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We consider the specific problem of the influence of an inhomogeneous distribution of
defects in solids on positron annihilation characteristics. In detail, we investigate the effect
of micro-structure, i.e. dislocations, vacancies, vacancy clusters, grain and subgrain
boundaries, pores or inner surfaces, on positron lifetime spectroscopy. Only few materials
show such small grain sizes that positron annihilation is affected. One example are powder
compacts, made out of small and fine-grained powder, during different stages of the
sintering process. All samples generically show positron trapping at grain boundaries

(tge =~ 300 ps) and at surfaces (5, s =500-600 ps). tgg = 300 ps corresponds to small voids
consisting of roughly eight vacancies. Different defects can lead to similar annihilation
parameters. Hence, we compare the lifetime data obtained from porous and fine-grained
samples to the kinetics of defect annealing after irradiation and plastic deformation, e.g. the
thermal stability of dislocations or vacancy clusters. We conclude that tgg ~ 300 ps is
apparently not related to vacancy clusters in the matrix, but is due to positron trapping at
large-angle grain boundaries. This large open volume is in contrast to common grain
boundary models. The change of porosity and grain size with temperature, i.e. during
sintering, has been determined in a correlated study by metallography and X-ray
line-profile analysis. The effective powder particle size ranges from ~0.5 to ~15 um, while
the grain sizes are always smaller. The only detectable lattice defects in all samples above
recrystallization temperature are grain boundaries, besides a surface component in very
fine powders. © 1999 Kluwer Academic Publishers

1. Introduction process (cf. [1], [2], or [3] for details and references).
Positron annihilation spectroscopy has been establishéife are considering here powder compacts just as ex-
in the last 20 years as a powerful tool for detecting deamples for fine-grained and porous materials. Positron
fects on an atomic scale in metals and semiconductors.ifetime Spectroscopy (POLIS) is used together with
It is very sensitive to lattice defects. Positron traps inmetallographic studies, X-ray line-profile analysis, and
metals included: dislocations, monovacancies, vacancyransmission Electron Microscopy (TEM) to obtain in-
clusters (sometimes called micro-voids—consisting oformation about the above mentioned defects appearing
up to some ten vacancies), small and large-angle graialso in fine-grained and porous samples.
boundaries as well as external or internal surfaces One of the preliminary suppositions, usually im-
(voids or pores). posed to determine defect densities by POLIS, is that
This review will be focused on positron annihilation the defects have to be evenly distributed in the mate-
parameters related to the microstructure of the samplesial under investigation to allow the application of the
Hence, we do not deal with the details of the sinteringStandard Trapping Model (STTM) [4—6]. This is not
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correct for inhomogeneously distributed defects. Inho<ific defect model when analyzing POLIS and X-ray
mogeneously means here on a length scale determingtiffraction data, e.g. one has to assume the defects (va-
by the limited positron diffusion length{300 nm).  cancies or dislocations) to be evenly distributed in the
This led to the formulation of the Diffusion Trapping crystal and small in size, like in STTM [4-6], which
Model (DTM) [7] used to analyze data. Here we will would allow then the determination of defect densities.
choose different approach. We determine the fractiorOn the other hand one could imagine inhomogeneously
of positrons trapped to surfaces or interfaces and condistributed defects like grains, with previously high dis-
pare this to results of a Monte Carlo (MC) simulation location densities, recrystallized yet at a certain tem-
[8] of the positron diffusion. The simulations lead to perature while other grains with lower dislocation den-
the fraction of positrons reaching a particles surfacesity need more activation energy. Another case would
for a given particle size and defect density inside thebe a sample with small grain sizes after recrystalliza-
particleg. This can be used for the determination of tion and defect-free interior of grains. Inside the grains,
grain and particle sizes. positrons annihilate with a rate equal to the undisturbed
Unfortunately, it is not possible to measure the sam-<crystal (bulk lifetime). They are trapped only at the
ples in-situ: Principally, TEM samples could be inves-grain boundaries if they thermalize near them and hence
tigated at the relevant temperatures but they have to bieave a good chance to reach the boundaries on their dif-
thined (1um or less) and hence the results can hardlyfusion path (diffusion trapping model cf. e.g. [7]).
be compared to processes taking place in three dimen- This review reconsiders also old POLIS data on the
sions. Using lifetime spectroscopy, the time to collectsintering of Cu and Ni, where the raw data (lifetime
one single spectrum (several hours), i.e. one temperapectra) were still available. This leads to qualitatively
ture point, is much too long compared to the rapidnew information. As accompanying investigations we
changes of the defect structure occurring during temreport on recent measurements and unpublished data
perature treatment. Another reason for the impossibilityperformed on the annealing out of radiation generated
are—in the case of copper—thermal vacancies. Theidefects, i.e. vacancies and during annealing vacancy
density drastically increases from 50D (0.57Ty—  clusters, and annealing out of defects generated by plas-
the melting temperature in Kelvin) to higher tempera-tic deformation, i.e. monitoring recovery and recrys-
tures and has reached at about 80¢0.79Ty) sucha tallization. These measurements were performed again
value that no other defects would be visible by POLISeven though positron and electrical resistivity measure-
anymore (the thermal vacancies dominate the positroments are known from the literature on plastic defor-
trapping). But this is just the interesting stage of, e.gmation (cf. [10-12] and for a review [13]) and elec-
the sintering process. Hence, we can investigate sintetron irradiation (cf. e.g. [14, 15]) to obtain accurate
ing or processes on a similar time scale not in-situ bydefect-related positron lifetime values for dislocations,
positrons. The same relative temperature range appligaonovacancies, and typical ones for vacancy clusters
to nickel. (cf. also [16]). In the early days of POLIS, the experi-
By POLIS detectable lattice-defects in metals aremental technique and especially the analysis of multi-
dislocations, vacancies, vacancy clusters, grain boundzomponent spectra was not so well developed [17]. The
aries, and surfaces. If we have alloys, also precipiolder works often give only Doppler-broadening data
tations could appear as positron traps. These defects the average lifetime and no multi-component decom-
can be detected separately (including their respectivposition of the spectra. There are no recent results with
densities). Nevertheless, we have to keep in mind thatigher accuracy reported. Hence, some features which
there are similar signals from different kinds of lat- could be extracted from the spectra remained obscure,
tice defects and hence some defects are not distinguisk-g. the annealing stage for vacancy clusters in metals
able ab-initio. Monovacancies, dislocations, and smalhas been overlooked since a multi-component decom-
angle grain boundaries lead to positron lifetimes, forposition was not performed. Hence, they were char-
metals, typically of about 1.5 times the bulk lifetime acterized only as ‘point defects’. Thus, qualitatively
(o =112 psforcopper), i.e, = 170 ps, while vacancy new information is obtained. High-purity bulk samples
clusters can have positron lifetimes between 1.8 and 4.thave been investigated together with sintered samples,
times the bulk lifetime depending on the number of va-to find out whether the results for the fine-grained and
cancies[9]. In metals large angle grain boundaries seemorous samples could be influenced by a higher amount
to give positron lifetimes of typically about 2.7 times of impurities. Using the results from the MC simulation
the bulk lifetime ¢gg~ 300 ps for copper) which is together with those on the kinetics of defect annealing,
characteristic for vacancy clusters too. Positrons annirecovery, and grain growth one can judge which kind
hilating at metallic surfaces or in voids (consisting of of defect may be detected at certain temperatures.
more than 50 vacancies) lead to a positron lifetime of In the investigation of the sintering process, or other
aboutzg,s=500-600 ps. Furthermore, positron anni- non-equilibrium processes, it is important to take into
hilation spectroscopy and X-ray diffraction are integralaccount the relevance of freezing certain stages appro-
methods. This means that one has to assume a spprate. Since, the changes in microstructure are happen-
ing mostly during rapid heating up we have to consider
also changes during cooling samples meant for ex-situ
*If one cannot assume nearly spherical particle/grain shape then ttheasurements.

positrons are especially sensitive to the smaller half-axis of, e.g. ellip- . . . . e L.
soidal particles/grains. Hence the grain/particle sizes estimated from The article I,S Oqtlmed gs fO”OWS' PO_SItron “fet_'m_e
POLIS data give a lower limit, if the particle/grain shapes deviate dis-SP€Ctroscopy is briefly reviewed in Section 2 and limits

tinctly from nearly spherical. for detectable defect densities are given. In Section 3
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we give a model for applying POLIS data to determine By the trapping model [4] (given here for the case of
grain and particle sizes. The experimental setup and thievo different defects d1 and d2, e.g. dislocations and
treatment of different samples is described in Section 4vacancy clusters), we obtain for the positron lifetimes

Section 5 contains the experimental results on defects

during sintering and the accompanying measurements, 1 1
which are discussed then in Section 6. Finally, Section 7 T T U+ ca + ka2
contains our conclusions.
Ta1 = — @
2
2. Positron lifetime spectroscopy 1
22NA i ; ; ; _
Na is often used as source for positrons. This material Td2 =
has a half lifeT;, = 2.6y. The radioactive salt gives a A3
continuous energy spectrum for tife -decay of up — .
to 540 keV. The positron source is the radioactive salftnd the corresponding intensities
covered by thin (2u.m) Al foil. Since some percent of
the positrons certainly stop inside the source, i.e. in the li=1-12—13
salt itself or the source covering foil, one has to correct I — Kd1 2)
the spegtrq for the source annihilation fraction (cf_. the 2= 1/th + kd1 + ka2 — 1/Ta1
discussion in [18]). For measurement #ilda source is Kdo
laced between two identical samples (source-sample I3 = .
gandwich). P ( P 1/t + kd1 + kd2 — 1/7d2

