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Acid assisted consolidation (AAC) is a technique that provides elevated levels of
cohesiveness to silver powder compacts without recourse to a high temperature treatment.
Ultrasonic techniques were used to measure the elastic constants of high purity silver
compacts as a function of several processing variables. The elastic moduli of untreated
(NT) samples were found to be significantly lower than those of samples that had
undergone AAC and compacted at the same pressure. Post compaction sintering increases
the elastic constants of both AAC and NT samples. The results indicate that the elastic
constants are dependent not only on the density that was attained but also on the
processing route that was followed. The elastic constant of a porous metal, M, can be
expressed as M= Myge, where M, is the elastic modulus of the bulk metal, g is a
geometrical factor that reflects the interparticle contact area and ¢ is a quality factor that
depends on the nature of the interparticle interfaces. The results suggest that sound wave
velocity is a parameter more appropriate than density for predicting the elastic moduli of
porous metallic compacts. © 2001 Kluwer Academic Publishers

1. Introduction The fluoroboric acid acts as a fluxing agent, removes
According to the conventional powder metallurgy the surface oxide layers and induces a cold-welding-
approach, cohesive solids are produced from startinjke effect between the silver particles. The pressure
powders by the combined effect of pressure and temapplied during compaction determines the density and
perature, applied either sequentially or simultaneouslythe strength of the silver compact. Preliminary studies
Sintering of the powder particles takes place in thehave shown that the compaction pressure also deter-
course of the high temperature treatment. The propmines the elastic moduli of the silver compacts [4]. In
erties of the final product, i.e. elastic moduli, strength,fact the elastic moduli closely reflect the density and
conductivity and resistance to wear, depend on the derindirectly the pressure exerted during compaction.

sity attained during sintering. Recently, an alternative Numerous studies have been carried out over the past
technique has been put forward for consolidating silvetyears in orderto derive the relations that prevail between
powder. This technique, denoted acid assisted consothe relative density, or porosity, and the elastic moduli of
idation (AAC), was developed in order to transform sintered metallic and ceramic materials [5-12]. In these
a loose powder into a cohesive solid by applying lowstudies porous samples were prepared by sintering com-
pressure and no exposure to elevated temperature. Tipeacted metallic or ceramic powders to controlled levels
technique consists of consolidating under low pressuref density and determining their elastic moduli, most
silver powder that had previously been treated in a di-often by means of sound wave velocity measurements.
lute fluoroboric acid (HBE) solution for a short period The results of these studies were used to determine the
of time. The technique was developed as a method afelationship between elastic moduli and porosity. Nu-
consolidation a mercury-free filling material for den- merous expressions that describe the elastic modulus—
tal restorative use [1-4]. The results have shown thaporosity relations [6, 9-12] can be found in the litera-
the strength of the acid-compacted products dependsire. The analysis of the ultrasonic data obtained from
strongly on the pressure applied during compaction angpowder compacts that had been sintered to different lev-
reaches values comparable to those of bulk silver foels of density is a highly complex problem, affected by
compacting pressures lower than 1 GPa. numerous parameters that continuously change in the
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course of a sintering cycle [12]. As the sintering process
proceeds, both the nature and the extension of the cor|
tact area between adjacent particles undergo changes
The relative density range, attained in the course of
conventional sintering of metals, extends usually from
0.7 to almost full density. By using the AAC technique,
this effect can be followed over a relative density range:
that extends from 0.5 to almost full density. Moreover,
the density is increased only by the room temperature
plastic deformation caused by the compacting pressuri
and not by any sinter-diffusion processes asin sintering® ~
Thus, one can assume thatthe nature of the inter-particli
contact area is not affected by any mass transport ef
fect, only its extension changes. The comparison of the
measured elastic moduli of samples prepared by both
above-mentioned methods should allow evaluating the
relative contribution of the extension and of the nature
of the inter-particle contact area on the elastic constants
of porous samples.

