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Abstract
Friction between rubbing pairs plays a key role in operating machines in an efficient approach. In some intended 
works or occasional circumstances, slipping friction may occur during dry or boundary lubrication. Lubricating 
mechanical equipment using proper and efficient lubricant agents is tremendously necessary. This work explores 
the synthesized triacetin as an additive for lubricant under slipping friction between steel rollers and aluminum, 
brass, copper, and stainless-steel rods under boundary lubrication. The metal surface morphology under the 
lubricant with 10% triacetin additive covering roughness periphery is investigated by Field Emission Scanning 
Electron Microscope imaging. In the dry slipping condition, the friction coefficient is lower for the copper-steel 
pair compared to the aluminum-steel combination. Compared to the absence of triacetin additive, the steel roller 
combinations with the rod metal specimens undergoing boundary lubrication with 10% triacetin additive in 
the lubricant can reduce the slipping friction coefficient by up to 49.2% in the case of steel roller and brass rod 
pair. The quantitative influences of triacetin additive on metal rubbing pair friction coefficients under boundary  
lubrication are inversely exponential correlated to triacetin additive, varying in the range of 0 to 10% v/v.
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1 Introduction

Friction between rubbing pairs plays a key role in  
operating machines in an efficient approach. Especially,  
those metal pairs of surfaces under staved or boundary  
lubrication require proper schemes to mitigate  
movement resistance [1]. Some examples associated 
with slipping friction or stick-slip condition comprise 
meshing gears in automotive gearbox or differential, 
piston ring and liner, piston skirt and cylinder wall, 
mechanism bearing, and so on [2]. These applications 
necessitate certain means of friction reduction, in 
particular a suitable lubrication oil for rubbing pairs 
and other environmental and operating conditions. In 

addition, improving lubricant to be more efficient can 
help reduce energy loss in fuel-saving [3].
 Analysis of friction and lubrication that occurs in 
between material pair of rubbing, and size, shape, and 
surface of the material is an important part of studying  
relative moving behavior and wear [4]. Several  
research works have been established and published  
regarding friction in both micro and macro scales  
as well as slipping and stick-slip frictions. Depending on 
the shape and type of lubricated contacts, slipping friction  
is one of the most frequent cases [5]. Flicek et al. [6] 
set up a frictional experiment for a block in elastic 
square shape sliding on a semi-planar after first normal 
compression and later applying shear load. At high 
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shear forces applied that closed to sliding condition, 
insignificant change of friction coefficient in response  
was observed. Beyond elasticity, Antoni [7] analogically  
analyzed in detail between plasticity and friction. 
Extended from the Coulomb’s friction, an equivalent 
mathematical theory was asymptotically analyzed 
that can localize on a surface for plastic strain. Under 
frictional slipping contact conditions, Lu et al. [8]  
analytically disclosed the contact stress in a lined  
circular tunnel. The tangential stress was founded to  
scatter over the lining boundary for both inner and outer  
at diverse coefficients of friction and lateral loads.
 In some intended works or occasional circumstances,  
slipping friction may occur during dry or boundary 
lubrication [9]. Wang et al. [10] conducted theoretical 
and experimental works that found a friction-induced 
vibration during the stick-slip situation. A complex 
dual-pin-on-disc configuration was set up for the  
experiment, while a new simplified two-degree-
of-freedom model for the configuration was also  
accomplished. Stick-slip oscillation was tested  
covering normal load range at various disc velocities, 
and its behavior during vibration was disclosed. In 
dry sliding friction, oscillation can also happen [11]. 
However, the friction reduction can be mitigated by 
imposing synchronized normal load oscillation. From 
these points of view, increasing lubrication efficiency 
is overwhelmingly important, especially the high-load 
and long-time operation of the machine. Lubricating 
mechanical equipment using proper and efficient  
lubricant agents is tremendously necessary.
 Lubrication oil is principally composed of base 
oil and additives that help preventing wear and friction  
between two surfaces in contact with relative movement  
[12]. Usually, vegetable oils and animal fats are  
insufficiently stable as a proper base oil in heavy-
duty working conditions, while mineral and synthetic 
oils are more popularly used [13]. However, many 
additives are obligated to improve some specific 
properties required for certain work, such as friction  
modifier [14]. In extreme temperature and pressure  
applications such as the gas drilling industry, Lan 
et al. [15] found a foreseeable scheme by filling  
lubricant additives to lower the friction. By comparing 
between presence and absence of lubricant additives at 
3.45 MPa pressure and up to 200 °C temperature, the 
two tested additives exhibited different load capacity 
resistances. The viscosity of the drilling fluid has been 