During the radioactive decay nearly simultaneously. . .
. ' . A The trapping model Equations 1 and 2 are over-
with the formation of the positron g-quantum with determined. Hence, we can extragtand one obtains
an energy of 274 MeV emerges which is detected the calculatéd reduéed bulk lifetimefa© for the case
starting signal of the positron lifetime measurement.Of two different defects
The positron then enters the sample and looses its inI-
tially high energy by inelastic collisions with electrons _1
within a few ps, i.e_. the positrotihermalizeq19, 20]. Tlcalc - {1 + l2 (hp — Ag1) + ls (hp — )»dz)} (3)
After that the positron has only thermal energy of a m I 1
few meV (0.037 eV at room temperature) and hence
starts diffusing through the crystal (random walk mo-which can later be compared to the experimentally mea-
tion) until it annihilates after its specific lifetime in the sured one. It can also be written as
crystal [19, 21, 22]. This lifetime is measured by the
time difference between the birth gamma (1.28 MeV) peale _ { 1 }
and the annihilation radiation (two 511 keV gamma LT = ohar — lsraz |
rays). If defects are present in the sample, the positron
can be trapped prior to annihilation. The probability, i.e.From Equations 1 and 2 the trapping rates can be cal-
the trapping rate, for this is proportional to the defectculated to be
density [4, 23]. The lower electron density in defects
with open volume, such as dislocations, vacancies, and P)
vacancy clusters, results in a longer lifetime for the L= [1s (a1 — Ad2) + (Ao — Aan)]
trapped positron. If the defect densities are not too high (5)
and not all positrons become trapped, there will be at g = :—i[lz(kdz ~ )+ oo — Aa)]

4

least two or three components in the spectra. Lifetime

spectra are analyzed by two or more components, i.e. as

a sum of exponentials after source/background subtragind hence through the relation

tion and deconvolution of the experimental resolution

function—usually approximated as Gaussian. ki = uiCi (6)
From the fitting procedure one obtains positron life-

times and intensities as asum ofexponentials,wheretq%e defect densities for defeict The trapping coeffi-

annlhllz_atlon ratey; Is equal to thg reciprocal lifetime cients for dislocations [26, 27] and monovacancies [28]
7;. Besides this discrete analysis of the spectra therg

exist two continuous methods, i.e. MELT (cf. [24] and dre in copper (for nickel itis nearly the same)
references therein) and CONTIN (cf. [25] and refer- 1
ences therein), which do not analyze the spectrum by a pdist = (1L1£02)cnf's ()
sum of exponentials but by an integral, i.e. they give a i = 1.35x 10%s7t (8)
distribution of the intensity over the lifetime.

_ Bybulklifetimer, we mean the average positron life- 54 e can write according to Equation 6 for the defect
time in an undisturbed crystal, whitg always meansa yeansities
reduced bulk lifetimeue to the presence of defects. By
vacancy lifetimecluster lifetime etc. we do not mean Cort — ko _ 9
the lifetime of this kind of defect, but the positron life- disl = Kaisl/ [ais ©)
time in vacancies, vacancy cluster, etc. Civ = k1v/ M1y (10)
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while for smaller and larger vacancy clusters [29] weis scanned by positrons, since otherwise the positrons
have would not be able to reach the grain boundary. If we
detect a surface signal in porous materials, then this
Co = ka/(Niiy), N<5 (11) means that all volume is scanned by the posittoine.
even the regions near the pores and contact boundaries
Col = kal/(4nTeD1/€2),  n>5 (12) il give a significant part of the total signal.
) o Lifetimes for positrons trapped at metallic surfaces
wheren is the number of vacancies in the clus®r,  are apout 450-600 ps due to experimental results
the positron diffusion constar the atomic volume, 30, 31] and theoretical calculations [32, 33]. By surface
andrer the effective defect radius. state we mean a positron that has been captured into an

Fromr =17, + 1272 + 373 and Equation 50ne can jmage-potential-induced state at the metallic surface
obtain the fraction of positrons trapped to certain de{lg, 33].

fects 2, n3) and the fraction of those annihilating in

the bulk 1):
1 3. Modeling positron diffusion

m=7 ThIS'IS the most important part of th!s grtlcle since it
+ Tolka1 + Ka2) provides the basis for the data analysis, i.e. the determi-
o = Kd1Th (13) nation of grain sizes and defect densities. We are start-

1+ (ka1 + Kkd2) ing with the assumption that positrons can thermaélize

Kd2Th only within a powder-particle or compact parts since
=TT o(ka1 + Ka2)” the scattering cross section in the pores is some orders

of magnitude smaller than in compact material. Hence

Since we can resolve experimentally only lifetime com-Positrons are assumed to stop inside compact material
ponents having a minimum intensity' we can give Sen.(thermalization) and start diffusing then (random walk
sitivity limits for different kinds of defects. Together motion). Only when diffusing, positrons are sensitive to
with the tapping coefficients we obtain from the trap-attice defects, i.e. no pre-thermal trapping is assumed
ping model the following sensitivity for dislocations (Cf. €.g.[34] and reference therein). A similar assump-

(tgisi= 170 ps) and vacancies,(;= 170 ps) in copper tion is valid concerning trapping to grain boundaries,
i.e. positrons are assumed to stop in defect-free parts,

0.05 < lgig, 11y <0.95 (14) i.e. the volume of grain boundaries in the crystal is

5 0 assumed to be negligible in comparison to the total vol-

15x 10°cm? < Cig < 5.4 x 10%em™? (15) e On their diffusion path it is possible for positrons
12x10°<Cy <43x10™* (16)  toreachinner surfaces—depending on powder-particle
sizes (considering powder not compacted) or density

while we have for vacancy clusters (cluster size is 6°f pores (compacted powder) and on the density of

vacancies, i.ergy &~ 288 ps) positron traps inside the powder-particles or grains (cf.
Fig. 1). Hence, all information is from positrons that
0.02<1¢4=<0.98 (17)  stop inside powder particles or grains and start diffus-
i 4 ing then. If trapping sites like dislocations are existing,
14x107" = Co=33x 10 (18)  they change the annihilation parameters significantly
(cf. Fig. 3).

when using positron lifetime spectroscopy and taking For three-dimensional random walk motiah=¢ 3)
for the Corresponding intenSity limits (14) and (17) the average diffusion |ength [19]
The different intensity limits are due teq/tp >
T4gisl/ Tb = T1v/Tp and hence a better separability of the
cluster lifetime from bulk or reduced bulk lifetime (cf. L+ = 2dD. zerr
the discussion in [17]). The limits apply as well to
other metals with similar bulk lifetime and trapping in defect-free copper is about 330 nm taking =
coefficient—like nickel. They have to be recalculated110 ps (defect-free copper) and [3B], = 1.6 cn¥/s
for different values ofu or 1. If the defect density ex- (one of the most recent experimental values is
ceeds the upper limits, a determination of the defecD, =(1.7+0.5) cn?/s [36] while theory gives
concentration is no longer possible—one can just sap) . = 1.56 cn¥/s [37]). The density of positron traps
that the concentration is above the given upper lim-influences the diffusion length via the effective positron
its. Equations 15, 16 and 18 are valid one for its own lifetime es.
With more than one kind of defect present the limits For copper or nickel a Monte-Carlo simulation of the
change (the decomposability of multi-component specpositron diffusion in porous or fine-grained materials
tra is discussed in [17]). In our case more thanB0®  showed that for a powder-particle or grain size smaller
counts for one spectrum is appropriate to separate thiéan about 1%:m a measurable fraction of positrons is
different lifetimes.

If we are monitoring grain boundaries with positrons,TTh, < valid under h ion of e distibution of th
then the defects are not continuously distributed, i.e. thepoﬁézr‘_’sé'lrt;resr © assumption of a narfow size distribution of the

star_1dard trapping model does not app_IY- _If we dete(_:t A Thermalization means that the positron, emitted from the radioactive
grain boundary signal, then all volume inside the grains source, looses its initially high energy of up to 540 keV (cf. Section 2).
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Sample ---- Thermalization
Pore B — DifoSion

/ /Grain Boundary

Figure 1 Source-sample sandwich of two porous samples: Pores and grain boundaries are shown. The detailed enlargement to the right shows
thermalization and diffusion paths of positrons entering the sample. We tried to scale diffusion and thermalization right, but the diffusiad paths h

to be magnified. The different paths show the following: 1: Thermalization and diffusion stop in the bulk, 2: Trapping into a defect, 3: Diffusion to a
grain boundary and trapping, 4: Diffusion to an inner surface and trapping to a surface state.

