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The structure of nanocrystalline palladium and copper, made by inert gas

condensation and compaction, was studied using small angle neutron scattering

(SANS), optical microscopy, and scanning electron microscopy. The effects of annealing
and warm compaction were also examined with these techniques. The SANS results
were interpreted using a maximum entropy routine, combined with knowledge of the
Archimedes density and hydrogen concentration determined by prompt gamma activation
analysis (PGAA). Similar hydrogen concentrations were detected by SANS and PGAA.
This hydrogen content, which was approximately 5 at. % in samples compacted at room
temperature, was reduced by both annealing and warm compaction. Defects in several
size classes were observed, including missing grain petés-$0 nm diameter) and

defects of micrometer size. Warm compaction produced a lower number density of pores
in nanocrystalline palladium, which led to increased density. The observed structure was
correlated with Vickers microhardness and fracture surface morphology.

. INTRODUCTION in grain size and the resultant increase in interfacial
Nanocrystalline £-) materials have grain or crystal- area. However, the intrinsic changes may be masked or
lite sizes in the range of 5 to 50 nm. This small graindistorted by the presence of extrinsic defects.
size leads to a larger interfacial area per unit volume, There has been extensive debate over the structure
so that for a 5 nm grain sizes50% of the atoms are of the numerous grain boundaries inmaterials. Ini-
within 0.5 nm of one or more grain boundaries. Thistial reports, based on x-ray diffraction fromFe? and
unique structure may be responsible for many reportegxtended x-ray absorption fine structure (EXAFS) of
changes in observed properties, such as increases in speCu and n-Pd? indicated that the interface structure
cific heat, thermal expansion coefficients, and diffusionin n-metals was fundamentally different, with a highly
coefficientst However, it is important to remember that disordered or gas-like arrangement of atoms in the
these differences may be due to either intrinsic effectdboundary. More recent studies, which probed the struc-
(grain size or interfacial volume) or to extrinsic effects ture of n-Pd with x-ray diffractioff and high resolution
(usually resulting from processing). In the case of in-microscopy; as well as new EXAFS data from-Cuf
ert gas condensation, these extrinsic effects are usuallpdicated that the atomic displacements in the grain
related to the consolidation of powders. The compactetioundaries were very small and similar to those in
materials still exhibit the traditional powder processingcoarser-grained materials.
problems such as pores between the grains and impurities This debate over grain-boundary structure has af-
on the particle surfaces. These defects persist to some efected the interpretation of small angle neutron scattering
tent despite the extremely small size of the powders, thé€SANS) data. An initial SANS study om-Pd’ con-
very high compaction pressures, and the high vacuumluded that the observed scattering could originate from
processing. Most studies of nanocrystalline materialdow-density, gas-like grain boundaries. A later report
aim to understand the changes in intrinsic propertiespn SANS fromn-Pd acknowledged the fact that the
that is, those brought about by the tremendous decreaggesence of pores could impact the restildore recent
SANS studies have interpreted the data in terms of a
distribution of pore$!° and have found good agreement
aCurrent address: Technology Development Division, Argonne NaPetween the volume fraction of pores from SANS and
tional Laboratory, Argonne, lllinois 60439-4841. Archimedes-type density measurements. Considering the
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synthesis method of inert gas condensation and comsamples usually had an extruded (raised) rim around
paction, it is reasonable to expect that porosity will bethe circumference on the side of the moving piston and
present. In addition, positron annihilation spectroscopywere uniformly dense throughout. In contrast to the
(PAS) of n-Pd andn-Cutt*? has identified three different two-stage compaction, in which the pressure release rate
size classes of voids, the largest most likely correspondwas very rapid, the single-stage compaction allowed for
ing to pores with a size in the detectability range ofthe controlled reduction of the consolidation pressure.
SANS. Recent SANS studies of nanocrystalline ceramic3he primary differences between the specimens listed in
have also attributed most of the observed scatteringable | are the processing conditions and the grain size.
contrast to porosity® Two room temperature-compacted-Pd samples