founded to play a key parameter in defining wear and 
friction behaviors.
 In general, zinc dialkyldithiophosphates (ZDDP) 
are applied as anti-wear additives as well as a corrosion 
inhibitor and antioxidant, especially for metal-to-metal 
contacts. Massoud et al. [16] strengthened the lubrication  
efficiency of the exposed surfaces to prevent wear or 
reduce friction using ZDDP as an antioxidant agent. 
Apart from the main functions of lubricant, Zohdi [17] 
applied micro-scale additives to reduce heat generation  
in thin film lubrication of bearing. The escalation 
in temperature of the fluid film between the bearing 
and housing was related to rotational speed, base oil 
viscosity, and additives’ physical properties, i.e., heat 
capacity, density, viscosity, and mixing ratio [17], 
[18]. Recently, nanomaterials have been gained more 
attention for being additives to liquid lubricants. Wen 
et al. [19] applied graphene-like covalent-organic 
compounds in two layers as the lubricant additives. 
The novel findings of the lubricated system created  
metal ions that promoted a stable adsorbed film  
formation of the lubricant. During sliding, their very 
thin layers lowered shear stress that finally reduced 
wear and friction, respectively, by 95.4% and 53.5% 
at 0.008% w/w additive dosage. For ceramics surfaces, 
Cui et al. [20] synthesized additives for water-based 
lubricant from nanoparticle materials. Silicon dioxide 
nanoparticles homogenously lubricated well with the 
ceramic surface and meaningfully lowered wear and 
friction. Meanwhile, zinc oxide and titanium dioxide 
cannot reach a homogenous protective film formation 
that resulted in tribological inefficiency. Therefore, to 
create proper lubricant at higher-level performance, 
finding other prospect additives to enhance lubricity 
between metal contact surfaces is crucial.
 Triacetin or glycerol triacetate is the tri-ester 
of glycerol and acetic acid or acetic anhydride [21].  
Triacetin is frequently synthesized from glycerol and 
acetic acid over several acid catalysts [22]. Various 
types of oils are sources of ester and triacetin production,  
for example, macaw oil [23], Crambe oil [24], waste 
cooking oil [25], and so on. Triacetin and its blends can 
be used in various applications dependent on desired 
properties [26]. Over a heterogeneous gold catalyst, 
Delesma et al. [27] examined biodiesel production 
mechanisms using the triacetin transesterification 
density function. In a common approach, triacetin has 
been, therefore, usually founded in biodiesel production. 
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By this convention, Zare et al. [28] blended waste 
cooking oil-based biodiesel with triacetin as a fuel 
additive to study for exhaust emissions and engine 
performance. The use of triacetin additive to biodiesel 
can drastically reduce emission levels.
 Most studies have used metal and non-metal as 
additives for lubrication oil, even for nanomaterial.  
Meanwhile, limited work has been done on the slipping  
friction in metal or non-metal rubbing pairs using  
triacetin additive under boundary lubrication.  
Additionally, other triacetin properties may be suitable 
to use as an additive for lubricant. Besides, there is less 
available information for the quantitative comparison 
among triacetin additive and type of metal rubbing 
pairs. In subsequence, some other facets have not yet 
been discovered regarding these issues.
 The first objective of this work is to investigate 
dry slipping friction on a steel roller with other paired 
metals in rod-type, i.e., aluminum, brass, copper, and 
stainless steel. Meanwhile, the second objective is to  
identify the quantitative influences of triacetin additive 
on metal surface pair friction under boundary lubrication.  
The coefficient of friction when mixing the base 
lubricant with triacetin additive varying in the range 
of 0 to 10% v/v will be determined and discussed. 
Based on these findings, an empirical correlation 
between friction coefficient and triacetin additive 
amount in lubricant is proposed. By these aims, the 
lubricant temperature – viscosity dependency will 
be first determined. In order to insight into physical  
characteristics, the selected metal surface textures  
under lubricant with triacetin additive within roughness  
periphery are also inspected by Field Emission  
Scanning Electron Microscope (FE-SEM) imaging.

