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The Ag film/Al,0O3 implanted with an N ion energy of 110 keV. The ion-induced interfacial
mixing were examined using AES, STD and XPS. The frictional coefficient of implanted
Ag/Al,O3 in air was determined by Drive friction precise measuring apparatus (DFPM). The
influence of N implantation on the interfacial chemistry and adhesion of Ag films on Al,O3
substrates was examined, compounds formed by introducing a thin layer between the Ag
and the Al,03 at 1 x 10" N-cm~2. This investigation resulted in extensive interfacial
grading, and new chemical bonding across the Ag/Al,O3 interfaces. The case for the
Ag/Al, O3 reaction lead to the metal ceramic of 13Al,03 - AIN and «-AgAIO, formation
though non equilibrium processes of implantation, and friction decreased in initial cycle
where ion implantation of lower vacuum lead to surface carbon film. The combination of
these effects provided an adhesion increase that was approximately 3 times that obtained
in unimplanted Ag/Al,O3 specimens. © 1999 Kluwer Academic Publishers

1. Introduction synthetic reaction. In fact, there is a strong correlation
The previous work indicated that the friction coeffi- between the extent of the mixing and the thermochem-
cients and the wear rates of the most commonly useital properties: the heat of mixing and the cohesive
ceramics were unacceptably high under “dry” condi-energy of the solids, a semi-empirical “enthalpy rule”
tions. Effort has been devoted very recently to surface&an be formulated [11]. Enhanced mixing occurs when-
modifications for ceramics [1-4]. The importance of ever any of the possible chemical reaction between the
both self-lubrication and electrical conductive pathsfilm and the substrate has a negative reaction enthalpy.
was predicted on metal/ceramics, one problem is thdhe influence of low temperature reactive ion beam
poor adhesion between metallic film and the oxide [5].mixing on interfacial chemistry and adhesion was ex-
Excellent and permanent adhesion of the coatings to themined for nickel films on glassy carbon substrates.
substrate is essential for applications [6] such as, for exThe changes of interfaces by high energy implantation
ample, contacts and friction in device packing or opticalin Au or Ag/Al,O3 systems have been investigated at
coatings. lon beam mixing technology by irradiating in- 300 K [12], with the formation of silver or gold metallic
active or active ion beam has been found to provide grecipitates embedded intoA&bs. In this study, we are
versatile and powerful means of modifying the inter- concerned with mechanisms for adhesion enhancement
face at the atomic scale [7]. These modification werén the Ag/Al,O3 system by N ion beam mixing, change
attributed to microstructural changes caused by the imin the chemical bond producing the reactive adhesion
plantation [8]. In many instances, films adhere poorlypromoters in lower vacuum.

to substrates due to interfacial bond factors. The ion

implantation technique can be able to break the atomic

bonding terminated at the substrate surface or to mobi2. Experimental

lize atoms near the interface, which results in formingSingle «-Al,O03 (ruby) crystal (1 0 4) surface, AD3

