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Abstract – The present work investigates the friction characteristics of high carbon high chromium steel
(HCHCr) stationary seal in contact with resin impregnated carbon rotating seal without any interfacial
lubricant. An experimental setup was designed and fabricated to study the frictional characteristics of the
seal for varying normal load and at a constant speed. The reliability and frictional performance had been
improved further by providing DLC (diamond like carbon) and WC/C (tungsten carbide/carbon) coat-
ing over the substrate HCHCr D2 steel surface. Compared with the conventional stainless steel (316 SS)
mechanical seals, uncoated HCHCr D2 steel had shown better frictional characteristics. Also further de-
position of DLC and WC/C film on HCHCr D2 steel had shown significant improvement in the frictional
torque, frictional coefficient and face temperature rise. The high hardness and low surface roughness of
DLC and WC/C coated seal resulted in low and stable friction coefficient in the range of 0.04–0.05 without
any measurable wear.
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1 Introduction

Mechanical seals are the sealing device for any rotating
equipment, which prevents the leakages of liquids, gases
or any other hazardous process fluids through the clear-
ance between the housing case and the rotating shaft of
the pump [1–3]. It is specially designed to be used in cen-
trifugal pumps, mixers, compressors, boiler-feed pumps,
agitators and rotary unions. It incorporates various com-
ponents such as rotating ring (softer material), stationary
ring (harder material), and a spring, which ensures the ac-
tuation force for proper mating of ring at specific pressure.
Over the past two decades, pioneering studies have been
made in improving the bulk properties [4–6] and surface
sensitive properties of the mechanical seals to enhance
its performance and durability. In general, researchers
had tried two approaches using surface engineering con-
cepts [7,8]. Surface texturing techniques were mainly uti-
lized to improve the performance characteristics such as
vibro rolling, undulated surfaces, reactive ion etching,
abrasive jet machining, lithography and anisotropic etch-
ing. Overall, laser surface texturing had proved to be the
most advanced and effective technique which improves
the load bearing capacity, wear resistance, coefficient of
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friction of the mechanical seals by producing number of
micro-dimples on the sliding surface [9–13]. Also, several
studies reported with providing hard coatings over me-
chanical seals using physical vapor deposition, chemical
vapor deposition on the sliding surface to prevent tri-
bological related failures. In low friction CVD coatings
various diamond films such as nanocrystalline diamond
(NCD) films and ultrananocrystalline (UNCD) diamond
films were coated to enhance the tribological properties
of mechanical seals [8, 14, 15], whereas in PVD coatings,
diamond like carbon (DLC) had proven to be very ef-
ficient [16, 17]. It basically consists of a mixture of dia-
mond (sp3) and graphite (sp2), where its relative amount
of these two phases will determine the mechanical and
tribological properties of the coating.

In current practice, several different types of DLC
coatings [18], such as pure DLC, metal-doped DLC, and
carbide-doped DLC, were utilized. Among which, tung-
sten carbide/carbon (WC/C) coating (a-C:H:W) [19] and
pure DLC coating (a-C:H) were found to be more poten-
tial for sliding/rotating tribological surfaces. These coat-
ings provide good wear resistance, low frictional coeffi-
cients, and high load bearing capacity. These coatings also
proved to be an efficient option in improving the tribolog-
ical properties for various other mechanical components
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such as gears, ball bearings, punching and forming tools,
cutting tools and so on [20]. To the best of our knowl-
edge, as far as the application of mechanical seals is con-
sidered, there had been more research work carried out
in the surface texturing of the tribological seal surfaces
using the laser surface texturing technique and develop-
ment of diamond films (NCD and UNCD) on the sliding
surface of the mechanical seals substrates such as silicon
nitride (Si3N4), silicon carbide (SiC). But commercializa-
tion of these techniques is really a time consuming and
uneconomical. Considering the application of mechanical
seals, there are many factors such as sliding velocity, nor-
mal load, seal face temperature, seal face material, pair-
ing of stationary and rotating seal faces, which decide its
frictional characteristics.

