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Abstract. Compacts of tungsten powder with five different powder-particle sizes (from 0.4 µm
to 75µm) are subjected to pressureless sintering. We investigate the change in microstructure
during the sintering process by positron lifetime spectroscopy. So as to be able to distinguish
between defects having the same positron lifetime, we investigate their kinetics when the sample
is annealed. In particular, we consider the annealing out of vacancy clusters after low-temperature
electron irradiation, as well as recovery and recrystallization of a tungsten sheet, in as-manufactured
form. Making measurements on uncompacted powder, we find an increasing fraction of positrons
annihilating in surface states with decreasing powder-particle size. The powder-particle and grain
sizes (influencing the x-ray domain size) are monitored additionally by means of metallography
and x-ray diffraction. We find that all of the methods give results in agreement with each
other. The small grain sizes at lower temperature, about one fifth of the powder-particle size,
cause positrons to annihilate at grain boundaries, leading to vacancy-cluster-like signals. At the
intensive-shrinkage stage, there are certainly contributions from different shrinkage mechanisms.
The observed shrinkage rates can be explained byCoblecreep. It is possible that dislocations also
play a role as vacancy sources and sinks, since the intensive-shrinkage stage occurs in a temperature
region wherein recrystallization takes place.

1. Introduction

Sintered tungsten is an important intermediate product for the production of lamp filaments. For
optimization of the production process, it would be advantageous to obtain a deeper insight into
the mechanisms governing the sintering process, e.g. by obtaining estimates for the shrinkage
rate. Up to now, there have been several such mechanisms under consideration for powders
used in technical applications. Since one mechanism is based on defect-induced diffusion, we
try to detect defects on an atomic scale using positron lifetime spectroscopy (POLIS), i.e. we
try to get information about the parameters influencing the sintering process.
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Positrons can be used to detect different lattice defects separately when using lifetime
spectroscopy. Dislocations, monovacancies, vacancy clusters, and interfaces (small- and large-
angle grain boundaries), as well as internal surfaces (voids), are possible positron traps in one-
component metallic systems (see the comprehensive discussions in part I [6] and [1]). However,
there is a problem, in that different kinds of defect give similar signals: monovacancies in
tungsten should have positron lifetimes of 167–180 ps [2], while dislocations and small-angle
grain boundaries are expected to have positron lifetimes that are nearly the same (about 153 ps).
Vacancy clusters (positron lifetimes: 200–450 ps) and large-angle grain boundaries can both
have positron lifetimes of about 300 ps [1]. Finally, positron lifetimes at metallic surfaces
are, according to theoretical and experimental results, 450–650 ps (see references [1,3,4] and
references therein).

In view of these ambiguities, it is crucial to determine grain sizes inside powder particles,
as well as the powder-particle sizes themselves, by metallographic methods. Which kinds
of defect may be detected at certain temperatures can be determined by using results
of the Monte Carlo simulation of the positron diffusion and knowledge of the annealing
kinetics determined by complementary investigations (of the annealing out of radiation-
induced defects, i.e. vacancies, and vacancy clusters, and the annealing out of defects
created by plastic deformation). We investigated plastically deformed and electron-irradiated
samples, even though these were discussed in the literature in the 1970s and early 1980s;
at that time the experimental equipment was not so well developed, and only recently has
a comprehensive study based on multi-component analysis of lifetime spectra appeared
[5]. Hence, the decomposition of lifetime spectra for plastically deformed and electron-
irradiated samples gives qualitatively new information. Furthermore, the investigations serve
to calibrate the spectrometer, i.e. to make the determination of the positron lifetimes in defects
(e.g. dislocations) more accurate.

A further important question is that of whether the defects are evenly distributed. If
they are, this would allow the application of the standard trapping model. If the defects are
inhomogeneously distributed—e.g. with a defect-free interior of the grains, with positrons
trapped at the boundaries—the effect of diffusion has to be incorporated into the trapping
model [1].

In part I we investigated the sintering of compacts of copper powders. In the case of
compacts of tungsten powder, considered here (part II), special attention was paid to the effect
of different powder-particle sizes, which should result in different driving forces for sintering.
For positron annihilation, this should lead to different contributions from the surface-state
annihilation because of such small particles being considered here.

One has to distinguish between sintering with and without external pressure. We consider
here exclusively pressureless sintering (just called sintering in the following). ‘Sintering’
means heating a compact up to 4/5 of its melting temperature, where the observed shrinkage is
a pressureless process. The driving force is caused by the difference in free energy between the
initial and final state. This difference is realized in one-phase systems by reducing the fraction
of surfaces and interfaces. The morphology and microstructure of the powder† as well as the
powder-particle sizes determine the shrinkage rate. Furthermore, the shrinkage rate depends on
process parameters like the green density, heating rate, and sintering temperature. Bycontact
boundarywe mean the inter-particle contact evolving during sintering from a pure pressing
contact to an irregular grain boundary.

Different shrinkage mechanisms are proposed: diffusional creep, dislocation creep, and

† ‘Morphology’ includes powder-particle sizes and shape, while the microstructure is determined by grain and
subgrain sizes, dislocation density, etc.
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viscous flow (only in amorphous materials). The corresponding equations for the shrinkage
rate are discussed in part I [6] (or see [7] and [8]). The observed macroscopic shrinkage must
be caused by material transport on an atomic scale, which should be realized by a vacancy
mechanism. The controversial question is that of what the sources and sinks are. The candidates
discussed are large- and small-angle grain boundaries (Nabarro–Herring creep), dislocations
(Kosevic creep), and dissolving vacancy clusters leading to excess vacancies. Furthermore,
the transport can be realized via grain boundary diffusion (Coble creep) or by dislocations via
pipe diffusion.

Usually, the prevailing part of the shrinkage is realized while heating the sample, i.e. when
recrystallization is complete and grain growth is starting at higher temperatures. This will be
different for compacts of tungsten powder, investigated here, due to the low homologous
sintering temperature.

