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A B S T R A C T   

Two types of thickener systems, lithium complex (LiX) and polypropylene (PP), were chosen to evaluate 
graphite, graphene oxide (GO) and reduced graphene oxide (rGO) as grease additives at a concentration of 0.1 wt 
%. To enhance the additive dispersibility, a mixture of polyalphaolefin oil (PAO) and oil soluble synthetic pol-
yalkylene glycol (OSP-68) was used as base oil. The greases were evaluated in i) silver-coated copper contacts 
simulating high-load electrical contact applications subjected to fretting and ii) a steel/steel 4-ball wear test 
equipment. The additives showed no positive effect on friction and wear, neither in fretting nor in 4-ball tests. 
However, there is a statistically significant difference in wear scar diameter on the 4-ball steel contacts between 
the two thickener types, LiX and PP. Thus, the PP-grease lubricated steel contacts showed more wear and more 
tribofilms of iron oxide and grease constituents, indicating more metal-to-metal contact. Hence, the thickener 
type has a larger impact on the lubricating performance of the grease than do the graphite, GO and rGO addi-
tions. The results demonstrate that the addition of graphene-based materials to improve greases is not 
straightforward. Rather, the grease/graphene-based additive system is complex and many parameters influence 
the friction and wear results. Hence, more work is needed to obtain a better understanding and possibly better 
lubricating effects from the graphene-based additives.   

1. Introduction 

Graphene and graphene-based materials have been widely investi-
gated in various fields for their mechanical, chemical, electrical and 
tribological properties [1,2]. Graphene-based lubricants have become 
interesting for lubrication purposes of various applications, including 
electrical contacts. Graphene is a single atom-thick sheet of sp2-bonded 
carbon atoms [3], i.e., a single layer of graphite. The nomenclature or 
classification of graphene varies in the literature. For instance, Bianco 
et al. [3] proposed the following nomenclature in 2013: a 2D sheet-like 
material consisting of two to five well-defined stacked graphene layers is 
called few-layer graphene (FLG) and two to ten graphene layers is called 
multi-layer graphene (MLG). In the ISO standard of graphene and 
related two-dimensional materials from 2017 [4], a bilayer and trilayer 
of graphene is two and three well-defined stacked graphene layers, 
respectively, and few-layer graphene consists of three to ten 
well-defined stacked graphene layers. More than ten graphene layers 

can be treated as bulk graphite since the electrical properties then are 
the same as for graphite. Despite this nomenclature, the term graphene 
is often used also for non-graphene carbon, sometimes even when the 
material according to definition is graphite. 

Graphene has been reported to reduce friction and wear when used 
in oil [5–7], in greases [8–15] and when used as a solid lubricant 
[16–20]. Other graphene-based materials such as graphene oxide (GO) 
and reduced graphene oxide (rGO) have also been found to reduce 
friction and wear [10,21–25]. Among the literature references cited 
here, the contact geometry, contact load and contact material all vary, 
but nevertheless they all report positive effects of the additive. The study 
by Andersson [26] presents a more complex picture, where the addition 
of graphene and GO to grease does not always result in friction re-
ductions. No conclusions regarding the lubricating effect could be 
drawn, neither regarding the influence from additive concentration 
(0.01, 0.05 and 0.1 wt%) nor from the additive type. This was due to 
large spread of friction results between test repetitions. The author states 
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that poor distribution and agglomeration of particles are possible rea-
sons for the varying friction results and that a dispersion optimization 
probably is required. 

GO is a single layer of graphite oxide with a high oxygen content [3, 
27]. The structure of GO, i.e., the level of oxidation, varies with syn-
thesis conditions [28]. rGO is a single layer of GO processed to reduce its 
oxygen content [3,27]. A comparison of the chemical structures of 
graphene, GO and rGO is presented in Fig. 1. The oxygen functional 
groups in GO and rGO lower the electrical conductivity compared with 
graphene [29]. However, graphene is too expensive for many industrial 
applications, so alternatives that offer similar lubricating properties to a 
lower price are desirable. GO and rGO represent such possible alterna-
tives, despite their inferior electrical conductivity. The price of graphene 
and GO varies with parameters such as purity and whether delivered as 
powder or as dispersion. If delivered as powder, the flake size and 
thickness will affect the pricing and if in dispersion the solvent and 
concentration, except from flake size and thickness, will. Worth to 
mention is that Kauling et al. [30], 2018 stated that the quality of gra-
phene produced today is rather poor. The majority of 60 graphene 
producers investigated in their study are producing fine graphite instead 
of graphene. As part of overcoming this issue, a standard from 2021 
[31], presents methods for characterizing the structural properties of 
graphene, bilayer graphene and graphene nanoplatelets from powders 
and liquid dispersions, including measurement protocols, sample prep-
aration and data analysis. The standard includes number of layers/-
thickness of the flakes, the lateral flake size, the level of disorder, layer 
alignment and the specific surface area. 

The present work aims at evaluating the potential of the graphene- 
based materials GO and rGO as additives in greases for friction and 
wear reduction in tribological contacts, and especially in electrical 
contact applications subjected to fretting. Graphite is used as a reference 
additive, and two base greases without any additives are used as refer-
ence baselines to the three greases with additive. The greases are eval-
uated with respect to fretting of electrical contacts, and in a 4-ball steel/ 
steel wear test. 

Electrical contacts should have a low and stable contact resistance, 
preferably below 50 μΩ for high power applications. Further, non- 
stationary contacts should offer low coefficient of friction combined 
with high wear resistance, and must not form insulating films on the 
surfaces. The combination of low contact resistance, low coefficient of 
friction and high wear resistance is not easy to fulfill. Low contact 
resistance requires a large area of real contact, typically created by using 
soft contact materials (these soft materials are used as thin coatings on 

harder substrates) and applying high contact loads, typically 10–100 N. 
The combination of copper substrate and silver coating is commonly 
used in many applications. In moving contacts with high applied loads, 
these coatings are expected to suffer large material deformation and 
wear. Various types of lubricants can be used to reduce the friction and 
wear. Today, most electrical contacts in high power applications are 
lubricated with oil or grease. Obviously, the lubricant must not 
completely separate the surfaces since metal-to-metal contact is required 
to maintain a low contact resistance. 

