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Abstract. Methods of creating hard coating films or lubrication are widely used to improve the 

surface quality of machine parts by reducing the negative effects of friction and wear, resulting 

in enhanced operational efficiency and lifespan of the machines. The core of these methods is to 

create intermediate films on the surface of machine parts, preventing their direct contact. The 

adhesion properties of the coating films on the substrate and the pressure resistance of the 

lubricant layer are the most important characteristics of these intermediate films. This paper 

focused on evaluating those properties based on the data of acoustic emission and electrical 

contact voltage signal. Frictional experiments based on scratch test and pin-on-flat model were 

conducted with CrN coating, lubricant samples to obtain some experimental data, including 

contact pressure, friction force, friction coefficient, acoustic emission, and contact voltage. The 

experimental and analytical results show that the acoustic emission (AE) and contact voltage 

(VM) signal are reliable for accurately estimating the surface film properties. The acoustic 

emission data obtained from scratch tests is an effective way to determine adhesion properties of 

coating films. Whereas  the contact voltage signal is better to reveal the possibility of forming 

the lubricant film.  Specifically, by investigating AE and VM values, the optimal adhesion force 

of CrN coating on SKD11 steel substrate is determined to be 12.3 N, while with DO oil the 

extreme pressure is 4.8 MPa. 

Keywords: Coating film, tribology, acoustic emission, contact voltage.  
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1. INTRODUCTION 

From a mechanical point of view, machine parts always operate based on the interaction of 

their surfaces through an intermediate material layer or in direct contact, accompanied by 

friction and abrasion processes. The operation, efficiency, and durability of machines depend 

mainly on the behavior of their surface parts. The problems of reducing friction and wear are the 

decisive factors to improve the performance and lifespan of the machines [1 - 3]. Two 

commonly used solutions to limit the negative effect of friction and wear on the operation of 

machine parts are the use of lubrication methods and the improvement of surface properties [4 - 6]. 
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The core of the lubrication methods is to form intermediate films based on the adhesion of 

a lubricant on the machine part’s surfaces. That turns the direct contact of the metal surface into 

the contact of the lubricating film layers, thereby reducing the friction, abrasion, and protecting 

the machine part’s surfaces. Adhesive film layers are formed by the molecular attraction of the 

lubricant material and the surface layer of machine parts. The ability of the lubricant layer is 

assessed by its pressure resistance, i.e. the maximum contact pressure at which the lubricating 

film is not destroyed and the lubricant remains its ability [7, 8]. Thus, the evaluation of the 

pressure resistance of lubricant film layers plays a crucial role in the machine’s efficient 

operation.  

Meanwhile, many methods were proposed to improve the surface properties of machine 

parts, such as heat treatment [9] and nitriding technology [10]. Currently, the most widely used 

method is creating hard coating films with good friction and abrasion properties by modern 

technologies such as CVD (Chemical Vapor Deposition) [11, 12] or PVD (Physical Vapor 

Deposition) [13, 14]. Many types of coating material were confirmed to significantly improve 

the surface quality such as chrome- or titan-based hard coating CrN, TiN, TiAlN [15 - 18]. The 

adhesion of the coating film on the material substrate is one of the most important properties [19].  

The lubricating layer and the protective coating film can be considered as the surface film. 

Many methods were used to evaluate the properties of surface films. In terms of lubrication, the 

most popular methods used to assess lubricant properties are the model of ball-on-three-balls 

[20], pin-on-disc [21], or three-ball-on-disc [22]. In terms of assessing the adhesion ability of the 

coating films, there are several widely used methods such as the pull-off test [23], the sandwich 

specimen-based method [24], four-point bend specimen [25], indentation test [26], and peel test 

[27]. Nonetheless, these methods are complex, time-consuming, and complicated to handle for 

data processing. Therefore, a simple method to intuitively evaluate surface film properties needs 

to be addressed. In this paper, based on the idea of the interaction process of the machine part’s 

surfaces, besides the appearance of friction and abrasion, there are also other physical 

phenomena such as contact acoustic emission and contact electrical voltage. The intrinsic of 

these phenomena is related to the molecular interactions of the surface layers. Thus, they can be 

used to reflect the contact behavior and evaluate the properties of the surface films.  

