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Abstract

:

A method based on acoustic emission (AE) sensing in which two AE sensors are used to measure the tribological characteristics of two interacting friction materials simultaneously in real time was assessed for the in situ measurement and evaluation of the wear process of silver plating. AE sensors were attached to a silver-plated pin and a silver-plated plate, and the two AE signals were measured simultaneously on a pin-on-plate-type reciprocating sliding tester. The resulting changes in the AE signal could be classified into three phases. Surface observations and energy-dispersive X-ray spectroscopy analyses showed that the wear of the silver-plating layer progressed in Phase I, the nickel intermediate layer was exposed and wear of the nickel progressed in Phase II, and the contact electrical resistance increased and the copper substrate was exposed in Phase III. In summary, the wear process of a silver-plating layer, which cannot be identified from the changes in the frictional resistance or the contact electric resistance, can be detected from changes in the dual AE signals. Furthermore, changes in the wear state of both the pin and plate specimens can be identified from differences in the amplitudes of the AE signals and the timing of their detection.
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1. Introduction


Friction and wear are basically caused by the interactions of surface asperities on two contacting materials that might have atmospheric gas molecules or lubricants present on their surfaces. The deformation and fracture phenomena that occur between the friction surfaces are complicated and unpredictable. To grasp the state of friction and wear between two friction surfaces with high accuracy, it is necessary to measure and evaluate the surface state of each material by means of measurements made in situ. However, the states of friction surfaces and their amounts of wear are generally evaluated by measurements made ex situ after stopping the operation of the relevant machine. However, if the operation is stopped and the frictional surfaces are separated, their actual state is not maintained. In addition, any deformation or fracture that might occur under the coating layer cannot be seen from the outside [1]. Consequently, because it is not possible to be certain that ex situ measurements provide an accurate assessment of the state of the friction system, an in situ measurement method for evaluating the state of the two frictional materials simultaneously is required instead.



In the case of plated materials used as electrical contacts, although various studies have made on their tribological problems [2,3,4,5,6,7], many aspects of the wear mechanism remain unknown. Because wear progresses through several different stages from the start of wear to the end of the lifetime of a composite material, it is necessary to identify the state of wear for each layer of the material, such as the surface plating, intermediate plating, and substrate, at each stage. Additionally, it is important to know which makes the greater contribution: adhesive wear or abrasive wear. Furthermore, it is necessary to understand any differences between the fixed side and the moving side of an electrical contact. Elucidation of the wear mechanism and a clarification of the effects of various material combinations and terminal shapes would contribute greatly to the development of new materials for electrical contacts.



For terminals of automobile wiring harnesses, which are currently gold plated, a switch to silver plating is being considered as a means of reducing costs [8]. Therefore, the wear mechanism of the silver-plating layer, its intermediate-plating layer, and the substrate need to be examined in detail. In silver plating, which requires high wear resistance, the lifetime of the coating is defined as the period until the nickel of the base plating is exposed. No method for detecting this period has yet been established. Even when the silver layer is partially removed, a low contact electrical resistance is maintained, so the lifetime of silver plating cannot be detected by measuring the contact electrical resistance alone. Similarly, because the friction coefficient fluctuates markedly, it cannot be used as an evaluation parameter. In this study, acoustic emission (AE) sensing, which is a measurement method used to monitor and evaluate the state of a material by detecting and analyzing elastic stress waves generated when the material deforms and fractures, was tested for the evaluation of wear of a silver-plating layer. Various leading-edge studies on AE sensing related to tribology are likely to permit the establishment of in situ measurement and the evaluation of tribological characteristics [9,10,11,12,13]. If AE sensing could be used to detect the lifetime of such a layer, it should be possible to make an accurate evaluation of the correlation between test conditions and durability, permitting efficient research in the development of new products.