1.1. Additives in grease 

A grease is a semi-solid lubricant comprising a lubricating oil and a 
thickener, i.e., a grease is a thickened oil. The thickener may be a metal 
soap (lithium, aluminium, sodium, calcium, etc.), a metal complex soap 
(lithium complex, calcium complex, etc.) or a non-soap thickener 
(bentonite, silica-gel, polypropylene (PP), etc.). Further, the grease may 
include several additives, with different properties and functions. Ex-
amples include viscosity and rheology modifiers, oxidation and rust 
inhibitors, extreme pressure, anti-wear and friction reducing additives. 
The additives should preferably be easy to disperse in the grease matrix 
and should not impair the grease structure or properties. Polar additives 
are difficult to dissolve in a non-polar media, such as the base oil pol-
yalphaolefin (PAO), and vice versa. However, the additives can be 
chemically modified to increase their solubility [5,7,32,33]. Since the 
grease consistency itself prevents sedimentation, good solubility is less 
critical in greases than in oils [34]. 

For the tribological efficiency of additives that operate on surfaces, it 
is essential to reach and sometimes react with the metal surfaces. This is 
not important for additives that modify the viscosity and rheology, etc. 
The most polar species in the grease matrix are most likely to reach the 
sites on the metal surfaces [35]. For soap-thickened greases, the thick-
ener will mostly win this race, due to its higher polarity. This means that 
the additives, most of which are highly polar [36], have to compete with 
the thickener. The best strategy for helping the additives to reach the 
surfaces is generally to have them dispersed in a grease with a non-polar 
thickener, such as PP. Note that a non-polar thickener may not always be 
better for the additive response (i.e., the ability of an additive to reduce 
friction and/or wear etc.), it all depends on the grease constituents. All 
in all, it can be concluded that adding additives and producing a well 
working grease is rather complex. 

Fig. 1. Comparison of chemical structures of a) graphene, b) GO and c) rGO. Chemical structures from Ref. [28].  
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2. Materials and methods 

2.1. Grease manufacturing 

In the literature, graphene-based materials have sometimes been 
evaluated by addition to commercially available greases rather than in 
greases produced specifically for the study. The greases are then either 
heated and mixed [10,24] with an additive/solvent blend or just mixed 
with the additive [9,12–14]. In Ref. [15] the additives and commercial 
grease were dissolved in separate solvents before mixing the additives 
into the grease in various concentrations. In the present work, the 
greases are specially designed when it comes to the selection of thick-
ener systems and oil types. 

Two types of thickener systems, lithium complex (LiX) and PP, were 
chosen to evaluate graphite, GO and rGO as grease additives. LiX was 
chosen since it is by far the most common thickener type and PP was 
chosen since it is a non-polar thickener with many beneficial properties 
in comparison with LiX grease. Examples of such properties include 
longer grease life, better low temperature performance, lower friction 
and enhanced additive response (due to the non-polar thickener) [35,37, 
38]. The two selected thickener systems were also studied in previous 
work on grease-lubricated fretting of electrical contacts [39], but then 
without additives. The lubricating properties of the two thickener sys-
tems varied with the fretting displacement amplitude. Further, Shu et al. 
[40] studied the tribological performance of zinc dia-
lkyldithiophosphate (ZDDP) and molybdenum dialkyldithiocarbamate 
(MoDTC) additives in LiX and PP greases. 

A suitable oil is needed to disperse the GO and rGO additives in the 
grease matrix. In the previous study of grease-lubricated electrical 
contacts [39], an oil blend of 93.7 wt% PAO base oil (with kinematic 
viscosity of 10 cSt at 100 ◦C) and 6.3 wt% adipate ester was used. The 
low polarity of PAO results in poor dispersibility of polar additives such 
as GO and rGO. In nonpolar solvents, the dispersibility of rGO is typi-
cally somewhat better than that of GO, due to fewer oxygen-containing 
functional groups. To find the oil best suited for stable dispersion of GO 
and rGO, five different oils or oil blends were compared. The oils were: 
PAO, PAO/adipate ester as in Ref. [39], adipate ester, polyol ester and 
OSP-68 (Oil soluble synthetic polyalkylene glycol with kinematic vis-
cosity of 68 cSt at 40 ◦C and 11.5 cSt at 100 ◦C). The scale of polarity, 
based on aniline point of the oils, from lowest to highest is: PAO <
PAO/adipate ester < adipate ester ≈ polyol ester < OSP-68. OSP is a 
Group V base oil that can be used as a primary base oil, co-base oil and as 
a performance enhancing additive [41]. The OSP oil, which has a high 
polarity, can be used together with less polar oils to facilitate solvency of 
additives with a polar nature. rGO was most stable and easiest to 
disperse in the OSP-68 oil. Since the polarity is too high to prepare PP 
greases in 100% OSP-68, a mixture of 60 wt% PAO and 40 wt% OSP-68 
was chosen for production of both LiX and PP greases. The dispersion of 
rGO in this oil blend was stable for more than 37 days. It should be 
mentioned that the solvent polarity, in this case the oil polarity, may not 
be the only factor influencing the additive’s dispersibility [42]. 

LiX and PP greases based on the same oil blend as in Ref. [39] 
(PAO/adipate ester, hereafter only called PAO or PAO oil), were used as 
a reference to the PAO/OSP greases with and without additives. The 
evaluated greases are summarized in Table 1. The concentration of 
graphite, GO and rGO in the greases was 0.1 wt%. This concentration is 
the same as the optimized graphene concentration in grease found in 
Refs. [8,14]. The graphite, GO and rGO powders were used as received. 
Additive details are presented in Table 2. The graphite powder had a 
smaller particle size than both GO and rGO. 

2.1.1. Manufacturing of LiX grease 
A pilot reactor with a batch size of 8 kg was used to manufacture the 

LiX grease. The PAO/OSP oil blend and 12-hydroxystearic acid were 
mixed and heated to melt the fatty acid. After about an hour, LiOH and 
water were added. After this addition, the grease temperature was 85 ◦C. 

The temperature was then increased to remove the water from the 
grease mixture. After 2.5 h, azaelic acid was added followed by addition 
of LiOH and water. The temperature was increased once again to reach a 
grease temperature of 206 ◦C before starting to cool the grease by 
addition of small portions of oil. After cooling to room temperature, the 
grease was homogenized and deaerated for 1 h. The grease consistency 
was measured with cone penetration (NLGI consistency number 2) after 
homogenization and deaeration. The LiX PAO grease, as in Ref. [39], 
was manufactured in the same way as the LiX PAO/OSP grease. The LiX 
PAO grease is the same as was denoted LiX-10 in previous work [39]. 

