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Abstract: Tn order to combat dry lubrication occurred in the combustion chamber of a compressed natural gas
direct injection engine, the piston or piston rings have to be equipped with measures to address this boundary
lubrication igsue. Hence, the aim of the study is to address the issue which can minimize sliding friction in the
combustion chamber between the piston ring and the cylinder liner. To solve this problem, the wear resistance
level toward friction for piston ring during its interaction with the cylinder liner was enhanced using diffusion
coating technique. The piston ring is made of ASSAB DF-3 steel and several substances such as 0.9% carbon
(C), 0.85% chromium (Cr), 96.6% ferric (Fe), 1.2% manganese (Mn) and 0.55% titanium. The chemical substance
which 1s used for the diffusion process are the mixture of three substances 1.e., chromium, ammomum chloride
(NH,C1) and aluminum oxide (Al,0;). The piston ring together with the chromium mixtures were heated at
different periods of time. In order to improve friction and wear, the piston ring which is coated with 99.5%
chromium dust using a diffusion coating technique yields higher hardness compared to the original piston ring
due to its resistance toward wear. The hardness depends on the time maintained during heating. Furthermore,
it was also shown that the modified piston ring led to better reduction in coefficient of friction as well as less
weight loss due to wear. These characteristics can result in better endurance during engine operation and
prevent damage due to lubrication failure.
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INTRODUCTION

In internal combustion engines, coatings and surface
treatments are commonly used on components such as
piston, piston rings and cylinder liner 1 order to reduce
friction and wear inside the combustion chamber.
Functional coatings and surface treatments offer several
possibilities to improve the sliding properties of metal-to-
metal contact surfaces. The range of coatings and surface
treatments currently used m the reciprocating system
covers a variety of different compositions and deposition
techniques.

In general, there are several coating techniques that
are currently being used for deposition of wear-resistant
coatings on piston rings, namely galvanic coatings and
thermal spraying (Barbezat, 2005). Another surface
treatment method also commonly used for piston rings is
surface mnitriding (Pmedo, 2003) wlich combines
hardening and coating processes to produce a graded
iron nitride structure on the ring swrface region. In

addition, soft coatings for friction reduction can also be
applied (Tarasov et al., 2002). However, coated ring faces
may be susceptible to edge flaking, hence, precautions
like edge radius before or after the coating deposition and
use of inlays or semi-nlays covering only part of the ring
face is used.

A piston ring material 15 chosen to meet the demands
set by the running conditions. The material should be
elastic and resistant against wear and damage even in
hostile conditions. The ring ceating, if applied, needs to
work well together with both the ring and the liner
materials, as well as with the lubricant. Since one task of
the rings is to conduct heat to the liner wall, good thermal
conductivity 1s also required. As a result, grey cast iron
was commonly used as the main material for piston rings
(Mogul, 1998). From a tribological perspective, the grey
cast iron is beneficial as it consists of the graphite phase
which 1s preferred for dry lubrication m the conditions of
cold-start and oil starvation as it can also o1l reservoir
(Glaeser, 1992). To improve its resistance to wear and
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damage, the base material is coated with some materials,
usually chromium which is suitable for abrasive, corrosive
and hostile conditions. Hard chrome plating 1s commonly
used for the compression ring, where as other piston ring
swiaces can be thermally (plasma) sprayed with
molybdemum, metal composites, metal-ceramic composites
or ceramic composites, as a uniform coating or an mlay
coating material. According to Rastegar and Richardson
(1997) hard chromium layers can be improved by plasma
spraying chromium ceramic on the ring face, thus,
mncreasing the thermal load capacity.