In the present work, high carbon high chromium steel
(HCHCr D2 steel) is employed as stationary seal and resin
impregnated carbon known for its superior wear resis-
tance, anti-friction properties and corrosion properties,
is employed as rotating seal. In addition to that, low fric-
tion PVD coatings of tungsten carbide/carbon (WC/C)
coating (a-C:H:W) and pure DLC coating (a-C:H) were
deposited over HCHCr D2 steel stationary ring to improve
its sliding properties, coefficient of friction, load bearing
capacity, wear resistance and corrosion resistance. Also in
most cases, the effect of hard coatings and their tribologi-
cal behavior have been investigated by using a three ball-
on-rod tester, pin-on-ring tester, roller tester, four ball
tester, ball on disc and dry ball-on-flat reciprocating tri-
bometers and so on. But in this present work, a specially
designed mechanical seal test rig had been utilized to
study the frictional characteristics of the mechanical seal.
Also in specific seal applications, like agitators and boiler
feed pumps an abrupt change in speed and load occurs,
resulting in abnormal friction and unexpected wear [21].
So, in this work the seals were tested for various loads
ranging from 75 N to 350 N at a constant speed.

2 Experimental methods

2.1 Material and specimen preparation

HCHCr D2 steel is an air hardened high carbon high
chromium steel, which is known for its high hardness,
high strength, high wear resistant, easy to process, easily
available and low cost [22]. HCHCr D2 steel round bar of
diameter 50 mm is machined using CNC turning center to
a hollow ring of Ø43×Ø33×8 mm (od × id × thickness).
The HCHCr D2 steel stationary ring was found to have
the hardness of 57HRC measured using Mitutoyo Rock-
well hardness testing machine HR-210MR. The chemical
compositions of HCHCr D2 steel is reported in Table 1.
Whereas, stainless steel (316 SS) seal of Ø43×Ø33×8 mm
(od × id × thickness) was purchased commercially and
utilized for testing.

In this study, resin impregnated carbon was used as
a rotating ring, which is a widely used seal face mate-
rial because of its superior wear resistance, anti-friction
properties and corrosion properties [23]. The rotating

Table 1. Typical chemical composition of HCHCr D2 steel.

Element C Si Mo Mn Cr V
Weight (%) 1.50 0.30 0.80 0.50 12.00 0.90

Fig. 1. Schematic diagram of Mechanical seal test rig.

ring was purchased commercially with the dimensions of
Ø45 × Ø38 mm (od × id).

2.2 Mechanical seal test rig

2.2.1 Description of equipment

The designed seal test rig shown in Figure 1, versatile
equipment to conduct tests on multiple sizes of seals and
also of different kinds of seal materials. The machine is
equipped with a top holder, which can be hold the rotary
seal, pressed over the hard surface on the stationary seal.
The stationary seal locked in lower holder is made to press
against rotary seal rotated by spindle; proper spring pres-
sure between rings is maintained by placing dead weights
on the designed pan at the end of lever arrangement to
ensure full engagement. The spindle is rotated by a mo-
tor with belt drive, the speed of motor is controlled by
a variable frequency drive to provide uniform torque at
all speeds [21]. Resistance temperature detector (RTD)
sensors is mounted on the side of lower holder with the
tip touching the outer diameter of stationary seal are
used to measure the temperature of the outer diameter
of the stationary seal. The proximity sensor is employed
to measure the spindle speed. The mechanical seal test
rig, incorporated with the data acquisition card (I-DAS)
does the sampling of signals obtained through the above
mentioned sensors, which can be recorded in the com-
puter. The data acquisition card was controlled by the
WINDUCOM software (Ducom Instruments).

115-page 2



S. Shankar and P. Krishna Kumar: Mechanics & Industry 18, 115 (2017)

Table 2. Mechanical properties of different selected specimens.