able to reach the surfaces or interfaces and so can be- model. Disregarding twin boundaries, which can-
come trapped there [8]. The expected positron lifetime  not trap positrons—one can see from microscopic
at surface states can be estimated to be about 550 ps pictures that this approximation is not too bad
(cf. Section 2 and [1-3]. [1, 2]. The experience shows that approximations
The assumptions concerning positron trapping due like this work astonishingly well.
to small grain and powder particle sizes are given in the
following: The analysis of positron data given here will be based
on the first two natural assumptions. The determination
e The interfaces between differently oriented grainsof grain and powder patrticle sizes follows this guide-
(large-angle grain-boundaries) can be assumed tlines together with the last two assumptions. The re-
possess very high defect densities and, hence, orsilts of the MC simulation of the positron diffusion in
can certainly assume that all positrons which theirdefect-free spherical particles is presented in Fig. 2 to-
diffusion path would lead through that interface gether with the analytical solution according to [39, 40].
(disturbed region of the crystal—cf. [38] and refer- But here we take the same values for the effective life-
ences therein for models on grain boundaries) willtime and the diffusion coefficient as for the MC simu-
become trapped there. The grain boundary as sudlation. One clearly sees the dependence of the fraction
could be a type of precursor trap and the positrorof positrons reaching particles surfaces (FPS) on the
will then diffuse along the interface to the larger particle diameter (see Fig. 2) [8]. Fig. 3 describes the
open volume traps as detected. These could be @fluence of defects inside the particles. The fraction of
the edges of grains. positrons reaching the particle’s surfaces is reduced by
e Since the work function of all materials under con- trapping centers inside—described by the trapping rate
sideration is negative for positrons they will gain « [8]. For dislocations the trapping rate has according to
energy by passing the surface [33] and, henceEquations 6 and 7 nearly a one to one correspondence
positrons reaching on their diffusion path pores orto the dislocation density measured in¢n
the surface of powder particles will certainly be-
come trapped into a surface state. The attractive
potential for positrons is all along the surface, the
so calledmage potential 4. Experimentals
¢ Positron traps inside powder particles or grains,In this section we explain the experimental setup, and
different from the respective interfaces, will be how we treated the samples during the different mea-
considered by their corresponding trapping ratesurements or we give the appropriate reference.
« (cf. the discussion in [8]). This means that The properties of the powders used for sintering are
the positron diffusion length is shortened due todescribed in the original articles. All used powders and
early trapping to these additional defects, e.g. dispressed compacts have a very complicated morphology
locations. and/or micro-structure (cf. [1-3] for more details). Fur-
e Spherical grain or powder particle shapes werehermore, even the powder itself seems to have a com-
used as the simplest and most easiest calculablglicated micro-structure inside each powder-particle,
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Figure 2 Monte-Carlo simulation of the positron diffusion: Fraction of positrons reaching the particles surfaces (FPS) as a function of particle diameter
for spherical particles. The analytical solution is dashed. Defect-free particle interior is assumed.

50 —rr S —rr—— TABLE | Sample treatment of pure bulk materials as well as sintered
C ] samples for electron irradiatiomd/dp is the degree of deformation
40 C \\ Particle size [um]' prior to an annealing at temperatufe
L | : i
N o \ ——0,5] 1 Sample Purity Ad/dp T (°C)  Time(h)
- 30 [ < —s— 1 ]
s C w92 17 Copper sheet 4AN7  ~07 1050 3
@ c -\'\_ '] ] Electrolyt. copper
20 f s H powder (00C,12h) 2N8  ~05 1050 3
r \ ] Nickel sheet 5N ~0.7 1050 2
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| ‘\\\ \\ ] powder (1200C, 4 h) 5N ~0.5 1050 2
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Figure 3 Fraction of positrons reaching the particles surface in the pres—maX|mum) in a fast-fast coincidence setup using plastlc

ence of defects (FPS) as a function of the capturewathe particle  Scintillators. We were usingfNa positron sources with

diameter is valid for spherical particles, = 1/zp—is the annihilation 2 ;zm source supporting Al-foil.
rate in the bulk.

4.2. Electron irradiation

Eor low-temperature electron irradiation, high purity
copper and nickel bulk samples as well as correspond-
ing sintered samples were prepared as follows: first

4.1. Temperature treatment and positron pressed or cold-rolled to an approximate thickness re-
lifetime measurement duction Ad/dp and then annealed out, as given in

The sintering temperature for copper and nickel ofTable I, prior to irradiation. This treatment is to en-
900°C, respectively 1200C, corresponds to a ho- sure that all defect are annealed-out before irradia-

mologous temperature ofs=0.87 Ty, respectively tion and that consider_able_grain g_rowth occuiEhen
0.85Ty, whereTy is the melting temperature of cop- these samples were irradiated with 2 MeV electrons
per or nickel in Kelvin. at 4 K to a dose of & 10'® cm2 at the KfA dilich.
Samples for POLIS were prepared by sintering samJ h€ source-sample sandwich was prepared after irra-
ples (discs of 11.5 mm diameter and approximatel)ﬂ'at'on in liquid nitrogen and put into _the cryostat at
1 mm thickness) in the furnace up to the corresponding® K- Hence, the vacancy-type irradiation defects can-
temperature with the respective heating rate and theRCt @nneal. The samples were then tempered in 20 K-
cooling to room temperature by quickly removing the St€PS Up to 400 K (copper) or 440 K (nickel) in the
furnace and hence ‘freezing’ a certain stage of the sin¢ryostat (measurement temperature: 90 K). After each
tering process. Two identical samples were prepared
that way for each temperatL_Jre OI’. time. These Sam_plgThe samples were measured before irradiation and gave always a single
were used later for X-ray diffraction, metallographic ¢omponent spectrum with the bulk lifetime of 112 ps for copper and
studies, and were prepared for TEM investigations. 103 ps for nickel.

i.e. large- and small-angle grain boundaries and poss
bly dislocations.
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TABLE Il Sample treatment of pure bulk samples as well as sinteredn Section 1, there are a_mbiguities in the interpretation
samples for the def_ormation expgriments: annealing temperatarel of lifetime data if powder particle or grain sizes are
degree of deformationd/do are given smaller than about 16m so that a measurable amount
Deformation of positrons—certainly depending on the defect den-
Sample Purity T(°C) Time (h) degree\d/do sities inside each particle or grain—is likely to reach
the particle surfaces or grain boundaries and becomes

E%E?;E;?Ceet AN7 1050 3 0.06,014,0.35,0.79 4o i there 8l |
copperpowder 2N8 900 12 0.07,0.24,0.46,066  Metallographic pictures, presented in [1, 2], show
Nickel sheet 5N 1050 2 05 that, in contrast to previous assumptions, the powder
Nickel reduction particles are far from being single crystals. In fact they
powder 5N 1200 4 0.09,0.36 contain large- and small-angle grain boundaries.

It turned out that in the uncompacted copper elec-
temperature treatment a positron lifetime spectrum Wai(;lytlc powder the average grain size is smaller than

measured. Then the samples had to be transferred Positron results. This is supported by TEM investiga-
another lifetime spectrometer for annealing at hlghetions on these samples (cf. Section 5.2 and [42]).

temperatures (measurement temperature: roomtemper-Irl the case of copper electrolvtic powder the den-
ature). The dominating defect type generated by irradi-, . . ) PP yuc p .
ation is assumed to be monovacancies due to an eleg-r itic structure is apparently destroyed by pressing, and

tron energy of 2 MeV. Dislocations are not likely to s_maller PIECes of th? or|g_|nal powder-particles now
give an effective particle size much smaller than that

exist in these samples directly after irradiation. Theymeasured by particle size analysis of the original pow-
could probably appear during annealing by collapsing, - [1]

vacancy clusters forming prismatic dislocation rings. A series of photographs given in [1] shows the

different stages of sintering: Recrystallization twins

4.3. Plastic deformation are appearing for temperatures higher than “E6-
It is known that copper shows only minor recovery ef-indicating beginning recrystallization which is nearly
fects and hence we will see the recrystallization processomplete at 400C. At higher temperature, i.e.
(cf. chapter 7 of [41]). T > 600°C grain growth is starting and at 80C the

Prior to deformation, we did a recovery annealing onpores begin to vanish.
the high purity copper (4N7 manufactured by Advent
Research, Halesworth, Suffolk, England) bulk sample
pairs. A similar annealing was performed for high- 5-1. Applying positron diffusion modeling
purity nickel bulk sample (part of a nickel sheet, thick- The result presented in Tables V-VII, are obtained as
ness 1.0 mm, of purity 5N obtained from Goodfellow, follows: First we determine the fraction of positrons
Bad Nauheim, Germany) as given in Table II. All sam-annihilating in dislocations and at grain boundaries
ples were measured prior to deformation. The pure copffom the primary positron data (lifetimes and intensi-
per and nickel bulk samples showed a single lifetimeties) by using Equations 5 and 13 to get the fraction of
spectrum €, = 112 ps for copper and, =103 ps for  Positrons reaching the interfaces and surfaces, respec-
nickel) while the sintered samples showed a spectrurfively. The next step is to correlate this to the results of
containing mainly the bulk lifetime and a defect life- the Monte-Carlo simulation of the positron diffusion
time of about 250 ps with some (1-3) percent intensityl8]. Hence, one obtains rough estimates of powder-
which could be due to an average grain size of abouparticle and grain sizes assuming that the POLIS sig-
12-15um. nal tgg with a lifetime of about 300 ps stems from

Then we deformed them by pressing (copper) ordrain boundaries exclusively. This is justified at least
cold-rolling (nickel) to thickness reductions afd/d,  for temperatures higher tharEly since we have seen
given in Table Il. The same sample pair was then sucin Sections 5.1.1 and 5.1.2 that dislocations and va-
cessively annealed under vacuum at each temperatug@ncy cluster are not likely to exist at such high tem-
for 30 min and then cooled to room temperature agairPeratures. Below = 0.25Ty the grain sizes estimated
for performing the lifetime measurement. by positron results could be too small due to the pos-

To figure out the influence of defects induced bysibly existing vacancy clusters. Analysis of the POLIS
pressing the powder, nickel reduction powder has beefipectra reveals that there should be defect-free areas in
compacted with successively increasing pressure (inthe powder particles, since the decomposition gives, be-
cluding the uncompacted powder) [3]. This did notsides signals for dislocations and vacancy cluster/grain
make any sense for the copper powder, since, due tgoundaries, the bulk lifetime. Perhaps there is no ho-

complete trapping even the uncompacted stage, no Sign_ogenepus distr!bution ofdislqcations in sybgrains, ie.
nificant changes were visible. dislocations are incorporated into subgrain walls. An-

other possibility is the existence of defect-free grains
besides grains containing dislocations.

m, which will be important in explaining the

5. Results

In this section we will present results of different meth-

ods used to characterize the micro-structure of the sanb. 1. 1. Electron irradiation

ples [1-3]. Itis necessary to use other methods togetheZonsidering the low temperature region, i.e. from 90 K
with positron lifetime spectroscopy since, as mentionedo 0.25Ty, the electron irradiated high purity samples
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Figure 4 Annealing of 2 MeV electron irradiated sintered sample (cop- (a)
per): The irradiation dose was510'® cm~2. The figure gives the aver-
- . Temperature [°C]
age lifetime (upper part), the decomposition of the spectra, and a compai
ison between measured and calculated reduced bulk lifetime (lower part)a. 4gg -1 '00 ? 1?0 2?0 S00 400 500
Vacancies become mobile at about 220 K. Thereafter vacancy clusterin Change of Measurement
160 Temperature: 90K --> 300K

is observed.
140

120

show a single one-component spectrum ((£AM5) 100

ps for 4N7 copper and (1680.5) ps for 5N nickel).

