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I
Introducstion

8inve different mechanical properties of metals result from
different grain size became known, the metallurgists have been
interested in finding out the true nature of the grain boundaries.
Consequently, several different theories concerning the mechanism
of recrystallimation, grain growth, and the structure of metals
were advanced and studied. These threw wuch light en the difference
of properties between polycrystalline metals and single crystals
of thg same metals. The single crystals of metals were studied
because they enabled the investigator ito determine the lmpertant
points of metallic behavior. The first work on single crystals
was rather obscure and limited to isolated, though significant,
observations on native metals and on large gralns which were re-
moved from severely coarsened metal parts,

The aim of the present research was to investigate the possi-
bility of preparing the single crystals from gopper powder by em~
ploying the powder metallurgy technique. However, the principal
differences between cast and sintered metals are the relative weakw
ness of the adhesive forees between particles and the presence of
pores between them in the case of powder compacts. The factors cone
trolling srain growth and grain size for pewder compacts depend not
only upon the amount of defermaticn, temperature and time of annealing,
but alse depend upen the amount of ecompressing pressurs and the sine
tering conditiens of pewder compacts. |



This research consisted of three separate experiments delineat-
ed briefly as follows:

(1) Compressed ecopper powder flats —~—-- A series of compressed

copper powder flats were prepared with varying amounts of compress-

ing pressure, and sintersd under different time and temperature.

These samples were then follemdv céld worked in compression and meal—-
ed. This working and annealing was repeated eight times. Specimens
with a final grain size almost equal to the thickness of the tsst
plece resulted from the uae of compressive loads varying between 8

to 12 tons per square inch. In addition, the volume change and
density change were measured.

(2) Gopper wire ---— For the purpose of comparing the difference
of cast metal and powder éémpa,cts and trying to determine the faver-
able temperature for grain growth of copper, pure c¢opper electric
wire with 1/16 inch in diameter was used. The procedure consisted
of first, ammealing the copper wire; aee@d, elongating in tension
te produce a known cold deformationj and third, ammealing for re~
erystallization and grain growth. It was found that 2% elongation
gave the largest crystals about 1/16 .1n§h in thiclness when annealed
at 950%C (17L42°F) fer five hours‘;

(3) Qompressed copper powder mnaile bars ==-—- The coupressed

copper powder tensile bars, which wore prepared by eupleying the
optimum compressing pressure range ﬂateminad from the work on the
copper flats, were sintered at 950"C for five hours, deformed by

2% elongation, and annealed at $50°C for thirty howrs. The resulted
sample was not a single crystal, though &t exhibited a very large
grain size,
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II
Review of the Literature

A. Principles of recrystellization and gmrain growth
1, Beerystallisation ——— Recrystallisation’’) means that on

“{1)-Ment; “‘B.abérfb 7 ;"Reerysmigaﬁm; ~~ASM; “Metals ‘Handback; “ps 26X,

heating a cold worked metal to a sufficiently high temperatuwre or for a
sufficienﬂ,y long time at & somewhat lower btemperature mew grains appear
and grow until ultimately & new grain structure has completely replaced
the olds

Metals which have been strained by cold working are not stable,
but tend to revert to a strain-free state. From the standpoint of energy,
in the demmtian of a mastal, we hive seen that slip takes place aleng
definite crystallegraphic planes in definite directions and that slip
results in a distertien of the slip planes and grain beundaries, with
an accompanying increase in in‘bernal. energy. We should expect that
energy increase to be lecated on the slip planes and in the grain boun~
daries, as these are the peints at which the actual deformatien takes
place. Thus at definite points througheut the deformed metal there are
lecalised regions of high-energy content. The amount of deformation
determines the number and magnitude of these highw-energy areas. If the
temperature of the metal is raised the energy content of the entire plece
1s raised. V‘ilh_en the temperature is reached at which the localized areas
have sufficient energy to overcome the rigidity ef the disterted lattice,

they give up thelr energy as a heat of recrystallization, and form nuclei



for the growth of new, stress-free crystals from the surrewmnding dis-—
torted metal. The number eof nuclel precipitated depends upon the
amount of previous deformation. The number of nuclei sglso depends upen
the temperature of annealings the higher the temperature, the more areas
will be raised to an energy level sufficiently high to precipitate
nuclei. The first point to precipltate a nuclei for the formation ef
a single crystal should be the area in which the concentration of energy
due to cold work is the highest. Under favorable conditions, the nuclei
gshould grow %o form a single crystal from a large wolume of polycrystal-
line material. |

