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Abstract: Positron annihilation spectroscopy and complementary methods were used to detect
changes induced by sandblasting of alumina particles at different pressures varying from 1 to 6 bar
in pure well-annealed copper. The positron lifetime measurements revealed existence of dislocations
and vacancy clusters in the adjoined surface layer. The presence of retained alumina particles in the
copper at the depth below 50 pm was found in the SEM pictures and also in the annihilation line
shape parameter profiles measured in the etching experiment. The profiles show us that the total
depth of damaged zones induced by sandblasting of alumina particles ranges from 140 um up to ca.
800 um and it depends on the applied pressure. The work-hardening of the adjoined surface layer
was found in the microhardness measurements at the cross-section of the sandblasted samples.
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1. Introduction

The process of bombarding a surface with small abrasive particles is called sandblasting. It is
often used in industry to clean surfaces of different objects by removing paints, impurities, or corrosion
products. It is the basic tool in eliminating oxides created during heating of alloys destined to be
future implants in prosthetics [1]. Another important application of sandblasting is induction of
nanocrystallization [2].

The most studied materials exposed to sandblasting are dental alloys [1], stainless steels [3],
titanium [4], and titanium alloys [5]. Scanning electron microscopy (SEM), atomic force microcopy
(AFM), X-ray diffraction (XRD), or microhardness measurements are commonly used to investigate
the morphology of sandblasted surfaces or properties of the nanocrystallized subsurface regions [6,7].
Studies revealed that sandblasted surfaces are sensitive to the stream pressure, size, and chemical
composition of the applied particles.

Fast particles hitting the surface, next to changes in, e.g., roughness, generate an avalanche of
stresses and plastic, as well as elastic, deformations below it. These lead to the creation of a number
of different kinds of structural defects with unknown distributions and occupied depths. Studies
are rarely performed in this context, although the presence of defects has a direct impact on the
properties of the subsurface region [8]. Their occurrence is revealed in changes of strength, ductility,
and microhardness [9,10]. Corrosion can be also connected with defects [11]. Moreover, faster wear of
materials starts at the atomic level and can affect the lifetime of the material [12].

In this paper we report positron annihilation (PAS) and complementary studies of pure copper
samples exposed to sandblasting of alumina particles at different pressures. Copper was chosen
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because it is a metal whose special physical, chemical, electrical, and mechanical properties locate it
on the third position among the most commonly used metals in the world. The wide spectrum of
applications and well-known structure make copper a convenient object for basic studies [13,14].

The experimental techniques were selected to provide wider discussion related to impact of
sandblasting on changes generated on the surface and in the region below it. Positron annihilation
spectroscopy (PAS) is the main applied method. This is a suitable tool for the detection of open-volume
defects, such as vacancies, their clusters, dislocations, voids, etc. It allows us to recognize the type of
introduced structural defects and their depth profile. The successful application of PAS in studies of
defects in materials treated in different ways is well documented in the literature [15-18].

Although there are many studies of sandblasted copper reported in the literature, PAS investigations
have not yet been done. Erosion of copper was monitored with surface profile measuring by observation
of the profile produced by blasting with alumina grit particles 30 um in diameter [19]. It was demonstrated
that erosion depends on incident angle of the sand stream and increases from the minimum for normal
incidence to the maximum for angles in the range between 10° and 20°. Then it decreases to zero for
angles reducing to 0°. Using electron micrographs, Miller et al. [20] showed that slower time decay of
Raman signals is observed due to the growth of a surface oxide layer. In turn, the initial Raman signal
strengths are similar in comparison with only etched plates. Yuan et al. [21] studied the effect of Cu
surface roughening induced by sandblasting on the oxidation behaviour of Cu. They demonstrated that
increasing the sandblasting treatment time reduces the oxide film growth and suppresses the oxide film
delamination from the Cu substrate.

We intend to characterize surface and subsurface layer of sandblasted copper depending on the
pressure of air transferring alumina particles. The main focus is on a demonstration of the depth profiles
of structural defects concentration and evaluation of their kind/size. Additionally, SEM pictures,
microhardness, and roughness parameters were also tested to supplement the studies.

2. Materials and Methods

2.1. Sample Preparation

Commercial purity copper (99.95 wt %), produced by KGHM Polska Miedz, Warsaw, Poland and
purchased from KBH Akord, Krakow, Poland, was the object of studies. All samples with dimensions
of 10 mm X 10 mm x 5 mm were firstly polished to obtain maximally smooth surfaces. Then they
were annealed at 1000 °C for 4 h in a vacuum of 10~ Torr and slowly cooled to room temperature.
This procedure allowed us to prepare identical specimens, with only residual defects, in conditions
protected from oxidation. Two samples were saved as reference, while others were exposed to surface
treatment. Sandblasting was performed using a Renfert Vario Basic Jet blaster, Hilzingen, Germany:.
The abrasive material Edelkorund containing 99.8% aluminum oxide (Al,O3) with a size of 250 um
was applied. The surfaces were blasted for 60 s under pressures of 1-6 bar (with 1 bar steps) with
a distance of 10 mm between the sample and the perpendicularly-directed nozzle. The nozzle size
was 1 mm. There were always two specimens prepared for each employed pressure to use in positron
measurements. The scheme of the sandblasting procedure is shown in Figure 1.
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Figure 1. The scheme of the sandblasting procedure of the studied samples.

