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Abstract
Anti-wear additives are important components of the lubricating oils which protect the sliding surfaces from wear.

Researches on developing the non-phosphorus catalysis-friendly anti-wear additive still continue due to government’s

regulations. One way to provide non-phosphorus anti-wear additive is boron and sulfur addition to succinimides. In this

study, boron succinimide used as an anti-wear additive is compared with ZDDPs in a real engine environment by the

engine bench tests. Anti-wear performances were evaluated by microscopic and spectroscopic surface analyses on engine

cylinder liner and piston rings after 100-h engine running periods for each anti-wear additive. SEM/EDX and XPS analyses

were used to evaluate the tribochemical analyses of tribofilms. SEM and AFM were used to evaluate wear mechanisms on

cylinder liner and piston ring surfaces. Results showed that boron succinimide can be an alternative anti-wear additive of

ZDDPs from the perspective of anti-wear efficiency.
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Abbreviations
ACEA European Automobile Manufacturers

Association

AFM Atomic force microscopy

API American Petroleum Institute

BE Binding energy

BDC Bottom dead center

BN Boron nitride

CDI Capacitor discharge ignition

DC Direct current

EDX Energy-dispersive X-ray

ISO International organization for

standardization

MC Middle center

OHV Overhead valve

PAO Poly-alpha-olefin

PPP-CONT Point Probe Plus Contact

SEM Scanning electron microscopy

Si3N4 Silicon nitride

TDC Top dead center

XPS X-ray photoelectron spectroscopy

ZDDPs Zinc dialkyldithiophosphates

List of symbols
# Viscosity Centistokes (cSt)

eV Anode energy electron volts

h Height millimeter (mm)

k Nominal spring constant Newton/meter (N/m)

l Length millimeter (mm)

N Engine speed rotation per minute (rpm)

P Power kilo watt (kW)

RaL Cylinder liner average roughness nanometer (nm)

RaR Piston ring average roughness nanometer (nm)

w Width millimeter (mm)

1 Introduction

Wear is an important parameter to determine effective

engine life in internal combustion engines. Especially,

wear in piston ring-cylinder liner tribological system is the

indicator of an effective engine life and the lifetime of this

pair is related to right and quality lubricating oil usage [1].

To protect this system from the wear, anti-wear additives
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are used in lubricating oils during the engine running

conditions. The most popular and common anti-wear

additive, which is used in modern fully formulated crank-

case lubricants is zinc dialkyldithiophosphates (ZDDPs)

that consist of sulfur (S), zinc (Zn) and phosphorus

(P) elements [2]. It is mostly used due to the antioxidant

properties and good performance in preventing wear for

sliding pairs in engine running conditions [3]. In addition to

this, ZDDPs has been a cost-effective and proven tech-

nology for internal combustion engines for recent 30 years

[4, 5]. Decomposition of this additive under load and heat

forms a tribofilm on sliding surfaces which protects sur-

faces from wear. The ZDDP-derived tribofilm contains

metal sulfates and sulfides, Oxygen (O), P and Zn com-

pounds in its typical composition [6]. However, it contains

P, Zn and S elements, which are hazardous for environment

and these elements have a poisoning effect on the engine

catalysis [7, 8]. Especially, Zn and P, which produce glassy

zinc phosphate layers on wash coat surfaces, block the

pores of the engine catalysts. Therefore, catalysts’ effi-

ciency of the vehicle is reduced and emissions increase

[9–11]. In addition to this, latest regulations which were

implemented by American Petroleum Institute (API) in

2010 and European Automobile Manufacturers Association

(ACEA) in 2012 decreased S and P concentrations in

lubricating oils due to their negative environmental effects

[12, 13]. Furthermore, these legislations will tend to

decrease S and P concentrations more or even remove these

elements from the lubricating oils in the near future.

