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Abstract Positron microscopy was used for studies of

defects induced by ball indentation or sliding on the surface

of well-annealed copper samples. A focused positron beam

of 24.5-keV energy was used to scan the deformed region

of the indenter impression, and measurements of the

annihilation line parameter were performed. In the case of

ball indentation, the measured defect distribution correlates

well with the von Mises stress distribution of the Hertz

contact and the von Mises yield criterion. For the wear

track produced by pin on disc dry sliding, an asymmetric

defect distribution near the wear track is observed. It

indicates the presence of a tangential force that additionally

deforms the sample.

Keywords Positron annihilation � Positron microscopy �
Wear track � Indentation

1 Introduction

Deformation of ductile metals and alloys can be considered

within two approaches, i.e., macroscopic or microscopic.

The common macroscopic approach used by engineers is

based on the elastic theory, which links the material con-

stants, i.e., Young’s modulus, yield stress, etc., with the

stress and/or residual stress. The microscopic approach is

common for solid-state physicists or metallurgists. They

consider the processes at the crystal lattice or atomic level.

In this case, the deformation changes the shape of grains

and creates new grain boundaries and an internal structure

inside grains. In more detail, this is due to the slip of dis-

locations, which can dissociate to form stacking faults and/

or twinning in some conditions. Generally, dislocations are

accompanied by the halo of vacancies and interstitial atoms

easily created during their slip and crossing.

Experimental investigations of these processes success-

fully employ mainly TEM or SEM; nevertheless, other

techniques, such as electrical resistivity measurements and

XRD, are also applied. The positron annihilation technique

is applied as well; however, it is not commonly used for

this purpose. We recommend this technique because of its

high sensitivity and selectivity to the open volume crys-

talline defects.

This technique is based on the fact that a positron

implanted into a sample can be trapped at open volume

defects such as vacancies, their clusters or jogs at dislo-

cation lines [1]. Its annihilation with an electron results in

emission in two opposite directions of two photons, which

take over the energy and momentum of the annihilated pair.

The momentum tags a local electron density, which is sig-

nificantly lower in open volume defects than in a perfect

host. This is reflected in the shape of the annihilation line and

positron lifetime. Measurements of the broadening of the

annihilation line or positron lifetime in the sample allow us

to obtain useful information about defects induced for

instance by plastic deformation. The positron annihilation

techniques are very sensitive, and their selectivity to open

volume defects is extremely high. This is because a positron
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is positively charged, and before trapping, it scans a rela-

tively large volume at the atomic scale. The positron tech-

niques are non-destructive and allow us to study samples

without special preparation, which could change their initial

state. It is also possible to link residual stress or strain in the

deformed sample and the positron characteristics, such as

the so-called S-parameter (defined below) or mean positron

lifetime. However, due to the high sensitivity, only a limited

range of stress or strain values can be detected. For large

stress and consequently large defect accumulation, satura-

tion of the positron characteristics takes place [2, 3].

The development of the positron beam technique [4]

resulted in the construction of the so-called positron

microscopy [5]. In this case, moderated positrons are

accelerated to a desired energy and formed in a beam.

Using a special technique for beam focusing, one can

obtain a beam width, i.e., a spot on the surface of the

sample of about a dozen micrometers. In such a case, by

scanning the surface of a deformed sample with a focused

beam, one can obtain a 1D or 2D map of the measured

positron characteristics. Today this technique allows us to

obtain maps of either the mean positron lifetime or the

S-parameter. This provides possibilities to conduct new

research at the atomic level on plastically deformed

samples.

