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A B S T R A C T   

A boric acid fuel additive has shown promising results in field-tested internal combustion engines by resulting in 
substantial fuel consumption reductions. The present study evaluated the lubricating, tribofilm forming, and 
wear protective abilities of the fuel additive when mixed into four fuels; ethanol (E85), gasoline, diesel and 
marine gas oil (MGO). A reciprocating ball-on-disc setup was used for the test, to mimic the conditions of 
components that run lubricated by the fuel, such as fuel pumps and fuel injection systems. The chemistry of the 
varying fuels as well as the concentration of fuel additive was found to strongly affect the tribofilm formation on 
the sliding surfaces. The fuel additive showed no friction or wear reducing effect in any of the fuels, except for in 
E85.   

1. Introduction 

Increased emissions of carbon dioxide (CO2) and other greenhouse 
gases produced by human activities, especially burning of fossil fuels, 
are causing global warming [1]. To prevent severe climate change, the 
emissions must be reduced. In year 2016, almost 75% of the global 
greenhouse gas emissions came from the energy sector, including energy 
use in buildings (17.5%), transport (16.2%) and energy use in industry 
(24.2%) [2]. Focusing on the transport sector, 11.9% of the total global 
greenhouse gas emissions in year 2016 came from road transport, 1.9% 
from aviation, 1.7% from shipping and 0.4% from rail [2]. Improved 
vehicle efficiency, low-carbon fuels, and travel reduction are three 
strategies to reduce transport emissions [3]. The three most likely 
low-carbon energy carriers that will help reduce the CO2 emissions from 
the transport sector are electricity, hydrogen and biofuels [3,4]. The 
energy source and supply chain influence their life-cycle carbon emis-
sions [4]. Further, technological innovation and significant infrastruc-
ture changes are required to enable a shift towards a low-carbon 
transport sector. 

The shift towards a passenger car fleet with a larger share of electric 
vehicles (EVs) is ongoing and the global electric car stock has increased 
from about 17 000 in 2010 to 7.2 million in 2019 [5]. In 2019, the share 
of electric vehicles was about 1% of the global car fleet. Electric vehicles 
increase the electricity demand, so the large challenges related to 
charging infrastructure must be solved to enable a large share of EVs in 
the car fleet. Due to the enormous number of combustion engine cars in 
today’s fleet, it is far from given that all can be replaced by EVs, at least 

not in the near future. In a paper from 2020, Milovanoff et al. [6] esti-
mated how many light-duty EVs are needed in the US before year 2050, 
to keep the CO2-emission budget of US light-duty vehicles within the 
limit of 2 ◦C global warming (above pre-industrial levels). Under the 
assumption business-as-usual, more than 350 million light-duty EVs, 
corresponding to 90% of the fleet, are needed to stay below this limit. 
This is an unrealistic scenario according to Milovanoff et al. Reducing 
the fuel consumption in conventional combustion engines would reduce 
the need for alternative technologies, but this alone will not be the 
complete solution. A wide range of policies are needed, including pol-
icies to reduce vehicle ownership and usage [6]. 

Biofuels can to some extent be blended into diesel and gasoline fuels, 
to reduce the consumption of the latter two. Many countries have been 
doing so for many years, mostly using ethanol and biodiesel. Never-
theless, the future of combustion engines is uncertain since a growing 
number of national governments in Europe plan to phase out 
combustion-engine vehicles in the near future [7]. However, Fulton 
et al. [4] in 2015 concluded that it will be difficult to reach a low-carbon 
transport sector without widespread use of biofuels. New types of fuel 
and fuel blends often lead to new challenges that need to be addressed, 
including factors such as the effect of corrosion on engine components, 
engine wear, oil compatibility, fuel consumption, engine emissions, etc. 
As an example, problems connected to poor fuel lubricity were 
encountered in diesel engines when low-sulfur fuels were introduced 
[8]. 

The lubricity of various fuel types and fuel blends have been widely 
investigated in the literature and varying test methods, such as high- 
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frequency reciprocating rig (HFRR), pin-on-disc, 4-ball wear tester, ball- 
on-three-discs, etc., have been used [9–14]. Engine tests measuring 
engine performance parameters is another important tool [15–17]. 
There are numerous standards for determining the lubricity of fuels, and 
for diesel fuel the HFRR is a common method [18–20]. 

