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Abstract
A new enabling technology for coating the internal surfaces of pipes with a hard, corrosion, wear resistant diamondlike-carbon (DLC) coating is described. The importance of proper surface preparation and optimized interface and
adhesion layer is shown. Corrosion resistance is measured based on exposure to HCl, NaCl environments and autoclave
with H2S. Mechanical properties include high hardness, high adhesion, and excellent wear resistance including sand
abrasion resistance. The coating is optimized for high hardness and deposition rate based on selection on the proper
hydrocarbon precursor. This new technology enables wide spread use of DLC based coating to increase component life
in applications where internal surface of pipes are exposed to corrosive and abrasive environment especially in the oil
and gas industry.

1. Introduction
Diamond-like carbon (DLC) coatings are amorphous, hydrogen containing carbon coatings with high sp3
carbon bond content, that approach the excellent properties of diamond such as high wear resistance, very low friction
coefficient and high corrosion resistance. [1-3] Because of these excellent properties, DLC coatings have attracted great
attention for use in industries such as oil and gas, semiconductor, medical and automotive. In the oil and gas industry,
DLC coatings will improve tribological and corrosion performance of components that experience extreme
environments provided the coating can be applied to internal surfaces of pipes, pipe joints, drilling fixtures, and drilling
bores, etc. There are several methods available to deposit DLC or other coatings at the outer surface of components;
such as chemical vapor deposition (CVD), physical vapor deposition (PVD), electroplating, flame spray and sol-gel.
However, coating internal surfaces remains a challenge especially for large aspect ratio (length to diameter ratio)
components and very limited information is available in the literature.
With very low-pressure techniques such as PVD, where the pressure is below or near the molecular flow
region, coating internal surfaces has been limited to tubing with large diameters and short lengths, due to line of sight
deposition constraints. CVD techniques are limited in internal applications, due to the need to supply heat which
damages the heat sensitive substrates for the chemical reaction. PECVD (plasma enhanced chemical vapor deposition)
lowers the temperature required for reaction, but it is difficult to in maintain a uniform plasma inside the pipe and to
prevent depletion of the source gas as it flows through a pipe placed inside a vacuum chamber.
External high performance DLC coatings have had limited success in aggressive corrosion and wear
environments particularly on the rough carbon steel substrates used in industrial applications. This is due to the inability
to deposit an adherent, thick DLC coating that will cover a rough substrate sufficiently to prevent pinholes and block
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corrosion. In addition, abrasion applications require the thickness of the coating to be on the order of the diameter of the
abrading particle. Traditional DLC coatings have been limited in thickness due to high stress and low deposition rate.
This article demonstrates the ability of a new PECVD technology, to deposit DLC based films on internal surfaces of
pipes with excellent corrosion and wear resistance characteristics. The results are obtained on rough ( Ra ~
100 − 200μin ) carbon steel substrates through the use of a multi-layer coating that provides strong substrate adhesion
as demonstrated by: 1) the lack of corrosive undercutting between the substrate and the coating and 2) reduced stress as
demonstrated by the ability to deposit thick coatings. The surface roughness is controlled through blasting of the pipe
interior, to bring the roughness into the desired range.
Environmentally friendly precursors such as acetylene or other hydrocarbons are used to deposit inert
corrosion resistant DLC based films with the potential to replace environmentally damaging precursors such as
hexavalent chromium. Adhesion is improved by adding silicon to the DLC layer at the steel interface, and wear
resistance and corrosion is improved with a pure DLC cap layer.