2. Experimental procedure
2.1. Powder characterization
Pure (99.9 wt%) silver powder from two sources was
used in the present study. The details regarding the pa
ticle size, particle shape, surface area determined by
the Brauner Emmett Teller (B.E.T) method, apparent.
density (AD), tap density (TD), and the suppliers are ‘
shown in Table I. The particle shape was determined
by scanning electron microscopy (SEM), Fig. 1.

‘r

2.2. Sample preparation
The acid-treatment consisted of immersing the sil- - m‘.rn
ver powder in dilute fluoroboric acid and stirring for f e T

5 min at 500 rpm. Powder aliquots, weighing 0.6— W4 ot ';‘ o 3 .
1.5% 103 kg, were stirred in 200 ml dilute (3.5vol. %.), . \‘ “y Gk
fluoroboric acid. The powder settled and the slurry was i % —~ #%& Sifa * - ¢
placed in an Inconel 718 mold designed for produc- BN 1y .-_*;',;.‘ -‘N RN
ing near-net-shape samples. The slurry was uniaxially, *7;54‘“ ¢ -

compressed inthe pressure range of 50-900 MPa. Com y e
paction pressure values were accurate within 10 MPak® &, ™
and compaction dwell time was 2 min. In the course of | 48 & “S-as
the compaction, the residual dilute acid was squeeze(‘ A
out the mold and absorbed by paper tissue. For thefg
density and elastic moduli measurements, 8 mm di-y
ameter by 1.5-3 mm thick discs were prepared with S5ag ™%
plane parallel faces. Both AAC and untreated (NT) sam-""
ples were prepared from powdef. A'he compaction

©

pressure of the AAC samples from powdersad C, Figure 1 SEM images of the atomized (HJE) spherical silver particles
was about 300 MPa. For all the powders, 3-5 sampleg) powder A, (b) powder B and of the irregular particles (c) powder C.

TABLE | Characteristics of the powders that were used: particle size, particle shape, surface area as determined by B.E.T., apparent density (AD)

tap density (TD), and vendor's name

Particle size
Powder Particle B.E.T. AD TD
notation [mesh] fem] shape kg4 [%] [%] vendor
A’ —-500 -20 spherical 0.212 0.382 0.553 HIE
B’ —325H500 —44+ 20 spherical 0.180 0.486 0.627 HJE
c -1 dendritic 1.15 0.220 0.303 CA

*HJE- HJE Company. Glen Falls, NY. **CA-Consolidated Astronautics.
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were compacted at each compaction pressure. The aci@-4. Elastic moduli measurements

treated samples were kept under vacuum (3 Pa) in @he shear modulus;, and Young’s modulusE, are

desiccator for periods extending from 3 to 30 days. calculated according to Equations 6 and 7 respectively
A few A’-type powder samples underwent, prior to[13, 14]. The Poisson’s ratio, is calculated according

the AAC, a heat treatment under vacuum (0.2 Pa) ato Equation 8 and the bulk modulus is derived from the

350°C for 18 hours (HT-Asamples). The purpose of measureds and E values according to the elasticity

the heat treatment was to study the effect of a stress reheory [15].

lief on the density and the elastic moduli. Some NT-A

and A samples underwent sintering at 0;8 (714°C, Shear modulus G = IOVt2 (6)

Tm, melting point of silver) for one hour. Prior to sinter-

ing, the samples were heated to 26Qunder vacuum

in order to remove the residual moisture. Thesean- Young's modulus E = pVi3(1+v)(1— 2v)/(1—v)

ples were compacted in the 50-500 MPa range and the @)

NT-A’ samples in the 300-500 MPa range.

