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 A B S T R A C T 

The increasing integration of renewable energy sources such as wind and 
solar has increased the need for modern power generation systems to 
operate with enhanced flexibility to manage variable electricity 
demands. However, frequent start–stop operations in these systems 
expose engine components and lubricants to severe thermal and 
mechanical stresses. To ensure long-term reliability, understanding the 
performance of gas engine oils under both steady and variable conditions 
is crucial. This study investigates the tribological characteristics of gas 
engine lubricants using a 4-ball tester to simulate realistic start–stop 
cycles. Friction coefficients and wear volumes were measured to evaluate 
oil performance. Results indicate that intermittent start-stop operation 
nearly doubled the friction coefficient to 0.075–0.11 compared with 
0.04–0.055 during continuous running, particularly in transitional stages 
before complete oil film formation. Moreover, repeated start–stop cycles 
resulted in elevated wear rates, as used oil analysis revealed higher 
concentrations of wear metals, including iron, copper, and tin. 
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1. INTRODUCTION 
 
Modern power generation systems must be flexible 
to accommodate fluctuating electricity demand and 
integrate intermittent energy sources like wind 
and solar, along with uncertainties such as faults. 
Traditionally, flexibility has been provided by 
conventional generation units that adjust output 
and start or shut down as needed [1]. However, 
this shift challenges existing plants not built for 
high variability, as frequent ramping and cycling 
increase equipment wear, maintenance costs, and 

operational inefficiencies [2]. Modern plants, by 
contrast, demonstrate adaptability through the use 
of fuels such as natural gas, diesel, and biomass. 
Their modular designs allow rapid power 
adjustments, enabling operators to start, stop, or 
ramp engines efficiently. This flexibility is essential 
for grid stability, with gas engines offering rapid 
response compared to slower coal or nuclear 
plants [3,4]. 
 
Stationary gas engines are widely employed in 
distributed and small-scale power generation, 
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particularly in peaking plants where rapid start-
up is essential to meet high electricity demand 
[5]. While reliant on a consistent natural gas 
supply and regular maintenance, they play a 
critical role in providing baseload and backup 
power, especially in regions emphasizing 
renewable energy integration and grid stability. 
Unlike conventional diesel or petrol engines, 
stationary gas engines undergo frequent start-
stop cycles, subjecting components to higher 
mechanical stress [4–9]. Such cycling presents 
tribological challenges, as lubricants must 
withstand cold-start wear, temperature 
fluctuations, and viscosity variations. These 
stresses accelerate oil degradation, increasing 
maintenance needs and reducing engine 
longevity. Although advanced lubricants with 
specialized additives improve cold-start 
performance, wear resistance, and thermal 
stability, frequent cycling continues to shorten 
engine life and necessitate more frequent oil 
replacement [4,10]. 
 
Understanding the tribological behaviour of gas 
engine oils under both start-stop and 
continuous full-load conditions are critical for 
optimizing power generation performance [11]. 
Frequent start-stop cycles increase friction and 
wear due to insufficient lubrication during cold 
starts [12]. In gas-fired power plants, thickened 
oil during cold starts impedes circulation, 
accelerating wear on pistons, piston rings, and 
bearings. Short operating periods can also cause 
fuel dilution, moisture contamination, and oil 
nitration, further degrading oil quality [10]. Low 
oil levels, leaks, or mixing with fuel or coolant 
worsen friction and component wear, while 

sludge and varnish build-up impairs lubrication 
[13,14]. Repeated start-stop cycles accelerate 
oil degradation, causing oxidation, viscosity 
changes, blocked passages, and increased wear, 
ultimately reducing engine efficiency, reliability, 
and lifespan [14–17]. 

 
This study investigated the tribological impact 
of start-stop cycles on gas engine oils, focusing 
on friction, wear, and lubricant degradation. 
Fresh oils were tested with the 4-ball 
tribometer to compare friction and wear 
behavior under short-duration start-stop cycles 
versus continuous operation. Additionally, oils 
collected from field gas engines with 
approximately 1,400 operating hours were 
analyzed to assess the effects of start-stop 
cycles on oil stability and performance. Both 
tribometer-tested and field-sourced oils were 
examined for physicochemical properties, 
additive degradation, and wear elements, 
providing insights into how frequent start-stop 
cycles affect friction, wear, and overall engine 
performance in stationary gas engines. 
 