2.2. Positron Measurements

The positron lifetime (LT) measurements were performed at Institute of Nuclear Physics Polish
Academy of Sciences in Krakow using a fast-fast spectrometer based on BaF, scintillators. The timing
resolution equaled ca. 250 ps. The isotope 2Na with an activity of 32 uCi enveloped into two 7 um thick
kapton foils was placed between two identical samples. The analysis of obtained spectra, including
10° counts, was provided with the LT program [22]. The source contribution, background, and finite
time resolution were taken into account as adjustable parameters in the deconvolution procedure.

Doppler broadening of the annihilation line (DB) measurements were performed at the Joint
Institute for Nuclear Research in Dubna using an encapsulated ?*Na positron source with an activity
of 15 uCi. The isotope was closed in a copper capsule of 5 mm in diameter and 7 pm thick titanium
window. The exit of positrons was only possible through the window according to this geometry.
The source was placed in front of the detector with the window directed to the top. The sample covered
the window with the studied surface. Positrons were implanted in all directions giving information
from the sample and the capsule. Any changes in PAS characteristics could come only from the sample.
More details of the measurement setup are given in [23]. The DB experiments were conducted using
an HPGe detector with an energy resolution of 1.20 keV for an energy of 511 keV. Each obtained
spectrum was analyzed to calculate the annihilation line shape parameter called the S parameter. It is
given as the ratio of the area below the central part of annihilation peak to the total area in the range of
this line. The energy interval taken for calculation is always constant within the whole measurement
session. Extraction is additionally provided without background. Usually the energy window is
fixed in this way to obtain a value of the S parameter close to 0.5. The extraction of the measured
annihilation lines was performed using the SP code [24] taking into account following energy window:

|Ey — 511 keV | < 1.38 keV. Such a window is at the annihilation line in the low-momentum electron
region, and their greater number is in the open volume defects. Then, the value of the S parameter
is extremely sensitive to the open volume defects which trap positrons. Briefly, the value of the S
parameter increases when their concentration increases, however, the dependency is not linear and
can also be sensitive to the size and type of defect (see Appendix A).

Positrons emitted directly from 2’Na are characterized by continuous energy spectrum with the
energy end-point equal to 545 keV. For this case the number of positrons decreases exponentially with
the depth increase from the entrance surface. The linear absorption coefficient for 22Na positrons in
copper is about 348 cm~! [25]. Thus, about 63% of primary emitted particles annihilate at the mean
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implantation depth, which is about 26 pm (or 99% at the depth up to ca. 119 pm). The total depth
of the damaged layer is much higher than this value, thus, obtaining the depth dependencies of the
measured annihilation characteristics requires a special technique.

It has been proved in many experiments that sequential removal of layers by chemical etching and
measurements of annihilation characteristics make it possible to detect the depth profile in an accurate
way. Chemical etching does not produce any defects which could disturb the initial defect depth
distribution [15,16]. In our studies the samples were etched in a 25% solution of nitride acid and
distilled water. A thin layer of about 10 pum was carefully removed by this mixture. The thickness of
the sample was measured using a digital micro-screw with £2 pm accuracy.

2.3. Surface Characterization

Scanning electron microscopy (SEM) tests were performed at AGH University of Science and
Technology in Krakow using Hitachi S-3500N SEM (by Hitachi Ltd. Tokyo, Japan), equipped with
EDS Noran 986B-1SPS (by Thermo Scientific, Waltham, MA, USA). The roughness was determined
from optical profilers obtained by WYKO NT9300 (by Veeco Instruments, Plainview, NY, USA).
The roughness parameters were verified in four independent measurements for each sample.
The chosen area was located close to the center and covered 4 mm?
filtering option for obtaining values was not applied during the tests.

in a single test. Any window

2.4. Microhardness Tests

Samples sandblasted at 1, 3, and 6 bar were chosen as the representative ones for the measurement
of the microhardness depth profile. To this aim, the samples were cut using a diamond saw
perpendicularly to the surface to obtain the cross-section. Then, the surface of the cross-section was
simultaneously ground mechanically using fine-grained SiC sandpaper with grits up to 4000 and finally
polished up. Cutting, grinding, and polishing were conducted according to a procedure dedicated
for tests by electron backscattered diffraction [26]. Struers” devices and materials were used in this
preparation. The microhardness measurements were carried out with TUKON™ 2500 manufactured
by Wilson Instruments—An Instron Company, Norwood, MA, USA. Knoop’s method was realized
with a load of 0.1 N (HKO.01). Tests abided by the recommendations of the ISO 4545 standard.

