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Abstract: The results of research on the process of applying lubricating coatings are presented in 
this work. For this purpose, plastic greases were used, in which the base oil is perfluoropolyether 
(PFPE) and the thickener is poly(tetrafluoroethylene) (PTFE). Due to their consistency, these mate-
rials are classified into different classes according to the National Lubricating Grease Institute 
(NLGI). The research was carried out using a time-pressure valve at varying atomization pressure 
values. Based on the obtained results, the width of the obtained material path and the angle of 
spray atomization were determined. The research indicated linear relationships between the at-
omization pressure and the degree of uniformity of the obtained spray. 
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1. Introduction 
The process of applying technical lubricating coatings using liquid lubricants is es-

sential in various industries to improve the performance and extend the service life of 
components. In various industrial sectors, machine parts often require low friction and 
high wear resistance in order to increase efficiency and the service lifetime of the infra-
structure [1,2]. These coatings provide a barrier against wear, corrosion, and abrasion, 
and can reduce friction and wear to increase efficiency and reduce maintenance costs. 
Liquid lubricants are commonly used for applying these coatings due to their ability to 
easily flow and conform to the surface of the component. There are various methods for 
applying lubricating coatings using liquid lubricants, including dipping, brushing, and 
spraying. Each method has its own advantages and disadvantages, and the most suitable 
method will depend on the specific application and requirements [3]. 

Greases using perfluoropolyether (PFPE) as their base oil, and polytetrafluoroeth-
ylene (PTFE) as thickeners have found favor in industry, in applications where temper-
ature exposures reach up to 300 °C. Conventional greases will typically not withstand 
such high temperatures as they will oxidize, burn, form deposits, or drop within a short 
exposure. Damaged bearings or machine components usually follow, or, in order to 
prevent such an occurrence, end-users may re-lubricate too frequently to compensate. 
Solid lubricating materials have become a popular alternative to liquid lubricants and 
grease due to their ability to reduce maintenance costs and environmental impact. They 
are also useful in applications that do not allow for external lubrication, such as in the 
aerospace, food, and medical industries. The most commonly used solid lubricant is 
PTFE which is known for its resistance to chemical attacks, high melting point, and bio-
compatibility [4,5]. PTFE has a low dry sliding friction coefficient on various counterface 
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materials due to its low shear strength and the transfer of polymeric material to the 
counter surface, allowing for the sliding of two soft polymeric surfaces [6]. 

PTFE is known for its excellent sliding properties, but it has poor wear resistance 
and undergoes excessive viscoelastic deformation under load, which limits its use in high 
load-bearing applications [7]. To address these issues, various reinforcing fillers have 
been incorporated into PTFE, including inorganic materials such as metals and metal 
oxides/carbides, and organic materials such as carbon fiber, graphite, and polymer 
blends [1,8,9]. While these fillers can improve wear resistance and increase load capacity, 
there are often issues with corrosion when metal fillers are used and relatively low 
pressure-velocity limit values in purely polymeric composite systems. Thermal spray 
methods are used in various industrial sectors, including renewable/non-renewable en-
ergy divisions and the biomedical, automotive, and aerospace industries, due to their 
ability to form dense, wear-resistant coatings with strong mechanical adhesion to sub-
strates [10]. 

Modern PFPE oils are liquids with a unique structure and properties [11]. Only three 
elements make up these substances: carbon, oxygen, and fluorine atoms. Strong bonds 
join the atoms, and the whole polymer chain is very elastic. The C-F bond is the strongest 
interatomic bond known in nature, and, simultaneously, fluorine is the most electroneg-
ative element, so the molecule is exceptionally durable. The lack of hydrogen, the com-
mon element of all standard liquid lubricants, contributes to the thermo-oxidizing sta-
bility of PFPE oils [12]. The substances have some unique properties [12,13]. PFPE are 
low-surface-tension liquids that are commonly employed, e.g., in magnetic recording 
devices as disk lubricants [14]. PFPE exhibits characteristics that outperform mineral oils, 
as well as common synthetic oils such as PAOs (polyalphaolefins) and esters. A modern 
approach to the formulation of PFPE lubricants enables obtaining new products with 
better properties than traditional ones. At the same time, it is possible to obtain new ap-
plications. Currently, it is observed that PFPE dual-purpose greases are increasingly re-
placing the commonly used PTFE/PFPE greases in applications where the operating 
temperature is ≤220 °C, or short-term ≤+250 °C [15]. 

