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Abstract: In metal-mechanic industry, lubricants are applied 

to improve products’ quality and tools useful life, while 

reducing friction and wear, also removing the generated heat 

during the material processing. Tribological evaluations are 

performed varying the water content of two widely used 

lubricants in automotive metal-forming operations. 
Evaluations are first performed to determine the optimal 

lubricant dilutions, followed by reinforcement of 2D-

nanostructures of hexagonal Boron Nitride (h-BN). 

Tribological characterization under extreme pressures (EP) 

are performed with a four-ball tribometer according to the 

Institute for Sustainable Technologies –National Research 

Institute (ITeE-PIB) Polish method under scuffing 

conditions. The optimized concentrations are determined for 

Ecodraw and Montgomery lubricants, representing a 28% 

and 3% improvement in pressure loss limit at 1:8 and 1:6 

concentrations, respectively. Block-on-ring tribotest is used 

to determine the coefficient of friction (COF) of the 
optimized lubricant dilutions and h-BN nanolubricants, 

which represent ~10% improvement. These results could be 

attributed to diverse factors such as a layering mechanism of 

the 2D nanostructures, soft van der Waals forces between 

2D h-BN layers, and the deposition of h-BN on the worn 

surface, decreasing the shearing stress and COF. Finally, 

thermal conductivity evaluations showed an enhancement 

by 30% and 15% with addition of h-BN, demonstrating the 

potential of 2D nanostructures for improving the efficiency 

on antiwear and thermal transport.  
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1. INTRODUCTION 
 

Metal-mechanic industry, such as stamping, 

punching, hydroforming, among other manufacturing 

processes particularly on automotive industry, deals 
with several issues concerning tooling and working 

pieces in constant contact, friction and wear, and the 

effects of generated heat, thermal transport and 
loading pressures; particularly in deep-drawing 

operations such as in automotive forming 

applications (stamping, hydroforming, rollforming, 
among others) [1,2]. Metal-forming lubricants 

provide reduction in friction and wear among 

components, dissipating heat and maintaining good 

quality of the working products. With aid of proper 
lubrication and components design, these kind of 

manufacturing processes have been improved under 

extreme working conditions.   
Another critical aspect in industry is that due to 

increments in raw material and operative costs, a great 

benefit has been found when lubricants are diluted. 

These diluted lubricants still possess good 
characteristics and properties, maintaining a good 

quality of the final processed products. Furthermore, the 

diluted lubricants could contribute to environment, in 
the sense of not disposing large quantities of these 

materials as fast as they could be if no dilution were 

done [3]. It could also contribute to an easy cleaning of 
the working pieces and workstations. 

On the other hand, incorporation of solid 

nanostructures has been investigated to improve the 

tribological characteristics of lubricant systems, such 
as load-carrying capacity, coefficient of friction 

(COF) and wear, among others [4–8]. Due to 

morphology and configuration (small size, < 100nm), 
nanostructures may be able to provide a polishing 

effect [9], mending effect [9], functioning as nano-

bearings or tribo-films [10,11], decreasing contact 
pressures to have larger surface contact areas [12], 

among others [13,14]. 

Two dimensional nanostructures (2D) obtained 

remarkable scientific attention due to their unique 
physical, chemical and mechanical properties [15].

Among these novel 2D materials, hexagonal boron 

nitride (h-BN) which is a ceramic material in powder 
form is a very well-known solid lubricant who has 

attracted attention due to its outstanding properties, 

such as friction reduction and anti-wear promotion, 

tribofilm formation behavior, superb thermal 
conductivity, mechanical stability [16,17]. Moreover, 
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h-BN is environmentally friendly and inert to most of 
the chemicals which make them appealing for most 

of the tribological applications. 