Since the powder-particle size determines the driving force for pressureless sintering,
one has to obtain a certain value for theeffective powder-particle size, i.e. excluding
effects from agglomeration and dendritic morphology. Furthermore, one should nota priori
neglect the inner structure of the powder particles (more or less assuming them to be single
crystals). Nabarro–Herring and Coble creep could seem to be inappropriate for describing the
observed high shrinkage rates. Considering an effective powder-particle size and the inner
microstructure, a data analysis will lead to shrinkage rates of the same order of magnitude as
the observed ones [1, 6].

The outline of this article is as follows. Section 2 contains a description of the experimental
set-up and sample treatment. In section 3 we present the results of our investigations, which
are then discussed in section 4. Finally we present our conclusions in section 5.

2. Experiments

The tungsten powder was produced by the Hermann C Stark Company, Berlin (Germany).
The different-sized powder particles possess different microstructures (dislocations, grain
sizes) due to the different production processes, i.e. the different temperatures at which the
reduction of the tungsten oxide is performed. Due to the preferred different growth types of
nucleation centres, smaller powder-particle sizes are produced at lower temperatures and larger
particle sizes at higher temperatures. This leads to states for smaller powder particles far from
equilibrium.

During the pressing, we applied a uniaxial pressure of 700 MPa to samples of all powder-
particle sizes. Those with smaller particle sizes showed more adhesion; i.e. better mechanical
stability of the compact was achieved.

For POLIS measurements, the samples were heated up to the appropriate temperatures at
a heating rate of 50 K min−1 and then cooled in the furnace. These samples were used later
for x-ray diffraction and metallographic studies, in which the samples were first ground, and
then polished, and finally we performed a grain boundary etching. Pictures were then taken
using a scanning electron microscope (SEM), due to its better resolution.22Na is used as the
positron source; the radioactive salt is placed between two thin (2µm) Al foils. The spectra
are taken in a source–sample arrangement where the source is placed between two identical
samples (in a sandwich). We use a standard fast–fast coincidence lifetime set-up with plastic
scintillators (see [1] for a detailed description). The linear shrinkage was measuredin situ
by a high-temperature dilatometer at the TU Dresden at a heating rate of 30 K min−1. The
shrinkage rate is then calculated by taking the time derivative of the linear shrinkage.

The sintering temperature of 1650◦C corresponds to a homologous temperatureTS =
0.52TM. Since the melting point of pure tungsten isTM = 3683 K (3410◦C), recrystallization
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is expected to occur atTR ≈ 0.4 TM = 1473 K (1200◦C).
Due to the difficulty of cold rolling tungsten, we took as the deformed state just the

manufactured (hot-rolled) form, and hence we performed the measurement on a tungsten sheet
in as-produced form. Rolling of tungsten sheets is usually performed at 1300◦C.

3. Results

To get some information about the influence of the powder production process on the micro-
structure and lattice defects, we made measurements on the uncompacted powders, and found
that the smaller the powder-particle size, the higher the defect density in the powder particles,
and hence the higher the fraction of positrons annihilating, probably at grain boundaries and
in surface states. This will be comprehensively discussed in section 3.2.3.

The maximum of the shrinkage rate is reached at 1350◦C during the heating of the samples
with the smallest powder-particle size (L̄P = 0.4 µm), and at 1650◦C, i.e. at the start of the
isothermal sintering range, for samples of powder-particle sizeL̄P = 1.8µm. Some shrinkage
is observed during the heating as well. The maximum is not so pronounced as for the samples
with the smallest particle size. For compacts with a powder-particle size of 3.8µm, measurable
shrinkage was noticed only at 1650◦C, i.e. in the isothermal sintering range, while compacts
with a 23µm powder-particle size did not show any significant shrinkage at the temperature
of the experiment.

3.1. Metallographic studies

The sequence of pictures in figures 1 and 2 show different stages of the sintering process for
the samples with the two smallest powder-particle sizes, since the two with larger powder-
particle sizes did not show any significant macroscopic shrinkage at the low homologous
sintering temperature (1650◦C). Due to poor mechanical stability, the samples sintered at lower

Figure 1. SEM pictures showing compacts of tungsten powder (L̄P = 0.4µm) after heat treatment
to the temperatures given. The pictures show the samples after grinding, polishing, and grain
boundary etching. The temperature and density at the indicated stage of sintering are given below
each picture.
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Figure 2. SEM pictures showing compacts of tungsten powder (L̄P = 1.8µm) after heat treatment
to the given temperatures. The pictures show the samples after grinding, polishing, and grain
boundary etching. The temperature and density at the indicated stage of sintering are given below
each picture.

Table 1. Green densities (ρg) and densities after sintering at 1650◦C for 30 min(ρs); for compacts
with different powder-particle sizes̄LP. The pressure applied was 700 MPa in every case, and
the heating rate under H2 was 50 K min−1. The relative shrinkage increases with decreasing
powder-particle size.

L̄P (µm) ρg/ρ0 ρs/ρ0

0.4 0.53 0.96
1.8 0.64 0.83
3.8 0.68 0.84

23 0.73 0.74

temperatures, i.e. below 1300◦C, were difficult to prepare for microstructure investigations.
Hence one could obtain only pictures showing individual powder particles.

SEM pictures (not shown here) reveal that even in the case of the smallest powder particles
each individual powder particle seems to consist of one or several crystallites: forL̄P = 0.4µm:
L̄G ≈ 100 nm, and for̄LP = 1.8 µm: L̄G ≈ 500 nm. Note that it is appropriate to speak of
individual powder particles only at lower temperatures, i.e. below 1400◦C.