 
2. OIL SAMPLES 
 
The study evaluated three commercially 
available gas engine oils: Mobil Pegasus 1005 
(Oil1), Taurus GEO CH G240 (Oil2), and Sentron 
LD 8000 (Oil3), which are commonly used in 
natural gas engines. Engine oils from different 
manufacturers, even when sharing the same 
SAE viscosity grade, do not necessarily 
demonstrate identical lubricity performance in 
engines [18]. 

 
Table 1. Properties of the gas engine oils [17,18]. 

Lubricant - Type (SAE 40) Oil1 Oil2 Oil3 

Parameters (unit), Method Mobil Pegasus 1005 Taurus GEO CH G240 Sentron LD 8000 

KV @ 40 ⁰C (cSt), ASTM D445 125 118 121 

KV @ 100 ⁰C (cSt), ASTM D445 13 13.8 13.3 

TBN (mgKOH/g), ASTM D664 5 5.5 4.6 

TAN (mgKOH/g), ASTM D2896 1.1 -- 0.86 

Flash point (⁰C), ASTM D93 247 268 277 

Pour point (⁰C), ASTM D97 -15 -30 -27 

Sulphated ash (wt.%), ASTM D874 0.5 0.49 0.52 

 
The selected oil samples are mineral-based SAE 
40 oils, as stationary gas engines typically 
operate under steady loads where oil 
degradation is primarily caused by 

contamination rather than heat. Additionally, 
mineral-based gas engine oils provide sufficient 
oxidation stability, cost-effectiveness, and low-
ash control, making semi-synthetic or synthetic 
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alternatives unnecessary and less compatible 
with OEM low-ash specifications. The chemical 
and physical properties of these oils are 
summarized in Table 1, offering a 
comprehensive comparison of their 
performance and suitability under various 
operating conditions [19,20].  
 
 
3. TEST METHODOLOGY 
 
3.1 Experimental setup 
 
Various bench test rigs, such as reciprocating 
and unidirectional sliding setups, can be 
employed to assess oil performance under 
start–stop conditions. In this study, the 
commercially available 4-ball tester was chosen 
for its simplicity, precise control, 
reproducibility, and cost efficiency. This 
instrument effectively evaluates the friction and 
wear behaviour of lubricants under conditions 
representative of real engine environments 
[21]. The 4-ball tester was used to replicate 
boundary lubrication during start–stop cycles, 
simulating the high-pressure and low-speed 
conditions typical of gas engines [22,23]. 
 

 
Fig. 1. Schematic diagram of the 4-ball apparatus. 

 
The 4-ball tester (Ducom TR-30TM series) 
comprises an oil cup assembly, collet, and ball 
bearings, enabling accurate measurement of a 
lubricant’s friction coefficient and wear 
performance. As shown in Figure 1, three 
stationary balls are positioned on a conical base, 
with a rotating ball placed on top under controlled 

load conditions [24,25]. New balls were used for 
each test; all components were cleaned with 
acetone and thoroughly dried before use. The 
steel ball bearings were secured in the oil cup 
assembly using a torque wrench to prevent 
movement during testing [26]. The rotating ball 
simulated sliding motion under specific loads, 
speeds, and temperatures to generate friction and 
wear between contact surfaces. Following each 
test, the wear scars were examined to determine 
the lubricant’s ability to reduce wear and form a 
protective film [18]. Wear scar diameters were 
measured using a high-resolution microscope to 
evaluate wear resistance [27,28]. 
 
3.2 Gas generator/engine 
 
Key tribological parameters were derived 
through a theoretical analysis of data obtained 
from a Jenbacher 616 E gas generator/engine, 
as summarized in Table 2.  
 
Table 2. Gas generator/engine data. 

