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Abstract 

Positron lifetime research has been performed on well annealed pure silver samples after 

dry sliding, compression and sandblasting processes. These treatments affect the surface, 

but also have been shown significantly modify the region adjacent to the surface. The great 

number of dislocations decorated with monovacancies and jogs are observed, in the layer 

up to 110 µm beneath the surface. In the deeper layer, which extends to a depth of 300 μm, 

their concentration decreases gradually. Unlike other metals, the total depth of the 

subsurface zone induced by dry sliding is almost independent of the applied load. The 

significant increase in the positron lifetime has been observed in the layer 15 µm thick 

from the worn surface in the sample exposed to a long duration sliding test. Large clusters 

which consist of about twelve vacancies are observed in this layer. It can be a tribolayer 

that occurs as a result of dynamic recrystallization near the surface. This shows that 

conventional positron techniques can be effective tools in the investigation of defects in 

tribolayers, whose thickness is about several dozen micrometers. For a sample exposed to 

sandblasting the total depth of the subsurface zone is smaller, i.e. about 120 µm, however, 

the depth dependency of the positron lifetime is very similar to those obtained for dry 

sliding. 

Keywords: Silver, Wear Mechanisms, Friction Test Methods 

1. Introduction 

Technological processes like machining, polishing, ion implantation, sandblasting, and 

sliding affect the surface of a product, however elastic and plastic deformation take place 
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as well below the surface. In the literature, the zone adjoining the surface with properties 

that are changed due to sliding or friction is called the work hardening zone because the 

increase of the hardness is the clearly apparent [1]. Moreover, some changes in physical 

properties extend beyond the work hardening zone and determine the boundaries of the so-

called subsurface zone. Generation of the subsurface zone (SZ) is inherent in any surface 

treatment [2]. This paper addresses sliding contact when two surfaces slide against each 

other.  

Generally, when two bodies are in sliding contact, the load at the surface is supported by 

asperities [3]. The asperities undergo elastic or plastic deformation as soon as they are in 

contact. High stress concentration in these regions can lead to damage and thus also crack 

initiation [4]. The asperity region is the source of dislocations that lead to stress 

concentration in the subsurface zone [5]. It is not excluded that the impacts between 

asperities cause propagation of deformation to large depths from the worn surfaces [6]. 

That is the deformation observed at depth of hundreds of micrometers from the surface [7].  

The size of the asperities is on the order of a micrometer or less, however, the subsurface 

zone range is hundreds of micrometers. This zone contains crystalline defects generated 

during sliding which accompany the deformation, and their concentration decreases with 

increasing depth from the worn surface [8]. Usually, an exponential decrease with depth 

was observed, but other dependencies have also been observed [9]. The mechanism of SZ 

generation is still poorly understood. Nevertheless, the collection of new experimental data 

for various metals and alloys can help to get to know it. 

The SZ is relevant to tribology but can affect electrical properties of conductors as well. 

Due to the skin effect, alternating electric current (AC) flows within a conductor near the 

surface. With the increasing frequency, the current becomes distributed closer to the 

surface. For instance, in silver at 1 MHz, current flows to a depth of about 63 µm from the 

surface. This depth coincides with the subsurface zone generated during sandblasting, 

which in copper is 140 - 800 µm as shown in recent studies [10]. Charges flow near the 

surface of wire or bar, but in this region, they can scatter at defects which may be created 

during the manufacture of wires or other devices. This effect can be even more pronounced 

for radio frequency (RF) cavities because the presence of surface and near surface defects 

reduces the electrical conductivity which affects, for instance, the Q factor which describes 

the energy loss relative to the stored energy of the resonator [11]. This can be enhanced if 

the resonator operates at low temperature since the main contribution to electrical 
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conductivity is scattering at crystalline defects. We, therefore, focused on the SZ in metals 

and alloys which are used for the construction of RF electronic devices. Silver is a electron 

conductor, widely used in electronics.  

