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SYNOPSIS The tribological properties and mechanical strength of boron nitride films were investi-

gated.
oxides and carbides.

The BN fiims were predominantly amorphous and nonstoichiometric and contained small amounts of
It was found that the yield pressure at full plasticity, the critical load to

fracture, and the shear strength of interfactal adhesive bonds (considered as adhesion) depended on

the type of metallic substrate on which the BN was deposited.
The yield pressures of the BN film were 12 GPa for the 440C

the critical load and the adhesion.

The harder the substrate, the greater

stainless steel substrate, 4.1 GPa for the 304 stainless steel substrate, and 3.3 GPa for the titanium

substrate.

1 INTRODUCTION

Considerable research has been conducted on the
adhesion, friction, and wear of metals. In
recent years the increasing potential for the use
of ultrahard, high-temperature materials such as
ceramics in tribological systems and in thermody-
namically efficient engines (Stiriing, adiabatic
diesel, and gas turbine) in both terrestrial and
space environments has focused attention on these
materials.

A promising ceramic material for use as a
high-temperature, wear-resistant, solid lubri-
cating film as well as a protective insulator
film on semiconductors under a variety of envi-
ronmental conditions is boron nitride (BN) (1-4).

Boron nitride fiims can be deposited by a
variety of techniques including ion beam depo-
sition (5,6), low-temperature chemical vapor
deposition (7,8), plasma deposition (9,10),
radiofrequency glow discharge (11), sputtering
(12), borazine pyrolysis (13), and others (14).
The strength and durability of the fiims depend
largely on the interfactial adhesive bond formed
between the film and the substrate.

In this study BN thin films were synthesized
by using an ion beam extracted from a borazine
(B3N3Hg) plasma (6). The films were homogeneously
deposited on metallic substrates. The objectives
of this study were to investigate the tribologi-
cal properties and mechanical strength (inter-
facial adhesive and intrinsic cohesive strength)
of hard and brittle BN films deposited on metal-
1ic substrates (440C bearing stainless steel, 304
stainless steel, and titanium). The microstruc-
ture and chemical composition of the BN film were
also examined.

Single-pass scratch experiments were
conducted to examine the adhesion, deformation,
and fracture behavior of BN films s1iding against
a diamond pin in air at a relative humidity of
45 per cent and at room temperature.

2 MATERIALS

Thin fiims containing BN have been synthesized

by a commercial firm using an fon beam extracted
from a borazine (B3N3Hg) plasma (6). The sub-
strates used for scratch experiments and x-ray
photoelectron spectroscopy (XPS) analyses were
440C stainless steel, 304 stainless steel, and
titanium (99.97 per cent pure) (15). Their sur-
faces were finished with diamond powder (3-um
particie diam) and with aluminum oxide (1-um
diam) before the BN films were deposited. The

BN films on the metallic substrates were approxi-
mately 2 uwm thick. The substrates used for Auger
electron spectroscopy and secondary ion mass
spectrometry (AES/SIM) analyses were silicon
(3,8).

3 APPARATUS

The ion source used to deposit BN films is
described in Ref. 6.

The friction and wear apparatus used in this
investigation was capable of scratching the
surface of a BN fiIlm with a rounded diamond pin
(a Rockwell cone diamond with a tip radius of
0.2 mm). The apparatus was commercially pur-
chased (16). A load was applied by placing
deadweights on a pan on top of a rod. The other
end of the rod contained the diamond pin. A
piezoelectric accelerometer mounted just above
the diamond pin detected the acoustic emission
released as the coating fi1im was disturbed.

The XPS and AES/SIMS systems were also used
for chemical composition analyses of the BN
films.

4 EXPERIMENTAL PROCEDURE

for the experiments in a laboratory air atmos-
phere the diamond pin surfaces were scrubbed
with levigated alumina (1- and 1/4-um particle
diam) and rinsed with tap water, then with dis-
tilled water, and finally with 200-proof ethy]



alcohol before each single-pass sliding exper-
iment. The BN films were also rinsed with
200-proof ethyl alcohol before use. After the
surfaces of pin and BN film had been dried with
nitrogen gas, the specimens were placed into the
friction and wear apparatus. The specimen sur-
faces were then brought into contact and loaded,
and the friction experiment was bequn. The time
in contact before s1iding was 30 sec. Each
s11ding experiment consisted of a single pass
with a total sliding distance of about 10 mm at
a sliding velocity of 12 mm/min. The acoustic
emission signal was continuously monitored during
s1iding. The wear tracks formed on the BN films
were examined by scanning electron microscopy,
optical microscopy, and surface profilometry.