The astonishing fact is that in the case of the smallest particle size, nearly poreless material,
i.e. having 0.96 of the theoretical maximum density, is obtained as a result of a heat treatment
in which the maximum temperature is only 0.52 TM (see table 1 and figure 1). And even in
the case of the next-larger powder-particle sizeL̄P = 1.8µm, significant shrinkage is noticed
and the microstructure changes completely (see table 1 and figure 2). From figures 2 and 1
it is obvious that significant grain growth accompanies shrinkage—especially for the smallest
powder-particle size.

3.2. Defect structures—positron lifetime measurements

The values for positron lifetimes in the bulk and in vacancies from the literature are given in
table 2.
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Table 2. Positron data for tungsten according to Schaeferet al and de Vries, and those obtained
from our investigations. Here the symbols mean the lifetimes in the bulk (τb), in dislocations (τdisl),
in thermal vacancies with sample temperature 2900 K (τ therm

v ), in irradiation-induced vacancies at
sample temperature 300 K (τ irrad

v ), at grain boundaries (τGB), and at surfaces (τsurf).

Schaefer [2] de Vries [10] This work

τb (ps) 105 — 103± 2
τdisl (ps) — 150 153± 2
τ therm

v (ps) 149 — —
τ irrad

v (ps) 180 — > 165
τGB (ps) — — 315± 30
τsurf (ps) — — 615± 40

In tungsten, vacancies in thermal equilibrium seem not to be detectable by means
of positrons up to 2000 K [2]. As the trapping coefficient for dislocations, we take,
due to the lack of reliable data for tungsten, the value determined for copper and nickel,
i.e.µdisl = 1.1± 0.2 cm−2 s−1. For the positron diffusion coefficient in tungsten, we assume
D+ = 1.4 cm2 s−1 (experiments lead to a value ofD+ = 1.4 cm2 s−1 [11], while theory gives
D+ = 1.26 cm2 s−1 [3] which is in fair agreement with most recent measurements on the
similar refractory metal Mo, givingD+ = 1.1± 0.1 cm2 s−1 [12]).

3.2.1. Recovery after plastic deformation.Since it is difficult to deform tungsten by cold
rolling, we took as the deformed state just the manufactured (hot-rolled) one, and carried out
an annealing experiment on this.

It is known from electrical resistivity measurements for heavily plastically deformed
tungsten that stage III annealing is observed between 300 and 500◦C [13, 14]. This
annealing stage is attributed to vacancy migration. Stage IV, between 500 and 1000◦C, is
not so pronounced, and it was questionable to which kinds of defect it should be attributed.
Recrystallization is observed above 1000◦C (stage V) for zone-refined material [13,14], while
the usually accepted recrystallization temperature is higher (see section 2).

The lifetime analysis shows for lower temperatures complete trapping into defects. In the
two-component spectrum, the first lifetime obtained,τ2 = 165 ps, could reflect annihilation
at monovacancies or dislocations or any kind of combination of the two, while the second
lifetime component obtained,τ3 ≈ 350 ps, certainly reflects positron capture in vacancy
clusters according to the annealing kinetics described in section 3.2.2. From the annealing
curve, we can see that monovacancies seem to become mobile above 400◦C, the temperature at
which vacancy clusters—already present in the as-produced state—start to coarsen, and their
intensity rises slightly at about 500◦C (see figure 3). The average lifetime rises slightly as
well. The cluster intensity goes down at higher temperatures again, while further coarsening is
observed, indicated by an increasing lifetimeτ3. At 1000◦C, nearly all vacancy clusters have
vanished, i.e. are no longer more visible by means of positrons—meaning that their density
has dropped below the detection limit (see [1]). Above 1100◦C, only a dislocation signal with
a lifetime of about 153 ps remains. At 1450◦C, we reached the highest possible temperature
for our furnace. The recrystallization was not complete at this temperature.

3.2.2. Recovery after quenching and electron irradiation.It is known from previous studies
that after irradiation with 2.9 MeV electrons at 280 K with a dose of 6× 1022 m−2 there
is only a vacancy signal (a single-lifetime spectrum; lifetimes: about 180 ps) detected up to
about 700 K (430◦C) [15]. Thereafter, clustering is observed where vacancy agglomerates
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Figure 3. Annealing of as-produced tungsten slides of purity 3N5; the upper part gives the change
of the average lifetime with annealing temperature, while the lower part shows a decomposition of
the spectra.

first coarsen and then anneal in the temperature range from 850 to 1350 K (580–1080◦C). The
bulk lifetime is obtained again at about 1370 K, i.e. 1100◦C [15].

The onset of vacancy migration at about 750 K is observed after quenching with electrical
resistometry as well [16]. The authors of [16] obtained a vacancy migration enthalpy of
1.78±0.1 eV, a vacancy formation enthalpy of 3.67±0.2 eV, and an entropy factor of 2.3 kB.
These values are in good agreement with Doppler-broadening data on vacancies in thermal
equilibrium [17,18].

Vacancy-cluster formation and coarsening are reported at the same temperature
independently of which mechanism of irradiation damage is operative (alpha-irradiated [19]
or electron-irradiated [15] samples). In the literature, vacancy loops (=dislocation loops) are
cited, with a positron lifetime of about 150 ps [10]. This is in good accordance with the positron
lifetime in dislocations determined in our study:τdisl = 153± 2 ps.

3.2.3. Sintering of powder compacts.Positrons in powders, or porous materials in general,
are assumed to thermalize only within a powder-particle or compact region, and then start
diffusing (see part I [6] and [1]). In this way, they possibly reach interfaces and surfaces. We
can assume that all information obtained by POLIS is concerned with the inside of the powder
particles. If we detect a surface component, positrons certainly reach the contact boundaries
too. Assuming that the pore surface is of the same order of magnitude as the contact boundary
area, it should be clear that a comparable fraction of positrons will reach the contact boundaries
as well, and, hence, an even larger fraction will annihilate in the contact boundary zone (see the
discussion in part I [6] and in [1]).