Fazal et al. [12] used a 4-ball equipment to investigate the friction 
and wear characteristics of diesel, biodiesel and three different bio-
diesel/diesel blends. Both the wear and friction were reduced with an 
increased biodiesel concentration. In contrast to that positive effect, the 
effect of adding ethanol to diesel is inconclusive. In general, the addition 
of ethanol in diesel reduces the fuel lubricity [11,17,21]. However, 
Lapuerta et al. and Torres-Jimenez et al. [22,23] showed that ethanol 
blended into diesel improves the fuel lubricity when evaluated with the 
HFRR method. In tests by Kuszewski et al. [10,11], ethanol-diesel blends 
with as much as 14 wt% ethanol were evaluated in a HFRR and a 4-ball 
wear test equipment, but no significant difference was found [10]. The 
gradual evaporation of ethanol during the test was one reason for this. 
However, in the 4-ball tests, the pure diesel fuel demonstrated better 
lubricity properties than the ethanol/diesel blends [11], as an increased 
ethanol concentration led to lower scuffing loads. Different test condi-
tions and different lubricity assessment criteria were stated as reasons 
behind the varying results between the two methods [11]. All in all, 
simplified methods to evaluate fuel lubricity are depending on test 
conditions and may lead to other results than in the real engine contact. 

Except from evaluating various fuel blends, fuel additives of varying 
types in various fuel blends have been evaluated for their ability to 
reduce friction and wear in fuel pumps and fuel injection systems [24, 
25]. Kuang et al. [24] used a reciprocating ball-on-disc test (steel/steel) 
to investigate the friction and wear performance when adding varying 
concentrations of CeO2 to diesel fuel. They found that the concentration 
optima for reduced friction and wear was 25 ppm CeO2. Mujtaba et al. 
[25] used the HFRR method to investigate carbon nanotubes and tita-
nium dioxide (TiO2) nanoparticles as additives in diesel fuel blends. The 
nanoparticles of carbon and TiO2 improved the fuel lubricity due to 
formation of thin films of nanoparticles on the sliding metal surfaces. 
These films were thought to be working as a sacrificial layer, reducing 
the wear of the metal surfaces. 

Holmberg et al. [26] estimated that about one third of the fuel energy 
in a passenger car is lost to friction in the engine, transmission, tires, and 
brakes, while only 21.5% of the total fuel energy is used to move the car. 
Out of the total friction losses in the engine, 45% is due to losses in the 
piston assembly. Suggested techniques to reduce these losses, and hence 
improve the fuel economy, include advanced surface texturing, surface 
coatings, lubricants and lubricant additives. 

Boric acid is a lamellar solid with strong bonds within the layers and 
weaker van der Waals forces between the layers, which facilitates low 
friction because of the easy shear between these layers [27]. This 
lamellar solid has been evaluated in various applications, such as metal 
forming, in engine oils and as fuel additive in combustion engines [13, 
14,28–34]. In Refs. [13,14], boric acid improved the lubricity of 
ultra-low sulfur diesel fuel (3 ppm sulfur) when evaluated in a 
ball-on-three-discs fuel-lubricity test using an alumina ball and three 
steel discs. The maximum Hertzian contact pressure was about 1 GPa. 
The boric acid concentrations evaluated were 500 and 2000 ppm. 
Reference tests with ultra-low, low-, and high sulfur diesel fuels (3, 140 
and 500 ppm sulfur, respectively) showed that the addition of boric acid 
had the same effect on reducing wear as had the high sulfur content. 

In the present study a commercial lubricating boric acid fuel additive 
(Triboron International AB) is investigated in various fuels. In field tests 
of this product, the fuel consumption was reduced with an average of 6% 
in gasoline and diesel cars and 10% in diesel generators [35,36]. Tests in 
light trucks led to reductions of more than 10% [37]. Such large re-
ductions would save enormous amount of energy and reduce emissions. 
Even a very small improvement in a specific engine component would 
scale up to large savings and reduced emissions, due to the enormous 
number of vehicles around the world. The fuel additive product and its 

possibilities to reduce friction losses in combustion engines have been 
studied in our earlier publications [38–41]. In these studies, the boric 
acid additive was evaluated in a simplified lab test developed to simulate 
its effect in the piston ring/cylinder wall sliding contact (piston/cylinder 
contact), without the presence of fuel. The addition of the boric acid fuel 
additive resulted in formation of boric acid tribofilms on the sliding 
surfaces, and often very low friction coefficients [41]. In the present 
work, the fuel additive is evaluated in different fuels in a reciprocating 
ball-on-disc test. The aim is to i) evaluate the effect of the additive in 
different fuels with respect to friction and wear, ii) learn if the formation 
of tribofilms on the contact surfaces differs between the fuels, and iii) 
learn if the fuel additive can offer some wear protection for engine 
contacts that operate in direct contact with the fuel, such as fuel pumps 
and fuel injection systems. The lubrication of such contacts depends on 
the lubricity of the fuel itself. 

2. Materials and method 

2.1. Materials and fuels 

SKF Bearing washers (WS 81106) made of ball bearing steel, with 
outer and inner diameters of 47 and 30 mm, respectively, and with a 
surface roughness, Sa, 0.14 μm, were used as flat specimens in sliding 
contact against 10 mm ball bearing steel balls. The surface roughness, 
Sa, of the balls was 15 nm. The Sa values are the average of ten mea-
surements (each measuring an area of 834 × 834 μm) on various posi-
tions on each specimen. The hardness of the flat specimens was 770 ±
26 HV and of the balls 870 ± 24 HV. Four different combustion engine 
fuels were investigated: ethanol (E85), gasoline, diesel, and marine gas 
oil (MGO), see Table 1. E85, gasoline and diesel are used in passenger 
cars and MGO is used in marine diesel engines, boilers, furnaces and 
other combustion equipment. 