PTFE and PFPE can be combined to form a grease that exhibits their strengths, out-
performing mineral-oil based greases [16]. Grease applications for PTFE/PFPE include 
the lubrication of conveyor bearings that pass through ovens, such as in baking, wa-
fer-making, and the painting of metals [17,18]. From the point of view of protecting 
components and machine parts, it is important to obtain a uniform lubricant surface on 
the component and to completely cover it. For this reason, the method of its applica-
tion/spraying is important. 

To determine the usefulness of plastic lubricants in industrial processes, one must 
use the classification of plastic lubricants created by the National Lubricating Grease In-
stitute (NLGI). The criterion for this classification is the consistency, specifically the range 
of grease penetration after compression. Table 1 shows this classification [19]. Among 
lubricants, we can distinguish: mineral oils, synthetic oils, vegetable oils, plastic lubri-
cants, solid lubricants, adhesive agents, emulsions, and special lubricants. Mineral and 
synthetic oils can be refined or unrefined. Solid lubricants include powders, pastes, or 
lacquers [20]. Adhesive agents include bituminous lubricants. The used emulsions are 
those with an oil-in-water or water-in-oil structure. Water, acids, or gases are classified as 
special lubricants [21]. 
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Table 1. Classification of plastic lubricants according to their consistency (NLGI) [19]. 

NLGI Consistency Class 
(DIN 51 818) 

Penetration 
According to 

PN/C-96-04095 (0.1 mm) 
Consistency Basic Application 

000 440–480 liquid Mechanical transmis-
sions, central lubrica-

tion systems 
00 395–435 semi-liquid 
0 350–390 semi-liquid 
1 305–345 very soft Rolling and sliding 

bearings, central lu-
brication systems 

2 260–300 soft 
3 215–255 medium 
4 170–210 thick 

Other uses; most 
commonly used as a 

sealant for fittings 

5 125–165 very thick 

6 
80–120 (penetration in a 

resting state) 
hard 

The composition of plastic lubricants, specifically the proportions and type of in-
gredients used, has a significant impact on their properties. Even small changes in this 
area can result in significant modifications. The base oil (main component), which con-
stitutes between 70% and 90% of the product, greatly influences the tribological proper-
ties of the lubricants [22,23]. Studies have shown the importance of the type of base oil 
used. Among the analyzed lubricants, the best performance was found with a 
plant-based dispersing base, which showed high efficiency in terms of protection against 
friction and wear. Mineral oil does not guarantee adequate anti-seize protection, despite 
guaranteeing anti-wear protection. Synthetic oils showed very low anti-friction proper-
ties and were twice as weak in anti-wear properties compared to mineral or plant-based 
oils. The important parameters that determine the tribological properties of the resulting 
compositions are the viscosity of the dispersion phase and the reaction occurring be-
tween the friction surface and the plastic lubricant, which precisely determines the sig-
nificant impact of the products of this reaction [22]. 

The structure of plastic grease is determined by the type of thickener and its particle 
size. To increase the ability to rebuild the grease structure, a polymer additive (e.g., 
PTFE) should be added for mineral greases. Talc performs the same function in synthet-
ic-based greases [24,25]. The functional additives of lubricants ensure their operational 
durability. It has been found that the most optimal anti-wear conditions are guaranteed 
by the simultaneous use of greases with a polymer additive and fullerene nanostructures 
of carbon. This conclusion was drawn on the basis of a comparison with grease with one 
additive [24]. Temperature can be an intensifying factor for the action of additives, which 
directly affects node protection [26,27]. 

Most lubricants produced have durability at a temperature of 80 °C. They are able to 
work in these temperature conditions for even several thousand hours. If the temperature 
at which they are used increases, their structure often degrades and they lose their 
properties. For example, one of the basic ingredients of such a lubricant may undergo 
oxidation, which reduces its durability to only a few hours at a temperature of 150 °C. It 
is a fact that the durability of a lubricant is inversely proportional to the temperature at 
which it is used—the higher it is, the more its durability significantly decreases. In addi-
tion, an increase in the temperature of the lubricant may be caused by bearing load. The 
result of an increased load is a higher temperature and a reduction in the rotational speed 
of the bearing. In such a situation, choosing lubricants of a different consistency class or 
with improved parameters is the solution [28]. 