a complex chemical bonding structure linking the film blocks were cut int@15 mmx 1.5 mm samples. The
and substrate. lon beam mixing can be used to corspecimen were ground to levels of assured planarity on
structively alter many of these factors critical to goodrotating metallic discs using a diamond paste @fr8
adhesion without modifying the bulk substrate proper-grain size (surface roughnes€).02um). To reduce
ties [9, 10] and formed the new compound in non equi-damage induced by the polishing, the specimen were
librium processes which was not obtained by generapost-annealed in air for 15 h at 1200. A high voltage
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of 1.5 kV was applied to the system during the ion-in which the azimuthal angle was defined as the angle
plating process of Ag on the ceramic substrate. Thenade by the film surface and the observed lattice planes.
thickness of the thin ion-plating Ag film on AD3 sub-  This method is very useful for determining structures
strate was determined with an optical interference mi-of the solid films [14]. The atomic concentration of
croscope. Then the thickness of a thin ion-plating Agimplanted AbO3 surface was obtained by X-ray pho-
film on «-Al,03 was about 0.13% 0.02um using op- toelectron spectroscopy (PHI-550, excited K4g. In
tical interference microscope. The Ag filmiM&3; im-  order to reach the desired depth for analysis, an etching
planted with an N ion energy of 110 keV. The pressuremethod wih a 3 kV Ar ion gun wasused under the
of the target chamber was about 4—7 mPa during impressure of & 10°¢ Pa for 30 s.
plantation. The ion dose of each specimen is 110, In order to test this experiments were performed with
1 x 10 and 1x 10 cm~2. Parts of each sample were smooth spheres of relatively large radius at low loads
shielded from the ion bombardment to retain unim-so that no visible deformation was produced on either
planted areas to allow measurements on crystal surfadbe sphere or the polished flat. The frictional coeffi-
with the same history. To avoid heating effects the sameient of samples in air was determined by Drive fric-
ples were clamped onto a watercooled copper plate, artibn precise measuring apparatus (DFPM), for which
the ion current densities were kept 16-28/cm?. the block implanted sample is reciprocated against a
The film adhesion enhancement was employed usstationary®3 mm ball (AISI-C-52100, Vickers hard-
ing a WS-91 automatic scratch tester. Scratch test wasessH, = 740, surface roughness 0.02n), load 2 N,
performed equipped with a 12@iamond indenter, the linear velocity 2 mm/s, each sliding distances 10 mm.
radius of used indenter vertex was 0.2 mm. The conThe tangential frictional force was measured with an in-
struction of the tester is almost similar to a pickup of strumented arm and recorded on a chart recorder. Coef-
the record player. The specimen is slowly moved to dicient of sliding friction,.u were determined by taking
direction, while the load of indenter is gradually in- the value of friction force along the track and dividing
creased. When the surface of the film is not brokenpy the normal load. In this case, the friction force is
and the indenter only slides on the surface. When thexpected to be dominated by contact adhesion [1].
load reaches a critical load, the surface of the film is
broken, and output from pickup is observed as scratch
noise. The adh'esion betwee_n two mater_ials depe_nds o' Results and discussion
the morphological and chemical properties of the inter 1 Aqhesion

face. In this work, load increasing from 0 10 20 N Were 1,5 a4hesjon of the ion-plating Ag and ion implanted
applied to the indenter as it was automatically drawnAg films on ALOz; (104) was evaluated using a

across the sample surface atarate of 0.27 mm/s. The Mdetratch test. The minimum force required to remove
crograph of scratches trace was observed by scanning iy ang fracture a substrate from a scratch were
electron microscope (JEM-1200EX, operating voltage,seq a5 a measure of adhesion and substrate tough-

40#]\/’ gnd Fiecszosi(tjeq A”ff””.“)l- . ined ness. The results from these scratch tests are summa-
The ion-induced Interfacial mixing was examined ij; o iy Taple |. Scanning electron micrographs show-
using scanning Auger electron spectroscopy (AES)ing fiim removal from the ion-plating Ag specimen

AES analyses were obtained from a Perkin-Elmer PHL -4 t.0m those Ag/AI0; specimen implanted with
595 scanning Auger microprobe. The base pressure i, 1517 N+ . o2 are presented in Fig. 1.

the PHI 595 AES system was abouk40 ° Pa. The The Ag film was removed from the ion-plating spec-
four elements (C, N, O, Ag) Auger transitions were Se-an anout 4 N, which was the minimum force that
lected for depth profile analysis. Sputter depth profil- ’

ing was performed by 3.0 kV Arion beam over a

0.3x 0.3 mnt area, the incident Arion beam was at Critical pesling load of N imolanted A0

45 angle to the sample surface. The layer phase of mix.~BLE ! Critical peeling load of N implanted on Ag/AOs

ing on implanted sample was performed on the X-ray Implanting dose (ionscm2)
diffractometer of D/Max-RB which was operated at
50 kV and 100-150 mA with CKi, radiation filtered Sample AgiAbO3 1% 10 1x10' 1x 10"

by a curved graphite crystal monochromator with a Spe . ceeling load (\) 4.0 110 120 133
cial method called sample tilting (STD) reported [13], fitical peeling load () 4. ' ' '

Figure 1 Scratch photograph of Ag/ADs samples (a) Unimplanted and (b)x110'7 N* . cm=2.
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could be applied. As shown Fig. 1a, the Ag film was
completely removed from the scratch without any sign Ag
of Ag deformation or smearing. The debris produced
from the unimplanted material was sharp and angular
and thus had its origins in brittle fracture around the
scratch. The groove in the unimplanted region is ac-
companied by cracks that extend into the surrounding C
material for distances comparable to the groove width. N
This suggests that the film was removed by brittle inter-
facial failure as a result of stress build-up at a discrete 1 1 1
interface [15, 16] (Fig. 1a). Ag film on AD; substrate 0 1 2 3 4

showed poor bond strength and were delaminated from Sputter time/min

the beginning stage. A adhesion modification as a func-

tion of irradiation fluence by means of the scratch tesf9ure 2 The AES depth profiling of implanted Ag/ADs at 1x

is in progress and will be reported separately togethet® N-e™ ~ dose.

