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Abstract. We investigate the influence of microstructure (dislocations, and grain and subgrain
boundaries) on the sintering process in compacts of electrolytic and spherical copper powders by
means of positron lifetime spectroscopy. We compare the lifetime data obtained to the kinetics of
the annealing out of vacancy clusters after low-temperature electron irradiation, and the kinetics of
recovery and recrystallization after plastic deformation. The change of powder-particle and grain
sizes with temperature is determined in a complementary study by metallography and x-ray line-
profile analysis. At the intensive-shrinkage stage, the effective powder-particle size in electrolytic
copper powder is≈5 µm and the grain size is≈2 µm. Due to the dendritic morphology of the
powder, the effective powder-particle size is much smaller than that determined by particle-size
analysis(≈34µm). Because of the small powder-particle and grain sizes, a measurable fraction of
positrons annihilate at grain boundaries and in surface states, i.e. at inner pore surfaces. At higher
temperatures(T > 550◦C), grain boundaries are, besides a small surface component for compacts
of electrolytic powder, the only detectable lattice defects in both powders. We find that the observed
shrinkage rates can be explained—at least qualitatively—byCoblecreep, whileNabarro–Herring
andKosevic(dislocation) creep seem to play only a minor role in the systems investigated.

1. Introduction

Sinter metals are used in many technical applications. But the theoretical foundations for
describing the sintering process in compacts of crystalline metal powder used in technical
applications—especially the high shrinkage rates—have up to now remained controversial. If
we speak of sintering in the following, we always meanpressurelesssintering, i.e. sintering
without any external pressure applied during heating. The first processing step is to give the
powder compact the desired shape by compacting—e.g. by uniaxially pressing—a powder
(metal or ceramic) to a certain green density (the green density is the fraction of the maximum
theoretical density—that of the solid of same material). Typical values vary between 0.6 and
0.8. Bycontact boundarywe mean the contact between two powder particles which develops
during heating from the pure pressing contact. The contact boundaries are changed during
further heating to large-angle grain boundaries.Sinteringmeans heating a compact up to
about 4/5 of its melting temperature and holding it at this temperature for a certain time. The
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observed shrinkage is a pressureless process caused by the minimizing of the free energy due
to the reduction of the internal and external surfaces. This driving force has been known for a
long time. While the mechanisms for achieving this are known for model systems [1–3], they
are still under discussion for defect-rich real powder compacts, i.e. samples produced from
powders used in technical applications, for which defect-induced diffusion was proposed to
explain the observed high shrinkage rates [4–7].

The observed shrinkage depends on the morphology of the powder, i.e. the powder-particle
size and shape, grain and subgrain sizes, and dislocation density (intrinsic parameters), and
also on extrinsic parameters such as the pressure, heating rate, sintering temperature, and
atmosphere. There are three shrinkage stages. In the initial stage the sharp curvature gradients,
resulting from the pressing, are reduced—often via surface diffusion (this does not lead to
shrinkage). In the intermediate stage the pores have become rounded, and are often nearly
cylindrical and fully interconnected. The final stage is characterized by closed, spherical pores.
Note that there is no clear distinction between the stages.

Apparently, the diffusion is realized by a vacancy mechanism, since the vapour pressure is,
up to the melting temperature, sufficiently low to exclude the possibility of material transport
by evaporation/condensation for the metals investigated [8]. Due to the limited range of the
Laplace tension, powder particles must contain defects which will act as sources and sinks
for vacancies in comparatively high densities. Considering, e.g., grain boundaries, the grain
size has to be at least an order of magnitude smaller than the powder-particle size. But what
are the vacancy sources and sinks? There are different models describing sintering as a high-
temperature creep process in crystalline materials. The powder-particle size has the major
influence on the driving force (which is proportional to the inverse particle size), while large-
angle grain boundaries (diffusionalor Nabarro–Herring creep: ∝ inverse grain size squared)
as well as dislocations (dislocationor Kosevic creep: ∝ dislocation density) are assumed to
play an important role as vacancy sources and sinks. In the case ofCoble creep(∝ inverse
grain size cubed), vacancy transport is itself assumed to happen in grain boundaries (grain
boundary diffusion).

In this paper we do not aim to give a precise quantitative picture of different sintering
mechanisms. The samples investigated here were mostly produced from powders used in
technical applications, which are not well suited for use as model systems. But we do try to
make a qualitative distinction between different models proposed previously.

We investigate sintering by following the shrinkage and shrinkage ratein situ using a
high-temperature dilatometer. To work out which shrinkage mechanism is dominant, we try to
monitor the defects on an atomic scale. For the defect investigations, we interrupt the sintering
process by quickly cooling the samples sintered to a certain stage. By means of positron lifetime
spectroscopy (POLIS) together with metallographic studies, x-ray line-profile analysis, and
transmission electron microscopy (TEM), we try to obtain information about the parameters
influencing the sintering process via different mechanisms, i.e. the dislocation density, the
grain sizes, and the density of vacancy clusters if present. Unfortunately, it is not possible to
make measurements with the samplesin situ (see the discussion in [9]).

Positron lifetime spectroscopy has become established in the last 20 years as a powerful
tool for detecting lattice defects on an atomic scale in metals and semiconductors. Possible
positron traps in metals include: dislocations, monovacancies, vacancy clusters (sometimes
called microvoids—consisting of up to some ten vacancies), small and large-angle grain
boundaries, as well as internal surfaces (voids or pores). These defects can be detected sep-
arately (as can their respective densities) using lifetime spectroscopy. But it is the densities
of these defects that are the decisive parameters in the sintering models described above.
Nevertheless, we have to keep in mind that there are similar signals from different kinds of
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lattice defect, and hence some defects are not distinguishableab initio [9]. Examples include
dislocations/monovacancies (typically with lifetimes of 170 ps) and grain boundaries/vacancy
clusters (typically with lifetimes of 300 ps), respectively. For metallic surfaces or large voids
(>50 vacancies), a positron lifetime of about 500–600 ps is found (for a review, see [10], [11],
or [9]). Furthermore, POLIS and x-ray diffraction studies are integral methods. This means that
one has to assume a specific defect model when analysing the data, e.g. even or discontinuously
distributed defects (see [9] for a review).

If defects are present in the sample, the positrons can be trapped prior to annihilation. The
probability for this, i.e. the trapping rate, is proportional to the defect density [12,13]. The lower
electron density in defects with open volumes, such as dislocations, vacancies, and vacancy
clusters, results in a longer lifetime for the trapped positron. The lifetime spectra are analysed
in terms of two or more components, i.e. as a sum of exponentials after source/background
subtraction and deconvolution of the experimental resolution function. This gives the positron
lifetimes and intensities [14,15]. Bybulk lifetime(τb) we mean the average positron lifetime
in an undisturbed crystal, whileτ1 always means areduced bulk lifetimewhere the reduction
is due to the presence of defects. Byvacancy lifetime, cluster lifetime, etc, we do not mean the
lifetime of this kind of defect, but the lifetime of a positron in the vacancies, vacancy clusters,
etc. For a detailed review, see [9]. If we are monitoring grain boundaries with positrons, then
the defects are not continuously distributed, i.e. the standard trapping model does not apply.
If we detect a grain boundary signal, then all of the volume inside the grains is scanned by
positrons, since otherwise the positrons would not be able to reach the grain boundary. The
same is true for powder-particle surfaces.

Using different powder-particle sizes, different fractions of the total signal stem from
the contact boundaries (pressing contact) and surrounding areas, due to the limited positron
diffusion length [16]. Hence, it is necessary to determine grain sizes inside powder particles
by metallographic methods—as well as the powder-particle sizes and their size distribution.

As complementary investigations, we carried out the annealing out of radiation-generated
defects, i.e. vacancies and (during annealing) vacancy clusters, and the annealing out of defects
generated by plastic deformation, i.e. monitoring recovery and recrystallization. Even though
the results are known from the literature, we performed these measurements to obtain up-
to-date accurate positron lifetime values for dislocations and monovacancies, and typical
ones for vacancy clusters (see also [9] and [17] for more details). Furthermore, the aim
of these investigations was to compare what is happening owing to pressing the powders and
subsequently sintering the samples, and to establish which defects may be generated, and
when they anneal. Another aim was to carry out the deformation/irradiation and subsequent
annealing of the sintered state—in this way excluding any influences of impurities in the sinter
powders, while the investigations on pure compact material were only for comparison and to
check the measured lifetimes of positrons in defects.