In essence, friction and wear phenomena occur between pairs of friction materials, and the surface condition of each of the two materials changes sequentially in a different manner. As mentioned earlier, to evaluate the wear state with high accuracy, it is necessary to measure the state of each friction material in real time. Therefore, in this study we attached an AE sensor to each of two interacting friction materials, and we simultaneously measured the AE waves generated from each material. We have named this novel technique “dual AE sensing”. Although many studies on source location by using multiple AE sensors have been conducted [14,15,16,17], our present approach is unprecedented. We hoped that by monitoring changes in the amplitudes of AE signals and detecting the timing of bursts of AE by dual AE sensing, it would be possible to perform in situ measurement and to make an accurate evaluation of the state of wear of each plating layer. Our sliding friction experiments with dual AE sensing were performed with silver-plated pin-and-plate test pieces, and we assessed whether the wear states of the plating layers on both test pieces could be measured and evaluated.




2. Materials and Methods


Figure 1 shows the appearance of our test equipment and Figure 2 is a schematic representation of the pin-on-plate type reciprocating sliding tester that we used in this study. With this tester, the normal force and frictional force were measured by using load cells. At the same time, the contact electrical resistance between the two specimens was measured by the four-terminal method at an applied constant current of 10 mA. The experiments were conducted by attaching an embossed specimen to the upper part (pin side) of the tester and attaching a plate specimen to the stage. As shown in Figure 1 and Figure 2, a wideband-type AE sensor was installed on the jig to which the embossed specimen was fixed, and an identical sensor was attached to the plate specimen. An instant glue was used to attach the sensors. The optimal positions for attaching the AE sensors to the two specimens were determined by means of a preliminary experiment in which the AE signal amplitudes at various positions were compared. Table 1 shows the AE measurement conditions. The output signals from the two AE sensors were amplified with an amplification factor of 90 dB and were passed through a high-pass filter (50 kHz or 100 kHz) to eliminate noise. The AE signals were evaluated in terms of the AE mean amplitude, i.e., the amplitude of the voltage signal after passage through half-wave rectification, an enveloping process, and an averaging process with a discriminator after the filter.



Table 2 shows the details of the specimens and the sliding conditions that we used in our study. The pin specimen was an embossed specimen with a hemispherical protrusion of radius (R) 1.5 mm. The pin and plate specimens had a total thickness of 0.64 mm and consisted of a copper substrate with a layer of matte nickel plating [thickness (t) = 1 µm] surmounted by a glossy silver plating (t = 5 µm). In some experiments, an embossed protrusion of R = 1.0 mm on a plate of thickness of 0.2 mm (silver plating thickness: 1 µm; nickel plating thickness: 0.5 µm) was used. Nickel plating plays a role in preventing the substrate or any lower layer of plating material from diffusing into the upper layer. The friction and wear experiments were conducted with a normal load of 3.0 N and sliding velocities of 100 mm/min or 200 mm/min, with a reciprocating sliding distance of 5 mm. The thickness of specimens, the normal load, and the sliding velocity were varied to change the wear process for each plating layer in the electric-contact material in a stepwise manner. All experiments were performed at room temperature in the open air without lubrication.




3. Results and Discussion


3.1. Series of Wear Processes for the Silver-Plating Layer


First of all, we will give an overview of the series of wear processes of the silver-plating layer as identified by the friction and wear experiments. Figure 3 shows the changes in the frictional force and the corresponding contact electrical resistance for an experiment involving 50 reciprocation cycles for specimens with a silver-plating thickness of 1 µm. The average one-way sliding period for the frictional force and the contact electrical resistance were calculated and plotted as “going” and “returning” data. Here, it is inferred that the difference between the frictional force values for the “going” and “returning” strokes was the result of differences in the rigidity of the embossed specimen fixing arm. The frictional force temporarily increased immediately after the start of sliding, and then decreased gradually through a running-in process. The frictional force subsequently increased at about the 30th reciprocation. The contact electrical resistance also initially decreased due to the effect of the running-in process, but then increased from the 25th reciprocation, before the frictional force increased.



