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MULTILAYER COATING OF A NITRIDE-CONTAINING
COMPOUND AND ITS PRODUCTION

The invention relates to a wear and erosion
resistant coating composed of alternate lamellar
layers of a nitride-containing ccmpound in which at
least one layer contains at least 2 atomic percent
of nitrogen different than the nitrogen contained in
an adjacent layer. Preferably, the multilayer
coating could comprise three or more layers in which |
one layer could be disposed between two adjacent
layers and contain at least 2 atomic percent of
nitrogen different than the nitrogen contained in
each adjacent layer. The invention also relates to
a method for producing the multilayer coating of a
nitride~containing compound.

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 car traveling in the
desert during a wind storm will encounter various
size solid particles of sand traveling at various
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 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
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contains at |least 2 atom c percent of nitrogen different than the nitrogen
contained in an adjacent |ayer. Prefer- ably, the mutilayer coating could
conprise three or nore layers in which one | ayer could be di sposed be-
tween two adjacent |ayers and contain at |east 2 atom c percent of nitrogen
different than the nitrogen con- tained in each adjacent |ayer. The

i nvention also relates to a nmethod for predacing the nultilayer coating of
a nitride containing conpound. BACKGROUND OF THE | NVENTI ON Resi st ance

agai nst erosion wear is nornally related to
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 sio2 particles at both high and low impact
angles. Although these coatings have high hardness
characteristics, they exhibit inherently brittle
behavior and their erosion resistance at normal
impact decreases markedly with increasing hardness
and particle size of the erodent. It has been

' observed that dynamic impact 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 part1c1e impact erosion.
The solid particle 1ppact ergsion of these coatings
at a 90° impact angléris 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 applied by convent1onal 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 coatihg’material. In a
turbbméchine, this furrowing can greatly effect the
overall performance of .the turbomachine.
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t he hardness of the wear part. Sone articles are subject to solid particle
erosion in which particles of various sizes and hardness are propelled at
various angl es against the surface of the articles. For exanple, a car
traveling in the desert during a wind stormw ||l encoun- ter various size
solid particles of sand traveling at van- ous,velocities hitting the car.

If the size of the particles is large and the velocity of the particles is
hi gh, the coating on the car could be chi pped or pitted. In turbo- machines

225§Peogfggf§n:nRgcgﬁffy?nv'@%} oh E% %Ekq %h%é%f%‘%ﬂ%%éyl's a
toughness and hardness are the dominant properties
controlling the erosion behavior. Higher hardness
is believed to increase erosion resistance at both
low and high impingement angles while higher
toughness reduces the vulnerability to brittle
fracture and markedly increases 90° erosion
resistance. An erosion resistant coating needs to
be simultaneously hard and tough. However, hardness
and toughness are generally in opposition in hard
materials. Higher hardness is usually associated
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
coherent or partly coherent interface boundary
between two different hard compound layers. For
example, it has been found that a TiC/TiB2
multilayer coating has a better wear resistance than
either the TiC or TiB2 single layer. In cutting
tool applications, the multilayer coated tool bits,

" having a TiC/A1203/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
and the other layer is a nitride or carbide of a
metal of Group VI, have shown good performance in

wear resistance.
It has now been found possible to

provide a multilayer coated substrate having good
erosion and/or wear resistance characteristics to
solid particle impact.

-
’
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physi cal and chem cal vapor deposited coatings, such as titaniumnitride
coatings and zirconiumnitride coatings, have been used to provide a
protective | ayer having good hardness characteristics. These coatings have
been found to have good erosion resistance to [err] and SiQ2 particles at
both high and | ow i npact angl es. Although these coatings have hi gh hardness
character- istics, they exhibit inherently brittle behavior and their

erosi on resi stance at nornal i npact decr eaSed mar kedl y

It has also been found possible

to provide a multilayer coated substrate in which
each of the layers comprises a nitride~containing
compound and in which the nitrogen content of one
- layer is different than the nitrogen content of an
adjacent layer.
It has further been found possible
to provide a multilayer coated substrate in which
each of the layers is a titanium nitride-containing
compound and in which the nitrogen content of one
layer is less than or more than the nitrogen content
in an adjacent layer.
It has still further been found possible
to provide a multilayer coated substrate comprising
at least three layers in which each layer comprises
a titanium nitride-containing compound having an
atomic percent of nitrogen from 33% to 55% and
wherein the nitrogen content of one layer has at
least 2_a£omic percent of nitrogen more than the
nitrogen contained in an adjacent layer.
It has yet further been found possible
to provide a multilayer coated substrate in which
one layer is Ti,N mixed with titanium nitride
having an atomic percent of nitrogen of about 40%
and an adjacent layer is titanium nitride having an
atomic percent of nitrogen of 40% to 55% and wherein
the nitrogen content of one layer has at least 2
atomic percent of nitrogen more than the nitrogen
contained in the adjacent layer.
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-2- with increasing hardness and particle size of the ero- dent. It has
been observed that dynamic inpact of solid particle erodents onto a coated
surface of an article can formlateral and/or nedian cracks around the
‘inmpact site. Median cracks are responsible for the strength degradati on of
the material while |ateral cracks, which grow fromthe center of inpact
parallel to the substrate surface and then propagate through the coating
surface, account for nost of the material |oss during solid parti -

-5

According to the present invention there is
provided a multilayer coated substrate comprising a
substrate coated with at least two layers of a
nitride-containing compound wherein the composition of
each layer contains at least 2 atomic percent of
nitrogen different than the nitrogen contained in an
adjacent layer.

Preferably at least one layer contains at least
one additive selected from titanium, zirconium,
titanium alloys and zirconium alloys. At least one
layer could also contain at least one element selected
from aluminium, vanadium, molybdenum, niobium, iron,
chromium and manganese. Preferably, the multilayer
coated substrate would comprise three or more layers

-in which at least one layer would contain at least 2
atomic percent of nitrogen different than the nitrogen
contained in each of the adjacent layers.

The invention also relates to a method for
producing a multilayer nitride-containing coating on a
substrate which comprises:

(a) placing a substrate to be coated 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 vapour to react
with the nitrogen in the nitrogen~containing gas
mixture to form a titanium nitride~containing layer “of
a desired nitrogen content on the substrate;

(c) changing the ratio of nitrogen to titanium
in step (b) to form another titanium nitride-
containing layer on the coated substrate that has
a nitrogen content of at least 2 atomic
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cle inpact erosion. The solid particle inpact erosion of these coatings at
a [err] inpact angle is due primarily to brittle fraeture. Thin coatings
are nore suspectible to spalling and exposure of the substrate which nmay

| ead to premature failure of the article. Wen coatings ap- plied by
conventional techniques are exposed to particle inpact, pinholes and/or

| ateral spalling pits generally result in the coating. Once the coating
material is cracked, additional inpact by even relatively small particles
wiil | cause furrowi ng or grooves in the coating material. In a turbomachine,

this furrow ng Caﬂegéggélgf nitrogen different than the nitrogen
. contained in the previously deposited coating:; and
| (d) repeating step (c) at least once
to form a multilayer coating of at least two layers
in which at least one layer contains at least 2
atomic percent of nitrogen different than the
nitrogen contained in an adjacent layer. The ratio
of nitrogen to titanium can be changed by altering
the current, changing the flow of nitrogen or a
combination of both. ﬂ
One embodiment for producing a multilayer
nitride-containing coating on a subst-ate would
comprise the steps:

(a) placing a substrate to be coated
in a vapor deposition chamber having an anode and
containing a 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
evaporation of the titanium from the titanium-based
cathode to produce a titanium vapor to react with
the nitrogen in the nitrogen-containing gas mixture
to form a titanium nitride-containing layer of a
desired nitrogen content on the substrate;

(c) changing the ratio of nitrogen to
titanium in step (b) to form another titanium
nitride-containing 1ayer on the coated substrate
that has a nitrogen content of at least 2 atomic
percent of nitrogen different than the nitrogen
contained in the previously deposited coating:; and

(d) repeating step (c) at least once
to form a multilayer coating of at least two layers.

This Sheet Has B

LT

h——-—




¥

effect the overall performance of the turbomachi ne. Based on the

el astic-plastic theory, toughness and hardness are the dom nant properties
controlling the erosion behavior. H gher hardness is believed to in- crease
erosion resistance at both | ow and hi gh inpinge- nment angles while higher

t oughness reduces the vulner- ability to brittle fracture and narkedly

I ncreases [err] erosion resistance. An eresinr-resistant coating needs to
be sinultaneously hard and tough. However, hardness and toughness are
generally in opposition in hard mate- rials. Hi gher hardness is usually
associated with greater Preferably, the nitrogen-containing gas

mixture could be argon-nitrogen:; krypton-nitrogen;
helium-nitrogen; xenon-nitrogen; neon-nitrogen or
the like.

The nitride-containing compound of each
layer should have an atomic percent of nitrogen from
33% to 55%, and preferably the nitride-containing
compound of one layer can have an atomic percent of
nitrogen from 40% to 55%, preferably 42% to 50%, and
the nitride-containing compound of an adjacent layer

, can have an atomic percent of nitrogen from 33% to
45%, preferably 39% to 42%, provided that the
nitrogen content in one layer is at least 2 atomic
percent of nitrogen different than the nitrogen
content in an adjacent layer. The multilayer
coating can be deposited by dsing conventional
process techniques such as chemical vapour deposition
and physical vapour deposition such as arc processes,
dc and rf magnetron sputtering, reactive ion plating
and the like. The changing of the ratio of nitrogen
to titanium for the alternate lamellar layers will
interrupt the grain growth process of the coating
compound so that the grain size of the compound is
no larger than the thickness of the individual
layers. _

A layer containing less than 33 atomic
percent of nitrogen will be relatively reactive and
susceptible to burning during solid particle
impact. A layer containing more than 55 atomic
percent of nitrogen will generally have a relatively
high compressive stress and be prone to lateral
spalling. | L -
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brittleness. Miultilayer hard conpound nmaterials have been found to have
si mul t aneousl y hi gh hardness and hi gh toughness. The -hi gh hardness is an
i nherent prop- erty of hard conmpounds and the hi gh toughness is at-
tributed to the formation of a coherent or partly coher- ent interface
boundary between two different hard conpound | ayers. For exanple, it has
been found that a [err] nultilayer coating hasga_better wear resis- tance
than either the TiC or [err] single layer. In cutting tool applications,
the nultilayer coated tool bits, having a [err] three |ayer coating, or a

two layer The preferred coating would comprise a
" layer of titanium nitride having an atomic percent
of nitrogen from 40% to 55% alternating with a layer
of titanium nitride having an atomic percent of
nitrogen from 33% to 45% and wherein at least one
layer has at least 2 atomic percent of nitrogen
different than the nitrogen content in each adjacent
layer on opposite sides of such layer. Titanium
nitride with the above ranges of nitrogen can have
the same orientation and crystallographic structure
with a small difference in lattice spacings so that
coherent interfaces between the layers can be
expected to produce a high toughness characteristic.
Although not wanting to be bound by theory,
it is believed that the toughness enhancement in
titanium nitride multilayer coatings of this
invention can be explained by two different
mechanisms. Firstly, at least after every 5 microns
thick coated layer, preferably after every 1 micron
or less thick coated layer, the nitrogen in the
coating composition should be changed to provide for
small size crystallites and small columnar grains in
each layer. For example, interruption of the
crystal growth by varying the nitrogen content of
the coating composition after depositing a 1 micron
thick layer of the coating can generally produce
crystal size about 0.02 micron or less while a 20
micron thick single coating will generally produce
crystals up to 0.07 micron in size. Using fixed
"deposition conditions, titanium nitride coatings of
various thickness were deposited on a substrate and
the averagé grain size of the crystals produced in
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coating in which one layer is a nitride, carbide, boride, or silicide of a

metal of Group VI and the other layer is a nitride or carbide of a netal of
G oup VI, have shown good perfornmance in wear resistance. -3- An obj ect

of the present invention is to provide a multilayer coated substrate having
good erosion and/or wear resistance characteristics to solid particle

i mpact . -9 -

each coated layer was determined. The data obtained
are shown in Table 1. '

Table 1
Thickness of Coating Average Grain Size of Crystal
(microns) (microns)
20 0.074
16 ' 0.059
7 0.045
4 : 0.032

This data clearly demonstrates that the average
crystal size in a 20 micron thick single layer
coating of TiN will be more than two times larger
than the size of the crystals in a 20 micron thick
5-layer coating with each layer being 4 microns
thick. The advantages of smaller crystallite sizes
in the multilayer coating is that they provide
greater toughness as well as hardness to the overall
coating. _

Secondly, layered structure coatings are
toughened due to the interference of layer
interfaces with crack propagation. In other words,
the coherent and partly coherent interface between
layers can absorb the impact energy by deflecting
the cracks and/or making the propagation path of
cracks more tortuous.

