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Friction reducing performance of carbon nanotubes overed pistons in internal
combustion engines — engine test results

This article discusses the posibility of reducingtion losses in internal combustion engines bngicarbon nanotubes, pointing
out the large potential of this application. Expeéntal pistons were made of standard aluminum aloy coated with a layer of
nanotube deposits by spraying them with an aqueolusi@n containing the binder. The proposed tecbggl of applying layers of
nanotubes can be adopted in industrial-scale prtidac Engine tests were carried out showing a sigaift reduction of the engine
motoring torque, up to 16% for the experimentatgis, thus confirming the favorable tribologicabperties of nanotubes observed in
tribological research and reported by many auth@applementary tests were carried out: SEM, EDSidioate measuring technique,
and x-ray tomography. An alternative technologyHi@rarchical nanotube multilayer coatings electteposition was proposed.
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1. Introduction

1.1. Significance of friction losses in internal anbustion
engine and the ways to reduce it

There are currently about 1 billion cars in use ldor
wide, the vast majority of them are powered witstqm
engines. Tens of millions of new cars are manufectu
around the globe every year, also among theseacgrsat
majority is still powered by piston engines. A ptgywpin-
ion in recent years is the mistaken belief thaterarssions
are a major source of environmental pollution andaor
cause of the greenhouse effect, and that the spltni this
is to replace the internal combustion engine witlekectric
one. In fact, the use of electric cars makes senkein the
centers of large cities where emission problems rave
successfully controlled.

the engine components are kept in motion, and fnas
duce a frictional force similar to that produceddenhigh
load. Mechanical efficiency of the engine in theINEtest
and under normal operation of the vehicle is sigaiftly
less than 50%, thus becoming the main factor détémg
the low overall efficiency of the engine. This isweell-
known problem where direct methods of approachedas
on reduction of friction losses, have already besdely
exploited [18, 41] leaving very little scope forrtiuer im-
provement.

Another, indirect and more effective way to redéroe
tion losses is to replace a large engine with allemane,
usually with lower number of cylinders, and to camgate
the power deficit through the application of turbaming.
This concept is called "downsizing" [17] and hasrbsuc-
cessfully implemented for most car engines produiced

Well-to-wheel analysis has shown that even if thergurope in the last 10 years. The higher the degfelwn-

were a breakthrough in the construction of thedpgtin the
near future, wide use of electric motors in car pdrins
would have a negative net carbon dioxide emissiuals
ance [6, 39]. The solution to this issue would beadical
increase in the share of renewable energy souncg®bal
electricity production, but this task would takecddes to
achieve.

Contemporary conditions mean that efforts to mdiee t

internal combustion engines more environmentalgnfily
and powerful are the most important. The overditieihcy
of the modern automobile engine reaches 45%, dytfon
medium speed and high load conditions. In theseatipg
conditions the friction loss contribution in theabenergy
balance of the engine is small, which is expredsedhe
mechanical efficiency exceeding 90%. Unfortunatety,
normal operation the car engine works most of time tat
small and very small load conditions, and thenfttation

loss plays a dominant role in the overall energlaize.
The most frequent operating condition of the ina&icom-
bustion engine is one where the actual power ig serall
in comparison to the engine’s maximum power, billt adt

sizing, the greater the benefits in terms of imprgvthe
efficiency and reducing fuel consumption. The lzaris the
increasing mechanical and thermal load of the engiruc-
ture, which can be controlled by the use of newenials
with properties superior to the conventional malsrused
to date [17].

In the opinion of the authors, the next step ingdlacess
of improving the design of internal combustion emg can
be the application of nanomaterials. Carbon narestub
(CNT) are a relatively recently discovered and risteely
studied material [4, 11]; among their unique feasuex-
tremely beneficial tribological properties are aftenen-
tioned [8, 22].