It is not advisable to use plastic lubricants at low temperatures; however, some sit-
uations require the use of lubricants with increased resistance to negative temperatures. 
This occurs, for example, in aviation, where the plastic lubricants used have a durability 
at a temperature of −54 °C. Their use is safe due to the low-temperature melting synthetic 
base fluid [29]. Consistency is a parameter that informs us about the stiffness of the lub-
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ricant. In engineering solutions, it can be stated that the lubricant has been correctly se-
lected for a specific application if, during the operation of the bearing or other element, it 
does not expose adjacent parts to increased friction [28]. 

Increasing production rates, minimizing set times, and maximizing savings on ex-
pensive coatings and lubricants are a few objectives processors strive to achieve when 
choosing an automated lubrication or coating spray system. The spray nozzles can be 
utilized to coat chains, conveyors, and trays with minimal waste [30]. Another major 
concern for processors is that of overspray. Eliminating overspray is not only beneficial to 
operations, but also to the health and safety of workers. The overspray that drips off from 
conveyors and surrounding equipment can spill onto the floors which poses a dangerous 
risk for workers. One of the many benefits of using atomizers is that they are able to ap-
ply coatings and lubricants with high accuracy, which leads to reducing or eliminating 
overspray altogether and decreased waste of costly coatings and lubricants, which ulti-
mately leads to increased savings for the operator. In the food industry, a spray system is 
ideal for pan coating and other bakery and snack coating applications. The system can 
also be used for rolled metal lubrication applications. Beverage can lubrication, stamping, 
and general industrial applications all require a system that is able to coat with a heated 
lubricant. In addition, the spray systems are ideal for applying lubricants and corrosion 
protection fluids to blanks, coils, pipe sections, stamping and forming tools, wires, bars, 
and more [31]. Furthermore, to select a spray system that improves efficiency, many 
manufacturing plants are looking to use systems which are able to reduce their compa-
ny’s environmental impact. Using a spray system that is able to control and precisely 
apply lubricants can reduce liquid consumption by up to 90% [32]. 

There are many methods of applying coatings; among the most important one that 
should be mentioned is various methods of spraying. The operation is the better one if 
the desired, stable effect can be obtained at lower investment costs. The authors of the 
article [33] showed that simple air-spraying gives well-performing solid lubricating 
coatings with better friction and wear properties for WS2 compared to Bi2S3, even at an 
elevated temperature of 200 °C. It is a much better solution than plasma spraying. 

In this work, the process of applying technical lubricating coatings using liquid lub-
ricants will be analyzed and discussed. The aim of the work was a comparative analysis 
of the process of applying technical coatings that were plastic lubricants. Using a pres-
sure-time valve, material tracks were sprayed. The influence of atomization pressure, the 
geometry of the nozzles used, and the properties of the plastic greases used on the width 
of the obtained material track and the angle of the spray was studied. 

2. Materials and Methods 
2.1. Experimental Set-Up and Materials 

The experimental set-up, which was used to apply the materials being tested to the 
surface, included: time-pressure valve 781S-SS (manufacturer Nordson EFD); nozzles 
(Nordson EFD 7856F-46SS 0.046″ and Nordson EFD 7856-46SS 0.046″); Nordson EFD 
Valve Mate 7140 regulator; pressure regulator; a material reservoir in the form of an ap-
plicator from which material is introduced into the system; and 3-axis robot. A simplified 
diagram of the measurement station is shown in Figure 1 [34]. To record the spray ob-
tained and also the angle of atomization, which was necessary for further computer im-
age analysis, the following were used: Canon EOS-100D camera; and USB Dino Lite 
AM3113T digital microscope. 
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Figure 1. Scheme of the measuring station [34]. 

Two plastic lubricants were used to create the coatings. These were PFPE fluorine 
lubricants, which had a number of advantages. They were resistant to loads and aggres-
sive environmental conditions and had good thermal conductivity. These lubricants are 
used in precision mechanisms, at low temperatures. They are widely used in the elec-
tronic, electromechanical, chemical, and automotive industries. They are particularly 
used in the production of various types of seals, fittings, connectors, valves, and mi-
cro-mechanisms. The characteristics of the lubricants used are shown in Table 2 [35]. 