During measurements longer diagonal was always parallel to average trace of the blasted plane.
The length of this diagonal and its distance to this shape (h in Figure 2) were measured each time after
impression execution.

the sample surface trace

indentation

Ny

Figure 2. A schematic illustration of microhardness measurement procedure.
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3. Results and Discussion

3.1. SEM and Optical Profilers

As expected, the sandblasting definitely modifies the morphology of the surface can be seen in
Figure 3. It shows the surfaces of reference and sandblasted at 1 and 6 bar samples observed by optical
profilometry and SEM. It is clearly visible that the figures differ and this proves the applied pressure
influences the roughness. Roughness seems to be dependent on pressure.

Reference

157.7 um

500 um 116.3 pm

bbb 2a N e N

157.7 um [l %
118.3 um 2

6 bar 10

157.7 um e
118.3 um -

Figure 3. SEM and optical images of reference and sandblasted copper specimens at 1 and 6 bar.

Results of the quantitative examination of optical profilers for all studied samples were plotted
in Figure 4 as the roughness average R, parameter versus pressure. R, is the mean height expressed
in micrometers as calculated over the entire measured length or area. In three-dimensional case it is
given as:

1 M N
N ) 0

i=1j=1

where M and N are number of data points in X and Y, and Z is the surface height relative to the mean
plane. The dashed line represents the value of R, = 0.4 um for the reference sample. In turn, the R,
parameter is higher for sandblasted specimens and increases with pressure. Additionally, the linear
tendency is marked in the range of applied pressures. However, deviation from this trend below
1 bar and above 6 bar cannot be excluded. The result of the least-squares fit to the obtained points is
presented in Fig. 4 as the straight line.
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Figure 4. Mean roughness of the sandblasted copper specimens in dependency on the blasting pressure.
The solid black line represents the linear least-squares fit to the obtained points and the results are given
above, where p is the pressure in bar. The dashed one represents the value of R, for the reference sample.

Presented in Figure 5, the SEM image of a representative sample additionally reveals pounded
parts of impacted abrasive particles. The obtained EDS analysis of chemical composition confirms the
presence of the expected components, such as Cu, Al, and O. Thus, the alumina particles remain at the
surface of the copper specimens.

> Cu

keV 10.240

keV 10.240

Figure 5. SEM image of a representative sandblasted copper sample, the arrows show the alumina
particles. On the right, EDS analysis of chemical composition insets.
3.2. Positron Lifetime Results

The positron lifetime spectra (LT) were measured directly at the surfaces of sandblasted samples,
as shown in Figure 6. In this way, the gained information comes mainly from the depth of 26 um,
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but slight contributions from the whole penetrated depth can also have an impact on it. Only a single
lifetime component equal to 120 & 1 ps was resolved from the LT spectrum obtained for the reference
sample. It corresponds well with the positron lifetime in the well-annealed pure copper [27]. This value
ensures that samples were free of defects which could have been introduced during preparation.
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Figure 6. Dependencies of the mean positron lifetime T (a), the first lifetime component with its
intensity (b), and the second lifetime component with its intensity (c) on pressure obtained from the
positron lifetime spectra measured for the copper samples exposed to sandblasting for 1 min with
alumina particles.

As it was mentioned above, the alumina particles are present in adjoined surface layer. The SEM
images of the samples’ surfaces, such as those shown in Figure 5, allowed us to roughly estimate
that about a 10-20% volume fraction is occupied by these particles on the basis of the stereology
method [28]. Due to the differences in density between the copper matrix and alumina only about
2-5% of positrons annihilate in these particles. Foster et al., reported a value of the mean positron
lifetime in Al,O3 at room temperature equal to 150 ps [29]. In turn, Noguchi et al. [30] noticed two
lifetime components, e.g., 71 = 159 £ 8 ps, 72 = 720 & 30 ps, I, = 2.2% for polycrystalline Al,Os.

In our LT spectra no long lifetime component is observed, however, in the deconvolution
procedure the LTC of 150 ps with an intensity of 3%, as originating from annihilation in the alumina
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particles, was added. Two lifetime components were also resolved in all LT spectra. We should notice
that the contribution of the added component of 150 ps did not affect the deconvolution procedure,
i.e., no change in the X2 value was observed, which indicates the marginal contribution of the alumina
particles to the LT spectra.

In Figure 6a the mean positron lifetime T versus pressure is shown. It is defined as:

T=hLt+bn 2)

where I, and 71 are intensities of lifetimes respective resolved from the LT spectra and it gives
information about the total changes in the defect structure in the samples. T increases with pressure
and saturates quickly above 3 bar pressure of the alumina stream.