2 Materials and Methods 

2.1  Friction coefficient determination based on 
slipping friction test

The relative movement of two objects creates friction. 
The magnitude of this friction is dependent on the type 
and characteristics of the material and the test conditions.  
Therefore, experimental studies to identify the  
occurrence of this phenomenon will be essential to 
identify the factors that cause friction. In this work, 
friction determination is based on the slipping friction 
test as the apparatus is depicted in Figure 1 with its 

concerning parameters.
 Figure 1 describes that the two steel rollers  
are timely rotating in the counter direction. A metal 
rod of uniform size is placed across the two rollers 
rotating opposite each other with a constant angular 
speed ω. The rod's center of gravity (G) moves to 
the right from the center position between the two 
rollers, as seen by the x displacement. The reaction 
forces at the point of contact between the rods and 
rollers are R1 and R2. By applying summation of the 
moment around G and summation of forces in both 
vertical and horizontal directions, the equation of  
motion of the metal rod will be:

 (1)

Where x is horizontal displacement, CF is slipping  
friction coefficient, h is the vertical height of the  
G-point position, and t is time. By solving Equation (1),  
the solution x is [Equation (2)]:

 (2)

with the angular velocity ω of [Equation (3)]:

 (3)

and the period (T) of [Equation (4)]:

Figure 1: Slipping friction test apparatus and calculation  
parameters.
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 (4)

 The slipping friction coefficient CF is, therefore, 
calculated by:

 (5)

where T is period, g is gravitational acceleration and 
λ is the specific length between the two roller centers 
(0.35 m).

2.2  Base lubricant

A multi-grade semi-synthetic oil in API SN service  
classification with SAE 10W-40 viscosity grade was 
used as the base lubricant. The base lubricant is primarily  
designed for gasoline cars using gasoline, -blended 
gasoline fuels, and gas-fueled (compressed natural 
gas or liquefied petroleum gas) engines. Its main 
component comprises hydrotreated heavy paraffinic 
petroleum distillates, whereas treating hydrocarbon  
compounds on a portion of the petroleum with  
hydrogen was performed in the presence of a catalyst. 
Its carbon numbers are principally in the range of C20 
to C50, the relatively high saturated hydrocarbons. The 
key engine lubricant specifications determined by a 
third-party laboratory are concisely listed in Table 1, 
with a clear amber color depicted in Figure 2(a).

Table 1: Key properties of the base lubricant
Selected Properties Method Unit Value

Density at 15 °C ASTM D4052 g/cm3 0.862
Viscosity at 40 °C ASTM D445 cSt 97.7
Viscosity at 100 °C ASTM D445 cSt 14.5
Viscosity index ASTM D2270 153
Flash point ASTM D92 °C 226
Pour point ASTM D5950 °C –36