The long range goal of this research is to quantifywere electrodischarge machined into quarters; one
the intrinsic mechanical properties @fCu andn-Pd. quarter received no further treatment, while the other
Before this can be done, the processing flaws musghree were annealed (signified by A) at 100, 300, or
be reduced so that they do not obscure the intrinsi@00 °C for 100 min in flowing, high purity (99.999%)
behavior. The existing defects must be quantified, and\r. One room temperature-compacteeCu specimen
then processing improvements implemented to reduceas annealed at 15 for =9 h in a rough vacuum
the flaw population. The present paper reports on the firshside the SANS apparatus.
stage of a two-phase study, in which both the synthesis The grain size was determined from broadening of
chamber and the compaction unit in the inert gas conderthe 111 and 222 x-ray peaks using the Warren—Averbach
sation equipment were redesigned to reduce the impuritynethod!®*® The broadening contributions from instru-
level and increase the sample density. Improvements imental and root-mean-squared strain were corrected for,
samples made using the new compaction unit will bebut those from twins and stacking faults were not.
presented in this paper. The primary processing benefitdrchimedes’ density, reported as the percent decrement
of the compaction unit are that it is actively pumped andfrom a fully dense, coarse-grained standard, was de-
has a die that can be heatédThe old unit had a static termined by weighing in air and ethyl phthalate, with
vacuum and the die was not heaté€dAdditional studies  special care taken to minimize thermal drift in the liquid
to examine the impact of cleaner synthesis conditionsneasurement®. The results from measurements on the
are in progress. thicker, more massive samples were more accurate,

since the change in mass between the air and liquid
measurements was larger than for the thinner samples
. EXPERIMENTAL METHODS and quarter pieces.

Nanocrystalline powders were synthesized by inert The as-compacted samples and fracture surfaces
gas condensatidh followed by in situ compactiod’ at  were observed with a Hitachi S-4500 field-emission
Argonne National Laboratord#'®> After pumping the scanning electron microscope (FE-SEM) operated at
chamber to about 4 10°° Pa (3 1077 Torr), the 20 kV. Defects in the micrometer size range were quan-
chamber was back-filled with=660 Pa (5 Torr) of tified using optical microscopy and image analysis, with
high-purity (99.999%) helium. High-purity palladium the area, average diameter, and aspect ratio of the pores
wire (99.997%) and copper shot (99.999%) weredetermined at 200. The hydrogen impurity level in the
evaporated from resistively heated, alumina-lined Mosamples was measured using prompt gamma activation
boats, with the resulting metal clusters collected on analysis (PGAA) at the Cold Neutron Research Facility
liquid nitrogen-cooled cold finger. The clusters wereat the National Institute of Standards and Technotbgy
removed from the cold finger with a teflon scraper and(NIST), while the oxygen concentration was determined
then compacted under uniaxial pressure to produce diskvith fast neutron activation analysis (FNAA) in the De-
shaped samples 9 mm in diameter and typically O.Jpartment of Chemistry at the University of Kentucky.
to 0.2 mm thick. All the room temperature-compacted(Neither PGAA nor FNAA gives information on the
n-Pd samples were consolidated in the “old” system. Inchemical state of the contaminants.)
this case the compaction was performed in a two-step SANS measurements were carried out on the 30 m
process, with the second, high-pressure stage carried oMSF SANS instrument at NIS#. Data were collected
at 1.4 GPa in a static vacuuth.The outer 0.25 mm over g ranges extending from about 0.01 to 5.7 Hm
circumference of these samples was typically not a§The magnitude of the scattering vectgris (4sr/A)
dense as the inner part of the disk. The remainingin 6, where A is the neutron wavelength andd 2
specimens were compacted in a single-stage process with the scattering angle.) The wavelength ranged from
active pumping, in which the base pressure was X 0.5 to 1.4 nm AA/A = 30%), sample-to-detector dis-
10 % Pa (3% 10® Torr).** The compaction temperatures tances were between 1.3 and 13.2 m, and the specimens
ranged from room temperature (RT) to 30D, with  were generally 0.1 to 0.2 mm thick (no samples were
warm compaction being denoted by (WC). The resultanstacked).
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TABLE |I. Sample processing parameters.

