ve stress. Higher resigual compressive

stress, which generally lesds to radial and lateral
cracks in the coating during particle impacts,
5 suggests lower toughness,

In ZrN coatings, it was
found that residual comprezsive stress of the

coating increased linearly with increasing

microhardness. A plot of resigual compressive

stress versus microhardnezr was plotted in Figure 1

10 for the sample coating frox the Tables and the data

demonstrates that the resis.;) compressive stress of

non-stoichiometric Tznx C2z¢ings decreased linearly

with increasing microhardreszs. This implies that

non-stoichiometric TiN; c%z+ings are simultaneously

15 hard and tough.

Figure 2 shows 2 <zmbined plot of erosion
resistance vs. N content z:o= compressive stress vs.
N content. A tread of incrzszge in 90° erosion

_resistance with decreasing rzsigual compressive

20 stress was clearly irndiceteZ., 2 marked decrease in

residual compressive strest - the coating occurred
at about 4B ztomic percent Z. 1p Figure 3 a

combined plot of erosion res:istance vs. N content

and crystallite size ¥s. N zznten: shows that the

25 erosion resistznce of the <:z-iny increased with

decreasing crrstallite size szcept the coating
The coatings
7=-z2znt N or less are

relatively rezctive gd:ce
‘30 susceptible tc bBurzing duriugggllﬂ particle
1mpact Therslore. iz spits 15 gra)) crystallite
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40 mcgons thick while for wear applications the pre- ferred thickness of
the cogmting ‘could be between 1 to 15 microns and for erosion applications
the cogting could be 8 to 40 m crons. The titaniumnitride coating or
vention is ide- ally suited for coating substrates such as titanium

this i

tita- piumcoated iron, titaniumcoated alum num titanium coated nickel
titani gm coated cobalt, alloys of the base zpbstrate mat eri al thereof and
the |ife. In applications using other than"a'fitani um substrate, the
substr

t e higher compressive stress compared with that
containing 38 to 40 atomic percent N and the burning
of the coating during erosion was probably
responsible for a significant reduction in erosion
5 resistance.
Figure 4 shows that the texture coefficient
js a function of N concentration in the coating.
The coating exhibited a <311> preferred orientation
at N content between 35.5 and 41.5 atomic percent,
10 while a <111> preferred orientation appeared at N
content greater than 45 atomic percent. A
combination of «¢111» and «<311l» prgferred orientation
was obtained at N content between 41.5 and 45 atomic
percent} the ¢311» and <200> preferred orientations
15 occurred between 33.5 and 35.5 atomic percent; and
the <200> and ¢220> preferred orientations occurred
at less than 33.5 atomic percent, respectively.
In summary the data from Example 1 shows:
a) The crystallite size decreases
20 with decreasing N content. A transition from large
to small crystallite occurs at approximately 47
atomic percent nitrogen.
b) The microhardness of TiN,
coatings increases with decreasing nitrogen content,
25 from 2081 Kgfmm"2 at 49.3 atomic percent nitrogen to
2611 Kgfmm“2 at 39.9 atomic percent nitrogen, and
then decreases to 2286 I(gfmm‘2 at 32.5 atomic

percent nitrogen.
c) The residual compressive stress

30 of the TiN, coatings decreases with decreaéing
nitrogen content, from 323 Ksi at 49.3 atomic
percent nitrogen to a minimum of 183 Ksi at 39.9

| w\s\iﬁ\t\\\\\\\\\\\\\'\'\_\\_



shoul g be coated with a non-nitrogen titaniumcontain--ing layer prior to
deposifing the coating of this inven- tion since titaniumw |l effectively
provi a better adherence for the coating. DRAWNGS FIG 1 is a plot of
resi dupl conpressive stress vs. mcrohardness for the coating of this
inventfon. FIG 2 is a plot of erosion resistance vs. the nitrogen content
in [erf] coatings and a plot of (esidual c??pres- sive stress vs. the
nitroggén content in [err] coatings. FIG 3°PsS a plot of erosion resistance

vs. th¢ nitrogen il Peddbdterndit €Opdh naisa e MOtesbesrystpl]ite size

vs. thq nitrogen content in [err] coatings. .
d Ksi at 32.5 Jtoch perce nitrogen.

a) The residual compressive Stress
of TiNy, coatings decreases linearly with increasing
5 microhardness and the coating containing
approximately 40 atomic percent nitrogen exhibitg
maximum microhardness and minimum residual
r compressive stress.
e) Erosion resistance of
10 non-stoichiometric TiNx coatings of this invention
to 50 micron alumina particles at both 20° and 9¢-°
impact angles is superior to a stoichiometric TiN

coating. ‘
£) The non-stoichiometric TiNg

coating of this invention containing approximately
40 atomic percent nitrogen has optimum erosion
resistance at both 20° and 90° impact angles.

Example 2

TiN, coatings on titanium coated samples as
in Example 1 containing approximately 40 atomic
percent nitrogen, with coating thicknesses varying
from 3.5 to 17.5 microns, were subjected to 50
microns alumina particles at 90° impact angle to
establish the coating life/thickness relationship.
The amount of alumina erodent which is needed to
penetrate the coating was determined as a function of
coating thickness. A 5 to 15 gram increment of
alumina erodent was_used for each test. Typically,
the erosion scar covers a 2.5 cm diameter area. The
area of substrate exposure; approximately 1 cm in
diameter, was used as a cursory measure for coating
penetration. From the data a plot of relative life

- This Sheet Has Been Rei
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is a plot of the texture coefficient vs. the nitro- gen content in
oatings. 'FIG 5 is a plot of relative life vs. coating thickness for
varioys [err] coatings. EXAMPLE 1 Titaniumnitride coatings were deposited
on [erf] 4V substrates using a physical vapor deposition arc evaporation

. Before deposition, the vapor depo- sition chanber was evacuated to
ure below 7X [err] Pa and_then baekf+lled with argon to 0.7 Pa. The
substrhte to be coated was sputtcred to renove surface contam nants.

bent |y, a(a250t napereumber) ays. webiakpesat wels aBFBB3radt prdnism ca and

a chamger shown in Fig. 5.
Under this test condition, a marked increase

ijn coating life (relative) was observed at coating

5 thicknesses greater than 9 uym. The relative coating
life to 50 um Al,03 erodent appeared to have a linear
relationship with the coating thickness in the
thickness range from 9 microns to 17.5 microns.

ot it e S e o St A s e T v v w2t S Ao e At Sm im S m St e S S mmw mm T T S A TS S B L T,
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whi ch facts as an anode to evaporate Ti fromthe Ti cathode in an argon
“envirdnnent* at an overall pressure about 4 Pa so as to deposit about 1

- mcrorng of titaniumon the substrate and then the argon was changed to an |
argon-hitrogen reactive gas mxture. The ionized Ti vapor reacted with N2
lons ahd then formed a titaniumnitride coating on the substrate. Each
coatinp was Tormed by adjusting the nitrogen [err] gas flow rates during
t he depositio he nitrogen gas flow was varied from

appr ox rrately mmm'i ma'“x d cubic centjpgeters per mnute (sccn and
the to ar gors gas was *nai nt ai ned at about 250 sccm The deposi tion
t enper ture det erm ned using an opti cal ChpddSet er,

1. A non-stoichiometric titanium nitride coating

for substrates having good wear and corrosion
resistance, in which the substrate has a non-nitrogen,
titanium-containing outer surface and on which a
titanium nitride coating containing from 32.5 to 47
atomic percent nitrogen is disposed over the titanjum-
containing outer surface.

2. A coating according to claim 1, wherein the
titanium nitride contains from 36 to 44 atomic percent
nitrogen. .

3. A coating according to claim 2, wherein the
titanium nitride contains about 40 atomic percent
nitrogen.

4. A coating according to any of claims 1 to 3,
wherein the titdnium nitride coating has a
microhardness from 2061 to 2695 kilograms force per
square millimetre.

5. A coating according to any of claims 1 to 4,
wherein the titanium nitride coating has a residual
compressive stress of 1207 to 2406 x 10% Ppa (175 to
349 kilopounds per square inch).

6. A coating according to any of claims 1 to 5,

which is from 1 to 40 microns thick.
7. A coating according to claim 6, which is from

1 to 15 microns thick.
8. A coating according to claim 6, which is from

8 to 40 microns. _

9. A coated article having a coating as defined
in any of claims 1 to 8, secured to a substrate having
a titanium-containing outer surface.

10. A coated article according to claim 9,

wherein the substrate is selected from titanium,

This Sheet Has Been Replaced . '
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mas'Bet een 420[err] C. and 53.0[err] C. -6- The nitrogen content of
each safmp red by sputtered mass neutral spectronetry.

The neu the coatlng were sputtered fromits surface into
pl asma y ﬂ nerat ed froma |low pressure r.f. plasma. The
neutr al at zed by energetic electron inpact. These ions

wer e sulfsequentl|y analyzed and defected in a quadr upol e mass spectroneter.
The nmeagured area was in an 8 mm

. =19~
titanium alloy, titanium coated iron or iron alloys,
titanium coated aluminium or aluminium alloys,
titanium coated nickel or nickel alloys and titanium
coated cobalt or cobalt alloys.

11. A coated article according to claim 10,

wherein the nitrogen content in the titanium nitride
coating is from 36 to 44 atomic percent and the

substrate is titanium.
12. A coated article according to claim 11,

wherein the thickness of the titanium nitride coating

is from 1 to 40 microns thick.