In the analysis of the lifetime data, we proceeded as follows: for the two smallest powder-
particle sizes, i.e. 0.4 and 1.8 µm, we performed, over the temperature range from 20 to
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Table 3. Averages for the positron lifetimes in defects detected, using a three-component free
decomposition over the temperature range 20◦C to 900◦C. It is plausible to assume nearly complete
trapping of positrons into defects.

0.4µm 1.8µm Type of defect

τ̄2 (ps) 152± 5 151± 5 Dislocations/small-angle GBs
τ̄3 (ps) 324± 30 307± 30 Vacancy clusters/large-angle GBs
τ̄4 (ps) 610± 40 616± 40 Surface states

900 ◦C, a three-component free decomposition, leading to the average lifetimes for the three
fitted components given in table 3 (due to the quite large errors in fitting the longest lifetime,
there was quite a lot of scatter in the decomposition).

So we can attribute the three observed lifetime components to (i) dislocations or
small-angle grain boundaries, (ii) vacancy clusters or large-angle grain boundaries, and
(iii) annihilation in surface states. Since we can assume that positrons trapped at each surface
state have a definite defect-related lifetime, fixing the surface lifetime at 615 ps is justified,
because this was the average value obtained from free fits. Fixingτsurf is necessary to stabilize
the decomposition of the spectra. See figure 4 for the shrinkage velocity and for the change
of the average positron lifetime, and figures 5, 6, and 7 for the change of the intensities
corresponding to the different defect-related positron lifetimes in compacts of tungsten powder
with different powder-particle sizes.

There are, at least, three different types of defect present. Even for the uncompressed
powder we find—especially for smaller powder-particle sizes—a dislocation signal (151 ps;
this could be arising from dislocations or small-angle grain boundaries, and possibly also
monovacancies), a vacancy-cluster-like signal (300 ps; this could be arising from vacancy
clusters in the volume or large-angle grain boundaries), and a positron lifetime at surfaces
(≈615 ps). But this is not the case for the largest powder-particle size (75µm), in which
case the positron lifetime is a single-component one, and is nearly that of the perfect lattice
(107 instead of 103 ps), and for the next-smaller powder-particle size (23µm), in which case
the lifetime analysis showedτ1 ≈ τb and τ2 ≈ 285 ps with only a few per cent intensity
(see table 4). This again shows that positrons can thermalize only within the powder particles,
since there was no noticeable lifetime component reflecting annihilation in the air between the
powder particles.

After pressing, the average lifetime decreases for the compacts with smaller powder-
particle sizes but increases for compacts with larger powder-particle sizes (see figure 4(b)).
We attributed this to a decreasing signal from the surface state (615 ps) on the one hand and
an increasing signal from dislocations or small-angle grain boundaries on the other hand (see
figures 6 and 7). The intensity corresponding to the surface lifetime decreases upon pressing
for all powder-particle sizes, due to reduction of the surface area (see figure 6). The increasing
dislocation signal is apparently due to the generation of dislocations and/or the formation of
small-angle grain boundaries by means of plastic deformation during pressing (see figure 7).

The vacancy/dislocation-like signal can only partly be due to monovacancies, since other-
wise this lifetime component would vanish above 400◦C, where vacancies become mobile
(see the discussion in section 3.2.2). Due to the small difference betweenτdisl ≈ 153 ps and
τb ≈ 103 ps, these lifetimes cannot be resolved [5]. For compacts of 0.4µm powder, the drop
in the average lifetime coincides with the onset of the shrinkage. See figure 4.

Because of the different reduction temperature of tungsten oxide, it is not surprising that
we measure for the smaller powders increasing signals from large-angle grain boundaries,
i.e. I3 corresponding toτGB ≈ 315 ps, and dislocations/small-angle grain boundaries, i.e.I2
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Figure 4. Compacts of tungsten powder with different powder-particle sizes; the compaction
pressure was 700 MPa in each case. The shrinkage rates are given in (a). Only compacts of 0.4µm
powder show a pronounced maximum of the shrinkage rate during heating. For larger powder-
particle sizes the maximum is reached in the isothermal sintering stage. 23µm powder did not
show any significant shrinkage, and hence the results for this powder are not plotted. (b) shows the
average lifetime. Note the very similar annealing behaviours for all powder-particle sizes, except
perhaps the largest powder-particle size.

corresponding toτdisl ≈ 153 ps (see figures 5 and 7, and the discussion in section 2).
Due to deformation caused by pressing, there seems to be (at least in the case of larger

powder particles) dislocation glide and dislocation intersection, and hence monovacancies can
be generated via jog dragging [20] (see figure 7). Subsequently, vacancies are likely to form
agglomerates or just remain in the matrix, since monovacancies in tungsten are known to
become mobile only above 400◦C. On pressing the sample with the smallest powder-particle
size, the defect structure detected by POLIS does not change significantly, except that the
intensity of the surface state is decreased for the pressed compact (see figure 6).

Since the 23µm powder was nearly free of defects before the pressing (see table 4), we can
assume from the annealing curve for compacts of 23µm powder that we see coarsening of va-
cancy clusters indicated by the increase of the corresponding lifetime. Above 1100◦C, the clus-
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Table 4. Three-component decompositions for uncompacted powder and pressed compacts in
comparison; the pressure applied was 700 MPa in all cases. All of the spectra were obtained from
at least 6× 106 counts except that for the 3.8µm compact. Positron lifetimes in dislocations and
in the bulk are not resolved. They are subsumed inτ2.