Regarding the use of scratch test to evaluate the adhesion force of the coating film, the 

authors in [28, 29] conducted scratch experiments with balls and pins. The scratch was then 

examined with an optical microscope and the adhesion forces were estimated through the first 

sign of coating chipping. These methods have high requirements on sample preservation 

conditions and the use of image processing equipment. In this research, we exploited the scratch 

test with analysis of acoustic emission (AE) to calculate the adhesion force of film coatings on 

metal substrates. Micro-blades were used in the scratch model, which is the most effective way 

to evaluate the adhesion properties of hard coating films because with a micro-blade the contact 

stress is concentrated near the surface film rather than distributed into the substrate as in the case 

of ball or pin contact geometry. Besides, other experiments of pin-on-flat model with the 

analysis of acoustic emission and contact voltage data were conducted to assess the extreme 

pressure of lubricant films. 

In Section 2, the methods used in this research are introduced, then Section 3 presents the 

experimental setup, the results obtained, and the discussion. Finally, our paper is concluded with 

a description of limitations and future work.   

2. METHODS 



 
 

Trinh Xuan Hiep, Tran Van Dua, Ngo Van Quang 
 

 

788 

Contact Acoustic Emission (AE) is a form of high-frequency sound, generated by releasing 

releasing the energy from a material surface. The intrinsic of the contact acoustic emission is due 

to the deformation and destruction of the surface layers. The interactions of sliding surfaces 

result in the deformation, adhesion, and material removal. These processes are the source of 

contact acoustic emission. Similarly, the contact voltage (VM) results from the displacement of 

atoms in the molecular interaction of the surface layers. The magnitudes of AE and VM depend 

on the physical properties of the surface films.  

In the scratch test model diagram (Figure 1), the coating sample is placed below and the 

mirco-blade is above. The position sensor (4) and the acoustic sensor (2) are attached to the 

blade holder (3). The holder has a position sensor to control its vertical motion. The acoustic 

sensor records the contact acoustic emission as the blade cut into the coating sample. The 

vertical load Fz applied to the blade is increased linearly, controlled by the force sensor.  

The measuring process with the scratch model is as follows: First, the micro-blade contacts 

the coating sample at point A with the vertical load Fz of P1 (N), then the blade moves horizontally 

to point C on the coating sample with the vertical load increasing lineally to the value of P2 (N). 

On the AC segment, the blade cut progressively into the coating sample, resulting in material 

removal of both the coating layer and the substrate. In the AB segment, the cutting mechanism is 

delaminating, thus the AE signal is smooth with relatively small magnitudes. At point B on the AC 

segment, the coating film was completely cut through by the micro-blade at the critical load (Lc). 

At this critical load, the AE signal fluctuated much more strongly, because the micro-blade was in 

contact with the steel substrate after cutting through the coating. At the same time the detachment 

of the coating occurs, the incision begins to take the shape of a sawtooth. Thus, the critical load of 

the coating samples can be calculated by extracting the value of normal force at the corresponding 

moment of the AE signal.  The critical load Lc is the adhesion force that is used to evaluate the 

adhesion properties of coating film on the substrate surface. 

 

Figure 1. Schematic Model of Scratch Test. (1) Micro-Blade, (2) Acoustic Sensor,  

(3) Blade holder with Position Sensor (4). 

Regarding the extreme pressure (EP) of the lubricant film, the evaluating diagram with the 

pin-on-flat model is depicted in Figure 2. In this model, the pin and flat are made of metal, and 

the flat has a layer of lubricant on the surface. The acoustic sensor and electrical sensor are used 

to measure the magnitude of AE and VM. The pin is in contact with the flat at a linearly 

increasing vertical load, and the flat motion is reciprocating. First, at a small vertical load, the 

pin contacts the flat through the lubricant film. At this stage, the AE signal is smooth with a 

small magnitude. Also, due to the electrical isolation characteristic of the lubricating film, the 
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value of the electrical resistance is high, thus the magnitude of VM in this period is maximum. 

Then at extreme pressure, the lubricating film is cut through, the pin is in direct contact with the 

flat, resulting in a significant increase and strong fluctuation of AE. The magnitude of VM signal 

also decreases sharply. Thus, by assessing the data output of AE and VM signals, the pressure 

resistance of lubricant can be estimated. 

 

Figure 2. Schematic model of pin-on-flat test; (1) Position Sensor, (2) Acoustic Sensor,  

(3) Voltage Sensor. 

