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The life of TiN-coated tools can be improved by a post-coating ion implantation
treatment, but the mechanism by which this occurs is still not clear. Nitrogen
implantation of both physical-vapor-deposited TiN and CVD TiN leads to surface
softening as the dose increases, which has been attributed to amorphization. In this
study a combination of transmission electron microscopy and atomic force microscopy
was used to characterize the microstructure of implanted TiN coatings on cemented
carbide for comparison with mechanical property measurements (nanoindentation,
residual stress, etc.), made on the same samples. lon implantation leads to a slight
reduction in the grain size of the TiN in the implanted zone, but there is no evidence
for amorphization. Surface softening is observed for physical-vapor-deposited TiN, but
this is probably due to a combination of changes in surface composition and the
presence of a layer of bubbles generated by the very high implantation doses used.

I. INTRODUCTION reported mechanisms by which the nitrogen ion
implantation treatment improves the performance of
The use of nitrogen ion implantation to improve the TiN-coated tools have been highly specific to one type
performance of cutting tools coated with TiN by physical of coating and it seems unlikely that any mechanism that
vapor deposition (PVD) or chemical vapor depositionis not universal can explain the industrial experience.
(CVD) is well established-* However, the mechanisms Therefore it is necessary to determine the behavior of
by which these improvements occur are not well underboth types of coating in response to nitrogen implanta-
stood. Among the reasons suggested for the observeibn and look for common features if the factors control-
improvements are enhanced hardrn&sbgeneficial com-  ling tool performance are to be understood.
pressive residual stre§simproved coating adhesidn, CVD TiN coatings are deposited at around 950 °C and
and reduced friction/adhesion to the workpiéCayhich  are composed of fine, equiaxed grains of a zone-2 type
might be due to a lubricating amorphous la§f@tHow-  according to Thornton’s structural classificatbnCVD
ever, whether these mechanisms are all operating and afitns have a relatively rough surface (REum) and a
sufficient to explain the observed machining results is dow tensile residual stress (typically <1 GPa), microstrain
guestion of some debate. broadening, and defect concentration within individual
In commercial ion implantation of TiN-coated tools no grains®*?*3In contrast, PVD deposition technologies
differentiation is generally made between PVD and CVDallow the deposition of columnar, zone-T coatihigat
coatings as the treatment is thought to be equally effedemperatures lower than 500 °C. These coatings tend to
tive for both**° Similarly a single ion/dose combination be very smooth, with roughness almost the same as the
(approximately 3 x 18 N,*/cn) is generally used to treat untreated substrate (except for some cathodic arc coat-
all tools, regardless of origin. Some of the previouslyings where macrodroplet formation leads to an increase

Downloaded from https:/www.cambridge.org/core:JUM% B@%el“ﬁla%por”@ju]r;mng 2'994-5 sub@cgtg% Mgﬁié’dg &%S@ﬁm%f%%iﬁﬁﬂable at https:/www.cambridg@gr%;‘)tore/terms.

https://doi.org/10.1557//JMR.2001.0453


https://core.ac.uk/display/85209888?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1557/JMR.2001.0453
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms

S.J. Bull et al.: Mechanism of improvement of TiN-coated tool life by nitrogen implantation