Requirement to ensure the durability of engine catalysis,

hence maintain exhaust emission standards and legislation

restrictions, have led to a demand for crankcase lubricants,

which contain reduced levels of Zn, S and P [14, 15]. As a

result, lubricating oil manufacturers and researchers have

been working on removing or reducing this content in

lubricating oils. One way to provide the non-ZDDPs anti-

wear additive is the use of succinimides, which are

chemical compounds, composed of long-chain carbon and

hydrogen atoms. An alternative anti-wear additive candi-

date can be evaluated by adding S and boron to succin-

imides [16–19]. This novel study presents the anti-wear

efficiency of two additive package by detailed, quantitative

topographical (wear phenomena was investigated in great

detail) and tribochemical analysis by SEM, XPS and AFM

which were run in real engine environment. In this study,

the anti-wear performance of disulfide, nitrogen-containing

boron succinimide additive package has been evaluated

and compared to ZDDP additive package in piston ring–

Fig. 1 Specifications of the test engines

Fig. 2 Engine test bench, (1) engine, (2) DC generator, (3) electrical

resistances, (4) control panel
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cylinder liner tribological system using engine bench tests.

To find out whether S- and B- containing succinimide can

be alternative anti-wear additive or not, the anti-wear

performances of these packages were studied by chemical

analyses of tribofilm formations and wear analyses of the

engine piston rings and cylinder liners at the end of 100-h

engine bench tests. Wear mechanisms were evaluated by

scanning electron microscopy (SEM) and atomic force

microscopy (AFM). Especially, AFM was used in quanti-

tative wear scar and tribofilm characterization where

optical profilometers are not suitable for curved cylinder

liner and piston ring surfaces. Chemical analyses of tri-

bofilms were investigated by energy-dispersive X-ray

spectroscopy (EDX) and X-ray photoelectron spectroscopy

(XPS) techniques. Results showed that sulfur- and boron-

containing succinimide can be used as an alternative anti-

wear additive of ZDDPs to protect piston ring–cylinder

liner tribological system from the wear in engine running

conditions.

2 Materials and methods

2.1 Lubricating oil and additive preparation

Synthetic poly-alpha-olefin (PAO) [viscosity (#) with 14.6

cSt @100 �C] was used in all experiments as base oil. The

ZDDP-containing lubricating oil includes 0.09 wt% Zn,

0.20 wt% S and 0.09 wt% P. Succinimide consisted of 0.16

(wt%) boron, a disulfide compound as a component

Fig. 3 Engine cylinder liner and ring sample preparations at the end of the 100-h tests, a–f cylinder liner sample preparation, g, h piston ring

sample preparation
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containing 0.26 sulfur (wt%) and 0.41 N (wt%). Nitrogen

was used to make boron- and disulfide-containing com-

pound hydrolytically more stable by donating a lone pair of

electrons to boron.

2.2 Two new test setup and test conditions

Honda GX-270, single-cylinder, air-cooled engines with

1.1 L lubricating oil capacity were used in the tests.

Engines ran one oil drain period, which corresponded to

100 h. Figure 1 shows the test engine and its technical

specifications. The engine bench was constructed in our

laboratory and it consisted of the engine, a DC generator

for electrical resistances and control panel as shown in

Fig. 2.

The engines ran 100 h with 50% of maximum load

which corresponded to 2.5 kW power (P) and 2500 rpm

speed (N) as indicated in ISO 8178-4 (Reciprocating

internal combustion engines—Exhaust emission, Part 4:

Steady-state test cycles for different engine application

measurement) standard. Tests were carried out at 25 �C
ambient temperature and 65% relative humidity.

2.3 Characterization of the piston rings
and cylinder liner

Mechanical parameters are important for rubbing surfaces

to study wear mechanisms. Therefore, mechanical charac-

terizations (hardness and Young’s modulus) of unused

engine cylinder liner and piston rings were evaluated by

nanoindentation. Surface roughness of the liner and ring

samples were measured by AFM, which could provide

delicate results. Engine cylinder liner was gray cast iron

with 3.25 GPa hardness and 125 GPa Young’s modulus.

