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The erosion behaviour of TiN coatings on steels 

P. J. BURNETT* ,  D. S. R ICKERBY 
Materials Development Division, Harwe// Laboratory, Didcot, Oxfordshire OX1 10RA, UK 

The erosion behaviour of physical vapour-deposited titanium nitride has been studied using 
both blunt particle and angular particle erodent streams. The mechanisms of erosive loss have 
been identified and related to the microstructure and internal stress state of the coatings. High 
levels of internally stored energy (which scales with coating thickness and internal stress) 
induce spalling in erosion testing using blunt erodents. Consequently, it is found that thick 
coatings are more resistant to angular particle erosion whilst thin coatings have longer 
lifetimes when exposed to blunt erodents. Scratch adhesion testing has been performed on all 
erosion specimens and attempts made to correlate the critical load for coating failure, with the 
failure mechanisms observed in erosive wear. Whilst no correlation can be found between 
erosion resistance and critical load, good correlations between the failure mechanisms found 
in erosion and scratch testing can be made. 

1. Introduct ion  
The use of ceramic coatings in industry is increas- 
ing, thermal barrier coatings (prepared by plasma- 
spraying techniques, e.g. [1]) and wear resistant coat- 
ings (e.g. [2-4]) being two of the most important 
areas of interest. The latter class of coatings includes 
materials such as titanium nitride and titanium car- 
bide produced by either chemical vapour deposition 
(CVD) or physical vapour deposition (PVD) tech- 
niques. The present paper will focus on the erosion 
behaviour of PVD coatings because, as PVD coating 
technology becomes both more reliable and more 
readily available, potential applications in erosive 
environments such as petrochemical plant and gas 
turbines are being investigated. Clearly, whilst it is 
desirable to be able to "predict" the response of 
a given coating in an erosive environment without 
recourse to expensive field trials, little information 
concerning the erosion behaviour of wear-resistant 
coatings is to be found in the literature. Levy et al. [5] 
have studied the erosion behaviour of CVD silicon 
carbide wear-resistant coatings and concluded (i) the 
finer the coating grain size the greater the erosion 
resistance, and (ii) that in order to prevent cata- 
strophic failure the coating had to be greater than 
100 pm thick. However, most commercially available 
PVD coatings are usually less than 20/~m thick 
for which there are few data concerning their erosion 
behaviour. Jonsson et al. [6] have studied the erosion 
behaviour of 1/zm reactive magnetron sputtered TiN 
subjected to erosion by angular quartz particles and 
attempted to correlate the time-to-coating loss with 
the practical levels of adhesion as revealed by single- 
pass scratch tests. These workers found little differ- 
ence between the scratch behaviour of their test 
samples, but did find significant differences between 
their erosion resistance. They concluded that erosion 
testing might be a more sensitive means of assessing 

levels of "practical adhesion" than scratch testing. 
]'he "practical adhesion level" corresponds to the 
amount of additional mechanical energy that is 
required to detach a coating from a given substrate 
and it is important to differentiate between this 
and the theoretical and/or interfacial adhesion. The 
former reflects the net effect of all of the forces acting 
on the interface and includes both the effects of 
residual internal stress within the coating [7, 8] and the 
mechanical stresses imposed by the loading geometry. 
The latter reflects only the bonding forces across 
the coating/substrate interface. For instance, the 
practical adhesion of oxides subjected to erosion, i.e. 
the critical particle velocity above which the oxide 
spalls, is not only governed by the oxide/substrate 
bond strength, but also by the coating thickness, coat- 
ing strength and substrate properties [9, 10]. Similarly, 
in the scratch adhesion test (rapidly becoming the 
industry standard for adhesion testing [11-13]) a 
diamond stylus is drawn across a coated surface at 
ever increasing loads until at a critical load, Lc, the 
coating is stripped from the track; Lc is found to 
depend strongly on thickness, coating properties and 
substrate properties. In addition to these measures of 
"practical adhesion", shock wave loading [14, 15] and 
static indentation adhesion testing [16-18] have been 
used and are analogous to erosion and scratch testing, 
respectively [13, 19]. Given that both erosion behav- 
iour and scratch testing reflect practical adhesion 
levels, albeit made under differing mechanical stimuli, 
it would be useful to be able to correlate results 
obtained from scratch testing to erosion behaviour. 

The aim of the present paper is to describe the 
erosion behaviour of thick and thin PVD titanium 
nitride coatings when subjected to sharp and blunt 
erodent particles. In addition, the use of two substrate 
materials has allowed the production of high and low 
internal stress levels (this being thought to strongly 
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Figure 1 A schematic diagram of 
the erosion apparatus (not to 
scale). 

influence practical adhesion). Hardness and scratch 
adhesion testing have been carried out on all erosion 
specimens and attempts will be made to correlate these 
data with the erosion behaviour. 