E85 (OKQ8 Ethanol E85) is an ethanol/gasoline fuel mixture con-
taining 76–86% denatured ethanol, dependent on seasonal temperature 
variations [42]. At lower temperatures the higher gasoline contents are 
required to start the engine. Gasoline (GoEasy 95, OKQ8) is a fuel with 
an octane rating of at least 95, an ethanol content of up to 5% and with 
additives that clean and lubricate the engine and the fuel system [43]. 
Gasoline is comprised of hydrocarbons in a range of C4 to C12 [44]. 
Diesel fuel contains a mixture of molecules with about 12–22 carbon 
atoms [45]. MGO (Shell Aviation Sweden AB) typically has a higher 
density than diesel. 

The fuels were tested with and without the fuel additive, which 
contains boric acid, B(OH)3 (<5.5 wt%) in a solvent consisting of mainly 
ethanol. The fuel additive is a commercial product from Triboron In-
ternational AB. When used in engine fuels, it is intended to be mixed 
1:1000, which results in a boric acid mass fraction of about 60 ppm. The 
fuel additive is miscible in E85 and gasoline when mixed in a ratio of 
1:1000 and 1:100, but less miscible in diesel and MGO where the fuel 
and fuel additive separate. Table 2 summarizes the different fuels and 
additive blend ratios. 

2.2. Experimental setup 

A reciprocating sliding ball-on-disc configuration, with a fixed ball 
and reciprocating lower flat specimen, was used to evaluate the different 
fuels and fuel/additive blends, see Fig. 1. In this setup, the flat specimen 
is mounted in a container, which is attached on a linear bearing and the 
reciprocating motion is obtained by a motor running a crankshaft and 
connecting rod. The stationary ball is positioned on a lever, on which the 
load is applied. Strain gauges are used to measure the friction force. The 
mean friction value over a complete cycle, i.e., two strokes, is recorded. 
All specimens, both the ball and the flat, were cleaned for 5 min in an 
ultrasonic bath with acetone and ethanol, respectively, before the first 
test. Each flat and ball were used for several tests, although for each test 
mounted in new positions to expose unaffected contact area. Each flat 
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and ball pair was, however, only used in one specific fuel or fuel/ad-
ditive blend. 

Before test start, 50 ml of fuel was added to the container holding the 
flat specimen, which fills to some millimeters above the specimen 
surface. 

2.3. Test parameters 

The applied load was 5 N, corresponding to an initial Hertzian 
maximum contact pressure of about 0.8 GPa. The frequency of motion 
was 3 Hz, and the stroke length 1 cm. The test duration was 12 500 
cycles, corresponding to 250 m of sliding of the ball against the flat 
specimen. Each test type was run three times and all tests were per-
formed in room temperature (about 20 ◦C) and room atmosphere. 

2.4. Surface analysis 

The balls and flat specimens were analyzed after testing using 
scanning electron microscopy (SEM, Zeiss Merlin), energy dispersive 
spectrometry (EDS, Oxford X-max) and vertical scanning interferometry 
(VSI, Zygo Nexview) to get topographical data. The VSI software Vision 
4.20 and MountainsMap® were used to measure the wear scar diameter 
and the wear volume of the balls. A light optical microscope (LOM, 
Olympus BX60M) was used to image the wear scar on the ball from each 

test. All specimens were cleaned with hexane in an ultrasonic bath for 5 
min, prior to analysis. 

3. Results 

3.1. Friction and wear 

The friction behavior in the reciprocating sliding test was very 
repeatable between the three parallel tests for each fuel blend. An 
example friction curve for each combination is presented in Fig. 2. In 
general, the fuel additive does not reduce the friction, and the friction is 
highest for the E85 fuel blends, followed by gasoline, and lastly diesel 
and MGO fuel blends with lowest friction level. The friction curves of 
E85 are very unstable and the friction typically increases and decreases 
in a repeated pattern (Fig. 2a). The friction curves of the gasoline fuel/ 
additive blends are more unstable than the gasoline reference, and show 
slightly higher friction (Fig. 2b). The friction curves of diesel and MGO 
fuel blends are all very stable and show a similar friction level (Fig. 2c 
and d). 

With the aim to find out if the friction increase caused by the fuel 
additive in gasoline was due to the increased ethanol concentration 
(ethanol is its main constituent) or due to the increased boric acid 
concentration, three additional tests with gasoline mixed with pure 
ethanol (96 vol%) were performed. These tests resulted in friction levels 
similar to the fuel reference, i.e., the boric acid is most likely the reason 
for the increased friction in gasoline. 

