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PREFACE (p 3 of source)

At present in different branches of technology there
find wide apvplication materials from sintered aluminum pow-
der (SAP) and sintered aluminum alloys (SAS). Mastering
SAP has significeantly expanded the region of temperatures
at which can be applied the aluminum alloys.

In distinction from other aluminum alloys, SAP has
comparatively high ultimate strength in the interval of
temperatures 300-500C, its prolonged durability in tests
during 10,000 and even 100,000 hours is little chanced with
time and practically can be considered stable.

The 1961 collection of articles "High-Temperature
material from sintered aluminum powder (SAP)" was the first
attempt to generalize the results of investigations conrected
with the development of the fundamental technology of ob-
teining of half-finished products from SAP, and also with
the study of its structure, properties and peculiarities.

During the time since the nublication of the first
collection new forms of half-finished products (profiles,
pipe, foil, etc.) have been developed which find wide ap-
plicaticn in industry, the technology of obtaining of pre-
prepared half-finished products has improved, as well as
the technology of preparation of powders and dusts that
allow significant reduction of the technological cycle of
production of articles,

In the collection there 1s described a new method
of briquetting with preliminary heating of aluminum powvders
to 500-600C, which gave the possibility of obtalning both
round and flat brijuettes to weight of one ton; properties
of these briquettes differ insignificantly from properties
of half-finished products. obtalned by treatment by pres-
sure. Production from large dimension briquettes of wide
striv of dimension 90 x 600 mm for rolling of sheets and
rods of diameter 20C mm and more for starping has been mas-
tered.

High-temperature heating of powder during ite bri-
quetting also ensured prolonged operaticn of half-finisned
products from SAP temperatures to 550C, where surface of
half-finished products after heating remains of high quality
(without bubbles),

In published articles there is described also a
method of investigation with the help of the electron mi-
croscope of the structure of sintered aluminum materials




and results of manifold investigation of propertics depend-
ing upon conditions of deformatior and heating that allowed
us to estabvlish several regularities charecteristic of
the material strengthened by dispersed inclusions of alum-
irum oxide.

Special attention 18 allotted in the collection to
the problem of formation of welded Jjoints of details from
SAP, in particular there are considered the causes deter-
mining the not-always-stable results of argon arc fusion
velding of SAP and necessary recommendations ar: glven.
Results are published of an investigation of the possibility
of jJoining of details from SAP by other methods (resistance
and spot electric welding, ultrasonic welding and riveting.

There is great interest in the studies which resolve
the vroblem of obtaining of sheet meterial directly from
«lurninum powder. They present the process and technology
of rolling of powder, properties and structure of resulting
billets and ready half-finished products,

The collection considers the structure and properties
of the newly mastered half-{inished products; there are given
certain reguiarities of change of their propertles and struc-
ture depending upon technological factors.

Significant attention is allotted to new materials
from sintered aluminum alloys with special properties (for
instance, with low coefficient of linear expansion). Ob-
taining of such alloy, containing to 30% silicon, by the
usual method (castine and deformation) is very complicated

~and only by means of sintering of powder from aluminum alloy
have we managed to crec*te a number of alloys with different
coefficients of linear expansion, necessary in instrument-
ma-kingo

Of definite interest are the studies of the structure
and properties of standard aluminum alloys (D16, B96),
obtained from sintered powders. The quality of half-finlished
products from SAP 1s better than from alloys obtained by the
usual method, since thelr structure is uniform, and metal-
lurgic defects inherent in these alloys are absent.

The author: trust that publication of this collection
will allow still more expansion of the region of application
of high-temp sintered aluminum alloys in industry.




PROPERTIES AND APPLICATION OF HALF-FINISHED PRODUCTS
FROM SINTERED ALUMINUM POWDER (SAP) (p 5 of source)

B.L. Matveev, I.N. Fridlyander, G.D. Agarkov,
M.G. Stepanova, P.T. Vlasova

High-temp deformed alloy from sintersd aluminum pow-
der at temperatures of 350-500C has significantly higher
strength characteristics than standard aluminum deformed
alloys which is explained by the presence of a finely-dis-
persed oxide phase evenly distributed in the aluminum base.

Half-finished products from SAP possess high cor-
rosional stability, practically equal to the corrosional
stablility of aluminum; they are recommended for prolonged
work in interval of temperatures 350-500C and at lower
terpsratures if there 1s required a combination of high
durabllity andé corrosional stability. For manufacture of
half-finlshed products from SAP uae is made of aluminum
powder of brands APS-1, APS-2 (aluminum powder for sintering),
composition of which is given in Table 1.

Table 1

Composition of Powders for Manufacture SAP
(remainder Aluminum) in %

1
(4_> Fe up)u
Mapka nyzpu A0, H,O
()
He Goiee
AFSANC-1 69 | 02 | 02 | w1
APS ATIC-2 9,1-13| 0,2 0.2 0,1

a - Brand of powder; b - Fats; ¢ - not more.