Engine Data Values 

Gas generator / Engine - make/ 
model 

Jenbacher 616 E 

Max. power rating, KW approx. 2400 

Number of cylinders 16 

Bore (mm) 190 

Stroke (mm) 220 

Engine speed (rpm) 1500 

Peak gas pressure (MPa) 22 

Mean piston speed (m/s) 11 

Cooling system 

return temperature (℃) 
70 

Cooling system 

supply temperature (℃) 
90 

 
3.3 Simulating gas engine conditions in a  

4-ball tester 

 
The gas engine primarily operates at a steady-
state speed, with load variations driven by power 
demand and start–stop cycles. During start-up 
and shutdown, reduced oil pressure and 
temperature promote boundary lubrication, 
resulting in increased friction and wear on engine 
components. Birch [12] reported that frequent 
start–stop operation, typically involving 10–20-
minute cycles, elevates mechanical stress, 
accelerates lubricant degradation, and increases 
friction during transitions from rest to motion. In 
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such conditions, inadequate oil warming 
intensifies wear and deteriorates the lubricant’s 
chemical and physical properties [29]. Cold starts 
further exacerbate this effect, as high oil viscosity 
restricts circulation and raises friction until 
optimal viscosity is reached [1,30]. The 4-ball 
tester, commonly employed to assess lubricant 
tribological performance under controlled severe 
conditions, was used in this study. Continuous 
tests followed ASTM D4172, while modified start–
stop tests simulated boundary conditions 
representative of piston ring–cylinder liner 
interactions.  
 
Table 3. Gas engine simulated conditions in a 4-ball 
tester. 

Operational 
Parameters 

Jenbacher 616 E gas engine 

Operating contact 
stress, GPa 

2.7 (at top compression ring) 

Sliding speed, m/s 
0.38 (at 1ᵒ crank angle near dead 

centre) 

Oil temperature, ℃ 
80 (oil temperature after 10 min 

of start) 

Start-stop 
duration, min 

10-15 (Cold start to full load) 

 
Key engine parameters, including sliding speed, 
contact stress, and oil temperature, are essential 
for reproducing realistic operating conditions in 
tribological evaluations. Table 3 outlines the 
severe operating conditions of the Jenbacher 616 
E gas engine and the corresponding parameters 
replicated in the 4-ball tester. The selected 
pressure, temperature, and speed values reflect 
boundary lubrication conditions typically 
occurring near the top and bottom dead centres 
(TDC and BDC). At approximately 1° crank angle, 
the top compression ring experiences a sliding 
velocity of 0.38 m/s and a contact stress of 2.7 
GPa. The oil temperature rises to 80 °C within 10–
15 minutes, simulating the transition from cold 
start to full-load operation. In the 4-ball tester, 
comparable conditions were achieved with a 
contact stress of 2.4 GPa, a sliding speed of 0.34 
m/s, and a temperature of 75 °C. Here, the contact 
pressure between the balls was calculated using 
equations 1 and 2. 

𝑃𝑚𝑎𝑥 =
3𝐹

2𝜋𝑎2 
   (1) 

𝑎 = √
3𝐹 (

1−𝜈1
2

𝐸1
+

1−𝜈2
2

𝐸2
)

4 (
1

𝑅1
+

1

𝑅2
)

3

   (2) 

Where, ν₁ and ν₂ denote the Poisson’s ratios of 
the two ball materials (0.3), while E₁ and E₂ 
represent their moduli of elasticity (210 GPa). 
R₁ and R₂ correspond to the radii of curvature of 
the balls (12.7 mm). Pₘₐₓ refers to the maximum 
contact pressure between the balls, defined as 
the force per unit area at the point of contact. 
This pressure is determined by the applied load, 
the material properties, and the geometric 
configuration of the balls. 
 
3.4 Methods for continuous and start–stop 

testing 
 
The test conditions and procedures used to 
assess the effects of continuous operation and 
intermittent on/off load cycles in the 4-ball 
tester are summarized in Table 4. Continuous 
tests were performed under a constant load of 
147N (2.5 GPa), at 1200 rpm, and a temperature 
of 75 °C for a duration of 60 minutes. 
 
Table 4. Continuous run and simulated start-stop test. 