2. Experimental procedure 
2.1. Specimen preparation 
Coupons of stainless steel (18% Cr, 9% Ni, 1% Ti 
all in wt %) and "20"-carbon steel (formerly grade 
En3B; 0.25% C, 0.35% Si, 1.00% Mn all in wt %) were 
cut to size ( ~  25 mm x 70 mm x 4ram), ground on 
successively finer silicon carbide papers and polished 
to mirror finish using a 3 #m diamond paste impreg- 
nated wheel. After degreasing, these specimens were 
coated with titanium nitride using the sputter-ion- 
plating (SIP) facility at Harwell Laboratory (this 
technique is described in detail elsewhere [20, 21]). 
Prior to coating with TiN, the coupons were further 
pre-cleaned by ion bombardment at - 500 V followed 
by the deposition of a thin ( <  100 nm) titanium inter- 
layer in order to improve coating adhesion [22, 23]. 
The titanium nitride coatings were deposited at a 
temperature of ~ 500 ~ C with a deposition rate of 0.2 
to 0.5 pm h-  1. The coupons were biased 50 V negative 
with respect to earth to induce ion bombardment of 
the coatings during deposition and thereby promote 
the formation of a dense, fine-grained coating [24-26]. 

The thickness of the coatings was determined on 
metallographic cross-sections and spanned the range 1 
to ~ 10 #m (see Table I). 

2.2. Erosion t e s t ing  
Erosion testing was carried out using a modified 
Guyson bead blasting cabinet fitted with a vac- 
uum feed hopper (Fig. 1). The hopper was repeatedly 
charged with a known mass of erodent (usually 

14 g) and the specimens examined with light micro- 
scopy between each charge. The specimens were held 
in a jig ,-~ 140ram from the nozzle (,-, 6mm internal 
diameter x ~ 80 mm long) and were angled at either 
45 ~ or 90 ~ to the erodent stream. A tantalum mask 
with a 1 cm diameter hole was placed over the speci- 
mens allowing only the central portion of the erodent 
stream ( ~ 3 0 m m  diameter) to come into contact 
with the coated surface. This allowed more than one 
erosion test to be carried out on a given coupon and 
also permitted scratch adhesion and hardness testing 
to be carried out adjacent to the eroded areas. Both 
blunt erodent particles (80 to 120 mesh glass beads; 
Fig. 2a) and angular grits (60 to 80 mesh alumina; 
Fig. 2b) were used with particle velocities between 14 
and 35msec 1 (determined using the double disc 
method [27]) and a mass flow rate of --~ l gsec -1 
As loss of coating was rapid and, being interested 

T A  B L E I Coating thickness, hardness, internal stress and scratch adhesion values for TiN on steels 

Substrate Thickness Hardness  parameters 
(#m) (see Equation 1) 

H l o # r  n a m 

Scratch adhesion results 

Critical load (g) Principal failure mode 

Internal stress 
(MPa) 

"20"-carbon 1.5 - - 1900 ___ 200 
steel 

3,6 2500 4988 1.7 3100 • 200 

7,0 - - 3500 __+ 200 
10.5 2750 4358 1.8 6300 +_ 200 

18/9/1 1.4 - - 1300 • 200 
stainless 
steel 3.0 2650 5049 1.72 1700 _ 100 

7.0 - - 3100 _ 300 
10.0 3000 5334 1.75 3000 • 500 

Buckling and tensile cracking 
and conformal cracking 
Conformal cracking and 
coating loss 
Regular chipping 
Cohesive chipping 
Conformal cracking and loss 
of  coating from track 
Buckling, chipping and 
spalling 
Chipping and spalling 
Spalling 

- 3 9 6 0  • 110 

- 3680 • 230 

--6320 • 30 

- 5 7 3 0  • 250 
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Figure 2 Scanning electron micrographs of the erodent particles used in this study. (a) Glass beads, (b) alumina grit. 

principally in relative erosion resistance in this study, 
only the mass of erodent required to cause total coat- 
ing loss was determined in each case. Some tests were 
stopped prematurely to allow scanning electron 
microscopy (SEM) studies of the developing erosion 
scars to be made. 

2.3. Hardness testing 
Hardness testing was performed on all erosion speci- 
mens in areas close to the erosion scars. A Shimadzu 
microhardness tester was used over a load range of 
15 to 1000gf (~ 147 to 9807 x 10-3N). A Vickers 
profile indentor was employed with indentor dwell 
times of 15 sec. The resultant hardness-load data for 
the coating/substrate composite were analysed using 
the model described by Burnett and Rickerby [28, 29]. 
This allows the "true" hardness behaviour of the coat- 
ing to be extracted from the composite experimental 
hardness* and incorporates the intrinsic variation of 
hardness with indentation size (the indentation size 
effect, ISE) observed for many materials (e.g. [30]). 
Thus, the hardness behaviour of the coating may be 
expressed as follows 

H ( d )  = a d  m 2 (1) 

where H ( d )  is the coating hardness at diagonal d, a is 
a constant and m is the indentation size effect index. 

2.4. Scratch adhesion testing 
Scratch adhesion testing was performed using com- 
mercially available equipment (Centre Suisse D'Elec- 
tronique et de Microtechnique, Neuchatel, Switzer- 
land) fitted with a Rockwell "C" diamond stylus (cone 
apex angle 120 ~ tip radius 200#m). In this test 
the critical load, Lo, for loss of coating adhesion is 
determined by increasing the normal load used for 
scratching until regular coating failure occurs along 
the whole length of the scratch track. Coatings may 
fail in a number of ways including regular chipping 
from the edges, spallation or loss of coating from the 

bottom of the track (see [11-13, 31]). The load range 
used was100 gf to10 kgf (~  980 x 10 -3to98N) and 
the critical load determined by examination of the 
scratch tracks using light microscopy. 