Using these facts and results on the kinetics of the annealing out of defects, recovery, and
grain growth, one can judge which kind of defect may be detected at certain temperatures.
Finally, we try to point out what consequences the detected defect characteristic has for the
different shrinkage mechanisms.

We investigate compacts of copper powder as an example representing the fcc metals
in part I. We will consider compacts of tungsten powders with different particle sizes as
examples representing the bcc metals in part II. Part III will be concerned with compacts of
nickel reduction powder.

The outline of this article is as follows. The experimental set-up and the treatment of
different samples are described in section 2. Section 3 contains the experimental results on the
behaviour of defects during sintering and the complementary measurements. In section 4 we
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discuss the results for sintering in the light of the results from the complementary investigations,
and give the relevant equations for describing the sintering process as high-temperature creep.
Finally, section 5 contains our conclusions.

2. Experiments

In this section we explain the special features of the sintering powders under investigation, the
experimental set-up, and how we treated the samples during the different measurements.

2.1. Electrolytic copper powder

We used electrolytic copper powder, supplied by Norddeutsche Affinerie Hamburg, with an
average particle size determined by particle-size analysis to be 34µm (see table 1), a purity of
99.75%, and an oxygen content of 0.12%. This powder has a very complicated morphology.
Dendritic particle shapes lead to an effective powder-particle size after pressing which is
different from the particle size measured by, e.g., screening analysis. This is because the
dendritic arms break during the pressing of the compact, leading to lots of very small copper
particles and sometimes to wide areas of compact copper, and hence to a very inhomogeneous
‘powder-particle size distribution’ in the compact. Hence, it is hardly appropriate to speak
of separate particles at all. Furthermore, even the uncompacted powder seems to have a
complicated microstructure inside each powder particle, i.e. there are large- and small-angle
grain boundaries, and possibly dislocations. This can be due to the production process, in
which copper is precipitated in an aqueous solution of copper sulphate at about 50–60◦C.
This means that copper crystals grow irregularly at the cathode, and hence grain boundaries
as well as dislocations become plausible. Usually, the process of pressing is thought to create
new defects as a result of plastic deformation of individual powder particles. It is obvious
that dislocations are not generated if the grain size is very small, i.e. below 1µm, since the
Frank–Read source mechanism simply cannot operate then.

Table 1. The particle size distributions for electrolytic and spherical copper powder. The analysis
was performed in the case of the electrolytic powder using a laser granulator, ‘Analysette 22’
(Fritsch GmbH, Idar-Oberstein, Germany).

Powder d10(µm) d50(µm) d90(µm)

Electrolytic copper 14.1 34.1 62.3
Spherical copper 10.7 19.6 34.0

2.2. Spherical copper powder

As a second example, we considered spherical copper powder of 99.7% purity supplied by
ALCAN Powders & Pigments, New Jersey (USA). This powder is produced by gas evaporation.
The powder showed a hydrogen loss of 0.16 wt%. The average particle size is about 19µm,
and the particles have nearly spherical shapes. See table 1.

2.3. Sintering

The different samples were pressed under a uniaxial pressure of 300 MPa and then sintered at
the TU Dresden, where the measurements required for plotting the shrinkage curves were made
in situby a high-temperature dilatometer, i.e. we were continuously monitoring the shrinkage
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(corrected for thermal expansion) as a function of temperature and time. We generally used
a reducing hydrogen atmosphere, with one exception where argon was used (the heating rate
was 10 K min−1 for the compacts of electrolytic copper powder). The sintering temperature
of 900◦C corresponds to a homologous temperature ofTS = 0.87TM, whereTM is the melting
temperature of copper in degrees Kelvin. Samples for investigation by POLIS were prepared
by sintering small discs in the furnace up to the appropriate temperature at the corresponding
heating rate, and then cooling them to room temperature by quickly removing them from the
furnace and hence ‘freezing’ a certain stage of the sintering process. This is justified because
most of the processes involve an exponential dependence on temperature.

2.4. Positron lifetime measurement

For the positron lifetime spectroscopy, two identical samples (discs of 11.5 mm diameter and
approximately 1 mm thickness) were prepared for each temperature or time. These samples
were used later for x-ray diffraction and metallographic studies, and were prepared for TEM
investigations. The samples were sintered as described above.

As a source for positrons,22Na is often used. The positron source is a radioactive salt
covered by a thin (2µm) Al foil. As regards the spectra for the source annihilation part, see the
discussion in [18]. For the measurements, the22Na source is placed between two identical
samples (a source–sample sandwich). To make measurements on uncompacted powder, some
powder was poured into a small box. The positron source was then placed on top of the powder,
and more powder was added on top until the box was full.

The spectrometer had a Gaussian-shaped time resolution of about 250 ps FWHM in a
fast–fast coincidence set-up using plastic scintillators.

2.5. Electron irradiation and plastic deformation

For the low-temperature (4 K) electron irradiation, sintered samples were prepared as described
in [9]. All defects are annealed out prior to irradiation to below their detection limits; this
is checked by making sure that the lifetime measurement always gives a single-component
spectrum with the bulk lifetime of 112 ps. Then these samples were irradiated with 2 MeV
electrons at 4 K. The measurement started at 90 K. The dominating defect type generated
by the irradiation is assumed to be monovacancies, due to the electron energy being 2 MeV
(for more details, see [9] or [17]). Dislocations are not likely to be present in these samples
directly after irradiation.

For the deformation studies, sintered samples (900◦C, 12 h; i.e. samples heat treated
such that no more shrinkage was observed) were pressed to different thickness reductions (for
details, see [9] or [17]). The same sample pair was then successively annealed under vacuum at
each temperature for 30 minutes, and then cooled to room temperature again before performing
the lifetime measurement.

3. Results

In this section we will present the results obtained by the different methods used to characterize
the microstructures of the samples. It is necessary to use other methods together with positron
lifetime spectroscopy since, as mentioned in section 1, there are ambiguities in the interpretation
of lifetime data if the powder-particle or grain sizes are smaller than about 15µm, with the
result that a measurable fraction of positrons—certainly depending on the defect densities



1762 T E M Staab et al

inside each particle or grain—are likely to reach the particle surface or grain boundary and
become trapped there [16].

3.1. Metallography

The samples investigated first by means of lifetime spectroscopy were embedded, then ground
and polished, and finally we performed a grain boundary etching (‘HoffmannsÄtzmittel’) to
determine the grain sizes inside the powder particles.

Figure 1. The development of the microstructure during sintering for compacts of electrolytic
copper powder pressed to a green density ofρg = 0.78ρ0 and heated at a rate of 50 K min−1 up
to 900◦C. Different stages of the sintering process are shown in the pictures as indicated by the
temperatures given below them. Note the complicated microstructure inside the powder particles
belowT = TR = 0.4 TM.

The first series of pictures (figure 1) shows the development of the microstructure for
samples of electrolytic copper powder pressed to a green density of approximately 0.78ρ0 and
then sintered to the appropriate temperature at a heating rate of 50 K min−1. The second series
(figure 2) shows compacts of spherical copper powder (heating rate: 10 K min−1; ρg ≈ 0.75ρ0)
treated in the same way. This powder is a better model substance, due to the nearly spherical
powder-particle shapes. Hence, we see clearly visible pressing contacts becoming contact
boundaries during the heat treatment.

3.1.1. Electrolytic copper powder.It turned out that in the uncompacted electrolytic powder
the average grain size is less than 1µm, which will be important in explaining the positron
results. This result is supported by TEM investigations on these samples (see section 3.3).

The dendritic structure is apparently destroyed by pressing, and smaller pieces of the
original powder particles now give an effective particle size much smaller than that measured
by particle-size analysis of the original powder.

A series of photographs show the different stages of sintering: recrystallization twins
appear for temperatures higher than 300◦C—indicating the onset of recrystallization, which
is nearly complete at 400◦C. At higher temperature, i.e. forT > 600◦C, grain growth starts,
and at 800◦C the pores begin to vanish.
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Figure 2. Compacts of spherical copper powder (L̄P = 19 µm) pressed to a green density of
ρg = 0.75ρ0 and heated at a rate of 10 K min−1 up to 900◦C; the pictures show the development
of the microstructure during sintering, i.e. different stages of the sintering process as indicated by
the temperatures given below the panels. Note the microstructural changes from 500 to 600◦C.
The sintering process appears to start in the more sponge-like powder particles with smaller grain
size.