2. Experimental
Hard, conformal, corrosion resistant coatings with an extremely low wear factor have been deposited on the internal
surfaces of a variety of substrate materials with a wide range of geometries including very small, 3/8” ID, and large 8.5”
ID pipes, as well as threaded couplers, “tees,” and “dead-end” bottle geometries. This paper will discuss results for
layered diamond like carbon (DLC) films deposited inside a one foot long 1020CS pipe with 1.75 inch diameter (aspect
ratio of 6.85). The technology is currently used for pipes such as downhole tools up to 10ft long and it has passed initial
qualifications for directional drilling bores experiencing abrasive wear and corrosion protection.
2.1. Coating Deposition
This method takes advantage of plasma ion immersion and high density hollow cathode plasma generated within the
pipe itself without the use of a separate vacuum chamber, allowing decomposition of precursor and subsequent
deposition of coatings. The type of coating can be modified by changing the chemistry of the precursor gas. As seen in
Figure 1, the hollow cathode plasma is performed by negatively pulse biasing the pipe, which acts as the cathode, with
anodes attached at the ends. A gaseous precursor is introduced and ionized causing a coating to be deposited on the
pipe, with by-products pumped out. Hollow cathode discharges (HCD) are capable of generating dense plasmas and
have been used for development of high-rate, low-pressure, high-efficiency processing machines. The geometric feature
of a HCD promotes oscillations of hot electrons inside the cathode, thereby enhancing ionization, ion bombardment of
inner walls and other subsequent processes. At the same power, the hollow cathode exhibits plasma density one to two
orders of magnitude higher than that of conventional planar electrodes. It is known that the product (Pd), of the intercathode distance (d) by the pressure (P), is an important parameter to describe the behavior of the HC discharge. If the
pressure is too high or the distance too large, then the electron will not reach the opposing cathode wall before losing
energy due to collisions. On the other hand, if the pressure is too low or the distance too short, there will be few
ionizing collisions before the electron escapes to an anode.5 The use of the HCD provides many benefits including: 1) a
very high deposition rate of ~0.5μm/min 2) a thin conformal plasma sheath so that complex geometries such as internal
threads can be coated (Fig 3). 3) Improved film properties due to intense ion bombardment energy allowing up to
80μm thick DLC based films to be deposited compared to typical DLC limitations of ~10μm. These thicker coatings
enable applications such as corrosion resistance even on rough substrates and abrasion resistance where film thickness
must be on the order of the diameter of the abrading particle.
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Figure 1. Diagram of Process Set-Up
This technology deposits a DLC coating on internal surface of components with a variety of aspect ratios as seen in
Figure 2. A detailed description of the technology is provided in reference. 6

Figure 2 – DLC coating deposited on internal surface of pipes with a variety of aspect ratio.
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Figure 3 – Coverage of DLC coating over internal threads
For this paper a layered coating structure was deposited onto the internal surface of a 1020 carbon steel pipe
(nominal 0.2% carbon content). The coating consisted of three layers: (1) silicon carbon adhesion layer, (2) silicon
doped DLC layers with silicon reducing and carbon increasing through the layers. (3) DLC ‘cap’ layer.
A total coating thickness of 23.9 micron was measured at entry of the pipe using a standard calo-test method,
(alternately a nondestructive magnetic induction based measurement can be done). The layers consist of approximately
6.2μm of silicon carbon adhesion layer, 2.9μm of silicon doped DLC layer, 2.2μm of DLC ‘cap’ layer, 2.8μm of silicon
doped DLC layer, 9.8μm of DLC ‘cap’ layer. Process conditions for each layer are summarized in Table 1. No
external heating of the substrate was employed and the maximum temperature during the deposition (due to plasma
heating) was 175°C.
Table 1: Table summarizing coating deposition process conditions
Layers

Adhesion

Precursor

Silicon precursor

Pressure

Power

Thickness (um)

(mTorr)

(W)

70

240

6.2

90

160

5.7

110

160

12.0

Deposition rate
(μm/min)