2.5. X-ray stress measurements 
The level of internal or residual stress present in 
a PVD coating consists of two components; (i) a 
thermal expansion mismatch stress generated when 
the coating and substrate are cooled from the depo- 
sition temperature, and (ii) an intrinsic or growth 
stress resulting from interaction between the growing 
crystallites which make up the coating [7]. Generally, 
the internal stresses generated for TiN deposited on to 
steels are compressive and values in excess of 5 GPa 
have been reported by the present authors [7, 24, 25]. 

The internal stresses present in the SIP-TiN coatings 
studied here were measured using the sin 2 0 method 
(described in detail elsewhere [7, 8]) using CuKc~ radi- 
ation on an APEX diffractometer. The high-angle 
(4 2 2) diffraction peaks were used where possible to 
ensure a high precision. 

3. Results 
3.1. Microstructure and internal stress 
The coatings produced by the sputter-ion-plating 
process exhibit the columnar microstructure typical of 
many PVD processes and Fig. 3 shows both cross- 
sectional and plan views of a SIP coating. The internal 
stress levels determined using the sin 2 0 X-ray tech- 
nique are given in Table I, where it can be seen that the 
stresses are greater for the TiN on stainless steel than 
for TiN on "20"-carbon steel. This can be attributed 
principally to the greater thermal expansion coef- 
ficient mismatch for the stainless steel substrate. It is 
also apparent that the thicker (10#m) coatings show 
lower levels of internal stress than the thinner (3 #m) 
coatings. This is a consequence of "stress averaging" 
over the thickness of the coating sampled by the X-ray 
technique. The lower stress measured in the thicker 

*For thin PVD films it is impossible to obtain hardness data that arise solely from the coating because in the load ranges conventionally 
used some deformation of the substrate inevitably occurs [28, 29]. 
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Figure 3 Scanning electron micrographs showing the typical columnar growth morphology of PVD-TiN coatings. (a) Cross-section, (b) plan 
view. 

coating is thought to reflect increasing porosity in the 
film as it grows to greater thicknesses [24, 25]. 

3.2. Erosion 
The mass of erodent for coating loss (as determined 
using optical microscopy) for erosion of 3 and 10 #m 
TiN coatings on stainless and "20"-carbon steel sub- 
strates are shown in Figs 4 and 5, respectively. Erosion 
tests using both glass beads at 35 and 24 m sec- ~ at 45 ~ 
angle of incidence and alumina grits at 14msec -1 
at 90 ~ incidence were carried out. It is clear from 
Figs 4 and 5 that for both erosion conditions the TiN 
coatings on "20"-carbon steel were the more erosion 
resistant. However, it can also be seen that whilst 
the thicker coatings provided enhanced erosion resist- 
ance when subjected to erosion by the alumina grits 

(Fig. 4), the thinner coatings appeared to be more 
erosion resistant when impacted by glass beads 
(Fig. 5). 

Scanning electron microscopy (SEM) indicates that 
during bombardment by angular particles the erosion 
mechanism for TiN coatings on both stainless steel 
and carbon steel substrates is predominantly by chip- 
ping (Fig. 6); with thinner coatings gross "plough- 
ing" deformation is observed, both the coating being 
pushed ahead of grooves and pits formed by the 
impacting erodent particles (e.g. Fig. 7a). Alterna- 
tively, for the TiN/stainless steel coupons spallation of 
the coating may also occur and Fig. 7b shows an area 
of coating that has been pushed ahead of an impacting 
particle around which the coating has spalled. On the 
thicker coatings the deformation is much more limited 
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Figure 5 The mass of erodent for 
coating loss by blunt erosion (angle 
of incidence = 45 ~ for stainless steel 
and "20"-carbon steel (mild steel) 
substrates as coated with SIP-TiN 
to two thicknesses. Erodent, glass 
beads. Velocity 24 m sec '. 

Figure 6 Scanning electron micrographs of TiN-coated steels lightly eroded using alumina grits at 14 m sec- '. (a) 3/~m TiN on stainless steel, 
(b) 10ffm TiN on stainless steel, (c) 3 .6#m TiN on "20"-carbon steel and (d) 10.5/~m TiN on "20"-carbon steel. Note the undamaged areas 
of substrate (arrowed) revealed by spalling in (b). 
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Figure 7 (a) Ploughed surface of 3.6 ~tm TiN on "20"-carbon steel after impact by alumina grit. Note the manner in which the coating has 
been pushed ahead of the impacting particle. (b) Impact site produced by alumina grit on 3 #m TiN on to stainless steel. Note that as in 
(a) the coating is pushed ahead of the particle. Also spallation of the coating surrounding the impact site is in evidence. 

- plastic impact pits with no fracture or spallation are 
common (Fig. 8) - although some impact sites do 
show chipping (Fig. 8). It is apparent that extensive 
spalling has occurred for the 10/~m TiN on to stainless 
steel (Fig. 6b) as indicated by the large areas of 
revealed substrate that show no evidence of  erosion 
(arrowed on Fig. 6b). Compared to both the thinner 
coatings (Figs 6a and c) and the 10 #m TiN/stainless 
steel coating, relatively little pitting and chipping is 
found on the thicker coatings on carbon steel 
(Fig. 6d). In addition, those regions of thick coating 
remaining on the stainless steel also showed good 
resistance to erosion (Fig. 6b). Clearly, the tendency 
for the coating to spall from the stainless steel sub- 
strate accounts for the poor resistance to erosion by 
angular particles when compared to the TiN coatings 
on "20"-carbon steel. 

