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Plasma Immersion Ion Deposition Research at SWRI and Its Practical Applications
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Abstract; This paper reviews the latest research and development at Southwest Research Institute (SwRI) in
Plasma Immersion Ion Deposition (PIID). SwRI has been developing new technologies in plasma surface engi-
neering for practical applications. One of the technologies is the PIID. In recent years, we have focused on
high rate deposition of diamond-like carbon (DLC) coatings, thick DLC for improving erosion and corrosion
resistance, hydrophobic DLC coatings, and the deposition of the inner surface of long pipes. A particular tech-
nique is developed based on the hollow cathode discharge (HCD) plasma process rather than the conventionally
used pulsed glow discharge (PGD) process. In this paper, we will discuss the principle of the HCD process.,
the experimental results of the DLC coatings produced by both the PGD and the HCD processes, and practical
applications of these technologies. New research directions will be presented at the end of this paper.
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tion, thereby potentially reducing the processing

. Later the process has been commonly re-

significant interest since the technology first ap-
peared because of its promise of treating large 3-D

components without the need of sample manipula-
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ferred as plasma immersion ion implantation (PI-
D5,

After over two decades of effort, even though

the research is still active"™’, PIII has not been widely
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accepted by industry for its intended tribological appli-
cations due to its inherent shortcoming, i. e. the im-
planted species can only penetrate to a depth no more
than 200 nm. This treated layer is deemed to be too
shallow for most mechanical components.

However, along with the research in PIII came
another process from the late 1990s—plasma immer-

yLieied Using this process,

sion ion deposition (PIID
3-D components can be deposited with a much thic-
ker layer of hard coatings. In particular, diamond-
like carbon (DLC) coating obtained using PIID has
become the focal point by the research community
because it can be readily deposited on a variety of
surfaces. Due to its high hardness (10 ~25 GPa)
and sufficient thickness (0. 5~2 pm), DLC has
found practical applications particularly for automo-
tive and biomedical industries"”*", Tt should be
pointed out, although many techniques can be used
to prepare DLC coatings including direct ion beam
deposition, magnetron sputtering deposition, ca-
thodic arc deposition, and RF plasma deposi-
tion"**", the pulsed glow discharge (PGD) - based
PIID, a variation of plasma enhanced chemical vapor
deposition (PECVD), offers a much simpler ap-
proach and hence a potential for lower processing

12 2280 In addition, the deposition system hard-

cos
ware is also quite simple; therefore the capital invest-
ment is also low. In this paper, we will briefly discuss
the PGD process; then we will focus on the latest de-
velopment in the PGD process and other novel technol-
ogies. During the discussions of these technologies, we

will present practical application examples.
1 Pulsed Glow Discharge Deposition

The PIID process can be understood using the
schematic shown in Figure 1(a). After parts are
placed in a vacuum chamber and the chamber is
pumped down to a low pressure (1.3X10""' Pa), a
gas is fed into the chamber to reach 10 ~ 15 milli-
torr. When a train of pulses of negative voltage typ-
ically around 5 kV is applied to the parts, pulsed
glow discharge (PGD) plasma is generated in the
entire vacuum chamber. The same pulsed voltage
also draws the ions out of the plasma so that they

are accelerated towards the component surfaces.

Depending on the ion species (precursor gases), ei-
ther ion sputter cleaning (when Ar is used) or depo-
sition of DLC (when a carbonaceous gas such as
C,H, is used) can be performed. These two steps
are generally performed sequentially by simply
switching the gas supply without breaking the vacu-
um. To ensure a good adhesion of the DLC to the
substrate made of metallic materials, in particular
steels, typically a Si or Si—C bond layer is used be-
fore the deposition of the DLC. This may be accom-
plished by feeding the deposition system with silane
(SiH, ) or trimethylsilane ( TMS). It should be
pointed out that SiH, is pyrophoric and needs special
handling, while TMS is much safer. Shown in Fig-
ure 1(b) is a cross—sectional image of scanning elec-
tron microscopy (SEM) of a DLC coating. As can
be seen, the coating is dense and featureless and it
shows a good adhesion to the substrate, Currently,
SwRI operates one of the largest facilities (1.2 m in
diameter by 2. 5 m long) in the world. Shown in
Figure 2 are a few photographs of the components
that are being processed and coated with protective

coatings.