1.2. Results of atomic scale carbon nanotube resear
The authors expect that the use of CNTs in thegdesdi
internal combustion engines may reduce frictiors lasd
fuel consumption. Furthermore, CNTs can allow fof i
creasing the permissible normal load in slidingtaop e.g.
on the piston skirt. This can allow for shiftingethorder of
downsizing and may be an indirect but very effextap-
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proach to increase the overall efficiency and redfiel
consumption of vehicle engines. Checking the vBlidif
the above hypothesis requires multi-stage reseanith,

tute a catalyst for the synthesis of CNTs. Thitlsgsis was
plasma-assisted, and the choice of plasma parasneter
bled the shaping of adhesive properties in obtalagdrs.

special emphasis on engine tests. These are pingeerThe tribological testing was performed using a patissed

studies and the authors do not know of any intenat
publications which contain results of similar sesli

against a rotating plate, in a vacuum and in maiistThe
results show the benefits of the strong bond beatwtbe

The literature presents numerous papers whose iexpdayers of CNTs and the parent material. The lovirastion

mental work consisted of determining the frictiooeffi-

coefficient of less than 0.1 was obtained for laywiith

cient of CNTs by the method of simulation of dyneamihigh adhesion, which did not undergo mechanicatrdes

processes on the atomic scale [31, 38, 44]. Th&dn and
adhesion phenomena, in relation to a single CNTewaéso
the subject of research conducted using atomieforicro-
scopes (AFM) [9, 15, 30].

The work carried out independently in a numberesf r
search groups has led to determining the coeffisieri
friction that differ by two orders of magnitude arore.
Adhesion occurring at the atomic level makes ificlift to
extrapolate the results of research conducted ifagles
CNTs on the surfaces of macroscopic size. The tesil
the research of friction processes in the microgcepale,
however, allow for clarification of the followingnior-
mation for the engine tests:
the friction force of CNTs is largely dependent the
direction of movement relative to their axis

tions of atoms and in the atomic scale leads toeased
friction force

the value of the friction force
the friction force increases with the speed of €T
movement relative to the substrate

tion. Furthermore, it was observed that in ordereduce
friction, it is desirable to use layers of CNTs lwi high
order parameter.

A later, independent project [1] synthesized CNTs
ordered parallel structure on the sample surfacgafiless
steel. In one of the experiment series an interatedayer
of cobalt was used, resulting in more compact ghowit
CNTs and strongly favorable tribological properties

Although the research results shown did not inclime
use of oil or any other lubricant, the informatfonmulated
on the basis of these results may be useful inrsteteding
the phenomena of the boundary lubricating regimehen
piston skirt.

The subject of the research presented in [40] havit
bration damping properties of epoxy resin contajniar-

an increase in temperature increases the thermal ntn fibers, on the surface of which CNTs have mgrhe-

sized. CNTs entangling the carbon fibers led talastn-
tial increase in contact area with the resin, andbéed a

the diameter of the CNT does not substantially caffe significant improvement in the damping propertidsthie

composite. The damping and energy dissipationatiieors
explained, is the result of the friction occurringtween the
resin and CNTs. Presented composites [27, 40] raexes

atoms of non-carbon elements attached to the oui®s an inspiration to create layers to replace tfaphite

surface of the CNTs can greatly reduce the frictiopiston skirt coating. Similar materials are alreathed in

force; the use of fluoride [42] can reduce the fioieint

of friction by 0.002—-0.070.

Due to the relatively weak interaction between dipe
posite walls in multi-walled carbon nanotubes (MWIE)
solely resulting from van der Waals forces, theg de-
formable. The deformations are elastic and revkrsiénd
the CNTSs are not destroyed in the process, dugetsttong
covalent bonds between adjacent carbon atomselstthd-
ies discussed in [37] single-wall and multi-wallnotubes
were subjected to loads in the plane perpendidoldheir
axis. A linear dependence of strength and defoomatias
found, which allowed for the determination of theung's
modulus. For single-wall carbon nanotubes (SWCNZ's)

commercially produced friction bearings [2, 34,.36]

In parallel to the research into resins describieave,
works are also carried out in order to create Céalfiforced
composites based on aluminum. This is usually aekidy
using powder metallurgy; CNTs are mixed with metal
powder, sintered and subjected to an extrusiongs®f25].
The technique is time-consuming, costly and diffito use
in high-volume production of engine pistons. Thiemla-
tive is a modification of the piston surface matkrivhich
may include the introduction of CNTs into the alamin
alloy in the friction stir process. A descriptiofi such a
successful experiment can be found in [21, 28, R@re
at the same time the resistance of the SWCNTs dgb hi

modulus of 810 #410 GPa was obtained, while foremperature that occurs temporarily during thetifric

MWCNTSs with a diameter of 26 nm to 76 nm, it wa28l.
+0.59 TPa. In the same study it was found thanibehan-
ical properties obtained in the catalytic synthesik
MWCNTSs strongly depend on their structure. Theliesi

cy of the atomic structure of the CNT may be usadtlie

covering layer of the piston skirt to dampen thecés
caused by lateral motion of the piston.