Figure 8 Scanning electron micrograph of the surface of 10.5/zm 
TiN on "20"-carbon steel after erosion by alumina grit at 
14 m sec -~ . Note the plastic impressions caused by the impacting 
particles - some chipping fracture is also apparent. 
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In contrast to the erosion by angular particles, 
resistance to erosion by blunt particles is greater for 
the 3/zm coatings (see Fig. 5). SEM studies of  the 
erosion surfaces (Fig. 9) reveal that, as for erosion by 
angular particles, the coatings on stainless steel have 
a tendency to spall (Figs 9a and b), the thicker coating 
appearing to spall after only a few impacts. Fig. 9b 
clearly shows individual impact sites (arrowed) in 
both the coating and exposed substrate on the 10 #m 
TiN/stainless steel specimen and, whilst there appears 
to be little damage associated with the impacts, large 
areas of coating have spalled. Similarly for the thin 
coating on stainless steel (Fig. 9a), areas of the coating 
have spalled close to impact sites, but to a lesser degree 
than for the thicker coating. Unlike the thick coating 
on to stainless steel where little impact damage within 
the adherent coating is seen (Fig. 9b), the thin coating 
shows cracking associated with impacts (Fig 10a). As 
with angular particle erosion the coating may deform 
and be pushed into the impact pits (Fig. 10b) or 
may spall under impact (Fig. 10c). The thin 3#m 
TiN/carbon steel coating (Fig. 9c) shows considerably 
less impact damage than the thin 3 #m TiN/stainless 
steel coating of Fig. 9a. Again cracking associated 
with individual impacts is observed (Fig. 1 la), and the 
interaction of  these to form networks may give rise to 
pit formation (Fig. 1 lb). However, no spalling of the 
coating is observed indicating the level of practical 
adhesion is greater for the TiN/carbon steel system 
than the TiN/stainless steel system. The strength of  
this adhesion~is apparent if the heavily bombarded 
surfaces are studied. Fig. 12a shows the appearance 
of a carbon steel surface from which the coating 
has been substantially eroded. However, using energy 
dispersive X-ray dot mapping (Fig. 12b) it is clear 
that a substantial amount of TiN remains adhered 
to, or embedded in, the surface. Figs 12c and d 
show such regions in greater detail and areas in 
which the columnar structure of the coating has 
been sheared by the impacting beads are apparent 
(arrowed). 



Figure 9 Scanning electron micrographs of TiN coated steels lightly eroded by glass beads at 24 m sec -L . (a) 3 #m TiN on stainless steel, (b) 
10 #m TiN on stainless steel, (3) 3.6 #m TiN on "20"-carbon steel and (d) 10.5 #m TiN on "20"-carbon steel. Note the individual impact 
sites (arrowed) on both coating and substrate in (b). 

In  c o n t r a s t  to the m e c h a n i s m s  o f  coa t i ng  loss des- 

c r ibed  above ,  e ros ion  o f  the thick T i N / c a r b o n  steel 
coa t i ng  shows a comple te ly  different  surface  m o r -  
p h o l o g y  (see Figs  9d a n d  13). Each  single impac t  has  

assoc ia ted  wi th  it a saucer- l ike  o f  " s o m b r e r o "  shaped  
s t ruc tu re  a n d  n o w h e r e  was the subs t r a t e  revealed  by  

spal l ing.  The  or ig ins  o f  this " s o m b r e r o "  f rac ture  will 

be d iscussed in  Sect ion  4. Also,  one  o the r  e ros ion  pi t  

Figure 10 Scanning electron micrographs of the surface of a 3 #m 
TiN coating on stainless steel after erosion by gIass beads at 
24m sec ~ showing (a) cracking around impact sites, (b) the con- 
forming of the coating to the substrate deformation produced by 
impact, and (c) spalling of the coating induced by impact. 
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Figure 11 Scanning electron micrograph of impact sites from 3.6 #m TiN on "20"-carbon steel eroded by glass beads at 24 m sec -~ . (a) 
Showing the generation of crack networks by multiple impacts, and (b) an erosion pit generated by chipping of cracked coating such as that 
in (a). 

s t ructure  was occas ional ly  found  on the TiN/s ta in less  
steel coat ings  which t ook  the form of  an inver ted  cone 
or  cra ter  at  whose centre the subs t ra te  was revealed 
(Fig. 14). 