E
Poisson’s ratio =—-1 8
e ®

2.3. Sample characterization Usually the elastic constants in porous materials are

The characterization of the samples included densit)pmmd against the porosity, see section 3.3. Porasity,

and sound wave velocity, (SWV), measurements and® 'S the volume fract|on of pores an'd IS def|r_1ed by

for selected samples, fractography by scanning elect‘-r)]e: rln;tg ( ing’anTﬁée Drzzsli:r:?esttl?c%?rr?ct;rcalu?gnssi:%:)f

:)rontrl]ﬂ icl_rossjozy (SIEM)' Th? (d: nf]i.w’ Véas)meaf# r((ejd. was taken aé 10 SOSF?(grﬁ which is an av%rage of the
y the liquid displacement (Archimedes) method in " ’ . ) .

distilled water the density of which was corrected forvladt'olusS \:/L%Iues reported for pure silver in the literature

temperature variations. The accuracy of the density de[— , 16-18].

termination is estimated to be better thaf.3%.

Sound wave velocity measurements were performe
along the compacting direction by the pulse-ech
method according to which the time of flighto{) of
short duration ultrasonic pulses is measured. T (

is the time for a stress wave (acoustic wave) to trave X : i
back and forth along the length of the sample, L. De- he density of the various acid-treated powders B4

tails of the measurements were given elsewhere [12 nd C), the untreated and heat-treated (NTahd HT-

, . . ; i
Each sample was ground to plane-parallel faces bettébl’ ; Tespectively), as a function of the compaction pres

than-3 x 10~ m. The accuracy of the sample height sure is shown in Fig. 2. The behavior shown in Fig. 2
measurement was2 x 10- m. The frequency of the is consistent with the qualitative description of metal

pulse generating transducers, both for longitudinal an&)_owder compaction given by German [19]. The den-

. Sity of the NT-A samples compacted in the 0—-300 MPa
i;arbiggrc?:I(\?ﬁ;?:éV;iisrmrg .J{;’_he soundwave Velounéressure range was slightly higher than that of the AC
K} .

samples. This can be attributed to the effect of the fine
oxide film on the original NT-Aparticles that reduces
2L the inter-particle friction, whereas, the acid-treatment
i = (tof), ®)  removes _the oxide _film and promotes aqlherence be-
tween adjacent particles as apparent in Fig. 3a. Adher-
ence increases the coefficient of friction resulting in a
where the indekindicates the longitudinal or the trans- slightly lower density at low compacting pressure in
verse mode (denote@ndt, respectively). The longitu-
dinal velocity was measured by coupling the transducer
to a wave-guide using a thin oil film. To prevent sample w 8
contamination, a thin rubber layer or aluminum or a foil 0 | 2
was inserted between the wave-guide and the poroL Y
sample. At least threeof measurements were made % oo L2 —
averaging 100-1000 waveforms. Difficulties were en-2 ¢ T A
countered in trying to measure sound velocity in NT—-§ 070 o
A’ samples. Most of these samples broke up undez oNTA
the pressure at which the transducer was pressed al o¢0 |
some disintegrated during grinding. The accuracy of the
sound wave velocities was abati0.3% for the AAC 0.50 : : ‘ ,
and aboutt4% for the NT-A samples. The large un- 0 200 400 600 800 1000
certainty in the NT-A samples is due the presence of Compaction pressure [MPa]
cragk;/mlcrqcracks. For samples that underw,en,t an II’\figure 2 The dependence of the density of compacted samples of pow-
sufficient acid treatment, e.g. powdef, @ie variation  ger A on the compaction pressure. The density of powdérar C
of the sound wave velocity was of the order:62%. after compaction at about 300 MPa is shown for comparison.