To facilitate comparison and detect differences between the fuel 
blends, the friction results are summarized in a bar graph, where the 
mean friction values of the three tests per fuel blend type, as well as the 
95% confidence intervals are presented, see Fig. 3a. The friction values 
of around 0.2 for the E85 fuel and blends are higher with statistical 
significance (95% confidence interval) than for all other fuel blends. The 
mean friction values of the gasoline tests (0.14, 0.15, 0.16 and 0.14) are 
all higher than those for diesel and MGO. The friction levels of diesel and 
MGO with and without the fuel additive are all close to 0.13, i.e., no 
friction reducing effect from the fuel additive was detected. 

However, in E85 and gasoline, the fuel additive shows an effect. 
When added to the ratio 1:1000 in E85, it increases the mean friction, 
albeit with low statistical significance. When added to the higher con-
centration (1:100) it reduces the mean friction to values below the fuel 
reference. So, in E85 a higher concentration than recommended in the 
application (1:1000), seems to result in lower friction than both fully 
without and with the lower concentration, in these tests. In gasoline, the 
friction values increase when adding the fuel additive in a 1:1000 ratio, 
and even more when increasing to the 1:100 ratio. The friction is higher 
in the 1:100 fuel blend (with statistical significance) than in the fuel 
reference. 

Tests in the E85 fuel blends result in statistically larger wear scar 
diameters on the steel balls (95% confidence interval) than tests in all 
other fuels, see Fig. 3b. Diesel and MGO result in lowest wear. The 
higher friction observed when using the E85 and gasoline fuel blends is 

Table 1 
Fuel and fuel additive details.  

Fuel Supplier Product name Composition Density at 15 ◦C  
[kg/m3] 

Kinematic viscosity  
[mm2/s] at 40 ◦C 

E85 OKQ8 Ethanol E85 Denatured ethanol (76–86% depending  
on season) mixed with gasoline 

778–786 <1 

Gasoline OKQ8 GoEasy Petrol 95a C4–C12 hydrocarbons [44] 745 <1 
Diesel OKQ8 GoEasy Diesela C12–C22 hydrocarbons [45] 810 <4 
MGO Shell Aviation Sweden AB Shell Marine Gas Oil (DMA) 1%S C9–C20 hydrocarbons 800–890 – 
Fuel additive Supplier Product name Composition   
Triboron fuel formula Triboron International AB Triboron fuel formula Ethanol (90–100 wt%), boric acid (<5.5 wt%),  

fatty acids (<3 wt%), other (<2 wt%) 
– –  

a GoEasy gasoline and diesel fuel from OKQ8 contain additives that clean and lubricate the engine [43,46]. 

Table 2 
List of tested fuel/additive blends, where Reference refers to the respective fuel 
without additive.  

Fuel Fuel/additive blends 

E85 Reference (0:1000) 1:1000 1:100 
Gasoline Reference 1:1000 1:100 
Diesel Reference 1:1000 1:100 
MGO Reference 1:1000 1:100  

Fig. 1. Setup used in the ball-on-disc test, comprising a steel ball (10 mm in 
diameter) against a flat reciprocating steel specimen (with outer and inner di-
ameters of 47 and 30 mm, respectively). The load was 5 N, the frequency 3 Hz, 
the stroke length 1 cm, and the test length 12 500 cycles. 
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reflected in a larger wear scar diameter, Fig. 3. Tests in diesel and MGO 
show similar wear results with no significant difference between the 
reference and the 1:1000 fuel blend. However, when running with the 
higher additive concentration (1:100), the wear marks grew clearly 
larger than without the additive or with the low concentration. 

The difference in wear scar diameter of balls is not a very sensitive 
indicator of the differences in wear rate. Therefore, also the wear vol-
umes were measured from VSI data, see Table 3. Although the wear 
volumes follow the same trends as the wear scar diameters, the differ-
ence between best and worst now covers several orders of magnitude. 

3.2. Surface appearance and tribofilms formed in the wear scars 

The surface appearances of the balls and flat specimens vary 
depending on fuel type. A common feature of all four reference fuels, is 
that iron oxide films form on the sliding plateaus of the flat specimen, 
see Fig. 4. The wear scar on the flat specimen run in the E85 reference 
(Fig. 4a and e) is much wider than for the other fuel references, and the 
iron oxide films appears to be thicker (based on the sharp edges on the 
iron oxide patches). 

Typical appearances of the wear scars on the balls are presented in 
Fig. 5. From these images, it is evident that not only the wear scar 
diameter but also the tribofilm build up (based on varying color in the 
separate images) differs between the fuel types. EDS analysis of the wear 
scars was used as a complement to the LOM images and helped interpret 
the differently colored regions in Fig. 5. 

