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LECTURE 4

INTERFACES AND STRESSES

Abstract

The nature of the interface between a coating and its parent
substrate and the presence of residual stress in a coating can
critically affect the performance of the coating in service. For
example, if significant interdiffusion occcurs between the overlayer and
the substrate, then long-term life can be affected, Additicnally, if a
hard coating is deposited onto a soft substrate, then the perceived
advantage of having such a hard coating may well be held in question if
the overlayer is too thin. In addition, if the residual stress in a
ceramic coating is highly tensile, then failure in service is highly
likely. These synergistic aspects will be discussed in this lecture.

Slide 1 TITLE SLIDE : Interfaces and Stresgses
Slide 2 HR16814

Slide 3 Plasma sprayed coatings.

Siide 4 As sprayed, ceramic artefacts may fail

unexpectedly without the application of any
external stress a3 a result of the stresses
built in during processing. Such stresses can
lead to the complete failure of the component
as shown in this slide,

Slide 5 In advanced gas turbine engines, the use of
ceramic coatings on turbine blades is a route
to increasing the operating temperature of the
engine and, therefore, the thermodynamic
efficiency. This slide shows representative
examples of zirconia coated turbine blades
immediately after coating.

Slide 6 Clearly, the performance of the coating and
turbine blade has to be established under
typical operating conditions, This slide shows
coated turbine blades after exposure to 1100°C
for extended periods of time. It is important
to note that the coating has begun to fail at
the interface with the metal substrate and that
the metal substrate has oxidised badly.
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Closer examination of a typical ceramic
microstructure reveals the presence of
microcracks prior to failure. These
microcracks are the precursor to catastrophic
failure and arise from the combination of
deposition and environmental stresses.

In order to establish the likely magnitudes and
sensitivities of the residual stress in the
coating, it is important to model the
deposition process., Essentially, a major part
of the problem reduces to building a heat
transfer model of the heat input to the
substrate and coating during the growth of the
coating by the addition of molten ceramic
particles. A range of process parameters can
then be expleored to determine which will
critically affect the stress in the coating.

A parameter which is influential is the initial
substrate temperature., This affects the
coating stress through the expansion mismatch
between the substrate and the coating. It is
clear that even modest increases in substrate
temperature can induce a factor of 3 increasa
in the residual stress in the coating.

The thermal conductivity of the coating is also
a critical parameter as shown in this slide
where a change of only 257 in the thermal
conductivity can completely reverse the sign of
the stress in the coating.

The rate at which the coating is deposited is
another influential parameter and may again
lead to the stress changing from being
compressive to tengsile. For a brittle material
such as a ceramic, tensile stresses are to be
avoided since they lead to crack growth and
rapid failure.

The coating thickness can also have a dramatic
effect on the stress distribution across a
zirconia coating deposited by plasma spraying.
This theoretical prediction correlates well
with experimental experience where it is known
that to deposit zirconia by this technique at a
thickness of approximately 2.5mm can lead to
the onset of rapid and unexpected failure of
the coating after deposition.
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Similarly, it is important to recognise that
the simple act of producing & thick coating
does not necessarily lead to a linear increasa
in fracture stress as this slide demonstrates.
It is also important to note that because the
cogting contains defects {such as porosity ani

. cracks), these will act as stress concentrato:-s

and may lead to a lowering of the fracture
stress of the ceramic coating compared to a
bulk material <of the same composition,

As well as optimising process variables in
order to minimise residual stresses in
coatings, it is possible to change the
chemistry of the material which affects the
interatomic binding forces through the fracture
stress. In this example, it can be seen that
the concentration eof yttria in yttria
stabilised zirconia (¥5Z) can change the
fracture stress by approximately 30%. Equally,
it is important to deposit the coating in a
continucus fashion rather than trying to build
up successive layers since the latter approach
introduces additional planar interfaces which
act as weak boundaries when a stress is
applied,

LINK SLIDE : "Physical Vapour Deposition :
Stresses and Interfaces”

Normally, physical vapour deposition (PVD) is
used to deposit thin films (less than 60pm
thick) as shown in this typical example of
titanium nitride coatings about Zum on cuttirg
tools. Stresses can also be built up in these
thin layers and, given the harsh working
environment, a knowledge of the residual
stresses is important in determining the
quality of the composite material.