3. EXPERIMENTS AND DISCUSSION 

3.1. Evaluating adhesion properties of the coating film 

In this research, to verify the effectiveness of the method used to evaluate the adhesion 

properties of the coating films by exploiting the acoustic emission signal, we used samples with 

CrN coating on the SKD11 steel substrate by PVD sputtering technology. The composition of 

SKD11 steel is given in Table 1. Chromium and nitrite target with 99.99 % purity was used in 

this coating process, whose parameters are summarized in Table 2. Some parameters including 

sample temperature, rate of nitrogen, and DC pulse frequency were controlled to show their 

influences on the adhesion of the CrN coating film. The coating samples are shown in Figure 3. 

Table 1. Chemical deposition of steel SKD11  

C (%) Si (%) Mn (%) Cr (%) Mo (%) V (%) P (%) S (%) 

1.4 0.5 0.39 11.24 0.83 0.205 <0.017 <0.0005 

Table 2. Parameters of the CrN coating process 

Parameters Value 

Pressure chamber, Pa 8 × 10
-2

 

Distance from substrate carrier to target 100 mm 

Argon rate 12 sccm 

Dc pulse frequency (A) 50 to 150 kHz 

Nitrogen rate (B) 4 to 8 sccm 

Sample temperature (C) 100 
o
C to 300 

o
C 

Coating duration 90 minutes 
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Figure 3. Specimens with CrN coating on SKD11 steel. 

The adhesion properties of the coating specimens were evaluated by using scratch tests 

conducted on a Universal Micro Material tester (UMT) system (CETR-USA)
1
. The experimental 

setup is shown in Figure 4. The CrN coating sample is the lower specimen and is attached to a 

horizontal reciprocating linear motion that can provide a linear movement with various velocity 

magnitudes. The upper specimen is a diamond blade attached to the spring suspension through 

an adapter. The suspension was directly connected to the 2D force sensor for measuring vertical 

force (Fz) and horizontal force (Fx) with a range of 0.2  N to 20 N and 1 mN revolution. The 

force sensor was placed on the mounting block and was connected to a vertical linear motion 

system that provided the precise movement with a 5.10
-5 

mm position revolution. The 2D force 

sensor provides feedback to control the diamond blade’s position to vary the vertical force as in 

the testing script and automatically measures the value of friction force. In this experimental 

setup, the Contact Acoustic Emission (AE) sensor with a frequency response of 0.2 to 5 MHz 

was also used to evaluate the coating film’s behavior during the scratch testing process. The 

experiments were conducted on a fully automated PC-based motor-control system and a data 

acquisition software, so the testing data can be acquired, calculated, displayed in real-time, and 

stored. The scratch testing parameters are summarized in Table 3. 

 

Figure 4. Scratch testing model  

                                                           
1
https://www.bruker.com/products/surface-and-dimensionalanalysis/tribometers-and-mechanical-testers/umt-tribolab/overview.html 
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Table 3. Scratch testing parameters 

Vertical load Scratch testing duration Scratch length 

0N to 14N 20 seconds 5 mm 

Figures 5, 6, 7 show the scratch testing results of some coating specimens. In these figures 

the vertical load (Fz) is dashed blue, the friction force (Fx) is back, and the acoustic emission 

(AE) is red. These channels are plotted as a function of testing time within 20 seconds. The 

normal force (Fz) increased linearly from 0 to 14 N. The PVD coating was completely cut 

through by the micro-blade at the critical load (Lc). After cutting through the coating, the micro-

blade contacted directly the steel substrate, the detachment of the coating occurred, the incision 

began to take the shape of a sawtooth, and the contact area increased unstably (as depicted in 

Figure 1). Thus, the friction force was shifted to a higher value with a different slope and it was 

unstable as well as the AE signal fluctuated much more strongly. The critical load of the coating 

samples can be calculated by extracting the value of normal force at the corresponding moment 

of the AE signal. (In Figures 5, 6, 7 the corresponding moment of critical load and its values are 

marked by a black vertical dot line and black arrow). 