Hardness and toughness of a multilayer
coating are closely related to compositions and
spacings of layers; The individual layer thickness
and overall thickness of the multilayer coating
depends on specific applications. For systems
applications requiring high toughness, the layer
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Anot her obj ect of the present invention is to provide a nultilayer coated
substrate in which each of the layers conprises a nitside-containing
conpound and in which the nitrogen content of one layer is different than
the nitrogen content of an adjacent |ayer. Another object of the present
invention is to provide a nultilayer coated substrate in which each of the
layers is a titaniumnitride containing codffoomd and in which the nitrogen
content of one layer is less than or nore than the nitrogen content in an

adjacent | ayer. Another object of the present invention is to provide
with the smaller content of nitrogen should be from

1 to 20 times thicker than the layer containing the
" higher content of nitrogen. An overall coating

thickness of from 5 microns up to 30 microns thick

is generally adequate for most erosion applications.

The thickness of the individual layers can
vary greatly as for example between 0.1 to 5 microns
thick, preferably about 1 micron thick. The number
of layers should be at least two so that at least
one layer will have an atomic percent of nitrogen of

| 2% more or 2% less than the nitrogen content in the
adjacent layer.

In accordance with this invention, the
number of layers of a nitride-containing compound
forming the coating of this invention can vary from
two up to any number desired for a particular
application. Generally, 5 to S0 layers of the
coating would be suitable for most applications
employing turbomachines that operate in a dust
environment. For most applications, 15 to 40 layers
would be preferable.

A preferable multilayer coating would be-a
layer of Tizn mixed with titanium nitride having
an atomic percent of nitrogen of about 40%
alternating with a layer of a titanium-nitride
compound having an atomic percent of hitrogen from
40% to 55%. Another preferred coating would be a
multilayer consisting of layers of titanium- aluminium
nitride compound (e.q. TiAle) having an atomic
percent of nitrogen from 33% to 55%, provided that
“each layer contain at least 2 atomic percent of
nitrogen different than the nitrogen contained in an

T
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a nmultilayer coated substrate conprising at |east three |ayers in which
each |l ayer conprises a titaniumnitride- containing-conpound havi ng an
atom c percent of ni- trogen from33%to 55% and wherein the nitrogen
content of one layer has at |least 2 atom c percent of nitrogen nore than
the nitrogen contained in an adja- cent |ayer. Another object of the
present invention is to provide a nultijpayer coated substrate in which one

In?%/re(r)gieﬁ E)sr;})oﬁfi‘g%)‘\gtgai#ggj m nllt_rl.de havi n q_t %om.cunpercent of
aluminium alloy could range from 10 to 60 atomic
percent.

In some applications, it may be advisable to have
a relatively thick first layer of the nitride-
containing compound to support subsequent multilayers
of the coating and/or a thick top layer to provide a
harder top surface.

The multilayer coating of this invention is
ideally suited for coating substrates made of
materials such as for example, titanium, steel,

’ aluminium, nickel, cobalt, alloys thereof and the
like. :

The present invention will now be further

described with reference to, but is in no manner

limited to, the following Examples.
EXAMPLE 1

Multilayer titanium nitride coatings were
deposited on Ti-6A1-4V substrates using a physical
vapour deposition arc evaporation procesé. Before
deposition, the vapour deposition chamber was
evacuated to a pressure below 7 x 104 Pa and then
backfilled with argon to 0.7 Pa. The substrate to be
coated was sputtered to remove surface contaminants.

Subsequently, a 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 Ar-N, gas
mixture at an overall preéure of 1.3 to 4.8 Pa. The
ionized Ti vapour reacted with Ny ions and then formed
titanium nitride coatings on the substrates. The
layered structure of the coating was formed by
altering the nitrogen N, gas flow rates during the

deposition. Typically, the coating consisted of a

lamellar strucutre of A and B nitride layers in which

the thickness of the B layer was greater than
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nitride having an atom c percent of nitrogen of 40%to 55% and wherein the
‘nitrogen content of one layer has at |east 2 atom c percent of nitrogen
nore than the nitrogen contained in the adjacent |ayer. The above and
further objects and advantages of this invention will become apparent upon
consideration of the follow ng description. SUMARY OF THE | NVENTI ON The

I nvention relates to a nultilayer coated sub®t+ate conpr.ising a substrate
coated with at least two |ayers of a nitride-ontaining conpound with each

| ayer cont ai n-
that of the A layer. The nitrogen concentration in

the A layer was generally greater than the nitrogen
content in the B layer.

A number of multilayer coatings with
various layer thicknesses of A and B were produced.
The nitrogen concentrations in the layers of the
coatings were determined by sputtered neutral mass
spectrometry. A coating with a known composition
was used as a chemistry standard in the analysis.

) The layer thicknésses of A and B, the N,
concentration in the layers, and the difference in
N2 concentration between the A and B layers are
given in Table 2. _

The crystallographic orientation,
interplanar spacing in (111) and crystallite size of
these coatings, given in Table 2, were determined by
X-ray diffractometry. The preferred orientation was
determined from the texture coefficient of
reflections (hkl). Interplanar spacings were
calculated according to the Bragg equation, \=2d
sin 6; where A is the wavelength of the X-rays, d
the interplanar spacing between atomic planes in-the
crystal, and 6 the angle between the atomic plane
and both the incident and reflected beams. The
crystallite size was determined based on the (111),
(200) and (220) lines broadening excluding the
instrumental broadening which was determined from an
annealed stoichiometric TiN powder.

Erosion properties of the multilayer
coatings and the single layer_TiNx coatings on |
1.5 x 25 x 50 mm Ti-6Al1-4V samples were determined

T
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ing at | east one additive fromthe group conprising titanium zirconium
titanium all oys and zirconiumal- | oys and wherein at -l east one | ayer
contains at |east 2 atomi c percent of nitrogen different than the nitrogen
contained in the adjacent |layer. The layer could also contain at |east one
el ement fromthe group conprising alum numygvanadi um nol ybdenum ni obi um
I ron, chrom um and manganese. Preferably, %e mul til ayer coated substrate
woul d conprise three or nore layers in

by impacting with angular alumina particles at 20°
and 90° impingement angles. The test apparatus was
'set up according to the recommended guidelines of
the American Society of Testing Materials, ASTM
G 76-83. Compressed air with a pressure of 276 kPa
was used to carry alumina particles with a nominal
particle size of 50 microns through a 5 mm diameter
alumina nozzle. The nominal particle velocity was
60 metres per second (ms"l) and the nozzle-to-
specimen distance was maintained at 100 mm. In each
’ test, at least 0.6 and 0.2 Kg of alumina particles
was used for 20° and 90° erosion, respectively.
Generally.'the erosion rate was measured in terms of
the weight loss of the coating per unit gram of the
erodent used in the test. The erosion resistance of
the coatings is defined as the reciprocal of the
ratio of the erosion rate of the measured coatings
to the typical single layer stoichiometric TiN
coating, (Sample 6). The test results of these
coatings are given in Table 3.

The preferred orientation of a typical A
layer is in <111> and the B layer either in <111>
€<200> or <220>. The A layer is defined as having
relatively highet'Nz concentration than the B
layer. Apparently. the preferred orientation of the
coating depends strongly on the chemical composition
of the coating. Therefore, various preferred
orientations in <¢111>, or a combination of <111> and
<200> have a relatively higher overall N,
concentration than that with a <200> or <220»
preferred orientation.

i
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-4- whijch at | east one |ayer would contain at |east 2 atom c percent of
nitroggn different than the nitrogen con- tained in each of the adjacent

| ayers.{ The invention also relates to a nethod for producing a nultil ayer
nitridg-containing coating on a substrate conprising the steps: (a) placing
a substirate to be coated in a chanber contalnlng a titanium based target
and a nitrogen-con- taining gas mxture;, -

During deposition, interdiffusion occurred
between the A and B layers due to thermal heating,
resulting in a small difference in nitrogen
concentration from 2.6 to 5.4 atomic percent which
depends primarily on the thickness of the layers.

As a result of the formation of a layered structure,
the values of interplanar spacing dlxl of the
multilayer coatings, Samples 1 to 5 are between that
of the single A layer coating.(Sample 6) and the
single B layer coating (Sample 7). Considering an

’ anisotropic growth of crystallites, the crystallite
size of the multilayer coating is significantly
smaller than that of the single layer coating.. The
multilayer coatings with a preferred orientation in
<111> and in combination of «<111> and <200> have
substantially smaller crystallites compared with the
single layer coating. In the coatings with a
preferred orientation in <200> and <220>, the
multilayer coating exhibited finer crystallite size
than the crystallite size in the single layer
coating, e.g. compare Samples 3, 4 and 5 with
Sample 7.

! Both Samples 2 and 3 had <111> and <200>
preferred orientation, a 2.8 and 2.6 atomic percent
of nitrogen concentration difference between
adjacent layers, respectively. Both coatings showed
substantial erosion performance improvement over the
single layer titanium nitride coatings Samples 6 and
7 at both 20° and 90° impingement angles.

- Sample 1 coating had a B/A layer thickness
ratio of 3.9 and preferred orientation in both <111»
and <¢200>. The nitrogen concentration difference

. i uﬂiu
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(b) evgporating the titaniumfromthe titani um based target to produce a
titani gm vapor to react with the nitrogen in the nitrogen-containing gas
mxturg¢ to forma titaniumnitride-containing |ayer of a desired nitrogen
conteng on the substrate; (c) changing the ratio of nitrogen to titaniumin
step () to form anot her titaniun1nitride-§oFga1ning | ayer on the coated
substrate that has a nitrogen content of at least 2 atom c percent of
nitrogeén different than the nitrogen contained in the previously deposited

coating; and between adjacent layers in the coating was 5.4

| atomic percent. The erosion resistances of the

Sample 1 coating were 1.1 and 8 times that of a

single layer TiN coating (Sample 6) at 20° and 90°

impingement angles, respectively. Compared with a

single layer substoichiometric TiNx coating.

(Sample 7), the Sample 1 coating showed little or no

improvement at 90° and 20° impingement angles,

{ _ respectively. However, the Sample 1 coating showed
at least 3 times improvement in furrowing resistance
over the Sample 6 and 7 coatings as observed by the
dimensions of furrows formed from the 50 micron
erosion at 10° impingement angles. The dimensions
of the furrows were measured in a longitudinal
direction (parallel to the particle flow direction)
and in the transverse direction. The furrow
dimensions observed for Samples 1, 6 and 7 are shown
in Table 4

The Sample 5 coating had a B/A layer
thickness ratio of 9.1 and a <200> preferred
orientation. The nitrogen concentration difference
between adjacent layers in this coating was 2.8

} atomic percent. The erosion performance of this
coating was substantially better than that of the
Sample 6 TiN coating at both 20° and 90° impingement
angles. However, compared with the substoichio-
metric TiNx coating, (Sample 7)., the improvemegt

. in erosion resistance of the Sample 5 coating was

% only found at 20° impingement angle.

This Sheet Has Been Reraced

LA

i




‘This Sheet Has Been Replaced

(d) peating step (c) at least once to forma nulti- |ayer coating of at
| easlg two | ayers in which at | east one |ayer contains at least 2 atomc
percgnt of nitrogen different than the nitrogen contained in an adjacent
| aye The ratio of nitrogen to titaniumcan he changed by altering the
currgnt, changing the flow of nitrogen or a <d&mtbi nation of both. One
enbolli ment for producing § mj{tilayer nitride containing coating on a
subsgrate woul d conpri se 1§hé bt eps: (a) placing a substrate to be coated in
a .vapor deposi - oSy
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titanfumnitride-
subst gat e;

14

Erosion Resistance

( rm)

10.3
13.2

h

(2000

12.2
19.6
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(b) tggformanother titaniumnitride containing |ayer on the coated
substrjpte that has a nitrogen content of at |east 2 atom c percent of
nitrogen different than the nitrogen contained in the previously deposited
coating; and -5-- (d) repeating step (c) at least once to forma nulti-

| ayer Jcoating of at |east two | ayers.
- 18 -
TABLE 4
Sample Furrow Dimension
Coating " Longitudinal x
Transversal direction (nm)
1 0.17 x 0.02
6 0.37 x 0.06
7 : 0.31 x 0.04
EXAMPLE 2
* An eight layer coating (Sample Coating 8)

; was deposited on an Inconel (trademark for alloy
§ - containing 76Ni; 15Cr and 9% Fe) strip in which a
| 0.4 micron layer of titanium nitride having an
atomic percent of nitrogen of about 50% was
alternated with a 2.2 micron layer of titanium
nitride having an atomic percent of nitrogen of
about 41%. Single layered coatings. identical to
Sample Coatings 6 and 7 of Example 1, were also
produced. The three samples were tested for low-
stress abrasion resistance using a dry sand/rubber
wheel abrasion tester which is described in ASTM .
G65-80. The test consisted of contacting each
coated sample with the wheel and then continuously
rotating the wheel for 3000 revolutions. The weight
loss of the coating for each sample was measured by
weighing each sample before and after the test to an
accuracy of 0.001 milligrams. The weight loss of
‘each sample was converted to volume loss in cubic
millimeters per 1000 revolutions (mm3/1000 rev.).
The data obtained are shown in Table 5.