1.3. Research of layers formed from carbon nanotulse
performed outside the engine

The laboratory research of layers of CNTs obtaibgd
the catalytic synthesis on the surface of silicanbie is
documented in the literature [3]. The surface @& Hub-
strate was sprayed with nickel nanoparticles wihtichsti-

process was confirmed.
2. Materials and methods

2.1. Research concept

Particularly preferential tribological propertie$ car-
bon nanotubes reported in microscopic scale stussewy
AFM were confirmed also in relation to the macrgsco
surface properties studied in a tribometer. The afnthe
research presented in this article was to verifyetivlr
carbon nanotubes deposited on the piston skirtedat-
tively contribute to the reduction of internal comskion
engine friction losses.
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The authors conducted their most extensive stugfies surface of the standard aluminum pistons with a&dayf
CNT covered pistons using the original test stanilt las industrial grade MWCNTSs of diameter around 15 nng a
part of a doctoral thesis [24] and described iradiddter in  the of length in the range 5...20 pm. The solutiors ywee-
the monograph [23]. Due to its design the constdidest pared from four constituents: 100 ml of distilleater, 300
stand allows the simulation of research conditidoser to mg of dodecylbenzensulfonic acid (DBS), 300 mg of
the complete working engine than a classic tribeméthis MWCNT PD15L5-20, 5 ml of potassium silicate soluatio
test stand is used to measure the sum of fricissds in (KASIL 1, 2.50 weight ratio potassium silicate, 2%h
the piston assembly and the crankshaft bearingoindi- K,SiO, solution in water. PQ Corporation, P.O. Box 840,
tions similar to those prevailing in an operatimgiae. Valley Forge, Pa. 19482, USA.) The distilled water,

The concept of the study is a comparison of theomot MWNCTs, and DBS were sonicated with a horn sonicato
ing torque of engine mounted with the standarcopstvith  for 10 min. The potassium silicate was then added, the
the corresponding values for engine with the expental complete solution was stirred for 1 min.
pistons coated with a layer of MWCNTSs on the skirt. The aqueous solution of CNTs was applied in a numbe

Directly after installing the experimental pistoimsthe of successive passes by spraying onto the surfadkeo
engine preliminary test lasting 100 minutes wadquared piston, which had been pre-heated to 95°C. A favs tef
at a constant oil temperature of 80°C and at ataohs milliliters of the solution were used to cover thl@rt sur-
speed of 1000 rpm, while monitoring the torque. Pe- face of a single piston. The process was finalizgdeep-
pose of this initial test was the rejection of pist, which ing the piston at 300°C for 1 h.

did not provide stable working conditions. In order to develop the technology, many tests have

Both for the reference pistons and the experimguital been performed using cut parts of the piston atet laith
tons fundamental tests were performed for 96 ojpgrat whole pistons. In total, tens of pistons were udrd,only
points of the engine at a wide range of oil tempges six of them were considered adequate to test iretiggne,
(50°C, 80°C and 110°C), rotational speeds of tamkshaft creating three sets of pistons for a two-cylindegiee.
(set in steps of 250 rpm starting at 500 rpm up@0 rpm) Finally, only one set of pistons (pistons labelld® and
and load, simulated by changing the air pressuretfe A3) successfully passed the preliminary enginedadtwas
cylinder supply (0 bar, 1 bar and 1.5 bar). used in the fundamental friction tests. Figure & idgew of

The experimental pistons which passed throughhall t a standard aluminum piston used for the refereeseand
stages of engine research had a total engine rgiinire of  the final version of the experimental piston withager of
about 10 hours. CNTs on the side surface. The proposed coating\Jfgds
the subject of extensive research as an alternadivihe