Table 2. The characteristics of lubricants used [35]. 

Characteristics Lubricant No. 1 Lubricant No. 2 
Base oil PFPE PFPE 

Viscosity of oil at 40 °C (mm2/s) 8 8 
Thickener PTFE PTFE 

Density (kg/dm3) 1.93 1.93 
Penetration ×0.1 mm 265–295 355–385 

NLGI class 2 0 
Vapor pressure at 70° C (Torr) 10−3 <10−2 

Operating temperature range (°C) −70–200 −70–200 

The Nordson EFD 781S series valve is part of a group of time-pressure valves. It is 
used for spraying small volumes of low-pressure lubricants. It creates an even coating of 
material with low to medium viscosity. Using this valve, the applied material path on the 
entire surface has the same thickness, without clogging, dripping, or drying of the mate-
rial in the device. The spray itself occurs without material splash or mist. It is used for 
spraying substances such as lubricants, inks, and oils. Depending on the nozzle used, 
despite the same diameter of the outlet holes of the valve, different material/lubricant 
path can be obtained: a fan-flat spray for Nordson EFD 7856F-46SS 0.046″ (A) or a full 
cone spray for Nordson EFD 7856-46SS 0.046″ (B) (Figure 2) [34]. Using the 781S-SS series 
valve, the spray cycle rate can exceed 400 per minute. The maximum material pressure 
that can be obtained is 20.7 (bar), or 300 (psi), while the maximum operating temperature 
is 102 °C [35]. 
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(a) (b) (c) 

  
Figure 2. Shape of the obtained sprays [34]: (a) solid cone when using Nordson EFD 7856-46SS 
0.046″ nozzle; (b) fan-flat when using Nordson EFD 7856F-46SS 0.046″ nozzle; (c) exemplary 
measurements of the spray angle. 

2.2. Methods 
The first step was to set process assumptions. One of the most important was to 

achieve the greatest uniformity of the sprayed material layer. In addition, an important 
aspect was the smallest amount of material dust outside the intended spray path. 

To make the process repeatable, it was necessary to use a constant linear valve speed 
of 120 mm/s in each measurement series, as well as a constant distance of the nozzle from 
the sprayed surface, equal to 10 mm. An important parameter was the amount of sprayed 
material, or the dose applied to the substrate each time. It was 7.5 g/min, and to obtain the 
required flow in the valve at this level, calibration was performed, which was carried out 
in the following steps: 
− Setting constant process parameters; 
− Modifying the material flow as needed by adjusting the degree of valve opening, i.e., 

needle lift, by adjusting (microadjust); 
− Re-regulating the material flow by changing the material pressure from 4 bar to 4.4 

bar; 
− Dosing material into a controlled vessel for 10 s; 
− Measuring the weight of the dosed material; 
− Performing calculations to check the flow in 60 s. 

Two nozzles with different designs were used in the study to compare how their 
geometry affects the obtained spray, with the outlet hole diameter always the same. It 
was 0.046 in. In addition, the impact of lubricants classified into different NLGI classes 
was compared, as well as the impact of variable atomization pressure in the range of 20 to 
80 psi. Four measurement series were performed: two series for the full cone spray noz-
zle, and two series for the fan-flat spray nozzle for both lubricants (Table 3). 

Table 3. The measurements series (A = nozzle with flat spray, B = nozzle with full cone spray). 

Designation Nozzle Lubricant Temperature 
of Air (°C) 

Humidity 
of Air (%) 

Pressure of Lubricant 
(psi) 

AI Nordson EFD 
7856F–46SS 0.046″ 

No I 20.9 38.6 40.0 
AII No II 21.0 38.3 14.5 
BI Nordson EFD 

7856–46SS 0.046″ 
No I 20.8 33.9 15.05 

BII No II 20.8 34.4 14.5 

The photographic method was used to analyze the obtained spray path as well as 
the angle of the lubricant spray. This method is a basis for applying computer image 
analysis, which can be helpful in controlling plastic lubricants [36]. To take photos of the 
applied paths, a Canon digital SLR camera, Canon EOS-100D, was used. It was mounted 
on a compatible tripod to maintain identical operational conditions during photography. 
Standard camera settings were applied. The spray was applied to a black substrate to fa-
cilitate computer analysis. To digitally register the sprayed lubricant in order to measure 
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the spray angle (α), a USB Dino Lite AM3113T digital microscope was used. With its use, 
the spray was registered each time. As with photography, a black background was 
placed behind the measurement station to facilitate further analysis. After converting the 
obtained frame-by-frame film, a series of photos was obtained. Next, the computer 
analysis of the photographs began using the Image-Pro Plus program by Media Cyber-
netics (Rockville, MD, USA). 