Silicon and
SiC

Acetylene
precursor

DLC

Acetylene
precursor

0.5

2.2. Coating Analysis
For microstructure and composition analysis, a combination of techniques were used including scanning
electron microscope (SEM), transmission electron microscope (TEM), and electron dispersive X-rays (EDX).
Tribology property characterization includes wear rate, coefficient of friction, coating-substrate adhesion, hardness and
modulus measurement. The method to perform wear testing is in accordance with ASTM G133-02 using a tungsten
carbide 5mm diameter ball with a normal load of 5N, sliding distance of 200 meters, and stroke length of 10mm.
Adhesion is measured using ASTM C 1624 Single Point Scratch Test, where a 200μm diamond stylus is
moved across the coating with progressively increasing load and the critical load (Lc3) is recorded upon film
delamination from the substrate. The maximum load achievable with our tool is 30N.
Coating hardness and elastic modulus is tested using a micro-indenter as per reference.7 In this test, an indenter
tip, normal to the sample surface, is driven into the sample by applying an increasing load up to a predefined value. The
load is then decreased until partial or complete relaxation of the material occurs. The resultant load-depth curve is then
used to calculate mechanical properties such as hardness and elastic modulus. Data reported in this article is based on a
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Vickers type indenter with an applied force to achieve a penetration of less than 10% of coating thickness. Values
obtained from the test are hardness and modulus (in GPa).
Corrosion resistance analysis was performed using exposure to 15% HCl at room temperature and 10% NaCl
at 70C. Figure 6 shows the sample coupons of the coating exposed to 15% HCL and 10% NaCl for a duration of 24
hours. Longer term corrosion testing of this coating technology includes exposure to room temperature 15% HCl for 72
hours and hot 200F 18% HCL for 8 hours without any corrosive attack of the coating. Additionally the samples were
tested for corrosion resistance by exposure to a 30 day sour (1% H2S) autoclave test by an independent lab.
Abrasion resistance is important for mud pumps and other products used in the oil industry in high sand
environments such as the oil sands in Alberta Canada where hard sand particles are pressed between two sliding
surfaces. To evaluate abrasion resistance of this coating ASTM G65 Test Method for Measuring Abrasion Using the
Dry Sand/Rubber Wheel Apparatus procedure E was used, with a load of 30lbs and 1000 wheel cycles. 7

3. Results and Discussions
The interfaces between DLC–Si coatings and steel substrate were investigated, as this interface is critical for
preventing both delamination of the film under high load conditions, such as abrasion and erosion, and also to prevent
corrosive undercut of the film in the event the film is damaged or penetrated. Figure 4a shows high magnification bright
field cross-sectional TEM micrograph of the interfaces between the substrate and the coating for a pretreatment process
using argon ion bombardment of the surface followed by deposition of a silicon containing adhesion layer. Figure 4b
shows this interface with a pretreatment process using hydrogen etching of the surface. In the case of the argon
pretreatment an amorphous layer containing FeOx about 16nm thick can be seen while Fig 4b shows that the hydrogen
pretreatment has etched the amorphous FeOx layer at the interface. This adhesion structure provides excellent adhesion,
preventing corrosive undercut during sour autoclave testing, which did occur with the argon pretreatment process.

Fig 4a
Fig 4b
Figure 4: Bright field TEM micrographs showing substrate-coating interface.
Figure 5 shows a SEM cross-section of a similar multilayer coating deposited by the same technique. The silicon
containing adhesion layer can be seen followed by blend layers and a DLC top layer. This SEM also shows the lack of
any voids and excellent coverage that is obtained over substrate defects by this coating technique.
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Figure 5: SEM cross-section of ~40 micron film on steel substrate.
Table 2a coating properties include hardness, modulus, adhesion by scratch test and coefficient of friction;
Table 2b includes wear rate in dry, wet, and abrasive bentonite mud environments. The results demonstrate that a DLC
coating provides excellent hardness, COF as well as wear rate in comparison to an uncoated carbon steel substrate.
Traditional high sp3 content DLC films have higher compressive stress in addition to higher hardness, which can limit
the thickness of these films. However, due to the addition of dopants as well as a layered structured, 8 this new process
deposits coatings with high hardness and thicknesses up to 80μm indicating lower stress in the coating.

Table 2a: Coating Properties Data.

Film thickness
(um)

41 micron

Young’s Modulus
Adhesion (N)

Hardness (GPa)

COF

(GPa)

>30

DLC-Si

Substrate

DLC-Si

Substrate

100

171

14.6

2.7

DLC-Si
0.05(dry),
0.04(bentonite)

Table2b: Wear rate

Wear Rate
Bentonite
(mm3/Nm)

Wear
Rate Dry
(mm3/Nm)

DLC

1.97E-06

6.3E-07

1020 CS

3.80E-05

3.40E-05

Material

Abrasion resistance results as measured by the Test Method for Measuring Abrasion Using the Dry
Sand/Rubber Wheel Apparatus are shown in Figure 6. This table compares the volume loss of material for an uncoated
vs. DLC coated SDSS and tool steel substrate, with the DLC coating providing dramatically improved results.
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ASTM G‐65, Abrasion using Dry Sand/Rubber Wheel Test
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Figure 6: Abrasive volume loss comparison DLC coated vs. uncoated steel
Corrosion resistance is measured by exposure for 24 hours to 10% NaCl solution at 70C and 15% HCl at room
temperature. Figure 6 shows an optical micrograph of a coated 1020CS sample after exposure to HCl and brine
solutions. The DLC coating provides excellent corrosion protection for the substrate because DLC is chemically inert
and acts as a physical barrier between the substrate and corrosive environment.