This lifetime can be attributed to monovacancies in
the all samples (cf. Section 4.2). In the extra de- -
formed and well annealed sintered samples there i— 169
a two component spectrum after irradiation. The sec-— ¢ g
ond lifetime of (170t 1) ps for copper and (168 1)
ps for nickel should be due to monovacancies as welg 4
(cf. Figs 4 and 5). For all cases it has been confirmed by=
MELT (cf. [24] and references therein) that this signal &
is really one single defect-related lifetime, leading to a< 80

240

200

fetime [ps] Av. Lifetime [ps]

(L

sity

0.0

sharp peak. ?‘—5) 40 o
Coppet Considering copper we can see from Fig. 4§ & Tl

that in the temperature range form 100 to 220 K R

monovacancies have a density of approximately 8 Fomperature {K] —o— 1%

104 per atom, if assuming a trapping coefficient of

wy = 1.35x 10 s~1 [28]. At slightly higher tempera- (b)

ture (T =220 K) monovacanciesin pure copper are, due

. . Figure 5 Recovery of 2 MeV electron-irradiated nickel bulk-samples of
to a vacancy migration enthalpy of @@+ 0.04) eV, purity 5N (manufactured by Goodfellow) (a) and intered nickel reduction

known to become mobile (cf. [43’_ 50] for ex_peri— powder samples (b). The samples were thickness reduced by cold-rolling
mental results and [51] for theoretical calculations).(aboutAd/dy =0.5) and then annealed at 108D for 2 h prior to ir-

Mobile monovacancies are apparently forming va-radiation (measurement gave bulk lifetime). The vacancy density in the
cancy clusters, indicated by another defect-related life@s-irradiated state is above<8L0~4 for (a) and slightly lower for (b).

time of t3 = (2554 10) ps (average from a free three-

component decomposition in the temperature range

251-370 K—see Fig. 4). This positron lifetime is indi- detectable for positrons. This results are in good agree-
cating a cluster size of 5—6 vacancies. This is in agreement with [14, 15].

ment with Huang scattering of X-rays indicating in  Nickel As can be seen from Fig. 5, atabout 270 K the
stage Il (300 K) a cluster size of about 5-10 vacan-decrease of average lifetime and defect-related inten-
cies [52, 53] (for further details cf. [16]). At about 393 sity indicate starting vacancy migration. The change in
K (120°C) the vacancy-cluster signal is vanishing, andthe positron lifetime related to defects at 320 K (pure
hence, indicating that the vacancy cluster density dropsaickel), respectively at 380 K (sintered nickel), from
below 4 x 10~ per atom and this defect is no more 168— 157 ps could indicate that dislocation loops are
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formed while no clustering is observed (see Fig. 5). Va- 180 e
cancy clustering is observed at slightly higher temper- T
atures (470 K) where we see an increase in the averag -
lifetime while the defect lifetime takes a value typical "0 [ %52 ™ "\70e
for vacancy clusters. Vacancy clustering in the temper 120 - T
ature range 200-30@ has been seen after cold-rolling .,
due to the influence of impurities [49], but this is ques-& 2%
tionable here, since we did not observe clustering in the@ 240
annealing experiment after cold-rolling performed with £ 200
the same material used for the irradiation experimentS
(cf. Section 5.1.2).

Considering the temperature range between 300 an;é
500 K, the deviations from the trapping model (seeg .,
Fig. 5) could be caused by two lifetime components for
vacancies and dislocations which cannot be resolve 0.0
and hence lead to a too high (cf. the discussion in e

g =
[27). -
g oo
N

LI N L L L L B

100

[sd] sewney] obelony

110-150°C:
one component spectra

0.8

-

—=- [_ wo] Amsuaq uonesolsig

After quenching from high temperature it has been,
observed with electrical resistometry that vacancy mi-= .
gration starts at about’® [54, 55]. A vacancy migra- R S T T
tion enthalpy of (12+0.2) eV, a vacancy formation Temperature [°C]
enthalpy of (18+0.2) eV, and an entropy factor of

0.45 kg is given by the authors. This values are in goodFigure 6 Plastically deformedAd/dy = 0.79) pure 4N7 copper (Thick-
ness reduction by pressing). The samples were annealed at each temper-

_agreement Wlth, D(_)ppler-broadenlng data on VacanC|ez§ture point for 30 min under vacuum and subsequently measured at RT.
in thermal equilibrium [56]. The dislocation density drops from8 x 1019 (20-150°C) to 3x 10
cm~2 (250°C). The inset gives the changes of the average lifetime with
increasing degree of deformatiayd /do.

S Tcalc
1

5.1.2. Plastic deformation
Two types of defects are certainly generated by plas-
tic deformation: dislocations and monovacancies dueancy clusters (210-300 ps) are very close for smaller
to dislocation intersection and jog-dragging [57]. Fromclusters, it is difficult to decompose those spectra—
fatigue experiments it is known that micro-voids areespecially if the corresponding cluster intensity is very
observed giving positron lifetimes of (33030) ps. small and both lifetimes differ by less than 50-60 ps
The movement of jogged screw dislocations is likely(see Figs 6 and 7).
to create vacancies. The jog-generated vacancies areOld investigations gave a positron lifetime in disloca-
closely spatially associated with the dislocation jogtions after plastic deformation in pure copper of about
which generated them, and they have a tendency td76 ps [27]. This lifetime could be slightly too high
cluster [13, 58]. because a separation of probably existing vacancy clus-
Copper Samples of pure compact copper (annealeders is not included. Considering 50% deformed pure
at 1050 C for 3 h) and of samples sintered several hour{5N8) bulk copper in the literature there is reported a
at the sintering temperature (900) were investigated first annealing stage slightly above 1@and a second
cf. [1]. The temperature treatment for sintered samplebetween 200 and 25C [59]. But the multi-component
was chosen so that no changes concerning the shrinkagpectra were apparently not decomposed accurately. A
were observed any more. similar behavior is observed by the analysis of the S
Vacancies in copper are mobile even below roomparameter during annealing of 50% cold-rolled pure
temperature and hence are likely to form clustersopper. The shape factor slightly decreases up t6250
which can be detected after deformation. But since thavhile no changesinthe hardness are observed. Between
positron lifetimes for dislocations (170 ps) and for va- 250 and 300C shape factor and hardness decrease

TABLE IIl Positron data for copper determined in this work and according to the given references. The lifetimes for vacancies were determined
in thermal equilibrium at 1110 K (th.) and after irradiation at 77 K (irr.), the one related to dislocations after cold-rolling. The lifetimeioakufat
not otherwise cited, used the atomic super-position [9], while the surface lifetimes are taken from [30, 32]

Schafer/Hinode Hehenkamp [43, 28] Literature [44—-46] Saoucha [44] This work Theory
7 (PS) 110 [35] 1142 103-110 11%2 112+2 109 [16]
v (ps) (th.) 155 [35] 15& 15 — — —
7y (ps) (irr.) 179 [35] — — — 1706t1 170 [16]
Tdist (PS) 176+ 6 [27] — — — 170+ 2 —
el (PS) — — — — 220-350 220-450
Tsurf (PS) — — — — 500-600 450-600
uy (s7h 1.3 x 10M — — — —
11dis (CM2) — (11+0.2) — — —

[48, 49]
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180 : 180 2 We_ calcu!ated, ac_cprding to the tra_lpping model (9),

r < the dislocation densities using Equations 7 and 5 (trap-
160 160 & . -

L 2 ® ping coefficient from Table Ill) and the reduced bulk
140~ 140 % lifetime 73 (3). We compared the latter to the mea-
120 [20-100°C: tifetime 120 3 sured one. For smaller degrees of deformation we found