Properties WC/C coated DLC coated HCHCr D2 steel 316 Stainless steel
Thickness (µm) approx. 1.85 ± 0.012 1.79 ± 0.014 – –

Surface roughness, Ra (µm) 0.39 ± 0.12 0.42 ± 0.015 0.37 ± 0.011 0.21 ± 0.022
Microhardness, HV50g 1500 ± 155 2000 ± 140 660 ± 90 190 ± 85

[A] [B] 

Fig. 2. (A) WC/C coated seal ring (B) DLC coated seal ring.

2.3 Film deposition and characterization

WC/C and pure DLC coatings were produced on
HCHCr D2 steel using DC magnetron sputtering pro-
cess [24]. Before the insertion of stationary seal into
the vacuum chamber, all the substrate were cleaned and
dried. Each category of coatings, the deposition sequence
starts with DC magnetron sputtering of chromium layer
to promote adhesion. The vacuum chamber was then
evacuated to a pressure less than 1×10−3 Pa. The WC/C
phase was deposited using the target material WC/Ni
(WC 93 wt% and Ni 7 wt%) with argon as sputtering
gas, and the carbon phase was grown from plasma con-
taining acetylene (C2H2) and argon. The major ingredi-
ent of the DLC coating was amorphous carbon (a-C). In
both coatings, the HCHCr D2 steel was maintained at
the temperature of about 210 ◦C to 250 ◦C. The coat-
ing thickness was appro × imately 2 µm, including the
chromium layer of 0.1 µm to 0.2 µm, with the process-
ing time of 120 min. The mechanical properties of the
prepared stationary seals are presented in Table 2. The
surface roughness of the specimens was measured using
the Mitutoyo SJ-410 roughness tester before and after
conducting the test. The entire coated specimen exhib-
ited higher Ra value than the uncoated specimen, which
had a Ra of approximately 0.37 µm.Images of coated me-
chanical seals were shown in Figure 2.

2.4 Testing procedure

The entire tests were carried out on a mechanical seal
test rig, shown in Figure 1, under dry running condition
with atmosphere air at room temperature –31 ◦C and
humidity 55%. The stationary ring was mounted in fluid
chamber that allows the self-alignment of the ring and
also permits axial loading of the stationary ring against
the upper rotating ring. Initial load of 75 N was applied
at the end of the lever for the full engagement of the
stationary and rotary ring. Each test includes a 3600 s
running-in period with a constant speed of 1500 rpm for

six loading conditions. After running-in, the load between
the rings was varied from 75 N to 350 N (in a step of
75 N, 150 N, 200 N, 250 N, 300 N, 350 N) [25]. For each
loading, the running-in period was 600 s. After each load-
ing conditions, the test was halted for 5 min. The seal
face temperature; friction torque and coefficient of fric-
tion were recorded for every 1 s using WINDUCOM. The
same procedure was repeated for all the stationary rings
(316 SS, HCHCr D2 steel, WC/C coated, DLC coated).
For the entire testing, resin impregnated carbon was used
as rotary ring.

3 Results and discussion

3.1 Friction coefficient

Tests were repeated with three samples in each case
and computed average friction coefficient was shown in
Figure 3. For each loading conditions, the coefficient of
friction attains its stable value approximately after 200 s,
which was found to be in agreement with the previous
studies [22,26]. In case of HCHCr D2 steel uncoated seal,
the friction at the initial stage (at 75 N load) of running-
in was low and remains constant. The factors responsible
for this low friction may be due to the presence of foreign
materials on HCHCr D2 steel uncoated seal layer such
as (i) moisture; (ii) oxides of metals and so on. So there
may be little or minimum metallic contact at the junction
and also the oxide film had lower shear strength result-
ing in low coefficient of friction. After initial running in,
the surface layer breaks up and the clean surface comes in
contact. At the same time, due to ploughing action shown
in Figure 4, there may be a chance of inclusion of wear
trapped particles [26] resulted with the increase in rough-
ness, face temperature and friction force. These factors
contribute with the increase in frictional coefficient val-
ues. After certain duration of running-in, the increase in
roughness and other parameters reached the steady state
value resulted in constant friction coefficient for the rest
of the running-in period. The average of those friction co-
efficients (µ = 0.061) has been calculated and shown in
Figure 3. The same phenomenon was found for all other
loading conditions and their average friction coefficient
was plotted in Figure 3. Whereas in 316 SS seals, the
same phenomenon as mentioned above was found, except
for the initial load of 75 N and the friction coefficient had
reached a stable value of µ = 0.097. The average coeffi-
cient of friction for each loading condition was given in
Figure 3.