2.2. Experimental pistons : :
Experimental pistons were made by the NanolLab In?s’;tze}ndard coatings of graphite or molybdenum [12-25,

company using a procedure developed by that company
Experimental pistons were prepared by covering siet

REFERENCE PISTON T S e EXPERIMENTAL PISTON
= ' E
E i g
w Ji = )
(o] i ko v
L2 B ;
|
"~ ® 20 mm / @ £ E
L3 ol ! S
THRUST SIDE |

Fig. 1. The original piston made out of aluminuteyland an experimental piston coated with CNTiswgng horizontal levels L1-L3 determined for
further assessment of wear

2 3 Test bench according to DIN 1319 was as low as +0.025 Nm). The
-, estbenc . . e Spider 8 device produced by HBM was used for rdogrd
The test bench (Fig. 2) consists of a modified two; .
. A ; . . the measurement signal. Each of the torque valtesept-
cylinder in-line internal combustion engine drivey an d in thi . lculated fromG®D
electric motor. The torque is transmitted througl shaft ed in this paper Is an average calculated from don-
with an HBM t e T5 torgue meter of ranae 50 Nmiakh secutive measurements recorded at a frequency .
enables accurgfe measu?ement of tor ueg(the relanéind— The engine camshaft is immobilized, leaving alives
o . q in the closed position; the crankshaft-driven wated oil
ard deviation of reproducibility declared by maraitaer
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pumps were also immobilized and replaced with detsi A very important original feature is the systemttha
units, powered by individual electric motors. Thgplleed maintains a constant oil temperature with an ogiea
changes meant that during each revolution of taakghaft cooling liquid heat exchanger, with a radiator,eatier and
the piston forces compression and decompressiotheof electrically powered coolant and oil pumps. The RHh-
load contained in the cylinder, while a portiontleé cylin- troller makes it possible to maintain the desirédempera-
der load leaks into the crankcase. With the engalges ture with +0.2°C accuracy, ensuring the reprodlitjbof
closed, blow-by gases can be countered by the fusddd the measurements. For the standard engine cortfigura
tional one-way valves mounted in place of the sprugs, the deviation of the medium torque value in a seoé
and named load refill valves. The test bench degagmits 20 000 standard recording data points never exceedd
opening and closing of these valves to allow frieénéake, Nm. This was confirmed during the tests involvire t
either from the ambient air or of air supplied ateatain same working conditions, performed independentlgeat
overpressure. Funneling more air into the cylindetthe en day intervals.

beginning of the compression stroke under incregsed- In comparative studies presented later in thiclartia
sure causes an increase in the maximum cylindesspre. standard Castrol Edge engine oil with viscosity dgra
This is a method to simulate increased load irehergine. 5W/30 and quality class API SL was always used.

Fig. 2. The test bench for measuring the frictimssks in the crank mechanism; general view orefhaihd a method for measuring the torque of the
motoring torque on the right

- Computer tomography of the pistons in order to elim
nate hidden defects in materials: GE v|tome|x s 240
Examining the CNT layer structure: SEM Mira 3
Tescan and Jeol JSM-7001F microscopes.

EDS: Princeton Gamma-Tech, Inc.

2.4. Piston surface characterization
Studies of experimental engine pistons are precéged
a series of experiments designed to characterezé&tter of
carbon nanotubes; many of these studies were expeat
after the engine test and removing the pistons fthm
engine. 3. Results
- Testing the roughness of reference pistons surface, . o
experimental pistons before application of CNTseraf 3-1. Engine friction measurement )
application of CNTs, after the engine tests: Mahr Figure 3 shows a comparison of the results obtained
Perthen Perthometer S8P profiler with a contactsmea Preliminary tests made on one of a test versiothefpis-
ing tip RHT6-50 was used. Stylus tip radius wasns p tons and the final version of the piston. Due @ drearly
and the pressure force was 0.8...1.2 mN. unstable behavior of the friction losses of theieagistons
- Examination of the surface shape of the referemck aWith experimental pistons the test was discontintieel test

experimental pistons before the application of CNifis made for the final version of pistons was complesed-
ter the application of CNTs and after engine teSts: cessfully. Due to the fact that the methodologynt#as-