The data in Table 5 clearly show that the
multilayer coating (Sample Coating 8) exhibited

| “’l'iﬁiimi’iiiﬁni i
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Prefergbly, the nitrogen-containing gas m xture could be argon-nitrogen;
krypt o nitrogen; heliumnitrogen; xenon-nitrogen; neon-nitrogen or the

| i ke. Fhe nitride-containing conpound of each |ayer should have an atomc
percenf of nitrogen from33%to 55% and preferably the nitride-containing
conpouphd of one | ayer can have an atom c percent of nitrogen from40%to
55% eferably 42%to 50% and the nitriLKXQQﬂtaining conpound of an

adj acenht | ayer can have an atom c percent of nitrogen from 33%to 45%
preferppbly 39%to 42% provided that the nitrogen

better abrasion resistance than either of the single
layer coatings (Sample Coatings 6 and 7).

TABLE 5
Sample Volume Loss -
Coating mm3/1000 rev.
6 1.0
7 ' 0.93

0.89

-
[+ -}
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confent in one layer is at least 2 atom c percent of nitro- gen\aifferenf'

tharg the nitrogen content in an adjacent layer. The nultilayer coating can
posited by_usLng_cgn¥en%+eﬂa1 process techni ques such as chem cal

deposition and C por deposition such as arc processes, dc

rf magnetro “Bmuﬁti Hﬂl“ﬁ@ctlve ion plating and the like. The

gi ng of the ntotitaniumfor the alternate |anellar

rs wll |nterrupt the grain growth process of the coating conpound so

that{ the grain size of the conmpound i s_pg.l arger than the thickness of the
i ndijvi dual | ayers.

CLAIMS
. L A multilayer coated substrate comprising a
substrate coated with at least two layers of a
nitride-containing compound wherein the composition of
each layer contains at least 2 atomic percent of
nitrogent different than the nitrogen contained in an
adjacent layer.

2. A multilayer coated substrate according to
Claim 1, wherein the nitride-contginiﬁg compound of
‘ : each layer has an atomic percent of nitrogen from 33%
to 55% and the nitrogen content in one layer has at
least 2 atomic percent of nitrogen different than the

nitrogen content in an adjacent layér.

3. A multilayer coated substrate according to
Claim 2, wherein the nitride-containing compound of
one layer has an atomic percent of nitrogen from 33%
to 45% and the nitride-containing compound of an
adjacent layer has an atomic percent of nitrogen from
40% to 55%

4. A multilayer coated substrate according to
any of Claims 1 to 3, wherein the multilayer coating .

_ comprises 2 to 50 layers.

{ 5. A mulitlayer coated substrate according to
any of Claims 1 to 4, wherein, the multilayer coating
comprises at.leait 3 layers.

6. A multilayer coated substrate according to
claim 5, wherein the multilayer coating comprises from
15 to 40 layers. | | .

7. A multilayer coated substrate according to
any of claims 1 to 6, wherein the overall thickness of
the coating is from 5 to 30 microns.

8. A multilayer coatéd substrate accordxng to
any of claims 1 to 7, wherein the thickness of each

laced
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A Iayer containing-less—than-33 atom c percent of nitrogen will be
rel atlvely reactive anduigﬂﬂéptible to burning during solid particle

| mpact . jmu (H I ||“ ore than 55 atomi c percent of nitrogen wll
generally h

i gh conpressive stress and be prone to lateral
spal |'i ng. The preferred coating would conprise a. layer of titaniumnitride
havi ng an atom c percent of nitrogen from40%to 55%alternating with a

| ayer of titaniumnitride having an atdmic percent of nitrogen from33%to

45% and wher el g, 60| 35% 8% VB B%R1dtohshix.

9. A mutilayer coated substrate according to any
of claims 1 to 8, whereih the ratio of the thickness
of the layer containing the least amount of nitrogen
to the thickness of an adjacent layer containing the
higher amount of nitrogen is from 1 to 20.

10. A multilayer coated substrate according to
any of claims 1 to 9, wherein the substrate is
selected from titanium, steel, aluminium, nickel,

_ cobalt and alloys thereof. '

' 11. A mulitilayer coated substrate according to
any of Claims 1 to 10, wherein at least one layer
contains at least one additive selected from titanium,

- titanium allojs, zirconium and zirconium alloys.

12. A multilayer coated substrate according to
any of claims 1 to 11, wherein the nitride-containing
compound is titanium nitride. '

13. A multilayer coated substrate according to
Claim 11, wherein at least one layer contains at least
one element selected from aluminium, vanadium,
molybdenum, niobium, iron, chromium and manganese.

14. A multilayer coated substrate according to
claim 13, wherein the nitride-containing compound is

‘ titanium aluminium nitride. _ .

15. A multilayer coated substrate according to
claim 1, wherein the nitride-containing compound of
one layer is Ti,N mixed with titanium nitride having
‘an atomic percent of nitrogen of about 40%; the
nitride-containing compound of an adjacent layer is
titanium nitride having an atomic percent of nitrogen
of 40% to 55%; and the nitrogen content of one layer
has at least 2 atomic percent of nitrogen different
than the nitrogen content -in an adjacent layer.
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1

atom c percent of nitrogen different than the nitrogen content in each
adj acent | ayer on opp03|tE“srdes—of such layer. Titaniumnitride with the

above ranges of have the sane orientation and

crystal |l ographi c mm small difference in lattice spacings so
t hat coherent |ntef ace he | ayers can be ex- pected to produce a
hi gh t oughness characteristic. - 6- -2o.

16. A method for producing a multilayer nitride-
containing coating on a substrate which comprises:

(a) placing a substrate to be coated in a chamber
containing a titanium-target and a nitrogen-containing
gas mixture;

(b) evaporating the titanium from the titanium
target to produce a titanium vapour to react with the
nitrogen in the nitrogen-containing gas mixture to
form a titanium nitride-containing layer of a desired
nitrogen content on the substrate;

‘ (c) changing the nitrogen content of the
nitrogen-containing gas mixture and repeating step (b)
to form another titanium nitride-containing layer on
the coated substrate that. has a nitrogen content of at
least 2 atomic percent of nitrogen different than the
nitrogen contained in the previously deposited layer;
and

(d) repeating step (¢) at least once to form a
multilayer coating of at least two layers in which at
least one layer contains at least 2 atomic percent of
nitrogen different than the nitrogen contained in an
adjacent layer.

17. A method according to claim 16, wherein the

t nitrogen-containing gas mixture is selected from

' argon-nitrogen; krypton-nitrogeh; helium-nitrogen;
zenon-nitrogen; and neon-nitrogen.

18. A method according to claim 17, wherein the
nitrogen-containing gas mixture is argon-nitrogen.

19. A method according to any of claims 16 to
18, wherein the substrate is selected from titanium,
steel, aluminium, nickel, cobalt and alloys thereof.

20. A method according to any of claims 16 to
19, wherein step (d) is repeated until a multilayer
coating is produced having from 2 to 50 layers.
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Altlgh not wanting to_be bound by theory, it is believed that the

t oughness enhancenent in titaniumnitride mul til ayer coatings of this

i nventi on can beJmtm;mlﬂImmu di fferent nechanisns. Firstly, at |east
after every 5 m mmlivol ayer, preferably after every 1 micron
or less thick coated‘l ayer” the ‘nitrogen in the coating conposition should

be changed to provide for small size crysjqallites and snall columar grains
in each layer. For exanple, interruption of the crystal growh by varying

the nitrogen content A the LAGdd AYRATG td" adly OF 2318q5s! 189t 1 mcron
thick 20, wherein the thickness of the multilayer coating is
from 5 to 30 microns.
22. A method according to any of claims 16 to
21, wherein the first deposited layer in step (b) has
a greater nitrogen content than the second deposited
layer in step (c).

i
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| ayer of the coating can generally produce crystal size about 0.02 mcron

or less while a 20 mcron thick single coating will -generally produce
crystals up to 0.07 m- cron in size. Using fixed deposition conditions,
titaniumnitride coatings of various thickness were deposited on a

substrate and the average grain size of the crystals produced in each

coated | ayer was determ ned. The data obtained are shown in Table 1. TABLE

1 Thickness of Coating Average Gain Slzsuof Crystal (mcrons)

(n1crons)

ABSTRACT

"MULTILAYER COATING OF A NITRIDE-CONTAINING
COMPOUND AND ITS PRODUCTIONZ

A multilayer coating of at least 2 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

" layer; and a method for producing the multilayer
coating.
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m cron thick 5-layer coating with each | ayer being 4 nrgmgnsthdwmm?
.advant ages of smaller crys- tallite sizes Lnithe nmultilayer coat
t hey provide greater toughness as well as hardness to tBe oveB I

10

15

20

25

30

0.059 7

Aol égB- ¥

0.032 This data clearly denonstrates thavogheopy
20 nmicron thick single layer coating of TIN\M||

ger than the size of the crys- tals in

ates

MULTILAYER COATING OF A NITRIDE~-CONTAINING
COMPOUND AND METHOD FOR PRODUCING IT

FIELD OF THE INVENTION .

The invention relates to a wear and erosion
resistant coating composed of alternate lamellar
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 layer. Preferably. the multilayer
coating could comprise three or more layers in which
one layer could be disposed between two adjacent
layers and contain at least 2 atomic percent of
nitrogen_different than the nitrogen contained in
each adjacent layer. The invention also relates to
a method for producing the multilayer coating of a
‘nitride-containing compound. |

BACKGROUND OF THE INVENTION

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 car traveling in the
desert during a wind Storm will encounter various
size solid particles of sand traveling at various
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. 1In turbomachines which operate in a dust
environment, this solid paiticle erosion is a severe

cem@gisheet
hﬁg tﬁﬁthat

problem. Recently, physical and chemical vapor
_deposxted coatings, such as titanium nitride
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coating. Secondly, l|layered structure coatings are toughened due to the
interference of layer interfaces with crack propagation. In other words,
t he coherent and partly coherent interface between |ayers can absorb the
im pact.energy by deflecting the cracks and/or neking the propagation path
of cracks nore tortuous. Hardness and toughness of a nultilayer coating are
closely related to conpositions and spaci ngs2of | ayers. The i ndivi dual '
| ayer thickness and overall thickness of the nmultilayer coating depends on
speci fic applications.

" 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 Al,0,
5 and_sio2 particles at both high and low impact
' angles. Although these coatings have high hardness
characteristics, they exhibit inherently brittle
behavior and their erosion resistance at normal
 impact decreases markedly with increasing hardness
10 and particle size of the erodent. It has been
observed that dynamic impact 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
15 strength 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 particle impact erosion.
20 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
25 coatings applied by conventional techniques are
exposed to particle impdct. pinholes and/or lateral
spalling pits generally result in the coating. Once
the coating material is cracked, additional impact
by even relativély small particles will cause
30 furrowing or grooves in the coating material. 1In a
turbomachine, this furrowing can greatly effect the
overall performance of the turbomachine.
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For systens applications requiring high toughness. the -7- layer with
thHe smaller content of nitrogen should be from1 to 20 tines thicker than
the | ayer containing the higher content of nitrogen. An overall coating )
t hi ckness of from5 mcrons up to 30 mcraons,thick is generally adequate
for nmpst erosion applications. The thickness of the individual |ayers can
vary :

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

5 low and high impingement angles while higher
-toughness reduces the vulnerability to brittle
fracture and markedly increases 90° erosion
resistance. An erosion resistant coating needs to
be simultaneously hard and tough. However, hardness

10 and toughness are generally in opposition in hard
materials. Higher hardness is usually associated
with greater brittleness. Multilayer hard compound
materials have been found to have simultaneously

. high hardness and high toughness. The high hardness

15 is an inherent property of hard compounds and the
‘high toughness is attributed 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,

20 multilayer coating has a better wear resistance than
either the TiC or Ti82 single layer. In cutting
tool applications, the multilayer coated tool bits,
having a TiC/A1203/TiN three layer coating, or a
two layer coating in which one layer is a nitrigde,

25 carbide, boride, or silicide of a metal of Group VI
and the other layer is a nitride or carbide of a
metal of Group VI, have shown good performance in
wear resistance.