As for any tribological surface, surface fimsh is
important for lubrication condition and frictional behavior.
For decades, piston rings have been coated both for
suppressing wear and also for reducing friction and thus
fuel consumption, especially during the runmng-in stage
of the engine operation (Ma et al., 1998; Priest and Taylor,
2000). Takumi et al. (2003) analyzed the mixture of
penetrating layer on a T1Al alloy and found that alloy T1Al
coated by Cr and Al has good oxidizing prevention on
high temperature. King et al. (2004) also modified coating
by means of penetrating on steel of pre-nitro carbon H13
and found that holes on the micro carbon H13 can be
reduced to have good microstructure. Ortmann et al.
(2003) studied on structuring process of CiN coating in
dry and lubricated sliding conditions and found that CrN
coated material has better sliding wear endurance and
lower friction coefticient. Shyrokov et al. (2005) performed
test and mathematical modeling to predict friction and
of thin chromium-based coating
applied for carbon steels and later found that thin
chromium based coating can exhibit higher resistance to
wear, friction and abrasion. Truetler (2005) studied
plasma-deposited coating for gas direct injection engine
of automotive components and noted its capability in
reducing friction and wear under well lubricated
components. Vetter et al. (2005) analyzed selections of
swface treatment methods for automotive engine piston
rings which can mcrease mechamcal and thermal loading
capacity, longer lifetime, weight reduction, friction
reduction and corrosion resistance as demanded for
modern automotive systems and concluded that piston
ring with chromium-based coating provided corrosion
protection, higher wear resistance and good lubrication
performance of the engine as well as improved material
strength for applications on high temperature load.
Skopp et al. (2007) used thermally sprayed titanium sub
oxide coatings for piston ring and cylinder liners of grey
cast iron under mixed lubrication and dry-running
conditions and found that piston ring and cylinder liner
with titanium sub oxide coatings possessed high wear
Furthermore, the combination of good

wear resistance

resistance.
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lubrication and grey cast iron with titanium sub oxide
coatings indicated high endurance to wear resistance than
those for coating.

As a summary on the brief literature review, chroming
process can be utilized to improve boundary lubrication
characteristics for the piston ring using certain material
that can provide interface between piston ring and
cylinder liner. Proper lubrication and good condition of
piston ring surface would increase the engine
performance and reduce the exhaust emission. Hence, this
study focused on the surface mtegrity and strength of
newly produced piston ring after undergone boundary
lubrication between piston ring and cylinder liner as
compared with the original piston ring for CNG fuelled
engine.

MATERIALS AND METHODS

Preparation of samples: In this study, several mixtures of
materials on the chromium coating, also referred to as
chroming, were used to determine suitability of the piston
ring surface for engine application. The study was
conduced at the Material Processing Laboratory and the
CNGDI Engine Laboratory at the Department of
Mechanical and Materials Engineering, Universiti
Kebangsaan Malaysia in 2007-2008.

The matenial for the new piston ring was the ASSAB
DF-3 steel with several other substances such as 0.9%
carbon (C), 0.85% chromium (Cr), 96.6% ferric (Fe), 1.2%
manganese (Mn) and 0.55% titanium (W) (Boyer and Gall,
1995). The chemical compound required for the chroming
process 1s a mixture of three substances, namely
chromium (Cr 99.5%), ammonium chloride (NH,C1 99.8%)
and aluminum oxide (Al,0; 99.0%). The percentages of
these substances represent purity level of the compounds
for the coating process. The addition of NH,CI was to
facilitate diffusion of chromium onto the base metal as it
can be a catalyst for the chroming process, while Al,O,
was added to enhance hardness and structural mtegrity
of the piston ring. A fumace (model: CMTS L16) was then
used to heat the piston ring and chromium on certain
temperature and period of time. A crock was used to mix
chemical substance and piston ring. The chromium crock
1s made of conventional steel meanwhile the specimen
which were to be chromed were dipped into the crock.

The piston ring depicted in Fig. 1 was manufactured
using a CNC machine which was then undergone the
chroming process. The dimension for the piston ring
followed exactly the current production piston ring
dimension which is to be fitted onto a piston of 78 mm
bore diameter so that the expected result meets the
requirement for the engine. In this experiment, four piston
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Fig. 1: Dimension of the piston ring and its cross-section
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Fig. 2: The temperature profile during (a) 2 h maintenance for the first piston ring chroming process; (b) 5 h maintenance
for the second piston ring chroming process; (c) 7 h maintenance for the third piston ring chroming process and
(d) 9 h maintenance for the fourth piston ring chroming process

ring samples were fabricated using the same material
(ASSAB DF-3 steel) with different heating process in
order to obtain different hardness values. The piston ring
was dipped into chromium tube containing of mixtures of
5-15% chromium, 1-5% ammonium chloride (NH,CL)
and approximately 80-94% aluminum oxide (ALO.).