The value of 71 (Figure 6b), related to the first kind of defect detected in the studied samples,
varies from 168 =+ 6 ps to 193 & 1 ps with intensities I; between 76 = 5% and 91 £ 1%. The highest
values of 71 and I; were noted for the pressure of the sand stream equal to 3 and 4 bar. Similar values
(164 £ 10 ps and 181 £ 10 ps) were noticed by Hinode et al. [31] in copper exposed to thickness
reduction of 3% and 13%. In cold-rolled copper Lynn et al. [32] observed a steady increase of the
mean positron lifetime from 157 ps (for a single crystal) to 173 ps as one goes to progressively finer
grain-sized material (finally 169 um). Campillo Robles et al. [33] reported calculated positron lifetime
for single vacancy in a wide range of periodic elements. In the case of copper, positron lifetime was
found to depend strongly on applied model and varied from 153 ps to 200 ps. The measured value
of the positron lifetime in a single vacancy defect equals 180 ps according to Schaefer et al. [34].
71 = 166 + 2 ps, observed by Cizek et al. [35], in copper samples prepared by high-pressure torsion
(HPT) was interpreted by the authors as positrons trapped at dislocations. Additionally, the lifetime of
164 ps was shown by McKee [36] as representing positron annihilations at dislocations. On the basis
of the above discussion dislocations have been introduced in the sample sandblasted at 1 bar while,
for specimens processed with higher pressure, single vacancies occur.

The value of 1, depicted in Figure 6¢, varies from 298 + 18 ps for 1 bar to 427 £ 23 ps registered
for 4 bar with intensities I; in the range between 9 £ 1% and 23 £ 5%, respectively. This reveals
the second type of defect present in the studied sandblasted samples. According to calculations for
nanocrystalline Cu performed by Zhou et al. [37] T, values obtained by us can be interpreted as
an occurrence of vacancy clusters containing from eight up to ca. 40 vacancies. Positron lifetimes in
the range 290-320 ps obtained in HPT-deformed Cu by CiZek et al. [38] were similarly recognized
by these authors as clusters containing 7-9 vacancies. The highest value of T, appears t a pressure
of 4 bar, however, taking into account the variation of presented points the plateau in the range
3-5 bar is possible. The T3 increases with pressure to a maximum in the mentioned range while,
for a pressure of 6 bar, the well-marked decrease is noted. In this case the inverse proportion between
T, and I, is revealed. I, declines with the pressure achieving a minimum and starts to rise. Given this,
concentration of generated defects decreases with the pressure increase, but only up to 4 bar. Above
this value the defect concentration increases. Consequently, the size of the vacancy clusters represented
by T, expands up to 4 bar and reduces for higher pressures.

To sum up, two lifetime components prove the existence of two kinds of defects in each studied
sandblasted sample. In the case of blasting under the pressure of 1 bar they were recognized as
dislocations and clusters of about eight vacancies. For other samples, next to single vacancies,
larger clusters containing upwards of 40 vacancies appeared.

3.3. Defect Depths Profiles

LT spectroscopy is the most effective PAS technique, however, it is time-consuming. For instance,
12 h were needed to obtain only one LT spectrum with a satisfying statistic. For this reason the defect
depth profiles, requiring multiple measurements along with sequenced etching, were determined
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using DB spectrometry. This approach allowed us to reflect the shape of mentioned distributions
precisely, what is visible in Figure 7 as the S parameter versus etched depth.
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Figure 7. S parameter dependent on the depth for the well-annealed copper samples sandblasted with
alumina particles at different pressures. The drop line marks the value of the S parameter obtained
for pure alumina. The solid lines represent the best fits of linear or exponential decay functions to
decreasing parts of measured profiles.

The hatched region tags in Figure 7 represent the value of the S parameter for a reference,
well-annealed sample, i.e., for the “bulk”, where positrons annihilate in the delocalized state only
(certainly, after annealing, some residual defects remained, but they are neglected). We expect that this
value will be reached at a depth where the interaction of processes at the surface during blasting fade
out. The measured points in Figure 7 are represented by black triangles. In this case constant values of
the S parameter shows us that sequenced etching is neutral for our measurement procedure.

The different shape and colour points represent the S parameter values for samples sandblasted at
different pressures, as shown in Figure 7. Presented profiles are placed above the bulk region pointing
to the existence of the layer below the surface occupied by defects introduced by the sandblasting.
The close surface region is characterized by the S parameter increasing with depth. This feature is
clearly visible for samples treated at a pressure range of 2-6 bar. Then, after achieving the maximum
the S parameter decreases towards the value characteristic of the bulk region pointing to the end of
the damaged zone. The unusual shape of the obtained profiles and connections between them should
be highlighted. We supposed rather that the S parameter will be decreased with depth with a given
type of tendency saved for all samples. For this reason, discussion of a few aspects is required in
their analysis.

The characteristic decay of the S parameter values above ca. 50 um is well understood. With the
depth increase fewer defects are generated during sandblasting and their concentration is the highest
at the surface. The total depth of the damaged zone is extended from 140 to 780 um and strictly
depends on the applied pressure. This is shown in Figure 8.
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Figure 8. Total thickness of the damaged zones obtained from PAS measurements dependent on the
pressure applied in the sandblasting of copper.