Figure 4 shows micrographs of the worn surface of both specimens after 50 reciprocation cycles. The surface was found to be roughened due to adhesion and the presence of residues of transfer particles, and it can be seen that the copper of the substrate was exposed in both specimens. During the experiment, metallic-colored severe-wear particles, as shown in Figure 5, were also observed. An enlarged image of the surface of the wear particles (Figure 5b) showed the presence of both copper and silver-colored parts. These particles were therefore generated through a mutual transfer-and-growth process due to adhesive wear [18,19].




3.2. Change in the AE Signals Due to Wear of the Silver-Plating Layer


Next, we examined changes in the AE signal due to the wear process for the silver-plating layer, as described above.



3.2.1. Changes in AE Signal for the Plate Specimen


First, the change in the AE signal for the plate specimen will be discussed. Figure 6, Figure 7 and Figure 8 show the experimental results obtained by using specimens with a silver-plating thickness of 5 µm. Figure 7 shows changes in the AE mean amplitude detected from the plate-specimen side, corresponding to the experiment in Figure 6. It can be seen from the results in Figure 6 that the changes in the frictional force and the contact electrical resistance became stable late in the running-in process. Observations of the worn surface (Figure 8) showed the presence of silver-white transfer particles on the plate specimen and silver-white adhesions on the embossed specimen. Measurements of the cross-sectional shape of the wear track on the plate specimen showed that the wear depth was about 5 µm, and it appears that a silver-plating layer remained in some places only. We therefore consider that the contact electrical resistance did not increase due to the presence of the underlying nickel-plating layer. Local exposure of copper was also observed in areas with deep wear tracks. Therefore, if exposure of copper was not clear, as shown in Figure 4, the frictional force and the contact electrical resistance did not increase significantly. As shown in Figure 7, the change in the AE mean value during the wear process of the silver-plating layer (including the underlying nickel-plating layer) did not produce a loud burst-type AE signal, unlike the case when the copper substrate was exposed. The AE signal amplitude increased slightly as wear progressed. Furthermore, the small burst-type AE signals seen toward the latter half of the experiment are considered to have been due to the growth of small transfer particles.



Figure 9, Figure 10 and Figure 11 show the experimental results obtained for a silver-plating thickness of 1 µm, which were similar to the results described in Section 3.1. Figure 10 shows the change in the AE mean value detected from the plate-specimen side, which corresponded to the experiment shown in Figure 9. In the period from 0 to 20 s (the 1st to 3rd reciprocation) in Figure 10, the silver-plating layer appeared to remain on the sliding surface in a manner consistent with the results shown in Figure 6, Figure 7 and Figure 8. The micrographs of the worn surfaces in Figure 11 show that copper was exposed on the surface of the plate specimen and adhesion could be observed on the surface of the embossed specimen. We consider that the sliding surface became rough due to this exposure of the copper substrate, and that the contact electrical resistance and the frictional force increased as a consequence.



The transition point at around the 30th reciprocation, as shown in Figure 9, corresponds to the time position of 100 s in Figure 10. Therefore, the contact electrical resistance tends to change after the AE signal has changed. This is because AE sensing can capture microscopic wear processes. Even in experiments under different sliding conditions of normal load and sliding velocity, it was confirmed that the contact electrical resistance tended to increase after the burst-type AE signal was temporarily activated. This change in the AE mean value is considered to have corresponded to activation of the burst-type AE signal due to the mutual transfer-and-growth process, and the decrease was due to the detachment of transfer particles [20].




3.2.2. Changes in AE Signal for the Embossed-Specimen Side


In this section, changes in the AE signal for the embossed-specimen side are described and two typical sets of results obtained from sliding experiments with 50 reciprocations with a silver-plating thickness of 1 µm are presented. The changes in the frictional force and the contact electrical resistance were almost the same as those in Figure 3 and Figure 9, so they are omitted. Figure 12 shows the changes in the AE mean value as measured by the AE sensor for the embossed-specimen side. The difference in the AE signal level between these two experimental results is considered to have arisen from differences in the progress of wear.