2  DLC Deposition using a Mesh Method

2.1 Principle of meshed PIID
Shown in Figure 3 (a) is a schematic of the

*). Parts are installed inside a

meshed PIID process™
metal mesh cage. Usually the parts are electrically
connected to the metal cage. When the voltage pul-
ses are applied to the cage, plasma is generated in-
side the cage. The pulsed negative voltage also
draws ions from all directions to the surfaces of the
parts. As a result, a DLC coating can be deposited
on the parts. Shown in Figure 3(b) is a photograph
of the meshed PIID process. It is noted that the
plasma luminescence is much stronger inside the
cage than outside. In fact, this process is similar to

[30-31]

the HCD process in tubes . The secondary elec-
trons generated at the component surfaces by the
impact from the incoming high energy ions are
trapped inside the meshed cage. These electrons, in
turn, have collisions with the neutral gas and hence

generate more plasma. When these electrons finally
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lose their energy, they will escape from the cage and
go to the chamber wall to complete the circuit loop.
The plasma density generated by the mesh method

is much higher than that generated by conventional

PGD method. As a result, a high deposition rate can
be reached. Furthermore, a higher plasma density

means a smaller plasma sheath; therefore, a more con-

formal coating can be obtained in the HCD.

Shium

1 B4 07 5 8% I (PID) (2) JE B (b) DLC ¥ 2 55 18 18 09 43 1% o 5 12
Fig. 1 Plasma Immersion Ion Deposition (PIID) (a) Schematic (b) Cross— sectional SEM image of a DLC coating

K 2 T DLC #R (a) — Yo LR A 24 TAF (b)) —3m T2 8/ T (o83 DLC /9 T

Fig. 2 Components coated with DLLC (a) multi—components processed in one batch, (b) various components in one

batch and (¢) components coated with DLC

2.2 Coating uniformity, thickness and deposi-
tion rate

As shown in Figure 3(b), a number of the
parts are being coated with DLC, including a tube of
58 mm in diameter by 110 mm long representing 3 -
D components. After the deposition, by sectioning
the tube longitudinally and using SEM, the coating
thickness distribution along the ID surface and the
OD surface is shown in Figure 3 (c). As can be
seen, the coating thickness varies from 2 to 9 um.
The coating on the ID is thicker than the OD due to
the hollow cathode effect even if the tube was in the
meshed cage. The coating does not seem to be uni-
form. However, considering both surfaces can be
coated simultaneously with a coating that is suffi-

ciently thick for most applications, it may still be

acceptable. In contrast, if the conventional PGD
process is used to deposit the coating on both the ID
and OD simultaneously, the coating coverage will be
completely unacceptable. Depending on the parame-
ters used in the process, the deposition rate of DLC
can be 2~5 pm per hour for the HCD process. In
comparison, the deposition rate for the PGD is only
0.5~1 pm per hr at the beginning of the deposi-
tion, while it decreases with the coating thickness.
It is very hard to obtain a coating over 5 pm using
the PGD process. In contrast, using the HCD
process a thick coating (> 20 pm) has been a-
chieved. It should also be pointed out that using the
meshed PIID method insulating components inclu-
ding ceramics and polymeric materials may also be

coated.
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Fig. 3 Meshed PIID process and the coating thickness distribution(a) schematic of meshed PIID process, (b) a photo-

graph of the process in progress and (¢) coating thickness distribution on both sides of the tube

2.3 Microstructural characteristics of DLC coatings

Quantitative Raman spectroscopic analyses on
the DLC films showed that the 1d/Ig is about 1. 2
and 0. 8 for the conventional PIID and meshed PIID,
respectively, indicating an increase in the sp’/sp’
ratio for the DLC prepared using the meshed PI-
1D,

2.4 Tribological characteristics of DLC coatings
Ball-on—disc tribotests were conducted on 1018
carbon steel deposited with DLC films using both
methods in ambient environment, dry sliding with 1 N
load against an alumina ball. Shown in Figure 4(a) are
the coefficients of friction (COF) of the DLC films.
Both DLC films show much lower COF than the un-
coated 1018 steel (not shown, u = 0.6~0.7), while
the DLC prepared using the meshed PIID shows

0.030

slightly higher COF (p=0.12) than the PGD DLC,
which may be the result of a higher sp’ content in
the meshed PIID.