The maximum, at the depth of about 50 um (Figure 7), is a new interesting feature which was
not observed in distributions registered for copper exposed to other treatment processes [16,17].
For analysis of the near surface region the depth up to 100 pm was additionally presented in Figure 9.
On closer inspection this maximum also depends on the pressure, and it ranged from 20 to 50 um for
the increasing pressure. We accept the explanation that the alumina particles which are pushed into
the samples are responsible for this maximum. The S parameter value for the alumina, measured in
independent experiments, is higher in comparison with its value obtained for the pure well-annealed
copper, but lower than the S parameter value for the deeply-deformed copper, after 80% thickness
reduction. Thus, positrons which are implanted into the sandblasted copper sample with pushed
alumina particles can annihilate in deformed copper, but also in these particles. Finally, the measured
S parameter, which is averaged over all possible annihilation states, can be lower than its value for the
deformed copper. The alumina particles are present exclusively in the layer ca. 50 um below the level
where only deformed copper is extended.

Solid lines in Figure 7 represent the best fits of the linear and exponential decay functions to the
parts of profiles in the regions between maximum and the end. In case of distributions representing
blasting at 1-3 bar, the linear tendency was observed. In turn, the exponential character can be assigned
to the rest of profiles. The former tendency was registered in machined copper [16], while the latter was
noted in copper samples exposed to sliding and cutting [17]. Various types of S parameter distributions
from one treatment process were also obtained for austenitic stainless steel exposed to sliding under
varied dry load conditions [39].
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Figure 9. S parameter dependent on the depth in the range 0-100 um for the well-annealed copper
samples sandblasted with alumina particles at different pressures.

3.4. Microhardness Profiles

The fact that the existence of structural defects has a significant impact on hardening of materials
has been repeatedly reported in the literature [40].

In Figure 10 the microhardness profiles for the sample sandblasted at 1, 3, and 6 bar were depicted.
One can notice a significant increase of microhardness in the layer adjoining the surface in comparison
to the bulk region at the depth above 150 um. For the lowest pressure the increase is from ca. 110 to
170 HKO0.01, but for the highest it is from ca. 130 to 260 HK0.01. This increase can by related mainly to
the matrix strain hardening due sandblasting process because only hardness results obtained from the
copper matrix were included in the chart. It is not caused by the presence of the alumina particles,
which are much harder. Alumina hardness is in the range of 800-2000 HV [41], which gives a range
of 822-1800 HK. With the depth increase, the microhardness decreases quickly, and for all cases the
exponential decay character is noted.

The best fits of exponential decay functions are presented with the solid lines shown and the
adjustable parameters are quoted in Figure 7. The solid horizontal lines shown in Figure 7 represent the
saturations of obtained profiles. The square of the regression coefficient for analytical fitting functions
is equal 0.86, 0.91 and 0.93 for 1, 3, and 6 bar, respectively. The dashed vertical ones mark the depth
of 5% increase in the average hardness. This was taken as the total depth of strengthened zone, and
it is about 80, 110, and 100 um for samples blasted at 1, 3, and 6 bar, respectively. Thus, the effect is
more or less the same between 3 and 6 bar pressures. However, the HK0.01 hardness at the adjoined
the surface zone strongly depends on the pressure, and it is ca. 190, 250, and 310 HKO0.01 for 1, 3,
and 6 bar, respectively (all these data were obtained from the analytical fitted functions). A similar
discrepancy between the thickness of modified zone obtained from PAS and hardness measurements
was found in stainless steel [39] and aluminium alloys [42] exposed to sliding. The macroscopic
character of the hardness tests may be the reason of this difference. The gage volume of the single
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hardness measurement is relatively high and it can be the source of some errors. Additionally the
sensitivity of PAS techniques is much above the sensitivity of microhardness.

One should add that the lack of the maximum at the depth of 50 um, seen in Figure 7, is due to
fact the indenter was located only in the copper matrix, not in the alumina particles and in the matrix
directly adjacent to the particles.
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Figure 10. The depth profile of microhardness of the studied copper samples exposed to sandblasting
at various pressures. The black solid lines represent the best fits of the exponential decay functions to
the experimental points. The dashed vertical lines tag the depth of the workhardening zone for each
sample. The error in the hardness measurement can be roughly estimated as ca. 20 HK for sample
blasted at 1 bar and ca. 40 HK for those blasted at 3 and 6 bar.
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4. Conclusions

The paper reports positron annihilation and complementary studies of copper exposed to
sandblasting with different pressure. It was found that pressure has significant impact on roughness,
hardness, kind/size of defects, and their distributions, including the range below the surface.
The linear dependency between the mean surface roughness and applied pressure characterized
sandblasted copper. Dislocations or single vacancies and vacancy clusters containing from eight up to
ca. 40 vacancies were introduced during sandblasting. Unusual defect concentration profiles disclosed
the existence of adjoined layers created by residues of alumina particles. According to this and SEM
we can state that these particles are pushed to a depth of about 50 um from the surface. The total
thickness of damaged zones evaluated from PAS measurements is in the range from ca. 140 pm up to
ca. 800 um. The sandblasting causes an increase in the microhardness only at depths below 100 um.
The exponential decay of the microhardness profile was detected.