The factors controlling the final grain size after recrystsllizatien
can be sumariszed as follews:

l. The amount ef cold deformatiom,

2. The temperature to which the cold worked metal is heated,

3+ The time fer which the metal is held at this temperature, and

i« The original grain sisze before cold werking.

ueni'? states that the following fundimental laws of recrystallise-

(2) Mehl, Robert ¥,, Recrystallisation, ASM Metals Handbook, 1948, p. 261

tion can be recognized: (1) Recrysiallization occurs at a higher tempera-
ture the smaller the degree of deformation er, mere accurately, the smaller
the degree ef strain hardsning. (2) Increasing time ef emnealing displaces
recrystallization te a lower temperature. (3) The final grain size is
chiefly dependent upon the degres of deformatien and to lesser degree om
the annealing temperature, the final grain size is the larger, the smaller



the degree of defermatien. (L) The larger the original grain size
the greater the amount of cold defermation to give equivalent re-
erystallisation temperatures and times. In addition to these majer
factors, it sheuld be noted that {a) the rate of heating to the
recrystallization temperature is a further variable, and (b) the
amounts ef cold wark to give equivalent strain hardening vary with

the temperature at which deformation is performed..

2. Qrain growth
By the definition in the ASK Metals Handbook, grain growth

means an increase in the grain sise of the metal. According te

Bac#kg) s.grain_growth can be_claossified as follews: = .

(3) Beck, Paul A., Graln growth in high purity Al and Al-¥g alley,
-AsI1.E. Technical Publicauion 2280, Metals Technelegy, Sept.,
~ 1947. The American Institute of Mining and Metallurgical
 Engineers, Inc., New York. -~ - o -

1, "Normal grain growth e The type of grain growth ecouwrring
in wninhibited Cu~Be alleys has been most frequently and
best investigated 'in brass. This type has been designated
as normal grain growbth. _

2. “Abnermal grain growth ~--- CGrain grewth occasionally te the
phenomenon of critical recrystallization which alse results
in large grains by different mechanism,"”

3. "Centinuous grain grewth < Grain growth in wninhibited
metals and alleys is the continuous increase of the average
diameter with increasing time and temperature of ammealing,
and the grain sisge is relatively uniferm at all ‘hemperatm'as;"



L. Discontinucus grain growth == Grain growth in inhibited
materials is the sudden develepment of extremly large
grain at the cearsening temperature and results

duplex structure o

5+ Isothermal grain growth — For a given amnealing tempera-
ture the grain sizme at first increase with annealing temp—
erature at high rate, but then the rate of growth gradually
decrease.

The sumpary of Jeffries and ﬁrchau:(h) states that grain growth

Rl

(h) Jeffrids, Zay and Robewt 8. Archer, The Science of Metals,
mc&raw-gﬁll Book Co., New York; pps 117+ 118 -

always fell@gm the laws listed below:
¢ 'The grain slge of cast metals is usually smaller the more rapid
the rate of solidifications
24 The grain sige in cast met&la vmilab underge no phase change
~ in the aalid state cannot be changed appreciably by heating
below the melting pointe
3+ Grain grmrbh in the solid state my ogour int
(a) VWorked metals
(b) Compressed powders
{¢) Electrodeposited metals |
{d) In some metals when they nhmge alle‘brepd.c form
- {e) In alleys in which a new ph&m is formed in the solid state.
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6.