in roughnes¥). However, they generally possess a largeformation of amorphous metals. Since the amorphization
compressive residual stress (approximately 6'&P&y,  of TiN has usually been determined from glancing-angle
and individual grains contain a large number of defectx-ray diffraction studies, it may be that the observation is
leading to high microstrain broadening. Nitrogen ion im-a consequence of the test method. For instance if the
plantation will generally increase these defect levels foigrain size has been reduced to such an extent that it is no
both types of coating (e.g., Ref. 16). longer visible by this technique, the material will appear
Increasing the defect density within a material will amorphous. Changes to surface composition may also
eventually lead to structural instability when the energyhave occurred that enable an amorphous layer to be pro-
associated with the defects can be the driving force foduced by ion implantation.
microstructural change. In metals such changes include To determine whether the material is truly amorphous
the formation of extended defects such as dislocationa higher resolution microstructural probe is necessary.
and the reduction of grain size by recovery and recrysfor this reason we used transmission electron micros-
tallization” In ceramic materials, where these processesopy (TEM) to investigate the coatings implanted in this
are more difficult, amorphization can occtr Amor-  study. TEM also allows the observation of dislocations
phization has been reported to occur after ion implantagenerated in the implanted layer and ejected into the
tion of PVD TiN,****°whereas no such response has beemndamaged material beneath. This so-called “long-range
seen for CVD material implanted with a range of effect” of ion implantatio®2° is responsible for in-
ions*?2122 Since amorphization due to ion bombard- creased hardness beneath the implanted layer and is an
ment occurs in response to the accumulation of the dammportant explanation for the observation that improve-
age produced (e.g., the formation of vacancies andnents in the wear performance of metals due to ion im-
interstitials by the displacement of target atoms) this igplantation often persist long after the implanted layer has
consistent with the lower baseline defect levels present ibeen completely worn away.Given the relatively low
CVD coatings. However, it must be questioned whethedislocation mobility in TiN it might be expected that this
it is possible to amorphize a material such as TiN inmechanism is unlikely to occur in the coatings investi-
which the bonding is substantially metalficThese me- gated here. However, the persistence in improved wear
tallic properties are a result of electron transfer from theperformance after the implanted layer is worn away is
titanium to the nitrogen leaving one conduction electronalso observed for ion-implanted TiN-coated tools.
per formula uni The object of this study was to determine the factors
The propensity for a material to undergo amorphizathat might explain the improvements in tool performance
tion is usually assessed in terms of a critical energy denfor nitrogen-implanted TiN deposited by both PVD and
sity deposited in displacement collisions, which is relatedCVD. To achieve this, tests were undertaken to examine
to the ionicity of the material being implanté4?>The each of the factors that might influence the performance
more ionic the material, the higher the energy depositiorof both unimplanted TiN coatings and coatings im-
necessary for amorphization. Based on electronegativitplanted through two different nitrogen doses.
values for Ti (1.54°% and N (13.04°) the ionicity of TiN
is 0.43, which would predict a critical energy density of !l EXPERIMENTAL
2 x 107 keV/cn? using the master curve of Burnett and Commercial PVD and CVD TiN-coated cemented car-
Page?’ This gives an amorphization dose of approxi-bide inserts were used throughout the study. The TiN
mately 4 x 18° N,,*/cn? for both PVD and CVD TiN; it coating was at least gm thick in all samples to avoid
does not take into consideration the defects already preshe complicating influence of the substrate. The PVD
ent in the coating, which will reduce the amorphizationcoatings were deposited using the Balzers plasma-
dose considerably for the PVD coatings. Since CVD TiNassisted PVD process whereas the CVD coatings were
has not been observed to amorphize at doses up fmroduced in-house at the tool supplier (GTE Valenite,
5 x 10" N,,*/cn? this is not consistent with observed be- Troy, MI).
havior. One possible explanation for this is that some All samples were implanted at 90 keV using a non-
defects may be annealed during the implantation procesrass-analyzed bucket ion source at approximately nor-
due to beam heating, this is unlikely to be a significantmal incidence at a beam current density of @&/cm?.
effect given that vacancy annealing in ion-implantedThe beam contains about 75%,'Nat 90 keV and 25%
TiN is not significant below 1000 °€° It is much more  N* at 90 keV. It is usually assumed that thg'éplits up