_—
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di amgfter circle and the total sputfﬁﬁé&gdepfh'mas ap- proxinater§§§V§:

1

m crqns. The nitrogen content of each sanple coating is shown in the Tabl e.
TABLE COVPARI SON OF MATERI AL AND STRUCTURAL PROPERTI ES BETVEEN | - . L
NON- $TOl CHI OVETRI C AND STOI CH OVETRI C TI TANI UM NI TRI DE COATI NGY Crystalliftée =
Si ze Resi dual Rel ati ve N Conent (nm

M cr ghar dness Conpr essi ve Ergsi on Resi stance Coating (at % [err]

D200 (Kgf [err] Stress (Ksi) 90 20[err] 32.5 18.2 10.9

2286 § 17 233 + 17 5.3 0.9% |1 B 2.0 3 16.0

2636 | 53 195 8 6.5 1.5%Pr1 | THIS SHIBED HAS BEENS] 18.8

2611} 84 183 8 7.3 AsBTRACT REPLACED

NON-STOICHIOMETRIC TIT

ANIUM NITRIDE COATING
5 A wear and erosion resistant Coating for
substrates having a non-nitrogen titanium-containing
outer surface onto which a non-stoichiometric
titanium nitride coating is deposited in which the
nitrogen content in the titanium nitride coating isg
10 from 32.5 to 47 atomic weight percent.

(Fig.3)
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> D

46. 8 45.4  22.3 2168 + 46 221 17 4.0

Vv - 47.0 50.3 33.0 2122 45 278 22 3.2
Vi 44. 0 45.4  27.4 1% + 1 302 23 2.4

Vi | 49. 3 73.8 33.0 2081 60 323 + 26 1.5
VI 50.0 75.0 41.5 1800 90 450 15 1.0
The crystallite size of each of the sanple coatings was determ ned by
Scherrer fornula as foll ows: [err] Where [err] is the dinension of
tallite in the direc- tion perpendicular to the reflecting plan (hkl),
the crystallite shape factor which is assunmed to be 1 in this case,
] is the wavel ength of the X-rays, [err] is the glancing angle of
ifldence, and [err] is the half-maxi mum breadt h.

FIG. |
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EROSION RESISTANCE (ARBITRARY UNIT)

t he experlnenf

to the partlcle si ze ef f e# :
[err] The instrunental

r wwth particle size greater than severa
and [err] were deter-

FIG. 2

v_FeTved breadth [err]
b resulting from
br oadeRif

I's conprised of B due
the instrunenta
b, was determ ned using Ti N
The crystallite

m ned and the results are shown in

This data shows that the crystallite size [err] and [err]

pased with increasing nitrogen content. A large increase in

8
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it is believed

#err] and [err] occurred at ap—
Al t hough not bound by theory,

aom ¢ percent oF Ben.
that the small crystal- lite size in e coatings with nitrogen content
caused by a continuous formation

ss than 47 atom c percent was proba
nucl eation sites resulting fromargon ion bonbardnent during deposition
whj ch the reactants such as Ti and N ions were sufficient to rapidly
nucle- atc new grains at- nemAy ‘fornmed nucleation sites. Residual stresses
)ff the sanple [err] coatings were determ ned using the standard [err]
t hod based on the change in lattice spacings (strain). The stresses of

sanpl e coatings were then nea-

c ystalllte si z&%3

rr

8 a 1 . 1 N 1 I R . \
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ﬁ%??bﬁ of Young's nodulus of 40.6 x 106 psi and a
ressive stress was found in all the Ti

ésomm in the Table. The magnitude of
conpressive stress decreae with decrédsing N content and reached a m ni num
at about 39 atom c percent of nitrogen. The as-coated surface of each of

the [err] sanple coatings was netallographically polished before being
isubj ected to mcrohardness neasurenments, using a Vickers hardness tester

with a load of 0.1
Tabl e and_shows that the m crohardness of [err]

sur ed with the assu
poi sson ratio of 0.25. Residual co
N sanple coatings and the data ar

i ncreased with
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Jncreasing nitrogen content from 2290 kil ogram force per square mllineter
(Kgfmm'[err]) at 32.5 atom c per- N to a maxi num of 2640 kgfmMm 2 at
38.6 atom c percent N, and then decr¥ased to 1800 Kgfm2 at 50 atonic
percent N. Based on the data in the Table, the [err] coatings with a

maxi mum m cr ohar dness exhib- ited a m ni mumresidual conpressive stress.
This dis- covery is in contrast to what has been observed in the art in
whi ch the hardness of a coating Increases with increasing residual
conpressive stress. In general, the m crohardness of the coating increases
Wi th decreasing crystallite size and it is also believed that snmall
crystal- lite size contributed to high m crohardness of the coat-
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ol Fgakv e REEL%@EM@NV Ti SGontdnt tre—eeat-iag-with 32 5 atoml <"
bogggent “6f E’frsggntmn sh&gﬁdd .40 paged Heilse ffe(ﬁElﬂrA(ﬁEl@rSﬂEE’mless §& spif éfos
5t~ smal | ;rstﬂaim(s] i t epaged. Mapagad Mdqrr]i were expos'gd 0
50 ni - cr prid Drawingls) ep@ud’m@ agedtlp 40 ef [Elg g é Q RPasshtacaddgl es
at room t pribesuEe. COARRACS 6 Pagid Slt h ERANG O 0? ok PeskE psing)

was used [O deliver alu-"mna particlgs t Xgirgmct . agﬁd arm-t'éﬂ’amdum 0
nozzle. . DATE OF RECEM..!§M§"... _ ‘ paged ... to Paged ..........

' -1-
| DESCRIPTION
' The present invention relates to a wear and
erosion resistant coating for a substrate having a
titanium~-containing surface. |
 Resistance against erosion wear is normally
related to the hardness of the wear part. Some -
articles are subject to solid particle ercsicn in
: which particles of various sizes and hardness are
propelled at various angles agaihst the surface of the
articles. For example, a vehicle or the like (for
example a vehicle itself or a large container
associated with a road vehicle or part of a railrocad
train} travelling in the desert during a wind storm
will encounter various size solid particles of sand
ravelling at various velocities hitting the vehicle
or the like. If the size of thHe particles is large
and the velocity of the particles is high, the coating
on the vehicle or the like could be chipped or pitted.
In turbomachines which cperate in a dust environment,
this solid particle erosion is a severe problem.
Recently, physical and chemical vapour deposited
coatings, such as titanium nitride coatings and
zirconium nitride coatings, have been used to provide
a protective layer having good hardness
characteristics. These coatings have been found to
have good erosion resistance to A1203 and Si0,
particles at both high and Low impact angles.
Although these coatings have high hardness
characteristics, they exhibit inherently brittle

P combnt sheet
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i The nozzle to- speC|ncn dlstance was mai htained at 10 cm The amount of .
al uni na particles used for 20[err] -and 90[err] erosion was 1600 g and 400 .
“ g, respectlvely The rel ative erosion resistance was cal cul ated by '
gonparing the total weight |loss of the non-stoichionetric [err] coatlngs
with that of a stoichionmetric [err] coating, in which the erosion : .
resi stance was assuned to be 1 at both 20[errd and 90 inpact angl es. The'
data obtained is presented in the Table and shows that a naxi num cro- sion
resi stance at 20 and 90[err] occurtred at about 38 to 40 atom c percent N,

whi ch corresponds yughy iWeld an@ tihe i@ ik iddn P IBYAAEE H: Nag diess. Based
on the elastic-pl irsxai;la(étt h%%yeaggg%ngfesdfy with increasing hardness
and particle size of the erodent. - It has been
observed that dynamic ihpact of solid particle
erodents onto a coated surface of an article can
form lateral and/or median cracks around the impact
site. Median cracks are responsible for the
strength degradation of the material while lateral
cracks, which grow from the centre of impact |
- parallel to the substrate surface and then propagate
through the coating surface, account for most of the
material loss during solid particle impact erosion.
The sol1d particle impact erosion of these coatings
at a 90° 1mpact angle is due przmarzly to brittle

fracture. Thin coatings are more suspectible to

spalling and exposure of the substrate which may
lead to premature failure of the article. when
coatings applied by conventional techniques are
exposed to particle impact, pinholes and/or lateral
spalling pits generally result in the coating. Once
the coating material is cracked, additional impact
by even relatively small particles will cause
furrowing or grooves in the coating material. In a

turbomachine, this furrowing can areatly affect the

overall performance of the turbomachine.

Based on the elastic-plastic theory,
toughness and hardness are the dominant properties
controlling the erosion behaviour. #Hiagher hardness
is believed to increase er;sion resistance at both
low and high impingement angles while higher
toughness reduces the vulnerability to brittle

fracture and markedly increases 90° ersosion
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' hardness are the don1nant propertles controlllng ero
hardness i s believed to increase erosi.on resistance-

. i nmpact angles hi gh t oughness reduces the vul.nerabi
ture and. narkedly-increassfhigh angl e erosion resis
resi stant coating needs to be simulta- neously hard
study showed that the erosion resistance of Ti N coat
al um na particles increases with decreasi ng=r2s+dua

Hi gher residual conpressive stress, which generally

| ateral cracks in the coating durlng partlcle | npact
tough- ness. In Zm%sxﬁﬁimﬁﬁ i Anv@sosbondresds tead

and toughness are generally in op

materials.
with greater brittleness. Multil

materials have been found to have
high hardness and high toughness.

be simultanecusly hard and tough.

|gh '

i t geeplrldstﬁeénq{eﬁﬁﬂ‘ o

.azsm TN

conpressi ve stress.
| eads to radial and-
s, suggests | ower
(gggtxngnneeds te

However, hardnessf
position in hard

'ﬁigher hardness is usually associated

ayer hard compound
simultanecusly
The high hardness

is an inherent property of hard compounds 'and the
high toughness is sttributed to the formation of a
coherent or partly coherent interface boundary
between two different hard compound layers. For

example, it has been found that a

TiC/TiB,

multilayer coating has a better wear resistance than
either the TiC or TiS8; single layer. In cutting

tool applications, the multilayer

coated tool bits,

having a2 TiC/Al1,03/TiN three layer coating, or a two
layer coating in which one layer is a nitride,

carbide, boride, or silicide of a

metal of Group VI

of the Periodic Table and the other layer is a
nitride or carhide of a metal of Group VI of the

Periodic Table, have shown good performance in wear

resistance.
In copending application

U.S. Serial No.