ordinate measuring machine DEA Global Image 7.7.5rement in the preliminary test and the actualstesas

with the Renishaw SP25M probe head and SM25_|§enticaI,the obtained results may also be usedsess the
module; measuring tip with a length of 62 mm and KeProducibility of the measurements. _
measuring ball of diameter 6 mm was used. Figure 4 shows_ a comparison between the motoring
- Formtester used for the measurement of the CNTdaye©0rdue for the engine with the standard and exentad
wear: HomraneI etamic roundscuan 535 y pistons A2 and A3. Each of the three graphs shdws t
) - : ' torque registered over speed range for a define@mper-
Examining the shape of the cylinder walls beforel anature. Each point in Figure 4 was created by caling the

after the tests, to determine the wear of cylindening | f : toring t hich -
surfaces: digital bore gauge Mitutoyo 511-501. mean value ot engine motoring torque, which was

COMBUSTION ENGINES, 2018, 172(1) 17
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for about two seconds. The example comparison siaim
taneous engine motoring torque for reference andl CN
covered pistons, registered at 500 rpm and 50 @elie-
gree of the oil temperature, is show in Fig. 5. Each
temperature there were three series of tests, n@rin
terms of piston side load, resulting from the puesf the
air supplied to the cylinder. The oil temperatunel &ylin-
der supply air pressure are given in the descriptibthe
measurement series; the higher the air presswajitier
the gas force and the resulting normal force pngssie

piston against the Cylmder wall. Fig. 3. Preliminary engine test of two CNT-coategerimental piston

versions representing early and final developmeges; comparing the
stability of the engine motoring torque over time

Fig. 4. Comparison of engine friction losses ohd&rd aluminum pistons and pistons coated with Cl¥$s function of engine speed; results measured
at different engine oil temperatures and cylindgpdy pressures

Fig. 5. Comparison of engine motoring torque ragnal for reference aluminum and CNT covered pistons

18 COMBUSTION ENGINES, 2018, 172(1)
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3.2. Characterization of the CNT layer on
the experimental pistons

After dismounting the experimental pistons
from the engine, it was found that the adhesion
of the layer of CNTs on the aluminum surface
of the piston was sufficient and no layer peel-
ing occurred. Signs of rubbing of the layer of
CNTs on the cylinder wall could be seen by
naked eye; the layer of CNTs had been clearly
smoothed, but at no point was it scratched to
reveal the aluminum surface. The intensity of
the abrasion phenomenon of the layer of CNTs
can be inferred from Fig. 6, which shows the
results of measurement of the shape of the
experimental piston skirt before mounting it in
the engine and after the engine test. Indirectly,
the wear on the CNT layer surface also shows
a reduction in surface roughness during engine
operation. Surface roughness was measured
for each of the piston for six sections symmet-
rically located on the circumference, eac
measuring section had a length of about

Fig. 6. The radius of the piston skirt coated v@tiTs, measurements on the piston thrust
side in horizontal levels L1, L2, L3. Results obtd with the coordinate measuring tech-

mm. The most characteristic surface profilc  nigue before installing the piston in the engiraigsline L1B, L2B, L3B) and after the
engine test (dashed line L1A, L2A, L3A)

are shown in Fig. 7, an overview of the bas
parameters is shown in Table 1.

Table. 1. Parameters describing the surface rosghofeested pistons

Piston Reference A2 and A3 Experimental (averafiseesa
Research phase after engine tests  before appl\Wig d before engine tests after engine tests

Measurement methoq mean mean mean major thrust sidi@or thrust side| mean after tegts
% Ra 3.99 3.39 4.72 3.33 4.18 3.75

IS Rq 4.57 3.95 5.78 3.80 4.85 4.33

g Rt 15.57 16.91 38.41 17.42 24.21 20.82

o Rsk —0.06 0.79 0.4 0.26 0.23 0.24

Fig. 7. Selected characteristic profiles of theralt surface of the pistons used in the frictiorasueements
COMBUSTION ENGINES, 2018, 172(1) 19
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The upper part of Fig. 8 shows the shape of theirga

surface of the piston with a layer of nanotubese Pplston
shape is presented, where the horizontal axis septs the
perimeter of the piston’s bottom side. The lowert jp& the
figure presents the topography of the surface & same
form. The images on the left show the major theidé of
the piston, while the images on the right the mitioust
side. All the data shown relate to piston A3, whére
relative values were the same for the second exgetal
piston. The images show the surface of pistons weat
taken out of the engine after the end of the engists.