The recrystallisation temperature is lower:

(a) The greater the smeunt of deformation

{t) The emaller the grains prier teo deformatien

(o)} The purer the metal

(d) The lower the temperature at which the deformation is effected
(e} The lenger the time of healing.

In any given metal the grain size, after complote recrystalli=-

‘gation, is normglly smaller the lower the recrystallization

temperature. ‘
Above the recrystallizatien temperature the grain sise is

nermally greater the higher the temperature and the lenger

Te
8¢

Fe

10.

1.

12.

the @m.

The higher the temperature the mere rapid the grain grewth.

Gertain conditions of non-wniferwity sometimes give rise to

the formatien of abnermally large grains. This is called
germination .

The nen-unifermities giving rise te germination are grain size

contrast, strain gradients, temperature gradients, concentratiem

gradients, and obstruction gradients.

The presance of fereign matter or a second phase introduces

mchanicg obstructlon 6 grain growth.

The ﬁaseme of a certain amount eof ebstructien matier premoies
germination. , _

Tha_highar the germinative tempersture the larger will be the
grains and the quicker will uwy form.



13. The more rapid the heating through the germinative temperature
range, at least within limits, the finer will be the grain
size.

Carpenter and Elamcg ) studied the grain growth phenomenon and

(8) Carpenter, H.C.H. ad G. F. Blam, Cryctal Growth snd Recrystal-
lization. Journal of Imstitute of Metals, Vol. 24, No. 2, 1520,
pp. 33 Lud 131.

concluded thats

1. Growth may take place either of a large crystal into a smaller
one, or of & small inte a mrgei',» i.e. cryatél growth does not
depend upon the relative size of the crystals.

2. The relative orientation eof the erystal which is being absorbed
and that which ig growing does not appear to be related.

3+ A crystal which is itself being invaded by one crystal may
grow at the same time at the expense of snother.

i« The rate of growth is not constant for any givem time at any
particular temperature.

S+ The changes of orientation is accompanied by a difference of
level of the surface which is the boundary marking observed.

3. Theories of Grain Growth
A theory suggested by Ewing and Resenhain(®) was based on the

(6) See Footnote (5), p. 85."

assumption that even in the purest metals the crystals are surrcunded
by a eutectic layer. They considered that " grain growth is due te



rgolution and diffusion” of the pure metal constituting the crystals
inte this fusible and mebile eutectic, forming the intercrystallinme
cement, This diffusion results in the growth of one crystal at the
expense of the other, owing to difference in selubility ef the crystal
faces on the elther side of the eutectic film, and it seems probable
that this phenomenon of directed diffusion is really a form of elec~
t»rulysis."

Rosenhain’7) explained that the molecules in the intercrystalline
layer are continually trying % adopt a crystalline arrangement in

(7) Resenhain, Walter, Intercrystalline Cohesion of Metals, Jeurnal
-—--of Institute of Metals, Vel. X, Ne, 2, 1513, p. 13k,

"conformity with that of one or other of the adjacent crystals. The
effect of heat would be to cause an incresased vibration in the crystal
as well as in the amerphous cement, and would cause a molecule from
the crystal te jein the amerpheus layer without my neucleation being
required.

Jaffrieaw») considered that when the temperaturs is such that
erystal growth ocours "an atom of smorphous material” will be forced

(8) Jerfries, Zay, The Science of %ms, MeGraw-Hill Book Co.,
.. -Rew. Iﬂrk, Pe w‘ e -

into regular arrangement, owing t¢ its greater vibratiomal energy.
FPor the question eof "why the absence of grewth in cast metals
without deformatien”, _WPE?}%(E.);“Eﬁﬁmm,mﬂi@l&mm@i@m of

(9) Carpenter, H.C.H. and C. F. Elam, Crystal Growth and Recrystalliw
zatien, Journal of Institute of Metals, Vel. 2L, Ne. 2, 1920, p. 93




the rule of plasiic deformation in promeoting the union ef ferrite
grains as: |
"1, If similar orhn‘baﬁen 15 the only conditien necessary for

unien of adjacent crystals, them plastic deformation may be considered
t6 act by increasing the petential energy of the erystals, and thus
ensbling them te bring about the rotation of their axes parallel teo
each other with greater ease and rapidity on rise of temperature.”