3.1.2. Spherical copper powder.In the case of spherical copper powder, we found two
different types of powder particle—one seems to be more solid, with an average grain size,
after pressing and heating up to 400◦C, of about 5.8µm, and the other is somewhat sponge-
like, with an average grain size of 2.5µm. Considerable grain growth starts at 500◦C, where
we observe neck formation due to diffusion processes which begin to change the pure pressing
contact, i.e. the edges of the contact area become rounded. At 600◦C the microstructure of
the compact has changed completely, i.e. recrystallization twins have appeared and for some
parts of the compact it is hardly appropriate to speak of individual particles. Furthermore,
the grain size has increased nearly by a factor of 2 as determined by linear analysis and a
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factor of 4 as determined from POLIS, i.e. from the lifetime data we estimate the fraction of
positrons reaching grain boundaries by assuming that the defect-related lifetime component
at about 280 ps occurs exclusively as a result of annihilation at the boundaries. This leads,
by comparison to the Monte Carlo (MC) results, to an average grain size [9, 16]. The grain
growth indicated accompanies a complete change of the microstructure in the powder compacts,
while shrinkage is starting. It is apparent from the pictures that a complete change in the
microstructure starts at the powder particles with a smaller average grain size.

3.2. Positron lifetimes—modelling positron diffusion

We start with the assumption that positrons in powders or porous materials can thermalize†
only within a powder particle or compact parts [9].

Hence positrons are assumed to stop inside compact material (thermalization) and then
start diffusing (random-walk motion). For three-dimensional random-walk motion, the average
diffusion length in defect-free copper is, according to [29]

L+ =
√

2dD+τeff

about 330 nm, takingD+ = 1.6 cm2 s−1 (the most recently obtained experimental value is
D+ = 1.7± 0.5 cm2 s−1 [30], while theory givesD+ = 1.56 cm2 s−1 [10]). During diffusion,
it is possible for the positrons to reach inner surfaces—depending on the grain and powder-
particle sizes, and on the density of positron traps inside the powder particles. If trapping sites
are present, they change the annihilation parameters significantly. In the case in which we
detect a surface component, a measurable part of the annihilation signal certainly stems from
the contact boundaries and surrounding area.

A Monte Carlo (MC) simulation of the positron diffusion in porous or fine-grained
materials showed that for copper, and for a powder-particle or grain size smaller than about
15 µm, a measurable fraction of positrons are able to reach the surfaces or interfaces, and
so can become trapped there [16]. The expected positron lifetime in surface states can be
estimated to be about 550 ps (see the discussion in [9,17]).

The basic assumptions concerning the grain and powder-particle sizes are, roughly
speaking, the following (for more details see [9]):

• Due to very large defect densities in the interfaces (large-angle grain boundaries), one
can certainly assume that all positrons which reach that interface on their diffusion path
(the disturbed region of the crystal) will become trapped there. Perhaps this is a type of
precursor trap, and the positron will then diffuse along the interface to the larger open-
volume traps detected, which are, perhaps, at the edges of grains.
• Positrons that reach the surfaces of powder particles on their diffusion path will certainly

become trapped in a surface state, since the work function is negative for positrons for
all of the metals investigated, and hence they will gain energy by passing through the
surface [11]. The potential for positrons is attractive along the entire surface.
• If inside powder particles or grains there are positron traps other than the respective

interfaces, they will be considered according to their corresponding trapping ratesκ

(see the discussion in [16]).
• Spherical grain or powder-particle shapes were used, as they provide the simplest and

most easily calculable model. Disregarding twin boundaries, which cannot trap positrons,
one can see from the microscopic pictures that this gives fairly good results. Experience
shows that approximations like this work astonishingly well.

† Thermalization results in the positron losing its initially high energy of up to 540 keV (see [9–11]).
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Figure 3. Compacts of electrolytic copper powder pressed (300 MPa) to a green density of
ρg = 0.78 ρ0 and sintered at heating rates of 10 K min−1 (6.0× 106 counts per spectrum) (a)
and 50 K min−1 (1.5× 106 counts per spectrum) (b); shown are the shrinkages and the shrinkage
rates together with the average lifetimes (upper parts); in the lower parts, decompositions of the
lifetime spectra are given.
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Figure 4. Spherical copper pressed (ρg = 0.75 ρ0) and sintered at 10 K min−1 under H2; the
figure shows the shrinkage and the shrinkage rate together with the average lifetime (upper part),
and a decomposition of the lifetime spectra (lower part). From 300 to 500◦C, τ2 was fixed at the
dislocation value (τ2 = τdisl = 170 ps). The free decomposition at 500◦C gaveτ2 = 176± 8 ps.

Throughout this article, the analysis of positron data relating to porous or fine-grained samples
(e.g. those given in figures 3 and 4) will be based on the first two natural assumptions. As
regards the determination of grain and powder-particle sizes, we have to consider this together
with the last two assumptions.

Table 2. Compacts of electrolytic copper powder (heating rate: 50 K min−1): the average grain
sizes from linear analysis (assuming nearly spherical grains) and estimated from POLIS data (using
MC simulation results) for samples prepared at different temperatures. By ‘fraction of e+ at GB’
we mean the fraction of the total number of positron annihilation events occurring at the grain
boundaries (see the discussion in the text).

Metallography POLIS

Average grain Fraction of
T (◦C) size,L̄G (µm) τGB (ps) e+ at GB L̄MC

grain (µm)

20 6 2.4 267± 7 6 1.5
400 250± 3 33.0± 3.5 6 2.0
600 6 2.4 292± 3 18.2± 3.0 ≈ 2.2
800 287± 4 12.5± 2.5 ≈ 3
900 3.1± 1.0 293± 5 9.0± 2.0 ≈ 4

900 (15 min) 5.4± 1.5 287± 7 5.8± 1.5 ≈ 6

The results given in tables 2 and 3 are obtained as follows. First, we determine the
fraction of positrons annihilating in dislocations and at grain boundaries from the primary
positron data (lifetimes and intensities) by using the appropriate equations (see section 2
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Table 3. Compacts of spherical copper powder: average grain sizes estimated from positron
annihilation data (with the use of Monte Carlo simulation results) and from linear analysis (assuming
nearly spherical grains) for samples prepared at different temperatures (see the discussion in the
text).

Metallography POLIS

Average grain Fraction of
T (◦C) size,L̄G (µm) τGB (ps) e+ at GB L̄MC

grain (µm)

300 4.9± 1.0 293± 5 11.1± 1.5 ≈ 1.0
400 3.9± 1.0 273± 5 14.2± 2.0 ≈ 1.0
500 5.1± 1.0 300± 3 15.4± 2.0 ≈ 1.0
600 8.0± 1.5 328± 3 7.5± 1.5 4± 1.0
700 9.3± 1.7 318± 4 4.5± 1.0 6± 1.5
800 10.1± 2.0 314± 7 3.1± 0.8 9± 2.0
900 9.8± 2.0 331± 10 1.9± 0.7 10± 2.0

900 (2 h) 12.2± 3.0 342± 12 1.1± 0.5 > 12

of [9]) to obtain the fraction of positrons reaching the interfaces and surfaces. Second, we
correlate this with the results of the Monte Carlo simulation of the positron diffusion [16].
This leads to rough estimates of powder-particle and grain sizes, assuming that the POLIS
signalτGB with a lifetime of about 300 ps stems from grain boundaries exclusively. This is
justified at least for temperatures higher than 500◦C, since, as we will see in sections 3.2.2
and 3.2.3, dislocations and vacancy clusters are not likely to exist at such high temperatures.
Below 200◦C, the grain sizes estimated from the positron results could be too small. Analysis
of the POLIS spectra reveals that there should be defect-free areas in the powder particles,
since the decomposition gives, besides the signals for dislocations and vacancy-cluster/grain
boundaries, the bulk lifetime. Perhaps there is no homogeneous distribution of dislocations
in subgrains, i.e. dislocations are incorporated into subgrain walls. Another possibility is the
existence of defect-free grains in addition to grains containing dislocations.