. [Eleslaries - = a sufficient coincidence (cf. Fig. 7(a)). When recrystal-
& 280 i & lization is starting, the deviations between calculated
® 240 and measured indicate that the dislocation density is
£ 200 L 9 notuniformly reducedinthe material (discontinuousre-
j,':’ L g crystallization [41]). Hence, we measure during anneal-
169 £  ingin strongly deformed materials (saturated trapping
@ 08 = directly after deformation) a reduced bulk lifetime iden-
-,‘Z‘, ] tical to the bulk lifetimer; ~ 1, when recrystallization
g o £ is starting. The bulk lifetime component results from
B o0 g positrons annihilating in totally recrystallized grains,
7 120 —%  while other grains with slightly lower dislocation den-
g Eh sity have not recrystallized yet (cf. the discussion in
é 50 [26], Figs 6 and 7).
= 40 While the cluster signal is vanishing at about 220
& 1 ; the dislocation signal is—dependent on the degree of
e 100 200 300 200 deformation—vanishing between 250 and 360 In-
Temperature [°C] dependent on the way of deformation, all samples show
(a) at 400°C nearly bulk lifetime again (see Figs 6 and 7).
> This indicates that all defects detectable with positron
T e & Iife';ime spectroscopy have annealed out, i.e. the dislo-
el 18op 1,60 &  cationdensity is smaller than abouk2.0° cm~2 and
20-110°C: lifetime | g. the vacancy cluster density is belowk2.0~8. Hence,
T e, Uxediat 17008 04 awa) % &  recrystallization is complete.
1201 DA ¥ 11208k s B oo q120 3 Qualitatively the same is observed for the prior to de-
T 2s0l i = formation totally annealed sintered samples. The only
&7 l\l/‘\l/} Tea-1507 | ~  apparent difference is that the annealing starts earlier
g 240 oo ComponeT sper® il considering the same degree of deformation (cf. Fig. 7)
£ - 9 . : . e o)
% 200 — 2 One possible explanation will be given in Section 6.
T go N E e SEw T =170ps|] 0 Nickel. Pure nickel (Results provided by Somieski
w 08' 10" § [60]) as well as sintered samples were deformed by
2 - 10° & cold rolling (cf. Figs 8 and 9). The dislocation densities
= L . o
c (7]
o 04 g =
£ 10 <
E L = >
0.0 8 180 I I T T - 180 cj
7 120 i 160 - 160 (;5;
b [1] 140 [+|20-130°C: lifetime 140
% 80 120 H{*» fixed at 158ps 120 ©
£ 2
£ 40 100 [EEE 7, = 103ps|- Bgrocoococoas 100 3
4 0nulu..l....t..:.I....l...;l....].. g240_— B E
0 100 200 300 'g 'Ii {\Ll 1
o, calc 200 N
Temperature [°C] —— T £ [ ] -
= =
(b) ‘i—._j 160 =SS = ‘i“’.‘H'ta.sﬁ158pS g
- J10" §
Figure 7 CopperPlastically deformedAd/do=0.25(a)and 0.66 (b)) § 08 o g
sintered samples (90C 12 h); thickness reduction by pressing: Va- é r 170-350°C: 1o 2
cancy clusters anneal at about 2@ Thereafter complete trappinginto & 0.4 ons.componeant specira d10? %’.
dislocations (single component spectrum) is observed for larger degree= -_.“\A.\‘ =
of deformation (b). The lower part shows a comparison to the trapping 0.0 = J10° 3’,\}
modelrl2k is calculated according to a two-component fit (a). The sam- 'g T T, = 103pSE Mg dormonsoszay =
ples were annealed at each temperature point for 30 min under vacuun = 80— - EIJ
The dislocation density drops froml x 101! (20-220°C (a) respec- g r o
tively 150°C (b)) to 3x 10° cm2 (at 310°C for (a) and (b)). Theinset £ 40~ 12 |2
in (b) gives the changes of the average lifetime with increasing degre€=5 I . . . | | 33
i 0 —— 1
of deforma“onAd/do' 0 100 200 300 400 500 ;a‘c
Temperature [°C] =1

simultaneously (cf. [13] and references therein). The
three-component analysis of our lifetime spectrais in-

Figure 8 Nickel of purity 5N annealed at 100C€ for 2 h: Then cold
rolled to a thickness reduction afd /dy = 0.5 and annealed for 30 min at

dicating dislocations and vacancy ClU.SterS as g'en(?rateéach temperature @ x 10 counts per spectrum). The dislocation den-
defects. The result for the bulk copperis shown in Fig. 6 sity drops from>10* cm~2 (20-350°C) below 3x 108 cm2 (420°C).
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authors find prismatic loops by TEM and speculate on
their formation by collapsing vacancy clusters [54].
Between 220 and 34@ we observe for high de-
grees of deformation complete trapping of positrons
into dislocations, meaning that the dislocation density
is above 6x 10'° cm~2 (cf. Figs 8 and 9). The dislo-
cation signal remains exclusively until 500 where
its density drops below 2 10 cm~2, indicating that
recrystallization is complete. In the case of pure nickel
the spectra were measured with only 1.5 million counts
per spectrum which could lead to decomposition prob-

180 ! | L 180
- 160

20-180°C: lifetime —140
LT, fixed at 157ps 120

100 B Tb:103p5-- il === - 100

[sd] swnay] abelony

Lifetimes [ps]
N )

Q 5

o) 1)

v — ]
Ly 1

|
o
] AliIsua@ uoneoo|siq

a 08 3 - -y . . . -
% i T 410 lems for smaller intensities [17]. This is indicated by
§ 04 e GamBOREAt Spesta J40° the larger temperature range for asing]e component fit.
£ '\‘\. . T To see the effect of smaller deformation rates on the
_ o0 NN 1 gy ore * -19 3. annealing kinetics and to check the trapping model we
g ool i 17 qﬂ deformed a sintered sample only 9% (cf. Fig. 10). As
2 i - in the case of larger deformation, vacancy cluster an-
% 40+ -l nealing occurs at the same temperature, while we do
5 [ 1 | 1 | | IS Ia
——
0 100 200 300 400 500 1
Temperature [°C] —o— 1 160 I 160 »
3 & @
' . . ) 140|- 140 8
Figure 9 Pressed and sintered samples of nickel reduction powder H[20-220°C: litetime g [
(1200°C for 4 h): Then cold rolled to a thickness reduction of 120 ¢ fixed to 157ps —120 E
Ad/do=0.36 and annealed for 30 min at each temperatui@ 6.0 e = 108ps|---2_] 2
. . ) 1 a2 100 = b 5100 3
counts per spectrum). The dislocation density drops fsat! cm )
(20-340°C) below 3x 108 cm=2 (450°C). =

Lifetimes [ps]

given are calculated according to the trapping mode
(cf. Section 2) with the trapping coefficient given in
Table IV. From the annealing curve we can see that
vacancy clusters already present in the as-deformei
state start to anneal just above room temperature an;é’_)
vanish at about 22TC, i.e. are no more visible with =
positrons—meaning that their intensity has dropped
below 2x 1078 (cf. Section 2). The annealing stage

] Alisuag uoneooisia

[_wo
"

[72)

Q
between 100 and 20@C has been observed previ- § % -1
ously with electrical resistivity measurement [61] and £ 40 ol
in positron studies on the annealing of the cold-worked= —A— |
state in pure nickel. The effect was seen in the aver- o 2:)0 42,0 6(')0 T,
age lifetime [13, 49] or in the peak-counting rate [48]. Temperature [°C] g

Since no change in hardness is observed in that stage
[13], it was attributed to the migration of point defects Figure 10 Pressed and sintered samples of nickel reduction powder an-
(non-equilibrium vacancies) because recrystallizatiomealed at 1200C for 4 h then cold rolled to a thickness reduction of
of 90% cold-rolled pure (5N8) nickel is observed at Ad/do=0.09 and annealed for 30 min at each temperature. In the lower
about 300C [49, 61]. But a multi-component analy— part of the figure a comparison between m(_eas_ured_ an_d, according to

. f itron lifetime data was not discussed. Thi the trapping model, calculated reduced bulk lifetime is given. Vacancy-
SIs 0 POS . ’ o Sluster annealing is observed slightly above 200 The dislocation
annealing stage is observed after quenching with eleGtensity drops from about Bcm~2 (20-440°C) below 3x 108 cm2
trical resistivity as well. After annealing at 20Q the  (700°C).

TABLE 1V Positron lifetime data for nickel according to the cited literature in comparison to our work. The lifetimes for vacgnoie®
determined in thermal equilibrium at 1500 K (th.) and after irradiation at 90 K (irr.), the one related to dislocations after cold-rolling. Ttwe positr
lifetime in vacancy cluster is depending on their size, while the surface lifetirgg; is generic (theoretical values taken from [30, 32])

Schafer [35] Dlubek [48, 49] Saoucha [47] This work Theory
7, (pS) 94 110 10%2 102+2 100 [33]
7y (ps) (th.) 142 — — — 180 [9]
7y (ps) (irr.) — — — 168+ 2 180 [9]
disl (PS) — 150 — 1542 —
el (PS) — 200-450 — 220-350 200-450 [9]
Tsurt (PS) — — — 500-600 450-600
wy (571 1.5 x 10 — — — —
Ldis (€M) — 11+02 — — —
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not have complete trapping into defects. The trappin : o 200 400 600 8000 25

model analysis indicates deviations for the temperatul,’, 512 | 3 g 180
range where recrystallization is starting. This is appal g - SR 1 8
ently due to an inhomogeneous distribution of recrysR %[ % 2 AX 160 &
o, | E‘ = L v | @

tallized grains (cf. discussion in Part | [1]). The risew g4l & 1| @7 &
of the second lifetime to the end of recrystallizatiorg ~ + & |— ¢ M0
is probably due to a fine grained structure (grain size% [ £ 0|---- £ 7 o=
. =) F B [eerees y —1 o

smaller than 1%:m) and hence capture of positrons alg 41 & -4 T~ r,= 11208 _______ | e

grain boundaries when the defect density in the grai €
interior has been reduced (cf. Section 3). @

Lifetimes [ps]

5.1.3. Fine-grained and porous samples
Investigating porous and fine-grained samples the mo

important observations in the analysis of the positro 05
lifetime spectra are: (i) There have been detected . 2 gg
least three different defect-related positron lifetimes S oo
i.e. three different types of defects. (ii) Even in the = o1

uncompressed powder a vacancy-cluster-like sign 0.0

. o] 200 400 600 800 O 25
(250-300 ps) (vacancy clusters in the volume or larg Temperature [°C] Time [min]
angle grain boundaries) and a positron lifetime at su
faces (about 550 ps) is found. In electrolytic coppe (a)
as well as in tungsten powders a dislocation signal h: 180 e
been measured additionalke 160 respectively 153 ps) 160
(dislocations or small angle grain boundaries) [1, 2].

Pressing powders to compacts, there should o
cur dislocation glide and dislocation intersection in  *2°[_____________________.______] 120
the samples due to the deformation. Hence, by jog :
dragging generated monovacancies could form vacan
clusters since they are mobile at room temperature (c
chapter 7.3 of [57]). See also the investigation on the
in [3,16].