Fig. 4 SEM/EDX analyses of engine cylinder liner run with boron succinimide anti-wear additive
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The typical elemental composition was 93.95% Fe, 3% C,

0.3% P, 0.15% V, 0.6% Mn and 2% Si by weight. Average

roughness was measured as RaL = 273 nm. Top com-

pression ring was chromium-coated spheroidal graphite

cast iron. The thickness of the chromium coating was

100 lm, measured by SEM, the hardness 16 GPa, Young’s

modulus 275 GPa and average roughness RaR = 162 nm.

2.4 Sample preparation

After 100 h of engine running, the engine cylinder heads

were dismantled, cylinders were divided into four sections

and marked as seen in Fig. 3d and identified by the red

circle. Similarly, piston ring faces were numbered with the

same number of cylinder liner sections. Samples from top

dead center (TDC), middle center (MC) and bottom dead

center (BDC) liner sections were cut into

9.5 mm 9 12 mm 9 8 mm (w 9 l 9 h) for microscopic

examinations as seen in Fig. 3f. The specimens were cut by

dry cutting method with horizontal band saw in very low

speed. It is considered that the substrate temperature was

controlled during the cutting process due to the possible

material property changes and to not destroy or change any

formed tribofilm at cylinder liner substrates induced by

heat. Substrate temperature was monitored during the

cutting process by digital infrared thermometer and did not

exceed 49 �C (Fig. 3c). Test substrates had been cleaned

ultrasonically with heptane for 5 min and then dried before

surface examinations.

Fig. 5 SEM/EDX analyses of cylinder liner run with ZDDP anti-wear additive

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2018) 40:32 Page 5 of 20 32

123



2.5 Surface and tribochemical analyses
of cylinder liner and ring samples

FE-SEM was employed to detect wear mechanisms, topo-

graphic changes and measure wear scar widths. AFM

contact mode was used to evaluate the tribofilm formations,

topographical changes and to measure wear scar width and

depth. Point Probe Plus Contact (PPP-CONT), uncoated

silicon nitride (Si3N4) cantilever (width = 46 lm,

length = 452 lm, nominal spring constant, k = 0.081 N/

Fig. 6 XPS analyses on TDC surfaces of cylinder liners
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m) was used in all AFM measurements. First, topographic

images of each wear scar were taken with a 90 9 90 lm2

scan size and then focused on each detected wear scar by

performing depth and width measurements. Various loca-

tions and numerous scans (25–30 scans) were studied to get

statistically representative results. AFM scan head delivers

Table 1 XPS analysis results of the cylinder liner surfaces run with boron succinimide-containing lubricating oil

Engine liner TDC MC BDC

Peak BE Atomic % Compound Peak BE Atomic % Compound Peak BE Atomic % Compound

B1s 190.8 7.55 BN 191.8 3.34 BN–O 190.9 2.77 BN

C1s 284.7 62.56 C–C 284.9 53.95 C–O 284.2 19.2 C–C

N1s 399.5 3.76 B–N 399.3 3.56 B–N 398.5 2.29 C–N

O1s 531.2 20.94 C–O 531.3 27.43 C–O 529.9 44.21 Mn–O

Fe2p 710.3 5.19 Fe3O4 710.9 8.19 Fe2O3 709.5 25.84 FeO

Table 2 XPS analysis results of the cylinder liner surfaces run with ZDDP-containing lubricating oil

Engine liner TDC MC BDC

Peak BE Atomic % Compound Peak BE Atomic % Compound Peak BE Atomic % Compound

P2p 134.2 2.47 ZnP 139.1 1.62 P–O 139.9 1.81 P–O

C1s 284.2 49 C–C 283.8 23.07 C–C 285.4 22.13 C–O

S2p 169.0 0.32 SO4 168.4 0.39 FeSO4 – – –

O1s 531.5 28.85 ZnP 530.5 47.61 C–OH 531.5 41.56 ZnP

Fe2p 710.0 0.78 Fe3O4 709.4 7.38 Fe2O4 710.9 20.54 FeO

Zn2p 1021.8 1.86 ZnO 1021.3 1.9 ZnO 1022.4 1.71 Zn2O

BE binding energy

Table 3 XPS analysis results of the ring surfaces run with boron succinimide-containing lubricating oil