The vowder of brand APS consists of oxidized parti-
cles of aluminum in form of scales (plates), average di-
mension of which prior to nodulizing is 10-45 mk with a
thickness of less than 1 mk. The powder is prepared by
atomlzing a melt and grinding the pulverizat in ball mills
in a medium of nitrosen with a controlled content of oxygenand




of stearin. In the process of manufacture the powder 1is

sub jected to nodulizing {for the purpose of increase of

bulk weight), a conglomerate 1s formed from the elerentary

particles. Average dimension of conglomerate in the no-

dulized powder constitutes 50-100 mk. In industry, from

vpowder APS-1 we prepare half-finished products of the brand

SAP-1, and from vowder APS-2 -- half-finished products SAP-2.
The technolosy of manufacture from SAP of half-finished

products, billets for rollirnes, forging, stamping includes

briquetting of powder, sintering and hot pressing.
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Fig 1. Wire from SAP

From SAP-1 we prepare the feollowineg half-finished
products: rods and ploe of diameter to 200 mm, proflles
of section to 100 cm2 and above, sheets of width 900 mm,
length to 3 m and thickness to 0.8 mm, rivet wire (Fig 1),
foil of thickness to 0.03 mm (Fig 2), pressed half-finished
products (Fie 3).

From SAP-2 we prepare only pressed half-finished
producte (rods, strip, pipe) of the same dimensions as from
SAP-1. Basically the half-finished products from SAP-2,
possessing lowered engineering plasticity, are used for the
manufacture of details by mechining or stampinz in closed
dies; these operations ensure defor-ation of material with
minimum stretching stresses,

The mechanical properties of presced, rolled and
stamped half-finished products from SAP-1 end SAP-2 are
given in Tsble 2. From SAP-1 it is possible to obtaln
stamped half-finished products directly from the sintered
briquette (billet).
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Fig 2. Sheets and foil from SAP
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Fig 3. Half-finished products from SAP

Mechanical proverties in this case are sufficiently
high. With increase of temperature of test to 500C the
strength of SAP-1 decreases from 30-35 to 8-10 kg/mm2,
and that of SAP-2 from 40 to 12-13 kg/mm2,




Table 2

Mechanical Properties of Different Half-Finished Products
From SAP-1 and SAP-2

Teune- §r.
MNpenca [ MNpepen| 3 :
Mapka matcpHasa u Bua u"’:an’lftpa_ npoy- tl;xy- S| HB
noaydabpukara ¢) 3| wocrn | wectn | EE )Jxl‘[.uﬂ
: ¥. '1'8'(4) xljus? | xl|su? °ge &)
' @ | (4 |8%
Mpeccosannue (}-) 20 33 2 6 |95—100
187750 jwauetpou 250 20 16 4 |95—100
SAP i :
CAll-1 Tpeccosaknue mno- 300 18 15 3 | 95100
aocu ceycHnem or | 350 15 13 2 | 9100
“') 500 9—10 8 1 | 9510
Xonoaxokaranui 20 33 —_ 4 —
. ;uc; Jtl(J:;uu(uuoﬁ (:‘_ 9250 16 - 5 -
— BAOAL HZ-
CAll-1 npasaeHua npokarxu) | 350 11 - 4 —
400 9 — 4 -
500 7.5 — 1.5 —
Xoaonuoxatauulb- 20 4 — 5 —
AP ;n_c; ton(mmoﬁ 250 16 _ 4 -
MM (Donepex Ha-
CAll-1 npasaexus npc?xatxu) 350 11 — 4 —
' 400 9 —_ 4 —
$00 7.8 - 2 -
(s:'::_l rgpnqcxatauuﬁ 20 30 - S -
AHCT ('k) 500 8 _ 2 —
o&onsra tou!uégnoﬁ 20 3 — — —
.05 sx nocae 100 vac
AC OTXKHra NpH Temnepa- 200 21,8 - - -
éAﬂ-l Type HCOMTAHUA @ ) 250 19,0 - - o
215 16,3 - - -
300 13,6 — — —
400 8 -_ — -
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Table 2 Continuation
Teune- §i?
. fipexen | llpegea | 2,
Mapka marepnaaos u Bug f:;&g:_ npou- | vexy- | €% HB
noaydabpurara HOCTH yeeTH E‘ié Krfum?
( <) "E“ Kkl[um? | k[ [sn? §;)| ®
w ) o> )
[Moxosk#H ¥ mTaM- 20 35 — 4 —
LY~ NOBKH H3 ChneveHnnoit
CAM-1 sarotoBkn amaswcerpoy | 300 15 — 35| —
) 160 M (
) 350 — — - | =
400 10 —_ 3.0 —
Mpeccosanuue —196 46 — 0.5]| 120
NPYTKH  AHAMETPOM
170 x#x u noaocut ce- 20 40—41 2,0 |23 —_
S qenHe 240X30 aru . 0405 0 :
CAfl-2 6’ ) . 24—2 .
350 18—19 15 0.5 —_
500 12—13 9-10| 0,5 —
600 3—4 — — —_

RO
t

of section from 20 x 00to 410 x 30 mm;
sheet of thickness 1-3 mm (along direction of rolling);

J - Cold-rolled sheet of thickness 1-3 mm (across direction
of rolling); k - Hot-rolled sheet; 1 - Foil of thickness
0.05 mm after 100 hour of annealing at temperature of test;
m - Forzings and stampings from sintered billet of diameter
160 mm; n - Pressed rods of diameter 170 mm and strip of
section 240 x 30 mm.