Test Method 
Continuous Run 
(ASTM D4172) 

Simulated Start-
Stop Test 

Start-Stop 
cycle 

none 

Start with a 20-
minute initial run, 

and then 10-
minute run after 
each 15-minute 

rest period. 
Continue this cycle 
until a total of 60 

minutes run is 
reached 

Load (N) / 
Loading Cycle 

147 

147 (load during 
running phase) and 
no load during stop 

condition 

 

 

Speed 

(rpm) 
1200 1200 

Temperature 
(℃) 

75±1 75±1 

Oil quantity 
(ml) 

~15 ~15 

Total test 
duration 

(min) 
60 120 

Run duration 
(min) 

60 60 

0

50

100

150

0 60

Lo
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N

) 
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0
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The start-stop test was designed to assess oil 
performance under rapid changes in 
operational conditions, particularly from cold 
starts to high-speed operation. Its purpose was 
to evaluate the oils’ effectiveness in reducing 
friction and providing wear protection, using 
run durations comparable to continuous tests. 
Key parameters, including start/stop times, 
rest intervals, and cycle repetitions, were 
maintained consistently. The procedure 
involved a 60-minute active run, structured to 
replicate the fast transitions typical in gas 
engines. Each test began with a 20-minute run 
at 1200 rpm under a 40 kg load, followed by 10 
minutes of operation after each 15-minute rest 
period, with friction and temperature carefully 
monitored. The start–stop cycles, executed by 
initiating and halting rotation of the top ball, 
were repeated four times over a total duration 
of 120 minutes to evaluate the oil’s ability to 
sustain a stable lubrication film and prevent 
increased wear. 
 
 
4. RESULTS 

 
The friction and wear performance of fresh gas 
engine oils (Oil1, Oil2, and Oil3) was evaluated 
under continuous and start–stop conditions 
according to the procedures in Table 4. Each 
test was repeated three times to ensure 
consistent and reliable results. For Oil1, Figure 
2 shows the coefficient of friction (COF) under 
both continuous and simulated start–stop 
conditions, with minimal variation in 
instantaneous COF across repetitions, 
demonstrating reproducibility and statistical 
confidence.  
 

 
Fig. 2. COF for Oil1 during repeated tests under 
continuous and start–stop operation. 

 
Fig. 3. Comparison of the COF for continuous and 
start–stop runs for the oils. 

 
Fig 3 illustrates the COF for the engine oils, 
Oil1, Oil2, and Oil3, under continuous and 
simulated start-stop conditions. Variations in 
COF reflect oil’s effective lubrication under 
changing operating conditions. Initially, all 
oils showed similar friction trends. During 
continuous operation, the COF decreases and 
stabilizes between 0.04–0.055, whereas it 
rises to 0.075–0.11 during start-stop cycles. 
Temperature fluctuations of ±4 °C during 
start-stop operation affected COF stability, 
while interruptions in the lubrication film 
further elevated COF, highlighting the oils’ 
performance under dynamic conditions [31]. 
 
 
5. DISCUSSIONS 
 
5.1 Effect of start-stop cycle on friction 
 
Fig 4 presents the average initial and end COF 
for oils Oil1, Oil2, and Oil3, comparing their 
behaviour under continuous operation and 
start-stop cycle conditions. The initial COF for 
oils was determined by averaging the first and 
last two minutes of instantaneous COF data 
from each test, including start-up periods 
following rest intervals, as illustrated in 
Figure 3. The intervals labelled ‘CTi’ and ‘CTe’ 
represent the periods used to compute the 
mean COF at the start and end of the 
continuous test, while ‘SSi’ and ‘SSe’ 
correspond to equivalent durations for the 
start-stop cycle. 
 
The results indicate that the start–stop 
sequence caused a slight increase in the initial 

CTi 

CTe 

SSi1 

SSe1 

SSi2 

SSe2 

SSi3 

SSe3 

SSi4 

SSe4 



Rupesh Roshan and Siddhartha Sharma, Tribology in Industry, DOI: 10.24874/ti.1924.03.25.11 

 6 

COF (approximately +0.01), with Oil3 
exhibiting the lowest and Oil2 the highest 
initial values. During continuous operation, all 
oils showed a reduction in final COF to the 
range of 0.04–0.055, while under start–stop 
conditions, the COF nearly doubled to 0.075–
0.11. Among the samples, Oil2 displayed the 
most pronounced increase, reaching a COF of 
0.09. Repeated interruptions during start–
stop cycles resulted in higher friction levels 
than during steady-state operation, along with 
greater variability and notable temperature 
oscillations. Similar trends were reported by 
Stephen et al. [32] and Shafi and Charoo [33], 
who attributed increased COF to temporary 
breakdowns of the lubricant film during 
intermittent motion. The elevated COF 
observed in start–stop cycles can also be 
linked to abrasive wear, as extreme-pressure 
and anti-wear additives require 
approximately 400 seconds to form a stable 
protective tribofilm, as noted by Chen et al. 
[34]. 
 