DLC films may be used for the protection of
components under two—phase flow situations such as
air and sand. The erosion resistance of the DLC films
was determined using a micro sand blaster with alu-
mina powder of an average grain size of 50 pm at an
incident angle of 15° and a back pressure of
34. 475 kPa. Shown in Figure 4(b) is the mass loss
for selected DLC films prepared using the PGD and
the meshed — PIID methods. The total erosion time
was 2 min. The mass loss of the PGD DLC is slight-
ly lower than that for the uncoated steel but the mass
loss for the meshed—DIL.C decreases further indicating
that a thicker DLC coating can provide a more dura-

ble erosion resistance.
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Fig. 4 Tribological characteristics and corrosion resistance of 1018 steel, standard DLLC and meshed-PIID DLC coat-

ings (a) coefficient of friction, (b) erosion resistanc and (c¢) corrosion resistance

2.5 Corrosion resistance

Corrosion resistance of the deposited samples

was evaluated using electrochemical impedance spec-

troscopy. Equivalent circuit models were used to
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calculate the polarization and pore resistance values.
The results are shown in Figure 4(c¢). Higher po-
larization resistance implies better corrosion resist-
ance. As can be seen, the DLC deposited using the
meshed PIID method has much higher corrosion re-
sistance than the standard DLC and the uncoated
steel. An increase of 4 orders of magnitude is ob-
tained. One of the reasons may be that the meshed

PIID DLC is quite thick.

3 DLC Deposition on the Inner Diameter of

Tubes and Pipes

3.1 Deposition of short tubes

Besides the 3—D processing capability, another
advantage of the PIID technology over physical va-
por deposition (PVD) processes lies in that the in-
ner surface of a tubular structure can be deposited
fairly easily. For typical size of tubes (20~100 mm
in diameter by 0. 1~3 m long), the ID can be de-
posited with DLC using various methods including
hollow cathode discharge™ ™. 1If the ID is very
small and the material is paramagnetic, magnetic
field may be used to generate plasma inside the

tubet!

. Because DLC coatings are hard and chemi-
cally inert, they may be deposited on the ID of tubes
for transporting crude oil or natural gas to reduce
wear and corrosion from the media with small a-
mounts of sand and water. They may also be used

for tubes in steam turbines in which the two—-phase

flow (water droplets and steam) causes serious ero-
sion and corrosion. This technique may also be ap-
plied to the cylinder liner bores of automotives to re-
duce wear.

Shown in Figure 5(a) is a photograph of a short
tube with a small diameter (25 mm), while Figure
5(b) two short tubes with a larger diameter (100 mm)
in a DLC deposition process. In general the smaller the
diameter, the higher the pressure is needed to generate
plasma inside the tube. For a tube of 25 mm in diame-
ter by 300~400 mm long, the breakdown pressure is

about 50 millitorr either for Ar or acetylene.

3.2 Deposition of long pipes

Long pipe may also be deposited with DLC
films. Shown in Figure 6 is a large diameter
(150 mm) , long curved carbon steel pipe (2 m) be-
ing deposited with DLC inside the SwRI large PIID
chamber. If a pipe is too long, no vacuum chamber
can be used to host the pipe. In this case, both ends
of the pipe are connected to vacuum chambers with
pumps, so that the pipe serves as part of the vacu-
um system. The pipe can be electrically isolated
from the vacuum chambers using tubular insulators.
By applying high voltage pulses to the pipe, hollow
cathode discharge can be generated inside the pipe
and a DLC film can be deposited on the inner sur-
face. Shown in Figure 7 is a photograph of the depo-
sition system, using which long pipes over 10 m can

be deposited.