Author Contributions: P.H. and K.S. conceived and designed the experiments; P.H. and K.S performed DB
measurements and analyzed the data; J.D. performed LT measurements and analyzed the data; M.W. performed
SEM as well as roughness measurements and analyzed the data; P.H. wrote the paper.
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Appendix A

According to the positron trapping model, S parameter can be expressed in the following form:

S:/\f-Sf—I—K-Sw (A1)
A £+ K

where Asis an annihilation rate in free state, and Sf, Sw are values of S parameter associated with
positrons annihilating in free state and trapped in defect, respectively. K = u - ¢, represents the
trapping rate, where u is the trapping coefficient, specific for a given type of defect, and ¢y, is the
defect concentration. In this way the S parameter is the function of c;, and any change of the defect
concentration should modify its value. Consequently, the sensitivity of the DB technique for detection,
e.g., of vacancies, depends on the trapping rate [43]. Its value for metals is large enough (ca. 101 s 1)
to detect vacancies with a concentration on the level of 10~7.

References

1.  Su, N, Yue, L; Liao, Y.; Liu, W,; Zhang, H.; Li, X.; Wang, H.; Shen, J. The effect of various sandblasting
conditions on surface changes of dental zirconia and shear bond strength between zirconia core and indirect
composite resin. J. Adv. Prosthodont. 2015, 7, 214-223. [CrossRef] [PubMed]

2. Fard, S.B.; Guagliano, M. Effects of surfaces nanocrystallization induced by shot peening on material
properties: A Review. Frattura ed Integrita Strutturale 2009, 7, 3-16.

3. Wang, X.Y;; Li, D.Y. Mechanical, electrochemical and tribological properties of nano-crystalline surface of
304 stainless steel. Wear 2003, 255, 836-845. [CrossRef]

4. Park, J.-B.; Kim, Y.S.; Lee, G.; Yun, B.G.; Kim, Ch.-H. The effect of surface treatment of titanium with
sand-blasting/acid-etching or hydroxyapatite-coating and application of bone morphogenetic protein-2
on attachment, proliferation, and differentiation of stem cells derived from buccal fat pad. Tissue Eng.
Regen. Med. 2013, 10, 115-121. [CrossRef]

5. Burnat, B.; Walkowiak-Przybylo, M.; Blaszczyk, T.; Klimek, L. Corrosion behaviour of polished and
sandblasted titanium alloys in PBS solution. Acta Bioeng. Biomech. 2013, 15, 87-95. [PubMed]

6.  Njuhovic, E.; Witt, A.; Kempf, M.; Wolff-Fabris, F.; Glode, S.; Altstadt, V. Influence of the composite surface
structure on the peel strength of metallized carbon fibre-reinforced epoxy. Surf. Coat. Technol. 2013, 232,
319-325. [CrossRef]

7. De Vries, M.; Mastenbroek, A. SEM observations of dislocation substructures around fatigue cracks in AISI
type 304 stainless steel. Met. Trans. A 1977, 8, 1497-1499. [CrossRef]


http://dx.doi.org/10.4047/jap.2015.7.3.214
http://www.ncbi.nlm.nih.gov/pubmed/26140173
http://dx.doi.org/10.1016/S0043-1648(03)00055-3
http://dx.doi.org/10.1007/s13770-013-0011-6
http://www.ncbi.nlm.nih.gov/pubmed/23957237
http://dx.doi.org/10.1016/j.surfcoat.2013.05.025
http://dx.doi.org/10.1007/BF02642867

Materials 2017, 10, 1343 14 of 15

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Cai, W.; Nix, W.D. Imperfections in Crystalline Solids; Cambridge University Press; T] International Ltd.:
Padstow Cornwall, UK, 2016.

Zum Gahr, K.-H. Microstructure and Wear of Materials; Elsevier: Amsterdam, The Netherlands, 1987.
Hutchings, I.M. Tribology: Friction and Wear of Engineering Materials; CRC Press: Boca Raton, FL, USA, 1992.
Dutta, R.S.; Dey, G.K. Effects of partial crystallinity and quenched-in defects on corrosion of a rapidly
solidified Ti-Cu alloy. Bull. Mater. Sci. 2003, 26, 477-482. [CrossRef]

Vlasov, I.; Panin, S.; Sergeev, V.; Lyubutin, P.; Bobdanov, O.; Maruschak, P.; Ovechkin, B.; Menou, A. Surface
layer modification of 12Cr1MoV and 30CrMnSiNi, steels by Zr+ ion beam to improve the fatigue durability.
Procedia Technol. 2015, 19, 315-319. [CrossRef]

U.S. Congress; Office of Technology Assessment. Copper: Technology and Competitiveness; OTA-E-367;
U.S. Government Printing Office: Washington, DC, USA, 1988.