Engine piston rings with boron succinimide Second compression ring (uncoated)

Peak BE Atomic % Compound Peak BE Atomic % Compound

B1s 190.7 5.70 BN 190.6 3.83 BN

C1s 283.9 33.39 C–C 283.9 23.07 C–C

O1s 529.5 28.85 N–O 530.5 47.61 C–OH

Fe2p 708.9 4.46 Fe2O3 709.4 7.38 Fe2O4

Table 4 XPS analysis results of the ring surfaces run with ZDDP-containing lubricating oil

Engine piston rings with ZDDPs First compression ring (Cr coated) Second compression ring (uncoated)

Peak BE Atomic % Compound Peak BE Atomic % Compound

P2p 132.3 1.23 PO4 132.3 1.58 PO4

Zn2p 1020.8 0.85 Zn–O 1020.7 0.68 Zn–O

Fe2p 708.8 1.23 FeO 708.6 18.9 Fe2O

S2p 160.8 0.73 S–S 160.9 0.48 S–S
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an average linearity deviation of less than 0.1% over the

full scan range, as declared by Nanosurf Company, for the

wear scar width and depth measurements. Uncertainty rate

was 0.1% for the wear scar and depth measurements. EDX

was applied to the substrate surfaces for elemental analyses

and XPS with 1468.3 eV anode was used to determine

tribochemical compounds of the tribofilms formed by the

lubricating oil anti-wear additives.

3 Results and discussion

3.1 Tribofilm formation

SEM/EDX analyses were performed as an area search for

elements of anti-wear additives. Figure 4 shows engine

cylinder liner SEM/EDX analysis results of TDC, MC and

BDC sections which were run with boron succinimide-

containing lubricating oil. Si, Fe, C, O elements were

detected and no boron element was detected on both the

surfaces as it can be seen from the EDX spectra. When

looking at cylinder liner sections run with ZDDP-contain-

ing lubricating oil (see Fig. 5), Zn, P and S were found in

the tribofilm, formed by the decomposition of the ZDDPs.

In addition to this, Zn, P and S were most densely dis-

tributed at TDC, while they were very low at the MC and

BDC. This can be explained by thermal decomposition of

the ZDDPs under higher level of temperatures and loads at

TDC when compared to MC and BDC in the engine.

Similarly, Gosvami et al. reported that this situation was a

result of ZDDP decomposition and tribofilm formation

increases exponentially with the load and temperature

where these are in higher level at TDC [19]. It is not easy to

detect boron with EDX analysis. The acceleration voltage

of EDX was decreased to 5, 3 and 1 kV to detect boron on

the surfaces. However, it was not able to detect boron on

the surfaces. Therefore, XPS surveys were performed for

detailed tribofilm analyses.

XPS analysis results (see Fig. 6) of engine cylinder

liners showed that boron succinimide-containing lubricant

formed boron nitride anti-wear tribolayers by boron nitro-

gen reaction on both TDC, MC and BDC surfaces of

cylinder liners (see Table 1). The electronic structure of

boron which has three electrons in the valence shell easily

provides covalent bonds with the non-pair bonding electron

of nitrogen which carried out boron nitride (BN) tribo-

compound during the sliding process [20, 21]. The deter-

mined quantity of boron in the tribofilm was the highest at

Fig. 7 AFM analyses of tribofilms formed on chromium-coated piston rings, a tribofilm formed by ZDDPs, b tribofilm formed by succinimide

anti-wear additive
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TDC and the lowest at BDC (see Table 1). Similar to EDX