The well-annealed copper samples were the object of

our studies. It was found that in copper samples exposed to

dry sliding, the zone with open volume defects is consti-

tuted below the worn surface. The zone thickness is quite

large as it extends up to hundreds of micrometers

depending on the applied load and sliding velocity. The

characteristic feature of this zone is that the defect con-

centration decreases exponentially with the depth increase

from the worn surface [7]. It was found that the large

clusters, which consist of about ten vacancies, are created

in the zone [8]. The clusters can be formed as a result of

dislocation motions, which are created during plastic

deformation. The electron microscope studies of plastically

deformed copper single crystals have shown that after a

small amount of deformation (close to 20 %), dislocation

layers parallel to the slip planes occur. When deformation

increases, the dislocation density increases [9]. The dislo-

cations in motion can create interstitial atoms as well as

vacancies, which can coalescence and be detected by

positrons. We believe that copper is a suitable object for

positron microscope studies because of the great sensitivity

of positrons to vacancy clusters.

In this article, we report the use of the positron

microscopy for the investigation of wear tracks, which are

created when the pin in the tribo-tester slides on the surface

of a copper sample. This is a common test performed for

tribological studies. Up to now, our interest has been

focused on regions extending into the interior, i.e., below

the surface of samples damaged during sliding. Positron

microscopy gives us a unique opportunity to detect the

distribution of defects directly on the surface. For com-

parison, static ball indentation studies are also performed.

The positron annihilation results are compared with theo-

retical calculations based on the Hertz relations.

2 The Experimental Details

2.1 Sample Preparation

Samples of pure copper (purity of 99.99 %) in the form of

discs, 2 cm in diameter and 2 mm thick, were annealed for

1 h at the temperature of 550 �C in the stream of N2. This

allows us to obtain virgin samples with only residual

defects. The measurements of the positron lifetime for

these samples revealed only single lifetime components

equal to 120 ± 1 ps. The surfaces of these samples were

exposed to static indentation with a 4-mm-diameter mar-

tensite steel ball with different loads similarly to the

Rockwell hardness test. Other samples were put into the

pin-on-disc tester, and a 4-mm-diameter steel ball was slid

on its surface at a speed of 5 cm/s with a normal load of

25 N. The wear track diameter was 16 mm. Different

numbers of cycles were performed: a single cycle, five and

ten cycles or runs. The surfaces of these samples were

investigated using the positron microscope constructed at

Chiba University in Japan [5, 6].

2.2 Positron Measurements

The positron measurement was performed using a

24.5-keV positron beam of energy with a ca. 70-lm-

diameter spot scanning the surface of the copper sample

perpendicularly. The average depth below the surface at

which positrons were implanted was about 0.6 lm. Thus,

from the engineering point of view, only the surface

regions are scanned by the positron beam. The sample was

moved with a table in such a way that different regions of

the damaged sample were illuminated by the beam. The

HpGe detector was used for monitoring the annihilation

line that occurs when positrons are annihilated in the

sample. The positron microscope was described in detail by

Fujinami et al. [5] and Oshima et al. [6]. The line shape

parameter, called the S-parameter, is the main interest. This

parameter is defined as the integral of the central part of the

annihilation line normalized to the total integral of the line

centered at 511 keV. It has been well proven experimen-

tally that this parameter is extremely sensitive to the pre-

sence of open volume defects, such as a vacancy or its

clusters and jogs at dislocation lines, where positrons are

trapped. Thus, the change in the S-parameter value results
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from a change of in the vacancy or vacancy cluster con-

centration and/or their size. For the virgin sample where

only residual defects are present, the S-parameter has the

lowest value. This indicates the bulk value. The link

between the S-parameter value and the defect concentra-

tion can be well understood within the commonly used

two-state trapping model (see Ref. [10]). The large defect

concentration causes all positrons to be trapped, and the

S-parameter value is saturated. This can also be easy to

demonstrate for samples exposed to compression. In Fig. 1,

we depicted the experimental dependency of the

S-parameter on the thickness reduction of the compressed

copper samples. A linear increase of the S-parameter value

with an increase of the thickness reduction up to 10 % is
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Fig. 1 The dependency of the measured S-parameter on the thick-

ness reduction of the virgin copper samples exposed to compression.