Classically, residual stresses in these thin
film media can be measured by X-ray techniques
as shown schematically in this slide., An X-ray
beam is diffracted from a set of
crystallographic planes and the change in
interplanar spacing is measured as a functionm
of the angle of tilt of the film to the X-rar
beam,
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Thé results can be conveniently plotted as the
dimensionless parameter strain v. the square of
the sign of the tilt angle. Typical results
are shown in this slide where it is clear that
the substrate can critically affect the stress
which is measured in the titanium nitride
coating.

It is also possible to separate the expansion
mismatch stress from the deposition stress as
shown in this example, It is clear that the
thermal contribution to the internal stress can
be significant.

The effect that residual stress can have on the
microstructure of a coating is also evident
from this slide. Photograph A shows that at
the interface with the substrate, the
microstructure consists of small densely packed
grains, whilst at the outer surface as shown in
photograph B, the grains are larger and more
separated.

As a result, it is posaible to predict that the
yield stress of the material will vary as a
function of positien within the coating as
shown by this schematic slide.

The importance of thermal stresses to the
densification of PVD coatings is illustrated in
these next two slides. For a Molybdenum
coating deposited onto Molybdenum, then thete
is obviously no thermal stress and the
right-hand micrograph shows quite open
boundaries between the grain crystallites.
However, for a similar coating deposited onte
stainless steal, a large thermal stress
component is generated and the high
magnification scanning electron micrograph on
the right shows a very dense microstructure has
developed as a result,

The importance of internal stress in the
densification of PVD coatings cannot be
over-emphasised and for ceramic coatings this
aeffect is also particularly important, On the
left is a carbide coating which shows a very -
dense microstructure; by removal of the
substrate constraint on the right, the open
boundaries typical of the structured diagrams
illustrated in a previous talk can be seen.
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Due to the large compressive stress in the
plane of the foil of titanium nitride coatings,
a Poisson's ratio expansion of lattice planes
parallel to the coating substrate interface is
obtained. Therefore, the increase in unit cell
dimension for titanium nitride coatings
correlates well with this large internal
stress.

Again, removal of the substrate constraint
causes complete relaxation of internal stress
and the lattice parameter of the titanium
nitride coatings, irrespective of substrate,
fall to their unstressed values.

LINK SLIDE : "Interface Phenomena"

We have already seen in the lecture on "Thin
Film Properties” that the adhesion of & thin
Eilm can be measured in comparative terms using
a scratch tester. As has also been pointed out
in the presentation on "Micrestructures”, the
initial interface which is presented for
coating should be clean and free from
second-phase species. In PVD processing, it is
possible to clean this interface by ion
bombardment and, as the results show, the
adhesive force between the coating and the
substrate is strongly dependent on the jon
cleaning step.

These photographs show that ion cleaning a
substrate and then depositing a coating
(photograph B) produces a uniform fracture,
whereas (photograph A) a non-cleaned surface
fractures in a discontinuous manner as a result
of stress concentration effects at the
interface with the substrate.

In certain cases it is possible to introduce an
additional coating between the titanium nitride
and the substrate to increase the adhesive
force, 1In this particular case, titanium shows
& beneficial effect when deposited underneath
titanium nitride onto an M2 tool steel. Again,
however, the thickness of the layer is

important as this can affect the stress in the
layer,
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Thin film coatings can alsc be used in advanced
heat engines, For example, this slide of a
diesel engine exhaust valve shows the
beneficial effect of adding a coating to the
head to reduce oxidation of the valve steel.

Detailed examination of the coated steel after
thermal exposure shows that the elements of the
coating (in this case, iron, chromium, .
aluminium and yttrium) can redistribute into
the substrate and up to the free surface as
noted previously in the lecture on
"Microstructures".

Detajled microanalysis reveals the extent to
which this distribution can take place.

Further interfacial studies reveal that the
interdiffusion region can change crystal
structure as a result of the ingress of
elements which, for example, stabilise a
face-centred cubic as against a body-centred
cubic crystal structure,

The extent of diffusion into the substrate can
be limited by the use of diffusion barriers. .
For example, the titanium pitride interlayer in
this case has reduced the diffusion of the
coating into the substrate, Additionally,
however, porosity has developed as elements
from the substrate can still diffuse into the
coating leaving behind vacancies which then
form voids.