Complementary investigations of the annealing out of defects generated in pure copper
and sintered samples annealed prior to deformation or irradiation will be presented, together
with other complementary investigations on the annealing out of defects in uncompressed
powder and the change of the defect structure that occurs during pressing.

3.2.1. Sintering. Some important observations on the analysis of the positron lifetime spectra
in sintered samples are:

(a) At least three different types of defect are detectable by means of positrons.
(b) Even for the uncompressed powder, we measure a dislocation signal (lifetime:≈160 ps;

dislocations or small-angle grain boundaries), a vacancy-cluster-like signal (lifetime: 250–
300 ps; vacancy clusters in the volume or large-angle grain boundaries), and a positron
lifetime at surfaces (about 550 ps).

Due to the deformation caused by the pressing, dislocation glide and dislocation intersection
should occur in the samples, and hence monovacancies should be generated due to jog dragging;
these could form vacancy clusters since they are mobile at room temperature (see chapter 7.3
of [31]). This has to be seen in comparison to the generation of monovacancies after electron
irradiation and subsequent annealing.
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(i) Electrolytic copper powder.We sintered compacts of electrolytic copper powder at
two different heating rates, i.e. 10 and 50 K min−1 (see figure 3).

From the shrinkage rate, one sees a second maximum for a heating rate of 10 K min−1—
perhaps due to a different mechanism which acts at a lower temperature but cannot develop its
effects during the more rapid heating. From 400◦C, the positron lifetime signal has only two
main components: one which is nearly the bulk lifetime signal and another which looks like
a signal for a positron lifetime in vacancy clusters, i.e. about 300 ps.

(ii) Spherical copper powder.We sintered compacts of this powder at only one heating
rate (10 K min−1). It shows a different annealing behaviour in comparison to the case for
compacts of the electrolytic powder (see figure 4).

There is a very sharp decrease in the average lifetime between 500 and 600◦C, while
for compacts of electrolytic powder the average lifetime decreases slowly over the whole
temperature range. The apparent positron lifetime in dislocations of about 170 ps persists
for much longer in the spectrum, i.e. up to 500◦C. The drastic fall ofτ̄ from 500 to
600 ◦C is accompanied by a significant change in the microstructure of the samples (see the
corresponding metallographic pictures in figure 2) and by the vanishing of the dislocation
lifetime component (≈170 ps). The dislocation density drops from above 1011 cm−2 to below
3× 108 cm−2. For temperatures higher than 600◦C, only two separate lifetime components
are detected:τ1 ≈ τb andτ2 ≈ τcl (we did not detect a surface component for this compact).
This is again inconsistent with the trapping model if we assume evenly distributed defects. In
the temperature range above 600◦C, increasing shrinkage occurs with decreasingI2.

3.2.2. Electron irradiation. One aim in investigating sintered samples together with high-
purity bulk material was to work out whether the impurities in sinter material have any influence.
For the sample material considered, no effect was found. See figure 5 and [17].

At low temperatures, i.e. from 90–215 K, the electron-irradiated samples show in the case
of pure (4N7) copper a single one-component spectrum (with a 170±0.5 ps lifetime). We can
attribute this lifetime to monovacancies in the copper samples, since at the electron energies of
2 MeV that were used only monovacancies are likely to be generated. For the well annealed
sintered samples, there is a two-component spectrum after irradiation. The second lifetime of
about 170± 1 ps can certainly be attributed to monovacancies as well.

At temperatures slightly higher thanT = 220 K, monovacancies in pure copper are,
due to the vacancy migration enthalpy of about 0.76± 0.04 eV, known to become mobile
(see [19, 32]). Mobile monovacancies apparently form vacancy clusters, as indicated by a
second defect-related lifetime of aboutτ̄3 = 255± 10 ps (the average from a free three-
component decomposition over the temperature range 251–370 K). This positron lifetime
indicates a cluster size of 4–5 vacancies (for further details, see [17] and [9]).

The vacancy-cluster signal vanishes at about 393 K (120◦C), hence indicating that the
vacancy-cluster density drops below 4× 10−8 per atom and that this defect is no longer
detectable using positrons. For more details, see [9].

3.2.3. Plastic deformation. As a second example, we considered defects generated by
plastic deformation (pressing) of samples that had been sintered for several hours at the
sintering temperature (900◦C) so that no changes in the shrinkage were observed any longer;
see section 3.2.1. We present here only the main results. For details, see [9]. See also figure 6.

Measurements were made on all samples prior to deformation. While pure copper bulk
samples showed a single-lifetime spectrum (bulk lifetime: 112 ps), the sintered samples showed
a spectrum reflecting mainly the bulk lifetime but also a defect-related lifetime of about 250 ps
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Figure 5. Annealing of a 2 MeV electron-irradiated sintered sample; the irradiation dose was
5 × 1018 cm−2. The figure gives the average lifetime (upper part), the decomposition of the
spectra, and a comparison between the measured and calculated reduced bulk lifetime (lower part).
Vacancies become mobile at about 220 K. Thereafter, vacancy clustering is observed.

with some 1–3% intensity, which could be due to an average grain size of about 12–15µm.
There are certainly two types of defect generated by plastic deformation: dislocations

and monovacancies due to dislocation intersection and jog dragging [31]. The movement
of jogged screw dislocations is likely to create vacancies. The jog-generated vacancies are
closely associated with the dislocation jog which generated them. They have a tendency to
cluster [33, 34]. Vacancies in copper are mobile even below room temperature, and hence
are likely to form clusters which can be detected after deformation. But since the positron
lifetimes for dislocations (170 ps) and for vacancy clusters (210–300 ps) are very close for
smaller clusters, it is difficult to decompose these spectra.

The three-component analysis of our lifetime spectra indicates dislocations and vacancy
clusters as generated defects. The results for bulk copper are given in [9].

Utilizing the trapping model, we calculated the dislocation densities using equations given
in [9] (and the trapping coefficient from table 4) and the reduced bulk lifetimeτ calc

1 . We
compared these with the measured ones. We found sufficient coincidence for smaller degrees
of deformation (see also [9]).

While the cluster signal vanishes at about 120◦C, the dislocation signal vanishes—
according to the degree of deformation—between 250 and 350◦C. Independently of which
deformation mechanism was operative, all of the samples show, at 400◦C, nearly the bulk
lifetime again [9]. This indicates that all defects detectable with positron lifetime spectroscopy
have already annealed out, meaning that recrystallization is complete.
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Figure 6. Plastically deformed (1d/d0 = 0.66) sintered samples (900◦C, 12 h); thickness
reduction caused by pressing; vacancy clusters anneal out at about 100◦C. Thereafter, complete
trapping into dislocations (the single-component spectrum) is observed for larger degrees of
deformation. The lower part shows a comparison to the trapping model. The samples were
annealed at each temperature point for 30 min under vacuum. The dislocation density drops from
≈1× 1011 (20–150◦C) to 3× 108 cm−2 (at 310◦C). The inset gives the change of the average
lifetime with increasing degree of deformation.

Table 4. Positron data for copper determined in this work and according to the references given.
The lifetimes for vacancies were determined in thermal equilibrium at 1110 K, ‘(thermal)’, or
after irradiation at 77 K, ‘(irradiated)’, and the ones for dislocations (τdisl) after cold rolling. The
trapping coefficients given are for vacancies (µv) and dislocations (µdisl).

Schaefer/ Hehenkampet al Saouchaet al
Hinodeet al [19,20] Literature [24] This work

τb (ps) 110 [25] 111± 2 103–110 [21–23] 111± 2 112± 2 ps
τv (ps) (thermal) 155 [25] 158± 1.5 — — —
τv (ps) (irradiated) 179 [25] — — — 170± 1 ps
τdisl (ps) 176± 6 [26] — — — 170± 2 ps
µv (1014 s−1) 1.3 — —
µdisl (cm−2) 1.1± 0.2 [27,28] — —

3.2.4. The annealing behaviour of uncompressed powder.We investigated the annealing out
of defects caused by the powder production process by making measurements on uncompressed
powder.

(i) Electrolytic copper powder.The electrolytic copper powder was heated at a rate of
3 K min−1 to 20, 200, 300, and 400◦C.