2.1.2. Manufacturing of PP grease 
The PP and the PAO/OSP oil blend were put in a round flask and 

heated in a mantle heater to melt the polymer. After complete melting, 
the oil/thickener mixture was quench-cooled below the melting tem-
perature of PP. Three batches of 1200 g were prepared in the same way. 
The quenched material was mixed into the desired consistency in a 
mixing vessel, followed by a deaeration step. The consistency was 
measured during the mixing, as well as after deaeration (NLGI consis-
tency number 2). The PP PAO grease, as in Ref. [39], was produced in 
the same way as for the PAO/OSP grease. The PP PAO grease is the same 
as was denoted PP-10 in previous work [39]. 

2.1.3. Addition of graphite, GO and rGO to LiX and PP greases 
The three different additives were suspended in the PAO/OSP oil 

blend with an additive concentration of 5 wt%. An ultrasonic probe 
(QSONICA, Q55) was used at 50% amplitude setting four times 1 min, to 
suspend the additives in the oil blend. The additive/oil solutions were 
mixed with the LiX and PP PAO/OSP greases in a centrifugal mixer 
(SpeedMixer DAC 600) and the final additive concentration was 0.1 wt 
%. Images of all prepared greases are presented in Fig. 2. Graphite and 
GO were well dispersed in the greases. However, rGO was more difficult 
to disperse in the oil, resulting in visible black rGO particle 
agglomerates. 

2.1.4. Thickener structure analysis 
The LiX and PP thickener structures of the PAO and PAO/OSP 

reference greases, respectively, were investigated with a scanning 

Table 1 
Evaluated greases.  

Thickener Oil blend Additive Name of the grease 

PP PAO/OSPa – PP PAO/OSP reference grease 
Graphite PP PAO/OSP grease with graphite 
GO PP PAO/OSP grease with GO 
rGO PP PAO/OSP grease with rGO 

LiX PAO/OSPa – LiX PAO/OSP reference grease 
Graphite LiX PAO/OSP grease with graphite 
GO LiX PAO/OSP grease with GO 
rGO LiX PAO/OSP grease with rGO 

PP PAOb – PP PAO reference grease 
LiX PAOb – LiX PAO reference grease  

a 60 wt% PAO-10 and 40 wt% OSP-68 (kinematic viscosity of 10 and 11.5 cSt 
at 100 ◦C, respectively). 

b 93.7 wt% PAO-10 (kinematic viscosity of 10 cSt at 100 ◦C) and 6.3 wt% 
adipate ester. 

Table 2 
Additive details according to the suppliers. For these distributions of particle 
sizes, 10% are smaller than the D10 diameter and 10% are larger than the D90 
diameter.  

Additive Supplier Particle size D10 [μm] Particle size D90 [μm] 

Graphite Univar 2.18 8.70 
GO Graphenea 6.63 27 
rGO Graphenea 3–5 21–27  
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electron microscope (SEM, Zeiss Merlin). The thickener samples were 
prepared by the following procedure: A thin layer of grease was applied 
to a woven stainless-steel wire cloth (Derma AB) with a wire diameter of 
67 μm and an aperture width (the width between the wires) of 100 μm. 
The wire cloth had been ultrasonically cleaned for 5 min in hexane and 
ethanol, respectively, before grease application. Hexane was then slowly 
dropped onto the grease for a few minutes to remove the oil, i.e., about 
80-90% of the grease. Whether and how hexane affects the thickener 
structure was not investigated. However, hexane, toluene and petroleum 
ether have all been used previously to remove the oil before SEM 
analysis of grease thickener structures [43–46]. The thickener left on the 
wire cloth after oil removal had a white powdery appearance. A separate 
wire cloth was used for each grease type. After removing the oil, the 
thickener samples were sputter coated with Au/Pd to enhance their 

conductivity before the SEM analysis. The SEM analysis was performed 
with an electron acceleration voltage of 5 kV. 

2.2. Test setup and materials 

Several different experiments were conducted to investigate the 
lubricating potential of the additives. Fretting tests were performed 
since fretting is a common tribological problem in power connector 
applications. The contact situation was varied from fretting of crossed 
cylinders to continuous motion in 4-ball tests to investigate the influence 
of contact geometry and motion, as well as of material combination. The 
experimental details are summarized in Tables 3 and 4. 

Fig. 2. Images of the eight different manufactured PAO/OSP greases without (reference) and with additives (0.1 wt% graphite, GO and rGO, respectively) for the two 
thickener systems, LiX and PP. The LiX and PP PAO reference greases, without additives as in Ref. [39], are shown to the right. 

Table 3 
Experiments performed to investigate the lubricating performance of the greases under different contact conditions and material combinations.  

Test Contact materials Lubrication Aim 

Fretting Silver-coated copper Grease with and without additives Investigate influence of additives in a grease-lubricated  
Ag/Cu versus Ag/Cu contact in fretting 

4-ball Wear scar Steel Grease with and without additives Investigate friction and wear of the balls for greases with  
and without additives in a 4-ball steel/steel contact 

4-ball Last non-seizure load Steel Grease with and without additives Investigate the last non-seizure load for greases with and  
without additives in a 4-ball steel/steel contact  

Table 4 
Test parameters for the performed experiments. Note that all tests are performed at room temperature, i.e., no external heating was used.  

Parameter Type of test 

Fretting 4-ball 

Contact geometry Crossed cylinders (perpendicular) One ball on top of three others 
Material Silver-coated copper Steel (AISI 52100) 
Sample dimensions 10 mm in diameter, 20 mm long 12.7 mm in diameter 
Displacement amplitude ±50 μm and ±200 μm – 
Sliding length per revolution – 23.1 mm 
Number of cycles or revolutions 100 000 6240 (wear scar) 
Frequency of motion [Hz] 100 – 
Rotational speed [rpm] – 104 (wear scar) 

1450 (last non-seizure load) 
Current load [A] d.c 10 – 
Applied normal load [N] 50 400 (wear scar) 

>200 (last non-seizure load) 
Hertzian maximum contact pressure [GPa] 1.21a 3.49b (wear scar)  

a Calculated for typical copper properties: E = 120 GPa and υ = 0.33. 
b Calculated for typical steel properties: E = 213 GPa and υ = 0.29. The load in each of the three contact points is the applied normal load divided by √6. In the case 

of 4-ball wear scar tests the contact pressure is approximated for two vertically aligned spheres. 
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2.2.1. Fretting tests 
The fretting experiments were conducted in the same equipment as 

in Ref. [39]. Two perpendicularly crossed silver-coated copper (Ag/Cu) 
cylinders (10 × 20 mm) were used to simulate an electrical contact. The 
lower cylinder is mounted on a vibrating table that vibrates back and 
forth (the cylinder axis is parallel to the vibration direction), while the 
top cylinder is fixed. The tangential force, the vibration of the table and 
the contact resistance were continuously recorded during the tests. The 
silver coating on the copper cylinders was about 20 μm thick and the 
surface roughness, Sa, about 0.27 μm based on several measurements on 
the coating surface. The contacts were tested lubricated with the LiX and 
PP greases with and without graphite, GO and rGO. Before the first test, 
the cylinders were ultrasonically cleaned, 5 min each in acetone and 
ethanol. The cylinders were cleaned with ethanol between repeated tests 
using the same cylinders. Several tests were made on the same cylinder 
pair after rotating to expose unaffected contact surfaces. Grease was 
applied in excess on the lower cylinder before the two cylinders were 
pressed into contact and the fretting motion was started. 