Figure 13 shows micrographs of the worn surfaces of the embossed specimens for (a) Experiment 1 and (b) Experiment 2. From observations of the wear surface and measurements of the shape of the cross-section of the wear track after the experiments, it was confirmed that there was a difference in damage, especially in the width of the wear track (wear volume), which was larger in Experiment 1. Consequently, as shown in Figure 12a, in Experiment 1, a large burst-type AE signal was detected earlier than in Experiment 2 (Figure 12b). In addition, we found that the change in the AE signal on the embossed-specimen side tended to increase in the latter half, unlike the change in the AE signal from the AE sensor attached to the plate-specimen side. It is likely that this signal captured the progression of damage on the embossed-specimen side due to repeated rubbing. Because the AE signal amplitude changed with the amount of transfer, we consider that the changes in the AE signal corresponded to various phases of the mutual transfer-and-growth process for each plating layer.





3.3. Phase of Wear Based on Changes in the AE Signal


Figure 14 shows the changes in the frictional force, the contact electrical resistance, and the AE mean value obtained in sliding experiments with 150 reciprocations and a silver-plating thickness of 5 µm. It was confirmed that the frictional force increased from around the 100th reciprocation and that large fluctuations were finally observed. The contact electrical resistance rose after the 96th reciprocation, before the frictional force increased. This is thought to because the copper of the substrates was exposed and adhesive wear between the copper layers took place, causing significant roughening of the sliding surfaces. With regard to the AE measurement conditions, the AE high-pass filter was changed from 100 kHz to 50 kHz to take account of the fact that the AE signals originated from frictional phenomena [21]. The changes in the two AE signals from the two sensors were basically similar but differed in some respects. These differences in timing and the amplitude of the AE signals are considered to have captured differences in the progress of plastic deformation and the transfer phenomena on the two surfaces. In addition, burst-type AE signals were detected at about the 20th reciprocation, and therefore the AE measurements captured phenomena in the early stages of wear that were difficult to identify from changes in the frictional force or the contact electrical resistance.



The progress of wear was classified into the following three phases based on changes in the AE signals.



	
Phase I: Region where no large burst-type AE signals were detected.



	
Phase II: Region where large burst-type AE signals were detected and the fluctuations gradually increased.



	
Phase III: Region where large burst-type AE signals were actively detected and large fluctuations appeared.






To clarify the differences between the various phases, the experiment was stopped at the beginning of Phase I and Phase II, and the wear surface was analyzed by energy-dispersive X-ray spectroscopy (EDS) (Figure 15). From the result of the elemental mapping shown in Figure 15a, it can be seen that the outermost surface in Phase I consisted entirely of silver. On the other hand, when the experiment was stopped at the beginning of Phase II, nickel of the intermediate plating was present on microscopic areas, as shown in Figure 15b. Therefore, the burst-type AE signal that was detected was caused by material transfer in adhesive wear. Because the test was stopped when a large burst-type AE signal was detected from the plate specimen side at an early stage of Phase II, the AE signal was detected when the material was transferred from the plate specimen to the embossed specimen.



The above results and discussion show that the wear process of the plating layer could be identified by using dual-AE sensing. Because each AE pulse wave was generated by material transfer (adhesion and breakdown) [22], the amount of wear for each coating material can be estimated by integration of the relevant AE pulse waves.





4. Conclusions


In this study of pin-on-plate-type reciprocating sliding, two AE sensors were attached to silver-plated embossed and plate specimens, respectively, to verify the usefulness of dual sensing of AE signals. Our conclusions from this study are as follows.



	
The AE signal changes before the frictional force or the contact electrical resistance increases.



	
When the burst-type AE signal decreases immediately after it has been temporarily activated, the contact electrical resistance tends to increase.



	
Changes in two AE signals simultaneously detected from the two specimens show basically the same trends, but there are some variations due to differences in the degree of material transfer and plastic deformation of the sliding surfaces.