3.3. Hardness 
The hardness  behav iour  for  the 3 and  10 # m  coat ings  
on bo th  stainless steel and  " 2 0 " - c a r b o n  steel were 

de te rmined  using the Burnet t  and  R icke rby  analysis  
[28, 29], and  are given pa ramet r i ca l ly  (as defined in 
Equa t ion  1) in Table  I. Wi th in  the l imits o f  accuracy  
o f  the exper imenta l  hardness  d a t a  the coat ing  hard-  
ness (given at  a 10 #m inden ta t ion  size) lay between 
2500 and 3000 V H N  (24.5 to 29.4 GPa) .  These values 
are within the range o f  hardnesses  found  in the l i tera- 

ture and  expected f rom the present  au tho r s '  work  on 

Figure 12 Surface morphology of TiN and "20"-carbon steel after heavy erosion by glass beads at 24msec -L . (a), (b) 3.6/~m TiN after 
exposure to ~ 1200 g erodent showing regions of high titanium concentration associated with retained coating, (c) higher magnification of 
(a) showing heavily fractured coating, and (d) as (c) only for 10.5 #m TiN exposed to 500 g of erodent. Note the sheared columnar regions 
(arrowed) apparent in (d). 
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Figure 13 The appearance of 10.5/tin TiN lightly eroded by glass beads showing "sombrero" type fracture morphology. Note the presence 
of radial cracks in the "crown" of the sombrero featured in (b). 

the variation of hardness of SIP titanium nitride with 
substrate bias during coating (see Section 2.1 and 
[24-26, 28, 291. 

3.4. Scratch adhesion testing 
The critical load (L~) for coating failure was deter- 
mined for all coatings by the inspection of the scratch 
track by light microscopy. Coatings were deemed to 
have failed when fracture occurred that revealed the 
substrate in a regular manner (with the exception of 
the thick TiN/carbon steel coating which failed 
cohesively). Several coating failure modes have been 
identified in the literature and are described in greater 
detail elsewhere [11-13, 19, 31]. The failure modes 
observed in the present study include: coating spal- 
lation ahead of and around the scratch track (Fig. 15); 
cohesive chipping of the coating, i.e. the substrate is 
not necessarily revealed (Fig. 16); regular chipping of 
the edges of the scratch to reveal substrate (Fig. 17a); 
formation of buckling failures ahead of the moving 
stylus (Fig. 17b); conformal cracking within the 
scratch with occasional coating loss from bottom of 
the track (Fig. 17c). 

Both the Lo values and the principal coating failure 
mode for tests carried out on the erosion specimens 
are given in Table I. Inspection of Table ! reveals 
several points worthy of note. Firstly, the value of Lc 
generally increases with thickness as shown in Table I 
and Fig. 18. Phenomenologically this has been attri- 
buted to the decay of the friction-induced interfacial 
shear stress as the coating/substrate interface is made 
increasing remote from the surface [11] and will be 
discussed in Section 4.2. Secondly, Lo for a given 
thickness is always less for TiN on stainless than TiN 
on "20"-carbon steel. Finally, the predominant failure 
mode is observed to change with increasing thickness, 
this also being reported by Je et al. [31]. The thinner 
coatings are generally seen to fail by loss of coating 
from the centre of the scratch associated with the 
formation of conformal crack networks whilst thicker 
coatings fail by spalling or cohesive cracking. 

Fig. 18 is an attempt to correlate the scratch test 
results with the erosion behaviour and indicates the 
predominant failure modes in both scratch and erosion 
testing as a function of coating thickness. Clearly, 
spalling and cohesive coating loss occurs in thick coat- 

Figure 14 Scanning electron micrograph (a) and Fe X-ray dot map (b) of inverted cone fracture found cn 3/~m TiN on stainless steel eroded 
by glass beads. In the central portion the substrate is exposed. 
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Figure 15 Scanning electron micrograph (a) and titanium X-ray dot map (b) of spalled coating from 10 pm TiN on stainless steel. The scratch 
load was 3800g. Note the region of high titanium concentration in the track (b) corresponding to coating embedded in the substrate by 
passage of the stylus. 

ings and these correlate with spalling and cohesive 
"sombrero" fracture under erosive conditions whilst 
conformal cracking and associated coating loss from 
the bottom of the scratch track can be seen to corre- 
late with erosion by formation of crack networks 
(coupled with spalling for the stainless steel substrate). 
These correlations will now be discussed in greater 
detail. 

4. Discussion 
4,1. Erosion behaviour 
For erosion by both angular particles and glass 
beads, the titanium nitride coatings on to stainless 
steel substrates were removed more rapidly than simi- 
lar coatings deposited on to "20"-carbon steel. This 
behaviour may reflect poor interfacial adhesion (as 
distinct from practical adhesion) and/or decreased 
practical adhesion due to higher internal stresses. 
Laugier [32, 33] has suggested an energy balance 
approach to coating failure (specifically applied to the 
scratch test - see Section 4.2), whereby the energy 

required to create new surfaces by fracture along the 
coating-substrate interface has to be provided by the 
release of stored elastic energy. This approach predicts 
that highly stressed films (i.e. also possessing high 
levels of stored elastic energy) will fail under smaller 
mechanical loads than less internally stressed films. 
Clearly, the erosion behaviour of titanium nitride on 
to the two substrates in this study is consistent with 
such stress effects because the internal stress for the 
TiN/stainless steel systems is ~ 50% greater than 
for the TiN/"20"-carbon steel system. However, it is 
impossible to deduce anything concerning the strength 
of the interface itself. 