likely that TiN is not amorphized by nitrogen ion im- on contact with the surface into two nitrogen ions of
plantation because of the metallic component of itsunknown charge state. The actual dose 6fWl thus be
chemical bonding? metallic materials are more likely to 7/4 the nominal dose of N and the concentration profile
undergo recrystallization and grain refinement after iorwill be given by the sum of the profiles for 90 keV and
implantation except in cases where sufficient quantitiegl5 keV nitrogen implantation, corrected for the effects
of a metalloid (P, B) are implanted, which promotes theof sputtering®® Range and damage parameters are
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presented in Table I. Since the combined profile is domispallatior?®, the load at which this was first observed was
nated by 45 kV nitrogen, the peak of the concentratioradopted as the critical load criterion. The scratch dia-
will occur at approximately 64 nm (Fig. 1). Two nitrogen mond was inspected by optical profilometry before and
doses were investigated: 3 x*T0N,,"/cn?, which is typi-  after testing to determine if wear was excessive as this is
cal of the dose used in tool wear-life improvement, ancknown to affect the critical load for coating detach-
1 x 10'” N,*/cm?, which is not usually as effective in ment3* This can be a particular problem for TiN coatings
improving tool life. The base pressure of the implantationon cemented carbide substrates. However, since only a
system was 1 x I torr. few scratches were performed in this study, indenter
The properties of the films were investigated beforewear was not significant and no damage could be detected.
and after implantation by x-ray diffraction, nanoindenta- The coating structure and morphology were investi-
tion, and scratch testing. Details of the x-ray diffractiongated by transmission electron microscopy (TEM),
measurement methods applied to these samples can Amic force microscopy (AFM), and high-resolution
found elsewheré? scanning electron microscopy (HRSEM). To make
Nanoindentation experiments were performed using aamples for TEM, a thin plate (approximately 306
Nanoindenter Il (Nanoinstruments, Knoxville, TN) fitted thick) including the coating was cut from the specimen
with a Berkovich diamond indenter. Peak loads in theusing spark erosion. The plate was then mechanically
range 1 to 500 mN were used and the hardness obtaingublished on the side opposite from the coating before
from the unloading part of the load—displacement curve® mm discs were cut from it, again by spark erosion.
using the method of Oliver and Phdfr.The tip end Pulse jet electropolishing of the side opposite to the coat-
shape was carefully calibrated prior to testing; the effectsng was then performed until a patch of substrate was
of tip blunting are only visible in measurements on fusedcompletely removed. lon beam sputtering was then used
silica when the contact depth is less than 25 nm, which iso thin and perforate the disc. For samples from the sur-
less than the thickness of the implanted layers investiface, thinning was carried out from the substrate side
gated here and therefore should not mask the effects anly. For samples from other depths within the coating,
the implantation treatment. Due to the fact that implan-thinning was carried out from both sides; the sputtering
tation treatments were carried out on as-received toolsate of the TiN coatings was calibrated and the time of
where the roughness is significant there is considerablthinning adjusted to give samples at different depths be-
scatter in the nanoindentation results at a given load ddew the surface. Care was taken to minimize the amount
pending on where the indenter strikes the surface. Pobf material that was redeposited during thinning. For
ishing the surface prior to testing does reduce this scattesome samples a final thinning operation was carried out
but since tools are not polished prior to implantation byon the back side to remove any redeposited material,
industry this was not done in this study. To obtain mean-
ingful nanoindentation data it is therefore necessary to
average the results from a large number of impressions at
each load. For the highest loads each data point repre- ,
sents the average of results from 10 indentations, and the  2510° -
number averaged increases to 30 at the lowest load.
Scratch testing was performed with a Rockwell C dia-
mond stylus (120° cone, 2QOm hemispherical tip ra-
dius) fitted to a commercial scratch tester (Teer Coatingsg  110° |
Kidderminster, United Kingdom). A standard scratching§ i
speed of 100 N/min and table speed of 10 mm/min weré -
used for all tests. Three scratches were made to a peak 0 :
load of 100 N on each sample. Through-thickness frac- 0 %0 0 peptfifomy 20 20 300
ture and adhesion failures were observed in all case$. 1. predicted concentration profiles for 90 ke\s*Nmplantation
The main adhesion-related failure mode was wedgealculated from the data in Table I.