We choose this temperature range since at higher temperature sintering starts and the
powder begins to solidify, and, hence, it will be difficult to make measurements onpowder.
The analysis of the defects detected shows, as seen in figure 7, that even the powder, as produced,
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Figure 7. The annealing behaviour of uncompressed electrolytic (a) and spherical (b) copper
powder. The powders were heated at a rate of 3 K min−1 up to the temperatures indicated. The
multi-component analysis reveals a surface component for each powder besides a vacancy-cluster-
like lifetime and, for electrolytic powder, at lower temperatures, a dislocation lifetime. It is possible
that the dislocation lifetime is not resolved for the spherical powder.
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leads to nearly saturated trapping of the positrons. This means that there is a reduced bulk
lifetime τ1 with a very small intensity, and, hence, one cannot determine any defect densities
accurately—one can only give a lower limit. This will be done in section 3.4—in comparison to
x-ray results. Vacancy-cluster-like signals are detected even at 400◦C and higher temperatures.
Looking at the lifetimeτ2, we realize that it changes upon heat treatment from a positron
lifetime in dislocations of about 160 ps to the bulk lifetime. This indicates the annealing out
of dislocations, and a subsequently defect-free interior for the grains. The two other lifetimes
detected (τ3 ≈ 250 ps,τ4 ≈ 550 ps) can be attributed to positrons trapped at grain boundaries
and at surfaces. Their intensities decrease as temperature increases. The surface component
is due to positrons reaching the surfaces of powder particles. Their corresponding intensity
increases slightly when the traps inside are partly annealed out.

(ii) Spherical copper powder.For the temperature range considered, there is only a slight
decrease in the average lifetime. From the discrete lifetime analysis as well as from MELT
(see [9] for details), we obtain four different lifetimes:τ1 ≈ 25 ps,τ2 ≈ τb = 112 ps (200–
400 ◦C), τ3 ≈ 230 ps, andτ4 ≈ 550 ps (the surface lifetime). The intensityI2 is increased
by heat treatment up to 400◦C, while I3 decreases. This effect could be due to a small,
unresolvable dislocation component (τdisl = 170 ps), which could influence both intensities
and lifetimes [35].

Vacancy-cluster-like signals are detected even at 400◦C and higher temperatures. Looking
at the lifetime τ2, we realize that we measured, following the heat treatment at higher
temperature, an increasing intensity but always the bulk lifetime. The detection of a positron
lifetime at surfaces sounds reasonable, due to the average particle size of about 19µm, which
includes a broad powder-particle size distribution (see section 2.2), so there are certainly
enough smaller powder particles for there to be a specific fraction of positrons that have a good
chance of reaching the surface [16].

3.2.5. Comparison of different rates of heating.We compare the positron lifetime data for
compacts of electrolytic copper powder heated up at a rate of 10 K min−1 and similar samples
held at each of several temperatures for 30 min in the furnace. The average lifetime shows
no clear difference from that for a heating rate of 10 K min−1, but there is a difference from
that for a heating rate of 50 K min−1, indicating that during the cooling of the sample the
heat-induced processes evolve further [9].

Hence, we can compare the shrinkage monitoredin situ and, e.g., POLIS and metallo-
graphic data determined for quickly cooled samples (interrupted sintering) only if we keep in
mind that in the latter case of high heating rates the processes will have evolved further during
cooling.

3.3. TEM results

Electrolytic copper samples, previously investigated by POLIS measurements (heating rate:
50 K min−1), were investigated using TEM, and the following results have been published
in [36].

The great advantages of TEM are that one can: locally observe the microstructure; carry
out in situexperiments; and examine pressed compacts of powders with small powder-particle
sizes. But it is rather difficult to prepare samples for TEM. The problem is that we do not
know whether the conditions in the few cases in which powder particles were investigated were
representative or not.

The powder-particle size was estimated from SEM and TEM to be 2 to 5µm. The powder
particles are found to be polycrystalline with about 1µm crystallite size at the beginning of the
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sintering process. This is in agreement with the metallographic studies of the same samples.
It was possible to distinguish between grain boundaries and contact boundaries, since the

latter show an irregular structure in comparison to the former†. From 400◦C and at higher
temperatures, twin boundaries are visible, indicating recrystallization. The 600◦C sample
showed small pores, a few nm in size, on and near a contact boundary [36].

All of the samples investigated showlocal dislocation densities of about 108–109 cm−2.
The dislocations are not homogeneously distributed; i.e. areas with high and low densities can
be found. This is in agreement with positron results, indicating, for temperatures higher than
400◦C, a global dislocation density smaller than 2×108 cm−2. For a more detailed discussion,
see [36].

3.4. X-ray line-profile analysis

Evaluating the line broadening of x-ray diffraction peaks can reveal information about lattice
disorder of the second kind (dislocations, small- and large-angle grain boundaries, twins) in
polycrystalline materials. Warren–Averbach analysis gives the x-ray domain size (the grain
size if smaller than≈0.5 µm, the subgrain size, or the distance of twins). The data are
estimates extrapolated to smaller grain sizes if the values are near the lower limit of 0.5 µm.
The Krivoglaz–Wilkens plot gives the dislocation densities (see [37] and references therein).
A comprehensive discussion will be given in part II [38].

Table 5. Uncompacted electrolytic copper powder: x-ray domain sizesD and dislocation densities
Ndisl estimated from x-ray line-profile analysis as well as dislocation densitiesNdisl, powder-
particle sizesL̄P, and grain sizes̄LG estimated from POLIS data for uncompacted electrolytic
copper powder heated at a rate of 3 K min−1 up to the given temperatures.

X-ray diffraction POLIS

T (◦C) D (µm) Ndisl (1011 cm−2) L̄P (µm) L̄G (µm) Ndisl (1011 cm−2)

20 > 0.5 1.33± 0.13 — 6 0.7 0.5± 0.2
200 > 0.5 1.19± 0.18 6± 3 ≈ 1 0.2± 0.05
300 > 0.5 0.4 ± 0.1 4± 2 ≈ 1.3 6 0.01
400 > 0.5 < 0.05 5± 2 ≈ 1.5 < 0.003

Table 6. Uncompacted spherical copper powder: dislocation densitiesNdisl, powder-particle sizes
L̄P, and grain sizes̄LG estimated from POLIS data for uncompacted spherical copper powder
heated at a rate of 3 K min−1 up to the given temperatures.

T (◦C) L̄P (µm) L̄G (µm) Ndisl (1011 cm−2)

20 11± 3 0.4± 0.2 < 0.02
100 11± 3 0.5± 0.2 < 0.01
200 11± 3 0.6± 0.2 < 0.01
300 12± 3 0.8± 0.2 < 0.005
400 14± 3 1.0± 0.3 < 0.005

For the uncompacted powder, we obtained the data given in table 5. The results from
POLIS, estimated according to the model discussed in section 3.2, are included in table 5 for
comparison. See also table 6 giving only POLIS data.

† The preparation of samples at lower temperatures was very difficult, due to poor mechanical stability.
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Table 7. Compacts of electrolytic copper powder (vA = 50 K min−1): x-ray domain sizesD and
dislocation densitiesNdisl estimated from x-ray line-profile analysis as well as grain sizesL̄G and
dislocation densitiesNdisl estimated from metallography, TEM, and positron annihilation data for
samples pressed and sintered up to the given temperatures. The maximum dislocation densities
found by TEM were locally6109 cm−2 (400–900◦C).

X-ray diffraction Metallography TEM POLIS

T (◦C) D (µm) Ndisl (1011 cm−2) L̄G (µm) L̄max
G (µm) L̄G (µm) Ndisl (1011 cm−2)

20 0.29± 0.15 2.3 ± 0.3 6 2.4 — 6 1.5 > 0.8
200 — — — — 6 1.7 > 0.5
300 > 0.5 0.61± 0.2 — — 6 1.8 0.15± 0.05
400 — — — ≈ 2 6 2.0 0.04± 0.02
600 > 0.5 6 0.05 6 2.4 ≈ 3 ≈ 2.2 < 0.002
800 — — — ≈ 5 ≈ 3 < 0.002
900 � 0.5 < 0.05 3.1± 1.0 ≈ 8 ≈ 4 < 0.002

900 (30 min) � 0.5 < 0.05 5.4± 1.5 ≈ 10 ≈ 6 < 0.002

Table 8. Compacts of spherical copper powder (vA = 10 K min−1): x-ray domain sizesD and
dislocation densitiesNdisl estimated from x-ray line-profile analysis as well as grain sizesL̄G
estimated from metallography and positron annihilation data (also given: dislocation densities
Ndisl) for samples pressed and sintered up to the given temperatures. At higher temperatures
(>400 ◦C), grain sizes determined by metallography are influenced by twin boundaries, while
positrons are not sensitive to them, since twin boundaries are not open-volume defects.