405,131, a multilayer coating is disclosed which has

good wear and erosion resistant characteristics,

such multilayer coating comprising alternate
lamellas layers of a nitride-containing compound in

which at least one layer céntains

at least 2 atomic

percent of nitrogen different than the nitrzogen

contained in an adjacent layer.

{t has now been found possivle co

provide a substrate having a titanium-contaiming

This is the réplacemerit sheet’
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t pre55|ve stress of the coatlng i ncreased Ilnearly ML;D_LEEL§§§LDQ~—~;——< -

* microhardness. A plot of residual conpres- sive stresSs versus nicrohardness
was plotted in FIG 1 -for the sanple coating fron1the1{@Qhe9ha ta -
sdenonstrates that the residual conpressive stress of no ﬁT= “

Ti N, coatings decreased-linearly with increasing m croh
i nplies that non- stoichionetric [err] coati Mgs are sinu neously hard and

t ough. -9- _
surface with a top layer of a non-stoichiometric
titanium nitride coating that has good wear
resistance and/or erosion characteristics to solid

"partzcle impact.
It has also been Eound possible

to provide a titanium coated substrate with a
non-stoichiometric titanium nitride coating in which
the atomic percent of nitrogen in the titanium
nitride is from 32.5% to 473. |

The above and further objects and
advantages of this invention will become apparent
upon consideration of the following description.

According to the present invention there is provided a

non-stoichiometric titanium nitride coating for
substrates having a non-nitrogen titanium-containing
outer surface, in which the atomic percent of nitrogen
in the titanium nitride coating is from 32.5% to

47%. Preferably, the atoniic percent of nitrogen in
the non-stoichiometric titanium nitride coating could
be from 36% to 44% and most preferably about 40%. A
coating containing a layer of titanium nitride in
which the nitrogen is less than 32.5 atomic percent
has been observed to be extremely difficult to strip
by conventional means, while a nitrogen content of
greater than 47 atomic percent has been observed to
be susceptible to spalling by radial and lateral
cracks due to direct impact of particles and has been
found to have high residual compressive stress. The
coating of the present invention has goud wear and corrosion
characteristics and should have a crystallize size,
measured in the direction perpendicular to (111)

This is the replacemant sheet
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FIG 2 shows a conbined plot of ‘erosion resistance vs. N content and .
conpressive stress vs. N content. A.-trend of inerease T 90[€rr] erosion
resi stance with decreas- ing-residUaI'COnpressivqm§§ﬁ§;%&5g§§gglaﬁdly _ o
fndi cated. -A marked decrease in residual conpressiMBIBL he coating .
occurred at about 48 atomic percent N. In FIG 3 anm &MEL lLof erosion
resi stance vs. N content and crystallite size vs. that the
erosion resistance of the coating increased with decreasing crystallite
size except the coating containing 32.5 atquric percent N. The coatings:

whi ch contain 32,5 atom,c percent N or less are relatively reactive due to
high Ti contentdbfificagsiep: PdraeyoofulrpAgthan Ag &8\ @referably less

than 50 nm. o
The titanium nitride cocating preferably has a .

microhardness from 2061 to 2695 kilograms force per
square millimetre. The titanium nitride coating
preferably has a residual compressive stress of 1207
to 2406 x 105 pa (175 to 349 kilopounds per square

inch) .
According to the present invention there is also

provided a coated article having a coating of the :

present invention secured to a substrate having a

titanium—-containing outer surface.

According to a particular embodiment of the
present invention there is provided a methed for
producing a non-stoichiometric titanium nitride
coating on a substrate having a titanium-containing
surface could comprise the steps:

ta) placing a substrate having a titanium-
containing outer surface in a chamber containing a
titanium-based target and a nitroqen—cdntaining gas
mixture;

(b) evaporating the titanium from the titanium-
based target to produce a titanium vapour to react
with the nitrogen in the nitrogen-containing gas
mixture and adjust the ratio of nitrogen to titanium
to form a titanium nitride layer on Lthe substrate that
has a2 nitrogen content from 32.5 atomic percent to 47
atomic percent. | i

One preferred embodiment for producing a titanium
nitride coating on a titanium coated substrate would
comprise the steps: _

(a) placing a titanium coated substrate having a

titanium-containing outer surface in a vapour
This is the replacemment sheet
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in spite of small" crys%a##+%e4yay%44L¢he.""

particle inpact Therefore, _ o
coating with 32.5 atonic percent N, the higher c stress conpared
with that contain- ing 38 to 40 atom c percent bf the’

f H t reduction

Coatlng during erosion was probably responsible
is a

in erosion resistance. FIG 4 shows that the text
The coatrng exhrb ited a <311>

function of N concentration in the coati ng
N 35.5 and 41.5-atoni ¢ percent,

preferred orientation at N content be- t
while.a <111> pé\gﬁssj.eﬂoarcaamazonaaﬁpgaandanadél &AE! 8Bht@Eadhe’ af han 45
preferred orlentatlon was

gl ﬁeg’e;fe&t coisanbiR?bh90a°bathdde #dng dtenPlohesded
containing gas mixture;
(b) applying a volcage across the cathcce and

anocde to establish a current to effect evaporation of
che titanium from the titanium-based cathcde to
'pzcduce a titanium vapour to react with the nitzogen
in the nitrogen-containing gas mixtu:e and;

(c) adjusting the ratio of nitrogen to titanium
to form a titanium nitride layer on the substrate that
has a nitrocgen content from 32.5 atomic percent to 47
atomic percent. : _ '

It is believed that the simultanecus coatiag of a
substrate with a TiN, based composition and
bombardment of the ti:anium—ccntaining cuter sucface
of the substrate with inert gas ions, such as, for
example, argon ions, will produce a low stress aad
small c:ys:alli:e for the TiN, coating of the present
invention. '

Preferably, the nitregen-containing gas mixzuze
could be argon-nitrogen; krcypton-nitrogen; helium-
p;::cqen; zZenon-nitrogen; neon-nitzogen or the like.
the titanium nitride cocating of the present invention
can be deposited by using conventional ghysical vasours
deposition technigues such as arzc precesses, de and of
magnetron sputtering, reactive ion plating and the
like.

As used herein, a substrate having a titanium-
containing cuter suzface is a titanium substcate oz a
substrate cqated with titanium or with 2 non-nitzogen
titanium alley. If the substrate is other than
'titan;um, the ti:anium—ccntaining cuter layer should

™o 18 the replacapicry sheet
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“tent between 41.5 and 45 atonic percent; the <3&&;~{QKL;QﬁMl£;ﬁLﬁLEIred :
orientations occurred between 33.5 and 35.5 ato c ercent and t he <200>

and <220> preferred orientations occurred at |es idc percent,
respectively. In summary the data from Exanpl e | , ﬂ rystallite:
e to small

size decreases with decreasing N content. A trans
crystallite occurs at approximately 47 atom c percent nitrogen. b) The _
m crohardness of [err] coatings increases mnth decreasi ng nitrogen content,

from 2081 Kgfmierr] at 49.3 atomc perceﬁt Titrogen to 261 1 Kgfmm 2 at
39.9 atomc percﬁﬁéfétéﬁpﬁeﬂe grdmt ben gdeceecosmickond2@hick, and more

preferably from 0.2 to 4.0 microns thick.

The thickness of the titanium nitride coating of
this invention can vary greatly as for example from 1
to 40 microns thick while for wear applications the
preferred thickness of the coating could be from 1l to

15 microns and for erosion applications the coating
could be from 8 to 40 microns.

The titanium nitride coating of this invention is
ideally suited for coating substrates such as,.for
example, titanium, titanium coated iron, titanium -~
coated aluminium, titanium coated nickel, titanium
coated cobalt, alloys of the base substrate material
thereof and the like. 1In applications using other
than a titanium substrate, the substrate should be
coated with a non-nitrogen titanium~containing layer
prior to depositing the coating of this invention
since titanium will effectively provide.a better
adherence for the coating.

The present invention will now be further
described with reference to the following Examples.

Example 1

Titanium nitride coatings were deposited on
Ti-6Al-4V substrates using a physical vapour
deposition arc evaporation process. Before
deposition, the vapour deposition chamber was
evacuated to a pressure below 7 x 10™% pa and then
backfilled with argon to 0.7_Pa. The substrate to be

Wlatherom o
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Kgf mm [err] at 32.5 atomic percent nitrogeh, c)_The fésiduaI conpr essi ve.
stress of the [err] coat- 'ings decreases w th decreasiTh gasmetmawem& GJe@nt

from 323 Ksi- at 49.3atonmi c percent nitrogen to a mni ,w"w } [ '
39.9 atom c percent nitrogen and then in-_cgeases to 2
percent nitrogen. 10 - d) The residual conpressive st
coatings decreases linearly with increasing mcrohardness and the coating
contai ning approxicedetd wésaspattepedcedtremove surface contaminants.
- Subsequently, a 250 ampere d.c. arc was activated
across a titanium cathode and a chamber which acts as
an anode to evaporate Ti from the Ti ‘cathode in an
'argon environment at an overall pressure about 4 Pa
80 as to deposit about 1 micron of titanium on the
substrate and then the argon was changed to an
argon-nitrogen reactive gas mixture. The ionized Ti .
vapour reacted with N, ions and then formed a titanium
nitride coating on the substrate. Each coating was
formed by adjusting the nitrogen N, gas flow rates
during the deposition.'Specifically the nitrogen gas
flow was varied from approximately 80 to 100. standard
cubic centimetres per minute (sccm) and the total
argon gas flow was maintained at about 250 sccm. The
deposition temperature, determined using an optical
pyrometer, was between 420°C and 530°C.

atom ¢

The nitrogen content of each sample coating
was measured by sputtered mass neutral spectrometry.
The neutral atoms of the coating were sputtered from
its surface into plasma by ions which were generated
from a low pressure r.f. plasma. The neutral atoms
were then ionized by energetic electron impact.
These ions were subsequently analyzed and detected in
a quadrupole mass spectrometer. The measured area
was in an 8 mm diameter circle and the total
sputtered depth was approximately S microns.