Brand of material and form of half-finished product;
Temperature of test C; ¢ - Ultimate strength kg/mm2°

Yield point kg/mm2; e - % eloneation; f - HB kg/mm2;

Pressed rode of diameter 18-180 mm; h -~ Pressed strip

i1 - Cold-rolled

The prolonred strength of SAP-1 and SAP-2 after 100
hours ¢1 test 1s given in Table 3.




Table

3

Prolongzed strength of SAP-1 and BAP-2
efter 100 hours, in kg/mm2

Teuneparypa shf sAf
nCOLTaHHA CAll-1 CAM-2
()
250 11,0 12,0
350 8,0 9,0
500 4.5 §5 .

a - Temperature of test, C

The prolonged strength of SAP-1 and SAP-2 1s prac-
tically identical and exceeds the strength of all the alum-

inum deformed alloys.

The basic mechanical properties of

'SAP-1 and SAP-2 are given in Tables 2 and 4.

Table

4

Certain mechanical proverties of SAP-1 and SAP-2

5 S&P CAI-1 | SPCAN-2
(0. ’ . °
Ceoficraa @) Temneparypa B °C
: 20 250 |350{500f 20 250330 | 500
(<) Ornocureavnoc cyxennen % | 8—I11 | 9—12(8—906—7{ 3—4 [3—43 >3
(4 fipexen noaayuect no oc- | — — |7 4 — —17 |4
Tarounofi  acdopyanin
Sg,2100 B K[ [ma?
®nperea  munocamsoctn s
&l{au2 na 6a3c 20- 105 unkaos: _
o6pasen Gea nanpesa 9 3 13 15 | —38.5]3.,5
obpasen ¢ Haape3os 6 2,5 2 7.5 —_—1—
(OYucso unkrov no paspyue- |, 4700 | — | — 4600 | —|—
HUR NPH NOBTOPHWX CTATHYC- @)npu @npu
CKHMX Harpyakax npi Hanpske- | 6=23,5 go=
Hun 0,70, xljun? kl[mum?
Dlnuaunseckuit mopyas yi- | 7500 | 6400 [5800{5200] 7700  §6800{6100[5500
yroctn 8 kljum?




a - Properties; b - Temperature in C; ¢ - Relative reduction
in %; d - Limit of creep at permanent deformation @u.z/ec

in kg/mm2; e - Limit of fatigue in kg/mm2 on basis of 20-106
cycles; sample without notch, sample w. notch; f - Number

of cycles to destruction during repeated static loads at a
stress of 0.7dp; & - Dynamic elastic modulus in kg/mm2;

h - at

Physical properties of AP
SAP-1 SAP-2
Specific gravity in g/cm3 2,73 2.75
Thermal conductivity in cal/em sec©C (20-500) 0.4-C.3€ 0.33-C.34

The coefficient of lineary expansion of SAP variles
depending uvon tempersature (Table 5).

Table 5
- «-106
euMnepatypa AP P
c CAM-1 c?ﬂa

(®)

20100 23,0 19,5
100—200 2.0 20,2
200—300 23,0 20,9
300—100 25,9 21,7
400—500 2%,3 2,7

8 - Temperature C

SAP 1s characterized by high corrosional stabllity.
During test ir. conditions of full submersion in 3% solution
of NaCl+0.1% Ho0p and in a natural atmosphere during 10
months, the strength and relative elongation (Table 6) of
samples did not decrease,

When indispensable, articles from SAP can be anodized.
SAP is satisfactorily brazed and can be welded by argon arc
welding. Using fusion welding, the welded seam on sheets of
thickness 1.5 mm frop SAP-1 at normal temperature has a
st;en:th of 33 kg/mm2, and et a temperature of 500C == 5-6
kg/mm<,

SAP-1 and SAP-2 are satisfactorily deformed in the
hot state at 450-570C. From SAP 1t 1s practically possible
to obtain any pressed half-finished prcducts which are sub-
jected subsequently to working by pressure or cutting,.




Table 6

Mechanical properties of samples from SAP after
10 months of corrosional tests
(Corrosion tests conducted by V.S. Komissarova )

ot 5&) koppozucunux| Mocac koppo3snon-

% - - (CHLUICKHIC B %
Coaepxaithe B % HCnBITanui CHHX HCHLIT21IHI y:i B %

# B. ¢ 5" ] 3

e
Al0, Fe lun [.:l.«2 % xl [.Jl.u? %

npueﬁoa HOM NMOTpy®eHnun B3%-Huit pacreop NaCl{-0,1% Hy0,

60 | 025 | 32,8 10,5 | 34,5 | 10,8 | Hery| Her
9.0 | o1 | 32,5 51 | 3.2 58 '| Herg| Herj-
15 | o014 | 4,5 4,5 | 39,0 6,0 6 Herg~