Awada, A.M.; Abdel Ghany, N.A.; Dahy, T.M. Removal of tarnishing and roughness of copper surface by
electropolishing treatment. Appl. Surf. Sci. 2010, 256, 4370-4375. [CrossRef]

Dryzek, E. Defect depth profiling after sphere indentation and blasting in aluminium and aluminium alloy
detected by positron annihilation. J. Mater. Sci. 2003, 38, 3755-3763. [CrossRef]

Dryzek, J.; Nojiri, S.; Fujinami, M.; Dryzek, E.; Siemek, K.; Pachla, W. The positron probe microanalyser
studies of defect distribution induced by machining of copper, iron and titanium. Tribol. Lett. 2015, 60, 16.
[CrossRef]

Dryzek, J.; Dryzek, E.; Stegemann, T.; Cleff, B. Positron annihilation studies of subsurface zones in copper.
Tribol. Lett. 1997, 3, 269-275. [CrossRef]

Horodek, P; Siemek, K.; Dryzek, J.; Kobets, A.; Wrébel, M. Positron annihilation and complementary studies
of stainless steel exposed to sandblasting at different angles. Tribol. Lett. 2017, 65, 30. [CrossRef]

Carter, G.; Bevan, 1.].; Katardjiev, I.V.; Nobes, M.]. The erosion of copper by reflected sandblasting grains.
Mat. Sci. Eng. A 1991, 132, 231-236. [CrossRef]

Miller, S.K.; Baiker, A.; Meier, M.; Wokaun, A. Surface-enhanced Raman scattering and the preparation of
copper substrates for catalytic studies. J. Chem. Soc. Faraday Trans. 1984, 80, 1305-1312. [CrossRef]

Yuan, L.; Chen, X.; Maganty, S.; Cho, J.; Ke, Ch.; Zhou, G. Enhancing the oxidation resistance of copper by
using sandblasted copper surfaces. Appl. Surf. Sci. 2015, 357, 2160-2168. [CrossRef]

Kansy, J. Microcomputer program for analysis of positron annihilation lifetime spectra. Nucl. Instrum.
Method. Phys. Res. A 1996, 374, 235-244. [CrossRef]

Horodek, P; Dryzek, J. Application of encapsulated 22-Na isotope to Doppler spectroscopy based on
positrons emitted directly from the source. Acta Phys. Pol. B Proc. Suppl. 2016, 9, 1001-1007. [CrossRef]
Available online: https://www.ifj.edu.pl/private/jdryzek/page_r18.html (accessed on 21 November 2017).
Dryzek, J.; Singleton, D. Implantation profile and linear absorption coefficients for positrons injected in
solids from radioactive sources 22Na and 68Ge\68Ga. Nucl. Instrum. Method. Phys. Res. B 2006, 252, 197-204.
[CrossRef]

Vander Voort, G. Metallographic Specimen Preparation for Electron Backscattered Diffraction. Available online:
https:/ /vacaero.com/information-resources/metallography-with-george-vander-voort/1131-metallographic-
specimen-preparation-for-electron-backscattered-diffraction.html (accessed on 21 November 2017).
MacKenzie, LK.; Jackman, T.E.; Thrane, N. Positron mean lifetimes in annealed metals. Phys. Rev. Lett. 1975,
34,512-513. [CrossRef]

Saltykov, S.A. Stereometric Metallography, 2nd ed.; Metallurgizdat: Moscow, Russia, 1958.

Forster, M.; Claudy, W.; Hermes, H.; Koch, M.; Maier, K.; Major, J.; Stoll, H.; Schaefer, H.E. High-temperature
equilibrium vacancy formation in ceramic materials studied by positron annihilation. Mater. Sci. Forum 1992,
105-110, 1005-1012. [CrossRef]

Noguchi, M.; Mitsuhashi, T.; Chiba, T.; Tanaka, T.; Tsuda, N. Positron lifetimes in oxides. J. Phys. Soc. Jpn.
1972, 32, 1242-1247. [CrossRef]

Hinode, K.; Tanigawa, S.; Doyama, M. Positron lifetimes in deformed copper. J. Phys. Soc. Jpn. J. Phys. Soc.
1976, 41, 2037-2042. [CrossRef]

Lynn, K.G.; Ure, R.; Byrne, ].G. The effect of plastic deformation on positron annihilation in copper of varying
grain size. Acta Metall. 1974, 22, 1075-1077. [CrossRef]