The nitrogen content of each sample coating
is shown in the Table.
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stress. e) Erosion resistance of non- st0|ch|onetr|c [err eloRe dn&;ﬁ
invention to 50 micron alumina particles at both 20[err] ﬁ ﬁﬁ \‘“ ct

angles is superior to a stoi- chiometric Ti N coating.
non-stoi chiometric [err] coating of this inven- tion cont

approxi matel y- 40 atonic percent nitro- gen9has optlnun1er05|on resi stance
~at. both [err] and 90[err] i npact -angl es. 'EXAMPLE 2 [err] coatings on .
titani um coated sanples as in Exan} ple | containing approxi mtely 40
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‘gen, with coating thicknesses varying from3.5 to 17.5 nmicrons, were
subj ected to 50 microns alum na particles:at 90[err]‘anggl_gggﬂf%iégiﬂﬁ
establish the coating. 1ifelthick- ness relationship.” The anount ©
erodent which is needed to penetrate the coating was db@éhﬁﬂﬂ@@&§§e
function of coating thickness. A5 to 15 gran1|ncrenent ,
was used for each test. Typically, the erosion scar ] [w
di ameter area. The area.of substrate exposure, apprOX|nate i

di ameter, was used as a cursory nmeasure for é8aring’ penetratlon From t he
data a- plot of relative |life (arbitrary nunber) vs. thickness was prepared

and is showmn in FIG 5. Under this test, condition, %g i,ncrease in
coat - The crystallite size of 2alh the sample

coatings was determined by the Scherrer formula as

aced

,odent:

follows:

Dpyy = KA
Bcosf

where Dy is the dimension of crystallite in the
' direction perpendicular to the reflecting plan
(hkl), K is the crystallite shape factor which is
assumed to be 1 in this case, A is the wavelength of
the X-rays, @ is the glancing ahgle of incidence,
and 8 is the half-maximum breadth. Typicélly, the
experimentally observed breadth (8) is comprised of
B due to the particle size effect and b resulting
from the instrumental broadening, B « B + b. The
instrumental broadening, b, was determined using TiN
powder with particle size greater than several
microns. The crystallite'size'Dlll-and Dygg were
determined and the results are shown in the Table.
This data shows that the crystallite size D;;; and
Dypp increased with increasing nitrogen content. A
large increase in crystallite size of both D;;, and
Dygo occurred at approximately 47 atomic percent of
nitrogen. Although not bound by theory, it is '
believed that'the small crystallite size in the
coatings with nitrogen content less than 47 atomic
percent was probably causeé'by 2 continuous
‘formation of nucleation sites resulting from argon
ion bombardment during deposition in which the
reactants such as Ti and N ions were sufficient to
rapidly renucleate new grains at newly formed

nucleation sites.
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ing life (relative) was observed at coating thicknesses greater than 9 pm
"The relative coating life to 50 [err] A1203 erodent appeared to have a _
| i near relatlonshlp wi tth the coating thickness in the thickness range from -
‘9 microns to 17.5 microns. Although specific enbodinents of this invention
have been described, it -shoul'd be understgad-that van- ous .nodifications =
may be made without departing fromthe spirit of this invention. - - 11 -~

Residual stresses'of'the'sample TiN, céatings were
 determined. using the standard sin? ¥ method based on the change
in lattice spacings (strain). _ _
The stresses of TiN, sample coatings were then measured
with the assumption of Young’s modulus of 279.9 x 10°%kPa (40.6 x
10° psi) and a poisson ratio of 0.25.
Residual compressive stress was found in
all the TiN, sample coatings and the data are shown
in the Table. The magnitude of compressive stress
decreased with decreasing N content and reached a
minimum at about 39 atomic percent of nitrogen. '
The as-coated surface of each of the TiN,
sample coatings was metallographically polished
before being subjected to microhardness
measurements, using a Vickers hardness tester with a
load of 0.1 Kg for 15 seconds. The data obtained is
presented in the Table and shows that the
microhardness of TiN, increased with increasing
nitrogen content from 2290 kilogram force per square
millimetre (Kgfmm?) at 32.5 atomic percent N to a
maximum of 2640 Kgfmm? at 38.6 atomic perxcent N,
and then decreased to 1800 Kgfmm™? at 50 atomic
percent N. Based on the data in the Table, the TiN,
coatings with a maximum microhardness exhibited a
minimum residual compressive stress. This discovery
is in contrast to what has been observed in the art
in which the hardness of a coating increases with
increasing residual compressive stress. In general,
the microhardness of the coating increases with
decreasing crystallite size and it is also believed
that small crystallite size contributed to high

Thbistheibphnmmont.mmﬂ
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What is clained: 1. A non- st0|ch|onetr|c tltanlun1n|tr|de coating for
subst yrat es havi.ng good wear and corrosion resistance in which the
substrate has a non-nitrogen, titaniumcon- taining outer surface and on
whi ch a substantially ho- nogeneous titaniumnitride coaring having a
crystallize size, neasured in the.direction perpendicular. to (111) -
diffraction plane of less than 55 nm containing from32.5 to 47 atonic
percent nitrogen is disposed over said titaniumcontining outer surfacc
exhi biting increased resistance to solid particle inpact. 2. The
non-stoichiornetric titaniumnitride coatilzy -of claim1 wherein sald

titaniumnitride contains fron136
mzcrohardness of the coating. However, relatively
high Ti content in the coating with 32.5 atomic
percent of nitrogen, showed an adverse effect on
microhardness in spite of small crystallites.

The TiNg sample coatings were exposed to 50
microns alumina erosion at both 20° and 90°
impingement angles at room temperature. Compressed
air with a pressure of 290 kPa (42 psig) was used to
deliver alumina particles through a 5 mm diametet
alumina nozzle. The nozzle-to-specimen disténce was

maintained at 10 cm. The amount of alumina
particles used for 20° and 90° erosion was 1600 g

' and 400 ¢, respectively. The relative erosion
resistance was calculated by comparing the total
weight loss of the non-stoichiometric TiN, coatings
with that of a stoichiometric TiN coating, in which
the erosion resistance was assumed to be 1 at both
20° and 90° impact angles. The data obtained is

presented in the Table and shows that a maximum

erosion resistance at 20° and 90° occurred at about
38 to 40 atomic percent N, which corresponds very

well to the region of maximum microhardness.

The present invention will now be further _
described with reference to, and as illustrated in the
accompanying drawings, in which:-

Figure 1 is a plot of residual compressive stress

vs. microhardness for the coating of the present

invention;
FLgure 2 is a plot of erosion resxstance vs. the

nitrogen content in TiN, coat;nqs and a plot of
residual compressive stress vs. the nitrogen content

in TiN, coatings;
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to 44 atomc percent nltrogen 3. The non-stoichionmetric titaniumnitride -
coating of claim1l wherein said titaniumnitride contains about 40 atonic -
percent nitrogen. 4. The non-stoichiometric titaniumnitride coating Of
claim1 wherein said titaniumnitride coating has a m- crohardness from -
061 to 2695 kil ograns force per square fii +fi meter. ‘5. The :
non-stoi chiometric titaniumnitride coatlng of claim4 wherein said

ressive stress of 175 .to 349 .

d
1 opounds per sauar e TLdERE ¢ Lihd NASLEPs SRCRHGR £ PAPRRROR WAL (e

coating of . nitrogen comment 1n TiN, coatings and a plot of

crystallite size vs. the nitrogen content in TiN,
coatings; ' |

Figure 4 is a plot of the texture coeff1c1ent vs.
the nitrogen content in TiN, coatlngs, and

Figure 5 is a plot of relative life vs. éoating
thickness for various TiN, coatings.

Based on the elastic-plastic theory,
toughness and hardness are the dominant properties
controlling erosion behaviour. Higher hardness is
believed to increase erosion resistance at both low
and high impact angles; high toughness reduces the
vulnerability to brittle'fracture and markedly
increases high angle erosion resistance. An erosion
resistant coating needs to be simultaneously hard
and tough. Previous study showed that the erosion
resistance of TiN coating to 50 microns alumina.
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claim 1 wherein saijd tltanlun1n|tr|de coating is. fron1| to 40 mcrons
thick. 7. The non-stoichionetric titaniumnitride coatlng of claimé6:
wherein said titaniumnitride:coating is from! -to 15 microns thick. 8. The.
non-stoi chiometric titaniumnitride coating of cl.aim 6 wherein said
titaniumnitride coating.is from8 to 40 mcrons. 9. ‘A coated article
having a coating conprising a non- stoichoinmetric titaniumnitride coating
having a crystallize size, measured in the erectlon per pendi cul ar to (111)
diffraction plane of |ess than 55 nm haV|ng an atonic percent of nitrogen

fron132 5% to 4W%§§!&Eé£hs increases with decreasing residual
compressive stress. Higher residual compressive
stress, which generally leads to radial and lateral
cracks in the coating during particle impacts,
suggests lower toughness. In ZrN coatings, it was
found that residual compressive stress of the
coating increased_linearly with increasing
microhardness. A plot of residual compressive _
stress versus microhardness was plotted in Figure 1
for the sample coating from the Tables and the data
demonstrates that the residual compressive stteés.cf
non-stoichiometric TiNy coatings decreased linearly
with increasing microhardness. This implies that
aon-stoichiometric TiNy coatings are simultanecusly
hard and tough. : o