τ2 (ps) τ3 (ps) τ4 (ps)
τ̄ (ps) χ2 I2 (%) I3 (%) I4 (%)

0.4µm 297.3 0.967 151± 3 337± 4 751± 22
powder 31.4± 1.2 64.0± 0.9 4.5± 0.5

0.4µm 284.8 1.103 142± 6 300± 10 543± 20
compact 28.1± 2.8 59.9± 1.4 12.0± 2.2

1.8µm 217.0 1.005 110± 74 234± 164 482± 20
powder 40.1± 5.7 46.9± 3.9 13.1± 2.3

1.8µm 209.9 1.048 151± 3 290± 16 571± 39
compact 65.8± 3.2 30.1± 2.2 4.2± 1.3

3.8µm 180.6 0.935 102± 5 227± 13 522± 27
powder 53.1± 4.3 40.2± 3.3 6.7± 1.3

3.8µm 186.7 0.998 144± 11 236± 48 488± 72
compact 65.0± 18.8 30.8± 16.3 4.3± 2.8

23µm 116.8 1.071 113± 1 285± 12
powder 98.0± 0.3 2.0± 0.3

23µm 150.3 0.998 134± 1 279± 4
compact 88.6± 0.6 11.4± 0.6

75µm 106.9 1.007 107± 1
powder 100
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Figure 5. Compacts of tungsten powder (700 MPa); the graph shows the positron lifetime in
vacancy clusters or large-angle grain boundaries, and the corresponding intensity for compacts of
tungsten powder with different powder-particle sizes. We see that the positron lifetime is nearly
constant at around 300 ps, while the corresponding intensities show a distinct annealing step
between 1200 and 1400◦C. Below 1000◦C, the lifetime of 300 ps could have a mixed origin,
i.e. it could reflect positron trapping at clusters and at grain boundaries.

ters seem to have dissolved, since the corresponding intensity goes to zero. A multi-component
decomposition of the spectra is omitted, since this powder is irrelevant to the sintering mecha-
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nisms. Between 1200 and 1400◦C, there is another annealing stage, probably due to the anneal-
ing out of dislocations (see figure 4). But the positron lifetime in dislocations could not be re-
solved from the bulk lifetime, since the difference was less than 50 ps [5]. At 1400◦C, compacts
with this powder-particle size again show nearly the same defect structure as before the pressing.

Alternatively to the three-component decomposition otherwise used throughout this
article, in some cases a four-component decomposition of the lifetime spectra is possible—
at least for the uncompacted powders (23µm and 75µm powders lead to only two- and
one-component spectra, respectively).

From table 5 we can estimate defect densities for the uncompacted powders (in as-produced
form). They will be given in section 3.3 in comparison with x-ray diffraction data.
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Table 5. Four-component decompositions for uncompacted and compacted powders. The pressure
applied was 700 MPa in all cases. All spectra were obtained from at least 6×106 counts. The data
show that a meaningful four-component decomposition is possible.

τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps)
τ̄ χ2 τ calc

1 (ps) I1 (%) I2 (%) I3 (%) I4 (%)

0.4µm 292.9 0.922 4± 10 40± 36 156± 10 327± 14 615 fix
powder 2.0± 0.9 29.4± 1.4 61.0± 1.8 7.6± 0.2

0.4µm 283.7 1.106 4± 10 23± 18 151 fix 321± 2 615 fix
compact 1.0± 0.8 32.1± 1.0 59.9± 0.3 7.0± 0.2

1.8µm 214.4 0.991 21± 15 56± 28 155± 14 335± 19 615 fix
powder 10.5± 5.4 56.4± 2.7 29.5± 4.3 3.6± 0.5

3.8µm 179.9 0.931 48± 20 82± 20 151 fix 298± 15 615 fix
powder 28.3± 5.5 45.9± 8.4 22.5± 2.8 3.3± 0.3

3.3. Grain sizes obtained by x-ray line-profile analysis

The evaluation of the line broadening of x-ray diffraction peaks can reveal information about
lattice disorder of the second kind, such as dislocations, twins, and small- and large-angle
grain boundaries (if<0.5 µm). The condition that crystallites should be statistically equal
as regards their microstructure is fulfilled for the materials considered here, since they each
consist of very fine powders of micron and submicron sizes. The observable line shape of the
x-ray diffraction peakF(x) is always a convolution of a line profileg(u) (the instrumental
resolution), due to the non-ideal conditions of the scattering experiment, and a physical line
profilef (x), due to the lattice disorder. This gives

F(x) =
∫
g(u)f (x − u) du (1)

where the functiong(u) is determined with the help of a reference sample. Then,g(u) and
f (x) can be deconvoluted by a Fourier transformation using the Stokes correction [21].

3.3.1. Fourier analysis. There are theoretical considerations indicating that the line shape
f (x) is a convolution of partial profiles which are related to the statistically independent
components of the lattice disorder. Hence, for the evaluation of the physical line broadening,
we can make anansatzfor the Fourier coefficients as a product:

A(L) = ap(L)aε(L)ad(L) (2)

whereap(L) is due to particle-size effects,aε(L) due to strain effects, andad(L) due to
dislocations.

Using the results of the kinematic theory of x-ray scattering by imperfect crystalline
solids [22–24], one obtains for the Fourier coefficientsA(L) of the physical line profile

A(L) ≈ exp(−L/D) exp(−K〈ε2〉L2) exp(−B ln(L0/L)L
2) (3)

and

− lnA(L) = L/D +
[
K〈ε2〉 +B ln(L0/L)

]
L2 (4)

whereL = ndhkl is the measuring length perpendicular to the scattering lattice planes(hkl),
D = D(hkl) is the x-ray domain size (effective particle size),B = B(hkl) is a factor propor-
tional to the mean total dislocation density†,L0 is a length proportional to the cut-off radius

† This includes dislocations randomly distributed inside subgrains as well as dislocations in low-angle grain
boundaries.
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Rc of the strain field of dislocations, and〈ε2〉 = 〈ε2(hkl)〉 is the mean square microstrain due
to internal stress of the second kind.