	
The changes in the AE signals can be classified into three phases. By surface observations and EDS analyses, we confirmed that the wear process of a silver-plating layer progresses in Phase I, the nickel intermediate layer is exposed and the wear of nickel progresses in Phase II, and the copper substrate is exposed and contact electrical resistance increases in Phase III.



	
Dual AE sensing can identify wear of a silver-plating layer on both pin and plate specimens that cannot be identified from changes in the frictional force or the contact electrical resistance.
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Figure 1. Appearance of the experimental setup. 






Figure 1. Appearance of the experimental setup.



[image: Coatings 11 00737 g001]







[image: Coatings 11 00737 g002 550] 





Figure 2. Schematic diagram of the experimental setup and the measurement system. 
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Figure 3. Changes in the frictional force and the electrical contact resistance (t = 0.2 mm, Ag plating 1 µm, v = 100 mm/min). 
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Figure 4. Micrographs of the worn surfaces of a (a) the embossed specimen and (b) the plate specimen (t = 0.2 mm, Ag plating 1 µm, v = 100 mm/min, n = 50). 
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Figure 5. Micrographs of wear particles collected after the experiment: (a) the shape and (b) the surface. 
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Figure 6. Changes in the frictional force and the contact electrical resistance (t = 0.64 mm, Ag plating 5 µm, v = 200 mm/min). 
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Figure 7. Changes in the AE mean amplitude measured by the AE sensor for the plate-specimen side, corresponding to the experimental results in Figure 6 (high-pass filter: 100 kHz). 
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Figure 8. Micrographs of the worn surfaces of (a) the embossed specimen and (b) the plate specimen (t = 0.64 mm, Ag plating 5 µm, v = 200 mm/min, n = 100 times). 
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Figure 9. Changes in the frictional force and the contact electrical resistance (t = 0.2 mm, Ag plating 1 µm, v = 200 mm/min). 
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Figure 10. Changes in the AE mean amplitude measured by the AE sensor for the plate-specimen side, corresponding to the experimental data in Figure 9 (high-pass filter: 100 kHz). 
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Figure 11. Micrographs of the worn surfaces of (a) the embossed specimen and (b) the plate specimen (t = 0.2 mm, Ag plating 1 µm, v = 200 mm/min, n = 50 times). 
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Figure 12. Changes in the AE mean amplitude value as measured by the AE sensor for the embossed-specimen side (t = 0.2 mm, Ag plating 1 µm, v = 100 mm/min, n = 50 times, high-pass filter: 100 kHz): (a) Experiment 1 and (b) Experiment 2. 
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Figure 13. Micrographs of the worn surface for the embossed specimens corresponding to the experimental data in Figure 12: (a) Experiment 1 and (b) Experiment 2. 
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Figure 14. Changes in the frictional force, contact electrical resistance and AE signals for the three phases of wear (t = 0.64 mm, Ag plating 5 µm, v = 200 mm/min, HPF: 50 kHz). 
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Figure 15. Elemental mapping images by EDS analysis of the worn surfaces of plate specimens obtained in (a) Phase I and (b) the beginning of Phase II. 
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Table 1. Summary of the AE measurement conditions.
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	AE sensors (frequency band)
	Wideband-type (0.5–4.0 MHz)



	AE amplification factor
	90 dB



	AE band-pass filter
	High-pass filter: 50 kHz or 100 kHz

Low-pass filter: through
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Table 2. Summary of the specimens and the sliding conditions.
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	Embossed specimen
	Glossy silver plating

R = 1.5 mm embossed sheet

total thickness = 0.64 mm

 [image: Coatings 11 00737 i001]



	Plate specimen
	Glossy silver plated

(total thickness: 0.64 mm)

 [image: Coatings 11 00737 i002]



	Composition of the plating layer
	 [image: Coatings 11 00737 i003]



	Normal load, W
	3.0 N



	Sliding velocity, v
	100 mm/min, 200 mm/min



	Sliding stroke
	5 mm



	Number of reciprocations, n
	~150 (repeated)



	Atmosphere
	open air, unlubricated conditions, room temperature
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