".2. _ﬂm union of ferrite crystals may be considered analogous
to the welding together of two pieces of iron, in which work is
neuesgm to break up any separating layer of oxide or flux and thus
establishing molecular contact between metallic surfaces.™

Grain growth in the selid state takes place by the gradual
absorption of some of the grains by others. Howe'l0) describes that
‘grains grow by coalescence” when the whole grains gradually changed
orientation wntil two adjacent ones had the same orientation, after
which they suddenly merged". But accarding to Resenhain and Carpenter
and Elm’s(n) results, the grain growth takes place always by "boundary

(10) Hewe, Henry M., Transactiens of the American Institute of Mning
Enginesrs, Volz- 3:?1, PP 583 - BYYL o .

(11) wtﬂrj HeCuHe and €, F. Ill&m, Crystal Growth and Reorystall-
isation, Jwrml ei‘ Inastitute af ﬁatals, Vel. 2k, No. 2, 1520,
PO 83 C s 13}.-

migration’ not by a suddenly complete /ecolescence’ between two crystals.

Wpenm(u) showed that in the case of aluminum annealed fer
fowr months at 550™C ne appreciable increase in ég)min gige resulted
after three weeks at that temperature. It was considered probable that
squilibrium had been reached after this period of time.



(12) Carpenter, H.C.H. and C. F. Elam, Crystal Orowth and Recrystall-
izatien, Journsl of Institute of Metals, Vol. 24, No. 2, 1520,
o ..p‘ 125‘ et - v+ <+ ey 1 e o g nn o w4 as . v e o o v o

B. Production of single crystals
From the literature, it can be shown that there are four

methods of pro&ucing mtallicz gingle arystala.
Group L From the liquid state,
Group é- From the gasesus state,
Group 3. From the electrolysis of a liquid, and
Group L. By recrystallization in the solid state.
Group 1t
(a) Zammann’s ¥etnoa(!3) —— Tammann succeeded in maiking Bi single

cerystals of 2 maximum length of 20 cm. by under cecling the

e ameren v e ctin o e o e e - e o e —— o

*(13) Tamuann , ~Lehrbuch -der Metallographic (1923) p. 16.

molien metal 0.1 0 0.3°C belew its melting point in glass tubes of
a paximum diameter of 1.5 mm. In the closed end of the tube a crystal
nuclei was formed which abserbed the remaining liquid metal in the
tube snd thus formed a single crystal.

Obreimow and Schubnikew'}) using this method ebtained the single

*k(lm"Obréim*mﬁ"‘acmﬂnikw;'*Zeitmhrrrur"mtk;*lmi “Vole 25, pe 3l.

crystals of V, Zn, Sn, 5b, Mg, Al and Cu.
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(b) Cacchralski’s Methédug ) - Onochralsiki started with a crucible

*(18) Csochralski, Zeitschrs fur Phystk; 1918, Vel.-92, p.-219-—-

containing the molien metal at the freezing temperature. This metal
was drewn upward from the crucible by means of an auxiliary wire,
which moved vertically with a wniform motion. Some distance above
the surface of the molien metsl sclidification sitarted and if cars
was taken %o keep the spsed with which the auxiliary wire drawm
upward the same as the speed of crystalliszation, long single crystal
wires ¢ould be made. The wire was withdrawn not too quickly and
not too slowly. The rate of the crystasllization was about 0.2 mm.
per second.

This method has been extended and improved by Gempers(16) and
Mark Polanyl and Schmid(}?), who made single crystals of Pb, sn, AL,
Bi, and Gde

- - e e e e e o - U

+£16) Zeitschr, fur Physik, 1922; Veli-8; p. 84— - 0o

*{1?) Zeitschr. fur Physik, 1923; Vol. 12, p. 60. : e

roup 2%

These methoda start with & small single crysial, obtained
accerding to another methed. This single erystal serves as & nucleus
and grows to a larger single crystal.