with the results of adhesion changes on the Ag-coated

samples as a function of ion irradiation fluence. Af- In order to determine the amount of Ag mixed after
ter implanting a dose of & 10'°N/cn?, the critical ~ion bombardment. The depth profiling and layer phase
force increased greatly to 11 N. The critical force wasof the N implanted (1x 10" cm~2) Ag/Al ;O spec-
further increased slowly to 13.3N at110'’N-cm~2  imen was examined using AES and STD analysis in
dose. The film implanted with high doses were not re-conjunction with scratch test. AES analyses (Fig. 2)
moved as a result of brittle interfacial failure, but were performed in the regions of the sputter time exhibited
removed as a result of catastrophic substrate failure2 mixture of Ag, O and N. Ag atom was maximum
As shown in (Fig.1b) for a specimen implanted with concentration about 1 min sputter time, but N and O
1x 10Y N-cm~2, film deformation and smearing ac- in 2 min, N penetrated the whole Ag film and reached
companied the removal of these films. Film removalAl20s. There appear to be Ag/ADs interacting with

did not occur at a single abrupt interface, but occurredoth the Ag films and the AD; substrates.

in a mixed mode throughout the scratch trace. The de- The integrity of the Ag film has been altered by the
bris produced from the high-dose implanted materiaincorporation of O, N intermediate layer and ion mixing
is more round indicating its origin in plastic deforma- process. The interface between the Ag and theAl
tion. Itisimmediately obvious that the amount of lateralhas been graded slightly [12]. The interfacial grading
cracking and the resultant saplling of material was muctincreased interfacial integrity and adhesion by distribut-
less in the implanted region. The implanted surface preing applied stress over a larger interfacial volume. In
vents subsurface cracks from reaching the free surfac@ddition, the graded distribution of Ag-N and Ag-O
The effect of amorphization can be neglect in this work, produced by the implantation suggests the formation
because the amorphous 068k layer formed when N of adhesive bonding across the interfaces [18, 19]. The
implantation dose was abovex110'” N.cm2 [17].  objective here was to determine the chemical interac-
Ag films on AlLO3; were chosen as a model system fortions inthe Ag-rich and O-rich regions of the Agh@;
studying the adhesion between metal films and ceramidnterface, and they were influenced by theisplanta-
These results of the scratch test indicate that the bontion. As shownin Fig. 3 for sputter 8 min specimens, this
strength between Ag plating film and &5 substrate Al/O ratio was extremely close to the value/g) ex-
was significantly increased by the N implantation. ~ pected for AbJO3 and appear N. The interface between

Peak to peak

3.2. lon-induced interfacial mixing
Both the range and the damage distributions beneat
the surface may be approximated to gaussian profiles
The 0.11+0.02 um thickness of the ion-plating Ag
film was chosen to match the calculated mean pro-
jected range 0.1km of 110 keV N by the Monte
Carlo method TRIM88 (Table II). It has been shown
that electronic energy lossesH#IX)e was more than é o~

zZ

nuclear energy lossesKddX),, the electronic energy

losses and nuclear energy losses near the interface, thi
may project the interface of ion-plating Ag/substrate N
and key roles for improving adhesion.

Al
TABLE Il Range for the material implanted 0
1 i 1 i ] 1 1 1 A 1
_ 1 .
Energy loss (keVum™) Projected mean Standard 60 120 180 240 300 360 420 480 540 600
ion range derivation Kineti leV

(dE/dX)e (dE/dX)n Ry (xm) ARy (1um) inetic energy/e
501.4 1135 0.11 0.07 Figure 3 The AES spectra after sputter 8 min on implanted Ag@y

of 1 x 107 N-cm~2 dose.
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TABLE Il Atomic concentration (%) after sputter 30 s on implanted g u
Ag/Al;,03 B
2 0.3
Al N Ag o Cc %
3 02—
<
1x 10" N-cm™2 2.3 35 37.2 5.8 51.2 = )/j c
1 x 107 N.cm2 3.1 4.3 226 229 47.2 £ _____,___——-:::
2 011
=
B

the Ag and the AIO3; was rather abruptin the as-plating 1 :
specimens. The N has been dispersed primarily into the 0 100 200 300
Ag film, but also into the AIO3 substrate. Atomic con-
centration of XPS spectra obtained from this specimen
are shown in Table Ill. The surfaces of the implantedrigure 5 Friction coefficient of Ag/AbOs for sliding cycles (a)
specimens after sputter 30 s, Al, N, O concentrationsnimplanted (b) & 10"°N-cm=2 (c) 1x10**N.cm™2 (d) 1x
increased and Ag decreased with increasing dose, th§"'N-cm™2.
recoiled Al and mixed Ag obviously appeared.

