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Abstract: Thermal stability of copper and nickel samples prepared by gas dy-
namic cold spraying and high pressure torsion was studied by means of positron
lifetime spectroscopy and Vickers hardness test. These groups of the same materi-
als prepared by fundamentally different methods were then compared in terms of
Vickers hardness, mean positron lifetime, separate positron lifetime components
examination, volume of clusters of vacancies and their concentration, dislocation
densities. This comparison revealed differences in thermal stability, inner defect
behavior and homogeneity between the samples prepared by cold spraying and
those by high pressure torsion. However, both methods manifested qualitative
similarities as well. The spectra of the cold sprayed materials were calculated via
simple positron trapping model while for calculations regarding those prepared
by high pressure torsion the diffusion trapping model was needed due to strongly
inhomogeneous spatial distribution of defects. Annealing leads to a recrystallized
state independent on the history of the concrete specimen.
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ných studeným naprašováńım
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Abstrakt: Teplotńı stabilita vzork̊u mědi a niklu připravených studeným naprašo-
váńım a torźı za vysokého tlaku byla studována pomoćı spetroskopie dob života
pozitron̊u a Vickersovy metody měřeńı mikrotvrdosti. Tyto skupiny stejných ma-
teriál̊u připravených fundamentálně odlǐsnými metodami byly následně porovná-
vány na základně Vickersovy mikrotvrdosti, středńı doby života pozitron̊u, jed-
notlivých komponent dob života pozitron̊u, objemu klastr̊u vakanćı a jejich kon-
centrace, hustot dislokaćı. Toto srovnáńı odhalilo rozd́ıly mezi vzorky připravený-
mi studeným naprašováńım a těmi torźı za vysokého tlaku, a to v jejich teplotńı
stabilitě, vnitřńım chováńı defekt̊u a homogenitě. Nicméně obě metody projevily
také kvalitativně podobné chováńı. Spektra materiál̊u připravených studeným
naprašováńım byla spoč́ıtána pomoćı jednoduchého záchytového modelu, zat́ımco
v př́ıpadě vzork̊u vyrobených torźı za vysokého tlaku bylo nutné použ́ıt difuzńı
záchytový model, a to kv̊uli silně nehomogenńımu prostorovému rozložeńı defekt̊u
v těchto materiálech. Ž́ıháńı vede k rekrystalizaci materiálu a stavu nezávislém
na historii konkrétńıho vzorku.

Kĺıčová slova: studené naprašováńı, torze za vysokého tlaku, spektroskopie dob
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1. Introduction

1.1 Gas dynamic cold spraying

Gas dynamic cold spraying or simply cold spraying (CS) is one of the thermal
spray processes. Other methods of the same group are 
ame spraying and wire
arc spraying developed in the 1910s and the 1920s respectively, plasma spraying
developed in the 1970s and high velocity oxy-fuel (HVOF) spraying developed
in the 1980s. CS was introduced in 1990 as an accidental discovery of Russian
scientists, who observed it"while experimenting the particle erosion of the target
surface exposed to a two-phase 
ow of high velocity loaded with �ne powder in a
wind tunnel" [1].

The mechanism of CS is fairly simple and is illustrated in �g. 1.1. The
material in form of �ne powder is loaded into powder feeder and accelerated by
a heated gas through converge/diverge de Laval nozzle onto the substrate. The
impact velocity must exceed certain critical value for the plastic deformation to
take place enabling particles to adhere to the surface of the substrate [2]. This
threshold speed value depends on the size of particles, type of material deposited
and the temperature of gas used for acceleration. It typically ranges between 200
and 1200 ms� 1 [3].

Figure 1.1: The schema of a CS apparatus (from [4])
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The main bene�t of the CS, and the main di�erence between CS and other
thermal spray processes, is the low temperature of the process with the maximum
gas temperature realized in CS approximately 1173 K [1], which is considerably
less than the melting point temperatures of most metals and alloys. In combina-
tion with high impact speeds it means that the particles utilizes mainly kinetic
energy with little or no heat transfer. This can be bene�cial as it can prevent
oxidation and undesired chemical reactions [2].