- 1.6 34,0 13,6 35,2 Her r He'.'f

B ecrectBennofi atmocdepe
6.0 | 025 | 30.8 105 | 31,2 0.2 | Hery] 7.0
11,5 0,14 32,5 4,4 31,8 3,6 He. 1 18,0

a - Content in %; b - Prior to corrosional tests;
¢ - After corrosional tcsts; d - Decrease in %;

e - With full submersion in 3% solution of
NaCl4 0.1% H202; f - In natural atmosvphere; g -
None

Working of SAP by pressure has certain peculiarities.
From hollow billets of SAP using a secured or floating needle
1t 1s possible to obtain smooth pipe or with symmetrically
located flances, ribs, but the application of tongue-dies,
which are usually used for obtaining complicated hollow or
half-open profiles in the deformed alloys, is impossible
due to the high resistance to deformation. Pipes obtained
by pressing are subjected to drawing for removal of all
thickness differences along the length. From SAP-1 it is
possible to obtain pipes having wall thickness of 0.4 mm.

Thickness of walls of pressed SAP half-finished
product and radii of curvature are lower for a lower content
of Al203 in the initial material,

gAP-l 1s satisfactorily deformed in cold and hect
states by the methods of impact extrusion and free forging.
By impact extrusion it is possible to prepare shaped pipes
and pipes closed at one end., By the method of cold rolling

* Throughout this document, the abbreviation x/ stands for kg.

10




on millsof the type Rokrayt from SAP we can obtaln pipe of
variable section (with decrease of section by 75%). By
rolling on special mills from smooth pipes it 18 possible
to obtain pive with transverse helical ribs. Furthermore,
from SAP-1 we obtain wire of diameter 1-6 mm from which it
is possible to head rivets.

Sheets from SAP-1 are prepared from pressed large-
dimension plates which are hot rolled to thickness of 3-2.5
mm, and then cold rolled to any given thickness. By rolling
from SAP-1 we prepare foill of thickness to 0.03 mm. 8heet
material from SAP-1 1is subjected to drawing at temperatures
of 300-450C, the limiting coefficient of drawing for one
operation correspondingly constitutes l.3-1.8. The minimum
radius of bend of sheet material at normal temperature 1is
equal 7~8 times the thickness, at 350C it is 3 times, and at
450C it is 1.5 times the thickness.

SAP-1 and SAP-2 easily are worked by cutting. Here
there are not required special conditions for operation of
the cutting tool (in distinction from conditions of working
of usual aluminum alloys).

The above-mentioned different methods of working of SAP
allow us to conclude that the existing ldea of the fragility
of sintered materials does not apply to SAP. This material
1s processed by the same methods as the hardening aluminum
alloys. Heat treatment for SA® is not required.

The successes attalned in the field of working open
before SAP more and more new regions of application.

11




INVESTIGATION OF THE STRUCTURE OF SAP
(p 13 of source)

I.N. Fridlyander, M.G. Stepanova, N.S. Gerchikova
: N.I. Kolobnev

High-temp material from sintered aluminum powder
(SAP) is characterized by stability of structure and proper-
ties at heightened temperatures. Half-finished products
from SAP are obtained by consecutive briquetting, sintering
and pressing of aluminum powde:. Every particle of powder
is covered with a thin oxidized film. In tiie process of
the production of the half-finished products there occurs
destruction of the oxidized films, splitting of powder pare-
ticles and distribution aiuminum oxide in the form of finely-
dispersed inclusions through the entire aluminum matrix.

SA® i1s a typical representative of the alloys
strengthened by dispersed particles and differs from all
the other dispersion-hardening alloys in the nature of the
hardening phase and the method of dispersion. (N.J. Grant,
0. Preston, J. rf Metals, 1957, No 3, p 349; F.V. Lenel,
A.B. Backensto, M.V, Rese, J. of Metals, 1957, No 1, p 124.)

Strengthening of the dispersion-hardening alloys
occurs as a result of singling out of dispersed particles
during disintegration of the supersaturated solid solution,
therefore at heighten=d temperatures weakening of the alloy
occurs due to coagulation and dissolution of the hardening
phase, The usual dispersion-hardening alloys can be har-
dened only by those elements which dissolve in the base
metal. The 1limit of reasonable alloying is determined by
the 1imit of solubility of the element (or group of elements)
in the base metal.

SAP 1s hardened by particles cf aluminum oxide which
practically is not dissolved in aluminum; the limit of alloy-
ing therefore is not connected with the limit of solubility
of the second phase. The dispersiveness of particles of
aluminum oxide 18 the result of splitting of the thin oxi-
dized film and not disintegration of the supersaturated
80lid solution.

Thus, SAP, which 1s hardened similarly to the dis-
persion-hardening alloys by dispersed particles, in prin-
ciple differs from them in the nature of the particles and
the method of obtalning them,this allows us to improve 1its
mechanical properties.

12
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Alloys of the type SAP preserve high strength char-
acteristics at temperatures to 500C. This is explained by..
the presence of the hardening phase, aluminum oxide, which
is characterized by a high temperature of fusing (2050C),
low diffusion mobility, insolubility in the matrix and high
hardness, }

All availeble theories of hardening of alloys of the
SAP type basically lesd to dependency of proverties on the
dimension of the dispersed narticles (in this case particles
of alurinum oxide) and on the distance between them., Ir
order to better grasp the mechanism of hardening of the
aluminum matrix by dispersed particles of the oxide phase,
one should start the study of the structure of SAP from a
study of the dimensions and character of distribution of
particles of aluminum oxlde in briquettes, billets, and then
in half-finished products.