The solid line represents the best fit of the following equation:

S ¼ Ssat þ ðSbulk � SsatÞ expð�ceÞ, where Ssat = 0.5754 ± 0.0005,

Sbulk = 0.5395 ± 0.0007, c = 0.212 ± 0.010, and e is the thickness

reduction expressed in %. The dashed line represents the dependency,

which, according to the trapping model, links the vacancy concentra-

tion and S-parameter as follows: Cv ¼ ðS� SbulkÞ=½ðSsat � SÞsbulklv�,
where lv is the specific trapping rate, and sbulk ¼ 118 ps for

pure copper. The specific trapping rate is assumed equal to

1.1 9 1015 s-1 [18]

cFig. 2 The SEM pictures of the ball indentations at the surface of the

well-annealed copper sample (top) for three different normal loads,

25 N (a), 50 N (b) and 100 N (c). The arrow indicates the direction of

the positron beam scan across the indentation. On the bottom, the

dependency of the S-parameter at different points in the vicinity of the

indentation is depicted, tagged on the left axis. The solid lines

represent the calculated von Mises stress rM on the surface, tagged on

the right axis. The horizontal dashed line represents the value of the

yield stress; Y
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clearly visible. However, its further increase is nonlinear,

and above 20 % the S-parameter value is saturated. This

kind of dependency can be observed for other metals

exposed to deep deformation and can be used as a link

between the measured S-parameter and the strain of a

deformed sample. The dashed line in this figure represents

the approximate dependency of the vacancy concentration

(see Fig. 1).

3 Experimental Results

3.1 Results for the Ball Indentation with Different

Loads

The plastically deformed region induced by ball inden-

tation was first investigated. The top of Fig. 2a presents

the SEM picture of the indenter impression induced by

the ball normally loaded with 25 N. Its diameter is about

290 lm. A horizontal arrow in the picture indicates the

direction of the positron beam scan. In the lower part of

Fig. 2a, the measured dependence of the S-parameter for

different positions of the beam (left axis) is depicted. The

increase in its value in the indentation region is clearly

visible, which indicates the large accumulation of open

volume defects. The vertical dashed lines indicate the

impression indentation estimated from the top picture. It

is also clearly visible that the S-parameter decreases

slowly to the bulk value (about 0.5440 ± 0.0016) outside

the dashed lines up to about 200 lm on both sides of the

impression. Therefore, the damaged region induced by the

indentation is slightly extended beyond the impression

visible in the SEM picture.

Dryzek [11] reported the correlation between the S-

parameter dependencies and so-called expanding cavity

model proposed by Johnson [12] (see also [13]), which

describes the plastic deformation beneath the ball indenter.

In this model, the plastic deformation in the vicinity of the

indenter is compared to that which occurs during the radial

expansion of a spherical cavity subjected to internal pres-

sure. Johnson replaced the expanding spherical cavity with

an incompressible, hemispherical core of material directly

beneath the indenter of the radius equal to the contact

circle, a, Eq. (1). The core hemisphere is surrounded by a

hemispherical plastic zone, which connects with the elas-

tically strained material at some radius. The radius of the

contact circle and core hemisphere can be calculated using

the Hertz radius [14]:

a ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi

4

3

k P R

E

3

r

; ð1Þ

where P is the normal load, R is the radius of the ball,

and k is the elastic mismatch parameter given by

k ¼ 9 ð1� m2Þ þ Eð1� m02Þ=E0½ �=16. Here, E, E0 and m, m0

are the Young’s modulus, Poisson’s ratio of the sample and

indenter material, respectively. The radius of the plastic

hemisphere can be estimated from the von Mises criterion

for yield as follows, i.e., rM ¼ Y , where Y is the yield

strength for soft copper equal to 55 MPa and rM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
2
ðr1 � r2Þ2 þ ðr2 � r3Þ2 þ ðr3 � r1Þ2
h i