Before mounting the piston and at the end of thggren
tests the diameter of the cylinders was measuré® iayl-
inder sections. There were no significant signsveér and
the average wear of all sections was 8

Figure 9 shows the structure of a layer of CNTghen
surface of the experimental piston. This SEM image

was recorded for the piston taken out of the engine
the end of the engine experiment. Before takingiriege,
the sample was washed in acetone.

Fig. 8. Piston wear as a result of the engine;tdstsbearing surface on the major thrust side shawthe left and minor thrust side on the righg t
shape of the bearing surface of the piston coattdnanotubes shown on the top and the surfacegtapby on the bottom

The EDS analysis has found that in addition to @asb

the surface composition also contained aluminumisog
which are the products of abrasion of friction camgnts.
The aluminum alloy also contained silicon; whileyggn
and potassium are substances used in the procesplyf
ing the CNTs. Spectroscopy results are shown inHlg

Fig. 9. The surface of the CNTs on the piston; ieneaptured after the
completion of the engine tests from a sample waghadetone

The EDS analysis has found that in addition to @arb
the surface composition also contained aluminumisnd
which are the products of abrasion of friction caments.
The aluminum alloy also contained silicon; whileyg&n
and potassium are substances used in the procesplgf
ing the CNTs.

Fig. 10. EDS spectroscopy for the surface of CN/Ela@n the piston
dismounted after completing the engine tests

20
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A series of experimental studies of pistons waslified

ration of the piston surface, and conducting ther Gdpo-

with a computer X-ray tomography of the experiméntasition process using a periodically reversing autirenade

pistons. CT scan shows the close adhesion of thEsGdl
the material of the piston; no presence of anybabbles
was found at the layer border.

3.3. Ideas for improving the technology for appliciion
of carbon nanotubes

This article presents a spray method of applicatén
CNTs on the piston skirt which is only one of maussi-
ble methods. An alternative technique is to usayarl of
resins, polymers containing CNTs with proved fatdea
tribological properties [10, 16, 19, 20, 34, 35, 48]. The
use of IG-type CNTs with ferromagnetic catalyst oyzarti-
cles at their ends enables an external electrontiagfiedd
to interact with the CNTs and produce an ordereatiaip
structure.

The authors have, however, researched the posgibili
using another original method based on electroly¢iposi-
tion of MWCNTSs from an aqueous solution. Suitabiepga-

it possible to obtain a layer with high adhesiod anomis-
ing properties. These layers are characterizedrbiatively
ordered spatial structure (Fig. 11), different frdma struc-
tures obtained by spraying CNTs onto a surfacendJ#ie
piston layer of CNTs obtained by the process oftedelep-
osition, the anisotropic properties of the CNTs Idobe
taken advantage of in order to reduce friction.

In the long term one can imagine a hierarchicalltimu
layered structure of CNTs applied on the pistomntskihere
each layer would have a specialized function. Tdoged
closest to the piston material would provide highesion,
then a layer of damping, the next layer with fatdearibo-
logical properties, and the contact surface layeuld pro-
tect a new engine from seizing. It seems likelyt tha use
of nanoparticles of established favorable tribatagichar-
acteristics (Co, Mo, W) could contribute to the nowe-
ment of properties of hierarchical layers base@€biTs.

Fig. 11. The layers of CNTs obtained in the proa#ssectrolytic deposition: a) ordered structuf€€dTs shown in a cross-section of layers; b) arder
structure of CNTs on the surface of the layer dftarding and rupture; c) oxide layer on the metefbse formed by a chemical method significantly
enhances the CNT adhesion to the base metal s(léiceart of the picture), even if the CNT layeibroken down the metal surface will not be cleane

of CNTs

4. Analysis of the results

The analysis of the results was divided into twdgahe
main part concerns the results of friction loss¢les,second
part is a supplementary research conducted torhettier-
stand the phenomena and processes occurring Entjiee
and determining friction and wear.