3.3.2. Warren–Averbach analysis.Using the assumptions of the traditional Warren–Aver-
bach analysis [22,25–27] and following the derivation in [28], equation (4) leads to the function

8(L) = − lnA(L)/L = 1/D +K〈e2(L)〉L (5)

whereK = 2π2(h2 + k2 + l2)/a0 (a0 is the lattice parameter). The graph of this function
has been called aWarren–Averbach plot[29, 30]. The constant part8(0) = 1/D of 8(L)
allows the determination of an apparent reciprocal x-ray domain size, while the linear part
gives aneffectivemean square strain via(d8/dL)L→0 = K〈e2(hkl)〉. As regards to concrete
lattice defects, the interpretation of the quantities requires additional information. The x-ray
domain sizeD, for instance, is determined by small grain sizes (<0.5 µm), subgrain sizes,
and whether there are twins and stacking faults present; furthermore,D can be influenced
by structural inhomogeneities as well. The data are reliable only if the x-ray domain size is
significantly smaller than 0.5µm.

3.3.3. Krivoglaz–Wilkens analysis.Using the model of a restricted random distribution of
dislocations introduced by Krivoglaz [24,31,32] and Wilkens [23,33], one obtains from (3)

9(L) = − lnA(L)/L2 = 1/DL + (K〈ε2(L)〉 +B lnL0)− B lnL. (6)

The graph of this function is called aKrivoglaz–Wilkens plot[28–30]. At higherL it has a
linear branch. Its slope givesB(hkl) and, hence, a quantity proportional to the dislocation
density via

d9/d(lnL)L�1 = B ∼ Ndisl (K〈ε2〉 +B lnL0)− B lnL = 0. (7)

For further details, see [28,29,34].

3.3.4. Experimental results.As experimental results, we obtain the x-ray domain sizesD

and the dislocation densitiesNdisl given in tables 6, 7, and 8. The results are discussed in
section 4.

Table 6. X-ray domain sizesD and dislocation densitiesNdisl estimated from x-ray line-profile
analysis, as well as the dislocation densitiesNdisl, and powder-particle(L̄P) and grain sizes(L̄G)

estimated from positron annihilation data for uncompacted tungsten powders with different average
powder-particle sizes̄Lsup

P as given by the supplier.

X-ray diffraction POLIS

L̄
sup
P (µm) D (µm) Ndisl (1011 cm−2) L̄P (µm) L̄G (µm) Ndisl (1011 cm−2)

0.4 0.08± 0.04 2.5 ± 0.3 0.5± 0.2 6 0.1 1.0± 0.8
1.8 0.15 ± 0.07 0.58± 0.09 2.5± 1.0 0.3± 0.15 0.29 ± 0.1
3.8 > 0.5 0.25± 0.05 4.0± 1.0 1.1± 0.3 0.066± 0.02

23 � 0.5 < 0.05 � 15 8.0± 3.0 < 0.005

4. Discussion

This section contains a discussion of the results given in section 3. We will consider the
data obtained on the sintering process in the light of the results on the annealing kinetics of
plastically deformed and electron-irradiated samples.
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Table 7. X-ray domain sizesD and dislocation densitiesNdisl estimated from x-ray line-profile
analysis, as well as grain sizesL̄G estimated from metallography (SEM) and positron annihilation
data (and additionally the dislocation densitiesNdisl) for compacts with an average powder-particle
size ofL̄sup

P = 0.4µm. The domain size indicated for 1300 and 1400◦C could be an artifact.

X-ray diffraction Metallography POLIS

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

100 0.053± 0.03 3.3± 0.4 ≈ 0.1 6 0.1 2.6± 2.0
600 0.063± 0.03 2.9± 0.4 ≈ 0.1 6 0.1 2.5± 2.0

1200 — — — 0.28± 0.1 0.22± 0.1
1300 0.25± 0.2 0.18± 0.04 ≈ 0.6 0.8± 0.3 0.07± 0.05
1400 0.25± 0.2 < 0.05 ≈ 2.0 2.5± 0.7 < 0.005
1650 � 0.5 < 0.05 ≈ 8 8.0± 3.0 < 0.002

Table 8. X-ray domain sizesD and dislocation densitiesNdisl estimated from x-ray line-profile
analysis, as well as grain sizesL̄G estimated from metallography (SEM) and positron annihilation
data (this additionally gives the dislocation densitiesNdisl) for compacts with an average powder-
particle size ofL̄sup

P = 1.8µm.

X-ray diffraction Metallography POLIS

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

100 0.2± 0.1 1.87± 0.28 ≈ 0.5 0.13± 0.08 2.0± 1.3
600 0.17± 0.1 1.43± 0.21 ≈ 0.8 0.15± 0.08 2.0± 1.3

1200 — — — 0.4± 0.2 0.82± 0.3
1300 > 0.5 0.48± 0.11 ≈ 1.1 2.0± 1.0 0.2± 0.15
1400 � 0.5 0.13± 0.03 ≈ 2.0 3.3± 1.5 0.04± 0.025
1650 � 0.5 < 0.05 ≈ 6.0 6.0± 3.0 < 0.003

4.1. Compaction

Pressing the powder, apparently, generates defects (leading to increasing intensity of the
dislocation/small-angle grain boundary signals) as a result of the plastic deformation of powder
particles. It is also known from fatigue experiments that the movement of jogged dislocations
creates vacancies. The jog-generated vacancies are closely associated with the dislocation jog
which generated them [20]. They have a tendency to cluster [35,36]. This can be seen from a
comparison of the uncompressed state with the compacted powder (see table 4 and figure 7).
But with decreasing powder-particle size, the as-produced state of the powder contains an
increasing density of lattice defects. And hence the smaller the powder-particle size becomes,
the more difficult it is to work out the influence of the pressing.