Next, the chromium tube together with the piston ring
inside and the chromium compound was heated in the
fumace. The heating requirement for each chroming
process was summarized in Fig. 2a-d. For the first sample,
the fumace was heated for 2 h until the inner temperature
reached 1100°C. Then, the temperature was maintained for
2 h (referred to as ‘maintenance time”) followed by another
12 h of constant temperature drop to reach 36°C (Fig. 2a).
Then, the chromium tube with piston ring was cleaned
using a sand paper (320 grit silicon carbide) in order
to remove the remaining chromium dust and to make

464

its surface smooth. For the second sample, the furnace
temperature had been maintained at 1100°Cfor 5 h
(Fig. 2b). Similarly, for the third and fourth samples, the
furnace temperatures had been maintained at 1100°C
during 7 h (Fig. 2c) and 9 h (Fig. 2d), respectively. Then,
all the samples including the original piston ring and the
cylinder liner underwent the hardness test.

Hardness test: The hardness test was conducted using
the Shimadzu HMV 2000 Micro-hardness Tester, which
had been standardized for Vickers hardness (HV) test
according to the manufacturer’s instructions. The
purpose of this test was to determine the hardness of all
the piston ring samples as well as to ensure the
microstructure formed after the coating was applied to the
samples. For this test, the original piston ring and four
chromed piston ring samples were subject to loading of
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5 M for 10 sec. The loads were applied at 10 points of
different locations on the piston ring ard the averages of
the readings are calcwlated for all the samples.

Friction and wear test: Apart from the hardoess test, the
test for friction coefficient was also carried out using the
Reciprocating Friction Test (TR-28 IMME) which conforms
to the ASTRI DAEO7R statidard The test was performed at
a cettain speed emulating an engite operaticn of 1500 £ pm
withot coambustion. In addition, a digtal scale (Scaltel
SBA 317 was used to measye the weight of each sample
before and after the test. For this scope of study
combustion was ex chaded since the instrumentation wsed
to measwe friction coefficient cannot function under
extreme temperature cotdition

The experiment was cartied ot using two sets of
pistonring samples, the first sample was withthe original
piston ring which was made of grey cast iron while the
second sample for the friction and wear test was taken as
the third sanple it the hardness test, ie, the piston ring
which underwent 7 h at 1100°C inside the fiznace after
comnpating the hardness of the samples after vnder gone
the clromisaticn process with that of the cplinder liner.
Each st of experiments was petformed on three types of
Libwicad, namely the 15W50 and 200750 mineral ois
as well as the 10W40 semi-symthetic ol The codes for
these oils are according to the ratings by the 3AFE
(Society of Aagomotive Engineers) which prowdes
statidatds to the range of wiscosities for a mult-grade
mineral ol i centistokes. By using thiz
categotization,  the sAscosity range of oils hawing the
satte JAE rating iz similar regardless the commercia
bratid.  Diorecwver, these lubricant wete chosen to
maintain contimaty with the previous work carried
ot by Adeil ef o, (2009 which use similar lubeicartsin

iderdification of a suitable Iubricant for a compeessed
natural gas direct irgection engine.

The selected samples were then tested under a
teciprocal and sliding movemert on a cast iron platform
which mimics the red interaction in the engine between
the piston ring and the cast iron cylinder lner with a load
of 30 M for 5 h with the surrounding temperatire set at
100°C. After the coefficients of friction were determined
for all cases, the wear for each ring were assessed by
measring the weight difference before and after the test
atid the weight loss were calculated

RESULTS AND DISCU SSI0ON

Discussion on hardness test: After undergone a series
of heat treatmernt as specifiedin Fig 2, the AS3AR DF-3
pistonn  ting have been coated with cromivm with
different degrees of material diffusion depending on
the type of heat treatmert used The magrified wiew
of the original piston ring material is shown in Fig, 3,
which was made of grey cast iron with chromium
coatingg i order to rechice wear atd friction However,
an unsmooth suface is Wsible from the fioure where
the coated materials do not penetrate into the base
material andthisleads toinereased friction and wear after
i use.

O the other hand, Fig. da showed the strochare of
piston ring material, whichhave been chromed at 1100°C
for 2 h and undergone gradual cooling process for 12 hin
the furnace. It was  observed  that this chroming

process was incottplete with a measwed 33 HRe moaterial
hardness which iz slight higher than the hatdness of the
otigital base material (without clroming), ie, 427 HRe,
but lower than the production piston ring which was
meamredat 61 2 HRe.