r

is the von

Mises stress, where r1–3 are principal stresses; see

‘‘Appendix’’. Using relation (2)–(9), it is easy to calculate

the rM at the surface, z = 0, and the solid line represents

the obtained dependency; the right axis is in logarithmic

scale. The value of the Hertz radius, a, for a load of 25 N is

equal to 70.5 lm; however, the diameter of the impression

is about 290 lm; see Table 1. The von Mises criterion

allows us to separate the plastically and elastically

deformed regions. In Fig. 2a, the hatched region corre-

sponds to the elastically deformed region. It shows that the

theoretical calculations correspond well with the impres-

sion indentation visible in the SEM picture; however, the

S-parameter dependency extends beyond this region. This

indicates the presence of open volume defects created

during the elastic deformation, i.e., rM\Y. The high

sensitivity of positrons allows us to detect them in this

region, too.

Generally, the observation for the normal load of 25 N

(Fig. 2a) is also valid for other applied loads. The increase

of the normal load causes an increase of the Hertz radius

and the indentation diameter; see Table 1 and Fig. 2b, c.

For the load of 50 N (Fig. 2b), the S-parameter decreases

to the bulk value at the distance of about 400 lm outside

the left and right edges of the impression indentation. For

the load of 100 N (Fig. 2c), this distance is lower; it means

about 200 lm. It can be explained that for this load, the

elastic region is hidden by the large plastically deformed

region. Nevertheless, a significant expansion of the defects

outside the impression indentation is detected.

Feng et al. [15] considered another model called an

embedded center of dilatation (ECD) model, which is a

more generalized model proposed by Yoffe [16]. They took

into account surface effects, which are the superposition

of a Hertzian field. Unfortunately, the accuracy of our

Table 1 The value of the contact radius calculated from Eq. (1) for

different normal loads applied to the indenter and the measured

indentation diameter on the surface of the annealed copper sample

Load (N) a (lm) Indentation diameter (lm)

25 70.5 290

50 88.9 490

100 112.0 670
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positron measurements is still not sufficient to test more

sophisticated models of stress distribution around the

indentation. Nevertheless, the future improvement of the

presented experimental technique can help to test other

models. More precise measurement of the annihilation line

spectra, for instance, the increase of the counting time,

should significantly improve the measured accuracy of the

S-parameter. The reduction of the beam width is still

possible and should improve the accuracy of detected

dependencies.

3.2 Results for the Dry Sliding Wear Track

Our main interest was to scan the vicinity of the wear track

that occurs during the dry sliding test. We argue that dis-

tribution of defects that are generated during sliding con-

tact differs from the indentation in static conditions

presented above. In this experiment, we investigated three

wear tracks made when the ball slides in dry conditions on

the surface of a virgin copper disc. The tracks were made in

a pin-on-disc tester with the ball loaded with a normal load

of 25 N. Each track was made with different numbers of

cycles or turns of the disc against the ball: one cycle, five

and ten cycles. At the bottom of Fig. 3, we depict the

S-parameter dependency across the track made in these

conditions, and at the top of Fig. 3, the SEM picture of the

track is presented. The width of the track is about 340 lm

and does not depend on the number of cycles applied. It is

visible that after five cycles the values of the S-parameter

are saturated in the region of the track. Similarly to the

results for indentation presented above, the S-parameter

has the highest value in the track region, and its value

decreases outside the track as well. For the sample with one

cycle, the S-parameter reaches the bulk value in the dis-

tance of about 100 lm from the left edge of the track and

about 400 lm from the right edge of the track. For samples

with five and ten cycles, these distances are larger; for

instance, for ten cycles they are about 560 lm from the left

and 720 from the right edges of the track. The lack of

symmetry is a characteristic feature of these results. The

S-parameter in the case of the wear track reaches the bulk

value at a greater distance on the right side of the track than

on the left side of the track. It unambiguously indicates that

defects induced by plastic and elastic deformation are

expanded at a greater distance from the outer edge than

inner edge of the track. The small radius of the wear track,

i.e., about 7 mm, indicates the presence of a tangential

force that acts outwardly from the track. We argue that the

larger number of cycles will create a visible bulge in this

region. Such an effect was observed by Taşan, who mea-

sured the profiles across the track; see for instance Fig. 5.3

in Ref. [17].