2.3  Triacetin synthesis

Triacetin in this work was synthesized via acetylation 
of glycerol that was obtained as a by-product from 
the production of biodiesel. The glycerol by-product 
was extracted by hexane three times to remove some 
traces of biodiesel and unreacted alcohol using a 

separation funnel. The collected 100-g glycerol used 
in the acetylation reaction was not further purified 
due to procedure complications at a cost [29], [30]. 
In a batch reactor, the triacetin was synthesized from 
glycerol and acetic acid with a sulfuric acid catalyst 
impregnated by activated carbon. The acetic acid used 
in the reaction was anhydrous analytical reagent grade 
(Merck, 100% purity). The acetylation reaction was 
carried out in a flask with a two-neck round bottom, 
reflux condenser, and thermometer under atmospheric  
pressure. Glycerol and acetic acid, by 1 : 6 molar ratio, 
were mixed under magnetic stirring and heated to 120 °C  
by immerging in a constant temperature bath [30]. 
The reaction started when adding a 4.0% w/w catalyst 
[30], the activated carbon (10–900 μm in particle size) 
permeated to sulfuric acid (SAC) [31]. Figure 3 shows 
the acetylation reaction of glycerol and acetic acid to 
yield triacetin. After a 3-hour reaction time [30], the 
flask was immersed in a cold-water bath to quench 
the reaction, and then the SAC were separated using  
filtration in a vacuum atmosphere. The triacetin was  
extracted from the filtrate by hexane with the volumetric  
ratio of hexane to filtrate by 1:1. Later, they were  
removed by rotary evaporation before gas chromatography  
analysis. Figure 4 shows the gas chromatogram of 
triacetin taken place by the peak at 13.361 min. By 
GC analysis, the acetylation reaction of glycerol and 
acetic acid resulted in 86.7% glycerol conversion. As 

Figure 2: Physical appearance of the substances  
(a) base lubricant and (b) triacetin, used in the test.

Figure 3: Acetylation of glycerol and acetic acid to 
triacetin.
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depicted by a clear color in Figure 2(b), the produced 
triacetin was 98.7% purity with the kinematic viscosity 
of 9.32 cSt at 40 °C.

2.4  Metal surface preparation

Four material types of rod specimens were used for 
the test, i.e., aluminum, brass, copper, and stainless 
steel, and their key mechanical properties determined 
by a third-party laboratory are shown in Table 2. The 
lengths of each rod type were equivalently set to 0.6 
m while their densities were different, resulting in 
dissimilar mass and hence, mass moment of inertia. 
It is to note that the mass moment of inertia values 
indicated in Table 2 are around the axis transverse to 
the rod. In theory, based on Equation (5), the weight of 
the rods as the applied load does not affect the slipping  
friction coefficient. In an experiment, previously  
attained results of slipping friction coefficients were 
insignificantly affected by the mass load. In an aspect 
of geometric dimensioning and tolerancing, surface 
roughness is a key factor that was already proven to 
affect friction [32]. All metal surfaces were prepared 
to reach a peak-to-peak value (Rz) of 1.4 ± 0.1 µm 
and the average surface value (Ra) of 0.17 ± 0.01 µm. 
These values of roughness parameters were chosen 
to conform to EN ISO 4287 standard. In addition, the 

room temperature was controlled at 30 ± 1 °C as it can  
affect lubricant distribution and interfacial surfaces 
[33]. Furthermore, the rotational speed of the steel 
rollers was kept constant at 200 ± 2 rpm for all material  
combinations. 
 To study a physical surface texture under boundary  
lubrication, a Field Emission Scanning Electron 
Microscope (FE-SEM) (JEOL, Model JSM-7600F) 
was employed, at the accelerating voltage and  
magnification of 20 kV and 10,000 times, respectively. 
 
2.5  Test conditions and procedure

Boundary lubrication condition was prepared by 
applied load (mass of the rods for this work) to the 
contacting surfaces, mostly asperities of the solids 
instead of a lubricant [34]. The condition was set by 
controlling the ratio of the lubricant film thickness  
to the metal surface roughness by less than unity. 
This was commissioned by rinsing the lubricant  
homogeneously mixed with triacetin in the specified 
ratio onto the rod specimens while slowly spinning 
around until wetted all over bodies. After that, the 
soaked rod specimens were removed and left overnight 
at room temperature to ensure that the lubricant and 
triacetin mixtures were affixed and met the desired film 
thickness to the metal surface roughness ratio (<1). To 
warrant the film thickness, the treated rod specimens  
were sampled and re-examined by the FE-SEM, 
where the depth of the lubricant mixture film can be  
determined, as depicted in Figure 5.
 By operating at relatively low slipping velocity, as 
the bodies of rod and rollers were closely contacted at 
their asperities, the heat developed by the load may cause 
a stick-slip condition, and some asperities may break 
off. During each single test of friction, no additional  
mixtures of lubricant and triacetin was supplied, only the  
coated rod specimens were moving on the two steel rollers.