In case of DLC coated seal, the friction coefficient
attained a lower value of 0.082 at initial load of 75 N.
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Fig. 3. Variation of frictional coefficient for different seal.

After that, the friction coefficient was found to be in fluc-
tuating trend and increased to higher friction coefficient
(µ = 0.105). This may be due to the detachment of wear
debris, as a result of sliding between two mating surfaces.
This wear debris acted as an abrasive particle trapped be-
tween the two mating surfaces [20, 27], which increasing
the sliding resistance as well as roughness, face tempera-
ture and friction force of the mating surfaces. After this
stage i.e. approximately after 200 s, the friction coefficient
attains a stable value (µ = 0.051). This may be due to
the formation of tribofilm as a consequence of sliding of
two mating surfaces [28], which is adhered above the DLC
coated seals, which had an significant effect in reducing
the friction coefficient. The average of those friction co-
efficients (µ = 0.051) was given in Figure 3. The same
phenomenon was found for all other loading conditions,
and their obtained average friction coefficient was shown
in Figure 3.

In case of WC/C coated seal, the same phenomenon
was found, but the friction coefficient values were found
to be lower than the HCHCr D2 steel uncoated and DLC
coated seal. At initial load, after the start of running-in
phase, it attained the lower friction coefficient value (µ =
0.062). There was no much increase in friction coefficient
as like in the case of HCHCr D2 steel, 316 SS and DLC
coated seals. This proved that the WC/C coated seal had
higher wear resistance and also the detachment of wear
debris was found to be less when compared with other
two seals. After running-in, approximately after 200 s,
the friction coefficient attains a stable value (µ = 0.044).
The average of those friction coefficients (µ = 0.045) was
shown in Figure 3. The same phenomenon was found for
all loading conditions which could be visible in Figure 3.
The friction coefficient values of WC/C coated seal and
DLC coated seal was found to be agreement with the
previous works [27].

These results suggested that the WC/C coated seal
exhibit higher wear resistance and lower frictional coef-
ficient compared to DLC coated, HCHCr D2 steel and
316 SS seals. The average coefficient of friction of 316 SS
was higher, whereas the WC/C coated seal had the low-
est value. It is evident from optical microscopy images as

 
Ploughing action 

Fig. 4. Microstructure of the sliding path surface of HCHCr
D2 steel seal after running-in test.

 

 

Ploughing action 

Fig. 5. Microstructure of the sliding path surface of 316 SS
seal after running-in test .

shown in Figures 4–7, that there were no ploughing action
in DLC coated and WC/C coated seals, as like in 316 SS
and HCHCr D2 steel uncoated seal. After the experi-
ments, DLC coated and WC/C optical microscopy images
in Figures 6 and 7 shows minimal wear track as compared
to uncoated seals. From the Table 3, it is also evident, af-
ter the running-in test for 3600 s, the WC/C coated seal
exhibited lower surface roughness (Ra = 0.42 µm), in
compare with the DLC coated (Ra = 0.47 µm), HCHCr
D2 steel (Ra = 0.89 µm) and 316 SS (Ra = 0.88 µm).The
results confirmed that the test carried out was not enough
to cause any damage on the coating (Figs. 6 and 7) which
may be due to the significant reduction of friction coeffi-
cient in WC/C coated and DLC coated seals.
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Table 3. Variation of surface roughness.

Coating WC/C DLC HCHCr D2 steel 316 Stainless steel
Before running-in test, 0.39 ± 0.012 0.42 ± 0.015 0.37 ± 0.011 0.21 ± 0.022

Surface roughness Ra (µm)
After running-in test, 0.42 ± 0.011 0.47 ± 0.017 0.89 ± 0.021 0.88 ± 0.011

Surface roughness Ra (µm)

Fig. 6. Microstructure of the sliding path surface (a) DLC
coated seal (b) WC/C coated seal before running-in test.