Compaction

Sample Material Method Temperature Grain size (nm) Annealing treatment
1PdRT Pd 2-stage RT 4.4 Cut into quarters, three of which were annealed
2PdRT Pd 2-stage RT 5.7 Cut into quarters, three of which were annealed
3PdRT Pd 2-stage RT 17.6
4PdRT Pd 2-stage RT 18.9
Pd100WC Pd 1-stage @oC 6.3
Pd300WC Pd 1-stage 300 °C 10.1
1CuRT Cu 1-stage RT 12.3
2CuRT Cu 1-stage RT 7.8 150°C for 9 h
CuloowcC Cu 1-stage 00C 9.1
Cul50wWC Cu 1-stage 150 °C 11.1

A series of 10 Vickers microhardness measurementg 0.2/nm. Tentatively, these features can be correlated
spaced 0.25 mm apart were made on each sample withwith the higher overall sample density and reduced
load of 100 g and a dwell time of 20 s. All reported errorsconcentration of larger scattering entities in 1CuRT.
are 1 standard deviation, with those for density, image In aln d3/dQ vs In g plot for room temperature
analysis, and hardness being the standard deviation froand warm compacted-Pd (Fig. 2), the progressive
the average of the individual measurements. The erroreffects of higher compacting temperatures can be seen.
in SANS, PGAA, FNAA, and x-ray were propagated Comparison of the room temperature and 2G0com-

from counting statistics. paction data shows that the scattering is about the same
at highg, but reduced in the latter sample at lgwAfter
IIl. SANS DATA ANALYSIS compaction at 300C, scattering over the wholgrange

The raw SANS data were corrected for backgrounds dramatically reduced. As the compaction temperature
and empty cell scattering and then converted to Va|ueg1crea§es, the observed changes in differential sc_attering
of differential scattering cross section using the SANSNtensity can be related to a lower volume fraction of
data reduction software at NISF.A plot of the loga-  Scattering objects. _ _
rithm of the absolute differential scattering cross section  1he Scattering data were first analyzed using the
(d3/dQ) vs scattering vector for two room temperature-POde relation and the invariant. The Porod relatias
compacted:-Cu samples is shown in Fig. 1, after back- a3 27(Ap)? S Noine
ground subtraction. Two qualitative differences between 20 (@) = “F vV Tam 1)
the curves are evident. The first is the overall lower scat-
tering intensity of 1CuRT; the second is the considerablevhere (Ap) is the difference in the scattering length
leveling of the 1CuRT curve betweenvalues of 0.07 density between the matrix and the scattering enfity;
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FIG. 1. Log of the differential scattering cross sectifth/d() vs log FIG. 2. Log of the differential scattering cross sectifth/d() vs log
of the scattering vectay for room temperature-compacteelCu with of the scattering vectay for room temperature and warm compacted
error bars and fits from th®axSAS routine. n-Pd with error bars and fits from theaxsAs routine.
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is the total surface area of scatterers per unit samplgon parameter. The actual code employed, which was
volume, n is the number of atoms per unit volume, written by P.R. Jemian and entitledaxsas?’ solves
and o, is the incoherent scattering cross section. Thifor the volume-averaged size distribution; the number-
relation is valid forgR = about 3, whereR is the averaged distribution is calculated from geometry. The
radius of the scattering object. For this analysis, a plot oflata were fitted with a globular form factét,which
(d2/dQ)q* vs ¢* was made, with the slope yielding the describes the scattering from randomly oriented globu-
incoherent scattering, and the intercept giving the Porotar scatterers while minimizing the Bessel function os-
constantC, [C, = 27 (Ap)3S/V]. cillations inherent in the spherical form factéfsThe
It can be seen from Fig. 2 that the scattering fromglobular form factor reduces to the exponential form of
2PdRT and Pd100WC exhibits Porod behavior (slope ofhe Guinier relation agr — 0 and theg* behavior of
4) for ¢ > 0.4 nm1. Sample Pd300WC appears to bethe Porod approximation ag- — «.2° The size range
just reaching the Porod region at the highest measureaof the generated distributions was chosen such that the
g values. At lowerg’s all the curves bend over toward Guinier region was reached at loyw and the Porod
a Guinier region before an upturn at the lowgstalues region was achieved at high
that is associated with a few large-{ um) flaws. Although some features that look like pores
The constant background observed at high (¢ >  have been observed with the transmission electron
3.5 nn1l) is thought to result from incoherent scattering. microscope? it is very hard to get an accurate view
The invariant Q) was used to calculate the volume of the pore shape in three dimensions, especially