2. Lodyguine’s Method(18) — In this method a mizture of tungsten

%(18)-U.5: Patent-No. -575002 and-Fo: “$75663, 1893+
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chloride vapor (WCl,) and Hp strikes a glowing tungsten wire}
another similar scheme was that of Iseld.(m) s in which WClg

+ ]
(19) English Patent No. 3509-C, 1906-

vaper alone strikes the glowing tungsten wire.

b. Koref’s methad(m} -~ The above reaction mentioned was used

+(20) Koref, Zeitschr, fur Elektr. 1922, Vol. 28, p. 511,

by Koref to make a glewing tungsten single crystal wire grow.
The wire is held at abeut 1000%°C. Hydregen at a pressure of
12 mm. of Hg passes through a reserveir which leads into the
furnace. The original wire grows as a single crystal. Koref

and Pischvoigt{?l) have stated that they succeeded in getting

Y(21) Koref, Zeitschr. fur techn, Physik, 1925, p. 296.

single erystals of Mo, Ta, Fe, Zr, and Ti in 2 similar way,
ce Van Arkel’s Meth “(22) ~ In this case, a tungsten wire hanging

vertically in pure W0lg vapor was made into a thick tungsten

*(22) van Arkel, Puysica, Vol. 2, 1922, p. 36.

bar of a maximum thickness of ¥ mm. at a temperature 1600°+1800°C.,
The chloerine h:ising from the decompositien is again converted
“inte W0l by tungsten powder lecated at the botiom of the reaction



ik

vessel. The powder is held at L400®C. With this nethed single

~ erystals of molybdenum alse wers produeed(QB).

+ ' '
(23) Geiss and V. Liempt, Zeitschr. fur Metallk (Aug., 192L)

(31’0\12 3 - Method of Jo Ao Eﬂ- V e@h(zh)

*(Elk)’ Jo Ao M. Van Liempt, Zeitschr. fur klektr., 1925, p. 249.

In this method, the single grystal was produced electrolytical-
1y at the surface of the metal, the latter being used as a cathode.
In this way a much thicker single crysial was obtained from a small
single erystal wire, which served as a cathode in a bath of molten
sodium tungsten. The cgthode wire was placed in the axis of a hellow

tungsten cylinder which served as an anode.

Group _&8

2. Wethod of Schaller and Orbig CZS) ~— This methed was worked out by

‘Schaller and Orbig. It is a modification ar adaptation of making
pressed or extruded tungsten filaments. In this case very finely

divided tungsten powder was made into a paste with a binder and was

*(25) German Patent 2519%k, 1913. Bottger, Zeltschr. fur Elektr,
1917, Vol. 23, p. 121.

“squirtad" into thin threads through diamond dles. Then these fila-
ments were heated at g high temperature by means of electric current.

During this process sintering takes place and the small tungaten
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crystals grow into larger crystals. The extruded and dried
wire was passed through a region of very high temperature
(2500°C) with a speed equal te the rate of grain growth (up
t0 0.1 cm./sec.)

Characteristic of the process is the fact that 1ts success
is promoted by adding a small percentage of theria (2%) to the
tungsten. ThOy is a highly refractory oxide, which does not even
posses an appreciable vapor pressure at 2500°C. The part it plays
in the formation of single crystals is net known with certainty.
Drawn tungsten wire has also been made into a single erystal wire
by heating in a2 manner similar to that used in the Pintsch(zé)

Process.

*(26) Goucher; English Patemt-17h7Lh;-€1920).

b. Sauveur’s method 2T - 1n 1912, Sauveur was the first to use the

+( 27) Sauveur, Metallography and Heat Trestment of Iron and Steel,
v. 265,

+ Hotes From Footnote (13) te (27), also see J. A. M. Van Liempt,
The Production of Metallic Jingle Crystals, A.I.M.E.
Proceedings of The Institute of Metals Division, 1928,
ppes 307 - 315.

method of eritical strain for the production of very large iron

crystals. Later, Czochralski, Davey, Carpenter and Elam(zal

successfully applied the -same prineiple to various metals.