N; implantation of TiN
310° | 0 0 e G e

--------- 45keV Nitrogen
***** 90keV Nitrogen
Combined Profile

210° [

1510° [

tion (atomsfio

510* L

TABLE I. lon beam parameters for the nitrogen ion implantation treatments used. Data determined from the TRIM92 computefpackage.

Energy lon range, Deviation, Damage range, Deviation, Energy loss in displacement
lon (KeV) Rp (nm) ARp (nm) Xd (nm) AXd (nm) collisions, E; (keV)?
N 90 115 36 95 30 44
N 45 62 24 40 20 26

aCalculated from the Lindhard partition functiéf.

Downloaded from https:/www.cambridge.org/core. University of Basel Librar}r, Mé}tﬁ[n Bﬁf’at\/@bz.:l@,v shjd?eclgo tMl‘%gQ&ge Core terms of use, available at https:/www.cambridgé&%ﬁore/terms.
https://doi.org/10.1557//MR.2001.0453


https://doi.org/10.1557/JMR.2001.0453
https:/www.cambridge.org/core
https:/www.cambridge.org/core/terms

S.J. Bull et al.: Mechanism of improvement of TiN-coated tool life by nitrogen implantation

but this was found to have little effect on the resultswas also observed recently by other work&Since the
generated from these foils. This implies that the effects ohigher-dose-implanted sample hardness is almost identi-
redeposited material are minimal. cal to that of the unimplanted coating it is unlikely that
Plan-view TEM specimens were made at two differenthardening due to the implantation process plays a major
depths below the surface for all implanted and unim-role in the improvement of tool life.
planted coatings: (i) 100 nm depth, corresponding ap- Surface softening can be an indication that the surface
proximately to the peak of the nitrogen implantationof a ceramic material has been amorphized by the ion
profile; (i) 1 wm below the surface, below the implanted implantation techniqué®?* However, if this were the
layer but in the implantation affected zone (IAZ) where case the effect would be expected to increase as the dose
dislocation generation has been observed to give a londgnacreases which is not what was observed in this study.
range hardening effect previously in CVD T,

B. Residual stress

lIl. RESULTS AND DISCUSSION For 1 x 137 N,,"/cn? nitrogen implantation, glancing-
angle x-ray diffraction results (Fig. 3) show that there is
a slight reduction in compressive stress near the surface
Previous results found hardening at low implantationafter implantation into the PVD TiN, but the change for
doses followed by softening as the dose increases futhe CVD TiN is marginal. At the higher dose the stress
ther? In this study no hardening was observed for nitro-in the PVD coating is identical to that in unimplanted
gen implanted CVD TiN [Fig. 2(a)], but a surface material which is very similar to what has been observed
softening at 1 x 18" N,"/cm? (which disappeared at the previously® Given the variability of stress measure-
higher dose) was observed for PVD TiN [Fig. 2(b)]. This ments made on different parts of the same coating, the
differences after implantation are unlikely to be signifi-
cant. Differences between the implanted and unim-
planted coatings are much smaller at the higher dose and
. are well within experimental error. Changes in residual
J stress can therefore not explain the difference in machin-
] ing performance.
. The fact that there is a slight reduction in residual
] stress near the surface for the PVD TiN coating could
1 suggest that amorphization occurred for this material
1 since stress relief is often observed in conjunction with
] amorphization in ceramic materia®&However, there are
] other mechanisms by which this relief could also occur
(e.g., bubble formation, see later), so the surface structure
LQL ] must be investigated by other techniques if this effect is
to be confirmed.