 
Fig. 4. Initial and end COF under continuous and 
simulated start–stop operating conditions. 

 

5.2 Effect of start-stop cycle on wear 
 
Fig 5 presents the wear scar diameter (WSD) 
and wear volume obtained from continuous and 
simulated start-stop tests, used to compare the 
anti-wear performance of Oil1, Oil2, and Oil3. 
Post-test wear on the three stationary balls was 
measured using an optical 3D profilometer. 
Both WSD and wear volume were analyzed, as 
the latter provides a more comprehensive 
assessment of wear severity. In contrast to 
WSD, wear volume accounts for material 
displacement, transfer, and the irregular 
geometry of wear scars produced by sliding 
contact between the rotating and stationary 
balls, thus offering a more accurate 
representation of surface degradation [35]. 
 

 
Fig. 5. Wear scar diameter and wear volume under 
steady and simulated start–stop operating conditions. 

 
Low wear volumes and scars indicate superior 
lubrication and reduced metal-to-metal 
interaction. The results show that both wear 
volume and WSD were consistently higher 
during start-stop tests than in continuous runs. 
The increased wear observed under start-stop 
conditions is attributed to greater asperity 
contact, elevated localized stresses, and surface 
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alterations following each rest period. In 
contrast, continuous operation produced lower 
WSD and wear volume values, reflecting more 
stable lubrication. Among the tested oils, Oil2 
and Oil3 exhibited the poorest performance, 
showing the highest wear volumes under both 
test conditions, confirming its weaker anti-wear 
capability compared to Oil1. 
 
5.3 Effect of start-stop cycle on oil 

deterioration 
 
During real-world operation, gas engine oils 
undergo gradual degradation resulting from 
physical and chemical aging processes driven by 
stress, oxidation, and contamination. This 
deterioration is further accelerated by 
combustion residues, temperature variations, 
and start-stop cycles [36]. To evaluate their 
impact on lubrication performance, fresh, used, 
and test-aged oils were analyzed for physical 
and chemical properties. Oils obtained after 
1400 hours of operation from a Jenbacher 616 E 
gas engine (Oil1g, Oil2g, Oil3g; see Table 5) and 
after start-stop tests in a 4-ball tester (Oil1b, 
Oil2b, Oil3b) were examined to correlate 
friction and wear behaviour with the oil 
condition. Engine oil samples were collected 
from the sump before filtration using a clean 
device under normal operating temperature 
and load to ensure sample integrity [21]. Oils 
subjected to continuous 4-ball tests were 
excluded, as their properties remained similar 
to fresh oils. 
 
Table 5. Used oil samples from Jenbacher 616 E gas 
generator/engine. 

Lubricant Type 
(SAE 40) 

Oil1g 
(Mobil 

Pegasus 
1005) 

Oil2g 
(Taurus 
GEO CH 
G240) 

Oil3g 
(Sentron LD 

8000) 

Ambient 
temperature (℃) 

9 

Run hours after 
overhaul, (hrs) 

1396 1407 1405 

 

Table 6 compares the physicochemical 
properties of fresh oils, samples obtained after 
the 4-ball start–stop tests, and those collected 
from the Jenbacher 616 E gas engine. Post-test 
oils (Oil1b–3b) displayed slight decreases in 
kinematic viscosity and flash point, 
accompanied by minor shifts in TAN and TBN 
values. In contrast, oils retrieved from engine 

operation (Oil1g–3g) exhibited more 
pronounced viscosity loss and acidity increase, 
particularly in Oil2g, indicating oxidative 
degradation and depletion of additives under 
real operating conditions. These variations 
correspond with the elevated wear and friction 
levels observed in the 4-ball tests, highlighting 
that oils with greater viscosity stability and 
oxidation resistance, such as Oil1, deliver 
improved tribological behaviour.  
 
Table 6. A comparison of physiochemical properties 
of the fresh and used oils. 