Fig 1. Microstructure of rod from SAP with
10.5% Al203, x 2000

Since partlcles of aluminum oxide are extremely small
the opticsal microscope does not «ive a full presentation
of the structure of SAP (Fig 1) and it 1s necessary to re-
sort to electronic microscopy.

There have been only a few studies of the structure
of SAP with the help of the electron microscope (E. Gregory,
N.J. Grant J. of Metals, 1954, N¢c 2, pp 247-252; F.V. Lenel,
%.8. Ansell, E.S. Neleon, J. of Metals, 1957. No 1, pp
117-124; H, Hug, N. Bischsel, Metall, 1961, Nr. 1, SS. 19-22.)
and eometimes the authors themselves mark a certain inac-
curacy of explanations obtained by them by electron mic-
rofotorerafy of the structure SAP and consider them as sup-
positisonal. One of the works contains somewhat contra-
dictory data on the form and character of .distribution of
varticles of the oxide pha= in SAP.
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Therefore for the carrying out of the electron-
microscopic investigation of the structure of SAP we
thoroughly developed and made a detalled check of a method
of preparation.of SAP products. In detail this method is
described in an article by N.S. Gerchikova and N.I. Kolobnev
(N.S.)Gerchikova, N.I. Kolobnev, FactorylLaboratory, 1961,

No 12).

In the present work with the help of the electron
microscope we investigated the structure of briquettes and
rods from SAP containing from 9 to 26% A1203and sheets con-

taining 7.8% Alp03(degree of deformation 85%).

The structure of pressed half-finished prcducts from
SAP constitutes an aluminum matrix with introduced in it
dispersed particles of the oxide phase (Fig 2). The less
the distance between particles of aluminum oxide the higher
the strength characteristics of the SAP. The distance be-
tween particles of aluminum oxide depends on the grinding
of the aluminum powder from which are obtained the inter-
medlate procducts. The finer the grinding and the greater
the disversion of the elermentary particles of powder, the
less the distance between oxide partices in the SAP. On
the grinding of the alumlnum powder depends also the quan-
tity of aluminum oxide. 1In the vprocess of grinding of the
powder in a ball mill there also occurs crushing of the
particles of aluminum and, consequently an increase of thelr
total surface area.

SRAPHIC NOT
REPRODUCIBLE

Fig 2. Electron photomicrography of structure
of & rod from SAP with 16% Al203, x 16,000

& - cros8s section, b - longitudinal section
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Every n2wly formed surface of aluminum oxidizes. Thus,
the increase of content of aluminum oxide in vowder of the
brand APS occurs rot by thickening of the oxidized film,
but than¥s to the fine grinding. Both aluminum powder for
SAP and elso half-finished products are clasec fied by the
content of aluminum oxide; here we consider tnat the grind-
Ing i1s cconducted in strictly deterrined conditions, ensuring
obtaining of powder of each brand with particles covered with
an oxidized film of identical thickness,

As our experiments showed, in that case when the con~-
tent of aluminum oxide in the vowder is increased by thicken-
ing of the oxidized film on particles of aluminum, the
strensth of half-finished procducts fromwm such powder 1s not
increased. The cistance between particles of the oxidized
phese in this case 1s not changed with an increase of the
content of aluminum oxide, but the oxide particles become
sienificantly larger (Fig 3).

To increase the bulk welght of aluminum powder from
SAP after erinding 1t is subjected to nodulizing, as a result
of whicz will bhe formed a conglomerate from elementary par-
ticles of aluminumr. The dimension of the nodulized particles
does not affeect the strength of half- finished products from
SAP (High-temp Material from t y
Oboroneiz, 1961, p 17-29); the distance between particles
of 2luminum oxlde in SAP, and consequently also the strength,
are determined by the dimension of the elementary particles.

In the process of pressing of half-finished products
frem aluminum powder .the oxidized films covering the surface
of the elementary partiules are c¢estroyed and the distance
between vartlicles of the oxldized phase no lorser can exactly
corresponcé to the distance between oxidized tilms (or to the
dimension of the particles of powder). However, the relation
between the dimensions of the particles of powder and the
é¢istances between oxidizedparticles in SAP nevertheless 1is
maintained.

Flg 3. Photoricrogreph of structure of rod from
SAP with 10.8% Al1203. Content of aluminum oxide in powder
was increcsed by thl ckeninp of oxidized film (oxidation in
hurid etrosphere), x 2000.
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Fig 4. Electron phntomicrograph of structure of
briquette with 13% Al30s, x 16,000.

This confirms results obtained by us of the determin-
ation from electron photomicrographs of the dimension of
elementary varticles of aluminum powders with 7 to 13%

Alp03z and the distance between oxidized particles in rods
pressed from these powders (High-temp M
Aluminum Powder (SAP) Oborongiz, 1961, p 5-16).