3. Results 
In Figures 3 and 4, the widths of the sprayed grease for a nozzle of different con-

struction and greases of different consistency are graphically compared. It can be seen 
that, at low atomization pressures, there are inhomogeneities in the structure of the 
sprayed layers. Its edge is not uniform. Sometimes, instead of a layer of material, drops of 
material of varying diameters are applied—the lower the atomization pressure, the larger 
the diameter of the drops applied to the substrate. 

 
Figure 3. Graphical comparison of the width of the sprayed lubricant coatings (A = nozzle with flat 
spray, B = nozzle with full cone spray, I = lubricant No I, II = lubricant No II). 
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Figure 4. Graphical comparison of the width of the sprayed lubricant coatings in each of the 
measurement series after the analysis in the Image-Pro Plus program—the pseudo-color was used 
(A = nozzle with flat spray, B = nozzle with full cone spray, I = lubricant No I, II = lubricant No II). 

The images presented in Figures 3 and 4 show droplets (systems AI, AII, and BI; 
pressure 20 psi), indicating the insufficient coverage of the material surface with lubri-
cant, which can contribute to its wear. For system AI, droplet coverage of the surface was 
also observed at higher pressure values, up to around 50 psi. Surface coverage for system 
AII is acceptable at pressures from 30 psi, but only fully satisfactory at around 50 psi. 
Systems BI and BII are acceptable for pressures greater than 30 psi. Systems BI and BII 
have a narrower path compared to systems AI and AII. 

After transforming the images in the Image-Pro Plus program, it is possible to 
evaluate the thickness of the lubricant layer applied to the base material. Of course, this is 
a simplified relationship between shades of gray vs. lubricant layer thickness. The color 
red indicates areas where a thicker lubricant layer has appeared. It is particularly visible 
in the case of system AI, which is characterized by the formation of droplets or a thicker 
layer along the axis of the nozzle. 

In Figures 5 and 6, the relationship between the obtained width of the spray path 
and the variable atomization pressure is shown. In Figure 5, the relationship of the width 
of the spray path vs. pressure for nozzle Nordson EFD 7856F-46SS 0.046″ with a flat spray 
is shown, and in Figure 6, the relationship for nozzle Nordson EFD 7856-46SS 0.046″ with 
a full cone spray is shown. The letters A and B indicate the type of nozzle used. Roman 
numerals indicate the type of lubricant used: I is lubricant No. I classified in the 2nd class 
according to NLGI, and II is lubricant No. II classified in the 0th class according to NLGI. 
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Figure 5. The dependence of the width of the sprayed material path (w) vs. the atomization pres-
sure (pat) for series AI and AII. 

 
Figure 6. The dependence of the width of the sprayed material path (w) vs. the atomization pres-
sure (pat) for series BI and BII. 

Analyzing Figures 5 and 6, it is evident that as the atomization pressure increases, 
the width of the spray path changes. In the case of using a flat spray nozzle, the width 
decreases with increasing pressure, while in the case of a round spray nozzle, the value 
increases. Comparing all measurement series (Figures 5 and 6), it can be clearly stated 
that larger values of the width of the sprayed lubricant were obtained when using a flat 
spray nozzle. Using the given values of atomization pressure, when using the two noz-
zles interchangeably, a spray width of 9 to 37 (mm) can be obtained. The most extreme 
results regarding the width of the material path were obtained when using lubricant No. 
I. Both lubricant No. I and lubricant No. II, despite being classified into different con-
sistency classes according to NLGI, allowed for the creation of a lubricating layer with a 
varied width and in some cases with a similar value. However, every time the nozzle is 
replaced using a time-pressure valve, it is necessary to check whether the material dose is 
the same and is 7.5 (g/min). 