Oils/ 
ASTM 

Method/ 
Unit 

KV @ 
40 ⁰C 

(D446) 

KV @ 
100 ⁰C 
(D446) 

Flash 
Point 

(D94) 

Pour 
Point 

(D98) 

TAN 

(D665) 

TBN 

(D2897) 

cSt ⁰C mgKOH/gm 

Fresh oil samples 

Oil1 126 14.0 247 -21 1.05 4.9 

Oil2 122 13.5 240 -21 0.70 5.1 

Oil3 119 13.6 266 -27 0.66 4.6 

Sample collected post 4-ball start-stop test 

Oil1b 124 14.0 246 -21 1.03 4.2 

Oil2b 116 13.1 232 -21 1.13 4.8 

Oil3b 118 13.4 261 -27 0.68 4.4 

Sample collected from the Jenbacher 616 E gas 
engine 

Oil1g 117 13.4 231 -18 1.20 3.9 

Oil2g 115 13.2 220 -18 1.41 4.1 

Oil3g 114 13.1 234 -24 0.74 4.1 

Limit -20 / +30% < 180 vary + 2.5 
50% 
Drop 

 

The friction and wear results presented in 
Figures 3–5 further support the findings 
summarized in Table 6. Oil1 exhibited minimal 
wear and low friction coefficients, which can be 
attributed to its high viscosity (124 cSt at 40 °C). 
Oil2 showed the highest wear, corresponding to 
its lower viscosity (116 cSt), while Oil3 
displayed intermediate behaviour, consistent 
with its moderate viscosity (118 cSt) and strong 
oxidation stability (ΔTAN < 1.0 mgKOH/g). 
 
Table 7 presents the concentrations of additive 
elements in fresh oils (Oil1–Oil3), in post–4-
ball start–stop test samples (Oil1b–Oil3b), and 
in oils obtained from the Jenbacher 616 E 
engine (Oil1g–Oil3g), as analyzed using the 
ASTM D5185 method. Among the tested 
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samples, Oil1 demonstrated the lowest wear 
and friction, reflecting efficient anti-wear and 
friction-reducing capabilities attributed to its 
high calcium (1630 ppm) and boron (99.6 
ppm) contents. In contrast, Oil2 exhibited the 
highest wear (0.36 mm) and friction  
(μ = 0.103), which corresponded to minimal 
boron (0.7 ppm) and moderate depletion of 
calcium (ΔCa: 32 ppm), zinc (ΔZn: 31 ppm), 
and phosphorus (ΔP: 27 ppm). Oil3b showed 
intermediate tribological behavior, with 
minimal reductions in calcium (ΔCa: 15 ppm), 
zinc (ΔZn: 3 ppm), and phosphorus (ΔP: 4 
ppm), combined with elevated magnesium 
(10.1 ppm), providing balanced anti-wear 
protection. During engine operation, all 
samples exhibited further zinc and phosphorus 
depletion, confirming ZDDP consumption. 
Oil1g maintained higher additive 
concentrations and better performance, while 
Oil2g experienced the greatest reductions 
(ΔZn: 80 ppm; ΔP: 47 ppm). Overall, oils with 
stable anti-wear (Zn, P) and 
detergent/dispersant (Ca, B, Mg) additives, 
particularly Oil1, demonstrated superior 
friction and wear performance, consistent with 
the findings of Thapliyal and Thakre [37] and 
Konkol et al. [38]. 
 
Table 7. A comparison of additive elements in the 
fresh and used oils. 

Oils 
Additive elements, ASTM D5185 (ppm) 

B Ca Mg Mo P Zn 

Fresh oil samples 

Oil1 99.6 1630 8.3 <.01 345 380 

Oil2 0.7 1535 4.7 <.01 418 360 

Oil3 1.6 1497 10.1 <.01 332 351 

Sample collected post 4-ball start-stop test 

Oil1b 101.8 1590 7.6 <.01 341 374 

Oil2b 1.1 1503 4.9 <.01 387 333 

Oil3b 1.4 1482 9.8 <.01 329 347 

Sample collected from the Jenbacher 616 E gas 
engine 

Oil1g 112.7 1547 6.4 <.01 333 356 

Oil2g 2.2 1476 8.1 <.01 340 280 

Oil3g 2.3 1445 9.2 <.01 302 345 

 
Table 8 compares wear element concentrations 
in fresh oils, oils after the 4-ball start-stop test, 
and oils from a Jenbacher 616 E gas engine. 
Fresh oils exhibit negligible levels of wear 