Copper electrolytic powdefhe compacts of copper
electrolytic powder, sintered to a certain stage, sho
the following features give in Fig. 13(a): From 300D
the positron lifetime signal gives only two main com-
ponents: one which is nearly the bulk lifetime and the
other one looks like a positron lifetime in vacancy clus:
ters, i.e. about 300 ps. The positron lifetime related t
trapping atinner surfaces could not be resolved becau
of insufficient statistics. o R A T T

Nickel reduction powdeiVe see from Fig. 11 above ) 200 400 600 800
400°C dislocation annealing, indicating recrystalliza- Temperature [°C] T,
tion. The diffusions length of positrons increases, du (b)
to the decreased defect density, and we observe from
400°C on a lifetime component related to positron trap-Figure 11 Compacts of copper electrolytic powder pressed (300 MPa)
ping at surfaces, i.e. some positrons reach the pores ama green density ofg =0.78 09 and sintered with a heating rate of
their diffusion path. The increasing intenslty proba- 10 T/mifg(ﬁo% 10° counts per Sfpe“r“mf lFOtr Cloth‘Pa”S‘;” Oth_*;fe o
bly, has the same reason, i.e. the diffusion to the bound il & C2e T 2 1 imin to the given temperature (filed
ariesis made easier for positrons. At about 70When symbols) and same sample pair heat treated at each temperature point
the sintering process is starting, besides a surface lifgor 30 min (open symbols). Measurement temperature was always RT.
time with a very small intensity, only two components Part (a) shows shrinkage and shrinkage rate as observed with 10 K/min

are foundr; ~ T andrg ~ Ty The intensityg is sIowa and a two-component decomposition while in part (b) we performed a

- - : - .1 four-component decomposition of the lifetime spectra for the samples
decreasmg with further increasing temperature Wh”%eattreated 30 min at each temperature. Filled symbois(toyindicate

sintering Is Sta_-rtmg’ '-e-_ th_e _Shr_mkage rate nses_ frthe deviations arising from a two-component fit. The dislocation density
zero. Decreasing porosity is indicated by the vanishingirops from about & 10** at 100°C below 5x 108 Cu~2 at 340°C.

surface lifetime at 100€C.

180

160

140 140

[sd] swnesyr sbesony

Lifetimes [ps]

Intensities

80

40

Lifetime [ps]

the powder production process. We choose a temper-
5.1.4. The annealing behavior ature range up to 0.7y, since at temperatures higher
of uncompressed powder than the re-crystallization temperature sintering is start-
By investigating the annealing of uncompressed powing and the powder begins to solidify and, hence, it will
der we examined the thermal stability of defects due tde difficult to measurpowder
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! 014 § 400 - 900°C: lifetime}—————— 180 > TABLE \ Uncompacted nickel_ reduction powder: fraction of
' izl 1, fixed at 550ps /J_ ] positrons reaching the powder particle surfaggs and trapped at the
£ o010k 4 160 § grain boundariegcg estimated from lifetime analysis. The values for

% oosl X 3l R \ C powder-particle sizé p and grain sizek g are estimated with the help of
= oosl ® - 7 K 140 &  the MC simulation of the positron diffusion. The powder was annealed
';j _——s % 2r | 2; " " 3 for 30 min at the given temperature
@ X 1 s ! . . T
T 0.02 S5E g - L 120 3 . - = =
& o.00f = o g 2 T(C) st ke (1PsY)  Lp(um) nee  Le (um)
g R CARERSE Irbzmaps ‘‘‘‘‘‘‘ 2100 +
E 20 0.061 5.82 $+20 018 17405
& g 4001 “,/“ 20 100 0.063 7.50 ®+15 021 13£05

5 300 [~ W {300 200 0.044 4.93 ®+20 017 18405

E 300 0.054 5.71 £+20 017 18405

ol D S t = 157ps].--- =200 400 0.063 4.80 5+20 0.16 19+05

T 00 %M 66 500 0.050 4.72 &£+20 0.16 19+05

600

R 006 3 Average — — 4410 — 17+0.3

2 2

-g 0.04 %

£ 0.02 b‘f TABLE VI Uncompacted copper electrolytic powder: X-ray domain

size D and dislocation densitieNgis estimated from X-ray line-profile
o 500 1000 0 et analysis as well as dislocation densitlgs, powder-particle sizé.p,
Temperature [°C] Time [min] and grain sized ¢ estimated from POLIS data for uncompacted cop-

B per electrolytic powder heated with a rate of 3 K/min up to the given
Figure 12 Compacts of Nickel Reduction Powdér{=24um)pressed  temperature
to a green densityg =0.78 00 and sintered with a heating rate of 10

K/min (6.0 x 10° counts per spectrum): The figures show shrinkage and X-ray diffraction POLIS
shrinkage rate together with the average lifetime (upper part) and a de-
composition of the lifetime spectra (lower part). We fixed an apparently Naisi Nis|

Tem2) L O 1 om-2
existing surface lifetime to a plausible value of 550 ps. The dislocation! ("C) D (xm) (10t em?)  Lp(um) Le(um) (10%cm?)
density drops from-10' cm~2 below 3x 108 cm~2 between 300 and

500°C. 20 =05  133+013 — <07 05402
200 >05  119+018 6+3  ~1 024005
300  >05 04401 442  ~13 <001
400  >05  <0.05 52  ~15 <0003

The analysis of the defects detected shows, as given
in Fig. 12, that even some powders, as produced, lead

to nearly saturated trapping of the positrons, as for thgj, a5 according to Section 3. The results for copper and
copper powder., or indicate at least _h_|gh defect qenhickel are given in Table V and Table VI. So, under the
sities, as for nickel. The decomposition of the life- assumption of nearly spherical shape, for nickel the av-

time spectra reveals at least four different Ilfetlmeserage powder-particle size can be estimated torbe

which can be attributed to positron trapping at surface(4 1+1.0) ; : .
N : ! °° .14 1.0) um while we obtain for the average grain
states {eur~ 550 ps), at grain boundariesgg ~ 250—  gj;o - —(1.7+0.3) um in the as-produced state. This

300 ps), and at dislocations (only copper with 160 ps) bl | ding to SEM pict 3
while nickel leads ta; = 110-120 ps. Since for nickel are reasonabie values aceoraing to pictures [3].

the measured lifetime is slightly higher than we would
expect from undisturbed parts of the crystalj£ 103  5.1.5. Comparison of different
ps), we could suspect that the detected lifetime is a rates of heating up
mixture of 7, with a dislocation lifetime. But the dis- In this section we compare the positron lifetime data
location lifetime cannot be separated due to a veryrom compacts of copper electrolytic powder heated up
small corresponding intensity, i.e. low dislocation den-with a rate of 10 K/min and similar samples held at each
sity. There is a reduced bulk lifetimg with a very  temperature 30 min in the furnace. From Fig. 13 one
small intensity and, hence, one cannot determine angan see that the temperature dependence of the average
defect densities accurately—but only give alower limit. lifetime shows no clear difference to a heating rate of
This will be done in Section 5.2 in comparison to X- 10 K/min. But there is a difference to a heating rate of
ray diffraction results for copper. The surface compo-50 K/min [1], meaning that during cooling the sample
nent is due to positrons reaching the surface of powthe temperature-induced processes evolve further.
der particles. Their corresponding intensity increases Hence, we can compare the shrinkage monitored
slightly when the traps inside are annealed out partlyin-situand, e.g. POLIS and metallographic data deter-
Vacancy-cluster-like signals are detected even at 0.fined from quickly cooled samples (interrupted sinter-
Tm and higher temperatures. Considering copper anihg) only if keeping in mind that in the latter case the
looking at the lifetimer, we realize that it changes by processes have evolved further during cooling. From
heat treatment from a positron lifetime in dislocationsFig. 13(b) we realize again that the positron lifetime at
of about 160 ps to the bulk lifetime. This is indicat- dislocations £170 ps) is persistent only up to about
ing dislocation annealing and subsequently defect-fre800°C. This lifetime component vanishes then. Due to
interior of the grains. the lower defect density and hence an increased diffu-
We can estimate, together with the results from thesion length, we can observe a surface lifetins®%0 ps)
Monte-Carlo simulation of the positron diffusion, from which vanishes at about 56Q, i.e. when sintering is
the lifetime data averages for powder-particle and grairstarting (increasing shrinkage rate).
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cerning irradiation- and deformation-induced defects

and then, in view of these results, consider the conse-
quences of the defect analysis for the fine-grained and
porous samples. In Section 6.2 we will give a new anal-

ysis of former measured data while Section 6.1 contains
the analysis of data from recent work.