3.2.1. E85 
In the E85 reference, the colored regions in the wear scar (Fig. 5a) are 

iron oxide. When adding the fuel additive (1:1000), the wear scar 
diameter increases (Fig. 5e) but no pronounced iron oxide regions are 
found. The dark lines in the wear scar, parallel to the sliding direction, 

are scratches (confirmed using SEM). Tests with the fuel additive in a 
ratio of 1:1000 does not generate any detectable films of boron and 
oxygen, neither on the ball, see Fig. 6a, nor on the flat steel surfaces. The 
EDS spectra of the flat specimens are generally very similar to those 
recorded on the balls. An increase in boric acid concentration (additive 
mixed 1:100) leads to reduced wear scar diameter (Fig. 5i) and formed 
iron oxide regions in the wear scar, but still no detectable films con-
taining boron and oxygen (Fig. 6b). 

3.2.2. Gasoline 
In gasoline, both the reference and 1:1000 fuel blend result in for-

mation of iron oxide regions in the wear scars (Fig. 5b and f). No boron- 
and oxygen-containing film was detected with the 1:1000 fuel blend, see 
Fig. 6a. 

With the 1:100 fuel blend, the wear scar is larger than for the 
reference and 1:1000 fuel blend, and no pronounced oxide regions are 
formed (Fig. 5j). However, small patches of tribofilm containing boron, 
oxygen and carbon are visible in the SEM, see Fig. 7, when using the low 
acceleration voltage of 2 kV. They are so thin that they are almost 
electron transparent when using 5 kV. These boron- and oxygen- 
containing patches give rise to the boron signal in the EDS spectrum 
in Fig. 6b. 

3.2.3. Diesel and MGO 
Iron oxide films cover the wear scars after tests run in diesel and 

MGO references (Fig. 5c and d). After run in the 1:1000 fuel blends, clear 
boron- and oxygen-containing films (very likely boric acid based on 
findings in Ref. [41]) appear on the surfaces, see Fig. 6a. These are the 
colored films in Fig. 5g and h. Examples of the surface appearance and 
compositions of such films are presented in Fig. 8. The 1:100 diesel fuel 
blend shows no such films (Figs. 5k and 6b). Instead, a few iron oxide 
regions are found. These are not evident using LOM, but identified with 

Fig. 2. Friction coefficient from the reciprocating ball-on-disc tests performed in E85, gasoline, diesel and MGO with and without the fuel additive (mixed 1:1000 
and 1:100, respectively, in each fuel type). In gasoline, a control test was made with addition of solely ethanol (96 vol%) in a 1:100 ratio. Each of the presented 
friction curves is representative for the three runs made with each fuel blend. 
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SEM/EDS (results not shown). However, boron- and oxygen-containing 
films were found on the flat specimen. Both the ball and flat specimen 
run in the 1:100 MGO fuel blend show clear boron peaks. 

4. Discussion 

The resulting friction, wear and tribofilm formation from the tests is 
summarized in Table 4. The regions where boric acid was detected were 

likely first covered with iron oxide films, and the boric acid then formed 
on top, as was found in Ref. [41]. 

4.1. Ball-on-disc tests versus standard fuel lubricity tests and real engine 
contacts 

The present work is focused not only on comparing friction and wear 
data, but also on analyzing the tribofilms formed on the contact surfaces. 
The tests were intended to be relatively generic, and primarily add to the 
general understanding of the lubricating mechanisms and properties of 
the fuels and fuel blends. Therefore, they were performed in a simplified 
sliding test rig, neither mimicking a specific engine component (contact 
type, contact pressure, material, frequency of motion, temperature, etc.) 
nor following a specific fuel lubricity standard. As pointed out in 
Ref. [10], it may be difficult to predict engine wear based on any bench 
test intended to evaluate fuel lubricity. So, following a standard does not 
ensure that the results are directly applicable on the real application. To 
achieve results more relevant to a selected specific application, future 
tests should be designed to closer simulate its actual contact conditions. 

The present study included only a single normal load, 5 N. Although 
proven sufficient to generate tribofilms containing boron and oxygen 
under favorable conditions, future tests should preferably include a 
range of loads, and particularly extend to loads higher than 5 N. Using a 
ball-on-disc geometry in continuous sliding contact, Erdemir and Erck 
[47] investigated the effect of Hertzian contact pressure on the friction 
properties of boric acid films that formed spontaneously in humid air on 
boric oxide coated discs of steel, sapphire and alumina. In each test, the 
ball was of the same material as the disc. The friction coefficient was 
reduced with increasing load for loads of 1, 2, 5 and 10 N, corresponding 
to 0.31–1.6 GPa (initial mean Hertzian contact pressure). In 
fuel-lubricity tests by Erdemir [13,14], the addition of boric acid to 
ultra-low sulfur diesel fuels resulted in wear reductions. The maximum 
Hertzian contact pressure was about 1 GPa. Hence, an increased contact 
pressure could possibly lower the friction and improve the wear results 
compared to the tests performed at 5 N (corresponding to an initial mean 
and maximum Hertzian contact pressure of about 0.5 and 0.8 GPa, 
respectively) in the present study. However, in our previous work 
evaluating the fuel additive on oil-lubricated surfaces simulating a pis-
ton/cylinder contact, the boric acid resulted in substantial friction re-
ductions, even though the initial maximum Hertzian contact pressure 
was only about 60 MPa [38–41]. 