Figure 4: Gas chromatogram of triacetin.

Table 2: Key mechanical properties of the metal materials
Item Unit Aluminum Brass Copper Stainless Steel

Yield tensile strength MPa 103 228 325 215
Ultimate tensile strength MPa 145 440 385 505
Brinell hardness kg/mm2 60 130 107 123
Density g/l 2,700 8,400 8,890 8,000
Length m 0.6 0.6 0.6 0.6
Mass g 317.5 1,007.8 1,064.2 988.6
Mass moment of inertia kg/m2 0.9 × 10–2 3.0 × 10–2 3.1 × 10–2 2.9 × 10–2
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 Figure 6 shows the experimental study flowchart 
that includes the steps: material preparation, test  
procedure, and data analysis. In the material preparation,  
the provision of base lubricant, triacetin synthesis, 
and metal surface are previously described in Sections 
2.2, 2.3, and 2.4, respectively. The base lubricant was 
mixed by triacetin additive in a variation of 0, 2, 4, 
6, 8, and 10% v/v. These values were selected based 
on the recommended data in the range of 5–15%  
additives gathered in [35]. The test procedure was 
begun by switching on the prepared slipping friction 
test machine. By gently placing a rod specimen with a 
fractioned-additive lubricant onto the rotating rollers, 
time recording for the reciprocating rod for ten periods 
was accomplished. This step was repeated three times 
for each rod specimen material. For the measurement 
of friction coefficient regarding the scheme explained 
in Section 2.1, every single experimental condition 
was repeated three times, and averaged values of 
the friction coefficient are presented here as typical 
representatives. 
 For the data analysis illustrated in Figure 6, the 
relationship between temperature and viscosity of the 
lubricant was first determined. Later, metal surface 
morphology under lubricant with triacetin additive 
was disclosed. Dry slipping friction on steel rollers 
preceding lubricated slipping friction provided an 
overview of the initial condition. Lastly, quantitative 
influences of triacetin additive on metal rubbing pair 
were explored with relationships between friction  
coefficient and triacetin additive amount in the  
lubricant.

3 Results and Discussion

3.1  Relationship between temperature and viscosity 
of the lubricant 

The lubricant was first determined for correlation  
between temperature and viscosity before accomplishing  
the test. By the standard test method for kinematic 
viscosity (ASTM D445), in the range of 40 to 100 °C,  
Figure 7 shows the lubricant kinematic viscosity, 
which is nonlinear and inversely correlated to the 
temperature. The thinner lubricant behaves at a high 
temperature. The temperature-dependent viscosity of 
the base lubricant can be expressed by the Arrhenius 
equation as:

Figure 5: Contacting solid surface.

Figure 6: Experimental study flowchart.
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 (6) 

Where T is lubricant temperature in °C and μ is  
kinematic viscosity in cSt.
 Between 40 °C and 100 °C, the attained  
correlation of viscosity and temperature in Equation (6) 
was close-fitting by the Arrhenius equation due to the 
availability of the data set. This is based on Andrade’s 
viscosity of liquids quoted in Messaâdi et al. [36].
 Figure 7 also shows the kinematic viscosity of 
the neat triacetin additive derived from the synthesis 
explained in Section 2.3 for comparison. It is expected 
that when mixing the base lubricant with a triacetin  
additive in a variation of up to 10% v/v, the viscosity of 
the mixture would drop down by some certain extents. 
The calculated molar average viscosity values of the 
mixture are also shown in Figure 7.