2.2.2. 4-ball wear scar and seizure tests 
A tribometer with a sliding 4-ball setup (Rtec Instruments, MFT- 

5000) was utilized to further examine the greases. Three chrome alloy 
steel balls (AISI 52100) with a diameter of 12.7 mm were held together 
and inserted into a cup filled with grease. The fourth ball was fixed and 
attached to a motor that presses and rotates the ball on top of the three 
others. The friction and temperature were recorded during the test. The 
standard DIN 51350:1 [47], describes the general working principles of 
a 4-ball test. 

The grease was evaluated for a specific applied load, speed and test 
length to determine the effect of the additives on friction and wear. For 
detailed information of test parameters, see section 2.3. The wear scar 
diameter was measured on the bottom balls after the tests. The wear scar 
diameter together with the friction results were used to compare the 
greases. This type of test is called 4-ball wear scar. A similar procedure, 
but with a ramped applied load, served to investigate the influence of 
the additive on the last non-seizure load. The last non-seizure load is 
characterized by a sudden increase of the friction coefficient. The load 
was ramped up until this drastic increase, at which point the test was 
stopped. No weld was formed between the upper and bottom balls. 

2.3. Test parameters 

The fretting experiments were conducted at pre-set displacement 
amplitudes ±50 μm and ±200 μm (100 and 400 μm peak-to-peak 
amplitude, respectively), with 50 N applied normal load and a fre-
quency of 100 Hz, based on the results found in Ref. [39]. The previous 
study also included ±25 μm. However, this was found less interesting 
since the grease-lubricated Ag/Cu contacts behaved almost as if unlu-
bricated at such a small amplitude. The grease was rapidly pushed out of 
the contact, resulting in permanent welding of the two cylinders. 

The pre-set displacement amplitude is the vibration amplitude set to 
the table without the resistance of the friction, i.e., the amplitude before 
the two cylinders are pressed into contact. Since the test is force 
controlled rather than displacement controlled, the amplitude of the 
table will always be reduced due to the friction forces during testing. The 
higher the friction force, the larger the reduction in amplitude. Hence, 
the actual displacement amplitude of the vibrating table cannot exceed 
the pre-set value. The fretting tests for each grease type were conducted 
twice. Test parameter details are listed in Table 4. 

Each 4-ball test was run for 60 min without external heating. For the 
wear scar tests the load and rotational speed was 400 N and 104 rpm 
(corresponding to 40 mm/s of sliding, which is half the sliding distance 
per second in the fretting tests, at a displacement of ±200 μm). The 4- 
ball wear scar tests were conducted three times for each grease type. 
The last non-seizure load tests were run at 1450 rpm with a linearly 
increasing applied load. The load was ramped 1.35 N per second, 

starting from 200 N, until the friction drastically increased indicating 
the lubricating grease film breakthrough. Three tests were performed 
per grease type. The test parameters are presented in Table 4. 

2.4. Surface analysis 

Scanning electron microscopy (SEM, Zeiss Merlin), energy dispersive 
X-ray spectroscopy (EDS, Oxford X-max), and vertical scanning inter-
ferometry (VSI, Zygo Nexview) were used to analyze the surfaces after 
the fretting experiments. The acceleration voltage during EDS analysis 
was 10 kV. The samples were cleaned with hexane and ethanol in an 
ultrasonic bath 5 min in each solution prior to analysis. 

A light optical microscope (LOM) was used to determine the wear 
scar diameter on all bottom balls from the 4-ball wear scar tests. One of 
the three bottom balls from each grease type tested was further analyzed 
with VSI, SEM and EDS. The acceleration voltage during EDS analysis 
was 5 kV. 

3. Results 

3.1. Grease thickener structure analysis 

The structure of the four reference greases was investigated in the 
SEM, after washing out the oil. The LiX PAO reference thickener, Fig. 3b, 
is composed of many short, thin entangled, densely arranged fibers. 
Similar structure regions were found also for the LiX PAO/OSP reference 
grease, but most of the analyzed structure has a more continuous fiber- 
network appearance, as illustrated in Fig. 3a. The PP thickener produces 
thicker fibers than the corresponding LiX thickener. Clearly, the oil 
blend type and the thickener type together influence the grease thick-
ener structure. 

3.2. Fretting tests 

In the fretting tests, the additives showed no or only a small positive 
effect on the coefficient of friction compared with the reference grease 
without additives. This is true for both displacement amplitudes, see 
Figs. 4 and 6. Similarly, no positive effect of the additives was noted on 
the wear marks (Fig. 5). 

3.2.1. Fretting at pre-set displacement amplitude ±50 μm 
When testing with the ±50 μm amplitude, the coefficient of friction 

is slightly lower for the LiX greases with additives than for the LiX PAO/ 
OSP reference grease, see Fig. 4a. The LiX PAO reference grease results 
in lower or similar friction than the PAO/OSP greases with and without 
additives. The high friction in the beginning of the LiX-grease tests are 
due to welding of the cylinders and the friction drop occurs when the 
weld breaks [39]. Further, the contact resistance was similar for all tests, 
20–30 μΩ for the PAO/OSP greases and slightly higher, 40 μΩ for the 
PAO reference grease (Fig. 4c). 

The coefficient of friction (0.08–0.1) and contact resistance (20–30 
μΩ) were similar for all the PP greases regardless of additives and oil 
blend type, see Fig. 4b and d. 