4.2. Friction, wear and tribofilm formation 

The friction and wear were influenced by both the fuel type and the 
fuel additive concentration. This also applies to the appearance and 
chemistry of the tribofilms. The relations between the friction and wear 
results and the tribofilms formed are discussed in the following sections. 

4.2.1. Fuel lubricity 
Tests run in E85 showed the highest friction and wear values, fol-

lowed by the gasoline tests. Accordingly, tests run in diesel and MGO 
showed the lowest, and equally low, friction and wear. The kinematic 
viscosity of a fuel strongly affects its lubricity [15], but has not been 
measured in the present study. However, the fuel supplier OKQ8 gives 
the following kinematic viscosity data: <1 mm2/s for E85 and gasoline 
and <4 mm2/s for diesel, at 40 ◦C (see Table 1). No viscosity data for the 
specific MGO tested is available, but would typically be 2–6 mm2/s at 
40 ◦C [48]. Assuming that the tested MGO falls within this interval, the 
tested fuels follow the general trend that higher viscosity results in lower 
friction and less wear. 

4.2.2. Fuel evaporation 
The gasoline and E85 fuels evaporated during the friction tests, since 

an open fuel container was used, but the sliding contacts never run dry. 
The friction curves of all E85 tests showed irregular friction behavior 

Fig. 3. Friction and wear results from the reciprocating ball-on-disc tests per-
formed in E85, gasoline, diesel and MGO with and without the fuel additive 
(mixed 1:1000 and 1:100, respectively, in each fuel type). In gasoline, a control 
test was made with addition of pure ethanol (96 vol%) in a 1:100 ratio. The 
graphs show the average values (bar height and included numbers), the value 
for each parallel test (indicated by square, circle and triangle) and the 95% 
confidence intervals. a) Coefficient of friction and b) wear scar diameter for the 
three parallel tests per fuel type and fuel blend. Each presented coefficient of 
friction value is based on the mean of three tests, where the mean in a single test 
is calculated over the entire test length. 

Table 3 
Wear volumes measured on steel balls tested in various fuel blends. Mean values 
from the three parallel tests, where the ± numbers indicate the corresponding 
standard deviations.  

Fuel Fuel additive Wear volume [×103µm3] 

E85 – 
1:1000 
1:100 

1300 ± 110 
1800 ± 170 
800 ± 48 

Gasoline – 
1:1000 
1:100 

130 ± 9 
150 ± 22 
320 ± 22 

Diesel – 
1:1000 
1:100 

5.1 ± 1 
5.0 ± 1 
18 ± 3 

MGO – 
1:1000 
1:100 

5.4 ± 1 
5.8 ± 3 
34 ± 5  
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Fig. 4. Example of surface appearance (SEM) of the wear scars on the flat specimen from reciprocating ball-on-disc tests in the reference fuels without additive a) 
E85, b) gasoline, c) diesel and d) MGO. The sliding direction ↔ is indicated in a). Top (a–d): Overview of the wear scars. Middle row (e–h): Detail showing tribofilm 
formation (darker) on the sliding plateaus. Bottom row: Separate EDS maps showing the distribution of iron, oxygen and carbon in e). The acceleration voltage used 
was 5 kV. 

Fig. 5. Wear scar appearances on the ball after reciprocating ball-on-disc tests performed in E85, gasoline, diesel and MGO, each without and with the fuel additive 
mixed in a ratio of 1:1000 and 1:100. All surfaces are depicted using the same magnification. The scale bar and sliding direction ↔ are indicated in d). The average 
wear scar diameter for each fuel blend is shown in Fig. 3. 
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after an initial period with quite stable friction. The reason for this 
behavior is not yet understood but might be related to the fuel evapo-
ration. Evaporation may change the fuel properties, especially of the fuel 
blends with boric acid, where the concentration increases during testing 
if the boric acid evaporates at a slower rate. Based on findings in 
Ref. [49], some boric acid evaporation is expected, at least in E85 where 
the volatile organic complex triethyl borate, B(OCH2CH3)3, is present. A 
large share of the gasoline fuel also evaporated but did not result in the 
unstable friction seen in the E85 tests. This indicates that the mechanism 
observed during E85 tests is specific for that fuel type and possibly not 
only correlated to fuel evaporation. Additional tests are needed to better 
understand the friction behavior of the E85 fuel blends, preferably run in 
a closed container to reduce the evaporation and its potential effects. 
However, this is beyond the scope of the present study. 

