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a b s t r a c t

There is a need for information on plastic properties of microparticles for application in powder technol-
ogy. This includes powder compaction processes, in which densification involves particle deformation.
The present paper reports on the evaluation of yield strength, ultimate tensile strength and the entire
stress–strain relationship of single metallic particles, by combining mathematical modelling and com-
pression tests using a modified nanoindenter. Development and application of the method is initially
demonstrated for the case of copper particles of 13–87 lm in diameter. The examined copper particles
exhibited similar plastic properties to one another, but different to bulk copper. The method is further
employed to work out plastic properties of a CoNiCrAlY powder, for which no bulk data exists. The find-
ings are discussed in view of implications for cold spraying, where the deposition and coating character-
istics are strongly influenced by plastic constitutive properties of particles.
� 2015 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Powder technology often requires an understanding of the
deformation behaviour of nano- or microparticles. Examples
include powder compaction processes [1–3], where densification
of powder involves both rearrangement and plastic deformation
of particles, and cold spraying [4–6], where material deposition
takes place through high-velocity impact of microparticles of the
feedstock powder. Despite the existing demand, there is limited
information available on the plastic behaviour of single micropar-
ticles [7]. For practical purposes, therefore, plastic properties of
microparticles are often inferred from the available bulk data,
assuming that particles are harder than the bulk in roughly the
same proportion for all materials.

It is clear that inferring particle properties from bulk data has
certain limits. First of all, particles are likely to exhibit different
properties from the bulk material, because of reduced content
and possibly different nature of material flaws and defects in the
microstructure. These influences would clearly depend on the type
of material, and hence, they are not constant for all materials.
Moreover, different powders of the same bulk material may still
exhibit significantly different properties. The difference in proper-
ties of different powders of the same nominal composition could

result from possible differences in microstructure (e.g. different
grain size or dendrite arm spacing due to different processing con-
ditions during production), in level of impurities, and in oxygen
content (e.g. due to different stocking conditions). There can also
be size effects due to the so-called ‘strain gradient’ [8,9] and ‘dislo-
cation starvation’ [10,11] effects, which are both expected to result
in higher strengths for smaller particles. In addition, there are pow-
der materials including most MCrAlY alloys, for which bulk data
may not exist in the first place.

Thus, there is much interest in the evaluation of plastic proper-
ties, such as ultimate tensile strength (UTS) of particles of metallic
powders. The main question is how to achieve this, i.e. how to eval-
uate the UTS of a deformable microparticle. For obvious reasons,
cutting a cylindrical sample out of a microparticle and performing
a miniature tensile testing would not constitute a technically prac-
tical answer. Thus, there remains the need for alternative solutions,
which can be implemented conveniently and can provide reliable
data. The main purpose of the present work is to seek and propose
such a solution.

Nanoindentation [12] might be considered as a feasible method
to evaluate plastic properties of a microparticle. This method is
extensively used to evaluate mechanical properties of materials
locally and on small length scales. For the present purpose, never-
theless, there would be some reservations. First, the measurement
normally provides only a single value of hardness, which is a sur-
face property. Special characterization techniques might be used
to provide hardness as a depth-dependent property, but still they
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would provide only local information from a selected volume of
material. The deformation behaviour of particles can be influenced
by ‘global’ size effects, e.g., due to strain gradient or dislocation
starvation effects. Therefore, local methods such as hardness test-
ing by nanoindentation does not comprehensively describe overall
sample deformation – the latter being more relevant to applica-
tions in powder technology. There are also technical problems
associated with sample preparation for nanoindentation of parti-
cles. Typical methods of preparing cross sections of particles
involve using a mounting material, which deforms under nanoin-
dentation loading and hence interferes with the results of
measurements.

Mechanical properties of single particles can alternatively be
deduced from the force–displacement data as obtained from single
particle compression tests [7]. This is also not straightforward,
mainly because the specimen is spherical, and hence the deforma-
tion is very much inhomogeneous, particularly at the initial stages
of compression. Nevertheless, it does not have the drawbacks of
standard nanoindentation as mentioned above. In principle,
extracting constitutive properties from inhomogeneous deforma-
tion is a complex problem, which may require numerical modelling
as a complementary tool for data analysis. An example is the deter-
mination of constitutive properties from spherical indentation data
using a combination of experiments, numerical modelling and neu-
ral networks [13]. The present study focuses on a conceptually
similar problem, but with a different geometrical setting. While
the theoretical setting for the interpretation of particle compres-
sion in the elastic regime appears to be well established – dating
back to the work of Heinrich Hertz on contact mechanics in 19th
century [14] – comprehensive models of particle compression in
the plastic regime are yet to be developed [7]. In the cases with
plasticity, deduction of constitutive parameters from force–dis-
placement data as obtained from particle compression may require
elaborate numerical modelling. Even the elastic models are limited
to special cases, e.g. Hertz law is only valid for non-adhesive
spherical solids [14]. Overall, physically correct models to analyse
particle compression data are available, but their accuracy is
limited within certain boundaries depending on the deformation-
dependent contact area [15,16].

