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Microwave plasma chemical vapor deposition was used to deposit ultrasmooth
nanostructured diamond films (roughness of 14 nm) on a titanium alloy (Ti—-6Al-4V)

by employing a feedgas mixture containing a high methane fraction (15% by volume)
in nitrogen and hydrogen. Of particular interest in this study is the exceptional
adhesion of the 4sm-thick diamond coatings to the metal substrates as observed by
indentation testing up to 150 kg load with¥a-in.-diameter tungsten carbide ball. No

film delamination was observed up to 150 kg indentation load for each of 5 samples
grown under the same processing conditions. Scanning electron microscopy of the film
surrounding the indentations revealed circumferential microcracking beginning at loads
ranging from 60 kg to as high as 150 kg. The strain to cause film microcracking was
estimated from calculations of indentation surface areas to be as high as 1.9 + 0.2%,
which represents a significant improvement in toughness over other ceramic coatings.

Much interest has been generated recently in théesion, film toughness, and hardness makes these nano-
chemical vapor deposition (CVD) of nanocrystalline dia-structured coatings prime candidates for tribological
mond films in which the diamond grain size typically applications.
ranges from 3 to 30 nm and the surface roughness is Circular substrates of 7-mm-diameter and 1-mm-
about 15 to 40 nm. These films have been produced frorthickness titanium alloy (Ti-6Al-4V) were prepared by a
a variety of feed gas mixtures including the use ofpolishing sequence starting with SiC paper of 400 grit,
fullerenes or methane in argon (with and without hydro-800 grit, and 1200 grit, followed by napped cloths
gen), as well as from methane/nitrogen plasmagAl- charged with 3um diamond solution and then with
though these films have been well characterized witl0.34um alumina solution. This resulted in an average rms
respect to their structure and field-emission propertiessurface roughness of 10 nm for the titanium alloy before
surprisingly little information is published on the depo- deposition. The final preparation step involved seeding
sition of nanostructured diamond coatings on metals ifor 50 min in a 1-2s.m aqueous diamond powder solu-
which the issues of interfacial adhesion and film tough-tion in an ultrasonic bath, followed by rinsing and clean-
ness are relevant for tribological applications. In this reing in water. Five diamond films were deposited using
port, we characterize these mechanical properties famicrowave plasma-assisted CVD with the following con-
nanostructured diamond films grown on a titanium alloyditions: 125-torr chamber pressure, 750-830-W micro-
using a feed gas mixture involving an unconventionallywave power, 825 + 25 °C substrate temperature, and
high methane fraction (15% by volume) in nitrogen andgas-flow rates of 500 sccm J 88 sccm CH, and
hydrogen. These films have previously been charac8.8 sccm N. The five samples were grown under iden-
terized as containing nanocrystalline diamond graingical processing conditions in order to investigate the
imbedded in a primarily tetrahedrally coordinated amor-variation in the physical and mechanical properties of the
phous carbon network and have been shown to exhibit aanostructured films. The average thickness of the five
hardness value of up to 90% that of natural diambfd. films as measured by pyrometric interferométayas
We find that the low root-mean-square (rms) surface4.0 + 0.4pm and the rms surface roughness was
roughness of 14 nm along with excellent interfacial ad-14 + 1 nm. Thefilms were characterized by micro-
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Raman spectroscopy, x-ray diffraction (XRD), and scandiamond? Because thermal stress is directly proportional
ning electron microscopy (SEM), and were found to beto Young’s modulus, the stress for our nanostructured
nearly identical in structure as those published elsewherdiamond films is expected to be less than that of diamond
for films grown under similar conditiorf§> Table | gives  coatings that are nearly 100% crystalline. Grazing-angle
the average and standard deviation of several characteixRD analysis of nearly 100% crystalline diamond films

zation parameters described in this work. compared with the nanostructured diamond films reveals
Each film was indented at loads of 30, 60, 100, andhat the nanostructured diamond films have about 48%
150 kg using a Rockwell indenter equipped withsain.-  relative diamond crystallinity. The noncrystalline com-

diameter tungsten carbide ball. Figure 1 shows an opticglosition of the nanostructured film is believed to be pri-
micrograph of one typical set of indentations. None ofmarily tetrahedral-coordinated amorphous carbon with
the five coatings showed any sign of film delaminationsmall sp*-bonded clusters. The amorphous carbon com-
up to the highest load tested of 150 kg. The sphericaponent of these films can be expected to improve fracture
indenter leaves an impression that can be characterizedughness by limiting crack nucleation and by reducing
with radiusr and depthh as shown schematically in the stress near existing cracks. Therefore, the excellent
Fig. 2. The initial preindented circular surface aredasA  interfacial adhesion observed for these films (in compari-

given by son to crystalline diamond films) may be attributed to a
5 reduction of residual film stress along with an increase in
A= ars o 1) interfacial toughness.
After indentation, this initial area Ais stretched to a ~ Theé SEM analysis revealed circumferential micro-
spherical section Agiven by cracking surrounding some of the indentations. Figure 4
shows SEM micrographs surrounding the indents pro-
A = 2mrth . (2)  duced from 30- to 150-kg indents. Indents at 30, 60, 100,
The uniform strain in the filne; due to the indentation is
& = (A - A)A . 3 o a e
The strains in the five films of this study were similar for == TRARE : i o300 pm