{28) Carpenter, HeCuHo and C.F. Elam, Crystal Growth and Recrystal-
lization, Jour. of Institube of Metals; Vol: 2k, No. 2; 1920, pp. 83-131
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Cs Prineiples of Powder Metallurgy As Applied to Single Orystals
| 1. Compressi eg'x |
In the field of powder metallurgy, the processes ‘used ars
pressing and aintering » 8¢ for the purpose of maximum production,

such factors as the maximum presswre, the rate of pressure, the

mmdy.m;uzﬁ' temperatid®s of sintering, the time of sintering, the at~
mosphere of sintering, the rate of heating and cooling, and the
- purdty of powder used, size of powder, sheuld be contrelled.

Ths purpese of the compantixig process is the shaping eof
metal powders to compacts with sufficient coherence to permit the
transfer to the sintering furnace, and with characteristics ine
suring satisfactory performance during sintering as well as the
desired properties of the final sintered preduct.

If the part is relatively thin and of uniform height, the
powder may be compacted by “single' action that is by compression
from one side only, otherwise, "Houble” actien should be used.

By the single action, compacting, the compact thus produced

‘will have a higher density in its upper parts. In the case of
double actien, high pressure powder density will be built up in the
vicinity of both punches, and mimimum density will be exhibited
in intermediate portions of the compacts.

The application ef pressure decresases the porosity and at
the same time increases the cohesion between particles by increas-
ing the number of points of contact, as well s by causing particles
of irregular shapes to interleck,

in gemeral, the density of a compact inereases mestly in the
low and medivm pressure rangey The maximum green density attainable
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by cold pressing depends not only upon the applied pressure but
also upon the rate of pressure application.

. The rate nf‘ pressing is limited by several factors. The
most important among these iz the effect of compression speed on
the amount of alr entrapped during compactien.

A élmr pregssure rate also rédumes the friction leossés and
increases the wnifermity of pressure distribution, and of density
throughout the compact. This is particularly true with powders
having a tendency for bridge formation and in case of compact
designs characterised by relative high thickness in the directien
of compression.

Because of the fact that the plastic deformability of compacts
can be increased with increasing btemperature, =0, in industry using,
hot pressing is employed to increase the density, hardness and

tensile strength of cempacis.

2. Sintering:
Accérding to Oxferd New Bnglish Dictionary, 'Sintering' means
‘;te achere in a mass by pertisl fusion”., The main purpose of the
sintering process of powder metallurgy is the transformatien of the
‘green “ compact, consisting of individual particles, t¢ a mass in
in which the particles have lost their identity, and recrystallizaw
tion and grain gront.h have taken place across the former particle
boundaries. |

ﬁchw:kopf(w) coneludes that the conditions which can be

ol

(29) Schwarskopf, Paul, Powder Metallwrgy: MacMillan-Co., 1947, p. 82.
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controlled during the sintering operation are:

{1) The sintering atmosphere

{2) The rate of hsating

{3) The maxirum temperature of sintering

(i} The t:iﬁsa period kept

{5) The rate of cooling.

In general, the atmosphere during sintering should be con-
trolleds The purpose of atmosphere control is as follows:

a. It must prevent undssired reactions, such as oxidatien,

carburization, snd decarburization.

be It must perform desired reactions, such as the reduction

of surface oxides and the removal or faplacement of absorbed
gases.

To achieve the first of these objects, the atmosphere must be
free of certain components, or at least firee of excessive amounts
of certain components, such as oxygen, meoisture, sulfur dioxzide,
and hydregen sulfide. The second object, on the other hand, requires
the presence of certain generslly reducing components, such as hydrogen
or carbon monoxide.

The effect of sintering temperatures depends on the gpressure
applied during the compacting operation. Powders pressed at ex-
tremely high pressure frequently show a decrease of density with
increasing sintering temperature due o the expansion of the com-
pact because of the escape of gases.