Within a single thickener system, the wear marks on the cylinders 
showed similar appearance, with no visible effects from running with or 
without additives. The wear marks from the LiX-lubricated tests 
(approximately 900 μm in the vibration direction and 700 μm in the 
perpendicular direction) were somewhat larger than those from the 
corresponding PP-lubricated tests (approximately 800 μm and 600 μm in 
the vibration and perpendicular direction, respectively), see Fig. 5a and 
b. This difference is a result of the more extensive contact area growth 
during the initial welded period of the LiX-lubricated surfaces compared 
with that during sliding of PP-lubricated surfaces. Note that PP- 
lubricated contacts also start at a high friction level, but in this case 
for a very short time before rapidly reaching low stable friction. The 
welding and weld breaking phenomena were described in Ref. [39]. 
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Fig. 3. SEM images of the thickener microstructure for the following base greases: a) LiX PAO/OSP reference thickener, b) LiX PAO reference thickener c) and d) the 
same as in a) and b) but with PP thickener. The scale bar in a) is valid for all images in Fig. 3. 

Fig. 4. Friction coefficient and contact resistance curves from fretting of Ag/Cu versus Ag/Cu, with a pre-set displacement amplitude of ±50 μm. Top row: Coefficient 
of friction. Bottom row: Contact resistance. Only one graph per grease type is presented here since all test repetitions showed similar result. a) and c) LiX greases and 
b) and d) PP greases. (PAO/OSP oil blend unless other stated). 
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Copper was exposed on the stationary cylinder for all LiX-lubricated 
tests (as evident from EDS-results not shown). For PP-lubricated con-
tacts, the grease with GO and rGO resulted in exposed copper on the 
stationary cylinder, but to a lesser degree than for the LiX grease. 

3.2.2. Fretting at pre-set displacement amplitude ±200 μm 
At the ±200 μm displacement amplitude the friction typically differs 

between parallel tests with the same LiX grease (Fig. 6a). This is espe-
cially true for the greases with graphite and GO. In general, the coeffi-
cient of friction is slightly lower for the LiX-lubricated contacts than for 
the PP-lubricated (Fig. 6a and b). The contact resistance is about 
100–200 μΩ and 50–100 μΩ for surfaces lubricated with LiX and PP 
grease, respectively (Fig. 6c and d). The wear mark appearances are 
similar for all grease-lubricated tests, see Fig. 5c and d. The wear mark 

Fig. 5. SEM images of the contact areas on 
the stationary Ag/Cu cylinder from fretting 
tests lubricated with LiX and PP PAO/OSP 
greases with GO. The cylinder axis is 
perpendicular to the vibration direction. 
Vibration direction ↔ of the vibrating 
countersurface and scale bar as indicated in 
a). a) Pre-set displacement amplitude of 
±50 μm and LiX grease, b) ±50 μm and PP 
grease, c) ±200 μm and LiX grease and d) 
±200 μm and PP grease. The wear marks in 
a, b, c and d, respectively, were approxi-
mately 880, 930, 800 and 880 μm in the 
vibration direction and 800, 640, 670 and 
670 μm in the perpendicular direction.   

Fig. 6. Friction coefficient and contact resistance curves from fretting of Ag/Cu versus Ag/Cu, with a pre-set displacement amplitude of ±200 μm. Top row: Co-
efficient of friction. Two curves per grease type are presented to illustrate the spread between test repetitions, especially for the PAO/OSP greases with graphite and 
GO, respectively. Bottom row: Contact resistance (one curve per grease). a) and c) LiX greases and b) and d) PP greases. (PAO/OSP oil blend unless other stated). 
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diameters in the vibration direction were about 800 μm for LiX greases 
and about 880 μm for PP greases. The diameter in the perpendicular 
direction was about 700 μm for both LiX- and PP-lubricated tests. No or 
only low copper signal was detected in the wear marks on the stationary 
cylinders for the LiX- and PP-lubricated contacts (EDS-results not 
shown). 

The PAO reference greases show lower or equivalent friction levels as 
the PAO/OSP greases, see Fig. 6a and b. Neither GO nor rGO additives 
give better performance than graphite in the fretting tests. 

3.3. 4-ball wear scar and seizure tests 

The 4-ball tests show no significant friction difference (95% confi-
dence interval) between the ten different greases (Fig. 7a and b). 

Overall, the friction coefficient level is stable around 0.17. For both LiX 
and PP, the PAO reference grease shows a slightly lower mean friction 
coefficient (0.16) than the other greases. 

Further, no significant difference in wear scar diameter was found 
between the ten greases, which can be seen in the highly overlapping 
confidence intervals in Fig. 7c and d. However, when comparing the LiX 
and PP greases in a paired t-test, a statistically significant difference 
(95% confidence level, P = 0.004) between the two thickener types was 
found. That is, the PP-lubricated surfaces are less protected from wear, 
and show larger wear scars than the corresponding LiX-lubricated sur-
faces. Hence, the thickener type has a larger impact on the lubricating 
performance of the grease than has the addition of graphite, GO and 
rGO. 

The last non-seizure load for each grease is presented in Fig. 7e and f. 

Fig. 7. Friction and wear results from the LiX and PP grease-lubricated 4-ball experiments, steel versus steel. 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. (PAO/OSP oil blend unless other 
stated). a) and b) Coefficient of friction, three parallel tests. c) and d) Wear scar diameter (mean of the nine bottom balls for each grease type). e) and f) Last non- 
seizure load, three parallel tests. Note that the tests were stopped when the friction drastically increased and before any welding between the top and bottom 
balls occurred. 
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In general, the spread is large between test repetitions and the confi-
dence intervals overlap for almost all greases. The PP PAO reference 
grease shows the lowest mean last non-seizure load. Interestingly, the 
PAO reference greases, which showed the lowest mean friction and a 
quite small wear scar diameter, also shows the lowest mean last non- 
seizure load, in both the LiX (575 ± 192 N) and the PP version (438 
± 88 N). 

The wear mark on one of the bottom balls from tests with each of the 
LiX and PP greases are presented in Figs. 8 and 9. The wear marks from 
the LiX-lubricated tests are smaller, and show less surface damage, than 
the corresponding PP-lubricated. PP wear marks show both more wear 
on the ball (size of the pits in Fig. 9) and more formed tribofilms. Most of 
the dark lines in the wear marks in Fig. 8a–e are scratches, while the 
dark areas found in the marks in Fig. 8f–j are both scratches and tribo-
films based on iron, oxygen and carbon. This is based on the SEM and 
EDS analysis of the wear marks, and is thereby not evident from Fig. 8. 
As mentioned, the surfaces lubricated with PP grease generally show 
more of these tribofilms than those lubricated with LiX grease, as 
demonstrated by the examples in Fig. 10a and b. Also greases without 
the carbon-based additives show a higher carbon signal inside than 
outside of the wear mark (results not shown). This means that it is not 
possible to say if the carbon-based additives are part of the tribofilms 
based on EDS as analysis method. Further, oxygen is present as an iron 
oxide, see Fig. 11, and often together with carbon in regions close to the 
iron oxide tribofilms. The oxygen- and carbon-rich films are most likely 
formed from the grease constituents (thickener and/or oil). The carbon 
signal sometimes also coheres with the iron oxide tribofilms, indicating 
that the grease constituents form films both on and beside iron oxide 
regions. 