a given indentation load as shown in Fig. 3. =
The film appears to be very well adhered to the metal
substrate even in the presence of significant thermally
induced residual stress. The average stress of the fiv
films was 5.5 + 0.6 GPa as measured by the Raman shif
of the zone-center optical phonon of cubic diamdnd.
The thermal stress predicted from theory in which the
same substrate temperature is assumed and in which t
values of Young'’s modulus and Poisson’s ratio for crys- -
talline diamond (1050 GPa and 0.07, respectively) are ; %03

used is 6.3 GP4However, it should be noted that pre- S o o )

vious nanoindentation measurements of our nanostru,S: 1- Optical micrograph showing a set of four indentations on a
- . . diamond-coated titanium alloy. The indentation loads (counterclock-

tured_ _d'am(_)nd films grown at the same Processing,ise from upper left) are 30, 60, 100, and 150 kg. No film delamina-

conditions yielded Young’s modulus and hardness valuegon was observed.

that were 67% and 90%, respectively, those of natural
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TABLE I. Average and standard deviation of several characterization Film
parameters described in this work.
Standard T T T T T e~ /
Mean deviation BRIETARGREE s

Film thickness m) 4.0 0.4
rms Surface roughness (nm) 14 1
% Crystallinity 48 5
Residual stress (GPa) 5.5 0.6
% Strain for 30-kg load 0.7 0.1 Ti-6Al1-4V
% Strain for 60-kg load 1.1 0.1 S

ubstrate
% Strain for 100-kg load 1.9 0.1 . . . . .
% Strain for 150-kg load 28 0.2 FIG. 2. Schematic of indentation produced on diamond-coated Ti—

6AI-4V showing the parameters used to calculate film strain.
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and 150 kg from one sample are shown in Figs. 4(a)—4(d)
and indents from 150-kg loads from the remaining four
samples are shown in Figs. 4(e)—4(h). Despite the similar
processing conditions, there was significant variation
from sample to sample of the indentation load at which
cracking became observable. For example, although mi-
crocracking was never observed for films indented at
30 kg (0.7% strain), some films showed microcracks at
60 kg (1.1% strain) whereas others did not show cracking
until 150-kg (2.8% strain) loads were used. The number
of circumferential cracks produced at a given load
showed some variation from sample to sample as can be
seen from Figs. 4(e)—4(h). When a @53 perpendicular
test line was drawn from the outermost crack visible on

Indentation Load (kg)

0 1 2 3 1000x micrographs toward the center of 150-kg indents
] ] of each of the samples, between three and twelve cracks
% Film Strain were counted. The number of cracks observed did not

FIG. 3. Film strain variation with indent load measured from inden- appear to correlate with the small variations from sample
tation surface areas and their corresponding projected surface areagy sample in film thickness, film strain, or percent crys-
The average strain at 100-kg load indents (1.9 +0.1%) provides agy)||injty. Although the standard deviation of these param-
upper limit of the strain to cause microcracking for these films. . . . .

eters for all five films is small, an even tighter control of
the CVD processing conditions may result in more con-
sistent microcracking behavior between films. Despite
the variation in film cracking when comparing the five
films, the excellent interfacial adhesion and minimal
cracking are encouraging.

Because no cracking was observed for any of the
30-kg indents, the average film strain at this load
(0.7 £ 0.1%) represents a lower limit of strain to cause
microcracking. In addition, because some of the films did
not show microcracking until 150-kg loads were used,
the average film strain at 100-kg indents (1.9 £ 0.1%)
provides an upper limite of the strain to cause micro-
cracking. This value of strain is indicative of a particular
ductile coating when compared to most ceramic materi-
als. For example, for a predominantly crystalline dia-
mond film in which almost no plastic flow is expected to
occur before fracture or delamination, a strain of 1.9%
would result in a biaxial stress in the film of

20,110 ;

o = e¢{E/(1 - v)}
= 0.019{1050 GPa/(1 - 0.07)} (4)

22 GPa

It is likely that this stress in a diamond film that is pre-
dominantly crystalline is too high to prevent fracture or
delaminatior’.

Clearly, the nanostructured diamond films in this study
can undergo significant plastic deformation without hard
elastic to brittle fracture occurring. Similar hard and
tough nanocrystalline/amorphous composite coatings

' have been produced in other systems such as those in-
FIG. 4. SEM micrographs surrounding the indents produced from € prod er sys 0S

30-kg to 150-kg indents. Indents at 30, 60, 100, and 150 kg from oné’olvIng t'_tasmum carbide part'd_e_s In an amor_phou_s car-
sample are shown in (a—d) and indents from 150 kg loads from thé?0N Matrix” The observed ductility of our coatings is not

remaining four samples are shown in (e=h). expected to be a result of dislocation motion because the
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