results of ZDDPs, higher temperatures and contact pres-

sures at TDC accelerated and increased the decomposition

of boron in succinimide. This provided higher level of

boron or chemical boron compound deposition in the tri-

bofilms, which formed at TDC surface [22]. The XPS

survey results in Table 2 show zinc oxide, phosphate and

organic sulfide species on the tribofilm formed on the gray

cast iron cylinder liner surface after 100 h, confirming

rapid tribofilm formation as a result of ZDDP decomposi-

tion. The dominant anti-wear tribolayer was zinc

polyphosphate films at TDC due to the higher reactivity of

ZDDPs with the surface because of the presence of phos-

phate moiety. According to the XPS results in Table 2, iron

sulfate, PO and ZnO chemical compounds were detected at

MC, which run with ZDDPs. Similar to the literature

findings, ZnO and PO chemical bonds and ZnP layers,

which provide anti-wear efficiency were detected on the

tribofilm at BDC surface [23, 24]. When looking at piston

rings, similar results were obtained on the compression ring

running surfaces, which run with boron succinimide anti-

wear additive. BN anti-wear layers formed on both ring

surfaces (see Table 3). PO and ZnO chemical compounds

were observed on the tribofilm due to decomposition of

ZDDPs on compression rings (see Table 4). However,

more iron, which indicates wear transfer element, was

detected on chromium-coated piston ring surface run with

boron succinimide additive than run with ZDDPs additive.

The thicknesses of the tribofilms formed on the piston

rings were measured and mapped by AFM (see Fig. 7).

Both tribofilms formed pads of different thicknesses on the

surfaces. The tribofilm thickness formed by boron succin-

imide changed from 80 to 130 nm as shown in Fig. 7c and

the tribofilm thickness formed by ZDDPs changed from 40

Fig. 8 Abrasion wear analyses at TDC of the cylinder liner surface run with boron succinimide, a cutting type abrasive wear and yellow arrows

point out wear debris, b ploughing type abrasive wear and removed material from grove to ridges is shown with black arrow (color figure online)
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Fig. 9 AFM analysis on cylinder liner surface run with boron succinimide
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Fig. 10 AFM analysis on cylinder liner surface run with ZDDPs
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to 95 nm (see Fig. 7f). This showed that boron succinimide

formed thicker tribofilm on the ring surface than the

ZDDPs. Detected boron, zinc and phosphorus quantities

with XPS survey showed the density of anti-wear additives

and was supported by the AFM measurements where

higher density of B than Zn and P were detected.

3.2 Wear mechanisms and wear analyses
on cylinder liner surfaces

3.2.1 Abrasive wear mechanism

Wear widths and depths were measured by AFM. All of the

cylinder liner and ring sample surfaces were scanned with

AFM and SEM from one side to another side of the sam-

ples. At the end of the AFM analyses, the widest and

deepest 8 wear scars for cylinder liners and 5 for piston

rings were selected and compared to abrasive wear scar

mechanism. Figure 8 shows SEM images, illustrating the

abrasive wear scars which are parallel to the sliding

direction of the piston at TDC of the cylinder liner run with

boron succinimide anti-wear additive. Figure 8a shows an

example of cutting type abrasive wear, approximately

5 lm in width which has ridges on both sides. A ploughing

type abrasive wear is shown in Fig. 8b and black arrows

show removed material from grove to ridges due to

ploughing process. Yellow arrows in Fig. 8 show wear

Fig. 11 Abrasive wear width and depth measurement results of cylinder liners
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debris on the surface after the cutting abrasion wear and

adhesion wear processes.

Figure 9 shows AFM measurements of cylinder liner

surface which run with boron succinimide anti-wear addi-

tive. For the TDC, a cutting type abrasive wear was

observed on the surface whose depth was 794 nm and the

width was 7.57 lm. At MC, depth of cutting type abrasive

wear was 887 nm and width was 5.81 lm. It can be seen

that wear depths and widths are bigger in cutting mode due

to high scratching angle between cylinder liner and piston

ring and no material displaced to the sides of the grooves.