Partial destruction of oxidized films occurs even
during cold briquetting of the powder (Fig &). Obviously
the more plastic particle of alumingm under the action of
high specific pressure (50-70 kg/mm<) is deformed, which
leads to cracking of the oxidized film in separate places,

It 18 possible to consider that during hot briquetting (at
450-500C) the difference in plasticity of aluminur (ty =
660C) and aluminum oxide (tp = 2050C) significantly increases
which leads to greater destruction of the oxidized films.

The sintering (compacting) and hot pressing of half-
finlshed products which follow briquetting completely des-
troy the oxidized films, forming dispersed particles (of
dimension 0.12-0.13 mk) which are comparatively evenly dis-
tributed in the aluminum matrix at a distence of 0.3-C.4 mk
from each other (see Fig 2).

Electron photomicrozraphs of longltudinal and cross
sections of rods pressed from SAP confirm that the oxidized
phage in SAP after pressing of half-finished products has the
form of dispersed particles and not partially destroyed films
or shells. Analogous structure is shown by sheets from SAP
(see velow).

The correctness of the method of preparation of
specimens for investigation of the structure of SAP and
interpretation of the obteined electron microfotograpns was
checked as follows. After deep etching of a slide from SAP
we managed to obtain & replica with black impregnations,
which from preliminary analysis should be oxidized particles.

16
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Electronograms taken from such replicas confirmed the initial
interoretation -~ the black impregnations- have the crystalline
etructure of § -Alp03.

Furthermore, the obtained electron photomicrographs
of the structure of SAP and their interpretation agree with
the results of other experiments, (E. Gregory, N.J. Grant,
J. of Metals, 1954, No 2, pp 247-252; H. Hug, H. Bischsel,
Metall, 1961, Nr 1, SS. 19-22), aithough the specimens for
investigation in these other works were prepared by other
methods.
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Fig 5. Dependency of average number of intersections
on content of Al203in rods from SAP.

a - Averaze No of intersections; b - Volume % of A1203

Interesting date were obtalned after statistical
treatrent of the electron microfotographs of the structure
of rods from SAP with 9, 16, 20, 26% A1203, On every elec-
tron photonicrosraph we drew 10 lines and over a length of
2.5 mk we calculated the quantity of particles intersected
by the line. Investications (R. Fullman, J. of Metals, 1953,
No 3) have esteblished that the number of crossingc per unit
of length 1s proportional to the quantity of particles in a
unit of volume (assuming that the magnitude and distribution
of all particles in different samples are identical). Fig 5
graphically represents the dependency of the average number
of crossings vs the content of aluminum oxide in every SAP
rod. The higher the oxide content of aluminum, the bigzger
the number of crossings,
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In the computation of the weight percentage of alum-
inum_oxide the specific weight of SAP was taken as 2.73
g/cm>, and the specific weight of aluminum oxide as 3.8 g/om>,

Fig 6. Electron photomicrographs of structure of
rods from SAP, x 16,000, '

8 - with 9% A1505; b - with 26% Al;03

On Fig 6 are represented the electron photomicrographs
of the structure of rods from SAP with ¢ and 26% A1;04.

With the help of electron microfotographs of the
structure of rods from SAP with content from 9 to 20% 41,01,
a check was made of the dependency of the ultimate strengtg
on the distance between particles of the oxidized phase
(Fig 7). With an increase of the distance between oxide
particles from 0.34 to 0.82 mk the ultimate strength of SAP
rods decreases from 45.5 to 33.5 kg/mm2 at 20C and from
14.5 to 10.0 kg/mm2 at 500C. Analowous dependencies were
obtained earlier in a number of works. (C.G. Goetzel,

J. of Metals, 1959, No 3, pp 189-194).

These results once again indicate the fact that the
properties of half-finished products from SAP depend on the
distance between particles of aluminum oxide, l1.e. the
strength of SAP is determined by the dispersion of the ele-
mentary particles of the aluminum powder.

On Fig 8 are given the electron photomicrographs of
the structure of sheets from SAP (7.8% A1203), obtained at’

various degrees of deformation. No essentlal distinction

in form of particles of oxidized phase in longitudinal and
in cross sections of sheets with various degrees of def-
ormation is observed (Fig 9). Statistical treatment of elec-
tron microfotographs of the structure of sheets from SAP
showed that the dimension of the particles of aluminum oxide,
and also their quantity and the distance between them are
identical and do not depend on degree of deformation (Fii
10a, b). Annealing of sheets from SAP for 100 hours at 450C

18
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Fig 7. Dependency of ultimate strength of rods from
SAP on distance between particles of oxidized phase.

a - At; b - in

and 550C also does not change their structure (Fig 11).