Experimental study of the SZ is not an easy task. One method involves microhardness 

measurement performed at a cross section of the worn sample. However, the 

microhardness is not sensitive enough to detect defects at the atomic scale. This is due to 

the large size of the indenter used, so one can only detect high defect concentrations using 

this method. Other methods such as XRD, SEM, or TEM (not HRTEM) are not 

sufficiently sensitive to point defects which are generated in great amount during dry 

sliding. Positron annihilation methods are suitable for these studies due to the large 

penetration depth of implanted positrons and their sensitivity to the different type of 

defects [12]. They can accurately detect the defect depth profile and the total range of the 

SZ as it was shown in many studies.  

The aim of the paper is to recognize the type of defects and their depth distribution in pure 

silver exposed to dry sliding. From our previous research (see e.g., [6], [8],[9]), we noticed 

that in every metal exposed to dry slip other defects are generated and their depth 

distribution is also different. We suppose that in silver also unique distribution will be 

obtained. Conventional positron lifetime spectroscopy will be used to detect open volume 

defects at depths of one to hundreds of micrometers. The results for dry shifting will be 

compared with the results obtained by pressing and sandblasting to find some similarities. 

The possibility of dynamic recrystallization in this metal is also discussed. Then, the depth 

distribution of the defects will be measured for a silver sample exposed to a long duration 

of dry sliding test. 

2. Experimental details 

2.1. Positron lifetime measurements 

Positron lifetime spectroscopy is based on the fact that the time prior to annihilation which 

an implanted positron spends in condensed matter depends on the local electron density 

[12]. Briefly, higher electron density in the site where positron annihilates is correlated 

with lower lifetime value, see Eq. A2, Appendix I. The electron density is highest in the 

core region of an atom. However, the positively charged nuclei repel positrons into an 

interstitial region occupied by valence and conduction electrons. In this region the electron 

density is much lower, so annihilation in this region is the main contributor to positron 
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lifetime. The perfect crystalline lattice can be locally disturbed by defects, for instance, 

open volume defects like vacancies, vacancy clusters and/or dislocations. In such defects, 

the electron density is even lower than in the interstitial region. In addition, positively 

charged positron can be localized at these defects which causes a significant increase in 

positron lifetime value. For instance, the lifetime of a positron trapped at monovacancy is 

longer that in the bulk crystal by a factor of about 1.5. There are many articles about 

experimental measurements and theoretical calculations of positron lifetime values for bulk 

and defects in different materials because these values can be treated as fingerprints used to 

identify them [13].  

The present work used conventional fast-fast coincidence positron lifetime spectrometer, 

based on the ORTEC units. As the detector two photomultiplayers XP2020Q coupled with 

BaF2 scintillators were applied. The time resolution of the spectrometer was about 260 ps. 

The isotope 
22

Na was used as the positron source. The isotope was enveloped into a 7 m 

thick Kapton foil, with an activity of about 30 Ci. Positrons emitted from the source have 

sufficient energy (Emax=544 keV) to penetrate beyond the surface of a sample. For silver, 

the linear absorption coefficient for positrons is about 480 cm
-1

, so about 63 % of positrons 

emitted from this source are stopped in the top 21 m [14] (see computer code LYS-1 

[15]). For this reason, this technique is not sensitive to surface defects and inhomogeneities 

adjacent to it. Mechanically mixed layers, oxides, and impurities, whose thickness is less 

than one micrometer, can be ignored in these considerations. In order to detect defects at 

such small depths, positrons must be slowed down to the energy of a dozen of keV, as is 

the case with variable energy positron beam technique [12], [16] . This technique is not 

used in these studies but has already been used successfully in the study of tribological 

problems, recently in niobium [17]. 

 

Fig. 1 The scheme of sample preparation in the tribotester. 
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2.2. Sample preparation 

Silver samples of 99.8% purity purchased from Goodfellow, used in our experiment had 

the shape of a disc with a diameter of 10 mm and a thickness of 2 mm. Initially, they were 

annealed in flowing N2 gas at a temperature of 650
o
C for 1 hr, and then slowly cooled to 

room temperature. Additionally, all samples were chemically polished by standard 

chemistry (1:1 volume mixture of H2O:HNO3) which etched away a layer of the surface 

about 50 µm thick. After this procedure, only residual defects are present in the samples. In 

fact, in the positron lifetime spectrum measured for virgin samples, only one lifetime 

component equal to 137±1 ps was resolved. This coincides with the value of 130 ps 

reported in the literature for positron annihilation in bulk silver [13].  