4.2.3. Tribofilm formation and fuel additive concentration 

4.2.3.1. E85. In E85, the low additive concentration (1:1000) resulted 
in higher friction and wear than the fuel reference, while the higher 
concentration (1:100) resulted in lower friction and wear than the 
reference. Iron oxide formed on the steel balls both when run in the E85 
reference and in the 1:100 fuel blend (Fig. 5a and i). However, no pro-
nounced iron oxide films formed in the 1:1000 fuel blend (Fig. 5e). 
When comparing the friction and wear results with the appearance of 
the wear scars on the balls, it seems like the formation of iron oxide is 
beneficial for reducing wear, and that iron oxide formation together 
with boric acid in the right concentration (1:100) results in lower fric-
tion and wear than the reference. The reasons behind these results are 
not clear. One possibility is that a low concentration of boric acid 

Fig. 6. EDS spectra acquired in and outside of the wear scars generated on the ball in the reciprocating ball-on-disc tests performed in E85, gasoline, diesel and MGO 
with the fuel additive. The EDS spectra from the ball and the flat are generally very similar, so only the spectra from the balls are presented here. The acceleration 
voltage was 2 kV. a) Fuel additive mixed 1:1000. b) Fuel additive mixed 1:100. 
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reduces the lubricating ability of other lubricating additives in the fuel, 
so that the less beneficial iron oxide is formed. However, the iron oxide 
that forms may not be wear protective in itself, but only a result of the 
contact conditions. Using the higher concentration, boric acid itself 
might reduce friction and wear. However, no boric acid was found on 
the flat specimen or the ball after tests in E85. This can be related to the 
ability of ethanol to dissolve boric acid. In other words, if boric acid 
films were present and active during the sliding, they might have been 
re-dissolved in the fuel. More studies are needed to achieve a better 
understanding. 

4.2.3.2. Gasoline. In gasoline, the friction increased with increasing 
fuel additive concentration. The minimal effect of adding ethanol (96 
vol%) as a control test, see Fig. 3, is a strong indication that it is actually 
the boric acid addition that causes the friction increase. Iron oxide 
formed on the balls run in the gasoline reference (Fig. 5b), in the 1:1000 
fuel blend (Fig. 5f), as well as in the control test with ethanol in a 1:100 
ratio. However, on the parts run with the boric acid 1:100 fuel blend 
(Fig. 5j), with high friction and wear, no such pronounced films were 
formed. This indicates that the iron oxide that forms on the balls protects 
from excessive wear, as for surfaces run in E85, and that addition of 
boric acid (1:100) hinders this formation. The exact mechanisms behind 
these results are not known, but boric acid has in the literature been 
reported to influence the oxidation and corrosion behavior of various 
metals, and the concentration of boron in borated stainless steels typi-
cally has a large effect on the corrosion resistance [50,51]. According to 
Britton et al. [51] boric acid prevents oxidation of zirconium in steam at 
500 ◦C, by being present in low concentrations in the steam. Hence, it is 
not unlikely that boric acid influences the oxidation behavior in the 
present tests. Further, similar to the E85 case, one possibility is that the 
lubricating effect of other additives in the fuel becomes less efficient in 
the presence of boric acid. Also for gasoline fuel blends, more studies are 
needed to obtain more insights into the lubricating mechanisms. 

4.2.3.3. Diesel and MGO. No statistically significant friction difference 
was observed between the reference and the two fuel/additive blends 
neither for diesel nor MGO (Fig. 3a). However, the higher fuel additive 
concentration (1:100) resulted in more wear than both the lower 
(1:1000) and the fuel reference, for both diesel and MGO (Fig. 3b). Iron 
oxide forms on the surfaces run in the reference fuels (Fig. 5c and d), and 
boric acid films form in tests run in the 1:1000 fuel blends with both 
diesel and MGO (Fig. 5g and h). Even so, the different types of tribofilms 
result in similar friction and wear. However, for the more concentrated 
1:100 fuel blends other mechanisms must be active. Boric acid films are 
formed in MGO (Fig. 5l), but nevertheless the wear is higher compared 
to tests in the reference fuel and 1:1000 fuel blend. In diesel, neither 
boric acid nor any pronounced iron oxide tribofilms form on the ball 
(Fig. 5k), and again the wear is higher. (Some boric acid is however 
found on the flat specimen tested in the 1:100 diesel fuel blend). 

The increased ethanol content in the 1:100 fuel blend may reduce the 
lubricity of diesel and MGO blended with the fuel additive, so that no 
wear reduction is found from the boric acid addition. This would be 
consistent with the reduced viscosity and lubricity of diesel fuel caused 
by addition of ethanol in Refs. [11,17,21]. However, based on the pre-
sent observations for the other fuels and fuel blends, the most likely 
explanation is that the addition of boric acid hinders the formation of 
other beneficial surface films. 