X-ray diffraction Metallography POLIS

T (◦C) D (µm) Ndisl (1011 cm−2) L̄G (µm) L̄G (µm) Ndisl (1011 cm−2)

Powder > 0.5 1.9± 0.3 — 6 1.0 0.27± 0.15

300 — — 4.9± 1.0 ≈ 1.0 0.82± 0.3
400 0.2± 0.15 1.3± 0.2 3.9± 1.0 ≈ 1.0 0.27± 0.15
500 0.37± 0.3 0.92± 0.15 5.1± 1.0 ≈ 1.0 0.12± 0.05
600 > 0.5 0.48± 0.12 8.0± 1.5 4.0± 1.0 0.005± 0.003
800 � 0.5 < 0.05 10.1± 2.0 9.0± 2.0 � 0.003
900 � 0.5 < 0.05 9.8± 2.0 10.0± 2.0 � 0.003

For the pressed and sintered samples, the results are given in tables 7 and 8. The results
from metallography as well as the grain sizes and dislocation densities estimated from the
POLIS data, determined as described in section 3.2, are included for comparison.

The line-profile analysis for the 500◦C and the 600◦C compacts of spherical copper
powder shows a large difference in the peak shape which is not reflected clearly in the data
given in table 8. There could be two fractions of x-ray domains in the 600◦C sample.

4. Discussion

In this section we will discuss the complementary investigations (section 4.1), and then, with
these results in mind, consider the consequences of the defect analysis for the sintering process.
We will—in short—present a new analysis of data measured previously (see [9] for a detailed
review). Section 4.2 contains the analysis of the data obtained from this work, and section 4.3
describes the consequences for sintering models.
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4.1. The behaviour of defects under annealing

4.1.1. Electron-irradiated samples.As discussed in section 3.2.2, vacancy clusters are
formed as a result of low-temperature electron irradiation and subsequent annealing up to
220 K, whereupon monovacancies become mobile. The clusters anneal out at about 383 K
(110◦C). Nevertheless, a vacancy-like signal (τ2 ≈ 174 ps) seems to persist up to 700 K. This
is perhaps due to the formation of prismatic dislocation loops by collapsing vacancy clusters. In
the presence of excess vacancies, the dislocation loops are likely to grow by positive climbing
due to capture of vacancies (see chapter 3.7 of [31]). If there is a vacancy sink in the vicinity,
the loops will emit vacancies and shrink by negative climbing. At 350◦C we measured the
bulk lifetime of copper again, indicating that the defect densities are below the limits given
in [9].

4.1.2. Plastic deformation and electron irradiation of sintered electrolytic copper samples.
While the cluster signal vanishes at about 120◦C, which is also the temperature at which
clusters anneal out after electron irradiation, the dislocation signal vanishes—according to
the degree of deformation—between 250 and 350◦C (≈0.4 TM). At 400 ◦C all of the
samples—independently of the mechanism of deformation that was operative and the degree
of deformation—show nearly the bulk lifetime again; this indicates that all defects detectable
by means of positron lifetime spectroscopy have recovered; i.e. their values are below the
sensitivity limits of positron annihilation given in [9]. This is qualitatively the same as what is
observed for the similarly treated pure metal samples [9]. The astonishing fact—considering
that there is the same degree of deformation—that recovery and recrystallization take place at
lower temperatures in these less pure samples can be explained by the small grain sizes. From
the MC simulation of the positron diffusion, we can estimate the average grain size to be about
15 µm, since for nearly all of these samples there was a small vacancy-cluster component
detectable after annealing and before deformation. Since we know from the annealing of
electron-irradiated samples that vacancy clusters anneal out at about 110◦C (the samples
were heat treated at 900◦C for several hours), this signal can only stem from large-angle
grain boundaries which are acting after deformation and during annealing as vacancy sources
and sinks, and, hence, are enhancing the diffusion-controlled recovery and recrystallization
processes (this view is confirmed by the metallographic studies). In view of the comparable
grain sizes, recovery and recrystallization should occur earlier for the compact copper samples
with higher purity.

4.1.3. Reinterpretation of former results.In earlier studies of the sintering process by
positron lifetime spectroscopy [5, 6, 39, 40], independently of the green density or heating
rate, a coincidence of the decreasing average lifetimeτ̄ and intensive-shrinkage stage was
observed (see [9]). These studies revealed an unusually high average lifetime—i.e. 20–30 ps
higher than after massive plastic deformation (complete trapping)—after e.g. 50% cold rolling.
Additionally, an increase of the average lifetime at about 0.4 TM was noticed, which seems to
be contrary to the results presented here. But it has been shown in [9] that this contradiction
can be resolved as follows.

The often-observed increase in the average lifetime prior to the intensive-shrinkage stage
could be explained by nearly complete trapping into defects before and after recrystallization.
If such an assumption was valid, and one type of defect with a comparatively small lifetime
(τdisl = 155–170 ps) is being annealed out while other defects with longer lifetimes (τGB ≈
250 ps,τsurf ≈ 550 ps) survive, then the average lifetime will increase even though some
defects anneal out [9].
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We see that the observation of increasingτ̄ during recrystallization and a decrease of
τ̄ due to grain growth and elimination of pore space, when the sintering is starting, is
generic to the earlier work. The powders considered in this work do not have a sponge-
like morphology or such a fine-grained microstructure as those considered in the earlier work.
Hence, recrystallization leads to an annealing stage (decrease ofτ̄ ), because complete trapping
is not observed. The further decrease ofτ̄ during the intensive-shrinkage stage has the same
cause as in the earlier work: elimination of pore surfaces and grain growth.

4.2. The behaviour of defects during sintering

As regards the sintered samples, we can say that compacts of both powders show very
complicated defect structure for temperatures below 600◦C. In this temperature range, it
is likely that deformation-generated defects such as dislocations, possibly small-angle grain
boundaries, and vacancy clusters have not yet annealed out.

One important fact is that the prevailing part of the shrinkage is realized during the heating
of the sample, i.e. when recrystallization is completed and the grain growth is starting at the
higher temperatures.
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Figure 8. The annealing behaviour up to 400◦C for all of the differently treated samples. Note that
there are only minor differences between the annealing behaviours of uncompacted and compacted
powders, while defects caused by electron irradiation and those generated by plastic deformation
have annealed out totally at about 400◦C.

From comparison to the average lifetimes of deformed and irradiated samples shown in
figure 8, it can be clearly seen that above 400◦C, in powders or compacts, defects other than
monovacancies, vacancy clusters, and dislocations must lead to the observed average lifetimes,
which are well above the bulk value. Note the small differences in annealing behaviour between
the heated powder and pressed samples.

For temperatures higher than 600◦C, there are—besides a small surface component for
electrolytic copper—only two main lifetime components detectable for sintered samples: the
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bulk lifetime and a positron lifetime, as for vacancy clusters, i.e.τ1 ≈ τb andτ2 ≈ τcl ≈
300 ps—corresponding to about eight vacancies [17]. But since vacancy clusters are not likely
to exist at such a high temperature, only large-angle grain boundaries, i.e. with grain sizes
below≈15 µm, can explain the result. This means that defect-free grains of size smaller
than about 15µm exist, whereτ1 ≈ τb due to annihilation in the recrystallized interior of the
grains, whileτ2 should be≈300 ps due to capture of the positrons at the grain boundaries and
subsequent annihilation. The results given in tables 7 and 8 show an increasing grain size with
increasing temperature, detected by different methods.