A. Hardness from nanoindentation
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FIG. 2. Variation of hardness with contact depth for nitrogen im- FIG. 3. Variation of residual stress with depth before and after im-
planted TiN as a function of dose deposited by (a) CVD and (b) PVD.plantation for PVD and CVD TiN.
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C. Scratch testing implantation for both PVD and CVD coatings and at both

No implantation treatment had any measurable eﬁecgoses investigated (Table . A simil_ar redu_ction in fric-
on the critical load for coating detachment in the scratcHOn Was observed previously in pin-on-disk tests by

adhesion test (Table I1). Indeed, it is difficult to see how©ther workers. There are a number of reasons why

a treatment confined to the outermost layer of the coatindiS change in friction might occur, including amorphiza-
n, changes to surface hardness, changes to surface to-

which does not change the residual stress within it can ha -

much influence on the coating substrate interface for such B9raphy, and changes to surface chemistry. Of these,
thick layer. Adhesion changes might be significant fortN€ changes in surface hardness are not likely to be
thinner coatingbut will not explain the differences in ImpPortant—the softer layer on the PVD TiN sample im-

machining behavior observed for the tools in this studyPlanted to 1.x 18N, "/em” would be expected to give

One difference between the implanted and unimigher friction due to increased ploughing rather than the

planted coating observed during the scratch-test Wageduction of friction observed. The other mechanisms are

diamond-indenter friction. which was lower after Investigated in more detail in the following sections.

D. Transmission electron microscopy

” . — For CVD coatings TEM samples taken fromuin
Critical load for  —Friction coefficient 1\ the surface clearly show the coating grain structure
Dose coating detachment, at 30N ) w u y W Ing gra u u.
Coating N,*/cr? L. (N) normal load (Fig. 4). However, closer to the surface the structure is
less apparent. At 100 nm depth for the unimplanted and

TABLE II. Parameters determined in the scratch test.

PVD TN 1 xolow géii 8_';: g_'gg the 1 x _167 N2+'/cm2 implant (approximately at the peak
3 x 107 53+7 0.13 +0.02 of the nitrogen implant profile) there is little difference in
CVD TiN 0 75+ 10 0.18 +0.04 appearance of the bright-field images (Fig. 5). The grain
1x 107 72+8 0.15+0.02 size is somewhat larger than deeper in the coating. Elec-
3% 107 12 012+0.02 tron diffraction patterns are also very similar and indicate

200nm

200nm 200nm
L 3 Kl

(b) (b)

FIG. 4. Transmission electron micrographs of 1 *78,*/cn? im- FIG. 5. Transmission electron micrographs of CVD TiN taken 100 nm
planted CVD TiN taken Jum below the surface: (a) bright field and below the sample surface (a) unimplanted and (b) 1% Mg*/cn?
(b) dark field (200) reflection. implanted.
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polycrystalline material. Well-defined rings are produced
rather than the diffuse bands characteristic of amorphous
material. Since amorphization is known to occur initially
at the peak of the implant profile, it would most likely
show in Fig. 5(b) if it occurred. There is no evidence for
amorphization at the higher dose either. There is no dif-
ference in scalar dislocation density (approximately
1 x 10" cm ) at 1um depth in either the implanted or
unimplanted material, which would suggest that 90 keV
nitrogen implantation into CVD TiN creates little or no
long range effect. Previous observations of the existence
of a long-range effect in CVD TiR were performed on
material implanted with a heavy-metal ion (yttrium)
where momentum transfer from the ion beam and hence
the probability of creating damage is much higfér.

For the PVD coatings 100 nm below the surface, the
fine grain size and high defect density mean that indi-
vidual grains are not visible in bright-field TEM micro-
graphs [Fig. 6(a)] although they can be seen in dark field
[Fig. 6(b)]. Again, implantation of 1 x 0 N,"/cm?
does not have a major effect on the microstructure. The
diffraction patterns show the typical diffuse ring struc-
ture indicative of polycrystalline materials, which be-
comes more diffuse after implantation (i.e., shows more
microstrain broadening), but the samples do not show an
amorphous halo, which would be expected if amorphiza-
tion had taken place.

At the higher implantation dose, the result is the same (b)

(Fig. 7). There is no evidence for amorphous materialgic. 7. Transmission electron micrographs of 3 *7N,*/cn? im-
though there is a slight reduction in grain size near thelanted PVD TiN taken from a foil from 20 nm below the surface.

