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The sucker rod pump, an important machine in oil exploration and extraction, normally works in a heavy oil and
sand environment in which severe abrasion and erosion occur, especially on oil-well tubings. To improve the
service life, DLC coatings with different thicknesses are fabricated on the oil-well tubings and the mechanical,
tribological, and anti-corrosion properties are investigated. The results show that the thickness can be com-
promised with adhesion due to the low stress induced by alternate implantation and deposition at the pulsed

high-voltage bias. Compared to severe abrasion of the carbonitriding AISI 1045 oil-well tubing, the thick DLC
coatings have good anti-abrasion properties in the heavy oil and sand environment. Moreover, excellent erosion
resistance is observed from the DLC-coated samples as exemplified by the small corrosion current density and
high corrosion potential. The tests conducted in both simulated and practical working conditions reveal that the
service life of the oil-well tubing is significantly improved.

1. Introduction

The sucker rod pump, an important machine in oil exploration and
extraction, usually works in the heavy oil and sand environment in
which severe abrasion and erosion occur, especially for oil-well tubings
due to the low hardness, poor tribological and corrosion resistance of
structural materials such as AISI (American Iron and Steel Institute)
1020 and AISI 1045 [1-3]. Usually, carbonitriding and application of Ni
and Ti based hard coatings are used to improve the surface strength of
the components [6-9]. However, there are some drawbacks such as
large friction coefficients of Ti-based coatings, low erosion resistance of
Fe-based surface, and so on [10].

Diamond-like carbon (DLC) coatings possessing high hardness, low
friction coefficient, and excellent corrosion resistance have been de-
monstrated to be suitable for applications in the heavy oil and sand
environment [11-13]. However, owing to the high internal stress of the
DLC coatings and in order to avoid delamination, the thickness is lim-
ited to 1-3 um [11]. Small friction coefficients are usually obtained by
hydrogen doping of DLC coatings with H containing gases such as CH,

or C,H,, but the coating hardness may be compromised leading to more
severe abrasion. In fact, neither a small thickness nor low hardness can
provide sufficient protection in the heavy oil and sand environment.
Therefore, thick DLC coatings with excellent adhesion and hardness are
indispensable [14,15]. In our previous works [16], the internal stress of
DLC coatings could be reduced by alternating implantation and de-
position induced by a pulsed kV bias together with the fabrication of an
optimized Cr/CrCx/CrC interlayer and ion-based interfacial treatment
[17]. High adhesion (> 70N) and large coating thickness (> 50 pm)
are achieved for the hard (about 20 GPa) DLC coatings rendering them
potentially useful in the harsh environments.

In this work, DLC coatings are fabricated on oil-well tubings and the
effects of the coating thickness on the abrasion and erosion character-
istics in the heavy oil and sand environment are evaluated. Thick DLC
coatings (> 9um) exhibit both higher adhesion and more attractive
abrasion and erosion resistance in this environment due to lower in-
ternal stress and high bearing capacity. The coated oil-well tubing has
significantly increased serve life (5 times) according to the results ob-
tained under simulated and practical working conditions.
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Fig. 1. SEM cross-sectional images of samples deposited for different time: (a) 3h, (b) 6 h, (c) 9h, (d) 12h.
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Fig. 2. Raman scattering spectra of DLC coatings with different thicknesses.

2. Experimental details

Polished P-type Si (100) wafers (20 x 10 X 0.5mm) and carboni-
triding AISI 1045 steel pieces (20 x 30 x 1 mm) were used as sub-
strates. The AISI 1045 substrates were manually ground using abrasive
SiC paper from 320 grits to 1500 grits and polished with 1 pm diamond
paste using a velvet cloth. The samples were ultrasonically cleaned in
acetone, alcohol, and deionized water to remove polishing residues.
They were stored in an oven at 100 °C before deposition which was
carried out in a vacuum chamber 100 cm in diameter and 80cm in
height. The temperature in the chamber was increased gradually to
200 °C and the vacuum system was evacuated to a base pressure of
3 x 10~ 3 Pa. Before deposition, the substrate was cleaned with Ar ions
at a pressure of 0.8 Pa and bias voltage of —600V for 20 min. The
optimized Cr/CrCx/CrC interlayer was fabricated by high-power im-
pulse magnetron sputtering (HiPIMS) in Ar (99.999% pure) and C,H,
(99.8% pure) using a Cr target. The DLC coatings were deposited at a
pulsed bias (—7500 V, 50 Hz, 100 ps) using an anode layer ion source in
a gas mixture of 10 sccm Ar and 45 sccm CoH,, and the sample holder
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Fig. 3. Nanoindentation results: (a) Load versus displacement curves and (b)
Hardness and elastic moduli of different samples.

was fixed at 15 cm in front of the ion source during deposition. In order
to study the effects of the DLC thickness on abrasion, coatings were
deposited for 3h, 6h, 9h, and 12h.