For the surface chemical analyses n vacuum
the specimens were placed in vacuum chambers,
and the systems were evacuated and baked out to
achieve a pressure of 30 nPa (10-10 torr) or
Tower.

The XPS was calibrated regularly. The
analyzer calibration was determined by assuming
the binding energy for the gold 4f 7/2 peak to be
83.8 eV. The magnesium Ka x-ray was used with an
x-ray source power of 400 W (10 kV; 40 mA). The
spectra were obtained with a pass energy of 25,
50, or 100 ev. The XPS was used in conjunction
with argon ion sputtering to clean the specimens.
Ion-sputter etching was performed with a beam
energy of 3 keV at 20-mA beam current with an
argon pressure of 0.7 mPa. The ion beam was con-
tinuously rastered over the specimen surface.
After sputter etching the system was reevacuated
to a pressure of 30 nPa or lower. The relative
atomic concentrations of the various constituents
on the BN film surfaces analyzed by XPS were
determined by using peak area (atomic) sensiti-
vity factors and the relative peak areas of
photoelectrons (17).

Compositional depth profiles of a BN film
deposited on a silicon substrate were obtained by
using the AES/SIMS system. Ion sputter etching
was performed with 3-keV argon ions. Absolute
etch rates were determined by comparison with
ellipsometricalily determined f1Im thicknesses.
Absolute values of the atomic concentrations were
obtained by correcting the peak-to-peak signal
ampiitude by the corresponding elemental sensi-
tivity factor (18). The microstructure of the BN
film was examined by transmission electron micro-
scopy and diffraction in a microscope operating
at 100 kv. BN films were removed from the
substrates by mechanical methods including ion
etching.

5 RESULTS AND DISCUSSION

5.1 Microstructure

A typical transmission electron photomicrograph
(Fig. 1(a)) indicates that the BN film lacked
the macroscopic structural features common in
both the monolithic cubic and hexagonal forms of
BN. In the absence of macroscopic crystallinity
neither grains, grain boundaries, grain orienta-
tions, nor additional phases were found to exist.
The electron diffraction pattern of the film
(Fig. 1(b)) indicates a diffused ring structure
containing three rings that were identified as
hexagonal (BN)4H. This evidence suggests the
presence, in addition to a structureless amor-
phous phase, of a crystalline phase with a size

range of 8 to 30 nm. That 1s, the fiIms were not
completely amorphous; properties characteristic
of hexagonal BN were detected. This finding
agrees with electron microscopical and optical
band gap observations (3,4).

5.2 Chemical composition

XPS survey spectra (scans of 1100 eV) of the BN
film surfaces on the substrates obtained before
sputter cleaning typically revealed a carbon peak
as well as an adsorbed oxygen peak, as shown by
curves (a) in Fig. 2. A layer of adsorbate on
the surface consisted of water vapor and hydro-
carbons from the atmospheric environment that may
have condensed and become physically adsorbed to
the BN film. After BN film surfaces had been
argon ion sputter cleaned for 45 min, small car-
bon and oxygen contamination peaks as well as
boron and nitrogen remained (curves (b) in

Fig. 2).

The By photoelectron emission lines of the
BN (Fig. 2) peaked primarily at 190 eV, which is
associated with BN. They also 4ncluded a small
amount of B4C. The Nyg photoelectron 1ines for
the BN peaked primarily at 397.9 eV, which is
again associated with BN. The Cyg photoelectron
1ines taken from the as-received surface at
284.6 eV indicate the presence of adventitious
adsorbed carbon contamination with a smalil amount
of carbides. After sputter cleaning the adsorbed
carbon contamination peak disappeared from the
spectrum, and the relatively small carbide peak
could be seen. The 0y photoelectron Tines of
the as-received BN surface peaked at 531.6 eV
because of adsorbed oxygen contamination and
oxides. After sputter cleaning the adsorbed
oxygen contamination peak disappeared from the
spectrum, but the small oxide peak remained.

The peak intensity for both boron and nitro-
gen assoctated with BN increased with argon ion
sputter cleaning; that for carbon and oxygen
decreased markedly. The BN fiim deposited on
the 440C substrate was nonstoichiometric, with a
B/N ratio of 1.6 (~2).