Investigations focused on h-BN nanostructures 

confirm the benefits and effects on tribological 
behavior. Wan et al. [18] observed a significant 

improvement  in antifriction performance of 15 W-40 

oil reinforced with h-BN nanoparticles. Celik et al. 
[19]studied SAE 10W engine oil reinforced with h-

BN. In their results, they obtained reductions in 

friction and wear characteristics of of 14% and 65%, 
respectively, when compared to pure oil. Similarly, 

Río et al. [20] obtained 20% reduction in antifriction 

and antiwear behavior of poly-alpha-olefin / h-BN 

nanostructures under pure sliding conditions at 
merely 0.75wt.%.  

On other applications, h-BN nanostructures are 

environmentally and skin friendly [21,22]; BN is 
widely used as main ingredient for cosmetics and 

other human-related skin, eye area, or mucous 

membranes applications.  

For this work, the tribological performance of 
lubricants applied in plastic deformation metal-

forming manufacturing processes with varying 

dilution concentrations were analysed. Additionally, 
evaluations on the optimized diluted concentrations 

of lubricants were reinforced with 0.10wt.% of 2D h-

BN nanostructures. Tribological evaluations are 
performed under extreme pressure (EP) condition 

with a four-ball tribotester and block-on-ring 

configuration. Load-carrying capacity and coefficient 

of friction (COF) are evaluated and compared among 
metal-mechanic forming nanolubricants. Thermal 

conductivity is obtained using a KD2 Pro (Decagon 

Inc.), temperature-dependent measurements are 
obtained using a thermal bath, and samples are 

thermally equilibrated before each measurement.  

 

2. MATERIALS AND EXPERIMENTAL DETAILS  

 

The experimental materials are lubricants directly 

applied on plastic deformation industrial processes, such 
as deep drawing, stamping, punching, and bending. The 

first conventional lubricant is Ecodraw (FUCHS, USA), 

which is a water-soluble synthetic lubricant for metal-
forming operations from light to heavy duty. The 

second analyzed lubricant is Montgomery (FUCHS, 

USA), which is a lubricant for severe stamping and 
deep drawing processes. Both lubricants are from 

FUCHS supplier (Table 1).The first stage of our 

research consists of preparing diluted concentrations of 

both lubricants (Table 2). Concentrations were selected 
according to industrial experience and supplier 

recommendations. General application in manufacturing 

processes for Ecodraw lubricant is 1:6 ratio, and for 
Montgomery lubricant is 1:4.  

 

Table 1. Material properties and characteristics 

Materials Properties 

Base Lubricants Density @ 15°C General applied ratio 

       EcoDraw 1.08 g/cm3 1:6 

       Montgonery 0.99 g/cm3 1:4 

Nanostructures   

h-BN Morphology: 2D sheet structure 

 
Size: 300nm by 300nm, ~5 atomic layers 

Tribotest Balls Chemical Composition 

Steel AISI 52100 
0.98 - 1.1%C, 0.15 - 0.30%Si,  
0.25 - 0.45%Mn, 1.30–1.60%Cr 

 
Diameter: 12.7mm, 60 HRC 

Block & Ring  

D2 Steel 
Heat treated (Quench + Tempered),  
58 - 62 HRC 

 

Prepared lubricants were evaluated under EP 

conditions with a four-ball configuration, according 

to ITeE-PIB Polish method for testing lubricants 
under conditions of scuffing [23,24]. In this setting, 

three stationary steel balls are covered with the 

lubricant sample (~13ml) whereas the upper ball 
rotates at 600 rpm under linearly increasing load from 

0 to 7200 N at room temperature (24°C) for 18s.  

The load carrying capacity (poz) was obtained as 

follows: poz = 0.52 (Poz / WSD2), where Poz is the 
seizure load that occurs at a frictional torque of 10 

N.m and WSD is the wear scar diameter of the three 

stationary steel balls. Three to six tests were 
performed for each set of lubricant concentration to 

obtain statistically significant results [25]. Wear scars 

of worn balls were measured through an Alicona 

optical 3D measurement system (Bruker, Germany). 
After the first stage of diluted lubricants evaluation, 

the highest performance material was selected as the 

base material to be reinforced with h-BN 
nanostructures. Results are displayed per lubricant 

concentration and poz of lubricant film. The higher the 

poz value, the better the performance of the lubricant 
under friction conditions. 
 