3.2  Metal surface morphology under lubricant with 
triacetin additive

All the metal surfaces were prepared as essential first 
stage treatment of substrates before the application 
of lubricated oil with triacetin additive. The initial 
surface condition for all materials was largely covered 
with adhering mill scale with little observed oxidized 
material. The methods of preparation and grades of 
cleanliness were associated with hand and power 
tool cleaning, abrasive blast cleaning, and removal 
of soluble iron corrosion products. Later, the surface 
profile and amplitude were treated and controlled to 

the values mentioned in Section 2.4 (Rz = 1.4 ± 0.1 µm  
and Ra = 0.17 ± 0.01µm) prior to coating with 10% 
triacetin additive in lubricant to form boundary  
lubrication condition. 
 Figure 8 shows the FE-SEM micrographs of 
the material surfaces used in the experiment that was 
coated with 10% triacetin additive mixed with the 
base lubricant. The scope condition was adjusted to 
the accelerating voltage and magnification of 20 kV 
and 10,000 times, respectively. On the surface textures 
for all materials, the scratches on materials exhibit 
small shallow grooves where the lubricant with the 
additive can fill in. These findings resemble to the 
surfaces reported in [4] but a bit different morphology  
due to the tribological behavior of lubricants with 
additive containing copper nanoparticles. It can also 
be generally seen in Figure 8 that the surface texture 
grooves of relatively soft materials such as aluminum 
and copper, compared to the other harder materials: 
stainless steel and brass, were shallower after being 
covered by the lubricant with the additive. Usually, for 
boundary lubrication, layers of lubricant cover valleys 
and peaks of asperities where the ratio of the lubricant 
film thickness to the metal surface roughness was less 
than unity. This condition can help prevent wear and 
friction, which will be explored in the next sections.

3.3  Dry slipping friction on steel rollers

The coefficient of slipping (kinetic) friction in this 
work is defined as the friction force in the parallel  
direction to the rubbing surface over normal force 
acting perpendicular to the rubbing surface. The 
coefficient of slipping friction is usually higher than 
the coefficient of static friction [37]. The experiment 
for dry friction before using triacetin additive among 
materials used in the tests: aluminum, brass, copper, 
and stainless steel, on steel rollers was accomplished. 
This was done on the assumption that the roller speed 
and the rod specimen mass do not affect the friction 
coefficient by the theory expressed in Section 2.1. 
However, the roller rotational speed was kept constant 
throughout the whole test.
 Figure 9 shows the coefficient of friction between 
unlubricated metal rubbing pairs: aluminum-steel, 
brass-steel, copper-steel, and stainless steel-steel. 
The dry friction tested found that most dry materials 
in combination have the friction coefficient values 

Figure 7: Temperature-viscosity dependency of the 
base lubricant oil and the lubricant-triacetin mixtures.
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between 0.38 and 0.60. Under the test conditions 
previously mentioned in Section 2.5, it is founded 
that the friction coefficient over steel rollers with the 
rod types: aluminum, brass, stainless steel, and copper 
are in order from the maximum down to the minimum 
values of 0.60, 0.57, 0.46 and 0.38, respectively. These 

different friction coefficient values are related to  
different mechanical properties as well as test conditions  
and methods.
 To explain the obtained values of dry slipping  
friction coefficient, the load, sliding speed, temperature,  
surface finish, wettability, and surface tension must 
be considered [38]. In this work, the sliding speed, 
temperature, and surface finish were similarly kept 
as mentioned in Section 2 as well as the test method  
used (slipping friction) is theoretically independent 
of these parameters. However, wettability and surface 
tension is different depending on the type of materials 
in combination. In general, materials with high surface 
tension exhibit high wettability at a high fraction of 
grain boundary [39]. A high fraction of grain boundary 
in the sample yielded a low friction coefficient [40]. 
In comparison, copper and aluminum in liquid form 
have surface tensions of 1,285 mN/m and 914 mN/m, 
respectively [41]. In addition, Keene [42] reported 
in their work on the relationship between electron 
density and surface tension that copper and aluminum 

Figure 8: FE-SEM imaging of metal surfaces under boundary lubrication of lubricant with 10% v/v TA additive:  
(a) aluminum, (b) brass, (c), stainless steel, and (d) copper, 20 kV accelerating voltage and 10,000-time  
magnification.