4.1. Ideas for improving the technology for applicdon

of carbon nanotubes
It should be considered that the recorded enginmo

ing torque values are determined by the followingirm

components:

a) friction losses occurring between the pistomtsad the
cylinder, which are the subject of the analysisthis
study

b) friction losses between the piston rings andctiimder

c¢) friction losses in the crankshaft bearings

d) the escape of part of the compressed load frencyl-

inder to the crankcase (blow-by), and thermodynam|(lon

losses associated with heating the cylinder walls.

It can be assumed that the layer of CNTs on theipis

skirt surface does not substantially affect thecpsses
listed in points b-d. Therefore, comparison of tegine
motoring torque registered in the same operatimglitons
of the engine for the standard pistons and pistoates

with CNTs should allow determining the impact ofth
layer of CNTs on friction losses.

The use of CNTs on the piston skirts resulted sigaif-
icant reduction in friction losses, expressed lgerease in
the engine motoring torque, reaching up to 16%seiriain
engine operating conditions (Fig. 4). It should ésapha-
sized that the disclosed difference relates to dherall
friction losses, which beside the loss at the pistart, also
consists of friction losses caused by piston riagd bear-
ings of the crankshaft. The test results preseiriethe
literature indicate that all three of these kineémagirs are
comparable in terms of friction losses [32, 33]efdfore,
the reduction of friction losses recorded aftetdhisig the
experimental pistons, in which only the skirt sagfanate-
rial was changed, is surprisingly high.

It is suspected that such a large reduction itidicloss-
es, observed after mounting the experimental pistaith a
CNT layer, should not be attributed solely to foat
anges on the piston skirt. Supplementary resehash
shown that the prototype CNT layer was charactdrizg
rapid wear — during a few hours of research pretdue
several hours of engine run-in the CNT layer théede
receded by about 20 pm due to wear (see Figs @)afithe
ablated CNTs have probably dispersed well in thgiren
oil, due to the continuity of the process of atiri{ and

COMBUSTION ENGINES, 2018, 172(1)
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could reach all the friction components with thecoiculat-
ing in the engine and noticeably reduce the tatiatién
losses.

The study compares the engine friction losses fdif C
coated experimental pistons with the correspondalges
measured for standard pistons provided by the engian-
ufacturer, which are aluminum pistons without amidia
tional layers on the side surfaces. The resin ¢oing
graphite or molybdenum disulfide substances widedgd
nowadays to cover pistons may also help to redrtictéoh
losses, but the benefits are incomparably smatien the
values observed in our studies [12, 17, 26, 32].

Engine friction losses under normal operating ctiows
occur primarily in the hydrodynamic friction regim&he
share of the engine friction losses induced in rhiged
friction regime, which become particularly noticéalat
low engine speed and high engine load is limitedam-
parison. CNTs present in the oil may reduce frictiosses
for both the hydrodynamic and mixed friction regenéhe
relevant mechanisms (the effects of nanotubes)die
cussed in detail in [8]. The study described irs thaper
shows a clear relation between reducing frictiossés
resulting from the application of nanotubes and imng
speed and load. The higher the engine speed aridwiee
the engine load, the more pronounced the obserrle-
fits of using nanotubes. This may seem to indidhte
CNTs in the oil reduce the friction losses primaiih the
hydrodynamic friction regime. However, accordingth
authors, the reasons for the observed reductidnidtion
losses relative to the engine speed are much noonglex,
and may include the mechanisms described in [8{héu-
more, high engine speed promotes better dispersifon
nanotubes in the oil circulating in the engine icdtion
system.

4.2. Analysis of supplementary research results

mm. The images showing the surface topography r¢kea
character of the wear in CNT layers, where the hoegs
of the CNT layer surface is visibly reduced in ttentral

part of the piston surface. As expected, the weacgss
occurred more heavily on the major thrust sidehef pis-

ton.

The layer of CNTs does undergo wear while the engin
operates, which is due to the limited cohesiorhefspray-
coated CNT layer. SEM images of the CNTs takenhen t
piston dismounted after the engine tests show, femwe
that the conditions in the engine do not lead & dhstruc-
tion of the CNTs.