Figure 2 shows a combined plot of erosion

resistance vs. N content and compressive stress vs.
N content. A trend of increase in 90° ercsion
resistance with decreaéing residual compressive
stress was clearly indicated. A marked decrease in
residual compressive stress of the ccaéing occurred
at about 48 atomic percent N. In Figure 3 a
combined plot of erosion resistance vs. N content
and crystallite size vs. N content shows that the
erosion resistance of the coating increased with
-decreasing crystallite size except the coating
containing 32.5 atomic percent N. The coatings
which contain 32.5 atomic percent N or less are -
relatively reactive Que to high Ti content and
susceptible to burning during solid particle
impact. Therefore, in spite of small crystallzte
size in the coating with 32.5 atomic pecrcent N, the

—//
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to a substrate selected frontthe group conslstlng of ttanlun1 t|tan|um
alloy, titaniumcoated iron or irfon alloys, titanium coated al um num or

‘al um num al 1.oys, titanium coated nickel or nickel alloys and, titanium
coated cobalt or cobalt alloys wherein said coated arti- cle exhibits .«

i ncreased resistance to solid partlcle I npact. 10. The coated article of
claim9 wherein the nitrogen content in the titaniumnitride coating is
from36 to 44 atonmi c percent and the substid8te is titanium 11. The coated -
article of claim 10 wherein the thick- ness of the titaniumnitride coating
is froml to 40 mMighwoxompiressive stress compared with that

containing 38 to 40 atomic percent N and the burning
of the coating during erosion was probably
responsible for a significant reduction in erosion
resistance. | . |
Figure 4 shows that the texture coefficient
is a function of N concentration in the coating.
The coating exhibited a <311l> prefer:ed orientation
at N content between 35.5 and 41.5 atomic percent,
while a <11l1> preferred orientation appeared at N
content greater than 45 atomic pe:cent; A
combination of <1ll> and <311> preferred orientation
was obtained at N conteat between 41.5 and 45 atomic
percent; the ¢311> and <200> preferred orientations
occurred between 33.5 and 35.5 atomic percent; and
the <200> and <220> preferred orientations occurred
at less than 33.5 atomic percent, respectively. _
In summary the data from Example-l1 shows:

. a) The crystallite size decreases
with decreasing N content. A transition from la:cge
to small crystallite occurs at approximately 47

atomic percent nitrogen.
b) The microhardness of TiN,

coatings increases with decreasing nitrogen content,
from 2081 Kgfmm ~2 at 49.3 atomic percent nitrogen to
2611 Kgfmm -2 at 39.9 atomic percent nitrogen, and
then decreases to 2286 Kgfmm‘z at 32.5 atomic

percent nitrogen.
c) The residual compressive stress

of the TiNy coatiags decreases with decreasing
nitrogen content, from 323 Ksi at 49.3 atomic
percent nitrogen to a minimum of 183 Ksi at 39.9
\
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- 12 - n1crohardness of t-he coatlng Fbmévér relatlvely hlgh Ti- content
in the coating with 32.5 atom.c percent: of - n|trogen showed an adverse
effect on mcrohardness in spite of small crystallites. The [err] sanple
.coatings were exposed to 50 microns alum na erosion at both 20[err] and
90[ err] inpingenment -angl es -at roon1tenper%§ure Conpressed air with a
pressure of 290 kPa (42 psig) ‘was used to deliver alum.na particles through
a5 mmdiameter aLuplnd 192208 n1RGJR%7LEd il C R Aay 309 34PS

Ksi at 32 5 atomic percent nltroge

d) ' The re51dual ccmpressive stress

of TiN, coatings decreases llnearly with increasing

microhardness and the coatlng containing

approximately 40 atomic percent nitrogen exhibits

maximum microhardness and minimum rasidual o

compressive stress. |

e) Erosion resistance of

non-stoichiometric TiN, coatings oZ chis invention

to 50 micron . alumina particles at kbech 20° and 90°

impact angles is superior to a stoichiometric TiN

coating.

' £) The non-stoichicmetric TiN,
coating of this invention containing approximately
40 atomic percent nitrogen has optimum erosion

resistance at both 20° and 90° impact angles.

Example 2
TiN, coatings on titanium coated samples as

in Example 1 containing approximately 40 atomic
percent nitrogen, with coating thicknesses varying
from 3.5 to 17.5 microns, were subjected to 50
microns alumina particles at 90° impact angle to
establish the coating life/thickness relationship.
The amount of alumina erodent which is needed to
penetrate the coating was determined as a function of
coating thickness. A 5 to 15 gram increment of
alumina erodent was used for each test. Typically,
the erosion scar covers a 2.5 cm diameter area. The
area of substrate exposure, approximately 1 cm in
diameter, was used as a cursory measure for coating
penetration. From the data a plot oI relative life.
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mai ntai ned at 10° cm’ The anDunt of alumina particles used for 20[err] and
90[ err] ‘erosi 6n was 1600 g and 400 g, respectively. The rel ative erosion
resi stance was cal cul ated by conparing the total weight |oss of the _
non-stoi chiometric TiNx coatings w th- that gof a stoichionetric Ti N coating,
in which the erosion resistance was assuned to be 1 at- both 20ferr] and
90[err] inpact angles. The data obtained is presented in the Table and

shows t hat ?aﬁ?ﬂfm SLABOR) IS St Endds XA &plepae@Obearlsoccurred at

about 38 to atom’c percent N, which corresponds very well to the region
of nHX|nun1$hQMﬂbH§Fdﬁ§%s 5The present invention will now be further
Under this test condition, a marked increase

in coating life (relative) was observed at coating .
thicknesses greater than 9 uym. The relative coating
life to 50 ym Al,0, erodent appeared to have a linear
- relationship with the coating thickness in the
thickness range'frdm 9 microns to 17.5 micromns.
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described with reference to, and as |Ilustrated in the acconpanylng

drawi ngs, in which:- Figure 1 is a plot of residual conpressive stress vs.

m crohardness for the coatlng of the present invention; Figure 2 is a pl ot

of erosion r ‘t he ni trogen content in [err] coatings and a pl ot
of residua

Thi s Sheet Fb

nﬁre55|ve stress vs. the nﬁ¥%ogeh content in [err] coatings;

AR VR ERN

1. A non-stoichiometric titanium nitride coatin
for substrates having good wear and corrosion
resistance, in which the substrate has a non-nitrogen,

titanium-containing outer surface and on which a

CLAIMS

titanium nitride coating containing from 32.5 to 47
atomic percent nitrogen is disposed over the titanium-
containing outer surface. _ '

2. A coating according to claim 1, wherein the
titanium nitride contains from 36 to 44 atomic percent
nitrogen.

3. A coating according to claim 2, wherein the
titanium nitride contains about 40 atomic percent
nitrogen.

4. A coating according to any of claims 1 to 3,
wherein the titanium nitride coating has a
microhardness from 2061 to 2695 kilograms force per
square millimetre.

5. A coating according to any of claims 1 to 4,
wherein the titanium nitride coating has a residual
compressive'stress of 1207 to 2406 x 10° Pa (175 to
349 kilopounds per square inch).

6. ‘A coating according to any of claims 1 to 5,
which is from 1 to 40 microns thick.
7. A coating according to claim 6, which is from

1 to 15 microns thick.

8. A coating according to claim 6, which is from
8 to 40 microns.

9. A coated article having a coating as defined
in any of claims 1 to 8, secured to a substrate having
a titanium-containing outer surface.

10. A coated -article according to claim 9,
wherein the substrate is selected from titanium.
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- 13 - Flgure 3is a plot of erosion resistance vs. the nitrogen connent in L

. [err] coatings. aﬁd—a—p#e%—ei—gLysLalI|te size vs. the nitrogen content
[err] coatings; is a plot of the texture.coefficient vs. the -
ni trogen content’ wuﬂ " Hmﬂnm and Figure 5 is a plot of relative life

© VS. coating t hi cK [err] coatings. Based on t he .

el astic-plastic theory toughness and-®r dness are the dom nant propertles
control | ing erosion behaviour. H gher hardness is believed to increase

erosion resi stapGaidm RALBY, OWitanium coated iron or ircn alloys,

titanium coated aluminium or aluminium alloys,
titanium coated nickel or nickel alloys and titanium
coated cobalt or cobalt alloys. _ '

11. A coated article according to claim 10,
wherein the nitrogen content in the titanium nitride
coating is from 36 to 44 atomic percent and the
substrate Ls titanium.

12. A coated article according to claim 11,
wherein the thickness of the titanium nitride coating

is from 1 to 40 microns thick.
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and hlgh i mpact angl es; hi gh toughness reduces the vuInerabilrty-to'brittle'
fracture and nmarkedly increases high .angle erosion resistance. An erosion. .
resi stant coating needs to be.simultaneously hard and: t ough. Previous study

.showed that the erosion resi stance of  Ti N coating to 50 mcrons al um na.
- 14 - particles increases with, decrea5|ﬁ re5|dual conpressive stress.

Hi gher residual conpressive stress, which gener T S—t-0—-aaal and
lateral | A RSTRACT 6 SHEET HAS GeEN
- - . T REPLACED

. NON-STOICHTOMETRIC TITANIUM NITRIDE CCATIN'G

. A wear and erosion resistant_coating for
substrates having a non-nitrogen titanium-containing
outer surfacé onto which a non-stoichiometric
titanium nitride coating is deposited in which the
nitrogen content in the titanium nitride coating is
from 32.5 to 47 atomic weight percent.