An object of the present invention is to |

30 provide a multilayer coated substrate having -good
erosion and/or wear resistance characteristics to
solid particle impact. '
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greatly as for exanple between 0.1 to 5 microns thick, preferably about 1
nicron thick. The nunber of |ayers should be at |east two so that at |east
one layer will have an atom c percent of nitrogen of 2% nore or 2%/ ess
than the nitrogen content in the adjacent |layer. In accordance with this
i nvention, the. nunber of |ayers of a nitride-containing conpound form ng
the coating of this invention can vary prqILMD up to any nunber desired -
~for a particular application. Generally, 5to 50 |ayers of the coating
woul d be suitable for nost applications enploying turbormachines that
operate In a - It has also been found possible
to provide a multilayer coated substrate in which
each of the layers comprises a nitride-containing
compound and in which the nitrogen content of one
layer is different than the ni:rogéh content of an
adjacent layer.
It has further been found possible
to provide a multilayer coated substrate in which
"each of the layers is a titanium nitride-containing
compound and in which the nitrogen content of one
layer is less than or more than the nitrogen content
in an adjacent layer. ,
It has still further been found possible
to provide a multilayer coated substrate comprising
at least three layers in which each layer comprises
a titanium nitride-containing compound having an
atomic percent of nitrogen from 33% to 55% and
wherein the nitrogen content of one layer has at
least 2 atomic percent of nitrogen more than the
nitrogen contained in an adjacent layer.
It has yet further been found possible
to provide a multilayer coated substrate in which
one layer is TizN mixed with titanium nitride
having an atomic percent of nitrogen of about 40%
and an adjacent layer is titanium nitride having an
atomic percent of nitrogén of 40% to 55% and wherein
the nitrogen content of one layer has at least 2
atomic percent of nitrogen more than the nitrogen
. contained in the adjécent layer. . )
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dust ‘environment. For nost applications, 15 to 40 |ayers would be
preferable. A preferable nultilayer coating would be a |ayer of [err] m xed
with titaniumnitride having an atom c percent of nitrogen of about 40%
alternating with a layer of a titaniumnitride conmpound having an atom c
percent of nitrogen from40%to 55% Another pre- ferred coating would be a
mul tilayer consisting of lay- ers of titaniumalum numnitride conpound
(e.q. [err] having an atom c percent of nitrogen from33%to 55% provided
that each |ayer contain at least 2 - =5-

According to the present invention there is
provided a multilayer coated substrate comprising a
substrate coated with at least two layers of a
nitride-containing compound wherein the composition of
each layer contains at least 2 atomic percent of
nitrogen different than the nitrogen contained in an
adjacent layer. |

Preferably at least one layer contains at least
one additive selected from titanium, zirconium,
titanium alloys and zirconium alloys. At least one
layer could also contain at least one element selected
from aluminium, vanadium, mblybdenum, niobium, iron,
chromium and manganese. Preferably, the multilayer
coated substrate would comprise three or more layers
in which at least one layer would contain at least 2
atomic percent of nitrogen different than the nitrogen
contained in each of the adjacent layers.

The invention also relates to a method for
producing a multilayer nitride-containing coating on a
substrate which comprises:

(a) placing a substrate to be coated 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 vapour to react
with the nitrogen in the nitrogen-containing gas
mixture to form a titanium nitride-containing layer of
a desired nitrogen content on the substr&te;

(c) changing the ratio of nitrogen to titanium
in step (b) to form another titanium nitride-
containing layer on the coated substrate that has

a nitrogen content of at ;gast 2 atomic
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aton1c percent of nitrogen different than the nitrogen contained in an

adj acent layer. The alunminumin the titanium al um numalloy coul d range
from10 to 60 atomic percent. In sone applications, it may be advisable to
have a relatively thick first layer of the nitride containing com pound to
support subsequent nultilayers of the coating and/or a thick top layer to
provide a harder top surface. The nultil ayers coating of this invention is
ideally suited for coating substrates made of nmaterials such as titanium

steel, alum num nickel, cobalt, alloys thereof
percent of nitrogen different than the nitrogen

contained in the previously deposited coating; and

(d) repeating step (c) at least once
to form a multilayer coating of at least two layers
in which at least one layer contains at least 2
atomic percent of nitrogen different than the
nitrogen contained in an adjacent layer. The ratio
of nitrogen to titanium can be cthanged by altering
the current, changing the flow of nitrogen or a
combination of both.

' One embodiment for producing a multilayer
nitride~containing coating on a subst-ate would
comprise the steps: B

(a) placing a substrate to be coated
in a vapor deposition chamber having an anode and
containing a 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
evaporation of the titanium from the titanium-based
cathode to produce a titanium vapor to react with
the nitrogen in the nitrogen-containing gas .mixture
to form a titanium nitride-containing layer of a
desired nitrogen content on the substrate;

(c) changing the ratio of nitrogen to
titanium in step (b) to form another titanium
nitride-containing layer on the coated substrate
that has a nit:ogen'content of at least 2 atomic
percent of nitrogen different than the nitrogen
contained in the previously deposited coating: and

(d) repeating step {(c) at least once
to form a multilayer coating of at least two layers.

This Sheet H;
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and the like. -8- EXAMPLE 1 Multilayer titaniumnitride coatings were
deposited on Ti 6Al-4V substrates using a physical vapor deposi- tion arc
evaporati on process. Before deposition, the vapor deposition chanber was
evacuated to a pressure below 7 X [err] Pa and then backfilled wi th argon

to 0.7
-7 -

Preferably, the nitrogen-containing gas
mixture could be argon-nitrogen:; krypton-nitrogen:
helium-nitrogen:; xenon-nitrogen:; neon-nitrogen or
the like. "

The nitride-containing compound of each
layer should have an atomic percent of nitrogen from
33% to 55%, and pfeferably the nitride-containing
compound of one layer can have an atomic percent of
nitrogen from 40% to 55%, prefetably 42% to 50%, and
the nitride-containing compound of an adjacent layer
can have an atomic percent of nitrogen from 33% to
45%, preferably 39% to 42%. provided that the
n1trogen content in one layer is at least 2 atomic
percent of nitrogen different than the nxtroqen
content in an adjacent layer. The multilayer
coating can be deposited by using conventional
process techniques such as chemical vapour deposition
and physical vapour deposition such as arc processes,
dc and rf magnetron sputtering, reactive ion plating

. and the like. The changing of the ratio of nitrogen
to titanium for the alternate lamellar layers will
interrupt the grain growth process of the coating
compound so that the grain size of the compound is
no larger than the thickness of the individual
layers. .

A layer containing less than 33 atomic

- percent of niérogen will be relatively reactive ‘and
susceptible to burning during solid particle
impact. A layer containing more than 55 atomic
percent of nitrogen will generally have a relatively
high compressive stress and be prone to lateral
spalling.

—_——
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Pa. The substrate to be coated was sputtered to renove surface

contam nants. Subsequently, a d.c. arc was acti- vated across a titanium
cat hode and a chanber which acts as an anode to evaporate Ti fromthe Ti
cathode in an [err] gas mi xture at an overall pressure between 1.3 to 4.8
Pa. The ionized Ti vapor reacted with [err] ions and then formed titanium
nitride coatings on the substrates. The-l8yered structure of the coating .
was forned by altering the nitrogen N2 gas flow rates during the depo-
sition. Typically, the coating consisted of a lanellar structure of A and B

nitride layers in which ihe prietérred coating would comprise a
layer of titanium nitride having an atomic percent
of nitrogen from 40% to 55% alternating with a layer
of titanium nitride having an atomic pétcent of
nitrogen from 33% to 45% and wherein at least one
layer has at least 2 atomic percent of nitrogen
different than the nitrogen content in each adjacent
layer on opposite sides of such layer. Titanium
nitride with the above ranges of nitrogen can have

' the same orientation and crystallographic structure
with a small difference in lattice spacings so that
coherent interfaces between the layers can be
expected to produce a high toughness characteristic.

Although not wanting to be bound by theory.
it is believed that the toughness enhancement in
titanium nitride multilayer coatings of this
invention can be expiained by two different
mechanisms. Firstly, at least after every 5 microns
thick coated layer, preferably after every 1l micron
or less thick coated layer, the nitrogen in the
coating composition should be changed to provide for
small size crystallites and small columnar grains in
each layer. For example, interruption of the
crystal growth by varying the nitrogen content of
the coating compbsition after depositing a 1 micron
thick layer of the coating can generally produce

‘crystal size about 0.02 micron or less while a 20
micron thick single coating will generally produce
crystals up to 0.07 micron in size. Using fixed
deposition conditions, titanium nitride coatings of
various thickness were deposited on a substrate and
the average grain size of the crystals produced in
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ness of the B | ayer was greater than that of the A layer. The nitrogen
concentration in the A layer was gener- ally greater than the nitrogen
content in the B layer. A number of nultilayer coatings with various |ayer
t hi cknesses of A and B were produced. The nitrogen concentrations in the

| ayers 'of the coatings were deter- mned by sputtered neutral mass
spectrometry. A coat- ing with a known conpgsition was used as a chen1stry
standard in the analysis. The | ayer t hi ckimeds&s of A and B, the [err]
concentration in the layers, and the difference in [err] concentration

betmeen the A and B | ayers are
each coated layer was determined. The data obtained

are shown in Table 1.

Table 1
Thickness of Coating Average Gra1n Size of Crystal
5 (microns) - (microns)
20 . 0.074
16 0.059
7 - 0.045
4 0.032
10 This data clearly demonstrates that the average

~ crystal size in a 20 micron thick single layer
coating of TiN will be more than two times larger
than the ‘size of the crystals in a 20 micron thick
- 5-layer coating with each layer being 4 microns
15 thick. The advantages of smaller crystallite sizes
in the multilayer coating is that they provide
greater toughness as well as hardness to the overall
coating. | ' o
' Secondly, layered structure coatings are
20 toughened due to the interference of layer
interfaces with crack propagation. In other words,
the coherent and partly coherent interface between
layers can absorb the impact energy by deflecting
the cracks and/or making. the propagation'path of
25 cracks more tortuous.

Hardness and toughness of a multilayer
coating are closely related to compositions and
spacings of layérs. The individual layer thickness
and overall thickness of the multilayer coating

30 , depends on specific applications. For systems
.applications requiring high toughness, the layer
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gi ven |n Table 2. The crystal | ographic orientation, interplanar spacing in
(111) and crystallite size of these coatings, given in Table 2, were
determ ned by X-ray diffractometry. The preferred orientation was
determned fromthe texture coefficient of reflections (hkl). Interplanar
spaci ngs were cal cul ated according to the Brgggq equation, [err]= 2d sin
[err]; where [err] is the wavel ength of the X-rays, d the interplanar
spaci ng between atom c planes in the crys- tal, and [err] the angle between

the atom c pl ane an oth the i C|dent and re Ie t ed bea The crystallite
si ze P _ dg% the smal er content o nf%rogen s oulg be ¥rom

1 to 20 times thicker than the layer containing the
higher content of-n@trogen. An overall coating
thickness of from 5 microns up to 30 microns thick.
5 is generally adequate for most erosion applicatiohs.
The thickness of the individual layers can
vary greatly as for example between 0.1 to 5 microns
thick, preferably about 1 micron thick. The number
of layers should be at least two so that at least
10 one layer will have an atomic percent of nitrogen of
' 2% more or 2% less than the nitrogen content in the
adjacent layer
In accordance with this invention, the
number of layers of a nltride—contaln1ng compound
15 forming the coating of this invention can vary from
' twc'up to any number desired for a particular
application. Generally, 5 to 50 layers of the
coating would be suitable for most applications
employing turbomachines that operate in a dust
20 environment. For most applications, 15 to 40 layers
would be preferable.
A preferable multilayer coating would be a
layer of TizN mixed with titanium nitride having
an atomic percent of nitrogen of about 40%
25 alternating with a layer of a titanium-nitride
compound having an atomic percent of nitrogen from
40% to 55%. Another preferred coating would be a
multilayer consisting of layers of titanium-aluminum
' nitride compound (e.g. TiAlN,) having an atomic
30 percent of nitrogen from 33% to 55%, provided that
each layer contain at least 2 atomic percent of
- nitrogen different than the nitrogen contained in an
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was determ ned based on the ( 11 1). (200) and (220) |ines broadening
excl uding the instrunental broadeni ng which was determi ned from an anneal ed
stoichionetric Ti N powder. This is the replacenent sheet @~ -9- Erosion
properties of the nultilayer coatings and the single layer [err] coatings
on 1.5 x 25 x 50 mm[err] '

- 1) -

adjacent layer. The aluminum in the titanium
aluminum alloy could range from 10 to 60 atomic
percent.
In some applications, it méy be advisable
5 to have a relatively thick first layer of the
nitride~-containing compound to support subsequent
multilayers of the coating and/or a thick top layer
to provide a harder top surface.
The multilayer coating of this invention is
10 ideally suited for coating substrates made of
materials such as titanium, steel, aluminum, nickel,
cobalt, alloys thereof and the like.

