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Abstract: The structure of powder particles was analysed by considering their cross sections.
It was shown that the structure of powder particles of nonsieved flowing powders is suffi-
ciently dense to produce a continuous surface, which does not allow the particles to jam and
hence permits the free flow of nonsieved powder. It was also shown that the representative
powder particle, the elementary cell of which can be presented by a 3D-cross, describes the
properties of the powder relative to its flowability well.
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INTRODUCTION

It was pointed out in previous papers!~#that the free flow of'a copper powder is possi-
ble if the surface structure of powder particles prevents them from jamming. The surfaces
were analyzed using SEM microphotographs of the powder particles, but little attention
was paid to their internal structure. The aim of this work was to analyse the internal and
surface structures of powder particles by considering their cross sections and to correlate
them with each other.

EXPERIMENTAL

The experiments were performed as described earlier.>> The cross sections of the copper powder parti-
cles were determined as follows. Specimens of copper powder were connected by a cold mounting resin.
Preparation of the metallographic specimen was performed using silicon carbide abrasive paper 320, 600 and
800. Nap cloths with 2 — 5 pm-diamond paste were used for the final polishing. Microstructural characteriza-
tion of the copper powders was performed using a “Zeiss Axiovert 25” optical microscope.
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RESULTS AND DISCUSSION

The cross sections of powder particles of nonsieved copper powder obtained at 1600
A/m? are shown in Fig. 1. As expected, the particles are of very different sizes, but the inter-
nal structure is the same. In all cases the subparticles of the powder particles practically touch
each other. This does not allow jamming of the different particles, regardless of their size, be-
cause the surface of the particles is rough and coarse, but continuous. The cross section of
particles of fraction 149177 pm of copper powder deposited at 1800 A/m? are presented in
Fig. 2. By considering them, it can be concluded, that this fraction will flow, because jam-
ming of the particles is not possible. On the other hand, the particles are porous and it is to be
expected that nonsieved powder obtained under the same conditions would not flow, be-
cause the larger particles can be abridged by the smaller ones, as shown earlier.3

The same fraction of a powder obtained at 3600 A/m?, as well as the nonsieved pow-
der, will not flow due to the structure of the particles shown in Fig. 3, which permits jam-
ming of the particles. It was shown in a previous paper? that a less dense surface structure,
which does not allow jamming of the particles, is characterized by

b=2a (1)
where a is the size of a full segment and b of an empty one, as illustrated in Fig. 4. The cor-
responding apparent density can be taken as the critical density at which a powder be-
comes non-flowing. The determination of the critical apparent density at which a powder
cannot flow is presented here in a simpler form than in a previous work.# Assuming that
the elementary cell of the structure of the particles is as shown in Fig, 4, it is obvious that

alp=bp” )
where p and p” are the densities of the bulk metal and the powder particles, respectively.

Bearing in mind that for a representative particle of spherical shape

p'=2p 3
as shown previously,! where p' is the apparent density of the powder, it follows
2
»_pa
== 4
P=oz @

It follows from Egs. (1) and (4) that the critical apparent density for free flow of a copper
powder is given by

P )
8

being about two-times lower than the critical value determined experimentally.® Regard-
less, the same fractions of powders can flow at apparent densities close to that from Eq. (5),
as well as the same powders obtained by reversing current deposition. It is obvious that the
critical value of the apparent density for the free flow of nonsieved powder, obtained by di-
rect current deposition, is

p'=
~

P
r=y ©)

as obtained earlier,! being in accordance with literature data.®
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Fig. 1. Microphotographs of the cross sections of the
copper powder obtained under constant current depo-
[ sition. ¢(Cu™?) = 15 g/dm?, c(H,S0,) = 140 g/dm?,
electrolyte circulation rate 0.11 dm3/min, £ = (50 +2)
°C, nonsieved powder, j = 1600 A/m?, 1,=2.5h,ap-
parent density 2.3 g/em?, flow time 38.4 s, magnifi-
cation x 100.