fraction (V,) of scatterers? with considering the possible impact of thin-foil preparation
243 on the resultant pore morphology. Since the actual shape

0= | q—+5(qdq of the pores was not known, an aspect ratio of one was

o dQ ; :
0 chosen for the calculations. Once again, there was good
VWl = V) = ———. (2) agreement between the volume fraction of scatterers
27 (Ap) obtained from SANS (this time using tivaxsAsroutine)
The data were extrapolated o= 0 with the Guinier and the porosity determined from Archimedes’ density
relatior?® fit to the first few data points and t9 =  (Table Il). The good agreement of the background

% using C, determined from Eq. (1). The major con- level and volume fraction of scatterers between the
tribution to O was from the collected data and not Porod/invariant and maximum entropy methods indicates
from extrapolations. Assuming spherical scatterers anthat the form factor choice is appropriate. TiiexSAs
usingS/V andV, from above, an average radiu® = fits to the data are shown as solid lines in Figs. 1 and
3 Vy/(S/V)] of the scatterers could be estimated. Note2. All SANS fit parameters reported in this paper were
thatR = (R3)/(R?), and is thus weighted toward larger obtained from theviaxSAS routine.
scatterers. On the second trip to NIST, scattering intensities

To analyze the SANS data, the microstructural feawere collected out to highey's (=5.7 nn1). A large,
tures responsible for the scattering must be determinea@onstant background was seen with most of the samples.
(SANS can detect microstructural features in the sizélhe suspicion that hydrogen impurities may cause this
range of about one to several hundred nanométers,high background (hydrogen has a very large incoherent
provided that their scattering length densities differ fromcross section) was verified by PGAA measurements.
that of the matrix.) Based on the assumption that th&€&sood agreement was found between the PGAA results
SANS arose mostly from pores (as discussed in thand the hydrogen levels calculated from the SANS
Introduction), Ap was taken to beppg OF pcyu, Since  background (Table 111). The earlier interpretatibrihat
ppore = 0. After doing the calculations described above,the highg scattering arises from very small pores
it was found that there was good agreement between thhel nm in diameter was incorrect. Such small pores
pore volume fraction from the invariant and that from probably are present in the sampté$? but they are at
Archimedes’ density, which implied that pores werethe limit of the SANS resolution, and their presence is
most likely the scatterers in these samples. The size rangdscured by the hydrogen scattering. The conclugfons
of the pores calculated from the scattering experimentfor the larger, grain-size pores still hold.
was well within the detectability range of SANS.

After completing the above calculations, size dis-
tributions were determined using the maximum entropy
routine developed by Pottoet al?6 Evaluation of the V- RESULTS AND DISCUSSION
linear inverse problem utilizing the SANS data and the  The hydrogen impurity level, density, and pore
form factor yields the size distribution. This solution distribution were determined as a function of processing
is obtained by maximizing the difference between theconditions. Changes in the microstructure as a result of
configurational entropy and the chi-squared minimiza-annealing and warm compaction will be examined.
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TABLE Il. SANS from room temperature and warm compacte®d andnr-Cu.