Similarly the erosion behaviour of the TiN coated 
steels under impact by glass beads is of particular 
interest because for both substrates, the lifetime of 
the film decreases with increasing thickness. For the 
stainless steel substrate this can be rationalized by the 
use of the stored energy balance concept. This states 
that the total stored energy due to internal stress 
increases with film thickness (assuming the internal 

Figure 16 Scanning electron micrographs of cohesive chipping failure induced by the scratch test (load = 6400g) on 10.5 #m of TiN on 
"20"-carbon steel. Note the extensive sloping fractures within the coating (e.g. in b) compared to the steep-sided fractures associated with 
spalling (Fig. 15a). 
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Figure 17 Scanning electron micrographs of scratch tracks. (a) 
Regular chipping on 3 #m TiN on to stainless steel; load = 2500g. 
(b) Regular buckling failure on 1.4pm TiN on stainless steel; 
load = 3000 g. (c) Conformal and tensile crack networks leading to 
loss of coating (arrowed) from the bottom of the track. 1.5/zm TiN 
on "20"-carbon steel; load = 2000 g. 

stress stays a p p r o x i m a t e l y  cons t an t )  a cco rd ing  to 

~,o ,  ~ o std.t/E (2) 

where  y~,t is the s tored  energy,  a~,~ is the i n t e rna l  

stress, E is the coa t i ng  Y o u n g s  m o d u l u s  a n d  t is the 

th ickness .  Thus ,  for  the th icker  films, less add i t i ona l  
m e c h a n i c a l  energy  (i.e. fewer impacts )  wou ld  be 

necessary  to p rov ide  the m e c h a n i c a l  s t imu lus  for  coat -  

ing  d e t a c h m e n t ;  in a g r e e m e n t  wi th  the expe r imen ta l  
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Figure 18 The variation of critical load for coating loss, Lc, with coating thickness for TiN on stainless steel and "20"-carbon steel substrates. 
Also indicated are the scratch and erosion failure modes observed. 
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Figure 19 A schematic represen- 
tation of the mechanism by which 
the "sombrero" structures of 
Fig. 13 are formed by the inter- 
section of cone cracks with lateral 
cracks. 

j "median crack formation 
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results presented in Figs 5 and 9. In thicker coatings, 
the spallation of large areas with little apparent 
damage to the substrate indicates that a shock wave 
loading mechanism may be responsible for the initi- 
ation of spallation failures. In contrast, the 10/~m TiN 
coating on "20"-carbon steels fails by cohesive failure. 

During the early stages of erosion of thick titanium 
nitride coatings deposited on to carbon steel, each 
impact gives rise to a "sombrero" structure as shown 
in Fig, 13. This contrasts with the Hertzian cone frac- 
tures [34], reported during erosion of brittle materials 
by blunt erodents where the diameter of the crack 
at the surface, d, is approximately the elastic con- 
tact diameter; these cones being similar to those 
formed by blunt (elastic) indentation of brittle 
materials [35]. However, erosion of brittle materials 
by angular particles produces a chipping fracture 
mechanism akin to the lateral crack formation associ- 
ated with sharp contacts [36]. Consequently, the 
"sombrero" morphology may arise from the simul- 
taneous formation of both Hertzian cone fractures 
and the median/radial/lateral indentation fracture 
morphology commonly found in ceramics [37]. There- 
fore, under dynamic impact conditions there is a tran- 
sition between the two fracture forms, the blunt par- 
ticles appearing increasingly "sharp" as the impact 
velocity increases; the co-existence of cone and 
median/radial/lateral crack systems has been reported 
in the literature [36]. Clearly from Fig. 13 it can be 
seen that the radius of the "brim" of the sombrero 
(~  50/~m) is approximately the same as the contact 
diameter as can be seen in Fig. 9 for instance. This 
supports the premise that the maximum extent of the 
sombrero is determined by the Hertzian cone profile. 
Fig. 19 shows schematically the formation of these 
sombrero structures, the wide curving brim being 
formed by the propagation of lateral cracks out from 
the centre of the impact until they intersect the cone 
crack that has simultaneously propagated down- 
wards. The radial cracks play no part in this process 
but may be seen clearly in the crown of the sombrero 
(Fig. 13b). 

Whilst it is clear that rapid coating loss will occur as 
a consequence of spalling, driven by elastic energy 
release and initiated by impact-induced shock wave 
loading, it is less clear why cohesive failure of a thick 
coating also results in more rapid removal of the 
coating. Although impact of the TiN/carbon steel 
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coating results in the formation of "sombrero" 
fractures, the substrate still remains fully covered 
by coating in the early stages of erosion - coating 
loss not being as catastrophic as for TiN/stainless 
steel systems. However, the remaining layer of coating 
is clearly removed more rapidly than a new, unbom- 
barded coating of equivalent thickness. This can be 
attributed to the remaining layer of coating being 
highly fractured, because both the Hertzian cone 
cracks and radial cracks formed on impact will extend 
down to the coating/substrate interface; only a little 
extra impact is required to remove this residual 
material. However, no Hertzian cone or ring cracks 
are seen on the bead-bombarded thin coatings (Figs 
10 and 11). This indicates that there may be a critical 
coating thickness beneath which cone and/or median/ 
radial/lateral fracture does not occur. But studies of 
the erosion behaviour of TiN-coated glass do show 
that Hertzian ring cracking can occur on coatings as 
thin as 0.5 #m [36]; this indicates that the nature of 
the substrate might be important. For the thin TiN 
coatings, impact by the glass beads used here results in 
plastic deformation of both substrate and coating 
(Figs 10 and 11), the coating conforming to the profile 
of the impact pit whilst remaining adherent. Hertzian 
fracture, and to a lesser extent median/radial/lateral 
fracture, are elastic contact phenomena. Clearly, as 
the coating is thickened, the hardness and stiffness of 
the surface "experienced" by the impacting spheres 
increases until the surface appears sufficiently hard 
and stiff to allow the generation and support of 
stresses sufficient to initiate fracture, i.e. the coated 
surface behaves more like a bulk ceramic. Clearly, 
the cone-cracks are a crucial feature of the coating 
removal process. Their absence during angular par- 
ticle erosion explains why thicker coatings show 
greater erosion resistance, whilst under blunt erosion 
their occurrence enhances coating loss. 