The retardation of interdiffusion effects by
titanium nitride interlayers ias cleatly shown
in this slide. The open square,éhon the A
reduced interdiffusion of aluminium into &
stainless steel substrate, whilst the full
squares show the extent of interdiffusion in
the absence of a diffusion barrier.

This work is of great importance to the ges
turbine industry as failure at interfaces can
mesn the loss of performance in, for example, a
Harrier vertical take-off and landing engine.
The turbine bladea in the cantre of this alide
are intended for such an engine.
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On exposure to high temperatures, a number of
changes occur within the coating and the
substrate and these are illustrated in this
slide. For example, reactive elements such as
aluminium and chromium migrate to the free
surface to form protective oxidation resistant
oxide scales. Similarly, some elements will
migrate to the substrate to form intermetallic
precipitates and phase changes.

All these processes are diffusion rate limited
and at high temperatures these effects can be
quite significant as shown by these two slides.
At lower temperatures, these effects become
less of a problem to engine designers as the
thermodynamic driving force is reduced.

The square of the interdiffusion distance when
plotted against time is a linear diffusion
confirming that the processes are jindeed
diffusion rate limited.

During the deposition of these oxidation
corrosion resistant coatings, surface
topography plays an important role in the
nucleation and growth phase of the deposit.
Surface irregularities can lead to the
formation of so-called leader defects which
must be eliminated from the microstructure to
guarantee performance.

This slide illustrates a leader defect in an
advanced alloy coating. The interfaces in the
coating which can give rise to problems can
also be between the columnar grains as shown in
this slide where, during high temperature
oxidation, a defect between the columnar grains
has led to the preferential ingress of oxygen,
and therefore oxidation of the coating deep
ingide the microstructure.

It is important to further process these
oxidation resistant coatings and this is
carried out in two ways. This slide shows it
the microstructure is heat-treated and then
glass bead peened to close off defects, then
thermal cracking is initiated after 100
cycles,
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Optical metallography shows these thermal
cracks extend deep inte the coating.

However, if the microstructure is peened and
then heat-treated, no cracking occurs after 500
cycles.

It is only after 1,200 cycles that evidence of
thermal fatigue cracks is seen.

Optical metallography shows these thermal
fatigue cracks extend deep into the
microstructure of the coating and penetrate
into the substrate. The improvement in
performance by peening and then heat-treating
is that good metallurgical bonds are formed
between the interfaces of the columnar grains,
thereby eliminating leader defects.

SUMMARY SLIDE

The main points arising out of this lecture are
that the stress induced in a coating as 2
result of deposition can be significant and can
lead to failure of the coating. Advanced
techniques are required to assess the quality
of these coatings. The interfaces between the
coating and the operating environment and the
coating and the substrate are critical. Growth
defects are also very important and may lead to
premature failure along interfacial boundaries,
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LECTURE & : SLIDE 3

PLASMA SPRAYED COATINGS
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MECHANISM FOR THE SPALLATION oF POLYCRYSTALLINE COATINGS
R ——— S———

THE MODEL (Previously developed with John Willis
A ————
for diamond spallation)
ANALYSIS
RESULTE {Computational help from Adrian Jones)

CONCLUSIONS AND REQUIRFD
DEVELOPMENT OF MODEL
"
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Terminating tilt boundary or vedge disclination extending te
depth p below a fres surface. At the moment we have no elastic or

toughness distinction between coating amd substrate.

Buch a Tilt boundary

Loculized Representation
representation of of

A buckle in homogenoualy
comprassed coating

= —

A real terminating grain
boundary ({columnar grain)
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Q. How does crack size 'a' vary

Q. How does crack sigze 'a’ vary
with p and buckle angle.

with p and tilt angle in
comparison with grain size 4.
L'ﬁ:,k !511L3'5-



Essential cunjectures are that:

1. A critical microcrack size in the interface is needed for any

cracking.

2, Ifa>n min the crack will open to stable aize “pax

3. Ams p increasens the stresses in the interface at the core of the
disclination will increase: in will decrease and 'max will
increase.

¥We wish to quantify above conjectures.