Figure 1.2: Newly developed CS gun (from [3])

3



1.2 High pressure torsion

Torsion straining under high pressure, i.e. high pressure or torsion (HPT),
is a metal processing method during which a sample is subjected to torsional
straining under high quasihydrostatic pressure. HPT was �rst proposed in 1936
by J. Bridgeman [5] but remained relatively unnoticed until it sharply gained on
importance at the end of the 20th century as a result of the work of R. Z. Valiev
et al. [6]. HPT is one of the "top-down" approaches of creating bulk ultra-
�ned grained (UFG) materials, i.e. materials with homogeneous microstructures,
average grain size in the range of� 100 nm, and high angles of misorientation
of the majority of grains [7]. Grain re�nement of materials subjected to HPT is
caused by severe plastic deformation (SPD). Zhilyaev and Langdon de�ne SPD as
"any method of metal forming under an extensive hydrostatic pressure that may
be used to impart a very high strain to a bulk solid without the introduction of any
signi�cant change in the overall dimensions of the sample and having the ability
to produce exceptional grain re�nement"[7]. To prevent a free 
ow of sample
material special geometries are used leading to a considerable pressure growth.
Therefore lattice dislocations are produced at high densities consequently leading
to exceptional grain re�nement.

The principle of HPT is as shown in the �gure 1.3. A sample in form of a
thin disk is placed between two anvils under pressure of a few GPa while the
lower anvil rotates to introduce a torsional strain into the sample. The process
can take place at a room temperature or the temperature can be changed. For
an in�nitely small rotation d � the incremental shear strain is

d
 =
dl
h

=
rd�
h

; (1.1)

where dl = rd� is the displacement in the distancer from the rotation axis and
h is the thickness of the sample. By assuming thath is independent on� and the
standard formula that for N revolutions of the lower anvil� = 2�N the equation
1.1 can be integrated and the shear strain
 is then


 =
2�Nr

h
: (1.2)

Fairly often the equivalent von Mises strain [7]

" =



p
3

(1.3)

is used in the calculations. The true accumulated strain can be also estimated
from the equation

" = ln

2

41 +

 
�r
h

! 2
3

5

1
2

+ ln

 
h0

h

!

; (1.4)

where � is the rotational angle,h and h0 are the �nal and the initial disk thick-
nesses.
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Equation 1.4 can be simpli�ed by assuming�r
h � 1 and � = 2�N

" = ln
� 2�Nr

h

�

+ ln

 
h0

h

!

= ln

 
2�Nrh 0

h2

!

(1.5)

which can be further simpli�ed in cases when the thickness of the sample remains
approximately constant, i.e. h � h0, into the form

" = ln
� 2�Nr

h

�

: (1.6)

Figure 1.3: An illustration of a HPT equipment. A sample is inserted between
two anvils at room or elevated temperature under pressure of a few GPa. Lower
anvil slowly rotates thus applying a torsion strain on the sample [8].
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1.3 Characterisation of lattice defects

There are several types of open volume lattice defects that can be present in
the material. Each defect is based on a certain distortion of the perfect crystal
lattice of a defect-free material, thus changing properties of the sample such as
hardness.

1.3.1 Point defects

Defects occupying only space around a single lattice point are called point
defects. Despite the fact that there is no concrete limit of maximal size of a point
defect the common agreement is that such a defect consists mostly of just a few
missing atoms and therefore have an open volume diameter similar to that of an
atom, i.e. � 1�A.

Vacancies

A typical point defect is a single atom missing in the lattice as shown in �g.
1.4, i.e. a monovacancy. In case of more neighboring atoms missing in the lattice
we talk about divacancy (2 atoms), trivacancy (3 atoms), tetravacancy (4 atoms),
etc. Larger groups of vacancies are called voids or vacancy clusters. Vacancies
in general represent deep potential well for a positron. The speci�c positron
trapping rate, i.e. the cross-section of positron trapping per unit concentration
of vacancies (see sec. 2.2.5) falls into the range 1014 � 1015 s� 1 [9]. In terms of
PAS detection (see sec. 2.2) a positron trapped in a vacancy has higher lifetime
and it grows with the number of vacancies agglomerated in a cluster. In addition
, in many materials vacancies are mobile already at room temperature and can
disappear by di�usion to sinks on surface or at grain boundaries.

Vacancy clusters

Vacancy clusters are groups of vacancies described in sec. 1.3.1, i.e. two and
more neighboring atoms are missing in the crystal lattice as shown in �g. 1.4.
Rising number of vacancies in a cluster substantially decreases the mobility of
the cluster, i.e. compared to monovacancies clusters are less likely to di�use to
sinks on the surface of the material or at grain boundaries. Furthermore, with
rising number of vacancies in a cluster the lifetime of a positron trapped in such
defect increases until it eventually saturates for a large number of vacancies in
the cluster. On the other hand, when clusters are created via grouping of mono-
vacancies or merging of smaller clusters, e.g. during isochronnal annealing, the
intensity of trapped positrons is decreasing re
ecting increasing average distance
among clusters.