SANS measurements

Sample Archimedes’ density, (%) Grain diameter (nm) MaxSAS Vy (%) Pore diametér(nm) H (at. %)
1PdRT 8+ 2 44+ 0.1 4.0=* 0.9 49+ 15 44+ 0.2
2PdRT 13+ 2 5.7+ 0.1 11.0+ 05 8.0+ 1.8 7.8+ 0.2
3PdRT 17.6x 0.2 10.0+ 0.3 10.7+ 3.5 43+ 0.2
4PdRT 18.9+ 0.3 12.2+ 0.2 8.9+ 19 6.7+ 0.2
Pd100WC 8.6- 0.2 6.3+ 0.1 8.1+ 0.1 6.2+ 2.7 5.8+ 0.2
Pd300wWC 10.1+ 0.2 0.2+ 0.1 45+ 27 1.0+ 0.2
1CuRT 2.5+ 0.2 12.3+ 0.2 27+ 0.1 7.8+ 2.3 2.8+ 0.2
2CuRT 9.7+ 0.1 7.8+ 0.1 8.4+ 0.1 5.8+ 4.3 6.9+ 0.2
Culoo0wC 9.1+ 0.1 5.0+ 0.1 3.7+ 29 49+ 0.2
Culs50wC 8.1+ 0.1 11.1+ 0.1 6.4x 0.1 4.1+ 3.5 57x 0.2

aNumber-weighted mean diameter and standard deviation (of bin average).

A. Room temperature compaction as the grain size increased, similar to the trend of
Jdecreasing number density of grains with increasing

As previously mentioned, the hydrogen levels a s / ¢
jgrain size. These observations support the labeling of

measured by SANS and by PGAA were in reasonabl Ao Bty
good agreement (Table IIl), so the incoherent SANSNEse pores as missing grais? This trend of pore
background can be attributed to hydrogen. Hydrogerglstrlbutlon sca_llng with grain size has also been noted
levels from SANS for room temperature-compactedn nanocrystalline ceramics. The single-stage, room
n-Pd andn-Cu are shown in Table Il the concentration teMperature-compactedCu showed a similar trend of
averages about 5 at.%. These measurements are [Ffréasing pore size with grain size [Fig. 3(b)]. The
general agreement with the gaseous impurity levels

reported by Gleitérand the hydrogen level reported by
Tschope and Birringef?!

There was good agreement between the densit
decrement, as measured by Archimedes’ principle, an_
the volume fraction of scatterers from SANS (Table II). g110
However, theMaxSAS porosity was generally lower than =
that from Archimedes’ method, probably because the g
scattering from larger=£1 um) pores (as seen in Fig. 2 As510°
at low ¢) is not observed with SANS. >

The grain sizes of the two-stage, room temperature
compactedn-Pd ranged from about 4 to 19 nm, while

1.5 10

—+&— 1PdRT, d = 4 nm
—2»—2PdRT, d = 6 nm
—o—3PdRT, d = 18 nm
—&—4PdRT, d = 19 nm

141

the average pore size was about 5 to 11 nm (Table 1) Sl A T
A comparison of pore size and grain size shows Pore Diameter (nm)
that the pore size roughly scales with the grain size ;
[Fig. 3(a)]. The number density of pores decreasec ©!° 5 ‘ ' '
( —&— ICuRT,d =12 nm
- ~tv==2CuRT, d = 8 nm
[an}
L £ 4107
TABLE lIl. Impurities in n-Pd andn-Cu. g
Sample  H (at.%) SANS H (at.%) PGAA O (at.%) FNAA &
Pd100wWC 5.8+ 0.2 45+ 13 0.8+ 0.3 a 2101
Pd300WC 1.0+ 0.2 <2.1 2/
PA200WE 0.1+ 05 1.2+ 0.2
Cul0OWC 4.9+ 0.2 6.3+ 0.6 0
Culs50wcC 5.7+ 0.2 4.8+ 0.9 4.1+ 0.5 Pore Diameter (nm)
Culsowe 0.2+ 0.8
FIG. 3. Number-weighted pore distributions from thaxsAsroutine
aWarmed powder prior to compaction. for room temperature-compactedPd (a) andz-Cu(b).
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increased density of 1CuRT may result from its greatebubbles inn-Ag. The appearance of these large bubbles
thickness which allows for more particle rearrangementfter high temperature anneals may be driven by the
during compaction, and its lower hydrogen level whichpresence of the gases adsorbed on the clusters during
promotes sintering of the particles through lowersynthesis. The smaller pores thought to be present in the
concentrations of surface impurities and by minimizationas-produced and 10@ anneal are very difficult to see

of bubble formation (pores filled with ga3). in SEM, considering the scale of the microstructure and
_ ) the intergranular nature of the fracture. (Figure 4 will be
B. Annealing studies discussed further in the final section).