Bpallation will occur if

elther
1. single interface orack reaches p in length.
or

2. Cracks join up from adjacent 'buckles’ or from adjacent
terminating grain boundaries
{Latter came 1if aax = d).

2. Analysis

Step 1

Stress field of single
space (x > D).
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edge dislecation of strength b in a half

Free surface

Need only Ppy(®.¥) and pxy{!oY)

[ > ¥
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¥y

2 .2 2 .2
vi;‘{’tx-v) = A {.Ll;ﬂ_l_(;;q*_ix_l - uwmx;q)z-{ ]
[x-g)“+y”] _ [{x+q)“+y“]
+ 2q j§l+g!(x+g)3-ﬁx!x+g[!3-zf:]
[ (meg)Sey®)

P (x,y) = A {

where

Lix- !2‘ 2 - yl{xe Iz_ 2]
[ (n-q)“ey”) I(xﬂnz*yzlz

xeq)2-yd
[ (x+q)“+y*)

A= ub/2e{l-v); u = phear modulus, v = Poisson's Ratio.

Note these stresases {tractiona)

vanish on x = 0 + Free Surface.
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Step 3
Step 2
Imagine slit crack immediately below tilt boundary in x = p
Linear superposition of N such dislocaticn stresses Yield plane parallel to z-axis of length 2a ' s
atreases associated with terminating tilt boundary: ? tan "l“'—
L
¥ree surface L t)
Y > Y L
L * ,
1_:4::1, N 1 , N .
= P b —_—— e ¢====:é======: ¥ [
L ) T = 9 (Tilt angle) - la.. o
1
-———— o !
X ¥x
Finite sum is tedius - replace by continuous distribution: :
' Stress intensity factors KI and KII at tip of such a crack:
N
p;fx(x.y) = I p,(‘:”(x.r)
=1 (p.:r)dr
=2 [!] Mode I
) u la®-y l
“3J pPaq - pe 3m ] X
° (l-p) +y? [(x-p)2sy?] 2 s yp..(P.y)dy
Epp = — J 7 7% Nede 11
. [»a]? o [a%-¥°]
- ——“7'—:1
(mp) +y l [(nep) ey 1

Crack extenslon force

T - 7 (nt)
Pry(%.¥) = n£1 Ppy (x.¥)

orer = Bt tedet,
f P(q)dq - {_LLE*LT J!-?- Integrals are analytic:
% El [{m-p)“ey*) l(ﬂﬂ Y] [(mep)©e
2
+ mu;ﬂl;l,.l
t

(R+p)“ay®)

Note stresses again vanish on fres surface x = 0.
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3. Resuylts
We find

1. Extreme brittle material {Diamond)

u=5506!'n,xc-4.3llrav/l

2. Low alloy steel {2%Cr 1Mo)

U = 8) GPa, Kc-23lﬂ‘avl-
where r = a/p.

Propagation will occur if

of.=--

"\5

NEXT 4 TRANS: Eé-'-)- versus ;- for range of p, Bz
[
G{a) 2 Gc

. a and a obtained.
As bmmous min ax

m.
For brittle material (Diamond) Gc = 2T »~ fg

Qnry foLreaILy

Sman inctrariag

[P U8 T omtuk\l‘
tenh & !

Eéil = 0.6 [ﬂ;g—:] B o2 £r) (v = 1/3)
<

Finally:

G * 5 %z
Thus in terms of toughness Rel
Yal . g4 [2&} R o £(r) —1’!-'1;-;;;-. 0.6 R o2 g(xy.
[ JOKc
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{e) 1Ideal problem to solve:
4. Conclusions and Required Developments of Model
surface
Ela} 4 o.6 — > 02 £(r) 7y —
Ce 20K _ 3 ' 1
[}
\ L
¥ .L coating
{a} Diamond has high u, low xc - EGL.J' easily reaches unity, : L
S - \
M) L
(b} Steel has both lower u and higher K_c_ e~ high Soughhoss ‘.‘jf‘a
G{a) ’ . ( substrate  layer (T¢() P
(e) G, = p. o diffieuls to
A in 9rops and Soax Ti809 a8 p increases. o propagets

(d) Usually u

LY
SN

coating >> Mgyhaeeate Helps to enhmnce spallation
‘e(coatlnq) <« ‘o( substrate)

s
Cemposite problem needs Selving but surely somewhers between homegensous - -

A

/*' Kl‘ ‘-Mtl.h‘

bt—:—l—l—

Pk Substrate

(e} Can see importenve o inberusdiate :2 Soughness layer,