Elemental depth profiles for the ion-beam-
deposited BN f11m on silicon were obtained as a
function of the sputtering time from AES analyses
(Fig. 3). The height of the boron and nitrogen
peaks rapidly increased with an increase in the
sputtering time. The oxygen and carbon peaks,
however, decreased in the first 1 to 2 min and
remained constant thereafter. The BN film depos-
ited on silicon had a B/N ratio of about 2. Thus
XPS and AES analyses clearly revealed that BN was
nonstoichiometric and smail amounts of oxides and
carbides were present on the surface and in the
bulk of the BN film. Contaminants such as car-
bides (e.g., B4C) and oxides may be introduced
and absorbed in the BN fiim during ion beam
synthesis.

The BN films deposited on silicon substrates
were probed by SIMS. The spectra indicated the
presence of the following secondary ions: B*,

+ + + + + +
82 ,C,0, S, 512 , and S10 . The peak

observed at 14 amu could result from N+, CH2

and 512+. Additional peaks at 24 and 25 amu were
related to BN' and thus supported the XPS data.
The sio* signal was associated with the oxide,

which was present at the BN-Si interface.




5.3 Deformation and fracture

A series of scratch experiments were conducted
with BN films on 440C stainless steel, 304 stain-
less steel, and titanium flat substrates sliding
against diamond pins in laboratory air. Compara-
tive experiments were also conducted with 440C
stainless steel and titanium sliding against
diamond pins in laboratory air.

When a BN film surface is brought into
s1iding contact with a diamond under relatively
small Joad (<2 N), elastic deformation can occur
locally in both the BN film and the diamond.
Sliding occurs at the interface. However, in
these experiments no permanent groove formation
due to plastic flow and no cracking of the BN
film with sliding were observed. An increase
(of a few newtons) in load, however, resulted in
plastic deformation of the BN fi1m. The diamond
indented and sitid on the BN film without itself
suffering permanent deformation, but it caused
permanent grooves in the BN film and substrate
during sliding. The BN film deformed plastically
much 1ike metallic filims.

When a much higher load was applied on a BN
f1lm, however, the sliding action produced
locally gross surface and subsurface fracturing
in the fiim. Scanning electron photomicrographs
of a wear track on a BN film deposited on a 304
stainless steel substrate (Fig. 4) reveal that
both plastic deformation and fracture occurred
in the BN film. The fracturing resulted from
brittle cracks being generated, propagated, and
then intersected in the BN film and at the inter-
face between the BN film and the substrate. The
backscatter photomicrograph (Fig. 4(b)) reveals
two different materials: (1) the BN film stayed
on the substrate (dark areas in the photomicro-
graph) and (2) the BN film fragments came off
revealing the 304 stainless steel substrate
(11ght areas).

Scanning electron photomicrographs of a wear
track on a BN film deposited on a 440C stainless
steel substrate (Fig. 5) reveal that the BN film
deformed plastically during s1iding at a load of
1.1 N. Permanent grooves were formed where the
diamond began to slide (Fig. 5(b)). However, the
s1iding action also produced sudden gross flaking
of the BN film. A large light area in the last
half of the wear track (Fig. 5(a)) is a fracture
pit where the BN film was completely removed
along the sl1iding direction of the diamond. This
is confirmed by the backscatter photomicrograph
(Fig. 5(c)), which shows the iight area to be the
440C stainless steel substrate. The fracturing
and removal of the BN film from the 440C sub-
strate were caused by fracture of cohesive bonds
in the BN f4Im and interfacial adhesive bonds
between the film and the substrate in and near
the contact region with the diamond. The BN film
was fractured and removed from the titanium sub-
strate in a similar manner.

Acoustic emission is released and detected
when adhesive bonds between the BN film and the
substrate or intrinsic cohesive bonds in the BN
fi1m are broken and new surface is created. The
pattern and intensity of the acoustic emission
depend on the nature of the disturbance:
cracking, flaking of chevron-shaped fragments, or
flaking of irregular-shaped fragments, etc. (16).

Typical acoustic emission traces for a BN
film on a metallic substrate measured at loads

of 6, 8, and 10 N are presented in Fig. 6. No
acoustic emission was detected at loads of 6 N or
less. Traces for loads higher than 8 N, which
are the critical loads to fracture for a BN film
deposited on a titanium substrate, clearly
indicated evidence of acoustic emission signal
output. The acoustic emission was released as
the BN fiim was disturbed. Such acoustic
emission is due to the sudden release of elastic
energy when cracks propagate to the coating-
substrate interface (16). 1In general the
acoustic emission signal level increased with an
increase in load, as demonstrated in Fig. 6.