Fig 8. Electron photomicrographs of structure of
sheets from SAP (7.8% Al0s), (cross section), x 16,000,
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& - hot-rolled sheet, degree of deformation 40%,
b - cold-rolisd sheet, degree of deformation 52,54%,
¢ - cold-rolled sheet, degree of deforration 81%,

The mechanical properaties of sheets from SAP at
room temperature depend on the Gegree of deformation: with
an increase of the degree of cold deformation from O to 85%
the ultimate strength increases from 32 to 41 kg/mm2. Teste
of samples at 500C showed that the strength practically re-
mains without change and is equal 8-9 kg/mwm2 (Fig 12),
Annealing at 450C for 100 hours does not affect the ultimate
strength of sheets. After annealing at 550C for 10C hours
there appeared bubbles and stratification on samples that
led to & drop of ultimate strength and relative elongation
(see Fig 12).
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Fig 9. Electron photecmicrograph of structure of

cold-rolled sheet from SAP with 7.8% Al203 with a degree of
deformation of 52.5% (longitudinel section), x 16,000,
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Fig 10. Dependency of dimension and quantity of
particles of oxidized phase of sheets from SAP on degree of
deformation and ennealing,
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Cold-rolled sheet: O -- without annealing, O -- anneal-
ing.at 550C for 100 hours, hot-rolled sheet: @ -- with-
out annealing, # -- annealing at 550C for 1CO hours.

X -- anrealing at 450C for 10C hours.

a - Average quantity of particles of Al,O0x on an area
equal to 4 mk2; b - Averare dimension of Barticles of
Alp03 in mk; ¢ - Desree of deformation in %.
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Fig 11. Electron photomicroeraph of structure of
sheet from SAP (degree of deforration 81%) after annealing
for 100 hours at 550C, x 16,000.

These data coincide with the results of an investi-
gation, given in (W.S. Cremens, E.A. Bryan, N.J. Grant,
ASTM Preprint 1958, Mo 84, pp 1-7). The authors observed
an increase of the ultimate strength of sheets containing
6-8% A1203 with an increase of the degree of cola deformation
in the investicated limits (to 66%). However the work of
B.I. Yatveev and I.R. Khanova (High-temp Material from Baked
Aluminum Powder (SAP), Oborongiz, 1961, p 59-63) indicates
a drop of strength of sheets with 10% A1203 after increasing
the degree of cold deformation to more than €66% (to 76%).
Cbviously strengthening of sheets from SAP as a re-
sult of celd deforration occurs not from crushing of the
particles of the oxide phase, but due to work hardening of the
aluminum matrix and formation of texture. The stability
of structure and properties at heightened temveratures of
sheets from SAP may be explalned by the presence of highly-
dispercsed particles of the oxidized phase embedded in the
aluminur matrix. The particles of aluminum oxide serve as
gort of barriers, preventing the recrystallizational pro-
cesses,
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Fig 12. Influence of degree of defor-ation and an-
rnealing on mechanical properties of sheets.
-- sheetes without annealing, -~ gneets after annealing
at 550C for 100 hours, x -- sheets after annealing at 450C
for 100 hours, R

a -~ Degree of deformation in %

However the mechanism of hardeningz of sheets from
SAP as a result of cold deforration and the stability of
the structure of sheets at heightened temperatures can be
more exactly exvlained only after a study of the block
structure of the aluminum matrix of the SAP pProcduced with
various degree of deformation, before and after high-
temperature annealing (450-650C).

Conclusions

1. The structure of SAP consitutes an aluminum
matrix with embedded dispersed particles of the oxide phase,

2. With an increase of content of aluminum oxide
the quantity of particles of the oxidized phase increases
and the distance between them decreases,
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3. Proverties of half-finished products from SAP
devend on the distance between the particles of aluminum
oxide, 1.e. on the dispersiveness of elementary particles
of the aluminum powder,

4, The dimension, the quantity of particles of -xi-
dized phase and the distance between them in sheets from _
SAP do not depend on the degree of deformation, but the

ultimate strength of sheets at room temperature is increased .

with an increase of the degree of cold deformation, which
18 probebly explained by work hardening of the aluminum -
matrix and formation of texture,

23
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FORM AND DIMENSION OF PARTICLES OF ALUMINUM POWDER
FOR OBTAINING OF HALF=-FINISHED PRODUCTS FROM SAP
(p 23 of source)

M.G. Stepanova, N.I. Kolobnev, L.I. Kibitova

For production of half-finished products from SAP we
use aluminum pcwder of brand APS, The process of its manu=-
facture was described earlier. (High-t
Sintered Aluminum Powder (SAP), Oboronsiz, 1961, p 17). An
important feature of vroduction of vowder one should consider
the fact that increase of content in it of aluminum oxide
occurs by oxldatlon of the new surfaces apnearing during
crushing of particles of aluminum, thanks to which the pro-
perties of half-finished products from SAP are increased.
According to the majority of theories c¢f hardening the oro-
perties of SAP are dependent upon the distance between dis-
versed particles. Ané although the distance between par-
ticles of aluminum oxide in SAP cannot exactly correspond
to the thickness of the particles of powder, this dependency
nevertheless is maintained. (¥,V. Lenel, A.B. Baskensto,
M.V. Rese, J. of Metals, 1957, No 1, pp 124-130). Therefore
investigators allot considerable attention to the form and
dimension of particles of powder obtailned by grinding of
aluminum powder.

In a ball mill powder of brand APS 1s first ground
(dimension of elementary particles should be less 75 mk),
and then subjected to nodulizing.

During the study of influence of duration of grind
on dlspersiveness and bulk weight of aluminum powder (di-
mension of particles was checked by sifting through sieve
0075) it was revealed that enlargement of elementary par=-
ticles and increase of bulk weight of powder do not start
simul taneously (Fig 1).