Field-emission scanning electron microscopy (FE-SEM, ZEISS
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Fig. 4. Residual stresses of the DLC coatings with different thicknesses.

SUPRA® 55) was used to examine the morphology and measure the
coating thickness. The structure of the DLC coatings was determined on
a Raman spectro-meter (Horiba LAabRam HR VIS) with a 532 nm laser
as the excitation source. In order to exclude the substrate effect, na-
noindentation (Ti - 750,Hystrion, America) was used to determine the
microhardness at a maximum load of 25 mN. The residual stress was
measured by a film stress tester (FST100, SuPro Instruments, China),
which is calculated by Stoney equation based on substrate curvature
method. A scratch test instrument (WS - 2005, Zhongke Kaihua
Technology, China) was employed to determine the adhesion strength
between the coatings and substrate. A progressive load from ON to
100 N was applied at 3 mm/min and 50 N/min. A multifunction trib-
ometer (MFT - 5000, Rtec Instruments, America) was used to determine
the friction coefficients and abrasion characteristics of the DLC coated
samples against 5 X 5 X 2 mm AISI 1045 steel in the heavy oil and sand
environment at a load of 10N and wear length of 10 mm. In order to
simulate the practical working conditions of the oil-well tubings, the
tribometer was refitted with the part of the tubes and the heavy oil and
sand came from the oil field. The corrosion resistance was measured on
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an electrochemical workstation (CHI-604E, Shanghai Shenhua, China).
3. Results and discussion

Fig. 1 shows the cross-sectional SEM images of the Cr/CrCx/CrC/
DLC coatings deposited on Si substrates for different deposition time.
The Cr/CrCx/CrC interlayers and DLC layer can be identified clearly.
The Cr/CrCx/CrC interlayer with an optimal thickness of 0.8-1.0 um
releases the internal stress and forms strong adhesion between the
substrate and DLC coatings [16]. The thicknesses of the DLC layers are
about 2.7 pm, 5.3 um, 8.3 um, and 11 um, respectively, depending on
the deposition time. A typical amorphous carbon structure exists in the
DLC layers and there is no obvious difference except thickness among
the samples deposited using similar parameters.

Fig. 2 presents the Raman scattering spectra of the four DLC coated
samples for different deposition time. As a common technique to
characterize DLC [18], the typical Raman scattering spectra exhibit an
asymmetrical peak in 1000-1800cm™' corresponding to the char-
acteristic D and G bands for the DLC phase [19,20] and the intensity,
peak position, and full-width at half-maximum (FWHM) of the D and G
bands can be used to characterize the properties of DLC coatings. In
particular, the intensity ratio of the D and G peaks (Ip/Ig) is correlated
to the sp®/sp? bonding ratio. A smaller Ip/Ig ratio indicates a larger
percentage of sp> hybridized carbon [21,22]. The D and G peaks are
deconvoluted by Gaussian fitting. A small Ip/Ig ratio of 0.57 is observed
and the variation is small with different thicknesses, indicating stable
deposition independent of deposition time.

Fig. 3(a) shows the load vs. displacement curves at a maximum load
of 25 mN obtained by nanoindentation. All the samples show a similar
maximum penetration depth of about 290 nm. The residual penetration
depth of the 3h sample is about 110 nm and that of the other three
samples is about 90nm. The difference may be attributed to the
thickness (about 2.7 ym with the deposition time of 3 h) which is too
thin to avoid contributions from the substrate (penetration depth ex-
ceeding 10% of the DLC thickness) [23-25]. The hardness (H) and
elastic modulus (E) are calculated according to the load vs. displace-
ment curves as presented in Fig. 3(b). With the exception of the thinnest
sample, the DLC coatings show similar hardnesses of about 19.2 GPa,

Fig. 5. Scratch test results of the DLC coatings with different thicknesses.
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Fig. 6. Friction coefficients and surface morphology of abrasion tracks on the
DLC coatings with different thicknesses.
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Fig. 7. Potentiodynamic tests of the AISI 1045 substrate and different samples.