Thus the critical Toad to fracture of a BN film
on a metal substrate can be detected by an acous-
tic emission technique. Although the failure
modes for BN films differed with the metallic
substrate, the critical loads obtained acous-
tically agreed well with those detected by
optical and SEM microscopy of the scratches.

5.4 Yield pressure and Meyer's law

The foregoing results revealed that the sliding
action of the diamond results in a permanent
jroove in the BN film at certain loads. Scratch
measurements were therefore conducted with a BN
film deposited on the substrates, starting from
the smallest loads at which the scratches were
visible by optical microscopy and detectable by
surface profilometry.

The width D and height H of a groove
with some amount of deformed BN piled up along
its sides are defined in Fig. 7. The widths of
the grooves reported herein were obtained by
averaging the widths from 10 or more measurements
of surface profile traces or of optical micro-
scopy. Mean contact pressure (yield pressure) P
during sliding may then be defined by P = W/A_,
where W 1is the applied load and As s the S

projected contact area and is given by AS =D /8

(only the front half of the pin is in contact
with the flat) (19).

The yield pressure over the contact area
gradually rose until the deformation passed to a
"fully plastic state" (Table 1). The mean con-
tact pressure at a fully plastic state Py 1s
higher than (by about 25 per cent) but propor-
tional to the measured Vickers hardness (16).

The relation between the load and the width
of the resulting scratch may be expressed by a
number derived from empirical relations (20).
When the width of the resulting scratch D for
BN films is plotted against the load W on loga-
rithmic coordinates, this 1s expressed by W = kD"
(1.e., Meyer's law, as typically presented in
Fig. 8).

Figure 8 presents data for scratch widths
obtained for BN films on 440C stainless steel,
304 stainless steel, and titanium substrates.
Comparative data for uncoated 440C stainless
steel, 304 stainless steel, and titanium them-
selves are also presented. The portion LM for
8N films or L'M' for uncoated metallic mate-
rials is gradually curved but is considered to
be composed of approximately straight portions
of transitional slopes. For example, the transi-
ttonal slopes are 2.6 and 2.2 for BN film on 440C
stainless steel. The portion MN for BN films
or M'N' for uncoated metals 1s a straight line
of slope 2. It is evident that MN or M'N' is
the range over which Meyer's law is valid for BN



films on metallic substrates and for uncoated
metallic materials. Here the Meyer index n is
constant and has the value 2. Thus the BN films
on metallic substrates behave plastically much
11ke metals when they are brought into contact
with hard solids such as diamond.

As discussed earlier, however, when the load
exceeds a certain critical value, the siiding
action produces Yocally gross surface and subsur-
face fracturing in the BN film on the metallic
substrates. The critical load to fracture
depends strongly on the substrate. The critical
loads to fracture the BN fiim on 440C stainless
steel, 304 stainless steel, and titanium were
1.1, 0.7, and 0.8 N, respectively (Fig. 8 and
Table 1).

It 1s interesting to note that the portion
FF, representing the condition of fracture where
the load exceeded the critical Toad, is roughly
expressed by W = kDM in Fig. 8. The frac-
tured scratch for the BN film on the substrate
was almost as wide as that for the uncoated
metallic material used for the substrate. This
evidence confirms that cracks are generated from
the contact area rather than from the free sur-
face of the fiIm. It suggests that the substrate
is responsible not only for controlling the crit-
ical load to fracture the BN film but for the
extent of fracture as well.

5.5 Adhesion and shear strength

Either interfacial adhesive bonds between the
coating and the substrate or cohesive bonds in
the BN coating were broken when critically
loaded. For example, with 440C stainless steel
and titanium some of the interfacial adhesive
bonds between the BN film and the substrate were
generally weaker than the cohesive bonds in the
BN film. The failed surface revealed the com-
plete removal of the BN film from the 440C
stainless steel surface or the titanium surface
(Fig. 5).

On the other hand, with the 304 stainless
steel substrate the interfacial adhesive bonds
between the BN f1lm and the substrate were gen-
erally stronger than the cohesive bonds in the
BN film. The BN film first cracked when 1t was
critically loaded. The failure of the BN film
induced fracture of interfacial adhesive bonds
between 1t and the substrate, and the BN film
fragments were partially removed from the
substrate.