P 5l i 20 B AR e PTID AR 4045 A48 3 N BE LA DLC () — R (b) PIAREHAE
Fig. 5 Deposition of short tube and long pipes using HCD PIID process (a) one short tube with a small ID (b) two

short tubes with large 1D



6 2 EH X W L E

2012 4F

&6 fli T 23 .0 B A e i PTID $2 R X K 4 38 N 42 B8
DLC i

Fig. 6 Deposition of DLC on ID of long pipe using HCD
PIID process

P 7 KA R BE TR R 5T

Fig. 7 Deposition system for long pipes

3.3 Morphology of DLC in long pipes

To study the DLC coating morphology, a long
pipe was sectioned and the samples were studied u-
sing SEM. Shown in Figures 8(a) and 8(b) are the
low and high magnifications of cross—sectional SEM
images of the DLC coating on the steel pipe surface.
In this deposition a Si—C bond layer was used first;
then the DLC coating was deposited on top. As can
be seen, the coating is quite conformal. Even
though the steel pipe surface is very rough, the DLC
coating covers everywhere and adheres well to the
substrate. Certainly, our systematic studies indicate

that, in some cases, if the substrate surface is too

rough with deep cuts or kinks, the DLC film will
have discontinuities. The discontinuities or cracks in
the coating are detrimental to the corrosion resistance.
Therefore, it is necessary to polish the surface to re-
duce the surface roughness and hence to reduce the

number of defects.

Coating

20 om

S [um

8 KA EMNAYE DLC By b 8 i i Bl e (a) %
i (b) F A
Fig. 8 Cross - sectional SEM views of DLC deposited long

pipe ID (a) low magnification and (b) high magnification

4 DLC Coating Application Examples

4.1 Hydrophobic DLC coatings

Surface energy of a material surface is a physi-
cal property that can be characterized by water con-
tact angle (WCA). It is defined that when the WCA
is <C90°, the surface energy is high or the surface is
hydrophilic. When the WCA is >>90°, the surface is
low or the surface is hydrophobic. If the WCA is
>150°, it is super hydrophobic. A classic example
of a super hydrophobic surface from nature is the lo-
tus leaf. Research has revealed that surface textu-

ring is very important to achieve high WCA. In
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fact, lotus leafs are naturally “textured” with both
micro— and nano-sized features that can hold air to
achieve super hydrophobicity. Surfaces with super
hydrophobic properties have many applications. The
self— cleaning nature of super hydrophobic surfaces
has been used for mirrors and lenses in telescopes
and solar arrays to avoid dust accumulation. A hy-
drophobic surface may also be ice — phobic and,
therefore, may be used for deicing of aircraft wings
or high voltage transmission lines.

DLC coatings can be used to reduce surface en-
ergy. Shown in Figure 9 is the WCA measured in air
for Al treated with different processes. The WCA
for as — received ( AR) aluminum sample ( fairly
smooth) is 83°. The “standard” DLC film deposited
using C, H, is slightly hydrophobic with a WCA of
93°. Since the PIID process is a PECVD process.,
during the deposition of a DLC film, many other ga-
ses containing elements such as F and Si can be in-
cluded to form F-DLC or Si-DLC. The F-DLC de-
posited using C,Fy; has a WCA of 117°. To increase
the durability, a DLC can be deposited on the Al
substrate; then the F-DLC can be deposited on top.
The WCA of the bi—layer coating is 119°, nearly i-
dentical to that without the DLC base coating. The
WCA for textured surfaces using simple sand blas-
ting is also shown in Figure 9. Except for the un-
coated samples, the WCA has increased significant-
ly for all treatments. It is understood that even
though more sophisticated surface texturing may
further increase the WCA, from engineering point

of view, sand blasting can be performed easily and
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Fig. 9 Water Contact Angle of as — received (AS) and
sand — blasted (SB) Al surface coatinged with various

DLC films

the effect is significant. In addition to the F -
DLC, Si—-DLC and Si-O-DLC coatings are also

used to reduce the surface energy.