It is interesting to compare this behaviour to that 
reported for columnar NiO scales eroded by angular 
particles [9]. In this work a two-stage erosion mechan- 
ism was observed. Initially the outer layer of the 
oxide was removed by median/radial/lateral chipping. 
Polishing away the surface layers of the oxide in 
order to study the sub-surface fracture in the scale 
revealed Hertzian fracture extending to the oxide/ 
metal interface. In this work the "sharp" particles 
had appeared "blunted" by a cap of plastically 



deforming material beneath the impact site, this 
then can act as a blunt indentor to produce Hertzian 
cone fracture. Clearly, this co-existence of Hertzian 
and median/radial/lateral fracture forms parallel the 
results here to a limited extent and indicates that 
often fracture morphologies do not fall into a simple 
category. 

The erosion behaviour of the titanium nitride coat- 
ings eroded by angular particles is similar for both 
substrates - plasticity induced chipping akin to the 
elastic/plastic indentation fracture morphology found 
in ceramics [35-37] being the predominant mechanism 
for coating removal. However, a certain amount of 
spalling accompanies the chipping on both TiN/stain- 
less steel specimens. Both of the thicker coatings 
appear to deform less under impact, often only a 
plastic impression being formed at the impact sites. In 
contrast, the impact of the thinner coated surfaces 
results in plastic deformation of the substrate, the 
coatings being pushed into the substrate - clearly as 
the coatings thicken the effective surface hardness 
increases with the consequence that the impact 
damage is significantly contained with the coating. 
The increased erosion resistance of the thicker coat- 
ings is probably a consequence of this localization 
of impact damage. The coating is no longer grossly 
deformed as observed for the thin coatings and conse- 
quently stays intact for longer. 

Finally, the inverted cone fracture morphology 
shown in Fig. 14 may be a result of shock wave 
loading at the interface. Impact and laser pulse tech- 
niques have both been used to generate shock waves 
within the coating that, when reflected at the coating/ 
substrate interface, result in strong tensile stresses 
being formed at that interface which cause coating 
delamination. The morphology of the pit indicates 
that the coating was "hit from behind", this being 
consistent with a shock wave induced failure. 

4.2. Scratch behaviour 
As was noted in Section 3.4, the critical load for 
coating failure was observed to increase with thickness 
and that, for a given thickness, the Lc values for TiN 
coatings on stainless steel were consistently lower than 
similar coatings on "20"-carbon steel. The role of 
substrate deformation, and the way in which load 
support is partitioned upon Lc have been discussed in 
the literature (e.g. [11]), a result commonly found 
being that Lc increases with substrate hardness. How- 
ever, in the present study the "20"-carbon steel had a 
hardness of ~ 130 VHN (1.3 GPa) compared to the 
stainless steel which had a hardness of ~ 180 VHN 
(1.8 GPa). Clearly, solely on the load support argu- 
ment discussed elsewhere [11] the Lc values should 
be greater for the TiN coatings on stainless steel 
substrates. In addition, using the plastic zone mis- 
match analysis developed and described by Burnett 
and Rickerby [13, 19], the interfacial shear stress due 
to the indentation stress field will be ~ 20% greater 
for TiN on the softer "20"-carbon steel - again, all 
other things being equal, this would result in a lower 
Lc for the carbon steel substrate. Using both the 
energy balance approach and the critical interface 

shear stress criteria for coating loss, the presence of a 
high internal stress is expected to result in a lower L c 
as observed. In the present study, the internal stresses 
are several times higher than the stresses generated by 
the indentation plastic zone mismatch (maximum 
value of ~ 2 GPa at the coating elastic/plastic bound- 
ary) and much higher than any differences in plastic 
zone mismatch stress between the two substrates (esti- 
mated as ~ 0.4 GPa compared to 2 GPa difference in 
internal stress between carbon steel and stainless steel 
substrates) and so the internal stress level dominates 
coating failure. The effects of stress on Lc have been 
highlighted by the present authors in a series of experi- 
ments where the substrate remained constant but the 
internal stress level was varied by controlling the sub- 
strate bias during coating. Again, L~ was observed 
to decrease with increasing stress. As before, it is 
impossible to determine anything about the relative 
strengths of the TiN/stainless steel and TiN/carbon 
steel interfaces themselves. Undoubtedly, the internal 
stress states present in the TiN coatings do contribute 
to the differences in Lc, but there may (or may not) 
also be significant differences in the actual interfacial 
adhesion strengths. 

The coating failure mode was observed to vary with 
thickness (t). When t ~< 3 ~tm, coating failure was 
generally by loss of material from within the track, 
this arising due to the creation of crack networks 
as the coating conforms to the plastic deformation 
induced by the stylus (Fig. 17c). In addition, the action 
of the frictional forces between coating and stylus 
causes the columnar units to be pulled over (Fig. 20) 
and in some cases the combination of the frictional 
traction and crack networks results in coating being 
"plucked" from the bottom of the track. 