Table 2. Lubricant’s concentration ratio.  

Ecodraw  Montgomery 

Ratio 
Concentration 

(%) 
Ratio 

Concentration 

(%) 

1:5 20 1:3 33 

1:6 16.7 1:4 25 

1:7 14 1:5 20 

1:8 12.5 1:6 16.7 

1:10 10 1:8 12.5 

 

2D-nanostructures of h-BN were obtained by wet 

exfoliation method, according to Taha-Tijerina et al. 
[15], powder-like material was homogeneously 

dispersed within the base lubricants at 0.10wt.% 

through extensive water bath sonication (5 - 6 hr.), 
maintaining the water bath at a constant temperature 
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(< 40°C). Material displays good shelf stability for at 
least 3-4 weeks [15]. 

Thermal conductivity measurements on dilutions and 

nanolubricants were carried out according to the 

transient hot-wire (THW) technique (Decagon, Inc. - 
KD2 Pro). Temperature-dependent measurements 

were performed using a thermal water bath, in which 

specimens were initially thermally equilibrated for 6 
minutes before each measurement. Obtained values 

are compared with base lubricant dilutions thermal 

conductivities (k0). At least 7 measurements were 
taken for each nanolubricant to report averaged 

values. 

 

3. RESULTS AND DISCUSSIONS 
 

Results obtained for lubricants are shown in Figure 1 

and Figure 2, respectively, using the ITEePib Polish 
method for calculating load-carrying capacity (poz) at 

EP. For the Ecodraw lubricants, load-carrying 

capacity was affected by the present dilutions. Not 

taking in consideration due to costs implications, 1:5 
ratio was just evaluated as comparison with other 

materials. The highest improvement reflected a 28% 

increase at 1:6 ratio, compared to the conventionally 
used concentration, this concentration was selected to 

be further reinforced with h-BN nanostructures. 

 

 
Fig 1. Load-carrying capacity (poz) of diluted Ecodraw 

lubricant by the four-ball tribotester under EP 

 

In a similar manner, Montgomery lubricants were 

analysed. In this case, the load-carrying capacity was 
not significantly affected. Only a 3% improvement 

was observed at higher water content (1:6 ratio), 

which was the selected concentration for further h-
BN nanoreinforcement evaluation. 

The next stage of our research consisted of 

homogeneously dispersing the 2D-nanostrucures of 
h-BN within the selected lubricant concentrations. 

Filler fraction of 0.10wt.% of h-BN was chosen from 

previous research group studies to reinforce diluted 

lubricants. Glass vials (40ml) were used to contain 
the samples for extensive water bath sonication. 

 

 
Fig. 2. Load-carrying capacity (poz) of Montgomery 

lubricants by the four-ball tribotester under extreme 

pressures (EP) 

 
In both cases, due to the presence of solid 

nanostructures, the frictional torque value was not 

reached, thus, the maximum load applied in the 
evaluations was taken as the seizure load (7200 N). 

For Ecodraw and Montgomery nanolubricants, 2D 

nanostructures of h-BN acted as promoter of tribofilm 
formation, creating a smoother surface or could 

provide a third-body effect, preventing bare metal to 

metal contact, improving the load-carrying capacity 

of the lubrication system. Additionally, block-on-ring 
configuration was selected to analyse the coefficient 

of friction (COF) in a friction pair, where both, block 

and ring, are D2 tool steel materials. Tribotesting was 
performed according to ASTM G77. Each specimen 

was evaluated for 900 seconds, at a constant load of 

392 N and an angular velocity of 250 RPMs. Table 3 
shows the COF results for base dilutions, optimized 

dilutions and h-BN reinforced nanolubricants. 

 
Table 3. COF for Ecodraw and Montgomery nanoreinforcing 

Ecodraw Montgomery 

Ratio COF % Ratio COF % 

Base 1:6 0.1337 - Base 1:4 0.1314 - 

1:8 0.1339 -0.15 1:6 0.1325 -0.83 

1:8 Nano 0.1247 7.22 1:6 Nano 0.1180 10.20 

 
EDAX analysis is shown in Figure 3. Here, it could be 

observed that Boron and Nitrogen elements are present 

in the wear scar obtained (Figure 3). This is mainly 
attributed to a tribosinterering phenomena of the 2D 

nanostructures to the surface of the metal component.  
 