After annealing and etching, a virgin sample of silver was mounted in the tribotester and 

the surface of the sample slid against a rotating disc at a load of 100 N for a duration of 1 

minute. The scheme of the test is presented in Fig. 1. The rotating disc 50 mm in diameter 

was made of the high-speed steel (HS18 with hardness about 670 HV0.1). The speed of the 

disc relative to the surface of the sample was about 5 cm/s. The test was carried out in air 

for one minute. The average value of the friction coefficient and the specific wear rate, 

defined as the worn volume per unit sliding distance per unit of the load, were 0.290.02 

and (2.460.08)10
-14

 m
3
N

-1
m

-1
, respectively.  

 

Fig. 2 The positron lifetime spectra measured for the silver sample after the dry sliding 

contact (open circles) and after etching of 300 µm thick layer from the worn surface 

(closed circles). The applied load was equal to100 N and for a duration of 1 minute.  
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In order to compare the results obtained for a dry slip test with a typical compression test, 

some of the virgin samples in the form of a disk were pressed in uniaxial pressing 

condition. The pressure was changed from 0 to 30 MPa to obtain the corresponding 

thickness reduction value. Then the effective true strain was calculated using the following 

equation [18]: , where  is the thickness reduction express in 

percent.  

Our former results indicated similarity of the SZ induced during dry sliding with those 

obtained during sandblasting, for that reason so we want to know if in the case of silver 

this similarity also occurs. Two virgin samples were exposed to sandblasting using a 

Renfert Vario Basic Jet blaster. The abrasive material (Edelkorund containing 99.8% 

aluminum oxide) of particle size of 250 μm was used. The surfaces were blasted for 1 

minute under the pressure of 1 bar with a distance of 10 mm between the sample and the 

perpendicularly directed nozzle. The estimated speed of particles hitting the surface is 

about 20 m/s. The nozzle diameter was 1 mm. 

 ln 1 /100effect   
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Fig. 3 The dependence of the positron mean lifetime values, calculated according to Eq. 

A7 on the depth from the worn surface of the pure silver exposed to dry sliding (a). The 

value of the first (closed circles, b) and the second (c) positron lifetime and their intensities 

(open circles) as a function of depth. The solid line represents the best fit of function 

 to the experimental points, see text. The hatched rectangle 

represents the bulk value of the positron lifetime in silver. In the inset, using the correlation 

function from Fig.4, the true strain as the depth function is shown.  

The positron lifetime in the subsurface zone was measured using a sequenced etching, in 

the mixture of H2O:HNO3 mentioned above, a procedure as follows. The silver samples 

after dry sliding were etched to remove a layer about 10 m thick from the worn surface, 

followed by measurement of the positron lifetime spectrum. The chemical etching does not 
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disturb the defect depth distribution in the remaining material. The thickness of the sample 

was measured using digital a micro-screw with accuracy ±1 m. Fig. 2 shows positron 

lifetime spectra for the sample after dry sliding (open circles) and after sequentially etching 

of the 300 μm thick layer from the worn surface (closed circles). Significant changes in the 

spectra are clearly visible, their analyses are performed using LT computer code [19], [20], 

which allows extraction of the positron's life components, see Appendix I. 

3. Results and discussion 

3.1. Samples exposed to dry sliding 

The sequenced etching and measurements of positron lifetime spectra revealed their 

significant changes as it is seen in Fig. 2. One or two positron lifetime components 

depending on the depth were resolved in the obtained spectra, see Appendix I. Their values 

and intensities are gathered and depicted in Fig.3.  

The mean positron lifetime value, calculated from Eq. A7, gradually decreases with the 

depth increase, as it is depicted in Fig. 3a. Up to the depth of about 110 µm this value 

slowly decreases from the value of 201 ps to 188 ps, then fast decrease to the value of 

about 150 ps at the depth of about 200 µm is observed. Beyond this depth, the long tail is 

observed which is extended to the depth of about 300 µm where the bulk value of the 

positron lifetime is reached. Thus the total depth of the damaged region induced in the 

sliding process is about 300 µm. This value corresponds with the similar values in other 

metals studied, e.g. Ref. [8]. 