elements (<0.01 ppm), confirming the absence 
of initial wear or contamination. Following the 
4-ball test, moderate increases in Fe, Cu, Al, and 
Sn indicate slight wear under controlled 
conditions. Oils used in the engine show higher 
concentrations of wear elements, reflecting 
considerable wear during operation, yet 
remaining within acceptable limits. The 
correlation between wear element 
concentrations and tribological performance 
indicates that Oil1b contained modest Fe, Cu, 
and Al levels, corresponding to low wear (WSD: 
0.32 mm) and moderate friction (0.075–0.081). 
Oil2b exhibited higher Fe (0.8 ppm) and Sn 
(0.6 ppm), consistent with greater wear (WSD: 
0.36 mm) and friction (0.075–0.11), while Oil3b 
showed intermediate values. Engine oil samples 
supported these patterns, with Oil2g exhibiting 
the highest metal concentrations and Oil3g the 
lowest, confirming that operational stress 
accelerates lubricant degradation, in agreement 
with previous findings [39]. 
 
Table 8. A comparison of wear elements in the fresh 
and used oils. 

Oils 
Wear elements, ASTM D5185 (ppm) 

Fe Cu Al Sb Ni Ag Sn 

Fresh oil samples 

Oil1 <.01 

Oil2 <.01 

Oil3 <.01 

Sample collected post 4-ball start-stop test 

Oil1b 0.5 3.1 1.8 0.6 <.01 0.6 0.7 

Oil2b 0.8 1.2 0.4 0.9 0.2 0.3 0.6 

Oil3b 0.7 0.8 1.3 0.8 <.01 0.4 <.01 

Sample collected from the Jenbacher 616 E gas engine 

Oil1g 6.1 4.0 4.0 0.8 0.7 1.4 1.2 

Oil2g 9.8 11 5.5 1.2 0.5 1.6 3.3 

Oil3g 3.9 3.2 2.2 0.9 0.2 1.5 0.8 

Limit 30 15 10 10 10 10 10 

 
 
6. CONCLUSION 
 
The study examines the effects of start-stop 
cycles on the friction, wear, and degradation of 
engine oils. Simulated start-stop conditions 
caused higher friction and wear due to 
lubrication disruption and temperature 
variation during start-up. Compared with 
continuous operation, where friction remained 
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low and stable, start-stop cycles produced more 
variable and nearly doubled end coefficients of 
friction (COF). Initial COF values were similar 
across tests, with Oil3 showing the lowest and 
Oil2 the highest. Wear assessments revealed 
larger wear scar diameters and volumes under 
intermittent motion, indicating intensified 
asperity contact and localized stress. Oil1 
demonstrated the best anti-wear performance, 
while Oil2 showed the highest wear. Post 4-ball 
and 1400-hour engine tests indicated viscosity 
reduction, additive depletion, and increased 
acidity, especially in Oil2g, confirming oxidative 
degradation. Retention of Zn, P, Ca, B, and Mg 
correlated with lower friction and wear. 
Accumulation of Fe, Cu, Al, and Sn confirmed 
progressive wear, emphasizing that additive 
stability is essential to withstand start-stop-
induced lubricant deterioration. Further studies 
under varying conditions can be performed to 
generalize these findings. 
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NOMENCLATURE 

Symbol Description  

Ag silver 

Al aluminium 

ASTM American Society for Testing and Materials 

B boron 

BDC bottom dead centre 

℃ degree Celsius 

Ca calcium 

COF coefficient of friction 

CT continuous test 

Cu copper 

E₁, E₂ Elastic Modulus (Material 1 and 2) 

Fe iron 

GPa gigapascal 

KV kinematic viscosity 

m/s meter per second 

Mg magnesium 

Mo molybdenum 

MPa megapascal 

N newton 

Ni nickel 

P phosphorus 

Pmax maximum contact pressure 

R₁, R₂ radii of curvature (body 1 and 2) 

Sb antimony 

Sn tin 

SS start-stop 
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