Based on the above motivation, a method has been developed to
work out plastic constitutive properties of individual microparti-
cles of deformable materials. This is done through a combination
of experimental and analytical methods whereby flow stress of a
microparticle is determined over a wide range of plastic strain.
The development and application of the method is initially demon-
strated for the case of copper particles of a gas-atomised powder.
The method is also employed subsequently to determine plastic
properties of a CoNiCrAlY alloy, for which no bulk data exist. The
results are discussed mainly with regard to applications in powder
technology, though they are considered to be relevant for other
purposes, e.g. for studies in the broader topic of size effect in
plasticity.

The method and the obtained information are envisaged to be
particularly useful for cold spray applications. Cold spraying is a
rapidly expanding technology, which can be used to produce dense
coatings of metallic materials on a wide range of substrate materi-
als. A main advantage of cold spraying is alleviation of oxidation. It
can also be used to produce bulk components, i.e. as an alternative
to conventional powder metallurgy, but with the advantage of
eliminating the sintering stage [4–6]. A specific application of cold
spray is in high-power electrical components, where oxygen-free
high-conductivity deposits of copper and aluminium can be
obtained at relatively low costs [17,18]. In cold spraying, the final
properties of the deposits are governed by thermal and mechanical
properties of particles of the feedstock [19]. Most notably, the
critical velocity – a main powder characteristic for cold spray

applications – is considered to be a strong function of the ultimate
tensile strength of particles [19]. As a general rule, higher values of
strength result in higher critical velocities for bonding. Cold spray
deposition is also influenced by particle ductility, in the sense that
materials with limited ductility are generally difficult to be depos-
ited using cold spray. Thus, knowledge of plastic constitutive prop-
erties of the spray material becomes an essential part of
understanding and hence optimising bonding and deposition in
cold spraying. To estimate critical velocity for cold spray applica-
tions, the mechanical properties of particles are so far assumed
to be the same as those of the bulk material. Incidentally, this
rough assumption seems to have worked reasonably well for some
materials such as copper. This is so because the difference between
the bulk and particle properties is compensated to some extent by
adjusting the fitting parameters in the critical velocity formula
[19,20]. For the reasons mentioned above, nevertheless, there is a
growing need for methods that would allow direct evaluation of
plastic properties of microparticles, particularly for cold spray
applications.

2. Experimental method

Compression tests of single particles of a gas atomised copper
powder – oxygen-free high conductivity (OFHC) from TLS Technik
GmbH, Germany – were carried out under quasi-static conditions
using a nanoindentation tester – NHT2 from CSM Instruments,
Switzerland – with a flat diamond head of 200 lm diameter. A
schematic of the method is shown in Fig. 1. Initially, 38 copper par-
ticles of diameters in a range of 10–100 lm were selected for the
test. The range of particle size was deliberately chosen to be wide,
in order to investigate possible effect of particle size on plastic con-
stitute properties. However, the focus was given to the particles
smaller than 40 lm in diameter, for which relatively large plastic
strains could be achieved with the utilised nanoindenter (load
limit of 0.5 N). The particles were divided into 6 size groups (bins)
as follows:

Size (lm) 10–20 20–30 30–40 40–50 50–60 >60
Number 7 5 13 3 6 4

Thus, despite the wide overall range of particle size studied, the
range of particle size in the individual ‘bins’ was restricted, in order
to ensure statistical reliability of the measurements. The particles
had spheroid geometry with about 0–15% difference between minor
and major axes. They were placed individually on a ‘hard metal’
substrate (WC-Co composite, hardness 1780 HV2) and compressed
under a constantly increasing load from zero up to a maximum
value of 500 mNwithin 120 s. The results of compression tests were
logged as force–displacement data with 0.1 mN resolution on the
force scale. The copper particles were investigated before and after
deformation using confocal microscopy – 3D Laser Scanning Micro-
scope VK-X200 series from KEYENCE GmbH, Germany – to reveal
the geometry and so, to provide additional information for cross
checking with the force–displacement data obtained from the
nanoindenter. A cross-section of pristine copper particles was pre-
pared and investigated using standard optical microscopy to reveal
the grain structure. Compression tests were also performed under
the same conditions on some 15 particles of a gas-atomised CoNi-
CrAlY powder with a mean composition of 30 wt.% Ni, 21 wt.% Cr,
11 wt.% Al, 0.5 wt.% Y, and balance Co. The results obtained with
the initially selected number of particles for both copper and CoN-
iCrAlY, already showed a reasonably low standard deviation (see e.
g. Fig. 13), so that experiments with more particles were not
necessary.
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