A more detailed analysis of the obtained data indicates that in the depth range up to 110 

µm, only a single lifetime component, which value from 200 to 190 ps, is resolved, as 

depicted in Fig. 3c (closed circles). Literature values of about 208 ps are attributed to 

monovacancies in the silver lattice [13] (see also Appendix II). We can, therefore, state 

that up to a depth of about 110 µm, this type of defect is generated during dry sliding. 

Values lower than 208 ps obtained at larger depth are also attributed to monovacancies, but 

those located near or at a dislocation, as reported for iron [21]. This value indicates the 

presence of dislocations with some vacancies located near or on the dislocation lines. Their 

concentration is so high that all positrons are located in such defects, hence the observed 

plateau. 
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At depths beyond 110 µm, two lifetime components in the spectra were resolved. The first 

one, 1, (Fig.3b, closed circles) is less than 130 ps, and the second one, 2, (Fig. 3c, closed 

circles) is between ca. 150 to 190 ps.  

The fact that the 1 value is smaller than the bulk value, is well explained by the two-state 

trapping model frequently use, see Appendix I, and Ref.[12]. According to this model, 

positrons can annihilate, both in a free and bound state trapped at a defect. In other words, 

a sample contains a bulk, non-defected region in which positrons can move freely and a 

defect that can trap them. The 1 value is the reciprocal of the annihilation rate, the latter 

being the sum of the annihilation rate in the free state in bulk and the trapping rate at the 

defect, see Eq. A3. Because the trapping rate is proportional to the defect concentration 

then with its increase 1 value decreases. We can conclude that the increase of the 1 value, 

shown in Fig. 3 b indicates a reduction in defect concentration with increasing depth.  

The value of the second lifetime component, 2, according to the two-state trapping model 

correspond directly to the positron lifetime trapped at a type of defect, in this case, 

dislocation with jog or monovacancy located near dislocation, Eq. A4. However, this value 

gradually decreases with depth increase, and its intensity also decreases from 80 to 65% 

(Fig. 3c, open circles). The latter also indicates that the dislocation concentration is 

decreasing with increasing depth, see Eq. A6. Simultaneously, the volume of the bulk 

region is increasing because the intensity of the first lifetime component, 1, is increasing 

from 20 to 38% (Fig. 3b, open circles). Similar behavior of lifetime components was 

observed in pure bismuth exposed to the dry sliding condition [22]. Above a depth of 280 

µm a single lifetime component is resolved again, and its value tends toward the bulk value 

tagged in Fig. 3 a and b as a hatched rectangle. We argue that in the region up to 110 µm 

below the surface the concentration of defects induced by dry sliding is so high that the 

saturation of positron trapping takes place, it means each positron is trapped. Beyond this 

depth the mean positron lifetime decreases, this dependency can be recognized as the 

exponential decay function. The solid line in Fig. 3a represents the best fit of the function: 

, where z is the depth from the worn surface, and 0 and d are 

adjustable parameters. This dependence is valid for z >110 µm. The values of the 

parameters: of 0=358(67) ps and d = 54(4) µm, the latter characterize the gradient of 

defect concentration in this region, e.g. its low value indicates a large gradient and the 

opposite. The observed exponential decay of the mean positron lifetime with the depth 
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increase is a characteristic feature observed also in many metals, e.g. in magnesium [6], 

copper [8] or bismuth [22]. 

3.2. Samples exposed to compression 

The positron lifetime measurement reflects the local environment of the annihilation site at 

the atomic scale. However, it can also be associated with a macroscopic engineering 

parameter such as strain. This was clearly shown by many authors for a variety of metals 

and alloys, for instance for iron and its alloys exposed to the tensile stress the mean 

positron lifetime increases and saturate after thickness reduction of 10% [23]. Similarly, it 

was observed for nickel [24]. The results of positron annihilation for copper induced by 

normal loading of a spherical indenter were also compared with theoretical calculations of 

stress distribution and a good agreement was obtained [25], [26]. 