Campillo Robles, ].M.; Ogando, E.; Plazaola, . Positron lifetime calculation for the elements of the periodic table.
J. Phys. Condens. Matter 2007, 19, 176222. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/BF02707344
http://dx.doi.org/10.1016/j.protcy.2015.02.045
http://dx.doi.org/10.1016/j.apsusc.2010.02.033
http://dx.doi.org/10.1023/A:1025976031584
http://dx.doi.org/10.1007/s11249-015-0587-1
http://dx.doi.org/10.1023/A:1019141424218
http://dx.doi.org/10.1007/s11249-017-0813-0
http://dx.doi.org/10.1016/0921-5093(91)90379-2
http://dx.doi.org/10.1039/f19848001305
http://dx.doi.org/10.1016/j.apsusc.2015.09.203
http://dx.doi.org/10.1016/0168-9002(96)00075-7
http://dx.doi.org/10.5506/APhysPolBSupp.9.231
https://www.ifj.edu.pl/private/jdryzek/page_r18.html
http://dx.doi.org/10.1016/j.nimb.2006.08.017
https://vacaero.com/information-resources/metallography-with-george-vander-voort/1131-metallographic- specimen-preparation-for-electron-backscattered-diffraction.html
https://vacaero.com/information-resources/metallography-with-george-vander-voort/1131-metallographic- specimen-preparation-for-electron-backscattered-diffraction.html
http://dx.doi.org/10.1103/PhysRevLett.34.512
http://dx.doi.org/10.4028/www.scientific.net/MSF.105-110.1005
http://dx.doi.org/10.1143/JPSJ.32.1242
http://dx.doi.org/10.1143/JPSJ.41.2037
http://dx.doi.org/10.1016/0001-6160(74)90062-5
http://dx.doi.org/10.1088/0953-8984/19/17/176222
http://www.ncbi.nlm.nih.gov/pubmed/21690967

Materials 2017, 10, 1343 15 of 15

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Schaefer, H.E.; Stuck, W.; Banhart, H.; Bauer, W. Thermal vacancies in the noble metals Cu, Ag, Au and in Pt
studied by positron lifetime spectroscopy. Mater. Sci. Forum 1987, 15-18, 117-124. [CrossRef]

Cizek, J.; Prochazka, I.; Cieslar, M.; KuZel, R.; Kuriplach, J.; Chmelik, F,; Stulikova, I.; Be¢vat, F.; Melikhova, O.
Thermal stability of ultrafine grained copper. Phys. Rev. B 2002, 65, 094106. [CrossRef]

McKee, B.T.A.; Saimoto, S.; Stewart, A.T.; Stott, M.]J. Positron trapping at dislocations in copper. Can. . Phys.
1974, 52, 759-765. [CrossRef]

Zhou, K; Zhang, T.; Wang, Z. Positron lifetime calculation for possible defects in nanocrystalline copper.
Phys. Scr. 2015, 90, 105701. [CrossRef]

Cizek, J.; Jane¢ek, M.; Srba, O.; Kuzel, R.; Barnovska, Z.; Prochazka, 1.; Dobatkin, S. Evolution of defects in
copper deformed by high-pressure torsion. Acta Mater. 2011, 59, 2322-2329. [CrossRef]

Dryzek, J.; Horodek, P.; Wrébel, M. Use of positron annihilation measurements to detect the defect beneath
worn surface of stainless steel 1.4301 (EN) under dry sliding condition. Wear 2012, 294-295, 264-269.
[CrossRef]

Chang, Y.A.; Pike, M.; Liu, C.T,; Bilbrey, A.R.; Stone, A.S. Correlation of the hardness and vacancy
concentration in FeAl. Intermetallics 1993, 1, 107-115. [CrossRef]

Auerkari, P. Mechanical and Physical Properties of Engineering Alumina Ceramics; VTT, Technical Research
Centre of Finland; Julkaisija-Utgivare Publisher: Helsinki, Finland, 1996.

Dryzek, E.; Dryzek, J. The detection of subsurface zones in aluminium-based alloys 2017A and 6101A using
a positron annihilation technique. Tribol. Int. 2006, 39, 669-677. [CrossRef]

Tuomisto, F.; Makkonen, I. Defect identification in semiconductors with positron annihilation: Experiment
and theory. Rev. Mod. Phys. 2013, 85, 1583-1631. [CrossRef]

@ © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.4028/www.scientific.net/MSF.15-18.117
http://dx.doi.org/10.1103/PhysRevB.65.094106
http://dx.doi.org/10.1139/p74-104
http://dx.doi.org/10.1088/0031-8949/90/10/105701
http://dx.doi.org/10.1016/j.actamat.2010.12.028
http://dx.doi.org/10.1016/j.wear.2012.07.006
http://dx.doi.org/10.1016/0966-9795(93)90028-T
http://dx.doi.org/10.1016/j.triboint.2005.06.002
http://dx.doi.org/10.1103/RevModPhys.85.1583
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Preparation 
	Positron Measurements 
	Surface Characterization 
	Microhardness Tests 

	Results and Discussion 
	SEM and Optical Profilers 
	Positron Lifetime Results 
	Defect Depths Profiles 
	Microhardness Profiles 

	Conclusions 
	