Although the failure modes observed with the
BN fiims on 440C stainless steel, 304 stainless
steel, and titanium were different, Fig. 8 sug-
gests that the shear strength, considered as
the adhesion strength of the interfacial bonds
between the BN film and the substrate, was
related to the mechanical strength of the
substrate.

Benjamin and Weaver (21) had derived the
following expressions for scratch adhesion in
terms of shearing stress S produced at the
coating-substrate interface by the plastic defor-
mation, the hardness of the substrate (yield
pressure at fully plastic state Pp), the crit-
ical load applied on the pin Wc, and the tip
radius of the pin R:

NCPm 1/2
S =K Y (@8
aR

ZNC
S = por; -3 (2)

These relations allow for the calculation of
the shear strength (1.e., the adhesion strength
of the interfacial bonds (21, 19)). The results
are presented in Table 1. The values of the
critical loads were obtained and confirmed not
only by optical and SEM microscopy of the
scratches, but also by the acoustic emission
technique. The hardnesses of the metallic sub-
strates were obtained from the data on uncoated
metallic matertals. Table 1 reveals generally
the strong correlation between the shear strength
(1.e., adhesion) and the hardness of the sub-
strate. The harder the metallic substrate, the
greater the shear strength.

6 CONCLUSIONS

As a result of single-pass scratch experiments
conducted with boron nitride (BN) films on 440C
stainless steel, 304 stainless steel, and tita-
nium substrates in sliding contact with a diamond
pin, the following conclusions were drawn:

1. Ion-beam-deposited BN fiims are not
completely amorphous but contain (to a smalil
extent) hexagonal BN.

2. The surfaces of sputter-cleaned BN
f1ims are nonstoichiometric, with a B/N ratio of
approximately 2, and contain small amounts of
oxides and carbides in addition to BN.

3. BN films, 1ike metal films, deform elas-
tically and plastically in the interfacial region
between two solids in contact under load. Unlike
metal films, however, when critically loaded, BN
f1Ims can fracture.

4. The yield pressures at a fully plastic
state are 12 GPa (1200 kg/mm2) for BN film on 440C
stainless steel, 4.1 GPa (420 kg/mm2) for BN film
on 304 stainless steel, and 3.3 GPa (340 kg/mm2)
for BN film on titanium.

5. The relation between the load W and
the width of the plastically deformed groove 0
for BN fiims is expressed by W = kDN (1i.e.,
the ciassical Meyer's law).

6. The critical load required to fracture
a BN fi1m on a metallic substrate obtained acous-
tically agrees well with those detected by opti-
cal and SEM microscopy of the scratches. The
critical load increases with increasing hardness
of the substrate.

7. There appears to be strong correlation
between the shear strength of interfacial adhe-
sive bonds (considered as adhesion) and the hard-
ness of the substrate. The harder the metallic
substrate, the greater the shear strength.
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Table 1 Critical normal load to fracture BN fiIm in sliding contact and shear
strength of interfacial adhesive bonds
Substrate Hardness of | Yield pressure |Critical Interfacial
substrate at a fully normal adhesive
plastic state, load, strength,
Pm We, S
N
From eq. (V) | From eq. (2)
GPa |kg/mm?2 GPa |kg/mm2 GPa {kg/mm2 | GPa  [kg/mm2
440C stainless| 7.1 720 12 1200 1.1 0.77 79 0.68 69
steel
304 stainless 2.5 255 4.1 420 . .31 38 .29 30
steel
Titanium 2.6 270 3.3 340 .8 .40 41 .30 31
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(B) ELECTRON DIFFRACTION PATTERN.

FIGURE 1. - TYPICAL MICROSTRUCTURE AND ELECTRON DIFFRACTION
PATTERN OF BN COATING FILM.
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FIGURE 2. - XPS SPECTRA OF ION-BEAM-DEPOSITED BN FILM (SPUTTERING TIME. 45 MIN: SUBSTRATE. 4YOC STAINLESS STEEL).
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BEAM ENERGY., 150 EV).
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(B) BACKSCATTER ELECTRON IMAGE SEM.

FIGURE 4. - SCANNING ELECTRON PHOTOMICREOGRAPHS OF WEAR ON BN FILM SURFACE
GENERATED BY 0.2-MM-RADIUS DIAMOND PIN. SUBSTRATE., 304 STAINLESS STEEL:
LOAD, 0.7 N:; SLIDING VELOCITY, 12 MM/MIN; LABORATORY AIR.
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FIGURE 5. - SCANNING ELECTRON PHOTOMICROGRAPHS OF WEAR TRACK ON BN FILM
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