For obtaining a relationship between these two values, we performed measurements of the 

positron lifetime spectra for silver samples exposed to compression. In this measurement, 

two lifetime components were resolved. Fig. 4 shows the obtained values of the mean 

positron lifetime as a function effective true strain. The increase of the strain causes an 

increase of the positron lifetime, but above 10% values saturate at about 208 ps. This limits 

the applicability of positron lifetime measurements for determination of the true strain in 

the subsurface zone. Nevertheless, this dependency can be used for calibration of the true 

strain in the subsurface zone. First, the dependency is described using the following 

analytical function: , where  is the effective true strain in % 

and c and sat are the adjustable parameters in the fitting procedure. The solid line in Fig. 4 

represents this function, which very well describes the obtained experimental dependence. 

the values of the adjustable parameters are as follows: sat=209.9(1.8) ps, bulk=139.6(2.4) 

ps and c=0.212(20). This can be used as a correlation function for the effective strain 

versus mean positron lifetime. In Fig.3a the vertical right axis represents the results of this 

correlation. We argue that at a depth of 110 μm the material exhibits defect density 

equivalent to a specimen compressively strained to about 6%, and then the deformation 

decreases with increasing depth, Fig. 3 a. It should be noted that the positron technique 

used in this work cannot be used to calculate strains exceeding 10%, and these are below 

110 μm. A similar procedure has been successfully applied in the case of zirconium 

exposed to dry sliding, in this case an exponential decay of strain is found along with the 

increase in depth [9]. In the case of silver this dependency is more complex, see inset in 

Fig. 3a .  

( )exp( )sat bulk sat c       
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Fig. 4. The mean positron lifetime vs. the effective true strain of compressed well 

annealed pure silver. The solid line represents the best fit for the experimental points the 

following function: , where sat=209.9 ps, bulk=139.6 ps, and 

c=0.212.  

3.3. Depth profile for other samples  

It is well known that the applied load affects the subsurface zone expansion. In silver, this 

is also observed and this is confirmed by Fig.5, where the mean positron lifetime value as 

the depth function for a different load is depicted. For loads of 50 N and lower, we observe 

gradual shrinking of the “plateau” adjoining the surface, which disappears for the 25 N 

load. Similar shapes of the depth profile of the mean positron lifetime were observed also 

for samples of titanium exposed to sliding performed in identical conditions [30]. 

However, for silver, the total depth of the subsurface zone is larger than in titanium where 

this value ranged from 130 to 250 µm. Additionally, the total depth of the subsurface zone 

is hardly affected by the applied load, where even for the lower load it is about 250 µm as 

shown in Fig. 5 and in Table 1 in the last row. For titanium we found that a simple 

sigmoidal formula describes the dependence of mean positron lifetime with depth as 

follows [30]: 

, (1) 

where z is depth from the worn surface, a, b, c, and d are the adjusted parameters which 

can be obtained from the fitting procedure. The c parameter is the depth at which the 
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sigmoidal curve reaches the transition center and b is the transition height, here in ps unit. 

The parameter d characterizes the gradient of the decay in the transition region, and the a 

parameter corresponds to the bulk value. It turns out that this formula also well describes 

the results for silver, the solid and dashed lines in Fig. 5 represent the best fit of Eq. (1) to 

the experimental points. Table 1 shows all values of the adjustable parameters for the three 

dependencies. 

 

Fig. 5 The depth profiles of mean positron lifetime obtained for silver exposed to dry 

sliding at three values of the applied load. The duration of the tribotest was 1 minute for all 

samples. The solid, long dashed and short dashed lines represent the best fit of Eq. (1) to 

the experimental points.  