4. Discussion 

In the present study, none of the graphite, GO or rGO additives 
reduced the friction or wear from the levels of the reference greases. This 
was true in both the fretting and 4-ball tests. Hence, these types of 
lubricating additives in greases do not guarantee a reduction of friction 
and wear. Further, the additives showed no clear effect on the contact 
resistance in the fretting tests of silver-coated copper cylinders simu-
lating electrical contacts. The following discussion is intended to eluci-
date the complexity of graphene-based materials in greases in 
tribological contacts and to discuss why the effects were so insignificant 
in the present investigation. 

4.1. About additives 

4.1.1. Additive concentration 
One reason behind the insignificant effects of the additives, might be 

that the additive concentration is too low or too high. In the literature, 
numerous authors have found optimal additive concentrations for their 
studied tribological contacts including 4-ball as well as reciprocating 
and continuous sliding ball-on-disc tests under varying contact condi-
tions [5–9,12–15,21,22,24,32,48,49]. At low concentrations, the wear 
protection is not sufficient and at high concentrations, the large number 
of additive particles in oil or grease may hinder the formation of a 
completely covering oil film protecting the surfaces, eventually causing 
the surfaces to run dry [48,49]. The additive concentration chosen in the 
present study is lower than the additive concentration optima of 0.3 and 
0.5 wt% GO used in oils [21,22], and lower than 0.4 wt% rGO [24] and 
3 wt% graphene in grease [9]. The chosen concentration of 0.1 wt% is, 
however, the same as the concentration optimum found for graphene in 
bentone and lithium grease, respectively, [8,14]. Zhang et al. [49] found 
that oil with 0.06 wt% graphene was optimal for enhanced friction and 
anti-wear performance. Lin et al. [5] reported that 0.075 wt% modified 
graphene platelets clearly improved the wear resistance and the load 
carrying capacity in oil. Powdered graphite and molybdenum disulphide 
in a concentration of 10% in grease were effective as anti-wear additives 
in fretting tests by Neyman and Sikora [50], while concentrations of 1, 3 
and 5% were not effective. From this, it is clear that the optimum ad-
ditive concentration varies with parameters such as additive type and 
the matrix it is added to. The chosen tribological evaluation method is 
also an important factor, which most certainly will influence the addi-
tive’s chances of reducing friction and wear. A complete mapping of the 
concentration optima for graphite, GO and rGO in greases would shed 
more light on their lubricating potentials with respect to e.g., friction, 
wear, and last non-seizure load. After an optimization for each additive, 
a fairer comparison between the additives in the greases can be per-
formed. Such optimization is beyond the scope of the present study. 

4.1.2. The additives need to reach the surfaces 
Another reason to why no friction and wear reduction effects of the 

additives were found, might be that they simply do not reach the rub-
bing surfaces. In the work by Huang et al. [32], graphite nanosheets in 
paraffin oil was superior to flake graphite in the same oil to reduce the 
friction and wear scar size, as well as to increase the maximum 
non-seized load, i.e., the oil load bearing capacity of the oil. This 

Fig. 8. Wear mark appearances after grease-lubricated 4-ball experiments, steel versus steel. LOM images showing one bottom ball for each grease type, as presented 
in Table 1. a-e) LiX greases, f-j) PP greases. The scale bar in a) is valid for all wear marks in Fig. 8. The wear marks in a-e) are approximately 360, 360, 350, 340 and 
340 μm in diameter. The corresponding sizes of wear marks in f-j) are 410, 430, 400, 480 and 390 μm. 
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indicates that the particle size of the additive is an important parameter. 
Larger particles are probably more easily pushed out from the contact 
and/or tend not to enter it as easily as smaller particles do. A longer 
sonication time of the additives in oil could possibly further exfoliate the 
graphene-based sheets in the produced greases. However, an excessively 
long sonication time can result in sheet size reduction and introduction 
of defects [33]. A more detailed surface investigation is needed to learn 
if the graphene-based additives in the present study create tribofilms on 
the surfaces in the fretting and 4-ball tests. Further, the sonication 
procedure could probably be improved to enhance the additive 
dispersion. 

4.1.3. GO and rGO quality 
The quality of GO and rGO (here used as received) could also be an 

important factor. According to Kauling et al. [30], many graphene 
producers sell fine graphite instead of graphene. For future development 
of greases with GO, it is important to have better specified raw materials 
(purity, size, thickness, etc.). The new standard from 2021 [31], which 
includes methods for characterizing the structural properties of 

graphene from powders and liquid dispersions, is an important tool for 
users to know what material they are working with. However, this 
standard does not include purity determination methods. 

4.1.4. Contact pressure 
The contact pressure, and thereby the applied contact load, is 

another aspect to consider for the lubricating effect and the possibility to 
find additive tribofilms on the surfaces after test. Wang et al. [11], Fu 
et al. [13] and Li et al. [14] report that the lubricating role of graphene 
varies with the applied contact load. Using Raman spectroscopy, no 
graphene was detected on the surfaces from reciprocating ball-on-disc 
tests at 100 N, but was detected for loads of 200 and 400 N [11]. The 
graphene peak intensity was lower after the 400 N than after the 200 N 
test, due to tribofilm destruction at high loads. These results indicate 
that a certain contact pressure is needed for graphene to take part in the 
lubrication and that at even higher pressures, the formed 
graphene-containing tribofilms can be destructed. Although these re-
sults were found for graphene, it is possible that also the lubricating 
effect of graphite, GO and rGO varies in a similar way (since all these 

Fig. 9. Wear mark shapes after the grease-lubricated 4-ball experiments, steel versus steel. VSI images showing one bottom ball for each grease type presented in 
Table 1 (the same scars as in Fig. 8). The VSI software has here compensated for the spherical shape of the ball, hence the almost flat wear mark on the ball appears as 
a shallow pit in a flat surface. a-e) LiX greases. f-j) PP greases. The scale bar in a) is valid for all wear marks in Fig. 9. 