Figure 9: Friction coefficient for dry rubbing pairs of 
metals versus steel, error bars denoted 5% error amount.
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have surface tensions by approx. 1,300 mN/m and  
900 mN/m, respectively. This yields a friction coefficient  
of copper to be lower than that of aluminum. This 
theme of explanation is inline with the results attained 
where the friction coefficient of the steel rollers and 
brass rod combination lies in between.

3.4  Lubricated slipping friction: Quantitative  
influences of triacetin additive on metal rubbing pair

Figure 10 shows the slipping friction coefficient as 
a result of triacetin additive variation in lubricant  
between rubbing pairs of various metals, i.e., aluminum,  
brass, copper, and stainless steel versus steel under 
boundary lubrication. The friction coefficient in the 
graphs with a 5% error amount was reduced with the 
increasing triacetin from 0 to 10% v/v in the base 
lubricant for all rubbing pairs tested. For all sets with 
triacetin proportions after blending for one hour, the 
base lubricant with additive was homogeneous and did 
not show any separation. This is due to the fact that 
both lubricant and triacetin are non-polar, and they 
are favorable for amalgamation when mixing. When 
pure lubricant was applied to the rod specimens (0% 
triacetin additive), the friction coefficient values were 
in the range of 0.382 to 0.527. The friction coefficient 
started to decline for all metals after adding triacetin 
only for 2% v/v and continued to drop throughout 10% 
addition. At the maximum 10% triacetin additive, the 
friction coefficient values dropped down to the new 
range of 0.231 to 0.304. In comparison to the 0%  
triacetin addition, the pairs of steel – aluminum, – brass, 
– copper, and – stainless steel undergoing boundary  
lubrication at 10% triacetin additive in the lubricant 
are shown to reduce the friction coefficient by 44.6, 
49.2, 20.4 and 41.8%, respectively. This demonstrates  
a relatively overwhelming reduction in friction  
between the two surfaces in slipping conditions.
 One can be explained by the kinematic viscosity 
of the lubricated agent that strongly affects the force 
parallel to the relative moving of the two surfaces 
(friction force) regarding the Reynolds equation [43]. 
This theme of theory seems not to limit only fluid 
film lubrication but also boundary lubrication, as seen  
from this work. The significantly low viscosity of 
the neat triacetin (9.32 cSt at 40 °C) was added,  
compared to that of the base lubricant (97.7 cSt at 40 °C),  
which is responsible for positive effect in some work 

that requires lowering the friction force. However,  
different degrees of friction reduction is dependent 
on metal rubbing pairs, as also evidently shown in 
Figure 10.
 To explain the different extent of the friction 
coefficient declination for all metal pairs, regression 
analysis was applied to the collected data previously 
mentioned. Figure 11 depicts some relations between 
friction coefficient and triacetin additive in the lubricant.  
The attained data can be appropriately plotted for  
correlation by the exponential function as [Equation (7)]:

 (7)

Where CF is slipping friction coefficient, %TA is  

Figure 10: Friction coefficient for triacetin additive 
lubricated rubbing pairs of metals versus steel under 
boundary lubrication, error bars denote 5% error 
amount.

Figure 11: Friction coefficient dependency on triacetin 
additive amount in lubricant.
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triacetin additive quantity in the base lubricant in 
% v/v, and A and B are pre-exponential factor and  
exponent, respectively, depending on the type of  
material pairs enumerated in Table 3.