Comparing the shape of the cylinder measured before
and after the piston test does not indicate thstemce of
significantly accelerated cylinder liner wear; howg the
relatively short test cannot replace durabilitytdesThe
disassembly of the engine carried out after cormgethe
experimental piston tests did not reveal any woigysigns
of accelerated wear in any of the friction compdagim
particular in the piston assembly and the crankshe#r-
ings.

Based on the SEM images and the EDS analysis, the
ability of CNTSs to attach foreign particles onteithsurface
can be observed. These particles attached durigineen
running could be called pollution in the technieahluation
of CNT images, but from the tribological point aéw they
can play a beneficial role. This feature can belusalelib-
erately decorate the CNTs with nanoparticles whieke
proven favorable tribological properties.

5. Conclusions

A prototype piston with a CNT-coated skirt was aegul
and successfully tested for the first time in agiea. The
described technique of applying CNT layers enalilesl
creation of experimental pistons, but it requiregpiiove-
ments in order to enhance the layer durability.réfare, it

Testing the shape of the pistons using the codt@ings not yet suitable for industrial use. After sussfal modi-

measuring technique was performed for the referemze
experimental pistons before and after the engise The
diameter of the reference pistons measured aftepladion
of the study was 79.998 mm and the diameter obiper-
imental pistons dismounted from the engine afterdtudy
was 79.990 mm. These values are similar and it lwan
assumed that the difference of 8 microns did nateha
direct impact on the recorded friction losses.

fication of certain details, the proposed technglod ap-
plying layers of CNTs can be adapted for use ingtdal-
scale production.

Images of the samples taken at the surface of iterp
after engine tests, recorded using a scanningrefechi-
croscope (SEM), confirm the survivability of the T&Nand
their resistance to the chemical environment andhauei-
cal loads on the piston skirts.

The surface roughness of the reference piston hed t The experimental pistons dismounted from the engine

run-in experimental piston had similar Ra valuesatdo
3.99 microns and 3.75 microns, respectively. A vieny
portant condition for ensuring comparability of uks of
friction losses was therefore satisfied.

The applied layer of CNTs originally had a thicksies
about 40 microns (Fig. 6), although the preciseu&ak
difficult to determine because of the roughnesshef sur-
face of the aluminum piston and the surface roughruf
the nanotubes. Similar relationships exist withpees to
standard graphite layers and molybdenum.

In the images showing the surface of the pistokerta
out of the engine at the end of the study (Figth®) edges
of the regions covered with nanotubes are eas#ibhg,
mainly as the lines perpendicular to the horizoratsis,
intersecting the axis around the coordinates 5 moh &0

were not significantly different in outer diametarsurface
roughness compared to the reference pistons; ieukasic
criterion for the comparability of friction lossesas ful-
filled.

The results of the main part of the study indi¢ht fol-
lowing the application of CNTs onto experimentadtpns,
significantly decreased friction losses occurrelde Tiffer-
ence in motoring torque of the engine with regudestons
and the CNTs coated pistons reached up to 16%.

On the basis of measurements of piston surfacehroug
ness and shape made before and after engine tésgh a
level of abrasion of the CNTs layer can be obsertimiv-
ever, this problem arises primarily from the tygebmder,
and not the properties of the CNTs and so this beagasi-
ly resolved in the future.
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It is likely that the significant reduction in tle®gine mo-
toring torque registered in the experiments usiigjops
coated with CNTs is not solely due to the modifmatof
the contact conditions of the piston with the cgén The
CNTs are continuously abraded off the surface efadiston
and dispersed in the oil where they can then redicthe
friction components in the engine. If the descritedfibct
indeed appeared during engine operation, it woelgbs-
sible to use easily replaceable elements to cotilre-
lease of CNTs into the oil, for example: timing itha
guides. This approach would be a good solutiorh&im-
stability problem of CNT enriched oils.

It has been shown that CNTs do not adversely affect
process of wear of the cylinder liner.

The results of the research on alternative, eldeposi-
tion methods of applying the CNT layers onto thefasie

of the piston have been presented and a functiosal-
cialized hierarchical CNT multilayer coating wasposed.
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