The bulk welght of powder starts to be increased
after grinding for 16 hours while the dimension of particles
becomes less 75 mk only after 24 hours. Obviously, in this
case there occurs a change of form of the particles which 1is
notrevealed by screen analysis. Therefore the form of pare-
ticles was studied with the help of an electron microscope
with arplification of 5000#, #Study of form of particles
on electron microscope was conducted under leadersaip of
N.S. 3erchikova.

In order to trace the change of form of particles of
powder, samples were taken every two noure in the process
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of manufacture of powder on a ball'mill.

Before electron-microscopic investigation the particles

of powder were placed on a carbon film sublayer 1located

in an electrostatic field. With the help of a copver grid
this film wars secured on one plate of a flat capacitor, and
on the other we poured a small quantity of powder. With the
creation of the electrostatic field the pvarticles of alum-
inum powder were attracted to the oprosite plate of the con-
denser and fell on the carbon film. This method ensured
separation of particles from each other and their uniform
distribution on the carbon film without destruction of the
nodulized particles of powder. ‘
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Fig 1. Influence of duration of grind on dispprsive-
ness of particles and bulk weight of powder,

a - Duration of arind in hours

On the electron microscope with amplification of 5000
we studied samvles of powders taken &4, 8, 14, 20, 24, 30 and
34 hours after the beginning of operetion of the mill. From
every savplc we obtained 10-15 electron microfotosraphs from
which we calculated the average area (8size) of the particle
of powder,

Part of the powder of this sample was subjected to
chemical analysis for determination of the content of alum-
inum oxide and oils, furthermcre we made a screen analysis,

On Fig 2 are given curves of dependency of bulk '
welght cf vpowder, residue on the sieve 0075, content of
Al203 and average area of particles of powder ve duratinn
of Rrindo

In the process of grinding the bulk welght of powder
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at first decreases, after 8010 hours it attains a minimum
value of 0.18 g/cm3, then sharply increases to 0.8-0.9 g/em3.
Further increase of duration of grind only insignificantly
increases bulk weight.

Disversiveness of powder is chanzed differently. 1In
Lhe berinning the remainder on the sieve 0075 somewhat droos
then a further sharp drop and after 28 hours of grind azain
there 13 observed a smooth rise. The average magnitude of
area ~f perticles of powder in nrocess of grinding chanees
analorous to the disversiveness of particles as determined
by screen analysis,
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Fig 2. Dependency of averesze arca of particles of
rowder, bulk weieght, screen analyvsis and content of A1203

on curation of grind.
a - Duration of grind in hours

On Fig 3-7 there are given clectron photomicrographs
of particles of powder after &4, 14, 24, 34 hours of gzrind.
Cn tnhese photographs one may see how the form of aluminum
partirles chanses in the process of grinding powder in a
ball mill.

In the production of powder of brand APS the initial
crocuct 1s aluminum pulverizate obtained by atomization
of mclten aluminum, The dimension of particles cof pul-
verirzate is 100-450 mk, theilr form is close to sphnerical
(see Fig 3). 1In the process of crushing the particles of




aluminum, possessing hizh plasticity, are deformed under
blows of the balls, being turned into plates of length
40-90 mk and width 12-60 mk (see Fig 4), anéd then into very
fine leaflets of length 30-150 mk, width 20-60 mk with a
thickness less than 1 mk (see Fig 5). Flattening of par-
ticles leads to increase of their surface (remainder on
sieve 0075 sharply incrcases), which is accompanied by a
drop of the bulk weight (see Fig 2). This process continues
until the degree of work hardening of aluminum perticles
attains values at which the plasticity of aluminum sharply
decreases. There occurs destruction (splitting) of flat

or scale-llke particles of aluminum into smaller particles
of from 5 to 20 mk (see Fig 6). The remainder on the sieve
0075 sharply decrecases wiaille the bulk weight is increased
(see Fig 2. Increase of bulk weight in this case occurs
by a change of form of the particles. In this stage of the
process there is observed the maximum increase of the con-
tent of aluminum oxide in the powder. The curve of the
change of content of aluminum oxide vs duration of gzrind

rises steeply upwards.
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Fig 3. Photomicrograph of particle of aluminum
obtained by sastomization, x 200,
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Fig 4, FElectron photomicrograph of particle of
powder after 4 hours of grind, x 5000.
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Fig 5. Electron photomicrograph of particle of vow-

der after 14 hours of grind, x 5000.
!

In the vrocess of grinding the oll is volatilized
w:ich makes poscible the "joining" of separate elementary
particles into bigzer particles (congmlomerates) (see Fig 7).
The enlargement of particles of aluminum powder is accompanied
by an increase of bulk welght,

P4

Fig 6. El-sctron photomicroeraph of particle of pow-
der after 20 hours of erind, x 5000.
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Fig 7. Electron photomicrograph of particle of pow-
der after 34 hours of grind, x 5000,

Thus, obtaining of powder of brand APS in a ball mill
goes in three stages:

1. The flattening of aluminum, obtained by atomization,
to form particles of petal-like form is accompanied by work
hardening.

2. Splitting of petal-like particles of aluminum
into smaller particles with dimensions of the same ord<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>