Figure 3.
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cracks in the coating during part.icle inpacts, suggests | ower toughness. in
ZrN coatings, it was found that - reS|duaI conpressive stress of .the coatlng
increased linearly with increasing nlcrohardness A plot of resi dual '
conpressive stress versus mcrohardness was plotted in Figure 'l for the
sanpl e coating fromthe Tabl es and the data denonstrates that the residual
conpressive stress of non-stoichionetric [err] coatings decreased linearly
wi th increasing mcrohardness. This inplies that non-stoichionetric [err]
coatings are S|nultaneously hard and tough. Figure 2 shows a conbined plot

of erosion -1 -

FIG. |
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resi stance vs. N content " and conpre55|ve stress vs. N content A trend of - - -

increase in 90[err] erosion resistance with decreaS|ng resi dual conpressive-
stress was clearly |nd|cated A marked decrease in. residual conpressive
.stress of the coating occurred at -about 48 atomic percent N. In Fi gure 3 a
conmbi ned plot of erosion resistance vs. N content- and crystallite size vs.
N content shows that the erosion resistance of the coating increased mnth
decreasi-ng crystallite size except the<uxg|ng containing 32.5 atom c- _
percent N. The coatings which contain 3275°&tonic percent N or |less are
rel atively reactive due to high Ti content and N :

FIG 2
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susceptible to burning during solid particle. inpact... Therefore,: in spite of
~small crystallite size in the coating with 32.'5 atom c percent ‘N, the -

15 - hi gher conpressive stress conpared with that containing 38 to 40
atom ¢ percent N and the burning of the coating durjng erosion was probably
responsi ble for a significant reduction in erosion resistance. Figure 4

shows that the texture coefficient - 3
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~is a function of ‘N concentration in the coating. “The coating exhibited a
«311> preferred orientation at N content” between 35.5 and 41.5 atomic
percent, while a <111) preferred orientation appeared at N content greater
~than- 45 atomnic percent. A conbination of <111> and <3I1> preferred:
orientation was obtained at N content between 41.5 and 45 atonic percent;
the ¢311> and <200> preferred orientati ons-agcurred between 33.5 and 35.5-
atom c percent; and the <200> and <2207? preferred orientations.occurred at
| ess than 33.5 atom c percent, respectively In summary the data from
Exampl e- 1 shOMf; a)_ The crystallit-e—stre—deTcreases

N ATOMIC % IN TiNx

Te(111)
Tc(200)
Tc(220)
Te(311)
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wi th decreasing N content. A'transition fromlarge to small crystallite
occurs at approximately 47 atomi c percent nitrogen, b)  The microhardness
of [err] coatings increases W th decreasing nitrogen content, from 2081
Kgfmierr] at 49.3 atom c percent nitrogen to 2611 Kgf-mmjerr] at 39.9:
atom c percent nitrogen, and then decreases to 2286 Kgfmmferr] at 32.5
atom c percent nitrogen. c) . The residual conpressive stress of the [err]-
.coatings decreases with decreasing nitrogen content, from 323 Ksi at -49.3
atom c percent nitrogen to a mnimmof 183 Ksi 'at 39.9 . o
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atem c percent nitrogen and then increases to 233 Ksi at 32.5.atoﬁi§°m3'b

fperce-m—-gﬁg-ﬁ- al compressive stress of [err] papdidepy
‘decrpase Iij‘ ; E \/&Hclﬁ? ncTeasi ng mcrohardness and the coating containing
apprp oB0: PAZSHie 1D 8PEEnt Ni t rogen exhi bits maxi mum ni cr ohar dness and
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- NON-STOICHIOMETRIC TITANIUM NITRIDE
COATING
FIELD OF THE INVENTION

The invention relates to a wear and erosion resistant
coating for a substrate having a titanium-containing
surface, said coating composed of a top layer of non-
stoichiometric titanium nitride in which the nitrogen
content of the coating is from 32.5 to 47 atomic weight
percent. :

BACKGRGUND OF THE INVENTION

Resistance against erosion wedr is normally related to
the hardness of the wear part. Some articles are subject
to solid particle erosion in which particles of various
sizes .and hardness are propelled at various angles
against the surface of the articles. For example, a car
traveling in the desert during a wind storm will encoun-
ter various size solid particles of sand traveling at vari-
ous velocities hitting the car. If the size of the particles
is large and the velocity of the particles is high, the
coating on the car could be chipped or pitted. In turbo-
machines which operate in a dust environment, this
solid particle erosion is a severe problem. Recently,
physical and chemical vapor deposited coatings, such as
titanium nitride coatings and zirconium aitride coatings,
have been used to provide a protective layer having
good hardness characteristics. -These coatings have
been found to have good erosion resistance to A1203
and SiO; particles at both high and low impact angles.
‘Although these coatings have high hardness character-
istics, they exhibit inherently brittle behavior and their
erosion resistance at normal impact decreases markedly
with increasing hardness and particle size of the ero-
dent. It has been observed that dynamic impact of solid
particie erodents onto a coated surface of an article can
form lateral and/or median cracks around the impact
site. Median cracks are responsible for the streagth
degradation of the material while lateral cracks, which
grow from the center of impact parallel to the substrate
surface and then propagate through the coating surface,
account for most of the material loss during solid parti-



to 50 mcron alumna particles at both 20[err] and 90 inpact angles is
superior to a stoichionetric TiN coating. f) The non-stoichionmetric [err]
coating of this invention containing approximately 40 atom c percent

ni trogen has.optimum erosi on resistance at both 20[err] and 90 i npact
angles. Exanple 2 [err] coatings on titanium coated sanples as in Exanple 1
contai ni ng approxi mately 40 atom c percent nitrogen, with coating

thi cknesses varying from3.5 to 17.5 pigrons, were subjected to 50 mcrons

alum na particles at 90[err] inpact angle to
cle impact erosion. The solid particle impact erosion of

these coatings at a 90° impact angle is due primarily to
brittle fracture. Thin coatings are more suspectible to
spalling and exposure of the substrate which may lead
. to premature failure of the article. When coatings ap-
plied by conventional techniques are exposed to particle
impact, pinholes and/or lateral spalling pits generally
result in the coating. Once the coating material is
cracked, additional impact by even relatively small
particles will cause furrowing or grooves in the coating
material. In a turbomachine, this furrowing can greatly
affect the overall performance of the turbomachine.

Based on the elastic-plastic theory, toughness and
hardness are the dominant properties controlling the
crosion behavior. Higher hardness is believed to in-
crease erosion resistance at both low and high impinge-
ment angles while higher toughness reduces the vulner-
ability to brittle fracture and markedly increases 90°
erosion resistance. An erosion resistant coating needs to
be simultaneously bard and tough. However, hardness
and toughness are generally in opposition in hard mate-
rials. Higher hardness is usually associated with greater -
brittleness. Multilayer hard compound materials have
been found to have simultancously high hardness and
high toughness. The high hardness is an inherent prop-
erty of hard compounds and the high toughness is at-
tributed to the formation of a coherent or partly coher-
ent interface boundary between two different hard
compound layers. For example, it has been found that a
TiC/TiB; multilayer coating has a better wear resis-
tance than either the TiC or TiB;single layer. In cutting
tool applications, the multilayer coated tool bits, having
a TiC/A1;03/TiN three layer coating, or a two layer
coating in which one layer is a nitride, carbide, boride,
or silicide of a metal of Group VI of the Periodic Table
and the other layer is a nitride or carbide of a metal of |
Group VI of the Periodic Table, have shown good

. performance in wear resistance.

In copending application U.S. Ser. No. 405,131 now
abandoned, a multilayer coating is disclosed which has
good wear and erosion resistant characteristics, such
multilayer coating comprising alternate lamellas layers
of a nitride-containing compound in which at least one
layer contains at least 2 atomic percent of nitrogen
different than the nitrogen contained in an adjacent
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establish the coating life/thickness relationship. The amount of al um na
erodent which is needed to penetrate the coating was determ ned as a

" function of coating thickness.

A 5 to 15 gramincrenent of alum na erodent

was used for each test. Typically, the erosion scar covers a 2.5 cm

di aneter area. The area of substrate exposure,
di aneter, was used as a cursory measure for coating penetration.
relative life. - 173 .

data a plot of

It is an object of the present inveation to pravide a
substrate having a titanium-containing surface with 2

top layer of a non-stoichiometric titanium nitride coat- -

ing that has good wear resistance and/or erosion char-

_acteristics to solid particle impact.

Another object of the present invention is ta pravide
a titanium coated substrate with a2 non-stoichiometric
titanium nitride coating in which the atomic percent of
nitrogen in the titanium nitride is between 32.5% and
47%. .

The above and further objects and advantages of this
invention will become apparent upon consideration of
the following description.

SUMMARY OF THE INVENTION

The invention relates to a non-stoichiometric tita-
nium nitride coating for substrates having a non-nitro-
gen titamium-containing outer surface in which the
atomic percent of nitrogen in the titanium nitride coat-
ing is from 32.5% to 47%. Preferably, the atomic per-
cent of nitrogen in the non-stoichiometric titanium ni-
tride coating could be from 36% to 44% and most pref-
erably about 40%. A coating containing a layer of tita-
nium nitride in which the nitrogen is less than 32.5
atomic percent has been observed to be extremely diffi-
cult to strip by conventional means, while a nitrogen
content of greater than 47 atomic percent has been
observed to be susceptible to spalling by radial and
lateral cracks due to direct impact of particies and has

_ been found to have high residual compressive stress.

The coating of this invention has good wear and corro-
sion characteristics and should have a crystallize size,
measured in the direction perpendicular to (111) diffrac-
tion plane, of less than 55 nm, preferably less than 50
nm.

A method for producing a non-stoichiometric tita-
nium nitride coating on a substrate having a titanium--
containing surface could comprise the steps:

(a) placing a substrate having a titanium-containing
outer surface in a chamber containing a titanium-based
target and a nitrogen-containing gas mixture;

(b) evaporating the titanium from the titanium-based
target to produce a titanium vapor to react with the
nitrogen in the nitrogen-containing gas mixture and
adjust the ratio of nitrogen to titanium to form a tita-

- This is the replacement sheet
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(arbitrary nunber) vs. thickness was prepared and is shown in Fig. 5. Under
this test condition, a narked increase in coating life (relative) was
"observed at coating thicknesses greater than 9 [err]. The relative coating
life to 50 pm A1203 erodent appeared to have a linear relationship with the
coating thickness in the thickness range from9 mcrons to 17.5 m crons.