EXAMPLE 1
Multilayer titanium nitride coatihgs were
15 deposited on Ti-6A1-4V substrates using a physical
vapor deposition arc evaporation process. Before
deposition, the vapor deposition chamber was:
evacuated to a pressure below 7 ::_10.4 Pa and then
backfilled with argon to 0.7 Pa. The substrate to
20 be coated was sputtered to remove surface
contaminants. Subséquently, a 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 Ar-N, gas mixture at an overall
25 pressure between 1.3 to 4.8 Pa. The ionized Ti
vapor reacted with N, ions and then formed
titanium nitride coatings on the substrates. The
layered structure of the coating was formed by
_ altering the nitrogen N, gas flow rates during the
30 deposition. Typically. the coating consisted of a
lamellar structure of A and B nitride layers in
which the thickness of the B layer was greater than
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4V sanpl es were determ ned by inpacting with angular alum na particles at
[err] and [err] inpingenent angles. The test apparatus was set up according
to the recom nended guidelines of the American Society of Testing .
Mat eri al.s, ASTM G 76-83. Conpressed air with a pres- sure of 276 kPa was
used to carry alumna particles with a- non1na| particle size of 50 mcrons -
through a 5 mmdi aneter alum na nozzle. The 12omi nal particle velocity was
60 neters per second [err] and the nozzl e-to- specinen di stance was

mai ntai ned at 100 nm In each test, at least 0.6 and 0.2 Kg of alum na
particles was usedthat of the A layer. The nitrogen concentration in

the A layer was generally greater than the nitrogen
content in the B layer.
A number of multilayer coatings with
5 various layer thicknesses of A and B were produced.
The nitrogen concentrations in the layers of the
coatings were determined by sputtered neutral mass
spectrometry. A coating with a known composition
was used as a chemistry standard in the analysis.
10 The layer thicknesses of A and B, the N,
concentration in the layers, and the difference in
Nz concentration between the A and B layers are
given in Table 2.
| The crystallographic orientation,
15 interplanar spacing in (111) and crystallite size of
these coatings, given in Table 2, were determined by
X-ray diffractometry. The preferred orientation was
determined from the texture coefficient of
reflections (hkl). Interplanar spacings were
20 calculated according to the Bragg equation, A=2d
sin 6; where \ is the wavelength of the X-rays, d
the interplanar spacing between atomic planes in the
crystal, and © the angle between the atomic plane
and both the incident and reflected beams. The
25 crystallite size was determined based on the (111),
(200) and (220) lines broadening excluding the
instrumental broadening which was determined from an
annealed stoichiometric TiN powder. |
Erosion properties of the multilayer
30 coatings and the single layer TiN, coatings on
1.5 x 25 X 50 mm Ti-6Al-4V samples were determined
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for [err] and [err] erosion, respectively. Generally, the erosion rate was
nmeasured in terns of the weight |oss of the coating per unit gram of the
erodent used in the test. The erosion resistance of the coatings is defined
as the reciprocal of the ratio of the erosion rate of the nea- sured
coatings to the typical single |layer stoichionetric TiN coating, (Sanple
6). The rest results of these coat- ings aregglven in Table 3. The
preferred orientation of a typical A layer i$°in <111> and the B | ayer
either in <111> <200> or <220>. The A layer is defined as having relatively

by impacting with angular alumina particles at 20°
and 90° impingement angles. The test apparatus was
set up according to the recommended gquidelines of
the American Society of Testing Materials, ASTM |

5 G 76~-83. Compressed air with a pressure of 276 kPa
was used to carry alumina particles with & nominal
particle size of 50 microns through a 5 mm diameter
alumina nozzle. The nominal particle velocity was
60 meters per second (ms ') and the nozzle-to-

10 specimen distance was maintained at 100 mm. In each

' test, at least 0.6 . and 0.2 Kg of alumina particles

was used for 20° and 90° erosion, respectively.
'Generally, the erosion rate was measured in terms of
the weight loss of the coating per unit gram of the

15 erodent used in the test. The erosion resistance of
the coatings is defined as the reciprocal of the
ratio of the erosion rate of the measured coatings
to the typical single layer stoichiometric TiN
coating, (Sample 6). The test results of these

20 coatings are given in Table 3.

The preferred orientation of a typzcal A
layer is in ¢111> and the B layer either in <111>
<200> or <220>. The A layer is defined as having
relatively higher N, concentration than the B

25 layer. Apparently, the preferred orientation of the
coating depends strongly on the chemical composition
"of the coating. Therefore, various preferred
orientations in <111>, or a combination of <111> and
<200> have a relatively higher overall N,

30 concentration than that with a <200> or <220>
preferred orientation.
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hi gher [err] concentration than the B | ayer. Apparently, the preferred

ofi entation of the coating depends strongly on the chem cal conposition of
the coating. Therefore, various preferred orientations in <111> or a .
conbi nation of <111> and <200> have a rel atively higher overall [err]
concentration than that w t'h a <200> or <220> preferred orientation. During
deposition, interdiffusion occurred betwe&n l¢he A and B | ayers due to
thermal heating, resulting in a small difference in nitrogen concentration

from2.6 to 5.4 atom c percent which depends primarily on the
: During deposition, interdiffusion occurred

between the A and B layers due to thermal heating,
resulting in a small difference in nitrogen
concentration from 2.6 to 5.4 atomic percent which
5 depends ptimarily on the thickness of the layers.
As a result of the formation of a layered structure,
the values of interplanar spacing d,,, of the
multilayer coatings, Samples 1 to 5 are between that
- of the single A layer coating'(Sample 6) and the.
10 single B layer coating (Sampie 7). Considering an
~ anisotropic growth of crystallites, the crystallite
size of the multilayer coating is significantly
smaller than that of the single layer coating. The
multilayer coatings with a preferred orientation in
15 <111> and in combination of <111> and <200> have
substantially smaller crystallites compared with the
single layer coating. In the coatings with a '
preferred orientation in <200> and <220>, the
multilayer coating exhibited finer crystallite size

20 than the crystallite size in the single layer
coating, e.g. compare Samples 3, 4 and 5 with
Sample 7.

- Both Samples 2 and 3 had <111> and <200>

preferred orientation, a 2.8 ahd 2.6 atomic percent

25 of nitrogen concentration difference between
adjacent layers, respectively. Both coatings showed
substantial erosion performance improvement over the
single layer titanium nitride coatings Samples 6 and
7 at both 20° and 90° impingement angles.

30 ' Sample 1 coating had a B/A layer thickness
ratio of 3.9 and preferred orientation in both <111>
and <200>. The nitrogen concentration difference
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t hi ckness of the layers. As a result of the formation of a |ayered
structure, the values of interplanar spacing [err] of the nultilayer
coatings. Sanples 1 to 5 are between that of the single A layer coating
(Sanple 6) and the single B layer coating (Sanple 7). Considering an ani so-
tropic growth of crystallites, the crystallyke_size of the multilayer
coating is significantly smaller than that o the single | ayer coating. The
multilayer coatings with a preferred orientation in < 111 > and in

Comb At o0 O LR B ScBRE AR B B A e
_ atomic percent. The erosion resistances of the
Sample 1 coating were 1.1 and 8 times that of a
single layer TiN coéting (Sample 6) at 20° and 90°
5  impingement angles, respectively. Compared with a
single layer substoichiometric TiNx coating.
(Sample 7), the Sample 1 coating showed little or no
improvement at 90° and 20° impingement angles,
respectively. However, the Sample 1 coating showed
10 at least 3 times improvement in furrowing resistance
~ over the Sample 6 and 7 coatings as observed by the
dimensions of furrows formed from the 50 micron
erosion at 10° impingement angles. The dimensions
of the furrows were measured in a longitudinal
15 direction (parallel to the particle flow direction)
and in the transverse direction. The furrow
dimensions observed for Samples 1, 6 and 7 are shown
in Table 4 . _
The Sample 5 coating had a B/A layer
20 thickness ratio of 9.1 and a <200> preferred
orientation. The nitrogen concentration difference
between adjacent layers in this coating was 2.8
atomic percent. The erosion performance of this
| coating was substantially better than that of the
25 = Ssample 6 TiN coating at both 20° and 90° impingement
angles. However, compared with the substoichio-
metric TiNx coating, (Sample 7), the improvement
in erosion resistance of the Sample 5 coating was
~ only found at 20° impingement angle.

#
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- 10 - coatings with a preferred orientation in <200> and <220>, the
nmul tilayer coating exhibited finer crystal- lite size than the crystallite

size in the single Inayer coat- ing, e.q. conpare Sanples 3, 4 and 5 with
Sarrpl e 7. Both Sarrplceg 4 and 3 had <111pg and <200> pre- ferred orientation,
.8 and 2.6 atom(g pegricent of nitro- gen concentration difference between
adJ acent | ayers, bl I :
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respectively. Both coatings showed substantial erosion performance

| provenent over the single layer tita- niumnitride coatings Sanples 6 and
7 at both [err] and [err] inpingenent angles. Sanple 1 coating had a B/ A

| ayer thickness ratio of 3.9 and preferred orientation in both <111> and
<200>. The nitrogen concentration difference be- tween adjacent layers in
the coating was 5.4 atonic percent. The erosion resistances of the Sanple 1
coating were 1.1 and & tfi nes that  of a single Iayer T|N coating (Sanple 6)
at [err] and [err] |m:| ge;gent,angl es., r..espec-,,
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tively. Conpared with a single |layer substoichionetric [err] coating
(Sample 7), the Sanple 1 coating showed little or no inprovenent at [err]
and [err] inpingenment angles, respectively. However, the Sanple 1 coating
showed at least 3 tines inprovenent in furrow ng resis- tance over the
Sanple 6 and 7 coatings as observed by the dinensions of furrows forned
fromthe 50 mcron erosion at [err] inpinge t angl es. The di nensi ons of
the furrows were neasured in a Iongitudiné1q§FFéction (parallel to the
particle flow direction) and in the trans- verse direction. The furrow

di mensi ons observed for TABLE 4
Sample Furrow Dimension
Coating Longitudinal x
‘Transversal direction (nm)
5 1 0.17 x 0.02
6 0.37 x 0.06
7 ' 0.31 x 0.04
EXAMPLE 2 .
An eight layer coating (Sample Coating 8)
10 was deposited on an Inconel (trademark for alloy

containing 76Ni; 15Cr and 9% Fe) strip in which a
0.4 micron layer of titanium nitride having an
atomic percent of nitrogen of about 50% was
alternated with a 2.2 micron layer of titanium

15 nitride having an atomic percent of nitrogen of
about 41%. Single layered coatings., identical to
Sample Coatings 6 and 7 of Example 1, were also
produced. The three samples were tested for low-
stress abrasion resistance using a dry sand/rubber

20 wheel abrasion tester which is described in ASTM
G65-80. The test consisted of contacting each
coated sample with the wheel and then continuously
rotating the wheel for 3000 revolutions. The weight
loss of the coating.for each sample was measured by

25 weighing each sample before and after the test to an
accuracy of 0.001 milligrams. The weight loss of
each sample was converted to volume loss in cubic
millimeters per 1000 revolutions (mm3/1000 rev.).
The data obtained are shown in Table 5.

30 The data in Table 5 clearly show that the
multilayer coating (Sample Coating 8) exhibited
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Sanples 1, 6 and 7 are shown in Table 4. The Sanple 5 coating had a B/ A

| ayer thickness ratio of 9.1 and a <200> preferred orientation. The
nitrogen concentration difference between adjacent |layers in this coating
was 2.8 atom c percent. The erosion perfor- mance of this coating was
substantially better than that of the Sanpl §46_Ti N coating at both [err]
and [err] im pingenent angles. However, conpared with the sub-
stoichionetric [err] coating, (Sanple 7), the inprove- nment in erosion

resistance of the 5apple 3n¢284bAIrERTsRahte’ WA Tichy bf B WHRIYe

angl e.
layer coatings (Sample Coatings 6 and 7).