The surface structure of powder particles derived from the elementary cell from Fig. 4
does not allow jamming of the particles, but the corresponding critical apparent density is given
by Eq. (5), meaning that the elementary cell from Fig. 4 does not represent the internal structure
of the particles well. This is because it does not take into account the branching of the dendrites
which form the copper powder particles. The structure of the surface of powder particles which
does not allow jamming between them is schematically presented in Fig. 5.

It is obvious that the same particle surface can be formed by repeating the elementary
cells from Fig. 4, as well as elemnentary cells like 3D-cross from Fig, 6, as described earlier.”

The density of each elementary cell like 3D-cross si given by

p,,:g:p(6a2h+a3) ¢
v b3
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Fig. 2. Microphotographs of the cross sections of the copper powder obtained under constant current depo-

sition. ¢(Cu'2) = 15 g/dm3, c(H,S0,4) = 140 g/dm3, 0 = 0.11 dm?/min, ¢ = (50 + 2) °C, fraction (149 — 177)

um, j = 1800 A/m?, 1, = 1.5 h, apparent density 1.122 g/cm?>. Apparent density of nonsieved powder 1.838
g/em? a) x100, b) x 270.

or, taking into account that
= b-a ®)

2 3 9
p.._p(3a_2aJ ©)
b2

b3

where G is the mass and / the volume of the elementary cell, assuming that the density of
the powder particle is equal to the density of the elementary cell. It follows from Egs. (1),
(3) and (9) that the critical apparent density for the free flow of powders is given by Eq. (6),
which is in a perfect agreement with experiments.

- '

Fig. 3. Microphotographs of the cross sections of the copper powder obtained under constant current depo-
sition. ¢(Cu'?) = 15 g/dm3, c(H,S0,4) = 140 g/dm3, 9 = 0.11 dm?/min, ¢ = (50 + 2) °C, fraction (149 — 177)
pm, j = 3600 A/m?, 1, = 15 min, apparent density 0.524 g/cm3. Apparent density of nonsieved powder
0.528 g/em? a) x 100, b) x 270.

Hence, the representative powder particle which models the branching of the formed
dendrites by a 3D-cross as the elementary cell, describes well the properties of copper
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Fig. 4. Schematic presentations of the elementary cell of a powder particle a) cross section in the horizontal
plane, b) cross section in the vertical plane.

powder relative to its flowability. Besides, taking into account that the secondary and ter-
tiary dendrite arms are preferentially dissolved during the anodic pulses in the deposition
of dendrites and powders by reversing current® changes the elementary cell of the repre-

b ) b

e — =t
!h in
a b

Fig. 5. Schematic presentation of the surface
structure which does not allow the particles to
jam.
sentative particle from that in Fig. 6 to that from Fig. 4, which explains why nonsieved
copper powder obtained by reversing current deposition can flow at apparent densities
close to those given by Eq. (5)
The structure of powder particles can be semiquantitatively estimated in the following
way. The specific surface, Sgp, of a 3D-cross is obviously



822 POPOV et al.

Fig. 6. Schematic presentations of the 3D-cross like elementary cell a) cross section in the horizontal plane,
b) cross section in the vertical plane.

S
Se =2 (10)
Sp G
where S is the surface and G the mass of 3D-cross shaped particle. Obviously
_ 24ah+6a° (11)
Ssp= 2, 3
p6ah+a’)
for single 3D-crosses, but
S = 24ah (12)

-
P p6atha®)

for 3D-crosses inside the lattice of a powder particle. Substitution of / from Eq. (8) in to
Eq. (12) and further rearranging results in

S = 12b -12a (13)
pBab —2a?)
or
S5y 126-12kb _120-k) 1 (14)
pGkb —2k%b%) 3k -2k> pb
if

a=kb (15)

The values of & for any p” (2p”) can be calculated from Egs. (9) and (15) and further
substitution into Eq. (14) permits the calculation of Sy, as a function of p and b. For k=0.5,
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Fig. 7. Microphotographs of the cross-sections of powder particles obtained as described in the captions of
the Figures (a, ¢, ) and the calculated cross sections (b, d, f). Magnification x 270. a) and b) Fig. 1; ¢) and
d) Fig. 2; e) and f) Fig. 3.

for example, it can be written
6
S5p= 0 (16)

Taking into account that
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K
Ssp=—, {17
p
is valid to a first approximation,® elimination of Ssp from Egs. (16) and (17) gives
p= 0P (18)
Kp

where K ~1000 cm . This is obviously the value for the representative powder particle, as
well as a = 0.5b, from Eq. (15) for k=0.5.