4.2. Electron irradiation and quenching

Results on the annealing kinetics (i) after electron irradiation obtained by means of POLIS [15]
and (ii) after quenching obtained by means of electrical resistometry [16] indicate that mono-
vacancies become mobile slightly below 400◦C (670 K). At this temperature these mono-
vacancies form vacancy clusters, which then coarsen above 450◦C, and finally anneal out
totally at about 1100◦C (1370 K) [15]. TEM investigations after quenching and partial
recovery revealed the presence of microvoids [16].
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4.3. Plastic deformation

Investigation of the as-deformed state of a tungsten sheet, in as-produced (hot-rolled) form,
reveals as defects monovacancies, dislocations, and vacancy clusters. A drop ofτ2 from 165 ps
to 153 ps at 400◦C is observed, since monovacancies become mobile at that temperature,
and henceτ2 = 153 ps must reflect trapping of positrons at dislocations. Below 400◦C, the
second lifetime relates to a combination of a monovacancy signal and a dislocation signal. This
assertion is supported byτ2 = 153± 2 ps remaining constant above 500◦C. Above 400◦C, a
coarsening of previously existing vacancy clusters is observed. During subsequent annealing
at higher temperatures, further coarsening of the clusters is observed. The clusters finally
anneal out totally at about 1000◦C, which is nearly the same as the temperature after electron
irradiation. For temperatures higher than 1000◦C, it is exclusively the dislocation signal that
remains, while the dislocation density decreases further. Even though, in the literature, 1200–
1300◦C (0.4TM) is given as the recrystallization temperature for heavily deformed high-purity
tungsten [13,14], we fail to observe this annealing stage. Hence we have to suspect that either
the purity of our sample was not sufficient or the degree of deformation was too low.

4.4. Determination of the grain and powder-particle sizes

The method of determination of x-ray domain sizes has been explained in section 3.3. The
grain sizes estimated from positron lifetime data are determined by assuming complete positron
capture at grain boundaries if they are reached during the diffusive motion. As described in
part I [6] and in [1], we can then estimate the fraction of positrons reaching the boundaries
via the trapping model. Assuming that the POLIS signal with a lifetime of about 300 ps
exclusively stems from grain boundaries, we can estimate by comparison to the Monte Carlo
simulation results [37] the average grain sizesL̄G. This is justified at least for temperatures
higher than 1000◦C, since, as we have seen in sections 3.2.1 and 3.2.2, vacancy clusters are
not likely to exist at such high temperatures. But even for lower temperatures, the deviation
due to eventually existing vacancy clusters will be small, since we did not observe an annealing
stage of the corresponding lifetime component. Furthermore, since positrons can be trapped
by defects on their diffusion path into large-angle grain boundaries, we have taken into account
the trapping of positrons by dislocations (in the volume or in subboundaries) from the estimates
presented in [37].

The dislocation density is estimated from the positron data as follows. To obtainNdisl we
use the simple trapping model, i.e. assuming that the dislocations are randomly distributed.
Since to our knowledge no trapping coefficient (relating the trapping rate to the dislocation
density) is given in the literature, we take the known values for copper, nickel, and iron:
µdisl = 1.0± 0.2 cm2 s−1. The errors given for the dislocation densities are related to the
methods used. They could include systematic scaling errors.

We cannot give an estimate of the subgrain size from the POLIS data, since we cannot
definitely distinguish between dislocations randomly distributed in the volume and those
arranged in walls (subgrains).

For the uncompacted powders, we obtained the data given in table 6. We see that the
measured x-ray domain sizes are always smaller than the powder-particle sizes. In table 6,
grain sizes and dislocation densities estimated from the positron data are given as well.

For the pressed and sintered samples, the results given in tables 7 and 8 show the x-ray
domain sizes and grain sizes increasing with temperature detected using different methods
(1650 ◦C corresponds to the sample held at this temperature for 10 min). The grain sizes
determined from metallography are only rough estimates (within a factor of 2) because of
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the poor statistics. The data show that with increasing temperature we see recovery and
recrystallization processes, indicated by decreasing dislocation densities and/or increasing
subgrain sizes, at around 1300◦C. This process is accompanied by grain growth; see table 9
for the defect-related positron lifetimes determined.

Table 9. Positron data for tungsten, according to our results.

Lifetime in

Bulk τb = 103± 2 ps
Dislocations τdisl = 153± 2 ps
Vacancies τv > 165 ps
Grain boundaries τGB = 315± 30 ps
Surface τsurf = 615± 40 ps

Table 10. Grain sizesL̄G and dislocation densitiesNdisl (1011 cm−2) estimated from positron
annihilation data for compacts with a powder-particle size of 3.8µm.

T (◦C) L̄G (µm) Ndisl (1011 cm−2)

100 0.4± 0.2 2.0± 1.5
600 0.6± 0.2 1.0± 0.7

1200 0.8± 0.3 0.7± 0.2
1300 1.3± 0.5 0.5± 0.2
1400 1.9± 0.5 0.007± 0.004
1650 > 8 < 0.005

For comparison, we give in table 10 the corresponding POLIS data forL̄P = 3.8 µm as
well, even though the samples did not show any significant shrinkage.

4.5. Sintering

By choosing different powder-particle sizes, we varied the driving force for sintering over a
wide range. This can be seen clearly from the experimental shrinkage curves (see figure 4(a));
only the samples with the two smallest particle sizes showed significant shrinkage. From
the lifetime results, we can conclude that the smaller the powder-particle size, the greater
the number of positron traps existing inside the powder particles in the as-produced state.
Making a comparison to the results on electron-irradiated and plastically deformed samples,
we can conclude from the annealing kinetics of the compacts that large- and small-angle grain
boundaries must play a dominant role in positron trapping (besides the trapping at surfaces).