TABLE S
Sample Volume Loss -
5 Coating mm3/1000 rev.
6 1.0
7 0.93

8 ' 0.89

Although specific embodiments of this
10 invention have been described, it should be
understood that various modifications may be made
without departing from the spirit of this invention.
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TABLE 2 Layer Thi ckness N [err] Concentration [err]
Conceéntrati (m crons) Tot al Nunber Atom c.
Per cent ﬂ“l mwm B | ayers Coating A B of

Layers Atom c Percent 1 0. 33 1.3
20 46.2 40.8 - 20.4 2 _ 0.13 1.3

18 44.0 41. 2 2.8 3 . 0.13 1.0

38 41.5 38.9 2.6 4 - 0.12 1.0

22 39. 3hat iSTlhimed: 4.2

1. A multilayer coated substrate
comprising a substrate coated with at least two
layers of a nitride-containing compound wherein the
composition of each layer contain at least 2 atomic
percent of nitrogen different than the nitrogen
contained in an adjacent layer.

2. The multilayer coated substrate of ,
claim 1 wherein at least one layer contains at least
one additive from the group comprising titanium,
titanium alloys,. zirconium and zirconium alloys.

3. The multilayer coated substrate of
claim 2‘whereih at least one layer contains at least
one element from the group comprising aluminum,
vanadium, molybdenum, niobium, iron, chromium and
manganese. |

4, The multilayer coated substrate of
claim 1 wherein the nitride~containing compound is
titanium nitride.

5. The multilayer coated substrate of
claim 1 wherein the nitride-containing compound of
each layer has an atomic percent of nitrogen from
33% to 55% and the nitrogen content in one layer has
at least 2 atomic percent of nitrogen different than
the nitrogen content in an adjacent layer.

6. The multilayer coated substrate of
claim 5 wherein the nitride-containing compound of
one layer has an atomic percent of nitrogen from 33%

This Sheet Has Been Relilaced | " This ia the replacement sheet
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5’
1

0 11_

1.0 22 40. 8 38.0
B 1 -50 - 7 -

- [err] - 12 - EXAMPLE 2 An
ei ght Iayer COf ’I’@U t| ng 8) weis de- posited on an Inconel
L .

(trademark for

to 45% and the nitride-containing compound of an
adjacent layer has an atomic percent of nitrogen
from 40% to 55%. '

7. The multilayer coated substrate of
claim 5 wherein said nitride-containing compound is
titanium nitride. '

8. The multilayer coated substrate of
claim 5 wherein said nitride-containing compound is
titanium aluminum nitride.

9. The multilayer coated substrate of
claim 1 wherein the nitride-containing compound of
one layer is TizN mixed with titanium nitride
having an atomic percent of nitrogen of about 40%;
the nitride-containing compound of an adjacent layer
is titanium nitride having an atomic percent of
nitrogen of 40% to 55%; and the nitrogen content is
one layer has at least 2 atomic percent of nitrogen
different than the nitrogen content in an adjacent
layer.

10. The multilayer coated substrate of
claim 1 wherein the multilayer coating comprises at
least 3 layers.

11. The multilayer coated substfate of
claim 1 wherein the multilayer coating comprises 2
to 50 layers.

12. The multilayer coated substrate of’
claim 11 wherein the multilayer coating comprises
from 15 to 40 layers.
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76Ni | 15Cr and 9@“Fe%~s%¢ip tn_which a 0.4 mcron layer of titaniumnitride

havi ng an at ent of. nitrogen of about 50% was alternated with a 2.2
m cron Iayer uﬂﬂ i de having an atom c percent of nitrogen of
about 41% Sln ting, identical to Sanple Coating 6 and 7 of
Exanple 1, were also producéd. The three ggnples were tested for |owstress

abrasion resis- tance using a dry sand/ ruffer wheel abrasion tester which
is described in ASTM 65-80. The test consisted of contacting each coated

carple with the vieel and,yhenygant, puovgby, ' 4gtaa%sLBge e o 2000

claim 1 wherein the overall thickness of the coating
is from 5 to 30 microns.

14. The multilayer coated substrate of
claim 1 wherein the thickness of each layer is from
- 0.1 to S microns thick.

- 15. The multilayer coated substrate of
claim 1 wherein the ratio of the thickness of the
layer containing the least amount of nitrogen to the
thickness of an adjacent layer containing the higher
amount of nitrogen is from 1 to 20.

16. The multilayer coated substrate of
claim 1 wherein the substrate is selected from the
group consisting of titanium, steel, aluminum,
nickel, cobalt and alloys thereof.

17. The multilayer coated substrate of
claim 16 wherein said nitride-containing compound is
titanium nitride.

18. The multilayer coated substrate of
claim 16 wherein said nitride-containing compound is
titanium aluminum nitride.

19. The multilayer coated substrate of
claim 16 wherein said nitride-containing compound is
titanium nitride and said substrate is titanium.

20. A method for producing a multilayer
nitride-containig coating on a substrate comprising
the steps:

This i8 the replacement sheet
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tions. The wei ght loss-ef-the coating for each sanple was neasured by
wei ghi ng each sanpl e bef ogi\and after the test to an accuracy of 0.001

mlligrans.
cubic mlli

IR IS

evol utiong &begr]/looo_rev.). The dat a.

of each sanple was converted to volune loss in

obtai ned are*sfowy in Table 5. The data“in Table 5 clearly show that the
mul til ayer coating (Sanple Coating 8) exhibited better abrasion resistance

5

than either of the single |ayer coatings (Sa | e Coatings 6 _and 7).
. t3) 13 a subskrate’to b

placing rate coate
in a chamber containing a titanium-target and a
nitrogen-containing gas mixture;
(b) evaparating the titanium from the
titanium target to produce a titanium vapor to react
with the nitrogen in the nitrogen-containing gas

mixture to form a titanium nitride-containing layer

of a desired nitrogen content on the substrate;

(c) changing the nitrogen content of
the nitrogen-containing gas mixture and repeating
step (b) to form another titanium nitride-containing
layer on the coated substrate that has a nitrogen
content of at least 2 atomic percent of nitrogen
different than the nitrogen contained in the
previously deposited layer; and

. (d) repeating step (c) at least once
to form a multilayer coating of at least two layers
in which at least one layer contains at least 2
atomic percent of nitrogen different than the
nitrogen contained in an adjacent layer.

21. The method of claim 20 wherein said
nitrogen-containing gas mixture is selected from the
group consisting of argon-nitrogen; krypton-nitrogen;
helium-nitrogen; xenon-nitrogen; and neon-nitrogen.

22. The method of claim 18 wherein said
nitrogen-containing gas mixture is argon-nitrogen.

23. The method of claim 20 wherein said
substrate is selected from the group comprising .
titanium, steel, aluminum, nickel, cobalt and alloys
thereof. '
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Sanplé Vol ume Loss - Coating [err] rev. 6

1.0 7 - 0.93'8 0.89 Although specific
enbodi nent s of ' nu ve been described, it should be understood
that vari- ous mm lﬂ] ‘ be made wi t hout departl ng fromthe Spl rit

of this invention. ¢

- 24 -

24. The method of claim 20 wherein step
{(d) is repeated until a multilayer coating is
produced having from 2 to 50 layers.

25. The method of claim 20 wherein the
thickness of the multilayer coating is from 5 to 30
microns thick.

26. The method of claim 20 wherein the
first deposited layer in step (b) has a greater
nitrogen content than the second deposited layer in

step (c).
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What is clainmed: 1. A nultilayer coated substrate conprising a sub- strate
coated with at least three layers of a nitride-con- taining conpound
wherein the conposition of each layer is a nonstoichionmetric conposition
whi ch con- tains at |least 2 atom c percent of nitrogen different than the
ni trogen contained in an adjacent layer. 2. The nultilayer coated substrate
of claim1 wherein the niride-containing conpound is titaniumnitride. 3.
The nultilayer coated substrate of claim 1 wherein

- 25 -

MULTILAYER COATING OF A NITRIDE-CONTAINING
COMPOUND AND METHOD FOR PRODUCING IT

Abstract

The invention relates to a multilayer
5 coating of at least 2 layers of a nitride-

containing compound, such as titanium nitride, in
which at least one layer contains at least 2 atomic
percent of nitrogen different than the nitrogen
contained in an adjacent layer. The invention also

10 relates to a method for produbing the multilayer
coating. |
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the ni tri de- cont ai ni ng conpound of one layer is Ti 2N mixed with ti &M 665 H

nitri de havi ng an atomc percent of nitrogen of about 40% the

nitridgs COREH E Fret ey adj acent |ayer is nonstoichi omet?grcro‘”y
tita- hi ﬁp%¢?%}g %(Fo percent of nitrogen of 40%to 55% and
t he ni fﬂ"e‘n?"gFﬁ Ffépii as at least 2 atom c percent of nitrogen
differ WH’& t her Pﬁ&eﬁi@ éhP&@ﬁ in an adj acent layer. 4. The nultilayer
coat ed B%rtawaxgés)o*rpmél molpmére| the dverall thickness of the coating is

from 5| {b ABtmit- crpagsd . to paged ..

DATE OF RECEIPT..G7[C8[%7,
" MULTILAYER COATING OF A
NITRIDE-CONTAINING COMPOUND AND
METHOD FOR PRODUCING IT

This application is a continuation of prior U.S. appli-
cation Ser. No. 07/405,131, filing date Sept. 11, 1989,
abandoned.

FIELD OF THE INVENTION

The invention relates to a wear and erosion resistant
coating composed of alternate lamellar layers of a ni-
tride-containing compound in which at least one layer
contains at least 2 atomic percent of nitrogen different
than theé nitrogen contained in an adjacent layer. Prefer-
ably, the multilayer coating could comprise three or
more layers in which one layer could be disposed be-
tween two adjacent layers and contain at least 2 atomic
percent of nitrogen different than the nitrogen con-

: tained in each adjacent layer. The invention also relates
) | - to a method for producing the mulitilayer coating of a
' nitride containing compound.

BACKGROUND OF THE INVENTION

Resistance against erosion wear is normaily 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 ar 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 veiocity of the particles is high, the
coating on the car could be chipped or pitted. Ia 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 nitride coatings,
have been used to provide a protective layer having
good bardness characteristics. These coatings have
been found to have good erosion resistance to Al203
and SiOq particles at both high and low impact angles.
Although these coatings have high hardness character-
mics, they exhibit mhcrcntly brittle behavior and their

erosion resistance at normal impact decreases markedly
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5. The nmultilayer coated substrate of claim 1 wherein the thickness of each
| &yer is from0.1 to 5 /microns thick. 6. The nmultilayer coated substrate
of claim1 wherein the ratio of the thickness of the |ayer containing the

| east ampbunt of nitrogen to the thickness of an adjacent |ayer containing

t he hi gher ampbunt of nitrogen is froml to 20. 7. The nultil ayer coated
substrate of claim1 wherein at |east qualgyer contains at |east one
additive fromthe group conprising titani‘um titaniumalloys. zirconium

with increasing hardness and particle size of the ero-
dent. It has been observed that dynamic impact 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 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-
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 gencrally
resuit 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
effect the overall performance of the turbomachine.
Based on the elastic-plastic theory, toughness and
hardness arc the dominant properties controlling the

erosion behavior. Higher hardness is be!icvg:d to in-
crease erosion resistance at both low and high impinge-

ment angles while higher toughness reduces the vuiner-
ability to brittle fracture and markedly increases 90°
erosion resistance. An erosion resistant coaring needs to
be simuitaneously hard 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 simultaneously 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 imterface 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 and the other layer is
a aitride or carbide of a metal of Group VI, have shown

good performance in wear resistance.’ o '
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and zirconiumalloys. 8. The nultilayer coated substrate of claim7 wherein
at | east one layer contains at |east one elenent fromthe group conprising
al um num vanadi um nol ybdenum ni obium iron, chrom um and nmanganese. 9.
The nultilayer coated substrate of claim1 wherein the nonstoichionetric
conposition of the nitride-con- taining conmpound of each |ayer has an
atom c percent of nitrogen from 33% 553/o§ng the nitrogen content in one
| ayer has at |east 2 atomic percent of nitrogen dif- ferent than the
ni trogen content in anAadpbjeentof! theepresent invention is to provide a
multilayer coated substrate having good erosion and/or
wear resistance characteristics to solid particle impact.
Another object of the present invention is to provide
2 multilayer coated substrate in which each of the layers
comprises a nitride-containing compound and in which
the nitrogen content of one layer is different than the
nitrogen content of an adjacent layer.
Another object of the present invention is to provide
a multilayer coated substrate in which each of the layers
is a titanium nitride containing compound and in which
the nitrogen content of one layer is less than or more
than the gitrogen content in an adjacent layer.
Another object of the present invention is to provide
a multilayer coated substrate comprising at least three
layers in which each layer comprises a titanium nitride-
containing compound having an atomic percent of ni-
trogen from 33% to 55% and wherein the nitrogen
content of one layer has at least 2 atomic percent of
nitrogen more than the nitrogen contained in an adja-
cent layer.
Another object of the present invention is to provide
a multilayer coated substrate in which one layer is TizN
mixed with titanium nitride having an atomic percent of
nitrogen of about 40% and an adjacent layer is titanium
nitride having an atomic percent of nitrogen of 40% to
55% and wherein the nitrogen content of one layer has
at least 2 atomic percent of mitrogen more than the
nitrogen contained in the adjacent layer.
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 multilayer coated substrate
comprising a substrate coated with at least two layers of
a nitride-containing compound with each layer contain-
ing at least one additive from the group comprising
titanium, zirconium, titanium alloys and zirconium ai-
loys and wherein at least one layer contains at least 2
atomic percent of nitrogen different than the nitrogen
contained in the adjacent layer. The layer could aiso
contain at least one element from the group comprising
aluminum, vanadium, molybdenum, niobium, iron,
chromium and manganese. Preferably, the multilayer
coated substrate would comprise three or more layers in
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10, The nultilayer coated substrate of claim9 wherein the
nitride-containing conpound of one | ayer has an atom c percent of nitrogen
from33%to 45% and the nitride-containing conpound of an adjacent | ayer
has an atom c percent of nitrogen from40%to 55% 11. The nultil ayer
coated substrate of claim9 wherein said nitride-containing conpound is
titaniumnitride. - 4 -

which at least one layer would contain at least 2 atomic
percent of nitrogen different than the mitrogen con-
tained in each of the adjacent layers.