The SANS measurement revealed that the hydrogen To quantify the size and volume fraction of the larger
content decreased with increasing annealing temperatugores, image analysis was done on optical micrographs
in the n-Pd (Table IV). This reduction in hydrogen of the four quarters of 2PdRT after polishing about
content with annealing is analogous to the baking treatd.08 mm off of the flat surface (about2the thickness).
ment given to steel to remove hydrog&rThe decrease The pore aspect ratio for all the quarters was 2.3.2
in hydrogen with annealing implies that most of thein the plane of the analysis (the aspect ratio along the
hydrogen had not reacted with the metal and was ablsurface normal was not examined). The area fraction of
to diffuse out at elevated temperatures. pores in the 1 to 5Qum size range was about 2% for

The density of 2PdRT annealed at 100, 300, andoom temperature-compacted, 100, and 30Gnnealed
800 °C was measured using Archimedes’ principle andsamples, which is about the difference betw&gnfrom
showed no significant changes, considering th2%  the mMaxSAS and Archimedes’ methods. However, the
error (Table IV). This is not surprising because mostquarter annealed at 80C had an area fraction of pores
of the sintering at these temperatures occurs by surfacaf 4.5%, significantly higher than the others. A plot of
diffusion, which does not lead to pore shrinkdde. the pore diameter distribution showed that the 800
However, Archimedes’ observations are in contrast to th@nneal produced about 10 times the number of 2w
SANS results, which showed that the volume fraction ofpores compared to the other quarters (Fig. 5). The large
pores decreased substantially with increasing annealinigcrease in 2—4um pores may be due to the coarsening
temperature (Table 1V). The most likely explanation isof smaller pores during the initial stage of sintering. Dif-
that as the annealing temperature increased, the porésulties in quantifying the nonuniform porosity present
coalesced and gradually grew beyond the detectabikfter annealing at 806C [Fig. 4(d)] may account for the
ity range of SANS (which was about 50 nm in this lower volume of pores calculated from image analysis
experiment). Fracture surfaces of samples broken bgnd SANS compared to the total porosity measured using
bending (Fig. 4) support this trend of increasing porethe Archimedes method (Table IV).
size with annealing. Larger pores developed in samples SANS results from the 2-Pd samples that were cut
annealed at 300 and 80C [Figs. 4(c) and 4(d)], with into quarters and annealed (1Pd and 2Pd) are shown in
the 800°C anneal [Fig. 4(d)] clearly producing pores in Figs. 6(a) and 7. The two sets of samples showed similar
the micrometer size range. Tsigpe and Birringet have  behavior, with pore size and grain size increasing with
observed large “bubbles” (closed pores) after annealingnnealing temperature. The number density of pores de-
n-Pt at 800°C, while Qinet al3* attributed an increase creased with increasing grain size (i.e., decreasing num-
in porosity after annealing at 50C to the formation of ber density of grains), and the size distributions generally

TABLE IV. SANS from room temperature-compacted and annealé¢®d andn-Cu.