3 Results and discussion

3.1. The effect of the compaction pressure
on the density of A’ and NT-A’
silver compacts

o @
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Figure 3 (a) The beginning of localized deformation in ahgample that was compacted at 50 MP; (b) Localized contact area in’ N@ample that

was compacted at 200 MPa, notice the crack besides the large particle.

the A’ samples. In the high-pressure range, both NT-A  b) The heat-treatment did not affect the density of
and A samples attain the same level of density. In thisthe AAC samples.

pressure range, the oxide film on the NTsamples has

broken down and some inter-particle adherence takes

place.
Two other features in Fig. 2 are noteworthy: 3.2. The effect of compaction pressure on
the sound velocity and elastic constants
a) The density of Csamples is significantly lower of acid-treated silver powder compacts

than that of A and B samples. This difference is The dependence of the longitudinal and shear veloc-
probably due to the different particle shape of the Cities on the compaction pressure of powder ahd
particles. HT-A’ is shown in Fig. 4. The sound velocity of the
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Figure 4 The dependence of the longitudingllf and shear{'s) sound  Figure 7 The elastic moduli against the porosity of #ilver compacts.
wave velocities of Asamples on the compacting pressure. Note theThe solid and the dashed lines designate the estimated elastic moduli
slightly lower values for the heat-treated samples (HT). from exponential and linear expressions respectively.
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Figure 5 The dependence of the YoungE)and shear@) moduli of  Figure 8 Effect of porosity and of the processing route, on the shear

A’ samples on the compacting pressure. modulus of silver compacts. (The dotted, solid and broken lines designate
the linear regression correlation for thé, AT-A’, and NT-A samples
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Figure 9 The Young’s modulus of the various silver compacts of powder

heat-treated samples is slightly lower than those of theA’, grouped according to their processing, as a function of the porosity.
regular AAC samples. The elastic constants of AAC

silver powders increase with the compaction pressure M = Mo exp(-bp) (10)
as shown in Fig. 5 foG and E and in Fig. 6 for the
Poisson’s ratio. whereM is the elastic moduli of the porous samp\é,

is the elastic modulus of the solid bulk, aadndb are
constants. Since there is no significant difference be-

3.3. The effect of porosity on the elastic tween the two fits, the linear dependence will hereafter
properties of NT-A’ and A’ silver be used.
powder compacts The scatter of the results for the NT-#amples prob-

The dependence of the measured Young's and thably reflects the presence of multiple cracks. The pres-
shear moduli of the Asamples on the porosity were ence of multiple cracks and the low interparticle bond
fitted to two commonly used expressions and shown istrength can be deduced from Fig. 3b. The ‘elastic
Fig. 7. moduli’ of these samples are reported only in order to
provide a reference frame for the effect of the AC and

M = Mp(1 — ap) (9) sintering treatments (Figs 8 and 9). Relatively reliable
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sound wave velocity measurements were carried out ohABLE Il The Young's modulus at full densitfq—1 and the quality
NT-A’ samples that had been compacted in the interf_actgr,w of the four processing routes: sintering, S, acid assisted consol-
mediate pressure range of 300-500 MPa. In the N.I._Aldatlon, AAC, heat treatment followed by AAC, HT and untreated, NT
samples the attenuation of the longitudinal waves wagrocessing route

very high and only in two samples could the transverseProperty| S AAC HT NT
velocity be measured. Equation 7 was used to calculate
the Young’s modulus and assuming that the Poisson’§e-
ratio of the NT-A samples was the same as that of”
A’ samples at similar density (porosity). The values ofE in [GPa] andyp is a dimensionless factor.
the Poisson’s ratio were derived by interpolation from

Figs 6 and 2. For two NT-Asamples, compacted at
500 MPa, the interpolated value compares well wit
the measured value. It clearly shown that the values
the ‘elastic moduli’ of the NT-Asamples are approxi-
mately 25% lower than the elastic moduli of the acid-
treated samples. The lower values are attributed to th
presence of the surface oxide layer that impedes part

cle bonding but breaks probably down above 300 MP n particular, we believe that the interparticle contact

and allows partial bonding between the NTp&rticles rea and the quality of the bond established across the

to take place. The elastic constants of samples at th%t el tact determine the elast d
same density ran@, > Grr-a' > Gnr-a, S Shown, Inter-particle contact area determine the elastic mod-

for example in Fig. 8. These results clearly show that”“' Th_us, the elastic modulM, of partially densified
materials can be expressed as:

the elastic moduli depend not only on density (porosity)
but also on the processing route that was followed.