Table 1. The values of the adjusted parameters in Eq. (1) used for the description of the 

obtained depth dependency of the mean positron lifetime depicted in Fig. 5, for three 

values of the applied load 25 N, 50 N, and 100 N. In the last row the total depth of the 

subsurface zone. This depth is defined as the depth where the bulk value of the mean 

positron lifetime is reached. 
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decreasing load, while the d parameter only slightly increases. The latter is opposite in the 

case of titanium as shown in Table 1 [30]. The explanation is simply that silver is an 

extremely soft and ductile metal in comparison to titanium, so that it can be deformed 

easily even at larger depth. 

To find what affects the constitution of the SZ, let us compare the results for silver with 

those for the SZ in magnesium. [6], since this metal exhibits almost identical hardness to 

sliver but is not as ductile due to its hexagonal crystal structure. The face-centered cubic 

(fcc) structure of silver exhibits more sliding systems than the hexagonal structure (hex) in 

magnesium. The depth profiles of the mean positron lifetime value in magnesium shown in 

Fig. 1 in Ref. [6] and obtained in the almost identical condition the depth profile in Fig. 5 

for silver, varies considerably. The latter has a plateau region and a long tail but in the first, 

there is only a continuous exponential decline of the positron lifetime value. The total 

depth of the SZ in magnesium depends on the applied load during tribotest, but in silver, 

this dependence is difficult to confirm, Table 1, last row. Therefore, we argue that the 

crystalline structure seems to be important in the constitution of the SZ. This is because 

defects generated during plastic deformation are associated with the crystal structure. 

Defects themselves directly are responsible for the dependencies like in Fig. 5. Another 

comparison, copper, like silver has fcc structure and only slightly higher hardness than 

silver, however, no plateau near the surface was observed in this metal [8]. But in both 

metals the stacking fault energy (SFE) is different, It is known, that this affects also the 

mechanisms of plastic deformation, in metals with low values of SFE such as silver (~20 

mJ/m
2
) the dislocation dissociate and formation of stacking faults and twinning takes 

place, whereas in metals with high values of SFE such as copper (~80 mJ/m
2
) slip 

deformation is preferred [27], [28]. In latter case, the dislocation movement causes creation 

of a large number of defects, including vacancies, they migrate and merge, forming 

clusters, as it is observed in copper [29]. In hex metals deformation begins by slip but can 

be accompanied by twinning because lack of sufficient slip systems. Vacancy clusters are 

also present in titanium, despite the observed plateau [30]. It should also be noted that the 

saturation of positron trapping requires a high level of defects and a high value of the 

positron's trapping efficiency. The latter depends on many factors including the electronic 

structure near or in a defect. According to Scheaffer [31], the trapping efficiency for 

vacancies in copper is about 3.8×10
16

 1/s and in silver about two times higher, 8.6 ×10
16

 

1/s. This can also explain the saturation effect in silver compared to copper. Thus the 
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interaction between positrons and defects not related to sliding can affect the dependencies 

shown in Fig. 5. At this stage, it is still difficult to point out the major factor responsible 

for the expansion of the SZ. 

3.4. Results for samples exposed to sandblasting 

Previous research indicated the similarity of the SZ induced by dry sliding and that induced 

by sandblasting, this was clearly visible in the case of pure magnesium [6]. Fig. 6 presents 

the obtained dependency of the mean positron lifetime as the function of depth from the 

surface. All features observed in Fig. 5 are also present in this dependency. First, a small 

plateau near the surface, then a fast decay, and finally a long tail similar to the results in 

Fig. 5 for the load of 50 N. The value of the mean positron lifetime at the surface in both 

cases are almost identical, of about 200 ps. Also in both cases, when the mean positron 

lifetime falls below 160 ps, a long tail appears in these dependencies, Fig. 3a, 5 and 6. 

However, the total depth of the subsurface zone is much smaller, about 120 µm. 

Presumably increasing pressure can increase this depth. It seems that also for silver the 

similarity of the subsurface zone for dry sliding and sandblasting was confirmed.  

 

Fig. 6 The dependence of the mean positron lifetime as the function of depth for a sliver 

sample exposed to the sandblasting with alumina particles under the pressure of 1 bar.  