The invention also relates to a method for producing
a multilayer nitride-containing coating on a substrate
comprising the steps:

(a) placing a substrate to be coated in a chamber
containing a titanium based target and a nitrogen-con-
taining gas mixrure;

(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 to form
a titanium nitride-containing layer of a desired nitrogen
conteat on the substrate;

(c) changing the ratio of nitrogen to titanium in step
(b) to form another titanium nitride-containing layer on
the coated substrate that has a nitrogen content of at
least 2 atomic percent of nitrogen different than the
nitrogen contained in the previously deposited coating;
and

(d) repeating step (c) at least once to form a multi-
layer coating of at least two layers in which at least one
layer contains at least 2 atomic percent of nitrogen
different than the nitrogen contained in an adjacent
layer. The ratio of nitrogen to titanium can be changed
by altering the current, changing the flow of nitrogen or
a combination of both.

One embodiment for producing a muitilayer nitride
containing coating on a substrate would comprise the
steps: -

(a) placing a substrate to be coated in a vapor deposi-
tion chamber having an anode and comtaining a titani-
um-based cathode along with a nitrogen-containing gas
mixture;

(b) applying a voltage across the cathade and anode
to establish a current to effect evaporation 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 mixiure to form a titanium nitride-
containing layer of a desired nitrogen content on the
substrate; :

(c) changing the ratio of nitrogen to titanium in step
(b} to form another titanium nitride containing layer on
the coated substrate that has a nitrogen content of at
least 2 atomic percent of nitrogen different than the
nitrogen contained in the previously deposited coating;

and N
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12. The nultil ayer coated substrate of claim9 wherein said
nitride-containing conpound is titaniumalumnumnitride. 13. The

mul tilayer coated substrate of claim 1l wherein the multilayer coating
conprises up to 50 lay- ers. 14. The nultilayer coated substrate of claim
13 wherein the multilayer coating conprises from15 to 40 |ayers. 15. The
mul tilayer coated substrate of claim1l wherein the substrate is selected
fromthe group consi st-

(d) repeating step (c) at least once to form a muiti-
layer coating of at least two layers.

Preferably, the nitrogen-containing gas mixture could
be argon-nitrogen; krypton nitrogen; helium-nitrogen;
xenon-nitrogen; neon-nitrogen or the like. ‘

The nitride-containing compound of each layer
should have an atomic percent of nitrogen from 33% to
35%, and preferably the nitride-containing compound
of one layer can have an atomic percent of nitrogen
from 40% to 55%, preferably 429 to 50%, and the
nitride comtaining compound of an adjacent layer can
have an atomic percent of nitrogen from 33% to 45%,
preferably 39% to 42%, provided that the nitrogen
content in one layer is at least 2 atomic percent of nitro-
gen different than the nitrogen content in an adjacent
layer. The muitilayer coating can be deposited by using
conventional process techniques such as chemical
vapor deposition and physical vapor deposition such as
arc processes, dc and f magnetron sputtering, reactive
jon plating and the like. The changing of the ratio of
nitrogen to titanium for the alternate lamellar layers

will interrupt the grain growth process of the coating
compound so that the grain size of the compound is no
larger than the thickness of the individual layers.

A layer containing less than 33 atomic percent of
nitrogen will be relatively reactive and susceptible to
burning during salid particle impact. A layer containing
more than 55 atomic percent of nitrogen will generally
have a relatively high compressive stress and be prone
to lateral spalling.

The preferred coating would comprise a.layer of
titanium nitride having an atomic percent of nitrogen
from 40% to 55% alternating with a layer of titanium
nitride having an atomic percent of nitrogen from 33%
to 45% and wherein at least one layer has at least 2
atomic percent of nitrogen different than the nitrogen
content in each adjacent layer on opposite sides of such
layer. Titanium nitride with the above ranges of nitro-
gen can have the same ortentation and crystallographic
structure with a small difference in lattice spacings so
that coherent interfaces between the layers can be ex--
pected to produce a high toughness characteristic.
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ing of titanium steel, alumnum nickel, cobalt and al- |oys thereof. 16.
The multilayer coated substrate of claim 15 wherein said nitride-containing
conpound is titaniumnitride. 17. The nmultilayer coated substrate of claim
15 wherein said nitride-containing conpound is titanium alum numnitride.
18. The nultil ayer coated substrate of claim 15 wherein said
nitrideontaining conpound is a nonstoi- chionmetric conposition of titanium
nitride and said -

Although not wanting to be bound by theory, it is
believed that the toughness enhancement in titanium
nitride multilayer coatings of this invention can be ex-
plained by two different mechanisms. Firstly, at least
after every 5 microns. thick coated layer, preferably
after every | micron or less thick coated layer, the
nitrogen in the coating composition should be changed
o provide for small size crystallites and small columnar
grains in each layer. For example, interruption of the
crystal growth by varying the nitrogen content of the
coating compasition after depositing a | micron thick
layer of the coating can generally produce crystal size
about 0.02 micron or less while a 20 micron thick single
coating will generally produce crystals up to 0.07 mi- -
cron in size. Using fixed deposition conditions, titanium
nitride coatings of various thickness were deposited on
a substrate and the average grain size of the crystals
produced in each coated layer was determined. The
data obtained are shown in Table 1.

TABLE 1
Thickness of Coating Average Grain Size of Crystal
{microas) {microns)
20 0.074
16 0.059
7 0.045
4 0.032

This data clearly demonstrates that the average crystal
size in 2 20 micron thick single layer coating of TiN will
be more than two times larger than the size of the crys-
tals in a 20 micron thick S-layer coating with each layer
being 4 microns thick. The advantages of smaller crys-
tallite sizes in the multilayer coating is that they provide
greater toughness as well as hardness to the overall
coating. '
Secondly, layered structure coatings are toughened
due to the interference of layer interfaces with crack
propagation. In other words, the coherent and partly
coherent interface between layers can absorb the im-
pact energy by deflecting the cracks and/or making the
propagation path of cracks more tortuous. '
Hardness and toughness of a multilayer coating are
closely related to compositions and spacings of layers.
The individual layer thickness and overall thickness of
the muitilayer coating depends on specific applications.
For systems applications requiring high toughness, the
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substrate is titanium 19. A nethod for producing a nultilayer nitride-con-
taining coating on a substrate conprising the steps: (a) placing a
substrate to be coated in a chanber containing a titaniumtarget and a
nitrogen-con- taining gas m xture; (b) evaporating the titaniumfromthe
titaniumtargef to produce a titaniumvapor to react with the nitro- gen in
the nitrogen-containing gas mxture to gptn1a nonstoi chionetric titani um
nitride-containing |ayer of a desired ni'trogen content on the substrate;

layer with the smaller content of nitrogen should be
from 1 to 20 times thicker than the layer containing the
higher content of nitrogen. An overall coating thickness
of from 5 microns up to 30 microns thick is generally
adequate for most erasion applications.

The thickness of the individual layers can vary
greatly as for example between 0.1 to 5 microas thick,
preferably about | microa thick. The number of layers
should be at least two so that at least one layer will have
an atomic percent of nitrogen of 2% more ar 2% less
than the nitrogen content in the adjacent layer.

In accordance with this invention, the aumber of
layers of a nitride-containing compound forming the
coating of this inveation can vary from two up to any
number desired for a-particular application. Generally,
5 to 50 layers of the coating would be suitable for most
‘applications employing turbomachines that operate in a
dust environment. For most applications, 15 to 40 layers
would be preferable. '

A preferable multilayer coating would be a layer of
Ti2lN mixed with titanium nitride having an atomic
percent of nitrogen of about 40% alternating with a
[ayer of a titanium-nitride compound having an atomic
percent of nitrogen from 40% to 55%. Another pre-
ferred coating would be a multilayer consisting of lay-
ers of titanium-aluminum nitride compound (e.q.
TiAlINy) having an atomic percent of nitrogen from
33% to 55%, provided that each layer contain at [east 2
atomic percent of nitrogen different than the nitrogen
contained in an adjacent layer. The aluminum in the
titanium aluminum alloy could range from 10 to 60
atomic percent. ’ .

In some applications, it may be advisable to have a
relatively thick first layer of the nitride containing com-
pound to support subsequent muittlayers of the coating
and/or a thick top layer to provide a harder top surface.

The multilayer coating of this invention is ideally
suited for coating substrates made of materials such as
titanium, steel, aluminum, nickel, cobait, alloys thereof
and the like. :
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(c) changing the nitrogen content of the nitrogen- containing gas m xture
and repeating step (b) to form another nonstoichionetric titaniumnitride-
containing |layer on the coated substrate that has a nitrogen content of at
| east 2 atom c percent of nitrogen different than the nitrogen contained in
the previously deposited |ayer, and (d) repeating step (c) at |least twce
to forma multi- -8 -

EXAMPLE |

Multilayer titanium nitride coatings were deposited
. on Ti 6Al-4V substrates using a physical vapor deposi-
tion arc evaporation process. Before deposition, the
vapor deposition chamber was evacuated to a pressure
below 7X 10—4 P2 and then backfilled with argon to 0.7
Pa. The substrate to be coated was sputtered to remove
surface contaminants. Subsequently, a d.c. arc was acti-
vated across a titanium cathode and a chamber which
acts as an anode to evaporate Ti from the Ti cathode in
an Ar-N; gas mixture at an overall pressure between 1.3
10 4.8 Pa. The ionized Ti vapor reacted with Naions and
then formed titaniom nitride coatings on the substrates.
The layered structure of the coating was formed by
altering the nitrogen N2 gas flow rates during the depo-
sition. Typically, the coating consisted of a lamellar
structure of A and B nitride layers in which the thick-
ness of the B layer was greater than that of the A layer.
The nitrogen concentration in the A layer was gener-
ally greater than the nitrogen content in the B layer.
A number of multilayer coatings with various layer
thicknesses of A and B were produced. The nitrogen
concentrations in the layers of the coatings were-deter-
mined by sputtered neutral mass spectrometry. A coat-
ing with a known composition was used as a chemistry
standard in the analysis. The layer thicknesses of A and
B, the N; concentration in the layers, and the difference

in N3 concentration between the A and B layers are
given in Table 2.

The crystallographic orientation, interplanar Spacmg
in (111) and crystallite size of these coatings, given in
Table 2, were determined by X-ray diffractometry. The
preferred orientation was determined from the texture
coeflicient of reflections (hkl). Interplanar spacings
were calculated according to the Bragg equation, A =2d
sin 8; where A is the wavelength of the X-rays, 4 the
interplanar spacing between atomic planes in the crys-
tal, and @ the angle berween the atomic plane and both
the incident and reflected beams. The crystallite size
was determined based on the (111), (200) and (220) lines
broadening excluding the instrumental broadening
which was determined from an annealed stoichiometric

TiN powder.
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| ayer coating of at

| east three nonstoichionetric titanium

nitride-containing layers in which at |east one |ayer contains at |east 2
atomi c percent of ni- trogen different than the nitrogen contained in an

adj acent nonstoichionetric titaniumnitride-con- taining |ayer.
met hod of claim 19 wherein said nitrogen- containing gas mxture is

selected fromthe group con- sisting of gar.gon- ni trogen;

20. The

krypt on-ni trogen;

hel ium nitrogen; xenon-nitrogen; and néon-nitrogen. 21. The method of
claim 17 wherein said nitrogen-

Erosion properties of the multilayer coatings and the
single layer TiN, coatings on 1.5X 25X 50 mm Ti-6Al-
4V samples were determined by impacting with angular
alumina particles at 20° and 90° mmpingement angles.
The test apparatus was set up according to the recom-
mended guidelines of the American Society of Testing
Materials, ASTM G 76-83. Compressed air with a pres-
sure of 276 kPa was used to carry alumina particles with
2 nominal particle size of 50 microns through a 5 mm
diameter alumina nozzle. The nominal particie velocity
was 60 meters per second (ms—!) and the nozzle-to-
specimen distance was maintained at 100 mm. In each
test, at least 0.6 and 0.2 Kg of alumina particies was used
for 20° and 90° erosion, respectively. Generally, the
erosion rate was measured in terms of the weight loss of
the coating per uait gram of the erodent used in the test.
The erosion resistance of the coatings is defined as the
reciprocal of the ratio of the erosion rate of the mea-
sured coatings to the typical single layer stoichiometric
TiN coating, (Sample 6). The test results of these coat-
ings are given in Table 3.