- 18 - 1. A non-stoichionetric titaniumnitride coating

- 4 -

- nium nitride layer on the substrate that has a nitrogen

content from 32.5 atomic percent to 47 atomic percent.

One preferred embodiment for producing a titanium

. nitride coating on a titanium coated substrate would
comprise the steps:

(2) placing a titanium coated substrate having a titani-
um-containing outer surface in a vapor deposition
chamber having an anode and containing 2 titanium-
based cathode along with a nitrogen-containing gas
mixture;

(b) applying a voltage across the cathode and anode
to establish a current to effect evaporatian of the tita-
nium from the titanium-based cathode to produce‘a
titanium vapor to react with the nitrogen in the nitro-
gen-containing gas mixture and;

(c) adjusting the ratio of nitrogen to titanium to form
a titanium nitride layer on the substrate that has a nitro-
gen content from 32.5 atomic percent to 47 atomic
percent.

It is believed that the simultaneous coating of 2 sub-
strate with a TiNxbased composition and bombardment
of the txtamum-contammg outer surface of the substrate
with inert gas ions, such as argon ions, will produce a
low stress and small crystallite for the TiN; coating of
this invention.

" Preferably, the nitrogen-containing gas mixture could
be argon-nitrogen; krypton-nitrogen; helium-nitrogen;
xenon-nitrogen; neon-nitrogen or the like. The titanium
nitride coating of this invention can be deposited by
using conventional physical vapor deposition tech-
niques such as arc processes, dc and rf magnetron sput-
tering, reactive ion plating and the like.

As used herein, a substrate having a titanium-contain-
ing outer surface is a titanium substrate or a substrate
coated with titanium or with a non-nitrogen titanium
alloy. If the substrate is other than titanium, the titani-
um—containing auter layer should preferably be from 0.1
to 6.0 microns thick, and more preferably from 0.2 to
4.0 microns thick.

The thickness of the titanium nitride coating of this
invention can vary greatly as for example between 1 to
40 microns thick while for wear applications the pre-
ferred thickness of the coating could be between 1 10 15
microns and for erosion applications the coating could

be 8 to 40 microns. T is the-re ment shet.
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for substrates having good wear and corrosion resistance, in which the
substrate has a non-nitrogen, titaniumcontaining outer surface and on
which a titaniumnitride coating containing from32.5 to 47 atom c percent
nitrogen is disposed over the titanium containing outer surface. 2. A
coating according to claiml1, wherein the titaniumnitride contains from 36
to 44 atom c percent nitrogen. 3. A coating according to claim2, wherein
the titaniumnitride contains about 40 _at.onmi c percent nitrogen. 4. A
coating according to any of clains 1 to 3,
The titanium nitride. coating of this invention is ide-

ally suited for ca:mng substrates such as titanium, tita-

nium coated iron, titanium coated aluminum, titanium

coated nickel, titanium coated cobalt, alloys of the base

substrate material thereof and the like. In applications

using other than a titanium substrate, the substrate

should be coated with a non-aitrogen titanium-contain-

ing layer prior 10 depositing the coating of this inven-

ton since titanium will effectively provxdc a better

adherence for the coating.

DRAWINGS

FIG. 1 is a plot of residual comprsswe stress Vvs.
microhardness for the coating of this invention.

FIG. 2 is a plot of crasion resistance vs. the nitrogen
content in TiNx caatings and 2 plot of residual compres-
sive stress vs. the mtrogcn content in TilNg coatings.

FIG. 3 is a plot of erosion resistance vs. the nitrogen -
cantent in TiNxcoatings and a plot of crysuallite size vs.
the aitrogen content in TiN; coatings.

 FIG. 4is a plot of the texture coefficient vs. the nitro-
gen content in TiN; coatings. '

FIG. 5 is a plot of relative life vs. coating thxckncss
for various TilNx coatings.

EXAMPLE 1

Titanium nitride coatings were depaosited oz T'-GAI-
4V substrates ‘using a physical vapor deposition arc
evaporation process. Before deposition, the vapor depo-
sition chamber was avacuated to a pressure below
7% 10—+ Pa and then backfilled with argon to 0.7 Pa.
The substrate to be coated was sputtered to remove
surface contaminants. Subsequently, a 250 ampere d.c.
arc was activated across a titanium ca and a chamber
which acts as an anode to evaporate Ti from the Ti
cathode in an argon environment at an overall pressure
about 4 Pa so as to deposit about 1 micron of titanium on
the substrate and then the argon was changed to an
argon-nitrogen reactive gas mixture. The ionized Ti
vapor reacted with N ions and then formed a titanium
nitride coating on the substratc. Each coating was
formed by adjusting the nitrogen Nz gas flow rates
during the deposition. Specifically the nitrogen gas flow
was varied from approximately 80 to 100 standard cubic
centimeters per minute (sccm) and the total argon gas
flow was maintained at about 250 sccm. The deposition
temperature, determined using an optical pyrometer,
was between 420° C. and 530° C.

Thia is the replacement shm;
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wherein the titaniumnitride coating has a mcrohardness from 2061 to 2695
ki | ogranms force per square mllinmetre. 5. A coating according to any of
claims 1 to 4, wherein the titaniumnitride coating has a residual
conpressive stress of 1207 to 2406 x 106 Pa (175 to 349 kil opounds per

square inch). 6. A coating according to any of clains 1 to 5, which is
froml to 40 mcrons thick. 7. A coating according to claim®6, which is
from1l to 15 mcrons thick. 8. A ceaisi nrg according to claim®6, which is

from8 to 40 nm crons.

The nitrogen content of each sample coating was
measured by sputtered mass neutral spectrometry. The
neutral atoms of the coating were sputtered from its
surface into plasma by ions which were generated from
a low pressure r.f. plasma. The neutral atoms were then
ionized by energetic clectron impact. These ions were
subsequently analyzed and detected in a quadrupole
mass spectrometer. The measured area was in an 8 mm
diameter circle and the total sputtered depth was ap-
proximately 5 microns. _

The nitrogen content of each sample coating is shown
in the Table. '

TABLE
COMPARISON OF MATERIAL AND STRUCTURAL PROPERTIES BETWEEN
—NON-STOICHIOMETRIC AND STOICHIOMETRIC TITANIUM NITRIDE COATINGS

: Crystallite Size Residual Reiative
N Content (nm) Microhardness  Compressive _ Erosion Resistance
- Coxting {at. %) Dy D (Kgf mm=2) Stress (Ksi) 90 20°
1 32.5 18.2 10.9 2286 = 17 233 =17 5.3 0.92
1 38.6 27.8 16.0 2636 = 53 195 = 8 6.5 1.5
m - 399 = 338 18.8 2611 =84 - 183 x8 73 1.6
v 468 = 454 2.3 2168 = 46 221 =17 40 0.91
v . 47.0 50.3 33.0 2122 = 45 278 =22 32 1.1
vt 48.0 45.4 17.4 2120 = 51 302 =23 14 0.91
vII 493 738 3.0 2081 =60 . 323 =26 15 1.1
VI 50.0 75.0 41.5 {800 = 90 450 = 15 1.0 1.0

The crystallite size of each of the sample coatings was
determined by the Scherrer formula as follows:

KA
Dt = Beosé

Where Dy is the dimension of crystallite in the direc-
tion perpendicular to the reflecting plan (hkl), K is the
crystallite shape factor which is assumed to be 1 in this
case, A is the wavelength of the X-rays, 8 is the glancing
angile of incidence, and 8 is the half-maximum breadth.
Typically, the experimentally observed breadth (8) is
comprised of B due to the particle size effect and b
resulting from the instrumental broadening, 8=B+b.
The instrumental broadening, b, was determined using
TiN powder with particle size greater than several
microns. The crystallite size Dy, and Djoq were deter-

This is the replacement shoet
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9. " A coated article having a coating as defined in any of clains 1 to 8,
secured to a substrate having a titaniumcontaining outer surface. 10. A
coated article according to claim9, wherein the substrate.is selected from
titani um -19- titaniumalloy, titaniumcoated iron or iron alloys,
titanium coated al um niumor alum niumalloys, titanium coated nickel or

ni ckel alloys and titanium coated cobalt or cobalt alloys.

-7 -

mined and the results are shown in the Table. This data
shows that the crystallite size D1;; and Dagg increased
with increasing nitrogen content. A large increase in

- crystallite size of both Dy and D2go occurred at ap-
proximately 47 atomic percent of nitrogen. Although
not bound by theory, it is believed that the small crystal-
lite size in the coatings with nitrogen content less than
47 atomic percent was probably caused by a continuous
formation of nucleation sites resulting from argon ion
bombardment during deposition in which the reactants
such as Ti and N ions were sufficient to rapidly renucle-
atc new grains at newly formed nucleation sites.

Residual stresses of the sample TiNy coatings were
determined using the standard sinZy method based on
the change in lattice spacings (strain). -

The stresses of TiN; sample coatings were then mea-
sured with the assumption of Young’s modulus of
40.6 X 106 psi and a poisson ratio of 0.25.

Residual compressive stress was found in all the
TiNy sample coatings and the data are shown in the
Table. The magnitude of compressive stress decreased
with decreasing N content and reached a minimum at
about 39 atomic percent of nitrogen. .