Thus the additional adhesion increase observed folso affected the crack propagation process and caused
Nt implantation with a intermediate layer must be the increase of the fracture toughness.
attributed to the interfacial grading and the chemical After implanting with 1x 10'” N - cm~2, a substan-
bonding across the interface produced by these mettiial quantity of carbon has been mixed into the Ag
ods. The chemistry of the N was of particular impor- films with most of it segregating to the surface (Fig. 2,
tance since the interfacial Ag and28s have been ob- Table ). The layer contained carbon thatwas incorpo-
served to chemically interact under similar ion-inducedrated with the implantation process in lower vacuum.
mixing. The extent of interfacial mixing, interfacial Tribology concerns the interactions between surfaces
grading and Ag dispersion increased slightly as thdn contact while moving with respect to one another
implantation dose. The interfacial mixing observed inand includes phenomena such as friction. Fig. 5 shows
these ion implanted Ag/ADs specimens did not oc- graphs of friction coefficient against cycle on samples.
cur through simple diffusion. The main aspect revealedr he coefficient show a constant value in the 300 cycles
by this study was the creation by the ion beam of newof travel on unimplanted sample, was about 0.2 due to
chemical bonding at the interface between atoms of théhe friction between ball and soft Ag film. From the
metal film and the AlO3 substrate, but this reaction was implanted samples it can be seen that the friction force
formation of any continuous interfacial layer. Spectragradually increases with sliding distance. Another fea-
in order to support our designating, and a mixed interture of the friction in implanted samples was that the
face that can enhance the adhesion strength, thereforieighest dose specimens showed a decrease in friction.
we suggest that the interlayer compounds between Adt 1 x 10" cm~? dose, the friction after 150 cycles
and ALO; give rise to the enhanced interfacial adhe-increased up to a maximum at the onset of the ion-
sion strength. X-ray diffraction experiments (STD) on plating Ag film, which was equal to friction between
the specimens (implantedx110*” N-cm~2) revealed Ag and metal. As interfacial bond increased and the
that a metal ceramic of compound 138% - AIN [20] shear strength of contact region decreased at high dose
anda-AgAlO, [21] was formed (Fig. 4). The surface may resultin the decrease of adhesive friction and such
layer of the specimen was thought to be a mixed phas@ change in frictional mechanism could affect the use
of 13Al,03 - AIN and «-AgAlO,. This was in contrast Of ion-mixing [1]. Friction decreased in initial cycle
to the result for N implantation and was thought to bewhere ion implantation doses lead to surface carbon
related to the new compound formation with non equi-film. This was an indication that the adhesion between
librium processes of implantation. Perhaps, the generghe steel and the implanted surface had changed, the
tion of metal ceramic compounds in implantation layercarbon film may interfere with the slider/substrate ad-
hesion and produce changes in the adhesion component
of friction. When the thin carbon film broken at which
the ion mixing layer reaches the surface contact, the
friction has increased. As the thickness of such surface
20000 o00vm carbon filmis increased with increasing dose, the lubri-
! cation effects will become more important and reduce
to their adhesion between the ball and implanted plat,
it will be the major effects likely to contribute to the

\'\LL_M_____A.'Z
* . >
initial measured lower friction.
x [
3
I i i 1

3.3. Interfacial reaction
20° 20 700 A last comment concerns the validity of the “enthalpy
rule” when applied to the Ag/AD; system. This semi-
Figure 4 The STD patterns of the samples: (1) ruby, (2) implant | .. . T -
ot L 107N om 2 dose. @ implanteg Aglgés atyl(x )1017'°N . C?T?% empirical rule only gives a qualitative indication about
dose.o: a-Al,Os, a1 £-Al,0s, v: CrOs, e 13A1,0s-AIN and x:  the mixing at metal/ceramic interfaces. In general, mix-
a-AgAIO,. ing occurs ifAH, is negative for at least one possible

Cycle of friction

v

a
o
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chemical reaction between the metal and the3l

approximately 3 times that obtained in unimplanted

substrate, but the some chemical reaction is not acAg/Al,O3 specimens.

cording to semi-empirical “enthalpy rule” in non equi-
librium processes of implantation. According to above,

we explain that the reaction of Ag with 403 should References
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