> bles include POLIS results, estimated according to Sec-
180 % tions 2 and 3:
160 ,‘8; For the pressed and sintered samples, the results are
140 g given in Table VII. They show an increasing grain size
120 3 with temperature. Where they can be determined quite
- &l certain, the dislocation densities determined by X-ray
% - diffraction and POLIS differ by a factor of roughly 5.
g There could be a difference in POLIS sensitivity for
g dislocations in the volume and those arranged in sub-
- ! ! _ boundaries.
.;: o8l -o.08 é
w
3‘% oal HRN Joos 2 6. Discussion o _ o
g Fr yﬁ N :{7 In this section we will discuss the investigations con-
— oobT — — ¥ -0.00

-
[ 2
(=)

[4)]
(=]

Lifetimes [ps]
=
o

[=]

6.1. Annealing of defects after deformation
and irradiation

7 180 | | T | T T T80 2
Emo-'——’\k”'.\o\_.\. 160 § 6.1.1. Electron irradiation
3 140 140 © After low-temperature electron irradiation and subse-
'i 120 H120 & guent annealing up to 220 K for copper, respectively
< 3 270 K for nickel, where monovacancies become mo-
2 2 bile (0.16Ty), vacancy clusters are formed in the cop-
é per samples, as discussed in Section 5.1.1. No cluster-
3 ing is detected in nickel. The clusters anneal at about
- - 383 K (110°C or 0.28Ty) for copper. Nevertheless, a
3 g vacancy-like signal#; ~ 174 ps) seems to stay up to
i g 700 K. This is perhaps due to the formation of pris-
| < matic dislocation loops by collapsing vacancy clusters.

ook Jo.00 Y In presence of excess vacancies the dislocation loops
g 120 -_._f—-—-——u———lﬂ!spsﬂ are likely to grow by positive climb due to capture of
2 sot- . 1 vacancies (cf. chapter 3.7 of [57]). If a vacancy sink
-% wh 1 1 : 1 T -l is in the vicinity, the loops will emit vacancies and
5 It 11T 1 |5k shrink by negative climb. In the nickel samples, cluster-

o 100 200 T;‘:geratﬁoloq 500 800 : :2 L ing is detected_ at higher temperatures, where impurity-
: related clustering has been seen before [48]. ArE50

(b) respective 700C, we measured bulk lifetime of cop-
per, respectively nickel, again, indicating that the de-
Figure 13 Annealing behavior in uncompressed copper electrolytic (8)fect densities are below the limits given in Section 2

and nickel reduction (b) powder. The copper powder was heated with - P
rate of 3 K/min up to the indicated temperature, while the nickel powderefor temperatures hlgher than than the recrystalllzatlon

was annealed at the given temperature for 30 min in a furnace undet'emperatur_é-M =0.4Twu. o
vacuum. The average lifetime is decreasing only slightly even though The obtained defect-related lifetime value for mono-

we passed the recrystallization temperatiig# 0.4 Tu). The muli-  vacancies in copper and nickel are in good agreement
component analysis reveals a surface component for both powders bWith calculations givingrv =170 ps for copper and

sides avacancy-c!uster-l_lke I|_fet|_me and fo_r electroly_tlc pOV\_/der! at_lowgrtv —167 ps for nickel. For the bulk lifetime one obtains
temperatures, a dislocation lifetime. Possibly, the dislocation lifetime is

not resolved for nickel powder. The lifetime spectra were measured withth = 109and 97 ps, respectively. Inthese calculation the
15 x 1C° counts per spectrum. superimposed atom model by Puska and Nieminen [9]
had been used, but here with very large supercells, i.e.
256 atoms. We cannot tell why we do not observe sat-
urated trapping for the sintered sample, being exposed

5.2. TEM and X-ray line-profile analysis to the same irradiation dose as compact material
Copper electrolytic samples, previously measured by P '

POLIS (heating rate 50 K/min), were investigated with
TEM, and the results are published in[42]. Adiscussion6. 1.2. Plastic deformation of high
connected to fine-grained samples is also given in [1]. purity bulk samples

The line broadening of X-ray diffraction peaks hasIn all deformed samples (copper or nickel) one
been discussed in [1, 2]. The following data (Tables Vfinds generically defect-related positron lifetimes cor-
VII) are obtained for uncompacted powder. The ta-responding to capture at dislocations and vacancy
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TABLE VII Compacts of copper electrolytic powdep (= 50 K/min): X-ray domain sizé and dislocation densitielgis| estimated from X-ray
line-profile analysis as well as grain sizeg and dislocation densitieNgis) 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 werkdfbcaiiy? (400-900°C)

X-ray diffraction POLIS
Metallography TEM
T(°C) D (um) Naist (101 cm™2) L (um) L& (zum) Lo (um) Naisi (101 cm™2)
20 029+0.15 23+03 <24 — <15 >0.8
200 — — — — <17 >0.5
300 >0.5 0.61+0.2 — — <18 0.15+0.05
400 — — — ~2 <20 0.038+0.02
600 >0.5 <0.05 <24 ~3 ~2.2 <0.002
800 — — — ~ ~3 <0.002
900 >0.5 <0.05 31+10 ~8 ~4 <0.002
30 min >0.5 <0.05 54+15 ~10 ~6 <0.002

clusters. While the cluster signal is vanishing at aboutdensity or heating rate, a coincidence between decreas-
0.29 Ty (120°C for copper and 220C for nickel), ing average lifetimer ‘and intensive shrinkage stage
which is the same homologous temperature whersvas observed (cf. Fig. 14). These works revealed un-
clusters anneal after electron irradiation in copperusual high values for the average lifetime, i.e. 20-30 ps
the dislocation signal is—dependent on the degree dfigher than after massive plastic deformation (complete
deformation—vanishing at0.4 Ty (between 250 and trapping), after e.g. 50% cold-rolling. Additionally an
350°C for copper and between 350 and 6@for increase of the average lifetime at aboutT, was no-
nickel). At 0.5Ty (400°C for copper and 700C for  ticed, which seems to be contrary to the here presented
nickel) all the samples show nearly the bulk lifetime work. Hence, we discuss the differences between the
again—independent of the degree and type of deforused powders and give a new decomposition of the for-
mation. This is clearly indicating that all defects de- mer measured spectra. Since these features are generic
tectable with positron lifetime spectroscopy have re-for the earlier works the material (Cu or Ni) is irrelevant
covered. The defect densities have dropped below thfor general trends. All earlier works used one and the
sensitivity limits of positron annihilation (cf. Section 2). same nickel reduction powder and one and the same
copper electrolytic powder [62—65]. Since the powder-
particles have a sponge-like morphology [65], the effec-
tive powder-particle size scanned by positrons is much
smaller than the powder-particle size given, e.g. in [65].
In Fig. 14 a new decomposition of former mea-
sured spectra is given. As an example we took spectra
)jrom [65], which are the most recent data (the spec-
trometer in-use was the same as nowadays). A free
ree-component fit leads to average surface lifetimes
f Tsurf= (5854 40) ps for copper andsys= (528+
0) ps for nickel. Hence, it is justified to fix this life-

6.1.3. Plastic deformation

of sintered samples
For the prior to deformation totally annealed sintered
samples (12 hat 90 for copperad 4 hatl200°C for
nickel) qualitatively the same is observed. But recover
and recrystallization take place at lower temperature
considering the same degree of deformation, in thes
less pure samples. This, on the first glance astonishin

fact, can be explained by the small grain sizes. Fron%. . . C
S : .—_time in the analysis at, =550 ps which is in accor-
metallographic pictures and from the MC simulation dance with expgrim:rtéal 30 p31] and theoretical re-

of the positron diffusion we can estimate the average . [32, 33]. For temperatures belowt Ty, there are

grain size to be about 15m. This is due fo the fact dications that a dislocation lifetime is present, but it
that POLIS detected in nearly all these samples a smalf’ . present,
annot be reliably resolved due to poor statistics of the

vacancy cluster component after annealing and beforg d
deformation. We know from the annealing of electronMcasure spectra. . . o .
irradiated samples that vacancy clusters anneal out at The older Investigations using positron lifetime in
about 028Ty. Hence, the detected cluster-like signal s_lntgr samples [62-65] did not res_olve more than two
can only stem from large angle grain boundaries. Af_Ilfet|me components, even though it was suspected that

ter deformation and during annealing they are actin thoenclelaetgmlﬁe?]pc?t':r?edgofnoq:a?:ir: n;(f)rti;hsneg\:g ﬁ\ Omé
as vacancy sources and sinks. Hence, they are enha carl sté es, i.e ’before anp shri{lka eis r?oticed could
ing the diffusion controlled recovery and recrystalliza- not )t;e re%liz'e('j énd the Iifegme anal?/sis stayed iﬁcom-
tion processes. Usually recovery and recrystallization lete due to a not well developed understanding of the

should occur earlier in the compact samples with highefgmal sis of multi-component spectra (especially with
purity—considering comparable grain sizes. y P P P y

three or more different components [17]). Evenin later
stages the spectra are more complex than analyzed in
the early works. Hence, the lifetime analysis gave false
6.2. Re-interpretation of former results information in so far that no evidence for the existence
In earlier studies on the sintering process using positroof a surface lifetime was found. A surface lifetime is
lifetime spectroscopy [62—65], independent of greerindicating a very small effective powder particle size
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Figure 14 Copper electrolytic (a) and Nickel reduction powder (b) with
an average powder-particle size bp =10 um: The samples were
pressed to a green densitygf= 0.65 pg and then sintered with a heat-
ing rate ofva =200 K/min. Shown is the shrinkageand the shrinkage
ratee together with the average lifetime(upper part). In the lower part
a decomposition of the lifetime spectra is given0(% 10° counts per
spectrum).

1000 10 20
Time [min]

(below 15um), i.e. positrons reaching pore surfaces.
Nevertheless, the principle form of thecurves does
not change.

Concerning the dominant lifetime of about 250 ps

it was overlooked that vacancy clusters as generate

during partly annealing after low-temperature electro
irradiation or quenching are stable only up to 0.25-0.3
Twm. Hence, it is unlikely that those lifetimes, observed
even at sintering temperature (0.8—0,9), should be

TABLE VIII Av erage grain sizé g and effective powder particle
size Lgﬁ estimated from SEM pictures and positron data for copper
electrolytic powder (former results: different powder morphology)

POLIS
SEM -
T(°C) T/Tw &%) Lom) Le(um) L§"(um)
20 0.216 0.0 ®05
495 0.566 0.0 — 1+03 50+£2
613 0.653 0.0 — r+04 55+2
678 0.701 0.0 — b+04 6.0+2
786 0.781 1.0 31 21+04 6.5+2
897 0.863 2.0 — D+05 70+£2
991 0.932 4.6 41 35+1.0 85+2
1000 5 min 0.939 11.0 125 zL‘Eff 10.0+3
1000 30 min  0.939 13.0 155 >15 >15

TABLE IX Average grain sizé g and effective powder particle size
LEfr estimated from SEM pictures and positron data for nickel reduction
powder (former results: different powder morphology)

POLIS

SEM _ _
T(°C) T/Tw &) Le(um) Lo(um) L& (um)
20 0.170 0.0 ®+02 05+02 3.0+1
679 0.551 0.0 — ®+0.2 30+1
772 0.605 0.5 P+05 05402 32+1
887 0.671 3.0 — F+0.2 33+1
985 0.728 5.0 B+05 0.8+0.3 34+1
995 0.734 55 — ®+0.3 33+1
1000 5 min 0.737 8.0 A+07 124+0.3 38+1
1000 30 min 0.737 9.1 .8+0.8 134+0.3 42+1
1048 0.764 — 1+0.3 50+2
1149 0.823 8.5 — B+0.3 70+£2
1200 5 min 0.852 12.5 — 08+10 100+3
1200 30 min 0.852 13.5 — 8+20 140+ 4

the influence of a small grain size was underestimated.