The as-coated surface of each of the TiN; sample
coatings was metallographically polished before being
subjected to microhardness measurements, using a
Vickers hardness tester with a load of 0.1 Kg for 15
seconds. The data obtained is presented in the Table and
shows that the microhardness of TiN; increased with
increasing nitrogen content from 2290 kilogram force
per square millimeter (Kgfmm—2) at 32.5 atomic per-
cent N to a maximum of 2640 kgfmam—2 at 38.6 atomic
percent N, and then decreased to 18300 Kgfmm—2 at 50
atomic percent N. Based on the data in the Table, the
TiNy coatings with a maximum microhardness exhib-
ited 2 minimum residual compressive stress. This dis-
covery is in contrast to what has been observed in the
art in which the hardness of a coating increases with
increasing residual compressive stress. In general, the
microhardness of the coating increases with decreasing
crystallite size and it is also believed that small crystal-
lite size contributed to high microhardaess of the coat-
ing. However, relatively high Ti content in the coating
with 32.5 atomic percent of nitrogen, showed an ad-
verse effect on microhardness in spite of small crystal-

lites. This is. the replacement sheet
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11. A coated article according to claim 10, wherein the nitrogen content
in the titaniumnitride coating is from36 to 44 atom c percent and the
substrate is titanium 12. A coated article according to claim1l, wherein
the thickness of the titaniumnitride coating is from1l to 40 m crons

t hi ck.

The TiN, sample coatings were exposed to 50 mi-
crons alumina erosion at both 20° and 90° impingement
angles at room temperature. Compressed air with a
pressure of 290 Kpa (42 psig) was used to deliver alu-
mina particles through a 5§ mm diameter alumina nozzle.
The nozzle-to-specimen distance was maintained at 10
cm. The amount of alumina particles used for 20° and
90° erosion was 1600 g and 400 g, respectively. The
relative erosion resistance was calculated by comparing
the total weight loss of the non-stoichiometric TiNx
coatings with that of a stoichiometric TilN coating, in
which the erosion resistance was assumed to be | at
both 20° and 90° impact angles. The data obtained is
presented in the Table and shows that a maximum ero-
sion resistance at 20° and 90° occurred at about 38 to 40
atomic percent N, which corresponds very well to the
region of maximum microhardness.

Based on the elastic-plastic theory, toughness and
hardness are the dominant properties controlling ero-
sion behavior. Higher hardness is believed to increase
ercsion resistance at both low and high impact angles;

- high toughness reduces the vulnerability to brittle frac-
ture and markedly increases high angle erosion resis-
tance. An erosion resistant coating needs to be simulta-~
neously hard and tough. Previous study showed that
the erosion resistance of TiN coating to 50 microns
alumina particles increases with decreasing residual
compressive stress. Higher residual compressive stress,
which generally leads to radial and lateral cracks in the
.coating during particle impacts, suggests lower tough-
ness. In ZrN coatings, it was found that residual com-
pressive stress of the coating increased linearly with
increasing microhardness. A plot of residual compres-
sive stress versus microhardness was plotted in FIG. 1
for the sample coating from the Tables and the data
demonstrates that the residual compressive stress of
non-stoichiometric TiN, coatings decreased linearly
with increasing microhardness. This implies that non-
stoichiometric TiNx coatings are simultaneously hard
and tough.

This is the replacemont sheet
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F1G. 2 shows a combined plot of erosion resistance
vs. N content and compressive stress vs. N content. A
trend of increase in 90° erosion resistance with decreas-
ing residual compressive stress was clearly indicated. A
marked decrease in residual compressive stress of the
coating occurred at about 48 atomic percent N. In FIG.
3 a combined plot of erosion resistance vs. N content
and crystallite size vs. N content shows that the erosion
resistance of the coating increased with decreasing
crystallite size except the coating containing 32.5
atomic percent N. The coatings which contain 32.5
atomic percent N or less are relatively reactive due to
high Tt content and susceptible to burning during solid
particle impact. Therefore, in spite of small crystailite
size in the coating with 32.5 atomic percent N, the
higher compressive stress compared with that contain-
ing 38 to 40 atomic percent N and the burning of the
coating during erosion was probably responsible for a2
significant reduction in erosion resistance.

FI1G. 4 shows that the texture coefficient is a function
of N concentration in the coating. The coating exhib-
ited & <311> preferred orientation at N content be-
tween 35.5 and 41.5 atomic percent, while a <111>
preferred orientation appeared at N content greater
than 45 atomic percent. A combination of <111> and
<311> preferred orientation was obtained at N con-
tent between 41.5 and 45 atomic percent; the <311>
and <200> preferred orientations occurred between
33.5 and 35.5 atomic percent; and the <200> and
<220> preferred orientations occurred at less than
33.5 atomic percent, respectively.

In summary the data from Example 1 shows:

a) The crystallite size decreases with decreasing N

content. A transition from large to small crystallite
occurs at approximately 47 atomic percent nitrogen.

b) The microhardness of TiNcoatings increases with
decreasing nitrogen content, from 2081 Kgfmm—2 at
49.3 atomic percent nitrogen to 2611 Kgfmm—2at 39.9
atomic percent nitrogen, and then decreases to 2286
Kgfmm—2 at 32.5 atomic percent nitrogen.

c) The residual compressive stress of the TiNj coat-
ings decreases with decreasing nitrogen content, from
323 Ksi at 49.3 atomic percent nitrogen to a minimum of
183 Ksi at 39.9 atomic percent nitrogen and then ia-
creases to 233 Ksi at 32.5 atomic percent nitrogen.

This is the replacemont sheet
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d) The residual compressive stress of TilN; coatings
decreases linearly with increasing microhardness and
the coating containing approximately 40 atomic percent
nitrogen exhibits maximum microhardness and mini-
mum residual compressive stress.

e) Erosion resistance of non-stoichiometric TiNx
coatings of this invention to 50 micron alumina particles
at both 20° and 90° impact angles is superior to 2 stoi-
chiometric TiN coating.

f) The non-stoichiometric TiN coating of this inven-
tion containing approximately 40 atomic percent nitro-
gen has optimum erosion resistance at both 20° and 90°
impact angles.

EXAMPLE 2

TiNxcoatings on titanium coated samples as in Exam-
ple 1 containing approximately 40 atomic percent nitro-
gen, with coating thicknesses varying from 3.5 to 17.5
microns, were subjected to 50 microns alumina particles
at 90° impact angie to establish the coating life/thick-
ness relationship. The amount of alumina erodent which
is needed to penetrate the coating was determined as a
function of coating thickness. A 5 to 15 gram incremeant
of alumina erodent was used for each test. Typically,
the erosion scar covers a 2.5 cm diameter area. The area
of substrate exposure, approximately 1 cm in diameter,
was used as a cursory measure for coating penetration.
From the data a plot of relative life (arbitrary number)
vs. thickness was prepared and is shown in FIG. 5.

Under this test condition, a marked increase in coat-
ing life (relative) was observed at coating thicknesses
greater than 9 um. The relative coating life to 50 um
A1;03 erodent appeared to have a linear relationship
with the coating thickness in the thickness range from 9
microns to 17.5 microns.

Although specific embodiments of this invention
have been described, it should be understood that vari-
ous modifications may be made without departing from
the spirit of this invention.

mant sheet.
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What is claimed: )

1. A noa-stoichiometric titanium nitride coating for
substyrates having good wear and corrosion resistance
in which the substrate has a non-nitrogen, titanium-con-
taining outer surfice and on which a substantiaily ho-
'mogeneous titanium nitride coating having a crystallize
size, measured in the direction perpendicular to (111)
diffraction plane of less than 55 nm, containing from
31.5 to 47 atomic percent nitrogen is dispased over said
titanium-containing outer surface exhibiting increased
resistance to solid particle impact.

2. The non-stoichiometric titanium nitride coating of
claim 1 whereia s2id titanium gitride contains from 36

to 44 atomic percent nirogen.
" 3. The non-stoichiometric titanium nitride coating of
claim 1 wherain said titanium nitride contains about 40
atomic perceat nitrogea.

4. The non-stoichiometric titanium nitride coating of
claim 1 wherein said titanjum pitride coating has a mi-
crohardness from 2061 to 2695 kilograms force per
squars millimeter. )

5. The non-stoichiometric titanium nitride coating of
claim 4 wherein said titanium aitride coating has a resid-
ual compressive siress of 175 to 349 kilopounds per
square inch.

6. The non-stoichiometric titanium nitride coating of
claim 1 wherein said titaninm nitride coating is from 1
to 40 microns thick. _

7. The non-stoichiometric titanium nitride coating of
claim 6 whercin said titanium nitride coating is from 1
to 15 microns thick. '

8. The non-stoichiometric titanium nitride coating of
claim 6 wherein said titanium nitride coating is from 8
to 40 microns. '

9. A coated article having a coating comprising a
non-stoichoimetric titanium nitride coating having a
crystallize size, measured in the direction perpendicular
to (111) diffraction plane of less than 55 nm, having an
atomic percent of nitrogen from 32.5% to 47% secured
ta 2 substrate selected from the group consisting of
titanium, titanium alloy, titanium coated iron or iron
alloys, titanium coated aluminum or aluminum alloys,
titanium coated micke! or nickel alloys and, titanium
coated cobalt or cobalt alloys wherein said coated arti-
cle exhibits increased resistance to solid particle impact.

10. The coated article of claim 9 wherein the nitrogen
content in the ttanium nitride coating is from 36 to 44
atomic percent and the substrate is titanium.

11. The coated article of claim 10 wherein the thick-
ness of the titanium nitride coating is from | to 40 mi-
croas thick. This is the replacemont sheet
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ABSTRACT

NON-STOICHIOMETRIC TITANIUM NITRIDE COATING
A wear and erosion resistant coating for substrates having a non-nitrogen
titanium-containing outer surface onto which a non-stoichiometric titanium nitride

~coating is deposited in which the nitrogen content in the titanium nitride coating is from

- 32.5.to 47 atomic weight percent.

Figure 2.
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