Fig 3: Magnified wew of the oiginal piston ring srface
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Fig 4: Micro structare of pistonring suface material ASS3AR DF-3-clroming on 1 1007 furnace temperature during (a)
2 h of maintenance and 12 hof cooling; (0 5 hoof maintenatce and 12 hoof cooling; (6) 7 b of maintenance and
12 hof coding and () @ h of maintenatce and 12 hof codling

The diffusion of the chromivm mixture into the base
material can be Purther improved by using longer hour of
heat treatmert o 1100°C followed by similar rate of
temperabre drop dwing gradual cooling The micro-
siructire of the sutface material of the piston ring with
diffusion coating was shown in Fig 4b It is wishle
that the coat mixtwe (Cr 39 53%) integrated itself into
the original materid which resdts irto a hardness of
536 HEc. Thns, sustaining the temperatire for 5 hoalightly
increase the material hardness by 06 HEc sines, by
maintairing the piston ring heating temperatare, more
coatitng materisls can penetrate into the base material to
improve its hardness. Furthermore, the hardness was
further inprovedto 63 3 HRe (Fig 40 asthe temperatire
wag mantained for T h followed by 12 h of gradoa
cooling. As the time for sustaining the temperaure a
1100°C was itweteased (Fig 4d) to? hfollowed by 12 h
gradual codling the material hardness had increased
to @8 HEc(Table 1) which exceeded the hardness of the
cylinder  liner (66 HRC) as shown in Table 2. The
otiginal piston ritg from grey cast iton having the
hat dness averages 61 8 HEc after 10 time repetition as
summoarized in Table 1 compared to  the origina
piston rirng hardness of 427 HEc before chroming
(Table 2. A graph for the relation between the

466

mairteratce time and the resdting hardness is shown
inFig 5.

From ohservation through the images displayed in
Fig 4, it is obrrious that the quality of the penetration is
propottional to the resulted hardness. Howewer, the
selection of the fourth samples may cause scoring to the
cylinder liner since the hardness of piston ring iz higher
than that of the cylinder liner, while the first and second
sample is even softer than the orignal piston ring
Therefore, the third sample was chosen for a good choice
to be fitted into the engine. The selection can be justified
by locking at Fig 5 where the hardness for the sample
should ot exceed the limit set by the moaterial for oplinder
litiet.

Discussion on co ating microstucture: To see whether or
fuot the mict ostroctare produced by the cduoming process
is commparable with the outcomes produced by other
tesearcher, the coating peofile obtained from the stody
were then compared with works performed by other
tesearchers as reported here. Howewer, the scope of
coth parison is limited to the microstnacture profile since,
all the cases chosen used different compound to
strengthen the sutface as well as were applied for different
cotnpotents and applicdtions.
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Table 1: The results of piston ring hardness testing after chroming

Piston ring using ASSAB DF-3 after chroming (HV) (Termperature = 1100°C)

Piston ring before Constant. Constant. Constant Constant

No. chroming (ASSAB DF-3) temp erature for 2 h temperature for 5 h temperature for 7 h temperature for ©h
1 457 639 562 852 1254

2 337 538 554 852 1036

3 468 521 601 837 1361

4 369 542 572 879 1470

5 352 612 561 831 1505

6 361 539 543 864 1302

7 378 576 581 796 1451

8 462 516 575 801 1276

9 531 561 632 834 1348

10 472 590 547 863 1379

Avg. 418.7THV =42.7 HRc 563.4HV =53.0 HRc 5728 HV =53.6 HRc 840.9 HV =65.3 HRc 1338 HV = 68 HRc
SD 66.5 40.4 26.9 26.9 134.9

Table 2: The test results of original piston ring hardness and cylinder liner
Hardness of piston ring

Hardness of cylinder

No. of tests (grey cast iron) (HY) liner (HV)

1 821 863

2 769 872

3 724 844

4 693 890

5 802 893

6 716 895

7 733 870

8 678 831

9 691 831

10 721 842

Avg. T35HV =61.8 HRc 863 HV =65.8 HRe

SD 47.9 20.3
1.600+

r
400 Hardness for
200- original piston ting
3 T T L] 1 1
0 2 4 6 8 10
Maintenance duration (h)

Fig. 5: Relation between maintenance duration during the
chroming process and the resulting hardness