Table 3: Pre-exponential factors and exponents for the 
friction coefficient – triacetin additive in lubrication 
correlation

Specimen 
Materials

Pre-exponential 
Factor, A Exponent, B R2

Aluminum 0.5062 –0.057 0.9862
Brass 0.5473 –0.064 0.9518
Copper 0.3949 –0.024 0.8960
Stainless steel 0.3798 –0.055 0.9357

 As it can be seen in Table 3, the negative exponent 
B denotes the reduction in friction coefficient values 
with the increasing amount of triacetin in the lubricant. 
Furthermore, the most negative exponent B is brass; 
this also demonstrates the most reduction in the friction 
coefficient (49.2% reduction) by up to 10% triacetin 
additive. When comparing with the aluminum-steel 
pair, the subsequent results did not ignificantly affect  
the copper-steel pair. This is confirmed by the  
exponent B for copper that is less negative (–0.024) 
than aluminum (–0.057). These quantitative effects of 
adding triacetin into the lubricant correspond to the 
previous result explanation in Section 3.3. Compared 
to the aluminum rod, the copper rod used in the test 
has a higher surface tension that relates to higher  
wettability [39]. With this higher wettability, the lubricant  
can be easier to insert between the two metal surfaces 
(copper rod and steel rollers) even with a greater 
proportion of triacetin additive. This yields a friction 
coefficient reduction rate of the copper-steel pair to 
be lower than that of the aluminum-steel combination.
 In aspects of commercial or traditional additives 
in common use at present, there are three types of 
friction modifier additive: organic friction modifiers, 
organomolybdenum, and functional polymers [44]. 
Under particular lubrication conditions, the friction 
coefficient results for this study are higher than those 
reported in [45]. By testing on a high-frequency  
reciprocating rig (HFRR), the steel ball and steel disc 
under a certain friction environment provided the  
friction coefficients in the range of approx. 0.03 to 
0.12 for those three types of friction modifier additive. 
The multifold differences result from variations in the 

test method, rubbing pair materials, load, additive’s 
composition and amount based lubricant, and so on.
 From the attained results that show benefits of 
triacetin in reducing friction, other precautions for 
lubrication properties such as wear metal, dispersion, 
and so on should be aware and proven before using. 
It also has to note that triacetin is an oxygenated 
compound that may oxidize in some circumstances;  
acidity, moisture, and foam formations must be 
concerned. These critical attributes would be  
accomplished for future work.

4 Conclusions

This work investigates the use of triacetin as an additive  
to lubricant that affects slipping friction between metal 
pairs of steel rollers versus aluminum, brass, copper, 
and stainless steel under boundary lubrication. The 
base lubricant was first examined for temperature and 
viscosity relationship that the viscosity of the oil is 
nonlinear, in reverse to the temperatures between 40 
and 100 °C. The temperature-dependent viscosity of 
the oil can be expressed by the Arrhenius equation, 
while the kinematic viscosity of the neat triacetin  
additive derived from the synthesis was far lower than 
that of the base lubricant. From the FE-SEM imaging, 
coating with 10% triacetin additive in lubricant to 
form boundary lubrication condition reveals roughness  
periphery on selected metal surface textures filled 
by lubricant with the triacetin additive. The surface  
texture grooves of the softer aluminum and copper 
were shallower after being covered by the lubricant 
with the additive. The dry slipping friction coefficient 
over steel rollers with the rod types: copper, stainless  
steel, brass, and aluminum are in order from the  
minimum to maximum values of 0.38, 0.46, 0.57, and 
0.60, respectively. The friction coefficient of copper-
steel pair lower than that of aluminum-steel pair is  
related to high surface tension, wettability, and a fraction  
of grain boundary. In comparison to 0% triacetin  
addition, the steel roller combinations with aluminum, 
brass, copper, and stainless steel undergoing boundary 
lubrication with 10% triacetin additive in the lubricant 
are shown to reduce the slipping friction coefficient by 
44.6, 49.2, 20.4, and 41.8%, respectively. The friction  
coefficients when mixing the base lubricant with 
the low viscosity triacetin additive, varying between  
0 and 10% v/v, were founded to decline throughout 
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the range and can be represented by the reverse  
exponential function.
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