At the BDC two abrasive wear scars were shown. A

ploughing type abrasive wear scar was observed as a result

of the lower depth and scratching angle whose width was

6.13 lm and depth was 306 nm [25]. The measured

average width and depth of wear scars for TDC were found

to be 3.94 lm and 603.6 nm for boron succinimide,

respectively. At the MC, average wear scar width and

depth was 4.46 lm and 625 nm, at the BDC average wear

scar width was 7.04 lm and depth was 624.12 nm,

respectively. Figure 10 shows AFM analyses of cylinder

liner samples lubricated with ZDDPs. At the TDC of

cylinder liner, wear scars were wider (width = 6.43 lm,

depth = 1140 nm) and deeper than MC (width =

3.90 lm, depth = 1067 nm) and BDC (width = 3.66 lm,

depth = 1013 nm). The average wear widths at TDC, MC

and BDC were 5.9, 4.3, 4.98 lm, respectively (see

Fig. 11). Cutting type abrasive wear scars were dominant

on the cylinder liner surface which run with ZDDPs.

According to the measurement results, wear widths

Fig. 12 The largest adhesion wear at BDC run with ZDDPs, a AFM topography image, b SEM/EDX analysis of wear particle, which left from

the surface
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increased from TDC to BDC for boron succinimide-lubri-

cated cylinder liner (see Fig. 11). This can be explained by

tribofilm formation on the surfaces where XPS surveys on

tribofilm showed that boron and nitrogen concentrations

decreased from TDC to BDC similarly with wear widths.

This presented that load and elevated temperatures pro-

moted faster decomposition of boron succinimide and

provided richer tribofilm formation at TDC and with the

decrease of load and temperature by the motion of piston

towards the BDC, induced slower boron succinimide

decomposition [26].

Decomposition of boron succinimide formed intensive

and strong anti-wear BN layers on tribofilm at TDC where

boundary lubrication regime was dominant and BN richer

tribofilm provided high wear resistance and lower level of

abrasive wear widths as seen in Fig. 11. Similarly, Martin

et al., Ladaviere et al., Yunbin and Pawlak reported that

boron compounds can generate BN structures by

Fig. 13 Adhesion wear on the

cylinder liner surfaces, detected

by AFM measurements
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tribochemical reaction under boundary lubrication. During

the sliding process the borate molecules are broken down,

in the presence of nitrous additives, and recombine to form

BN tribofilm that was similar to the results of this study

[21, 27–29].

In real engine environment, when piston moved towards

the BDC, load and temperature decreased and the decrease

in load and temperature provided lower BN formations on

the MC and BDC surfaces. Related to this situation,

abrasive wear widths increased from MC to BDC surfaces

when compared to TDC surface. However, on the ZDDP-

lubricated cylinder liner surface wear width range was

TDC[BDC[MC which was similar to the literature

findings [30–32]. When compared to boron ratios at TDC,

MC, BDC in XPS survey, there were no such big differ-

ences between Zn, P and S. However, higher level of wear

widths at TDC can be explained by the literature survey,

which explains that ZDDPs grow thicker tribofilm under

the highest contact pressures at TDC who is unstable.

Having thicker tribofilms under higher level of load does

not result in improved wear and provide lower level of

wear protection [33, 34]. However, findings in this study

presented opposite results for BN tribofilm formations

where thicker tribofilm provided better wear resistance at

TDC. Comparison of wear widths and depth results

between boron succinimide and ZDDP-lubricated cylinder

liners showed that BN tribofilm presented higher wear

resistance than the ZDDPs at TDC and MC. When looking

at the wear dimensions at BDC, ZDDPs (average wear

depth was 407.9 nm) showed better results than the boron

succinimide (average wear depth was 624.12 nm). Espe-

cially, there were big differences on wear depths due to

lower BN formation on tribofilm that influenced the wear

depths and provide higher level of wear depths where

piston speed goes to zero at BDC. In general, boron suc-

cinimide formed BN tribolayers which increased

mechanochemical reactivity between sliding surfaces and

these layers can be predictive of anti-wear performance

[34].