3.5. Detection of a tribolayer 

Literature reports suggest that dynamic recrystallization can take place below the worn 

surface. This can lead to the formation of a few microns thick nanocrystalline layer just 

below the worn surface. Certainly, such a layer can have an impact on the wear and friction 

processes. Such a tribolayer in copper was first reported by Rigney et al. [32]. Others 

confirmed this effect for Ni-W alloy [33], [34], [35].  
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Dynamic recrystallization is characterized by nucleation and growth of new defect free 

grains that occurs during deformation rather than after deformation and during separate 

heat treatment, as in static recrystallization. Usually, it occurs during plastic deformation at 

high temperature. This process consists in the formation of new grains at the old grain 

boundaries. The nucleated new grains are free of defects, but the material continues to 

deform, causing an increase in dislocation density in the grain interior. This suppresses the 

grain growth or grains ceases to grow. Ultimately, dynamic recrystallization can result in 

very small grain size. 

This process may take place when a critical deformation condition is reached in metals 

with low to moderate the stacking fault energy, such as copper or austenitic iron. This 

process has been observed in polycrystalline copper at 400
o
C [36], which is close to the 

recrystallization temperature. We argue that silver, where the stacking fault energy is much 

smaller, is a good candidate for dynamic recrystallization which could accompany dry 

sliding. Additionally, the low value of recrystallization temperature of silver of about 60
o
C 

[37] could promote this process. However, the results presented above do not suggest the 

existence of a layer of recrystallized grains near the worn surface in the silver samples. 

Such a layer would be manifested by a reduction of the mean positron lifetime, if the 

grains were defects free, or significant increase of the mean positron lifetime, because a 

generation of new grain boundaries, that contain many open volume defects.  
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Fig. 7 The variation of the mean positron lifetime value (a) as a function of the depth for 

the silver sample exposed to dry sliding test with the load of 100 N during a much longer 

time, i.e., 45 min. Corresponding values of the first (closed circles, b) and the second (c) 

positron lifetime and their intensities (open circles) as a function of depth.  

Previous authors observed a recrystallized layer after a long duration of the sliding test, on 

the order of 1 hour. However, the sliding duration in our tests was only 1 minute. In order 

to reveal the tribolayer in sliver a much longer sliding test was performed. We observed 

that after 10 minutes of sliding at a load of 100 N, the positron lifetime increases to about 

248 ps, and after 45 minutes of sliding two lifetime components occur. The first one is 

equal to 226±4.0 ps, and the second 389±20 ps with an intensity of about 14 % and the 

mean positron lifetime value increases to 249 ps. The results for this case as the depth 

function are shown in Fig.7. It should be noted that in this case, the thickness of the etched 

layer was about 8 μm. The occurrence of such a long lifetime component indicates the 

presence of large vacancy clusters. According to the ab initio calculations presented in 

Appendix II and Fig. 8, the clusters consist of about twelve vacancies. Such defects can be 
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present at grain boundaries. The fact that they are observed by positrons indicates the small 

size of the grains. The value of the first lifetime component is much higher than the bulk 

value, so a large number of dislocations are present as well. This can indicate the existence 

of a new layer full of dislocations and vacancy clusters, which were not induced in the 

previous test.  

Surface etching similar to the previous sample was performed to probe the depth of this 

layer. The second lifetime component of 363 ps with the intensity of 6 % is still present at 

the depth of about 8 µm, and disappears at depths more than 15 µm, Fig. 7 c. At greater 

depth only a single lifetime component of 207 ps is present, corresponding to the results in 

Fig. 3a and Fig 5.  

In Fig. 7a the mean positron lifetime as the depth function is depicted. The significant 

increase of the mean positron lifetime near the worn surface is apparent. This layer about 

15 µm thick is located above the zone which contains a great number of dislocations, as 

proposed above. This suggests that this is the layer with fine grains, resulting preassembly 

from the dynamic recrystallization. However, one cannot exclude the possibility that this 

layer originates from the compression of mixed debris. Therefore, this experiment for the 

first time demonstrates the use of positron annihilation to reveal the existence of such a 

tribolayer. Its existence was confirmed in our further measurements in pure iron, copper, 

stainless steel and silver alloy [46].  