A) 10% NaCl

B) 15% HCl

Figure 7: Optical micrograph of a coated 1020CS sample after exposure to a) 10% NaCl b) 15% HCl solutions for 24
hours.

Another corrosion test is a sour autoclave per NACE TM0185 standard which requires a three phase test
(aqueous phase – distilled water; oraganic phase – xylene; gas phase – 1% H2S, 85% CO2, 14% methane) at high
pressure. Figure 7 shows the film after this aggressive test. The coating was intentionally punctured (see close-up of the
puncture in Fig 7b) and no undercutting of the coating occurred. Additionally, the coating passed the standard 67V
pinhole test before and after autoclave exposure. This test is well known within the oil and gas industry as a good
measure of the corrosion resistance of a coating.
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Figure 8: Coating following sour autoclave test and details of test conditions
3.1 Different carbon precursors & hardness improvement
Eight different gaseous hydrocarbon precursors were evaluated and characterized based on optimization of high
hardness, deposition rate and adhesion. The hydrocarbons were selected to contain both single, double and triple bonded
carbon and various ratios of hydrogen / carbon within the precursor molecule. All of the precursors were evaluated
using the same process conditions. Sp3 content was determined using Raman spectroscopy and hydrogen content using
Hydrogen Forward Scattering (HFS). The process conditions were then optimized to dramatically further increase the
hardness by nearly 50%, with only a slight decrease in deposition rate, this was done by removing argon from the
process, increasing the pressure and slightly increasing the power.
A trend is observed in the data for hardness based on the degree of saturation of the molecule. Fully saturated molecules
(methane and hexane) have higher hardness while less saturated molecules have lower hardness, e.g. the triple bonded
acetylene has the lowest hardness and benzene with multiple double bonds also has low hardness. This trend is also
observed for deposition rate with fully saturated methane and hexane having the lowest deposition rate while acetylene
and benzene have the fastest deposition rate. The high deposition rate for the unsaturated hydrocarbons can be
explained by the more reactive nature of the pi bonds and the probable greater formation of reactive radicals in the
plasma. It is probable that these same pi bonds within the precursor would cause the formation of a more sp2 rich
coating, thus explaining the reduced hardness. A similar trend is shown for sp3 content and precursor saturation, with
sp3 content measured by Raman spectroscopy increasing with precursor saturation. There is not a trend indicated for
increasing hardness with decreasing hydrogen concentration, indicating that the hardness is dominated by the precursor
saturation. The results indicate that for the pressure regime used for this high deposition rate process, that the hardness
is dominated by the hydrocarbon precursor saturation rather then the ion energy or hydrogen concentration, indicating a
more radial based film formation mechanism.
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Hardness vs Carbon Precursor
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Figure 9: Hardness vs. carbon precursor.
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Deposition rate vs Carbon Precursor
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Figure 10: Deposition rate vs. carbon precursors.

4. Conclusions
A novel hollow cathode plasma immersion ion processing method was used to deposit silicon containing
diamond like carbon (DLC-Si) films inside a one foot long 1020CS pipe with 1.75 inch diameter. A layered coating
structure was deposited which included an improved adhesion layer due to the removal of native oxide layers at the
substrate interface and a DLC top layer for excellent wear and friction characteristics. The coating was optimized for
high hardness and deposition rate based on hydrocarbon precursor in addition to other process parameters. Test data
proved that the coating provided excellent corrosion protection, in addition to high wear and abrasion resistance. This
coating technology has applications across multiple industries including oil and gas, automotive and others. The
coating offers strong benefits where tribological and corrosion performance improvement is expected for components;
examples include pump barrels, downhole tools and pipes, drilling fixtures, automotive cylinders, and other
components.
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