200nm

L_.Jr '.." ._-. -
,Q_. { .' ; d

200nm
RS el

(c) (d)

FIG. 6. Transmission electron micrographs of PVD TiN taken 100 nm below the sample surface: (a) unimplanted bright field, (G)\NL% 10
cn?? bright field, (c) unimplanted dark field, and (d) 1 x3¥ON,*/cn? dark field.
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surface. In the dark-field image [Fig. 7(b)] there are ashows no smoothing effect at the lower dose. This shows
number of small bright spots that are not present in mithat smoothing of the asperities occurs, but these are not
crographs from lower dose implanted or unimplantedreduced in size appreciably, a fact confirmed by scanning
material. These could be small TiN grains formed byelectron microscopy of the surfaces (Fig. 9).
ion-bombardment-induced recrystallization but may also High dose implantation introduces a substantial
be small nitrogen bubbles where the nitrogen solidifiedamount of extra nitrogen into the coating; for instance, at
in a well-defined orientation relationship with the TiN. It a dose of 1 x 18 N,*/cn? about 9 at.% is present at the
was not possible to determine which of these is morgeak of the nitrogen concentration profile in addition to
likely from the samples in this study. what is already present in the TiN before implantation.
It is not possible to resolve dislocation structuresinspection of the TiN phase-diagrdfshows that the
within PVD TiN films because of the much larger num- equilibrium phases present are nitrogen and TiN, so ni-
ber of defects present in these coatings. However, as itnogen bubbles are expected. Indeed, AFM scans across
the case of the CVD-coated material, long-range effectthe nitrogen implantation boundary in the PVD TiN coat-
due to dislocation creation and ejection from the im-ing implanted with 1 x 1&" N,,*/cn? reveal an enormous
planted layer are not expected to be significant. expansion of the implanted layer (Fig. 10), which might
be expected if it is full of bubbles as has previously been
observed in nitrogen implanted silic6hThe expansion
E. Surface topography is on the order of 400 nm, which is more than 10 times
Contact mode AFM scans were used to determine théhe changes in surface roughness introduced by the
surface topography for all samples over 10 xpid 1 x 10 N,*/cn? implantation treatment. A soft, spongy
square regions [Figs. 8(b) and 8(c)]. lon implantationbubble layer would have a relatively low hardness, as
leads to a slight smoothing of the surface at the lowewas observed for this sample (Fig. 2). As the nitrogen
dose (1 x 18" N,*/cn?), which could, in part, explain dose increases, bubble formation will also increase.
the reduction in friction [Fig. 8(a)]. However, at the Eventually, the pressure in the bubbles is sufficient to
higher dose the roughness increases again. For largexkfoliate regions of the surface layer (Fig. 11). This gen-
area scans (100 x 1Q0m) the roughness is higher and erates a considerably roughened surface with the increase

Surface Roughness from AFM images

3000
- |

)

—&—FVD 10pm scan
--W--CVD 10,m scan
2000 —8— PVD 100sm scan |
--0--GVD 100pm scan

1500 o

Roughness, Re inm

1000 BT —
—8

C)] B
FIG. 8. (a) Variation of roughness with dose determined from AFM scans on nitrogen-implanted PVD and CVD TiN. Contact mode AFM images
of coating surfaces of (b) unimplanted, (c) 1 x*108l,*/cn? implanted CVD TiN, (d) unimplanted, (e) 1 x 10N,*/cn? implanted PVD TiN.
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in Ra approaching the thickness of the expanded imthan expected (approximately 5% as opposed to 35%)
planted layer (Fig. 8). This would also explain previousand the concentration profile is much nearer to the sur-
observations that the amount of nitrogen remaining irface’ Compositional depth profiles from exfoliated

TiN after implantation to 2 x 18 N,*/cn? is much less  samples show little evidence that implantation has taken

(a) (b)
(c) (d)

FIG. 9. Scanning electron micrographs of the surface of CVD TiN: (a) unimplanted and (c)*f X t@cn? implanted. (b,d) The corresponding
micrographs for PVD TiN.