82 75 65 55
1.0 0.92 0.79 0.67

hdence of the Young's modulus on porosity for samples
Olihat had undergone the three different processing routes
is shown in Fig. 9. It shows that for all porosity values,
the Young’s moduli rankEs > Eaac > Ent. These re-
ults clearly show that density is not the sole parameter
fhat determines the elastic properties of metallic com-
acts and that additional factors should be considered.

M = Moge (11)

) ) where Mg is the modulus of defect free materig,

3.4. The effect of the particle size and is a geometrical factor that gives measure of the con-

shape on the elastic moduli _ tact area between the particles, ands a factor that
The ela}sp(_: modl_JIl (M) and the density dependgfiects the quality of interparticle bond. The geomet-
on the |n/|t|al particle shape and can be ranked agica| factor depends on the interparticle contact area
Mg’ > Ma’">Mc'. In order to check whether the de- 5iiained either after plastic deformation or as the out-
pendence of the elastic moduli arises only through the.gme of a sintering treatmerg= 0 at tap density and
dependence of the density or possibly to some addig: 1 at full density. The quality factogy =0, for a
tiona! causes, the measqred values of samples of equl%'osely packed untreated powder apé- 1 for a ma-
density have to be examined. The results show that thg,j) in which the bond across the particle interface is
elastic moduli of Aand B samples fall within a 5% ot same quality as within a defect free material. The
range, whereas, the difference betweemid C sam-  genendence af on the density can be derived from ex-
plesis about 25%. These differences can be attributed t@ting models [20, 21]. The extrapolated value&gf |
the difference in shape and surface area of the particleg, o Young's modulus, for the various processing r_outes,

see Table I. assuming a linear dependence on density (Equation 9),
are givenin Table II. The extrapolaté&gd_, can be used
to determine the values @f that are clearly process

3.5. Effect of the sintering treatment on the dependent.

elastic properties of A’ and NT-A’

silver compacts
In order to gain further insight into the effect of sample 3.6. Sound wave velocity as a predictor to
processing route on the elastic moduli of silver, powder the sintered state
sintering treatments were carried on botteAd NT-AX'  The results that were obtained above clearly indicate
silver compacts. The sintering treatment increases ththat the commonly used criterion for the elastic con-
elastic moduli of the Asamples by about 20%, and stants of sintered materials, namely the density, does
those of the NT-Asamples by 60%. Samples, after acid not provide an unambiguous description of the sintered
treatment, compacted at elevated pressure, swelled aftstate. The elastic moduli, as shown in Fig. 9, are process
a sintering treatment due to the expansion of the residdependent and so is the sound wave velocity. Processing
ual liquid in closed pores. No swelling was observedroutes affect the sound wave velocity either by change
in samples compacted below 300 MPa. Swelling, duén the acoustic path-length and/or change in the quality
to residual humidity, was also observed in NT sample®f the interparticle contact area. According to Equa-
that had been compacted above 400 MPa. Sound véion 11 the geometrical factor reflects the change in the
locity in these samples (denoted NT S1) was measuredcoustic path-length and the quality factor stands for
before and after the sintering treatment. A second set ahe quality of the interparticle contact area. The plot of
NT samples (NT S2) were compacted at low pressuréhe normalized Young’s modulug* = E/E,, vs. the
to avoid retention of humidity and the sound velocity normalized sound wave velociy* =V, / V| yields a
measured only after the sintering treatment. The depersingle curve as shown in Fig. 10.
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Figure 10 The normalized Young's modulus of porous samples as a
function of the normalized longitudinal velocity. (Data points from
Fig. 9).

tic moduli of defect free materialj is a geometrical
factor andy is a quality factor.

8. Sound wave velocity is a predictor more appro-

priate than density in describing the elastic moduli of

etallic compacts.
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