The preferred orientation of a typical A layer is in
< 111> and the B layer either in <111> <200> or
<220>. The A layer is defined as having relatively
higher N2 concentration than the B layer. Apparently,
the preferred orientation of the coating depends
strongly on the chemical composition of the coating.
Therefore, various preferred orientations in <111>,0r
a combination of <111> and <200> have a relatively
higher overall N; concentration than that with a
<200> or <220> preferred orientation.

During depasition, interdiffusion occurred between
the A and B layers due to thermal heating, resulting in
a2 small difference in nitrogen concentration from 2.6 to
5.4 atomic percent which depends primarily on the
thickness of the layers. As a result of the formation of a
layered structure, the values of interplanar spacing di11
of the mulitilayer coatings, Samples [ to 5 are between
that of the single A layer coating (Sample 6) and the
single B layer coating (Sample 7). Considering an aniso-
tropic growth of crystallites, the crystallite size of the
muitilayer coating is significantly smaller than that of
the single layer coating. The muitilayer coatings with a
preferred orientation in < 111> and in combination of
<1115 and <200> have substantially smaller crystal-
lites compared with the single layer coating. In the
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containing gas mxture is argon-nitrogen. 22. The nethod of claim 19
wherein said substrate is selected from the group conprising titanium
steel, alum num nickel, cobalt and alloys thereof. 23. The nmethod of claim
17 wherein step (d) is re- peated until a nultilayer coating is produced
having fromup-to 50 | ayers. 24. The nethod of claim 19 wherein the

t hi ckness of the nultilayer coating is om5 to 30 mcrons thick. 25. The
met hod of claim 19 wherein the first d s- ited layer in step (b) has a
greater nitrogen content than

coatings with a preferred orientation in <200> and
<220>, the multilayer coating exhibited finer crystal-
lite size than the crystallite size in the single layer coat-
ing, e.q. compare Samples 3, 4 and 5§ with Sample 7.

Both Samples 2 and 3 had < 111> and <200> pre-
ferred orientation, a 2.8 and 2.6 atomic percent of nitro-
gen concentration difference between adjacent layers,
respectively. Both coatings showed substantial erosion
performance improvement over the single layer tita-
nium nitride coatings Samples 6 and 7 at both 20° and
90° impingement angles.

Sample 1 coating had a B/A layer thickness ratio of
3.9 and preferred orientation in both <iil> and
- &200>. The nitrogen concentration difference be-
tween adjacent layers in the coating was 5.4 atomic
percent. The erosion resistances of the Sample 1 coating
were 1.1 and 8 times that of a single layer TiN coating
(Sample 6) at 20° and 90° impingement angles, respec-
tively. Compared with a single layer substoichiometric
TiNx coating (Sample 7), the Sampie 1 coating showed
little or no improvement at 90° and 20° impingement
angles, respectively. However, the Sample | coating
showed at least 3 times improvement in furrowing resis-
tance over the Sample 6 and 7 coatings as observed by
the dimensions of furrows formed from the 50 micron
erosion at 10° impingement angles. The dimensions of
the furrows were measured in a longitudinal direction
(parallel to the particle flow direction) and in the trans-
verse direction. The furrow dimensions observed for
Samples 1, 6 and 7 are shown in Table 4.

The Sample 5 coating had a B/A layer thickness ratio
of 9.1 and a 200> preferred orientation. The nitrogen
concentration difference between adjacent layers in this -
coating was 2.8 atomic percent. The erosion perfor-
mance of this coating was substantially better than that
of the Sample 6 TiIN coating at both 20° and 90° im-
pingement angles. However, compared with the sub-
stoichiometric TiNx coating, (Sample 7), the improve-
ment in erasion resistance of the Sample 5 coating was
only found at 20° impingement angle.
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t he second deposited layer in step (c).

- 11 -
_ TABLE 2
Layer Thickness N3 Concentration N3 Concentration Difference
Samgple {microns) Total Number Atomic Percent between A and B layers
Coating A B of Layers A B Atomic Percent
1 033 1.3 20 46.2 40.8 5.4
2 0.13 1.3 18 4.0 41.2 2.8
3 0.13 1.0 38 41.5 38.9 2.6
4 0.12 1.0 22 39.2 50 4.2
S 0.1 1.0 22 40.8 380 2.3
) 20 — 1 ~50 — —_
7. - 19 1 - ~41 : —
TABLE 3
interplanar Crystailite Size, Erosion
Sample Spacing dyj; Preferred  Texture Coefficient Dpx; (nm) Resistance

Coating {nm) Orienmation (111) (200 (220) (111) 200) (2200 20° 90°

{ 0.2459 ({in,(z00) 168 110 G29 205 122 103 1.1 3
2 0.2452 (it1) 264 024 012 315 196 132 12 4
3 0.2452 (200) 056 (90 054 175 163 151 L7 9.2
4 02452 (220) 036 032 232 182 69 125 074 16
] 0.2455 © o {200) 066 159 075 189 122 1268 1.7 33
é 0.2459 (111) 299 001 O 73.8 415 — 1 1
7 02450 . (220) 0.10 044 246 206 135 204 14 7.9
- TABLE 4
Furrow Dimension
Sample Longitudinal X
Coating Transversal direction (nm)
l 0.17 x 0.02
6 0.37 x 0.06
7 0.31 X 0.04

the replacement sheet

T 18

pate: 7 AUG 1997



- 12 -

EXAMPLE 2

An cight layer coating (Sample Coating 8) was de-
posited on an Inconel (trademark for alloy containing
76Ni; 15Cr and 9% Fe) strip in which a 0.4 micron {ayer
- of tiranium nitride having an atomic percent of nitrogen
of about 50% was alternated with a 2.2 micron layer of
titanium nitride having an atomic percent of nitrogen of
about 41%. Single layered coating, identical to Sample
Coating 6 and 7 of Example {, were also produced. The
three samples were tested for low-stress abrasion resis-
tance using a dry sand/rubber wheel abrasion tester
which is described in ASTM G65-80. The test consisted
of contacting each coated sample with the wheel and
then continuously rotating the wheel for 3000 revoiu-
tions. The weight loss of the coating for each sample
was measured by weighing each sample before and after
the test to an accuracy of 0.001 milligrams. The weight
loss of each sample was converted to volume loss in
cubic millimeters per 1000 revolutions (mm3/1000 rev.).
The data.obtained are shown in Table 5.

The data in Table 5 clearly show that the mulitilayer
coating (Sample Coating 8) exhibited better abrasion
resistance than either of the single layer coatings (Sam-
ple Coatings 6 and 7). '

TABLE S
Sample Volume Loss -
Coating arm>/1000 rev.
& 1.0
T 0.93
8 0.39

Although specific embodiments of this invention

have been described, it should be understood that van-
ous modifications may be made without departing from
the spirit of this invention.
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What is claimed:

1. A multilayer coated substrate comprising a sub-
strate coated with at least three layers of a nitride-con-
taining compound wherein the composition of each
layer is a nonstoichiometric composition which con-
tains at least 2 atomic percent of nitrogen difTerent than
the nitragen contained in an adjacent layer.

2. The multilayer coated substrate of claim 1 wherein
the nitride-containing compound is titanium nitride.

3. The muitilayer coated substrate of ciaim 1 wherein
the nitride-containing compound of one layer is TizN
mixed with titanium nitride having an atomic percent of
nitrogen of about 40%; the nitride-containing com-
pound of an adjacent layer is nonstoichiometric tita-
nium nitride having an atomic percent of nitrogen of
4Q% to0 55%; and the nitrogen content in one layer has
at least 2 atomic percent of nitrogen different than the
nitrogen content in an adjacent layer.

4. The multifayer coated substrate of claim 1 wherein
the overall thickness of the coating is from 5 to 30 mi-
crons.

S. The muitilayer coated substrate of ciaim 1 wherein
the thickness of each layer is from 0.1 to § /microns
thick.

6. The multilayer coated substrate of claim 1 wherein
the ratio of the thickness of the layer containing the
least amount of nitrogen to the thickness of an adjacent
layer containing the higher amount of nitrogen is from
1 to 20.

7. The multilayer coated substrate of claim 1 wherein
at least one layer contains at least one additive from the
group comprising titanium, titanium alloys, zirconium
and zirconium alloys.

.8. The multilayer coated substrate of claim 7 wherein
at least one layer contains at least one element from the
group comprising aluminum, vanadium, molybdenum,
niobium, iron, chromium and manganese. -

9. The muitilayer coated substrate of claim 1 wherein
the nonstoichiometric composition of the nitride-con-
taining compound of each layer has an atomic percent
of nitrogen from 33% 55% and the nitrogen content in
one layer has at least 2 atomic percent of nitrogen dif-
ferent than the nitrogen content in an adjacent layer.
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10. The muitifayer coated substrate of claim 9
wherein the nitride-containing compound of one layer
has an atomic percent of nitrogen from 33% to 45% and
the nitride-containing compound of an adjacent layer
has an atomic percent of nitrogen from 40% to 55%.

11. The multilayer coated substrate of claim 9
wherein said nitride-containing compound is titanium
nitride.

12. The multilayer coated substrate of claim 9
wherein said nitride-containing compound is titanium
aluminum nitride.

13. The muitilayer coated substrate of claim 1
wherein the multilayer coating comprises up to 30 lay-
ers.

14. The multilayer coated substrate of claim 13
wherein the muitifayer coating comprises from 15 to 40
layers. -

15. The muitilayer coated substrate of claim 1
wherein the substrate is selected from the group consist-
ing of titanium, steel, aluminum, nickel, cobait and al-
loys thereof.

16. The multilayer coated substrate of claim 15
wherein said nitride-containing compound is titanium
nitride.

17. The multilayer coated substrate of claim 15
wherein said nitride-containing compound is titanium
aluminum mitride. '

18. The multilayer coated substrate of claim 15
wherein said nitride-containing compound is a nonstoi-
chiometric composition of titanium nitride and said
substrate is titanium.

19. A method for producing a muitilayer nitride-con-
taining coating on a substrate comprising the steps:

(a) placing a substrate to be coated in a chamber

" contaiming a titanium-target and a nitrogen-con-
taining gas muxture;

(b) evaporating the titanium from the titanium target
to produce a titanium vapor to react with the nitro-
gen in the nitrogen-containing gas mixture to form
a2 nonstoichiometric titanium nitride-containing
layer of a desired nitrogen content on the substrate;
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(c) changing the nitrogen content of the nirrogen-
containing gas mixture and repeating step (b) to
form_another nonstoichiometric titanium nitride-
containing layer on the coated substrate that has a
nitrogen content of at least 2 atomic percent of
nitrogen differeat than the nitrogen contained in
the previously deposited layer; and

(d) repeating step (c) at least twice to form a multi-
layer coating of at least three nonstoichiometric
titanium nitride-containing layers in which at least
one layer contains at least 2 atomic percent of ni-
trogen different than the nitrogen contained in an
adjacent nonstoichiometric titanium nitride-con-
taining layer., '

20. The method of claim 19 wherein said nitrogen-
containing gas mixture is selected from the group con-
sisting of argon-nitrogen; krypton-nitrogen; helium-

‘nitrogen; xenon-nitrogen; and neon-aitrogen.
- 21. The method of claim 17 wherein said nitrogen-
containing gas mixture is argoa-nitrogen. -

22. The method of claim 19 wherein said substrate is
selected ffom the group comprising titanium, steel,
aluminum, nickel, cobalt and alloys thereof.

23. The method of ciaim 17 wherein step (d) is re-
peated until a multilayer coating is produced having
from up to 50 layers.

2A4. The method of claim 19 wherein the thickness of
the multilayer coating is from 5 to 30 microns thick.

25. The method of claim 19 wherein the first depos-
ited layer in step (b) has a greater nitrogen content than
the second deposited layer in step (c).
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