SANS measurements

Sample Archimedes’ density, (%) Grain diameter (nm) MaxSAS Vy (%) Pore diametér(nm) H (at. %)
1PdRT 8+ 2 44+ 0.1 4.0=* 0.9 49+ 15 44+ 0.2
1Pd100A 4.1+ 0.2 52+ 0.7 6.5t 15
1Pd300A 10.1+ 0.3 4.8+ 0.8 8.7+ 3.9
1Pd800A 70+ 2 06+ 1.7 10.6* 3.6 1.7+ 0.3
2PdRT 13+ 2 57+ 0.1 11.0+ 0.5 8.0+ 1.8 7.8+ 0.2
2Pd100A 14+ 2 7.2+ 0.2 9.0+ 0.5 79+ 1.7 47+ 0.2
2Pd300A 10+ 2 18.3+ 0.2 7.4+ 0.6 12.4+ 4.0 2.0+ 0.2
2Pd800A 11+ 2 87+2 0.4+ 1.3 16.9+ 1.5 0.5+ 0.2
2CuRT 9.7+ 0.1 7.8+ 0.1 8.4+ 0.1 5.8+ 4.3 6.9+ 0.2
2Cul50A 9.7+ 0.2 105+ 0.1 8.5+ 0.1 13.4+ 5.2 6.6+ 0.2

aNumber-weighted mean diameter and standard deviation (of bin average).
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FIG. 4. SEM micrograph of room temperature-compacteBd after fracture by bending (a). Samples were fractured after annealing for
100 min at 100°C (b), 300°C (c), or 800°C (d).

became broader with increasing annealing temperature
(Table 1V). This broadening of the pore size distribution
is especially evident when the volume-weighted pore

distribution is plotted, as in Fig. 7. Note how the 38D 0.0003 :
anneal produced a significantly larger volume of pores 3. - 2PdRT
in the 12 to 20 nm range. SANS from/aCu sample - -5--2Pd100A
(2CuRT) was analyzed after it was annealed at 50 ‘?E — o -2Pd300A
for 9 h in the SANS instrument [Fig. 6(b)]. As observed 590002 e 2PSO0A

in the case of:-Pd, the average pore size increased, theH'E
number density decreased, and significant broadening ¢ =

the size distribution occurred. 2 0.0001
Z.
C. Warm compaction 0
The hydrogen and oxygen impurity levels for warm Pore Diameter (1m)

compactedn-Pd and n-Cu are shown in Table III. FIG. 5. Number-weighted (per unit area) pore distributions from

Although the ratio of hydr_ogen to oxygen does_ NOtimage analysis of optical images of room temperature-compacted and
correspond to that of water, it is suspected that a primaryinnealedn-Pd.
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FIG. 6. Number-weighted pore distributions from thaxsAsroutine
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source of the hydrogen contamination is water vapol
condensed on the cold finger during powder collec-
tion. The cold finger acts as a cold trap, in addition
to the one designed for that purpose. The hypothesis thi

with a bakeout lamp prior to compaction (Table lll,
the starred samples). Further, the hydrogen level in
n-Pd can be decreased by annealing (Table 1V). Another
source of hydrogen contamination may arise from the
low pumping speed of hydrogen by turbomolecular
pumps, which may lead to a significant concentration
of residual hydrogen in the chamber prior to back-filling
with helium (even though a titanium sublimation pump
was used).

The effects of warm compaction on the pore size and
distribution inn-Pd are shown in Figs. 8 and 9. A 100
compaction produced a somewhat smaller average pore
size and approximately the same number density as
did annealing at the same temperature (Fig. 8). How-
ever, a 300°C compaction virtually eliminated the small
pores (note the significant drop in scattering in Fig. 2).
The volume-averaged pore distribution of Fig. 9 shows
the dramatic impact of a 30 warm compaction on the
pore population in the 5 to 20 nm regime. Although the
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FIG. 8. Number-weighted pore distributions from thexSAs rou-
tine comparing the effects of annealing (two samples) and warm
compaction at 100C for n-Pd.
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the impurity gas is adsorbed on the clusters is SUpportegG. 9. Wlume-weighted pore distributions from theaxSAS rou-

by the observation that the hydrogen levels in botAd

tine comparing the effects of annealing (two samples) and warm

andn-Cu were greatly reduced by warming the powdercompaction at 300C for n-Pd.
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300 °C warm compaction reduced the amount of porosityare seen inn-Pd compacted at 10CC, as well as
dramatically compared to annealing, the grain size watarger clusters of grains. Larger, more rounded, and
not increased significantly (Tables Il and V). There wassintered clusters are seen#rCu compacted at 15¢C
some broadening of the pore distribution following the[Fig. 10(b)], and it is more difficult to see the individual
300 °C compaction, but the number-averaged pore sizgrains which comprise the clusters. This pronounced
was not any larger than that produced by annealing aifference in appearance probably resulted from the
the same temperature (Tables Il and IV). The reducethigher homologous compaction temperature fortHeu
number density of pores after warm compaction could0.37,, compared to 0.2,, for palladium).