The first comparison was made with the work by
Vetter et al. (2005), who used a similar coating process for
connecting rod using the CuAlSn compound on a copper
substrate as depicted in Fig. 8a. From the microstructure
shown in the figure, the PVD coating form a visible
interface with the base material in which flake-debris can
be formed under certain loading and speed. On the other
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hand, Truhan et al. (2005) used the chromium-plated
piston ring and performed a test on the coefficient of
friction produced at different engine speeds. The
microstructure profile of his specimen clearly shows a
visible parting line between the coating and the base
materials which is the cast iron (Fig. 8b). A better coating
was produced by Nolan et al. (2006), who studied the
sliding wear for a TiN coating on a Ti-6Al-4V alloy
produced through the PVD coating process (Fig. 8c).
While this give a better coating quality and thus superior
wear resistance, the technology 1s not affordable to be
adopted for automakers for production automotive
engines. Another type of coating was presented by
Picas et al. (2006) which used the Cr,C,-NiCr powders as
depicted n Fig. 8d. From the microscopic observation, the
coating layer 1s seen to form a good bondng with the
base material. However, there may be an issue of surface
integrity due to the quality of its surface finish which
makes it unsuitable for automotive. From the comparison
made on physical observation for the micro-structure
patterns, it can be summarized that the coating layer
(chromium) laying on the surface of the base material with
certain degrees of penetration into the base material can

provide better resistance to wear as a result of increase in
surface hardness.

Discussion on friction and wear test: After performing
the friction test, coefficients of friction of the original
piston rings as well as the modified (chromed) piston
rings are listed, respectively in Fig. 6 and 7. From the
figures, it is evident that, under the same condition,
diffusion coating can reduce friction by almost 14-39% as
indicated in Table 3 depending on the lubricant used. This
is due to the capability of the chromium coating in
separating both the contacting surfaces while maintaining
low friction. This is similar to having a layer of solid
lubricant m between the o1l film and the base material
which in turn can also protect the base material from wear.
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Fig. 6: Coefficient of friction for the original piston ring made of grey cast iron for the tested lubricants
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Table 3: Comparison of coefficient of friction for the original and modified

piston ring
Types Original ASSAB DF-3 Friction
of lubricant piston ring chromed piston ring  reduction
10W40 Semi-synthetic  0.1114 0.09028 18.9
15W50 0.1153 0.09892 14.2
20W50 0.1741 0.1060 39.1

Table 4: Comparison of weight loss for the original and modified piston ring

Types of Original piston ASSAB DF-3 Chromed
lubricant ring (mg) piston ring (mg)
10W40 Semi-synthetic 0.5 0.4

15W50 0.4 0.3

20WS0 0.3 0.1

Overall, based on the test outcomes from Fig. 6 and 7, the
10W40 semi-synthetic oil gave the lowest coefficient of
friction among the three oils used. However, the
significant reduction was given by the test using the
20WS50 o1l as can be seen Table 3 since, the original piston
ring yielded a relatively higher friction. Hence, this test
proved the effectiveness of the modified chromed ring via
the diffusion coating process mn reducing the friction.

In terms of wear, its assessment can be made by
simply measuring the weight loss due to the test. The
weight loss for all cases is tabulated in Table 4. From the
Table 4, it was found that the weight loss for the modified
chromed piston ning was less than the original piston ring.
This also showed the capability of the modified chromed
piston ring in minimizing wear thus increasing the
endurance of the engine.

CONCLUSIONS

As a way to overcome boundary lubrication during
gaseous fuel combustion, coated piston ring can play an
unportant role to ensure smooth sliding and reciprocal
motion of piston ring along the cylinder liner, thus,
preventing damage on material structure. This situation
caused high frictional resistance between piston ring and
cylinder liner at high temperature, which can lead to
scoring and scuffing inside the cylinder liner. However,
piston ring with diffusion chromium coating at a
controlled temperature and duration 1s capable of
minimizing the debris produced which can consolidate as
much as the base material during the engine operation.
The piston ring with 99.5% chromium coating with 7 h
maintenance 1n the fumace 1s found to be suitable for
engine operation since it yielded a better hardness of
65.3 Hrc compared to the original piston ring with
61.8 HRc due to the effect of chroming process that
provide the resistance toward wear while maintaimng less
than the hardness for the cylinder liner. Further test on
friction and wear showed that the modified piston ring led
to better reduction m coefficient of friction for all different
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oil tested as well as less weight loss due as a result of
wear. Among the three oil tested, the 20W50 is seen to
gain the most from the proposed chroming process since
1t gained the highest friction reduction (39.1%) as well as
the lowest weight loss (0.1 mg). Nevertheless, in general,
the proposed chroming result in reduced friction
regardless the oil type.
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