 

Figure 5. Scratch testing result shows the critical load Lc = 7.2 N of the CrN coating sample                                

with coating parameters A = 50 kHz, B =  4 sccm, C = 200 
o
C 

 

Figure 6. Scratch testing result shows the critical load Lc = 9.5 N of the CrN coating sample                                 

with coating parameters A = 100 kHz, B =  4 sccm, C = 100 
0
C 
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Figure 7. Scratch testing result shows the critical load Lc = 12.3 N of the CrN coating sample                    

with coating parameters A = 100 kHz, B =  8 sccm, C = 300 
o
C 

The difference in adhesion force of these coating specimens also indicates the effect of 

coating parameters on the properties of the formed coating film. Thus, scratch testing with the 

analysis of the acoustic emission data obtained is an effective way to determine the coating 

parameters for optimal adhesion properties. Based on the scratch testing results of all coating 

samples, we find the DC pulse sputtering parameters to optimize the adhesion force of CrN 

coating to the SKD11 steel substrate. These parameters are A = 100 kHz, B = 8 sccm, C = 300 
o
C 

and the optimal adhesion force is 12.3 N. This value is similar to that in the previous                      

research [30].  

3.2.  Evaluating properties of the lubricant film layer 

The experiment is conducted based on the pin-on-flat model as in Figure 8. The 

experimental setup is similar to the model used in the scratch tests. In the pin-on-flat experiment, 

the pin and the flat are made of steel 1X18H9T and steel X12M, respectively. The compositions 

of steel 1X18H9T and X12M are shown in Tables 4, 5. To investigate the properties of lubricant 

film, we used both the AE sensor and VM sensor. One pole of the VM sensor is attached to the 

upper sample (pin) and the other pole to the flat. The vertical load increases linearly from 2 N to 

120 N. The size of the cylinderical pin is Φ4.6×20 mm, the corresponding stress can be 

calculated as follows: Corresponding stress = vertical load/cross-sectional area of the pin.  

 

Figure 8. Evaluating properties of lubricating film layer based on the pin-on-flat model. 
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Table 4. Chemical deposition of steel 1X18H9T 

C (%) Si (%) Mn (%) Cr (%) Mo (%) V (%) P (%) S (%) 

1.4 0.275 0.39 11.24 0.83 0.205 <0.017 <0.0005 

Table 5. Chemical deposition of steel X12M 

C (%) Si (%) Mn (%) Cr (%) Mo (%) W (%) P (%) S (%) No Ti Ni V 

0.11 - 0.26 0.1 - 0.4 0.15 - 0.45 10 - 13 0.5 - 2 0.5 - 4 < 0.03 < 0.03 < 0.6 < 0.15 < 0.1 < 0.3 

Table 6. Experimental conditions of the pin-on-flat model with lubrication.  

Velocity Vertical load Duration Temperature Lubrication 

10 mm/s From 2N to 120N 20 minutes 25
0
C - 30

0
C Yes 

Several lubricant materials were used for comparison. The experimental conditions of the pin-

on-flat model are given in Table 6. The experimental result with DO oil is shown in Fig.11 

 

Figure 11. The experimental result with DO lubricating oil.  

The experimental result in Figure 11 shows that when the vertical load (Fz) increases from 

2 N to 120 N, the frictional process can be divided into two stages with the corresponding 

behavior of the friction coefficient (COF), acoustic emission (AE), and contact voltage (VM).  

In the first stage, the vertical load rises from 2 N to about 80 N (corresponding stress from 

0.12 MPa to 4.8 MPa), the friction coefficient is stable with small values. It can be explained 

that at this stage, the pressure resistance of the DO oil is ensured because the lubricant film  still 

retains a sufficient thickness. So the contact between the pin and flat is indirect through the 

lubricant film, resulting in the minimum magnitude of AE signal. The results obtained from the 

contact voltage (VM) also allow to confirm the existence of the lubricating film during this 

period. Indeed, the contact voltage is stable up to its maximum value due to the good electrical 

insulating properties of the lubricant layer. Thus, through the investigation of AE and VM 

values, it can be determined that with DO oil, the ability to form and maintain a protective film 

of the lubricant is very good at a contact pressure of about 4.8 MPa, or the extreme pressure of 

DO lubricant is 4.8 MPa. This value is within the extreme pressure range of conventional 

lubricants, which was observed in [31], using the ball on three ball testing.  