Recent studies have shown that grain sizes below 15
um' lead to a measurable amount of positrons that be-

cometrapped atgrain boundaries. But positrons trapped
atlarge-angle grain boundaries seemto lead to vacancy-
cluster-like lifetimes. B

The POLIS results oh.g and Lgﬁ given in Tables
VIl and IX are determined according to the model
discussed in Section 3. The SEM data are taken from
[65].

The often observed increase in the average lifetime
prior to the intensive shrinkage stage can be explained
by nearly complete trapping into defects before and
after recrystallization. If this assumption is valid and
one type of defect with a comparatively small lifetime
(tdiss = 155-170 ps) is annealing while other defects
with longer lifetimes fgg ~ 250 pStsurf~ 550 ps) sur-
vive, then the average lifetime is increasing even though
defects anneal.

We see that the observation of increasirduring re-
crystallization and a decreasewtlue to grain growth

nd elimination of pore space, when sintering is start-
ng, is generic for the earlier works. Powders considered

T This is valid assuming defect-free interior of grains. If the grains contain

attributed to such crystalline defects. On the other handdefects, their detectable size decreases.
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in this work do not have a sponge-like morphology
and such a fine-grained micro-structure as in the earliel
works. Hence, recrystallization leads to an annealing
stage (decrease oj, because complete trapping is not
observed. The further decreaserofluring the inten- 180
sive shrinkage stage has the same reason asinthe earli
works: elimination of pore surfaces and grain growth. %

T * Sintereds —{* Plastically Deformed ¢
—e— Ni red. Powder 10K/min {after annealing 1000°C 2h)
—&— Ni red. Powder 50K/min —8— Ni 5N - 50%
¢ Plastically Deformed *
(after sintering 1200°C 4h)
—— Nired. Powder - 36%
—A— Nired. Powder - 09%
* Electron irradiated
(after annealing 1050°C 2h or
sintering 1200°C 4h)

200

* Heated Powders
(not compacted)
—¥— Ni red. Powder

b —X- Ni 5N
The grain sizes estimated from lifetime results are in% 160} f ¢ Nired Powder
good accordance with SEM-pictures from [65] as given 5
in Tables VIl and IX. 2
6 140~ g —
> x>
<

6.3. Defects and subsequent annealing

For T <0.4Ty the powders and powder compacts of
copper and nickel show a very complicated defect struc-
ture, i.e. deformation generated defects like disloca- ]
tions or small angle grain boundaries, and vacancy clus: o 100 200 300 400 200 600 700
ters have not annealed out yet. Comparing the averag
lifetimes to those of deformed and irradiated samples in ‘ _ _ ‘
Figs 15 and 16, i cleary seen thatabave 05T __ A4 0 Moct iraing emir s o B ey
lr_] powders or compacts Oth,er def(?CtS than monovacarihcompacte% ar;d compacted nickil powder. On théJ other hand defects
cies, vacancy clusters or dislocations must lead to th@qyced by electron irradiation and plastic deformation have annealed
observed high average lifetimes—well above the bulkout at 600°C.

value. Obviously, there are only small differences in the

annealing behavior between heated powder and press

samples. his Vi b firmed by looki h |
Considering temperaturds> 0.5 Ty there are only 1 1S View can be confirmed by looking at the results
for powders not pressed and then heat treatment: The

two main lifetime components detectable in sintered, . o
i.e. fine-grained and porous samples: bulk lifetime andPPserved POLIS data could have different reasons: (i)

a positron lifetime like in vacancy clusters, i~ 1, very.hlghh der|1$|t|es of dislocations and _vagancy(; clus-
andz, ~ 74 ~ 300 ps—besides a small surface compo-1€rS in the volume or, (ii) trapping at grain boundaries

nent. Only large angle grain boundaries, i.e. grain size§ar9e and small angle) due to very fine-grained ma-
below~15.m, may explain the result, since vacancyte”al' To distinguish between the two possibilities one

clusters do not exist at such a high temperature. Henc@,aS to consider the annealing kinetics. Vacancy clusters
defect-free grains of a size smaller than 18 exist 1 the volume anneal atapproximatelg8Ty (cf. Sec-
wheret; ~ 1, is due to annihilation in the recrystal- tion 5.1.1) while dislocations with high densities should

lized interior of the grains, while, ~ 300 ps shouid be 2n€al below approximately4iTy (cf. Section 5.1.2).

due to capture of the positron at the grain boundarie§!€Nce: the cluster-like signals, detected abaver
and subsequent annihilation. can only be caused by positron trapping to large-angle
grain boundaries due to the fine-grained structure (cf.

also [1, 3)).

120 - 1

100 |+

Temperature [°C]

e6(.1.3’. 1. Uncompacted powder

-

¢ Sintered+
—<o— Cu el. Powder 10K/min
—b— Cu el. Powder 50K/min
—6— Cu sp. Powder 10K/min
—b4— Cu el. Powder 30min

170} 6.3.2. Consequences

Such a defect characteristic, i.e. reduced bulk lifetime
always equals the bulk lifetime, has to our mind only

one explanation. There are two types of regions in the

investigated material: one which are nearly defect-free

160 [~
* Heated Powdere
(not compacted)

—¥— Cu el. Powder

150 —®— Cu sp. Powder

Average Lifetime [ps]

140

130

120

110

¢ Plastically Deformed ¢
(after annealing 1000°C 2h)
—8— Cu 4N7 - 79%
¢ Plastically Deformed ¢
(after sintering 900°C 12h)
—&— Cu el. Powder - 66%
—&— Cu el. Powder - 24%
* Electron irradiateds
{after sintering 900°C 12h))
—X— Cuel. Powder

200

300

Temperature [°C]

Figure 15 Copper: Annealing behavior up to 400 for all differently

for positrons, leading to the measured bulk lifetime, and
the other containing high defect densities, leading to the
measured defect lifetimes. This could be explained by
a cellular-structure, i.e. defect-free interior of grains in
compacts or powder-particles. Positrons thermalizing
inside the grains which we suppose to be defect-free,
do not see a sufficiently high defect density on their
diffusion path to become trapped and hence the anni-
hilation rate should be that of the bulk. Thus, we seem
to monitor forT > 0.5 Ty by the vacancy cluster-like
positron lifetime and its intensity first grain growth in-
side the powder particles and later in the sintered body.

treated samples. Note that there are only minor differences in the an-
nealing behavior of uncompacted and compacted powders, while elec-
tron irradiation defects and those generated by plastic deformation havéInside the grain means far from the boundaries compared to the diffu-
annealed out totally at about 400. sion length of approximately 330 nm (cf. the discussion in Section 3).
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7. Conclusions
Concerning the freezing of a certain stage in the sinter-1.
ing process, this is really possible by heating up to defi-
nite temperature and then quickly removing the sample™
from the furnace or vice versa. Due to an exponential
temperature dependence of most processes the effeat
of cooling will be small, if one does not take too high
rates for heating up. ;
Combining positron annihilation spectroscopy with ™
other methods (metallographic studies, TEM, and g
X-ray diffraction), it turns outthatitis possible to obtain
a consistent picture of detected defects in porous and’-
fine-grained materials obtained from metal powders.
Monte-Carlo simulations of the positron diffusion were
necessary to get an estimate of the influence of graing,
boundaries on lifetime results which is consistent with
results from the other methods. 10.
The comparison of the annealing behavior in plas-
tically deformed and electron irradiated samples 1
showed that in all these cases no defects were de-
tectable for temperatures higher than the recrystallizat2.
tion temperatur@gr ~ 0.4 Tyy. Hence, it is obvious that
for higher temperatures thaw0.5 Ty, there should be
no defects like dislocations or vacancy clusters in con-
siderable densities in the porous and fine-grained mates,
rial. The only reasonable conclusion is that, by positron
annihilation ¢gg ~300 ps), we must detect large-angle 16.
grain boundaries and hence, by a decreasing inten-
sity signal, grain growth. This is according to the two-
component positron signal measured: the first lifetime;7,
component is that in an undisturbed crystal (interior of
grains) while the second one can only be due to trappingsg.
of positrons to defects related to grain boundaries. Thé®:
lifetime caused by positron trapping to grain boundaries
seems to be generically abagg ~ 300 ps. This would
correspond to roughly 8 vacancies in copper and 9 irzo.
nickel (Calculations according to [9] with 256 atoms in
the supercell [16]). But this is in contrast to proposed
grain boundary models (cf. [38] and references therein),,
The final trapping could be at the edges of the grains
and the grain boundaries as such act only as a precuzz.
sor trap. For the reviewed sample material no effect of
different amounts of impurities was found [1, 3].
Anew analysis of former measured spectra, seeming,’
to be inconsistent on the first glance, goes conform with
this interpretation of POLIS data. A different morphol- 25.
ogy of the used powders caused the differences to the
results in more recent work. The implications on the?®-
sintering process have been discussed in [1-3].

13.

27.

28.
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T High purity bulk as well as sintered samples were heat treated be-
fore irradiation and deformation so that no or nearly no defects were34.
measurable for positrons.
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