Compacts of spherical powder show a different annealing behaviour in comparison to
compacts of the electrolytic powder. But the lifetime results are consistent with the changes
in the microstructure shown by metallography and x-ray diffraction (see table 8). As shown
in figure 4, the drastic fall of the average lifetimeτ̄ from 500 to 600◦C—accompanying a
significant change in the microstructure of the samples—is caused by the vanishing of the
positron lifetime component corresponding to dislocations (≈170 ps). Since the lifetime
signal due to dislocations usually vanishes after plastic deformation between 250 and 350◦C
(≈0.4TM; see section 3.2.3), this effect can probably be attributed to subgrain coalescence due
to subgrain rotation and subgrain growth [41]. This assertion is supported by x-ray domain
sizes of 0.37± 0.3 µm at 500 and>0.5 µm at 600◦C. The x-ray domain size can be
a subgrain size (see section 3.4). For temperatures higher than 600◦C, only two separate
lifetime components are detected (see above). But the intensityI2 (τ2 ≈ τcl) is lower than at
comparable temperatures for electrolytic powder (see figures 3 and 4).

There are possibly systematic errors in the grain sizes determined by metallography, in
that very small grains are not visible if one is using an optical microscope.

Where they can be determined quite certainly, the dislocation densities determined by
means of x-ray diffraction and POLIS differ by a factor of roughly 5. There could be a
difference between the POLIS sensitivity for dislocations in the volume and that for those
arranged in subboundaries.

The shrinkage rate reaches its maximum for compacts of both powders and heating rates
when lifetime spectroscopy indicates that there are defect-free grains and that positrons are
trapped exclusively at grain boundaries, i.e. above 0.4 TM (see figures 3 and 4). The rates
of change in the microstructure are different for the sintered compacts of the two powders
between 500 and 700◦C. The rate is much smaller for compacts of electrolytic powder. This
could be due to the very inhomogeneous powder-particle size distribution.

4.2.1. Uncompacted powder.To confirm the hypothesis of a defect-free interior of grains
and trapping at the boundaries, we can look at the results for powders not pressed prior to heat
treatment: the nearly saturated trapping observed in uncompressed electrolytic copper powder
has two possible causes: on the one hand, there could be very high densities of dislocations
and vacancy clusters in the volume; or, on the other hand, there could be trapping at grain
boundaries (large and small angle) due to the material being very fine grained. These cases
can be distinguished by considering the annealing kinetics. Vacancy clusters in the volume
anneal out at approximately 383 K (110◦C) (see section 3.2.2) while dislocations with high
densities should anneal out below approximately 600 K (300◦C) (see section 3.2.3). But since
vacancy-cluster-like signals are detected even at 400◦C (and also at higher temperatures—
consider pressed samples), these signals can only stem from large-angle grain boundaries due
to a fine-grained structure of the material; the grain size at 400◦C can be estimated to be
1–2µm. This assertion is strongly supported by the defect analysis of electrolytic powder
annealed at 20 and 200◦C. We detect only two positron lifetimes for defects of about 160 ps
and 300 ps, which could be attributed typically to small- and large-angle grain boundaries. At
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higher temperatures the reduced bulk lifetime becomesτ1 = 112 ps (the bulk lifetime for well
annealed samples). The results are in accordance with x-ray diffraction data, since we see in
table 5 that the measured x-ray domain sizes are never smaller than 0.5µm, in agreement with
lifetime data.

4.2.2. Consequences for sintering.The only explanation for such a defect characteristic,
i.e. that the reduced bulk lifetime always equals the bulk lifetime, is that there are regions
in the material investigated which are nearly free of defects that affect positrons, leading to
the measured bulk lifetime, and high defect densities in other parts, leading to the measured
defect-related lifetimes. One possible candidate scenario is a cellular-structure-like defect-free
interior of grains in the powder particles. Since positrons which thermalize inside the grains,
supposed to be free of defects, do not ‘see’ any defects on their diffusion path, the annihilation
rate should be that of the bulk. ‘Inside the grain’ means far from the boundaries as compared
to the diffusion length of approximately 330 nm (see the discussion in section 3.2).

Hence, we seem to be monitoring, for temperatures above 600◦C, by means of the vacancy-
cluster-like positron lifetime and its intensity, initially the grain growth inside the powder
particles, and later that in the sintered body.

4.3. Possible sintering mechanisms

The three possible creep mechanisms which will be discussed below can contribute at different
temperatures different fractions to the total shrinkage. It seems unlikely that only one
mechanism will contribute to the sintering at different temperatures.

Considering intermediate-stage sintering, for all of the different transport mechanisms the
driving forceσ for pressureless sintering of porous samples is given by theLaplace pressure
(see [42], chapter 2.2)

σ = A0
2γS− γGB

L̄P
2 (1)

acting as a capillary tension, whereγS andγGB are the surface and grain boundary energy,
respectively,L̄P is the average powder-particle size,2 is the porosity, andA0 is a number
(1, . . . ,4, according to the particle geometry, whereA0 = 4 for spherical particles).
Equation (1) is suitable for describing the driving force during the intermediate stage. But
it is questionable whether it describes the driving force accurately for the small curvature radii
at the initial stage.

For Nabarro–HerringandCoblecreep, the estimated shrinkage rates are given by

ε̇NH = A1
Dvol�σ

kBT

1

L̄2
G

(2)

and

ε̇C = A2
δGBDGB�σ

kBT

1

L̄3
G

(3)

respectively, while for dislocation creep we have

ε̇disl = A1
NdislDvol�σ

kBT
= A1

Dvol�σ

kBT

1

L̄2
disl

L̄disl =
[√
Ndisl

]−1
(4)

whereL̄G is the average crystallite size, andDvol andDGB are the volume and grain boundary
diffusion coefficients, respectively;A1 andA2 are empirical constants,� is the atomic volume,
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σ the external or internal (porous-body) tension,δGB the effective grain boundary width,Ndisl

the movable dislocation density,kB the Boltzmann constant, andT the absolute temperature.
For dislocation creep dominating over Nabarro–Herring creep, it is required for the

dislocation densityNdisl that

Ndisl >

(
1

δL̄2
G

)2/3

(5)

whereδ ≈ 10 atomic diameters is the characteristic distance between a dislocation and a
vacancy for which a vacancy will be absorbed [8]. Equation (5) expresses the requirement
that dislocations dominate over grain boundaries as sources and sinks for vacancies [42],
i.e. dislocation creep leads to larger shrinkage rates than Nabarro–Herring creep.

Alternatively, one can use a two-particle model modified to include flattening of powder
particles by pressing [43–45]. This model is most appropriate for spherically shaped powders
(see figure 9). It estimates the shrinkage rate from the experimentally measured shrinkage
by equating the fraction of volume taken away at the contact boundary (V1) and transported
towards the neck (V2), which gives an expression for the neck curvatureρ. Taking into account

h
ρ

R

z
r

ϕ

l1
2
_

0

X

=αRX0 V1

V2V2

∆l

Figure 9. The modified two-particle model; for determination of the geometric activity. WhenR

is the original powder-particle radius, one can see the flattening of the two-particle contact caused
by pressing, whereα is the so-calledinitial flattening. Here,X0 andl0 are the neck radius and the
particle distance, respectively, after pressing. Material transport causes the volumeV1 to migrate
to the neck region where it is deposited (V2). Hence, the outer neck radiusρ, the inner neck radius
X, and the neck heightsh are enlarged. Simultaneously, the separation of the particle centres
decreases by1l. r, ϕ, z are cylindrical coordinates used for the calculations.
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Fick’s law and appropriate boundary conditions, one is led to an equation for the shrinkage
rate. The boundary conditions are: (i) the vacancy concentration near the neck is above the
equilibrium value due to the principal radii of curvature (ρ, X) (see the Kelvin–Thompson
equation) and (ii) the sintering neck must be free of tensionσ , i.e. 2π

∫ X
0 σr dr = 0, leading

to a vacancy concentration in the middle of the sintering neck which deviates by the same
amount from the equilibrium value as at the neck surface, but with the opposite sign [45,46].
Taking

l0 = 2R
√

1− α2

as the starting length (R is the powder-particle radius andα = X0/R is the flattening after
pressing whereX0 is the initial neck radius), one obtains for the shrinkage rate

d

dt

(
1l

l0

)
= 2

{
− exp

[
−�γS

kBT

(
1

ρ
− 1

X

)]
+ exp

[
�γS

kBT

(
1

ρ
− 1

X

)]}
1

X2R
√

1− α2

∫ h/2

−h/2
Deff(t, z) dz (6)

in an exact form, i.e. without the usual approximations�γS � kBT andρ � X. Since we
solve the problem numerically, the validity range of the model in comparison to that of the
original version [44] is increased [45]. In the case of relaxed boundaries, one obtains for the
integral part of equation (6), involving an effective diffusion constant (see figure 10),∫ h/2

−h/2
Deff(t, z) dz = Dvol(h− δGB) + δGBDGB (7)

which has been used in this work.
To determine which mechanism is dominant, we have to estimate aninfluence zonearound

the contact boundaries. In this zone, plastic deformation due to pressing will occur, and it is
that very volume which can be influenced by self-activation of dislocations [42]. If one takes
as the influence zone the half-sphere above the neck of a two-particle contact, then it is easily
established that the volume fraction is independent of the powder-particle size. For the green
densities considered here, it will be roughly one third of the total volume [45]. If there exist
dislocation densities of some 109 cm−2, then this should be reflected in the POLIS data.