At greater thicknesses (3 to 8#m) this mode of 
failure becomes augmented by chipping, principally at 
the edges of the track. Finally, for well-adhered thick 
coatings (> 10/~m) the coating starts to behave as a 
bulk ceramic, cohesive chipping occurring along the 
track. For the weakly bonded coatings spallation 
becomes the predominant failure mechanism. The 
driving force of the former failure mode in the elastic/ 
plastic indentation stress field that gives rise to the 
median/radial/lateral crack system during static 
indentation of ceramics (e.g. [34]). In the latter case, 
spallation failure appears to be driven by the release of 
elastic energy by propagation of fracture along the 
interface. The elastic energy released will consist of 
two components, an indentation stress field com- 
ponent and the internal stress. Marshall et al. [17, 18] 
have modelled the fracture mechanisms for this mode 
of failure around static indentation. It is important to 
realize that whilst Lc increases with thickness, the 
fracture mode changes and hence the information 
conveyed by Lc also changes. Thus, at best Lo is only 
a measure of the response of a system to a specific 
mechanical loading situation, and whilst it does 
depend upon interracial adhesion, it is equally depen- 
dent upon a large number of "extrinsic" parameters 
such as substrate, thickness, etc. However, despite 
these reservations, the morphology of the coating loss, 
as revealed by the scratch test, does allow correlations 
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Figure 20 Sheared blocks of  coating in the bot tom of  a scratch track 
(arrowed). 

with erosion behaviour to be made and will now be 
discussed in greater detail. 

4.3. Correlation between erosion and scratch 
behaviour 

4.3. 1. Angular particle erosion 
The mode of coating loss under erosion by the alu- 
mina grits correlates with the scratch failure mode; for 
instance, the predominant coating failure mechanism 
for the coated "20"-carbon steel substrate is by elastic/ 
plastic chipping in both the scratch and erosion tests. 
In contrast, the TiN coating on the stainless steel 
substrate showed a tendency to spall under both 
erosion and scratch testing. It is also interesting 
to note that mass of erodent for coating loss under 
erosion increases with coating thickness, and this can 
be correlated with Lc. For the TiN/stainless steel 
system, the mass of erodent for coating loss only 
increases slightly with thickness, whereas for the 
TiN/"20"-carbon steel a larger increase is found; this 
correlates with increases in L~ from 1700 to 3100 g and 
from 3100 to 6300 g, respectively. 

4.3.2. Blunt particle erosion 
Clearly, unlike erosion by angular particles, Lc cannot 
be sensibly correlated with erosion resistance because 
thicker coatings erode faster but have higher Lo values. 
However, a correlation does exist between the erosive 
loss mechanism and the scratch failure mode (see 
Fig. 18). On both carbon steel and stainless steel sub- 
strates the thinner coatings fail by (principally) the 
formation of crack networks by multiple impact, these 
regions of weakened material may then be eroded to 
form pits which then grow to reveal the substrate. For 
the stainless steel substrate this process is enhanced 
by a limited amount of spalling. This correlates well 
with the scratch behaviour of the 3 #m coatings. For 
the thicker coatings, the failure mechanisms correlate 
well with those observed in the scratch test, cohesive 
chipping occurring in the TiN/"20"-carbon steel coat- 
ing and spalling in the TiN/stainless steel coatings. 

5. Conclusions 
The results presented in the previous section allow 
some broad conclusions to be drawn concerning the 
erosion behaviour of sputter-ion-plated TiN coatings 
on steels. 

It has been shown that thicker coatings provide 
greater erosion resistance than thinner coatings when 
subjected to impact by angular erodent particles. Con- 
versely, it has been found that the thicker coatings are 
lost more readily under erosion by blunt particles and 
has been attributed to the formation of Hertzian cone 
fractures and elastic/plastic "indentation" fractures 
once a critical coating thickness has been exceeded. 

Sputter-ion-plated titanium nitride coatings deposited 
on to stainless steel erode faster than similar coatings 
deposited on to "20"-carbon steel and this has been 
correlated with an increased tendency for the TiN to 
spall from the stainless steel under impact. This spal- 
lation is believed to be driven by the high levels of 
elastic strain energy present in the coating as a result 
of the presence of high internal (residual) stresses. 

Scratch adhesion testing may be correlated with 
erosion behaviour in several ways. Spallation failure 
induced by the scratch test has been found to indicate 
the probable occurrence of spallation during erosion. 
Similarly, cohesive failure induced by the scratch test 
may be reflected by cohesive failure under erosive 
conditions. However, the critical load for coating fail- 
ure, Lc, is an unreliable guide to coating performance 
under erosion because increases in Lc with thickness 
correlate with increases in erosion resistance only for 
erosion by angular particles, the reverse being true for 
erosion by blunt particles. 

Thus, this paper has described the scratch and 
erosion behaviour of a variety of TiN-coated samples 
and identified the mechanisms for coating loss. It has 
been shown that studies of the coating failure modes 
induced by the scratch test can be correlated with 
erosive loss mechanisms; however, no correlation can 
t~e made to enable prediction of relative erosion rates 
from the results of the scratch test. 
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