We performed many investigations using positron

techniques of the defect depth distribution in samples

below wear tracks in the interior of samples [7]. Due to the

special technique, we achieved good accuracy in obtaining

the total depth of the defect distribution below the worn

surface, which is the total depth of the so-called subsurface

zone induced by dry sliding of the ball. We established that

the total depth in copper is about 300–400 lm, and this

depth corresponds well with the results obtained on the

surface.

4 Conclusions

The application of the positron microscopy to the studies of

the defect distribution in the vicinity of ball indentation

reveals the extension of the defects, induced mainly by the

elastic deformation, outside the indentation. The extension

region is about 200 lm on both sides of the indenter

impression. A good correlation between the von Mises

stress and the S-parameter distribution around the inden-

tation is found. An asymmetric distribution of defects

around the wear track induced by sliding is detected. The

extension of these regions at a larger distance outside the

track than inside the track results from a tangential force.
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Fig. 3 The SEM picture of the wear track induced by the ball dry

sliding on the surface of the well-annealed copper with the normal

load of 25 N. The arrow indicates the direction of the positron beam

scan across the track. On the bottom, the dependencies of the

S-parameter at different points in the vicinity of the track for three

different numbers of cycles, one (black circles), five (gray circles)

and ten (open circles) cycles of the ball sliding are depicted
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The observed range of this extension correlates with the

defect depth distribution detected by other positron studies.

Open Access This article is distributed under the terms of the

Creative Commons Attribution License which permits any use, dis-

tribution, and reproduction in any medium, provided the original

author(s) and the source are credited.

Appendix

Principal stresses in the rz plane are calculated using the

equations [13]:

r1;3 ¼
rr þ rz

2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rr � rzð Þ
2

� �2

þs2
rz

s

; ð2Þ

r2 ¼ rh; ð3Þ

smax ¼
1

2
r1 � r3½ �: ð4Þ

The above equations are obtained from the general for-

mulae describing stresses within the interior of a sample

given in cylindrical polar coordinates for a spherical

indenter of radius r and a radius of the contact area

a [Eq. (1)].

Radial stress distribution is given by the equation:

rr

pm

¼ 3

2

1� 2m
3

a2

r2
1� z

u1=2

� �3
� �	

þ z

u1=2

� �3 a2u

u2 þ a2z2

þ z

u1=2
u

1� m
a2 þ u

þ 1þ mð Þ u
1=2

a
tan�1 a

u1=2

� �

� 2

� �


;

ð5Þ

where pm ¼ P
pa2 is the mean contact pressure; P is the load;

m is Poison’s ratio.

The hoop stress is calculated from the equation:

rh

pm

¼ � 3

2

1� 2m
3

a2

r2
1� z

u1=2

� �3
� �	

þ z

u1=2
2mþ u

1� m
a2 þ u

� 1þ mð Þ u
1=2

a
tan�1 a

u1=2

� �

� �


:

ð6Þ

The axial stress:

rz

pm

¼ � 3

2

z

u1=2

� �3 a2u

u2 þ a2z2

� �

: ð7Þ

The shear stress:

srz

pm

¼ � 3

2

rz2

u2 þ a2z2

� �

a2u1=2

a2 þ u

� �

; ð8Þ

where

u ¼ 1

2
r2 þ z2 � a2
� �

þ r2 þ z2 � a2
� �2þ4a2z2
h i1=2

	 


:

ð9Þ

Along the z axis at r = 0 rr, rh and rz are principal

stresses. The two principal stresses are equal, r2 = r1.
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