4.2 Deposition of large components and large
number of components

In an early publication, the PIID process was
demonstrated for depositing DL.C on a large number
of pistons®"* . At SwRI, the deposition of large
components or a large number of small components
are pursued which may be found in Ref*!. In the
following, a few more examples will be given.

Shown in Figure 10(a) is a large impeller being

deposited with a DLC coating at the SwRI’s PIID

P 10 I 3R A AR A i T A B BB Cad G I AU 7 g O 28 I ) 0 8 (o) ok A 25 5 7 RHE T T8 PA) [ B 8 = I8 (o)
KA 5 B T B — U 10 AR AT

Fig. 10 Deposition of large components and large number of components (a) one large impeller at SwWRI, (b) three impellers

in mesh at Yongxin Plasma Technology and (c¢) ten large water pump parts at Yongxin Plasma Technology
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system. The intended use for the impeller is for air
compression in chemical plants in which corrosion
and erosion occur to the impellers. In addition,
dusty chemical particles may also adhere to the sur-
faces of the impellers. In the worst scenario, the
buildup may eventually plug the air channels. For
this application, DLC coating may be the best, or
the only option, because not only is the DLC coating
corrosion resistant, erosion resistant and hydrophobic,
but also it can be deposited inside the narrow chan-

nels as well as the outside. Shown in Figure 10(b)

is a picture of three impellers being processed using
the meshed PIID process at the Yongxin Plasma
Hefei, China. SwRI has helped
Yongxin and established a large DLC deposition sys-

Technology,

tem in Hefei. Shown in Figure 10(c) are 10 large
parts for water pumps being processed in the
Yongxin DLC deposition system.

Shown in Figure 11 are a few photographs
showing that a large number of parts are being coa-

ted or already coated with DLC in a single batch u-

sing the PIID process.

!‘a'i:

M

8 gf&\
i
T

Bl 11 i PIID T2 AR S sk 2 28 85 DLC R Kk TAF () At 3 B i DLC S (b) (o) 354 M Al it

) DLC g1 (D Z58UPLR F 119 DLC %5 i

Fig. 11 A large number of parts are being coated or already coated with DLC in a single batch using the PIID process.

(a) DLC deposition of large number of seals, (b) and (¢) DLC deposited automotive components and test samples,

and (d) DLC deposited shuttles for textile production

5 Conclusion and Outlook

In this paper, we presented an overview on re-
cent research and development of the plasma immer-
sion ion deposition process and the diamond — like
carbon coatings at SwRI. A hollow cathode dis-

charge based mesh PIID was emphasized. The coat-

ing wear resistance, coefficient of friction, erosion

resistance and corrosion resistance were studied and
found to be comparable to those from conventional
PIID. The major advantages of this method over the
conventional PIID method include the high deposi-
tion rate (up to 6. 5 times), capability for thick
coating (up to 20 ym) and much conformal coating

“

coverage. Beside the “standard” DLC coatings de-

rived from a carbonaceous gas such as C,H,, other
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DLC coatings including the hydrophobic DLC coat-
ings derived from Si-DLC F-DLC and Si-O-DLC
were also discussed. In addition, we presented the
technique on the deposition of tubes and pipes of va-
rious shapes and sizes. The PIID process may be the
easiest way to the coating of ID of tubes and pipes.
Up to 12 m long pipes have been deposited with a
fairly uniform coating. Finally, the deposition of
large components or a large number of components
was also discussed with actual application examples.

For the future research, first, the development
hydrophobic
(WCA>150°) will find many practical applications.

of coatings with super properties

Second, deposition of longer pipes is challenging and
needs more work. Third, high rate deposition is an
important research area. Fourth, the optimal packing
density in a processing chamber needs to be studied.
Finally, as it has been, increasing the coating adhesion
is an everlasting research topic. As the new technolo-
gies are being developed, it is believed that the PIID

process will find more applications in industry.
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