Fig. 10. Appearance and surface analysis of wear scars generated in grease-lubricated 4-ball wear scar experiments, steel versus steel. EDS spectra in and outside the 
wear mark on one of the bottom balls for a) LiX PAO/OSP grease with graphite, here called LiX-Graphite and b) PP PAO/OSP grease with graphite, called PP- 
Graphite. The white box in each SEM image indicates where the EDS spectrum was recorded. The wear marks in a) and b) are the same as was presented for the 
specific greases in Figs. 8 and 9. 
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materials, except from single-layer graphene/GO/rGO, have a layered 
structure, which most certainly result in similar lubricating 
mechanisms). 

4.2. Greases developed for this study 

4.2.1. Additive response and friction characteristics of LiX and PP greases 
Based on previous results, the PP grease was expected to result in 

better additive response and thereby lower friction than the LiX grease 
[35,37,38,51]. No such response was found in the present study. In 
fretting at high displacement amplitudes, LiX greases generally gives 
lower friction than PP greases (Fig. 6) and all greases result in similar 
friction levels in 4-ball wear scar tests regardless of thickener type 
(Fig. 7a and b). This holds true for the reference greases as well as the 
greases with additives. The fact that the LiX reference grease provides 
lower friction than the PP reference grease has been noted in previous 
grease investigations, when the contact pair is in the gross slip fretting 
regime [39]. 

In bearing tests [51], PP grease was found to require longer time than 
LiX grease to reach a steady state level of friction. After a running-in 
period (of around 7 days), the temperature of the PP grease generally 
fluctuated less than that of the corresponding LiX grease (the tempera-
ture was measured on two positions on the outer ring of each bearing). 
The long polypropylene molecules degraded into smaller molecular 
species due to high shear forces. These PP fractions have boundary 
friction reducing properties. The fretting tests in the present study, are 
probably too short to form a large enough number of PP fractions to 
reduce the friction as found in Ref. [51]. 

The two oil types used for the presently evaluated greases (PAO and 
OSP) vary slightly in viscosity. However, calculating the base oil vis-
cosity according to ASTM D7152 [52] indicates only a small difference 
between the PAO/OSP oil blend and the PAO oil. This small difference is 
not believed to explain the difference in friction level between the LiX 
PAO/OSP reference grease and the LiX PAO reference grease in Fig. 4a. 
If the variation in viscosity would be a contributing factor to the friction 
results, this effect would have been seen also for the PP reference greases 
in Fig. 4b, but this is not the case. 

The chosen concentration of graphite, GO and rGO in this study is 
sufficiently low to not expect it to cause a significant effect on the grease 
consistency. However, the small amount of extra oil that was mixed into 
the greases together with the additives may have caused a slight 
decrease in consistency. Since no corresponding oil was added to the 
base reference greases, the greases with and without additives could 
vary slightly in consistency. Based on the friction results, this difference 
has not significantly affected the results. 

4.2.2. Choice of base oil 
It has been shown that both 5 and 10% of OSP in pure PAO-8 oil 

reduce the friction in a steel/steel contact compared with the pure PAO- 
8, when evaluated in a mini-traction machine [53]. The largest reduc-
tion was noted for 10% OSP. But in the present work, as shown in Figs. 4, 
6 and 7, the PAO reference greases often show the lowest friction. 
Therefore, it may be more cost effective to choose a base oil/thickener 
system that results in lower friction completely without additives, 
instead of producing a grease with an oil blend specifically chosen to 
facilitate the additive dispersion. Based on the friction results in the 

Fig. 11. Example of surface appearance (SEM) and elemental composition (EDS mapping) of a wear mark on a bottom ball from a 4-ball test with the PP PAO/OSP 
reference grease (the same wear mark as in Figs. 8f and 9f). Top: overview of the wear scar. Middle row: Detail showing tribofilm formation (darker), SEM + EDS 
mapping overlay. Bottom row: separate EDS maps showing the distribution of Fe, O, and C. The black box in the top image shows the position of the details below. 
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present study, it would be interesting to evaluate the lubricating effect of 
the additives in PAO greases. A more comprehensive graph-
ite/GO/rGO/grease study (with respect to better specified raw mate-
rials, additive concentration, as well as optimizing the sonication 
procedure of the additives in oil) would be helpful to clarify if addition 
of the lubricating additives is cost efficient and actually results in 
reduced friction and wear. 

4.2.3. Grease thickener structure 
The lubricating film thickness is determined by a combined effect of 

thickener, oil type and oil viscosity [49,54,55]. Parameters such as soap 
concentration, cooling rate (during grease manufacturing), base oil 
viscosity and base oil type, all influence soap-thickener structures [43, 
56,57]. The manufacturing parameters are important also for the 
resulting PP-thickener structure. Based on this and that the fiber struc-
tures differed between the greases with different base oil and thickener 
types (Fig. 3), it is not surprising that the friction results differ slightly 
between the PAO and PAO/OSP reference greases. The oil-removal 
procedure needed to reveal the fiber structures in Fig. 3 may have 
affected, and further, these structures likely become degraded by the 
heavy shear deformation in the tribological testing. Nevertheless, the 
SEM images serve as a valuable comparison between the different 
greases. 

4.3. Tribological results 

4.3.1. Appearance and tribofilm formation of 4-ball wear scar tested 
surfaces 

The wear scars on steel balls (from the 4-ball wear scar tests) lubri-
cated with PP greases show more iron oxide regions and more oxygen- 
and carbon-rich tribofilms than those lubricated with LiX greases, in-
dependent of base oil blend (Figs. 10 and 11). The statistically signifi-
cant difference in wear between the two thickener types, LiX and PP, is 
important for future grease development and testing. In the present 
study, the choice of thickener proved to be more important for the 
lubricating properties of the grease, than was the addition of graphite, 
GO or rGO additives. The only difference between the LiX and PP greases 
manufactured with the same base oil blend is related to the thickener. 
Since the PP-lubricated contacts are more oxidized and more affected 
from the 4-ball test than the corresponding LiX-lubricated contacts, it 
can be concluded that there is more metal-to-metal contact during these 
tests even though the resulting coefficient of friction is the same. This 
must mean that the lubricating films of the LiX greases more efficiently 
protects the surfaces than the films formed with the PP greases, under 
the prevailing contact conditions. The mechanisms behind the differ-
ence between LiX and PP greases are not yet fully understood, so more 
detailed investigations will be needed. The greases evaluated here do 
not contain any antioxidants or other types of additives as in the com-
mercial greases. Hence, the results for commercial LiX and PP greases 
may differ from what have been seen here. 