4.2.3.4. Fuel and fuel additive compatibility. In fuels where the fuel ad-
ditive product (boric acid and ethanol) is easily dissolved, such as in E85 
and gasoline, no or only low amounts of boron- and oxygen-containing 
films were detected on the worn surfaces. In diesel and MGO on the 
other hand, the fuel additive and fuel do not mix well, and boron- and 
oxygen-containing films were found on the worn surfaces. Hence, boric 
acid seems to form tribofilms more easily when run in more hydrophobic 
fuels. In our previous work [38–41], the fuel additive was evaluated in 
reciprocating sliding contacts lubricated by polyalphaolefin oil. In these 

Fig. 7. Wear scar appearance (SEM) on the 
ball from a reciprocating ball-on-disc test in 
gasoline with fuel additive mixed 1:100, 
depicted using two acceleration voltage set-
tings, 2 and 5 kV. The sliding direction ↔ is 
indicated in a). a) and b) Overview of the 
wear scar using 2 kV and 5 kV, respectively. 
c) and d) Detail indicated by frames in a) and 
b), respectively. The tribofilms formed 
(containing boron, oxygen and carbon, EDS- 
results not presented) are clearly seen when 
using an acceleration voltage of 2 kV, but 
almost electron transparent when using 5 kV 
in d).   
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oil-lubricated contacts, boric acid tribofilms formed on the sliding sur-
faces, indicating that boric acid is compatible with oil, or at least with 
base oils without any competing additives. These tribofilms of boric acid 
reduced the friction significantly, in some cases by as much as 65% 
(average over a full stroke). Further, based on literature on boric acid, 
the friction is expected to be reduced in the fuel/additive blends and 
when boric acid is present on the surfaces [13,14,27,52,53]. The reason 
why no friction and wear reductions with the additive were found in the 
present study, even though boric acid films were found in some fuel 
blends, is not yet understood. 

The simplified lab tests performed here are not fully representing real 
engine conditions, and care needs to be taken when using the results. 
Complementary experiments, preferably in more engine-like contacts, 
are needed to reach a more comprehensive view of the effect of boric 
acid in various fuels. 

5. Conclusions 

In the present work the effect of adding a boric acid fuel additive to 
different engine fuels has been evaluated in a reciprocating ball-on-disc 
test run submerged in the fuel. The aim was to i) evaluate the effects on 
friction and wear, ii) learn if the tribofilm formation differs between 
different fuels, and iii) learn if the fuel additive offers wear protection 

Fig. 8. Example of surface appearance (SEM) and elemental composition (EDS mapping) of wear scars from reciprocating ball-on-disc test in diesel with fuel additive 
mixed 1:1000. a) Flat specimen with the sliding direction ↔ indicated. b) Ball. Top: Overview of the wear scars. Middle row: Detail showing tribofilm formation 
(darker). Bottom row: Separate EDS maps of the areas imaged above, showing the distribution of oxygen, boron, iron and carbon. The acceleration voltage was 2 kV. 

Table 4 
Summary of resulting friction, wear, and formation of tribofilms for the present 
tests. The effects of the additive are described in terms of increasing or 
decreasing friction and wear as compared to the reference fuel. The division into 
iron oxide and boric acid tribofilms, respectively, is based on EDS analysis in the 
SEM.  

E85 Reference 1:1000 1:100 

Friction High Increase Decrease 
Wear High Increase Decrease 
Tribofilm Iron oxide No tribofilm Iron oxide 

Gasoline Reference 1:1000 1:100 

Friction Medium Increase Increase 
Wear Medium Medium Increase 
Tribofilm Iron oxide Iron oxide Boric acid (few, small and thin patches) 

Diesel Reference 1:1000 1:100 

Friction Low Low Low 
Wear Low Low Increase 
Tribofilm Iron oxide Boric acid Boric acid on flat, no tribofilm on ball 

MGO Reference 1:1000 1:100 

Friction Low Low Low 
Wear Low Low Increase 
Tribofilm Iron oxide Boric acid Boric acid  
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for components that operate submerged or in direct contact with the 
fuel, such as fuel pumps and fuel injection systems. A summary of 
resulting friction, wear, and formation of tribofilms for the present tests 
are presented in Table 4. The key findings are:  

• The fuel additive shows no friction or wear reducing effect in any of 
the fuels, except for when present in high concentration in E85. This 
is in contrast to i) the large friction reductions observed in our pre-
vious investigations of the fuel additive in oil-lubricated contacts, 
simulating the engine piston/cylinder contact [38–41], and ii) the 
observed wear-reductions when using boric acid in ultra-low sulfur 
diesel fuel in Refs. [13,14].  

• Among the fuels, tests run in MGO or diesel result in the lowest 
friction and wear, gasoline slightly higher, and E85 the highest.  

• The surface appearance of the worn surface, and hence the tribofilms 
that form, vary depending on fuel type.  

• The present results indicate that the boric acid tribofilms are formed 
more easily, or at least preserved, on steel surfaces run in more hy-
drophobic fuels, such as diesel and MGO. However, in this investi-
gation, the presence of boric acid tribofilms after test is not 
correlated to friction and wear reductions.  

• The active mechanisms are complex and further studies are needed 
to gain deeper insights into the tribological roles of boric acid in 
various fuels. 
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