3.2.2 Adhesion wear mechanism

While scanning the cylinder liner surfaces with AFM,

adhesion wear mechanism was detected in different sizes

and depths. Area, maximum depth and wear volume were

measured and calculated by SPIP 6.6.2 software. In addi-

tion to this, total material loss (adhesion wear volume) was

calculated for each cylinder liner surface. An example of

detected groove on the surface of BDC whose area was

427 lm2 is shown in Fig. 12a. The depth of this groove

was 2.12 lm and calculated total material loss was

371 lm3.

In addition, a removed particle detected on the BDC

surface with SEM analyses, which was in similar size and

shape as shown in Fig. 12b and EDX analyses confirmed

that this particle was iron and removed from the BDC

surface whose shape and dimensions were matched with

groove detected with AFM. Figure 13 shows detected

grooves on the cylinder liner surfaces with the AFM scans,

which were formed by metal–metal contact of piston ring

and cylinder. The highest adhesion wear occurred at BDC

of the cylinder liner, which was lubricated by ZDDPs and it

also shows large area of metal–metal contact under low

sliding velocity (detected area was 164 lm2). When look-

ing at the material losses (see Fig. 14), total material loss

(1134.7 lm3) was higher on the cylinder liner lubricated by

ZDDP than the boron succinimide-lubricated liner

(763.9 lm3). Material loss caused by adhesion wear ranged

as TDC (385.2 lm3)[MC (242.1 lm3)[BDC

(136.6 lm3) for the cylinder liner which run with boron

succinimide and for the ZDDP-lubricated cylinder liner

adhesion wear ranged as BDC (767 lm3)[TDC

(202.3 lm3)[MC (165.4 lm3). For the boron succin-

imide-lubricated cylinder liner, the behavior of the adhe-

sive wear is consistent with the literature, which explains

this situation as result of change in load, lubrication

regimes and film thickness [35]. At the TDC, where tem-

perature and load are higher, the tendency of ring and liner

to adhere to each other increased [36]. In addition to this,

sliding velocity effected adhesion behavior because when

sliding speed decreases like at TDC and BDC, contact area

of cylinder liner and piston ring increases exponentially

which results in higher metal–metal contact and degree of

adhesion especially under high load and boundary lubri-

cation regime [37].

Fig. 14 Material losses of cylinder liners evaluated by AFM

measurements
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3.3 Wear mechanisms and wear analyses
on piston ring surfaces

The chromium-coated top piston ring surfaces were ana-

lyzed at the end of the 100-h running period. Both top ring

running surfaces appeared smoother at the contact areas.

Figure 15 shows SEM images of the top ring run with

boron succinimide and contact area of the ring (see the

smoother area in Fig. 15c) was 345 lm. Non-contact area

Fig. 15 Top piston ring SEM and AFM topography analyses of the engine run with boron succinimide

cFig. 16 Top piston ring SEM and AFM topography analyses of the

engine run with ZDDPs. a SEM measurement of contact region,

b SEM and AFM topography images of non-contact area, c SEM and

AFM topography image in which black arrows show wear particles

and blue arrows show micro-cracks on the ring surface, d SEM image

of ring surface in which red arrow shows non-contact area and blue

arrows show starting point of abrasive wear scars, e, f abrasive wear

scar measurements and wear particles (labeled with red circles) on the

ring surface (color figure online)
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of this ring can be seen in Fig. 15b, these non-contact and

contact areas were analyzed by AFM for roughness change.

The average roughness of the non-contact surface (Ra) was

0.149 lm and Ra of the contact area decreased to

0.031 lm. Figure 15d shows ploughing type abrasive wear

mechanisms, which their widths were 0.471, 1.4, 1.85 and

0.93 lm, respectively. The contact region width of the ring

run with ZDDPs was 357 lm as it can be seen in

Fig. 16a.The measured Ra of the non-contact area for

ZDDP was 0.156 lm (see Fig. 16b) and Ra of the con-

tacted surface was 0.015 lm (see Fig. 16c). In addition to

wear particles (labeled with black arrows), micro-cracks

(labeled with blue arrows) were detected on ring surface in

AFM analyses (see Fig. 16c).