From X-ray photoelectron spectroscopy (XPS) analysis, Wang et al. 
[11] suggested that the addition of graphene in lithium grease not only 
reduces the friction and wear compared with the base grease without 
graphene, but also promotes the formation of Fe2O3 and Li2O tribofilms 
on the tested steel surfaces. Deposited graphene together with Fe2O3 and 
Li2O tribofilms were stated to improve the tribological properties of the 
grease. In the present study, XPS analysis in and outside the wear marks 
on steel balls lubricated with LiX- and PP PAO reference grease was 
performed (results not shown). Lithium could not be detected on the 
surface lubricated with LiX grease. Note that this does not necessarily 
mean that there is no lithium on the surface. The hypothesis before 
analysis was that the tribofilms on LiX-lubricated steel surfaces would 
involve lithium and that these could be the reason for the better surface 
protection compared with PP grease. XPS analysis of lithium is normally 
challenging, since the sensitivity is low [58] and there are no other peaks 
than Li1s that can assist in data interpretation. An additional 

complicating factor in the case of finding lithium on steel surfaces, 
except for the low sensitivity, is that the Li1s and Fe3p peaks overlap. 
Peak fitting is required to detect a lithium contribution. The authors of 
the present paper do not agree with the conclusions drawn by Wang 
et al. [11] regarding their XPS data, and believe that they have 
mistakenly interpreted the Fe3p signal as Li1s. A reference measurement 
of Fe3p outside the wear mark on the tested steel surface would show if 
there is a Li1s contribution in the wear mark or not. This was not 
included in their paper. 

4.3.2. 4-Ball seizure tests 
The last non-seizure load tests (4-ball seizure tests) show a large 

spread between tests with the same grease. The last non-seizure loads 
found here are quite low compared with the ones found for greases with 
extreme pressure additives such as ZDDP (zinc dithiophosphate). 
Greases with weld loads below and above 2500 N are considered as 
having no, and some, extreme pressure functionality, respectively. The 
application determines the weld load needed, and a weld load of 
2500–3200 N is often enough for bearings. The results suggest that 
graphite and graphene-based materials do not work as extreme pressure 
additives in the formulated greases of this study. However, they might 
work better when the properties of the additives, oil and thickener have 
been optimized. 

4.3.3. LiX and PP grease in fretting of power connectors 
Generally, grease protects the surfaces from wear and reduces the 

coefficient of friction to a low and stable level. Both LiX- and PP- 
lubricated surfaces result in a contact resistance of about 20–40 μΩ at 
a pre-set displacement amplitude of ±50 μm and 50 N load, which is 
acceptable for power connectors (Fig. 4). However, at ±200 μm the 
contact resistance of LiX-lubricated surfaces is unacceptably high 
(100–200 μΩ), and would cause large energy losses in power connectors 
(Fig. 6). The PP-lubricated contacts also show high contact resistance 
values (50–100 μΩ), but more acceptable than LiX. At this high vibration 
amplitude, the contact resistance increases throughout the tests with LiX 
grease, which means that the surfaces become more and more electri-
cally separated. More separated surfaces result in less contact points able 
to transport current. The reason behind the increased resistance is not 
yet understood but could be linked to chemical differences in formed 
tribofilms of LiX and PP greases, similar to what was discussed for steel 
surfaces in the sections above. 

4.4. Grease/graphene-based additive systems are complex 

The present results should not rule out graphene-based additives as 
friction and wear reducers in greases. However, the study has shown 
that the grease/graphene-based additive system is more complex and 
less of a universal solution than described by earlier publications [5–15, 
21–24]. These typically report excellent friction and wear properties of 
graphene and graphene-based additives in oil and greases. In common 
for many of these publications are:  

i) the lack of an application and thereby a suitable evaluation 
method capable of simulating real contact conditions,  

ii) lack of relevant reference baselines, such as a base grease without 
additives or the best or standard lubricant in the intended 
application, and  

iii) absence of motivation behind the chosen oil and/or grease type. 
Further, the number of test repetitions is often not mentioned, 
only a few publications add error bars in friction graphs, etc., but 
then without describing what the error bars show. The spread of 
the results is often not discussed. 

This study has put large effort into manufacturing greases suitable 
for dispersion of the additives. The positive effects of the additives in 
greases, with respect to friction and wear, may not be as large in a well- 
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working grease as if the grease in itself had inferior lubrication 
properties. 

5. Conclusions 

In the present study, greases were specifically designed to improve 
the dispersion of GO and rGO additives. A PAO/OSP base oil blend was 
used for this purpose instead of the oil blend PAO/adipate ester (in this 
paper called PAO oil) that has been used in earlier studies. Three addi-
tives, graphite, GO and rGO, all in a 0.1 wt% concentration, were 
evaluated in greases with two different thickeners, namely lithium 
complex (LiX) and polypropylene (PP). No positive effect from the ad-
ditives could be seen, neither in the fretting tests of silver-coated copper 
cylinders (simulating electrical contacts) nor in the 4-ball tests of steel 
against steel. The PAO reference grease resulted in similar levels of 
friction and wear as the specially designed greases with and without 
additives. This indicates that optimizing the grease matrix in itself, 
without any additives, can be a more rewarding strategy than adding 
additives to a specially designed grease matrix. 

A statistically significant influence from the choice of thickener was 
found in the 4-ball wear scar tests (steel against steel). Surfaces lubri-
cated with PP greases showed more surface damage (both regarding 
wear volume and tribofilm formation) than the corresponding LiX- 
lubricated contacts. Two types of tribofilms formed, one containing 
iron and oxygen, and one based on carbon and oxygen (most likely 
originating from the grease constituents). The carbon signal sometimes 
also cohered with the iron oxide tribofilms, indicating that the grease 
constituents form films both on and beside iron oxide regions. Hence, 
the LiX and PP thickeners result in different lubricating properties for 
these contact conditions, where the LiX grease seems to protect the 
metal surfaces better. The selection of thickener type has a stronger ef-
fect on the tribological properties than the addition of graphite, GO or 
rGO. A better understanding of the difference in lubrication mechanisms 
between LiX and PP greases would require more detailed studies. 

This study elucidates the complexity of graphene-based additive 
systems in greases. The insignificant friction and wear improvements 
found, demonstrates that it is far from given that graphene-based ad-
ditives will improve an already well-working grease. Obviously, suc-
cessful such greases are not ruled out, but would require further 
optimization of both the grease matrix and additive properties such as 
concentration, size and purity. Since the performance is strongly 
dependent of the tribological conditions, including parameters such as 
material combination, type of contact and motion, load, speed, and 
grease type, it is probably wise to optimize towards a selected specific 
application. 
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