result from lower hydrogen levels, which may decrease

the formation of gas-filled pore€$:3* Similar results were D. Hardness and fracture

expected fom-Cu, but were not seen in the temperature Changes in hardness as a function of grain size,

range investigated. nnealing, and warm compaction are shown in Fig. 11.
SEM |mages_taken of the as-compacted surches he hardness of the room temperature-compagt&d
n-Pd andn-Cu (Fig. 10) reveal some flaws, most likely jncreased with decreasing grain size, indicating that

resulting from imperfect particle rearrangement du”ngstrengthening was occurring with grain refinem#nt.
compaction. The defects com_posed onI_y 1—.5%_of theUpon annealing at 106C, both 1PdRT and 2PdRT
total surface_ area; thus the fields of view in Fig. 104nqwed increased hardné&sperhaps due to better par-
were not typical of the generally smooth and featurelesg|o bonding (sintering or formation of lower energy
surface. In Fig. 10(a), small, distinct, individual grains boundaries§’ The high compressive stresses in hard-
ness testing may lead to deformation by generation
and movement of dislocatiod®.Annealing and warm
compaction may harden the material by eliminating
boundary dislocation sources such as ledges. After this
initial increase, the hardness decreased as the annealing
temperature was raised, most likely as a result of grain
growth. The increased hardness produced by annealing
(as compared to room temperature-compacted samples
having the same grain size) was maintained throughout
the grain size range of the data. The data point for the
sample compacted at 10C, which had a density and
hydrogen level similar to 1PdRT, fit on the annealing
curve for 1PdRT.

The sample compacted at 300 had a hardness of
5.8 GPa, almost double that of other samples at this

100 nm : : : 4 nm
6F a
- & - 1IPdA @ ]
- H--2PdA R
st | ——PdrT 300°C WC ]
® PdWC
4L 100°C WC

Hardness (GPa)

1
0.1 0.2 0.3 0.4 0.5
Grain Size"? (nm?)

FIG. 11. Vickers microhardness vs the square root of the reciprocal
grain size for room temperature-compacted, annealed, and warm
(b) compactedn-Pd. The solid line is a least squares fit to the room
temperature-compacted samples (filled squares). Dashed lines depict
FIG. 10. SEM micrographs of the as-compacted surface:-6fd changes in hardness of sample quarters annealed at progressively
compacted at 100C (a) andr-Cu compacted at 150C (b). higher temperatures.
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grain size. This substantial increase in hardness wasvaporate in a flowing atmosphere (changing gas every
also observed in five samples @fPd compacted at 10 min), and a larger collection surface. TypicalCu
200 °C. These samples, which had grain sizes, hydrogesamples have gone from 0.1 to 0.2 mm thick to 0.2 to
contents, and densities similar to Pd300WC, all had).5 mm, and from 90-95% to 95—-99% dense. These
hardnesses greater than 5 GPa. This increased strengthprovements are a direct result of the cleaner powders
may result from the higher sample density, which couldand larger quantities of material produced. Preliminary
be driven by the combination of lower hydrogen con-indications are that the new synthesis chamber, with its
tamination and better sintering of the grains. Whilecleaner environment, has improved the average density
warm compaction drives off the vast majority of gaseousand impurity level inn-Cu to better than that achieved in
impurities, it may also make it kinetically more favorable this study by warm compaction afPd. Further SANS
for the remaining contaminants to form compounds withmeasurements are needed to confirm these observations.
the metal, which would also harden the material.
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