But since no indications of dislocations of sufficient density are found for the samples
at the relevant temperature above 0.4 TM, we can exclude the possibility of dislocation creep
(equation (4)) being the relevant creep mechanism.

For calculating the shrinkage rates given in figures 11 and 12 according to the equations
given above, we estimate the powder-particle (L̄P) and grain sizes (̄LG) according to the
positron data, which are in accordance with those collected by other methods (see tables 2,
3, 7, and 8). The constantA0 should be smaller than 4 due to the deviations of the shapes
of the powder particles from spherical, but the choice ofA0 = 3 is deliberate, to get the
right maximum of the shrinkage rate. In the following we give the relevant constants taken
from [47]: the Boltzmann constantkB = 8.617×10−5 eV K−1; the volume diffusion coefficient
Dvol = Dvol

0 exp(−Qvol/kBT ) (Dvol
0 = 0.62× 10−4 m2 s−1, Qvol = 2.12 eV); the grain

boundary diffusion coefficientDGB = DGB
0 exp(−QGB/kBT ) (DGB

0 = 0.1× 10−4 m2 s−1,
QGB = 1.06 eV); the surface tensionγS = 1.721 J m−2; the grain boundary tension
γGB = 0.625 J m−2; the atomic volume� = 1.18× 10−29 m3; the effective cross section of
grain boundary diffusionδGB = 5.1× 10−10m; and the geometric constantsA0 = 1, . . . ,4,
A1 ≈ 10,A2 ≈ 150 from [42], while the porosity2 is calculated from shrinkage data.

Considering figure 11, we see that, by using our very simple model for positron diffusion
and annihilation (see section 3.2), with the rough estimates for the effective powder-particle size
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Figure 10. The modified two-particle model; the lower part gives the geometry of the powder
particles, while the upper part shows the course of the diffusion coefficient enlarged along the neck
radius. The structural activity8 is the area below the curve of the effective diffusion coefficient
Deff (Dvol andDGB are the coefficients for volume and grain boundary diffusion, respectively,
while δGB is the effective grain boundary width). The profile for defect-free powder particles and
relaxed grain boundaries is the dashed line, i.e. forT > TR = 0.4 TM. The other symbols have
been explained in figure 9.

and average grain size, Nabarro–Herring creep (equation (2)) leads to shrinkage rates that are
too low, while Coble creep (equation (3)) gives nearly the right shrinkage rates. The shrinkage
rate estimated from the dislocation creep is not given, since from the positron results the
dislocation density above 500◦C is globally less than 2×108 cm−2, and hence equation (5) is,
for the given grain sizes (see table 7 and [42]), not obeyed. Even for the maximum dislocation
densities estimated by means of TEM, equation (5) is only approximately obeyed between
800 and 900◦C [36]. Hence, we have not included dislocation creep in figure 11, since
the shrinkage rate estimated using that model will be not much higher than that given by
considering Nabarro–Herring creep. Since the process parameters are not known exactly and
the models describe reality inside the compact only very roughly, one cannot expect an exact
coincidence.

The two-particle model given by Ĺanyi, assuming spherically shaped powders, is not
applicable to the electrolytic powder, because of the irregular shape of the powder particles.

The shrinkage rate of the spherical copper powder compacts has been calculated also
according to the modified two-particle model, i.e. according to equations (6) and (7), since this
powder is suited as a model substance for spherical particles. This is more appropriate for this
powder, since Nabarro–Herring (equation (2)) and Coble creep (equation (3)) underestimate
the driving force due to the small curvature gradients at the necks. In the modified two-
particle model, Coble creep dominates over Nabarro–Herring creep by at least a factor of 3 as
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Figure 11. Shrinkage rates for different mechanisms as estimated from experimental results given
for compacts of electrolytic copper powder for heating rates of 10 K min−1 (a) and 50 K min−1 (b);
due to the irregular powder-particle shapes, we took as the geometry factorA = 3 (instead ofA = 4
which is for spherical shapes), hence reducing the driving force. The calculations were carried out
using the estimated grain and powder-particle sizes (see the text).

well. Figure 12 shows sufficient coincidence between the measured and calculated shrinkage
rate, since the aim of this study was only to show which mechanism can best explain the high
shrinkage rates observed experimentally. It was not intended to give a quantitative coincidence,
since the models used are too simple.
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5. Conclusions

It is definitely possible to freeze a certain sinter stage by heating a sample up to a certain
temperature and then quickly removing it from the furnace if the heating rate is not higher than
approximately 10 K min−1. For, e.g., 50 K min−1 and even higher heating rates, one has to
consider the possibility that some process is proceeding during cooling. Since most processes
have an exponential temperature dependence, this effect will be small.

We showed that it is possible to monitor defects accompanying pressureless sintering
processes in compacts of metal powders if one combines positron annihilation spectroscopy
with other methods. However, one has to keep track of how far the lifetime analysis can be
influenced by very small grain and powder-particle sizes. It was essential to apply the results
of the Monte Carlo simulation of the positron diffusion and hence obtain an estimate of to what
extent the lifetime data could stem from grain boundaries with a certain grain size (compared
to the result determined by metallographic studies).

It is obvious that for temperatures higher than 500◦C, there should be no defects (dis-
locations or vacancy clusters) present at considerable densities in the sinter material, since
we showed by comparison with the annealing behaviour of plastically deformed and electron-
irradiated samples† that for all of these samples no defects were detectable for temperatures
higher than 400◦C. At this temperature, the sintering process has not yet started. Hence, what
we are monitoring at temperatures above 500◦C by means of positron annihilation must be
large-angle grain boundaries, and thus, as indicated by the decreasing signal, grain growth.
This is due to the two-component positron signal, where the first component is the lifetime in

† The high-purity copper samples and the sintered samples were heat treated before irradiation and deformation so
that no (or nearly no) defects were measurable using positrons.
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an undisturbed crystal (the interior of the grains) and the second one must stem from the grain
boundaries. This is plausible, since there is a good qualitative correlation between the grain
sizes estimated from positron data and metallography.

This interpretation of the POLIS data conforms with a new analysis of spectra taken
previously. The differences from the results obtained in this work resulted from the different
morphologies of the powders used.

The determination of powder-particle size and average grain size along with the defects
detected by positron lifetime spectroscopy provide the parameters to use when considering
the different proposed shrinkage mechanisms. Considering simply the different shrinkage
mechanisms, one is led to the conclusion that Coble creep dominates the material transport
in the systems investigated. The degree of dominance over pure volume diffusion decreases
with increasing effective powder-particle size. Dislocation creep was ruled out for the systems
investigated—at least if we consider an effective powder-particle size, i.e. the influence of
agglomeration or irregular powder-particle shapes.

The modified two-particle model, taking into account the flattening of powder particles
during pressing, is suited for describing the shrinkage rate for compacts of spherical powders.
Even here, material transport due to Coble creep played the dominant role.

Powders suited for sintering seem to possess, above all, a very small effective powder-
particle size, and hence a sufficient density of sources and sinks for vacancies. A very fine-
grained structure inside each powder particle and very high dislocation densities can influence
the material transport only if the distances between the sources and sinks become smaller than
the influence zone of the Laplace tension (double the curvature of the neck).
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