The small sizes of the grains inside the powder particles of the two smallest sizes are
sufficient to explain the positron lifetime spectra when considering the observed large-angle
grain boundaries as the predominant positron traps—leading to vacancy-cluster-like signals
with lifetimes of about 300 ps (see section 3.2). If we assume dislocations or small-angle grain
boundaries inside these grains, the lifetime signals become understandable. At 1200, 1300,
and 1400◦C, the vacancy-cluster-like lifetimes for the three smallest powder-particle sizes
are nearly equal (see figure 5). Since in that temperature range, according to irradiation and
deformation experiments, vacancy clusters have already annealed out, this indicates that we
are detecting the same type of defect—large-angle grain boundaries.

Independently of their powder-particle sizes, all of the samples show similar annealing
behaviours, but the relative intensities differ due to the different sizes of the grains inside the
powder particles. Between 1200 and 1400◦C, recrystallization and grain growth is observed
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(see figures 4, 5, and 6 as well as tables 7, 8, and 10), while the vanishing of the surface
component at that temperature indicates annihilation of pore surface, and hence shrinkage.

So, we are monitoring, by means of positron lifetime spectroscopy, the recovery and
recrystallization, as well as the change in the inner surfaces, i.e. the smoothing of the pore
shape and the vanishing of pore space.

4.6. Possible shrinkage mechanisms

Diffusional creep has been discussed in part I, where the corresponding equations were given—
i.e. Nabarro–Herring creep, Coble creep, and dislocation creep. According to figure 7, the
possibility of dislocation creep can be excluded at least for temperatures above 1400◦C on
the basis of the same argument as is given in part I. The two-particle model uses the equations
given in part I.
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Figure 8. Compacts of tungsten powder with different powder-particle sizes sintered at a heating
rate of 30 K min−1; the shrinkage rates for different mechanisms are estimated from experimental
results. One can see a good coincidence for the modified two-particle model. The model loses
validity when grain growth starts (1400–1500◦C).

The shrinkage rates in figure 8 are estimated for diffusional creep according to the lifetime
data. This gives̄LP andL̄G, while the experimentally determined shrinkage andL̄P are used
in the two-particle model (see [38–40] and the discussion in part I). We calculate from the
lifetime data, by using the trapping model, the fraction of positrons reaching surfaces and
interfaces. Together with the Monte Carlo results on the positron diffusion [37], this gives
the effective grain(L̄G) and powder-particle sizes(L̄P). Throughout the calculation of the
shrinkage rates, the powder-particle sizes are fixed atL̄P = 0.4 µm, L̄P = 1.8 µm, and
L̄P = 3.8 µm. Below, the relevant constants used in the calculations are given. They
have been taken from [41]: the Boltzmann constantkB = 8.617× 10−5 eV K−1; the
volume diffusion coefficientDvol = Dvol

0 exp(−Qvol/kBT ) (Dvol
0 = 5.6 × 10−4 m2 s−1,

Qvol = 6.07 eV); the grain boundary diffusion coefficientDGB = DGB
0 exp(−QGB/kBT )

(DGB
0 = 10.0× 10−4 m2 s−1, QGB = 3.99 eV); the surface tensionγS = 3.323 J m−2; the

grain boundary tensionγGB = 1.080 J m−2; the atomic volume� = 1.59×10−29 m3; and the
effective cross section of grain boundary diffusionδGB = 5.41×10−10m; while the geometric
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constantsA0 = 1, . . . ,4,A1 ≈ 10,A2 ≈ 150 are taken from [7]. The porosity2 is calculated
from shrinkage data.

In figure 8 we compare the shrinkage rates obtained by dilatometric measurement to the cal-
culated ones. Since equations (2)–(4) in part I describing creep in porous bodies underestimate
the sharp curvature gradient in the initial stage, we considered the modified two-particle model
(described in part I—equations (6) and (7)), additionally taking into account the flattening of
powder particles caused by pressing. We can see from figure 8 that the modified two-particle
model leads to reasonable shrinkage rates, at least for the smallest powder-particle size. Over
the whole temperature range considered, the shrinkage rate according to Nabarro–Herring
creep is at least some orders of magnitude smaller than that according to the Coble creep.

5. Conclusions

From metallography, x-ray diffraction, and POLIS investigations, we can conclude that powder
particles, especially smaller ones, possess inner microstructure; i.e. there are large- and small-
angle grain boundaries and/or dislocations and vacancy clusters, possibly due to the production
process.

Vacancy clusters in the volume, as observed after electron irradiation or plastic deformation
by means of POLIS, anneal out at much lower temperature compared to the cluster-like signals
in the pressed and sintered samples. Hence, the cluster signal is interpreted as indicating
positron annihilation at large-angle grain boundaries. The grain size can be estimated from
POLIS data together with the results from the Monte Carlo simulation of positron diffusion.
The interpretation of the positron trapping and annihilation at grain boundaries is in good
agreement with the grain sizes estimated from metallography and x-ray diffraction. Hence
we are, essentially, detecting, by means of POLIS, recovery, recrystallization, and grain
growth. This assertion is supported by the fact that—independently of the different sintering
behaviours—the annealing curves for all of the powder-particle sizes are very similar. They
differ mainly in the intensity corresponding to annihilation at surfaces and at grain boundaries.
But the annealing stages themselves are observed at the same temperatures.

The shrinkage rate differs according to the powder-particle size, i.e. depending on the
driving force; significant shrinkage is observed only for the smallest two powder-particle sizes,
since the sintering temperature of 0.52TM was two low when the driving force (proportional
to the inverse powder-particle size) was reduced. By considering shrinkage rates calculated
according to a modified two-particle model, which takes into account the flattening of powder
particles due to pressing, we derive values which are reasonable until massive grain growth
occurs and the assumptions of the model break down. The main contribution to the material
transport stems from grain boundary diffusion. Hence, Coble creep seems to be the dominant
process of material transport during the sintering of tungsten at the temperature of 1650◦C
(0.52 TM), while the role of volume diffusion can be neglected due to the comparatively low
sintering temperature.
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