The next stage starts at a load of 80 N, which is characterized by a noticeable increase of 

friction coefficient, accompanied by a significant decrease in VM values and a sharp increase in 

AE values. It can be explained that in this stage the lubricant film has been cut through, the pin 
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contacts directly the flat surface. Due to the good electrical conductivity of the metal, the 

electrical contact resistance is very small, resulting in the negligible value of VM.  Thus, the VM 

and AE signals are reliable data for evaluating the ability of lubricant, as well as calculating its 

pressure resistance. To clarify strongly this confirmation, two lubricating liquids with higher 

pressure resistance have been tested under the same testing conditions as for the DO oil. The 

lubricants are blends of CN20 oil with additive components to improve lubricity and  pressure 

resistance. These compositions are as follows: 

- Lubricant 1: CN20 oil with added soap, nano graphite, oleic acid in the ratio 40:20:20:20. 

- Lubricant 2: CN20 with added soap, raw graphite, oleic acid in the ratio 40:20:20:20. 

 The experimental results for the above lubricants are shown in Figures 12, 13, 14.  

 

Figure 12. Friction Coefficient (COF) with two lubricants; 1- with lubricant 1, 2- with lubricant 2. 

 

Figure 13. Contact voltage (VM) with two lubricants; 1- with lubricant 1; 2- with lubricant 2. 

 

Figure 14.  Contact acoustic emission (AE) with two lubricants; 1- with lubricant 1, 2- with lubricant 2. 
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The average values of friction coefficient, contact voltage, and acoustic emission under the 

lubricating condition with two lubricants are summarized in Table 8.   

Table 8. Experimental results of lubricants 1, 2.  

Average value 

Lubricant 

Friction 

coefficient 

Contact Voltage VM 

(Volt) 

Acoustic Emission AE 

(Volt) 

Lubricant 1 0,1289 0,0007568 0.00611 

Lubricant 2 0,1397 0.0004527 0.01292 

From the experimental results, both lubricants have a good lubrication effect, especially at 

the high load. The data in Figure 12 and Table 8 show that lubricant 1 has a lower friction 

coefficient in comparison with lubricant 2, which is also reflected through comparing the contact 

voltage values. Indeed, the VM value of lubricant 1 is higher than that of lubricant 2, which 

means the ability to form a protective film of lubricant 1 is better than lubricant 2. Nonetheless, 

the VM values of both lubricant 1 and lubricant 2 are small (Table 8), which implies that the 

electrical insulating properties of these lubricants are negligible and the surface-active additive 

(graphite) does not influence contact voltage. Fig.13 shows that the contact acoustic emission of 

both lubricants is smooth with very small values. However, with lubricant 2 when the load 

increases up to about 100 N (corresponding stress of 6 MPa), the AE signal has a strong 

fluctuation. It can be explained that at that point, the raw graphite particles in lubricant 2 have 

lost their pressure resistance. The nano graphite particles have better surface protection.    

Thus, the contact acoustic emission and contact voltage signals obtained during the 

frictional interaction under lubricating conditions reflect exactly the lubricant’s ability and its 

pressure resistance. The contact voltage signal is better to reveal the possibility of forming the 

lubricant film, while the acoustic signal is more sensitive to the change of this film layer. 

4. CONCLUSION 

 In this paper, we used the contact voltage and acoustic emission to evaluate the properties 

of surface film layers with two cases of study, including the CrN coating and lubricant films. 

The experiments were conducted through the scratch testing model with micro-cutting and the 

model of pin-on-flat. By analyzing the relationship between the frictional parameters as well as 

the values of AE  and VM, we confirmed that the AE signal in the scratch tests is the effective 

factor to calculate the adhesion force of the coating film on the substrate surface. For the CrN 

coating film, the coating process to optimize the adhesion force is determined with the sputtering 

parameters such as pulse frequency A of 100 kHz, nitrogen rate B of 8 sccm, and sample 

temperature C of 300 
o
C. Also, the ability and the extreme pressure value of the lubricants can 

be evaluated by investigating the AE and VM signals. The extreme pressure of DO lubricant is 

estimated with a value of 4.8 MPa. The testing results of the blended CN20 oil lubricants 

indicate the role of graphite particles to reduce the friction coefficient and improve surface 

protection. The effect of graphite particles on the value of contact voltage is negligible. The 

investigation of surface film properties based on the AE and VM signals provides a quick and 

intuitive assessment. However, in assessing pressure resistance, the influence of some 

parameters such as the magnitude of velocity or temperature has not been considered. Those 

problems are the limitation of this research. In the future, we will investigate more thoroughly to 

improve the efficiency of evaluating the surface film method based on the AE and VM signals. 
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