Assuming that all the particles of a powder are composed of the same elementary
cells, the cross section of any particle can be simulated by repeating the elementary cells
obtained by multiplying the values a and b with magnification of the photomicrographs.
On the other hand, very different cross sections of powder particles can be obtained, de-
pending on the position and angle, so some equivalent cross section should be defined. If it
is assumed that inside an empty cube with edge b there is a cube of equivalent bulk metal
with edge a,, the mass of which is equal to the mass of the 3D-cross under metal with edge
a,, the mass of which is equal to the mass of the 3D-cross under consideration, a, can be
calculated from

adp=b3p"=203p’ (19)
! (20)

ar=b(2pJ3
p

where b is given by Eq. (18) and the equivalent cross section can be defined as one parallel
to the basal plane. Using Egs. (9), (15), (18) and (20) and appropriate values for p and p', it
is possible to obtain the values of a, b and a,. These values for powders for which p is 8.9
g/cm3 and p'are 2.3, 1.838 and 0.528 g/cm? respectively, are calculated and given in Table
L. These values under a magnification of 270 and also given in Table L.

TABLE I. Values of a, b and q, for different apparent densities

12(-k)
p’/(kg/em?) k 3k —ok2 b/cm alcm a/em  px270/cm a, x 270/cm
2.25 0.5 6.0 1.55x103  0.78x103  1.25x10°3 0.42 0.34
1.838 0.442 7.16 1.48x103  0.65x103  1.10x1073 0.40 0.30
0.528 0.215 17.05 1.01x103  0.22x103  0.50x103 0.27 0.13

It can be seen from Fig. 7 that the cross sections of experimentally obtained particles
from Fig. 7a, 7c and 7e can be successfully simulated by Fig. 7b, 7d and 7f using the ele-
mentary cells calculated by the above procedure. This means that modeling of the repre-
sentative particle allows a fair estimation of the internal, as well as the surface structure of
the particles.
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N3BOJO

YTULAJ OBJIMKA U CTPYKTYPE YHECTUIIA HA TEY/bMBOCT
EJIEKTPOJIMTUYKOI' BAKAPHOTI [TPAXA.IV. YHYTPAIIBA CTPYKTYPA
YECTULA ITPAXA

KOHCTAHTUH U. [IOIIOB!, CHEXXAHA B. KPCTUR!, MUOMUP I'. [TIABJIOBUR2,
JbYBUIIA J. IIABJIOBUR? 1 BECHA M. MAKCUMOBUWR?

I Texnonowxo-meitianypuiku paxyaitieisi, Yuueepsuitieiti y beozpady, Kapuezujesa 4, 11000
Beozpao, 2UXTM — Lenitiap 3a eaexitipoxemujy, Fbezowesa 12, 11000 Beozpad u > Hncitiuitiyit 3a
HyKkeaapHe Hayke “Bunua”, il. ii. 522, 11000 Beozpao

AHanu3upaHa je CTPYKTypa 4YecTHlia Ipaxa pa3MaTpameM HHXOBOT MONPEYHOr NpeceKa.
ITokazaHo je fa je CTpyKTypa 4YecTula HecejaHOr Ipaxa KOju Tede JOBOJBHO TycTa ja oOpasyje
KOHTHHYaJIHY TIOBPILFHY, KOja HE JI03BOJbaBa 3arfiaB/biBa-¢ YECTHIA ¥ CAMHM THM OMoryhaBa
CIIOOOTHO TeUeH-e HecejaHnx MmpaxoBa. Takobe je moka3zaHo Jla pernpe3eHTaThBHA YecTula npaxa,
ymja ce eeMeHTapHa henmja Moxke npeactaBuTi 3D-KpCToM, TOOPO OIHCYyje OCOOMHE Mpaxa Koje ce
OfTHOCE Ha TEUIBUBOCT.

(ITpumsbeHo 26. janyapa 2004)
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