Table 1
Leorr and Egopr of yjr AISI 1045 substrate and different samples.
Sample Ecorr/mMV Teor/HA-cm ~2
AISI 1045 —1095.7 44.73
3h —859.1 1.14
6h —607.8 1.76
9h —683.6 1.31
12h —545.1 1.98

19.7 GPa and 19.6 GPa, respectively, which is about three times that of
the substrate. The elastic moduli are consistent with the hardness.
The residual stress of DLC coatings with different thickness are
measured and shown in Fig. 4. With the increasing thickness, the re-
sidual stresses for the four samples are —0.31GPa, —0.49 GPa,
—0.62 GPa and — 0.82 GPa, respectively. Scratch tests are performed to
detect the adhesions of the coatings on the substrate, which is the most
common failure mode of thick DLC coatings. Fig. 5 shows the optical
images of the scratch tracks of the samples with different thickness.
Interestingly, although the same interlayer and deposition parameters,
the adhesion of the different samples present significant difference. The
critical load of the thinnest sample is 45N, and it increases to 65N
gradually with increasing the DLC thickness. This unusual phenomenon
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indicates that stress accumulation is not the determinant of the adhe-
sion because of the small absolute value produced by the alternate
implantation and deposition with pulsed high-voltage bias [17], but the
thickness which can provide higher load-bearing capacity than thinner
DLC coatings becomes the determinant of the adhesion [14,15].

The friction coefficients of the DLC coatings against AISI 1045 steel
in the heavy oil and sand environment are presented in Fig. 6(a). A
larger friction coefficient of about 0.14 and a broader curve are ob-
served from the thinnest DLC coating. With increasing DLC thickness,
the friction coefficients decrease gradually and the curve becomes
narrower. Owing to the large amount of sand in the oil, abrasion is
exacerbated thus producing fluctuations in the friction coefficient
curve. They are especially obvious for thin coatings. The surface mor-
phology of the tracks is displayed in Fig. 6. As expected, the surface of
the thinnest sample is full of scratches caused by sand and most of the
scratches are deep up to the substrate, thus indicating failure of DLC
coating and fluctuating friction coefficients. The exfoliation areas ob-
served on the surface are supposed as the synergistic effect of wear and
corrosion [26,27]. With increase coating thickness, only some tiny
scratches can be observed implying improved abrasion resistance per-
formance in the heavy oil and sand environment. The excellent abra-
sion resistance of the thicker DLC coatings results from the higher load-
bearing capacity against hard sand particles.

The electrochemical corrosion behavior is investigated by po-
tentiodynamic tests. The polarization curves and details of I.,,, and Ecopr
of the different samples and those of the substrate are presented in
Fig. 7 and Table. 1, respectively. The AISI 1045 substrate has a low E.,,
of —1095.7mV and large I, of 44.73 pA-cm ™2 indicative of poor
corrosion resistance. All the coated samples show bigger E.,, and
smaller I.,,;. With increasing DLC thickness, the corrosion resistance
increases and the thickest one have the best corrosion resistance.

In order to simulate the practical working conditions of oil-well
tubings, the tribometer is refitted with the cutted tubes as shown in
Fig. 8(al) (Video 1 in supporting files). The external surface of the inner
oil-well tubing is coated with 12 ym thick DLC, whereas the inner side
of the out oil-well tubing is carbonitrided for comparison. Many deep
scratches can be observed in Fig. 8(a2) from the surface of the failed oil-
well tubing after actual use for three months. Similar scratches are
observed from the carbonitrided oil-well tubing after 15,000 test cycles
on the test machine but no obvious scratches appear from the DLC
coated sample. Further tests show deep scratches up to the substrate
after 75,000 test cycles on the DLC coated oil-well tubing. The sig-
nificantly improved service life can also be observed after the practical
working test as shown in Fig. 8 (b1-b5). Compared to the 3 month's
working life of the carbonitrided oil-well tubing, the DLC coated sample
starts to fail after 15 months for an improvement of 5 times over the
uncoated one.

4. Conclusion

To improve the service life of the oil-well tubing, DLC coatings with
different thicknesses are fabricated on AISI 1045 steel. The mor-
phology, structure, mechanical properties, abrasion resistance, and
corrosion resistance are investigated. The DLC coatings with different
thicknesses do not show significant differences in the structure and
mechanical properties while adhesion increases gradually from 45N to
65N due to the lower internal stress and higher bearing capacity for
thicker DLC coatings. Consequently, the thicker DLC coatings have
better abrasion and erosion resistance in the heavy oil and sand en-
vironment. Tests conducted under the simulated and practical working
conditions reveal that the service life of the oil-well tubings is improved
by 5 times.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.surfcoat.2018.09.081.
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