Implanted / Unimplanted

2

20um - : -
e FIG. 11. Scanning electron micrograph showing the edge of an exfo-

liated region. The bottom of the exfoliated pit is rougher than the
FIG. 10. AFM image of the boundary between 1 *4R.,*/cm? im- original surface. Note the present of a blister (arrowed) that has not yet
planted and unimplanted PVD TiN. become detached.
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place, implying that most of the implanted material hasTiN, which is formed by preferential sputtering of nitro-
been removed with the exfoliated layer. Thus, exfoliationgen as has been reported previodsklowever, other
probably occurs in the vacuum system toward the end ofomposition changes also occur due to the vacuum sys-
the implantation cycle or on removal of the samplestem in which the coatings are implanted. Most commer-
at the end of the process and the ejected TiN debris is lostial implantation systems do not operate at high vacuum,
and the pressure is high enough that hydrocarbons and
F. Why is friction lower after implantation? water vapor will be deposited on the coating surface from

The work presented so far has highlighted changes tjle vacuum chamb.er con'tinuously during implantation.
friction and adhesion of the tool to the workpiece as theU9€r surface profiles (Fig. 13) show that carbon and

most important factor in dictating wear performance.C’Xyg_e.n are bOt.h incorpor.a}ted 0!‘?ep iptq the surface. by
However, this is not due to amorphization of TiN as recoil |m.plantat|or.1. In.add|t|on,.S|I|con' is incorporated in
reported by other worker's?® There was no evidence for the_ coating aft_er |qn-|mplantat|on; this comes from dif-
amorphization in this study, and it is difficult to envisagefUSIOn pump oil Wh'Ch has back-streamed into the cham-
how a material such as TiN can be amorphized withouP€" @nd deposited on the sample surface. The

implantation of a metalloid such as boron, since the:{chrpogatlodn of qar_gon rl]nto Tth 'S é(now? '[Odl'edL;lCG
bonding is substantially metallic. High-dose implantation' 'ction.” and oxynitride phases have been found to have

of metals generally results in the generation of dislocagOOOI too_I properties. Indeed, if enough OXygen IS Incor-
tion, recovery, and recrystallization rather than amor_porated into the surface layer by recoil implantation, then

phization!’” and there is some evidence for grain
refinement in this study for high dose implantation
(Fig. 12). However, amorphization has been reported by
previous workers and there could be a couple of reasons
for these observations: (i) implanted layers are x-rays
amorphous (i.e., show no peaks just very broad feature f
but are actually crystalline with a very fine grain size lessx 30 L
than the x-ray coherence length (around 1G9ngii) the
TiN coatings have a relatively thick amorphous layer
produced on their surface during ion implantation. This
could be an oxide layer (Ti§) amorphized by nitrogen
ion implantation or an amorphous carbon layer produce
by the cracking of diffusion pump off

If no amorphous layer is observed and the changes in i ‘ : 3 ‘ B
surface topography are not enough to explain the reduc- o '~ e I
tion in friction, then the only other factor that can explain 0 5 10 15 20 25 30 35 40
the results is changes in surface composition/adhesion. f) Sputtering time (min)
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) FIG. 13. Auger depth profiles for (a) unimplanted and (b)
Distance from surface (nm) 3.2 x 137 N,*/cn? implanted PVD TiN. Considerable incorporation
FIG. 12. Variation of grain size with depth below the surface for of carbon (and to a lesser extent silicon) in the surface has occurred
3.2 x 107 N,*/en? implanted PVD TiN. due to the implantation treatment.
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it is very possible that this may be subsequently amorREFERENCES

phized and produce the results observed previolsly.
Similarly, in glancing-angle x-ray diffraction studies
where the angle is adjusted to reduce x-ray penetration to

less than the implanted layer thickness, the deposition ofy.

a very thin layer of amorphous carbon on the surface by
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