As can be seen in Fig. 16d, red arrow illustrates non-

contact and unworn area, blue arrows show starting point

of the abrasive wear scars. These wear scars induced by

particles, which had removed from the contact area during

the reciprocation motion of ring on liner as detected on the

surface and these removed particles (see labeled red circles

in Fig. 16f) produce three body abrasive wear scars

between ring and liner surfaces. Figure 16e, f shows

abrasive wear scars which are parallel to the sliding

direction in 0.63 and 1.73 lm width, respectively. SEM,

AFM observations and roughness measurements showed

that polishing and abrasive wear formed on the contact area

of the chromium-coated ring surfaces for top rings in both

engines. However, according to the surface roughness

changes more polishing was formed on the ZDDP-lubri-

cated ring surface and due to the detected micro-cracks,

more surface deformation occurred on the ZDDP-lubri-

cated ring surface at similar engine running conditions.

When looking at the abrasive wear measurement results

in Fig. 17, average wear width was higher on the ZDDP-

lubricated ring surface (average wear width = 2.52 lm)

than the boron succinimide-lubricated ring (average wear

width = 1.72 lm). However, in average, wear depth for

piston ring surface which ran with ZDDPs was 124 nm and

with boron succinimide was 186 nm where the difference

between two ring surfaces was approximately 80 nm.

Lower polishing and abrasive wear scar widths for boron

succinimide-lubricated ring can be attributed to tribofilm

thickness that was higher than the ZDDP-formed tribofilm

and higher BN wear resistance. Engine tests for the two

additive packages were performed with same test proce-

dures which were covered by ISO standard. Area and

volume measurements were calculated by SPIP 6.6.2

software sensitively and with great accuracy. It is not

needed to perform uncertainty analysis due to no use of any

equation in our analysis results.

Generally, comparison of surface analyses results show

that abrasive wear is the common wear mechanism for

ZDDPs and boron succinimide anti-wear additive on

cylinder liners and piston ring surfaces at similar engine

running conditions. Results showed that boron succinimide

had better anti-wear performance than the ZDDPs for

protecting the cylinder liner surfaces against the adhesive

wear and material loss in engine bench tests. Similarly, it

provided better wear protection in the light of polishing and

abrasive wear mechanisms for top piston rings. In addition,

tribochemical analyses presented that boron succinimide

formed strong anti-wear tribofilms on the surfaces and it

protected surfaces against wear. It is important to evaluate

boron succinimide anti-wear efficiency in real engine

environment and this study presents that boron succinimide

can provide anti-wear tribofilms and protect the sliding

surfaces against the wear.

4 Conclusions

The anti-wear performance, including tribofilm formation

and wear mechanisms of boron succinimide and ZDDP

anti-wear additives were evaluated by engine bench tests

Fig. 17 Abrasive wear scar measurement results of ring surfaces by AFM, a wear widths, b wear depths
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and surface analyses. Based on the engine bench tests and

microscopic, spectroscopic analyses results, the conclu-

sions of this study can be summarized as follows:

• On both surfaces, tribofilms formed like pads for both

anti-wear additives.

• PO and ZnP chemical compounds formed on the

surfaces for ZDDPs and boron succinimide formed BN

tribolayers on the surfaces.

• Dominant wear mechanism was abrasive wear for both

surfaces. Although abrasive wear widths were higher at

TDC for ZDDPs, lower at TDC for succinimide due to

intensive decomposition under higher load, temperature

and BN formations.

• Observed adhesive wear and plastic deformations with

the removed wear particles were higher on the cylinder

liner on ZDDPs lubricated surface.

• Polishing was observed for both piston rings with line

contact in similar dimensions and polishing was higher

on ring surface run with ZDDPs than the ring surface

run with boron succinimide.

The results presented in this study showed that boron

succinimide can be an alternative anti-wear additive con-

sidering its anti-wear performance in real engine environ-

ment from the perspective of anti-wear efficiency.
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