6



(a)

(b)

(c)

Figure 1.4: A comparison of fcc Cu crystal lattices: (a) perfect crystal, (b) mono-
vacancy at position [100], (c) cluster of 4 vacancies (tetra-vacancy)
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1.3.2 Line defects

Defects with macroscopic size in one dimension are called line defects. A line
defect can be considered as a row of a considerable number of point defects.

Dislocations

Dislocation is a typical line crystallographic defect. Dislocations can be di-
vided into groups depending on certain qualities they express. In terms of mobility
sessile(immobile) and glissile (mobile) dislocations can be distinguished. Two
main sub-types of glissile dislocations are edge and screw dislocations, the �rst of
which is created by a sudden termination of an atomic plane in a crystal lattice.
An analogous process might be an inserting a sheet of paper halfway in into the
paper stack. A local distortion can be seen in the place of a line when the inserted
paper ends similarly as along an edge dislocation. A screw dislocation is created
as a consequence of torsion slip in the crystal lattice. Both types of dislocations
are illustrated in �gure 1.5.

When a dislocation is present in a lattice it causes a local strain. The direction
and strength of such a distortion, i.e. the distance and the direction of movement
of atoms caused by this strain, is characterized by so-calledBurgers vector [10,
11, 12]. Creation and movement of large number of dislocations leads to a plastic
deformation of a material. Furthermore, many properties of the studied material
are in
uenced by the presence, density and a spatial distribution of dislocations.

Figure 1.5: An illustration of edge (left) and screw (right) dislocations and cor-
responding Burgers vectors (from [12]).
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In terms of PAS, dislocations represent only as shallow potential well for
positrons with the depth ofVD � 0:1 eV. It is comparable with the kinetic energy
of a thermalized positron thus enabling detrapping of a positron trapped at a
dislocation line. As a consequence there is very little di�erence between lifetimes
(see sec. 2.2.3) of free positrons and positrons trapped at dislocations. Hence,
if a material would be �lled with perfect dislocations lines only we would not
be able to detect them by using PAS . However, dislocations in real materials
are always associated with vacancies. Due to the local compressive strain around
dislocations a vacancy associated with dislocation line have lower potential energy
than a vacancy located in a perfect lattice. As a consequence vacancies are
attracted to dislocations. A vacancy attached to dislocation is "squeezed" by the
compressive elastic stress induced by dislocation and its open volume is reduced
compared to bare vacancy located in the lattice. Positron trapping in dislocations
is a two step process. First, a positron is weakly localized in a shallow trap of a
dislocation line. Subsequently it di�uses readily along the dislocation line until
it falls to a deep potential well of a vacancy attached to the dislocation line
as shown schematically in �gure 1.6. Apparently a situation when a positron
is being trapped directly into the vacancy is possible (the trapping rateK v in
Fig. 1.6). Moreover, a positron trapped at dislocation can escape before it gets to
the vacancy (the "escape" rate� dl in �gure 1.6). Fortunately, the nature graced
us with the pleasant set of conditions, namelyK v � K dl and � dl � K dv. The
�rst condition is due to the fact that vacancy is a point defect while dislocation is
a line defect, i.e. it is much more likely that positron will "see" a dislocation than
a single vacancy. The meaning of the second statement is that there is always
enough vacancies bound to dislocations [9].

Figure 1.6: The schema of the two step trapping at dislocations. At �rst a free
positron gets trapped at a dislocation line then it proceeds to a vacancy bound to
this dislocation. An escape from the dislocation or direct trapping to the vacancy
are much less likely.

1.3.3 Bulk defects

Defects with macroscopic size in all three dimensions are called bulk defects.
These are commonly a regions of many atoms missing in a crystal lattice (voids)
or particles of another phase (precipitates) .
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2. Methods of measurement

2.1 The Vickers indentation test

2.1.1 Principles of measurement

The Vickers test is one of the most common methods to measure hardness of
a material. The test can be easily performed with a little material needed and
is generally non-destructive, although the topmost layer of the tested sample is
locally damaged. The method is based on measuring the diameters of pentahedra,
which we perceive as squares in the microscope, created by diamond pyramidal
indentor. With the knowledge of the diameters the microhardness tester can
calculate the Vickers hardness using the formula [13]

HV = k
F
d2

; (2.1)

wherek is a constant characterizing the geometry of the indenter,F is applied
force andd is the average of diagonals measured in the microscope. The principle
is shown in �g. 2.1.

Figure 2.1: Ilustration of the Vickers hardness test
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