Figure 7 shows a graphical comparison of the spray angle (α) for the sprayed lubri-
cant in the different measurement series. There is a visible downward trend for the value 
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of the spray angle with increasing atomization pressure. In Figure 8, the changes in the 
spray angle depending on the atomization pressure are presented. The analysis of the 
obtained experimental data showed that for systems AI and AII, the obtained spray angle 
values decreased from 100–120° at a pressure of 20–40 psi to around 70° at a pressure of 
80 psi. For system BI, the trend of decreasing spray angle values is similar, with the dif-
ference being that, at pressures >60 psi, the angle values are around 40°. For system BII, 
the spray angle values decrease much faster, as, at pressures of 30–40 psi, the observed 
spray angles are already around 30°, and further increasing pressure does not cause sig-
nificant change. When spraying lubricants, this value showed a downward trend. This is 
due to, for example, the fact that at low atomization pressures, there was a significant 
dusting of the material. As a result, the analyzed photograph showed a fairly wide spray 
angle. With the increase of the atomization pressure, the spray disappeared, so that at 
such pressure values, lower and lower values of the spray angle can be noted. However, 
it should be remembered that the measurement error at the spray angle can be up to ±4°. 
It can be concluded that higher values of the spray angle could be recorded using lubri-
cant No. I and for a fan-flat atomizer. However, these values may be slightly overesti-
mated due to the previously mentioned dust spray, especially at the initial points. 

 
Figure 7. Graphical comparison of spray angle of sprayed lubricant coatings (A = nozzle with flat 
spray, B = nozzle with full cone spray, I = lubricant No I, II = lubricant No II). 
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Figure 8. The dependence of the spray angle (α) vs. the atomization pressure (pat). 

The results of the experimental tests and analysis revealed that when atomization 
pressures are low, the edge of the spray is uneven and there is a significant amount of 
dusting. However, as the atomization pressures increase, the edge of the spray becomes 
more defined and there is no dusting present. The material layer appears to be more 
uniform, but at pressures above 70 psi, the spray takes on a wave-like appearance. Ad-
ditionally, during dusting, inhomogeneities in the material layer are visible in the form of 
drops of varying volumes and shapes. When using round nozzles, the material is more 
uniform and the edge of the spray is clearer. On the other hand, when using a flat nozzle, 
the uniformity of the material and the edge are not as good as with a round nozzle. 
However, a flat nozzle allows for a wider width of the material path compared to a round 
nozzle. The width of the material path decreases with a flat nozzle, but increases with a 
round nozzle. Additionally, it was also observed that the spray angle decreases as the 
atomization pressure increases. 

This study aimed to assess a test method that would enable an objective qualitative 
analysis of the interactions between grease applied with spray nozzles and the working 
surface. The conducted research allowed us to propose a method for the evaluation of 
sprayed lubricant coatings. The atomization of grease was the initial stage. Afterwards, 
the coatings were photographed, and the obtained image was subjected to computer 
processing using Image-Pro Plus in accordance with the formulated algorithm. The study 
used test grease samples, which were enriched with commercial additives. The study 
results showed a correlation between the pressure and nozzle type and the size of the 
surface area covered with the tested product. 

4. Conclusions 
In summary, this study aimed to analyze the process of applying technical coatings 

made of plastic greases with different consistencies based on the NLGI classification. The 
research was conducted using a time-pressure valve with compatible nozzles, which had 
the same outlet hole diameter but different constructions. The experimental results re-
vealed that low atomization pressures led to an uneven edge and excessive dusting, 
whereas high atomization pressures resulted in a clear spray edge and no dusting. 
However, at pressures above 70 psi, the spray became visible in the form of a wave. 
During dusting, the layer of material displayed inhomogeneities in the form of drops 
with varying volumes and shapes. Round nozzles produced a higher uniformity of the 
material and a clear edge compared to flat nozzles, which exhibited a lower uniformity of 
the material and edge. Using flat nozzles allowed for a wider material path width than 
using round nozzles, and the width of the material path decreased with a flat nozzle but 
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increased with a round nozzle. Moreover, the spray angle decreased with increasing 
atomization pressure. These findings can serve as a foundation for further research in 
analyzing the application process of non-Newtonian fluid coatings. The described 
methods can be further developed to enhance the understanding of this process. The 
obtained results indicate the possibility of applying the computer image analysis algo-
rithm to the comparative evaluation of the degree of greases on surfaces. 
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