4. Conclusions 

The defect profile in the subsurface zone of pure silver was detected by sequential etching 

of the surface layer exposed to dry sliding. The SZ contains monovacancies up to the depth 

of 110 µm, beyond vacancies associated with dislocations and undamaged, bulk region are 

present. Total depth of the SZ is more than 300 µm and it is hardly affected by the applied 

load. A similarity of the measured depth profiles of positron lifetime obtained in dry 

sliding and sandblasting was observed. Long duration of dry sliding causes the occurrence 

of a layer adjoining the worn surface which consists of a large number of dislocations and 

big vacancy clusters. Its thickness is about 15 µm and can result from the dynamic 

recrystallization. This work demonstrates the emergence of the tribolayer in silver detected 

by positron lifetime spectroscopy. 

Appendix I 
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In the positron lifetime spectroscopy for defects in solids, the positron lifetime spectra are 

fitted, after source and background corrections, to a sum of exponentially decaying 

components as follows:  

  , A1 

where i and Ii are the lifetime values and their relative intensities, respectively. Bg 

represents a constant background. The R(t) is the Gaussian function. A number of 

components in the sum depends on a number of states in which annihilation takes place 

Due to difficulties of statistical origin, it is usually possible to use only two components, 

but more components can be use as well. Computer codes, for instance, LT code [19], [20], 

allow to extract the intensities Ii and lifetime values i accurately.  

The positron lifetime is associated with the annihilation rate  and positron + and 

electrons wave functions I as follows [12]:  

, A2 

where g is the enhancement factor which takes into account many body interactions 

between electrons and positron, and re=2.818 fm is the classical electron radius and c speed 

of light. This equation shows that the positron lifetime depends strictly on the electron 

density in the annihilation site. In metals in perfect crystalline lattice single lifetime is 

observed, because a positron occupies only the interstitial site. This value we call as the 

bulk lifetime: b and can be calculated from Eq. A2, but in practice, it requires the use of 

advanced calculation methods, see Appendix II.  

The decomposition of the positron lifetime spectrum is explained by the trapping model 

proposed by Bertolaccini et al. [38], and Brandt [39]. This gives the rate equations for the 

positrons annihilating in bulk states when positrons are randomly walking and in localized 

states when they are trapped. If there is only one type of defect, for instance, 

monovacancy, in the sample, the solution to the kinetic equations gives two lifetime 

components, the first is as follows: 

. A3 

 , is the positron trapping rate, where Cv is the vacancy concentration and µv is the 

trapping rate coefficient. The value of the second component is equal to: 
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, A4 

and correspond to the positron lifetime trapped at vacancy. The intensity of the first 

lifetime is equal to: 

 , A5 

and the intensity of the second component equals to: 

. A6 

We can notice that the intensities depend on the vacancy concentration Cv. The useful 

value is the mean positron lifetime defined as follows: 

 . A7 

This value can be calculated directly from the experimental points as the first moment of 

the spectrum about the time zero or from the extracted lifetimes and their relative 

intensities. In the presented above model is so-called two-state trapping model, the mean 

positron lifetime is equal to.  

, A8 

and its value increases from b to 2 as the vacancy concentration increases. In the literature 

one can find appropriate relation for more sophisticated models, which take into account 

not only more defect types which can localize positrons but also diffusion of thermalized 

positrons to the crystalline grain boundaries [12], [37].  

Appendix II 

It is well known that the value of positron lifetime in vacancy clusters depends on their 

size, because lowering the electron density inside, Eq. A2. This link can be obtained using 

ab initio theoretical calculations using the PAW formalism as implemented in ABINIT 

code [40], [41]. For Ag numerical calculations were carried out using this code and a 

similar method as for Zr, see Ref. [9]. The proper potential for Ag was chosen from the 

available in pseudopotential repository [42], [43] and other parameters from Ref. [44] and 

[45] and In Fig. 8 the dependency of the positron lifetime as a function of the number of 

vacancies in a cluster is depicted. This dependency corresponds with the dependencies 

obtained by other authors for other metals. 
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Fig. 8 Positron lifetime as a function of the number of vacancies in a cluster in Ag 

calculated using ABINIT code. 
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