Fig. 7. Microstructure of the sliding path surface (A) DLC
coated seal (B) WC/C coated seal after running-in test.

3.2 Frictional torque

Frictional torque has the direct influence over the fric-
tional coefficient. In general, the increase in normal load
(N) will increase the frictional torque which was con-
firmed from the Figure 8. As the normal load increases,
the detachment of wear debris increases resulting in the
increase in surface roughness, thereby the sliding resis-
tance of the mating surface increases [29], eventually re-
sulting in the increase of frictional force [21]. Figure 8
shows the variation of frictional torque of WC/C coated,
DLC coated, HCHCr D2 steel and 316 SS seal for var-
ious normal loads. Among all the tested seals, WC/C
coated seal exhibits the lower frictional torque compared
to other category of seal material, which then increase
the tribological behavior as well as the life span of the
seal. 316 SS and uncoated HCHCr D2 steel shows more
or less same behavior. The main drawback in using 316 SS
seal was the adhesion issue in providing coating over the
substrates. This problem can be eradicated while select-
ing HCHCr D2 as base substrate. Moreover the results
from the coated samples had very low frictional torque
compared to uncoated samples.

3.3 Face temperature rise

The face temperature rise is an important parame-
ter which greatly influence the frictional characteristics
and the life span of the mechanical seals [21]. In general,
the face temperature rise was commonly seen in all four
substrates of WC/C coated, DLC coated and HCHCr D2
steel, 316 SS seal. Figure 9 shows the face temperature
rise of all samples, which was tested in the present case.
However, in comparison with DLC coated, HCHCr D2
steel and 316 SS seal, the WC/C coated seal exhibited
the lower face temperature rise. WC/C coated seal ex-
periences the lowest temperature rise of about 86.05 ◦C,
which was very low when compared with uncoated spec-
imen which experienced 105.8 ◦C temperature rise. It is
also evident from the (Figs. 4–7), there is no interference
of ploughing action in WC/C and DLC coated seals, as
like in 316SS and HCHCr seal. Overall result suggested
that the WC/C coated seals improves the performance
than the considered cases and the work also evident that
HCHCr D2 steel might be a better alternative for 316 SS
in future.

4 Conclusions

In the present work, the frictional characteristics of
316 SS, HCHCr D2 steel, PVD WC/C coated and DLC
coated seals were evaluated using the designed experimen-
tal seal test rig. Among the four seal substrates, PVD
DLC coated and WC/C coated seal exhibited the lower
frictional coefficient, friction torque and face tempera-
ture rise. The WC/C coated seal also showed higher wear
resistance to sliding wear compared to the other DLC
coated seal and HCHCr D2 steel seal. The test was carried
out for 3600 s resulted without any considerable damage
to WC/C coated substrate. These obtained results from
PVD DLC and WC/C coated HCHCr D2 seal shows po-
tential improvements in the friction characteristics and
the seal life compared to 316 SS. Overall coated HCHCr
D2 steel become a reliable mechanical seal for heavy load
and high speed applications, also as a better alternate for
316 SS.

The present work highlights the running-in test of
DLC and WC/C coated HCHCr seal under dry sliding
conformal contact. Whereas the mechanical seal test rig
is designed with the lubricating unit, so the study under
lubricating conditions lies in our future work. Also, it in-
vestigates the initial starting frictional characteristics of
pair involving WC/C and DLC coated seal against car-
bon, so hence running-in test was carried out for 1 h. The
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Fig. 8. Variation of friction torque for different seals.

Fig. 9. Face temperature rise for DLC coated, WC/C coated, HCHCr D2 steel and 316 SS seal.

evaluation of life time and wear rate of WC/C and DLC
coated seal under various loading and lubricating condi-
tion is the aim of our future progress.
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