 
Fig. 3. a) EDAX of D2 steel ring, showing B and N from 
h-BN nanoreinforcement b) Ring wear scar after tribotest 
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Figure 4(a) and Figure 4(b) show the TEM and SEM 
images of h-BN 2D-nanostructures, respectively. 

Figure 4(b) shows the wear scar on one of the bottom 

steel balls after tribology evaluation. A 2D h-BN 

nanosheet is shown on the surface of tested steel ball 
in  Figure 4(b), as also shown in Figure 3 for EDAX 

analysis. 

 

 
Fig. 4. a) TEM image of 2D h-BN nanostructures. (b) SEM 

image of evaluated steel ball showing the wear scar, in the 

inset it could bee observed h-BN flakes on wear scar 

 

Finally, thermal conductivity measurements were 
performed to determine the effect of 2D h-BN 

nanoreinforcement on lubricant dilutions. Figure 5 

shows the improvement in thermal conductivity for 
Ecodraw and Montgomery. For both lubricants, base 

dilutions did not show significant increase in thermal 

conductivity as temperature was raised up to 323K. 

Nanolubricants showed a temperature-dependent 
variation, indicating the effect of incorporation of h-

BN. Effective thermal conductivity (keff) of 

nanolubricants increased with temperature raise 
(measurements were made from room temperature 

~298K up to 323K), indicating the role of Brownian 

motion on measured thermal conductivities. For 

instance, for Ecodraw lubricant, h-BN had a very 
positive effect on performance, with merely 0.10wt.% 

reinforcement, reaching up to 30% increase when 

compared to bare Ecodraw dilution. In the case of 
Montgomery lubricant, the effect was positive too. 

Here, we observed an increase of about 15%, when 

compared to Montgomery dilution. Measurements 

showed a variation of 2-3.5%. Therefore, the error 
bars are not visible in Figure 5.  

Thermal transport performance of 2D-reinforced 

nanolubricants is originated by diverse mechanisms, 
such as percolation channel formation, liquid-particle 

layering, van der Waals effects, among others.  

Partilarly, the liquid layering at the nanostructure-
lubricant interface is predicted as the most important 

mechanism for effective thermal conductivity 

enhancement in nanolubricants [6,26,27]. 

Additionally, the temperature-dependent variations in 
thermal conductivity indicate that not only the 

percolation mechanism affects the improvement in 

thermal conductivity, but also the Brownian motion 
contributes to the behavior of h-BN 2D-based 

nanolubricants. 

 

 

 
Fig. 5. Thermal conductivity improvement for a) Ecodraw 

and b) Montgomery lubricants with and without h-BN 

nanoreinforcement at various temperatures (Kelvin 

degrees) 

 

4. CONCLUSIONS 
 

The analysed lubricant dilutions and nanolubricants 
have the potential to be used as good alternative 

material for plastic formation processes in metal-

mechanic field. In this work, the tribological 
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properties of lubricant dilutions were observed. 
Furthermore, from the optimized concentration of 

lubricants, h-BN nanostructures were homogenously 

dispersed as reinforcement at 0.10wt.%, based on 

previous research by authors. It was found that h-BN 
contributed significantly to load carrying capacity 

(poz) improvement at this filler fraction, representing 

an improvement of 7 and 10% for Ecodraw and 
Montgomery lubricant dilutions, respectively. This 

was attributed to a third-body mechanism and 

promotion of tribofilm formation, creating a smoother 
surface, thus reducing friction. Additionally, heat 

generation while working among metals and plastic 

deformation is a critical issue. Thermal conductivity 

measured at various temperatures showed an 
improvement of 30 and 15% for Ecodraw and 

Montgomery optimized dilutions, respectively, with 

h-BN reinforcement. 
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