In general, it is possible to obtain similar effects with shert
sintering perieds at high temperatures and with leng sintering pericds

at low temperatures. For economical reasons, it is in most cases



ig

preferable to work at the highest possible sintering lemperature,

in order to reduce the processing time to a minimun.

Reerystallization and grain growth of powder OO_zgiégcta
The close relationship between sintering and the crystallie

zation process in metal makes it necessary to base a theory eof
powder metallurgy on definite concepts regarding the mechanism
of processes such as recrystellization and grain growth.

In Sauerwald’SCBD) first gublication, he found that the tem~

perature of beginning of grain growih is independent to the com-

{30) Sehwarakopf, Paul, Powder Uetallurgy. Maclillan Co., 1947, p. 273

pacting pressure and to be characteristic for esch metal. But,
later on, Saverwald maintains thal recrystallization processes can
teke place in sintered metals without previous plastic deformation.
This assumpltion would indicate a principal difference in sintered
and reguline metals. In his latest paper, Sauerwald distinguishes
between different ranges of compacting pressures. At low pressures,
only elastic deformatlons are assumed to teke placej at medium
pressures, plastic deformation and elastic deformation both take
place, but plastic deformation only effects on the surface] at
high pressure, plastic deformations involves the whole particle.
From the works of Smithells, Pitkin, and Avery’3%), who publisn

{31) Schwarzkepf’s Pewder Metallurgy, MacMillan Co., 1947, p. 215.
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the results of measurements of dimensional changes and of changss
of the watt-temperature relationship during the sinfsring of
bungsten, it was concluded that grain growth begins at 1,227°C
(2,240°F) with compacts pressed at 8 tsi.; and at 927°C (1,700"F)
with pressures of 32 tsi. This coneclusion was in direet opposi-

tion with the resulis of Sauerwald.
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Conper Powders Used in Xpmstigaﬁpn‘

1. Typet Copper powder C type 200 mesh, from Charles Hardy, Inc,
New York City, N. Y. Copper content - 9%.00%.

2. Size analysis:

Kesh ‘ Por Cen
100 G
10¢ - 150 O
150 - 200 0.1 -~ 1.0
200 - 250 ) ) 002 - 10.9
250 - 325 - 240 =~ 1040
«325 90.0 ~ 97.0
3. Tap density of cepper powders 2.94 g/ec.
Le Loss of welght in hydrogen: 0,15 =~ 0.70%

4+ Data supplied by Company
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Grain Sise Determiration

For the study of grain size, the ASTH standard grain sise
eye piece was used. The true size of each scale was calculated

as follows:

No. of grain No. of prains Area of each
size in scale per sag. inch grain in sq.
{100x) under 1lOUx in, of 100x
1 1 1/100
2 2 1/200
3 L /500
b 8 1/800
5 16 1/1600
6 32 1/3200
7 6k 1/6L00
8 128 1/12800

The area (A) of each grain in sq. in. under different
magnification is calculated by the fallqwing formulas

A = 1/ (magnification x No. of grains per sq. in,}

For a small area, there will be no greet difference in
linear dimension in assuming that it is a circle or a square.
For simplicity, the linear dimension of each grain for each
different grain size number at different magnification is cale
culated and listed on the next page assuming that all grains

Are BgUAre..



No. of
Seale

@ e ML B W e

Table 1

Linear Dimension ai‘ (Grains
Por different grain size

numbers at cﬁ.i‘ferana magniﬁeat;inns
(inch x 107¢)

hsox  1o0x  gx  Lox 2k

1,67 10,00 1420 1480 20,00
3.32 7.05  10.00 10.42  14.20
2.3k 5.00 7405 745 10,00
1.65 3.55 5.00 525 7.05
1.17 2.50  3.85 3.0 5.00
0.83 1.76 2.50 2.62 3455
Q.58 1.25 l."i’é 1.85 2450
011 .81 12*' 132 1.7

23
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I, ¥Por compression:

A+ Rlehle Pros. Compressing Machine

This machine can be used for elther tension or com
pression with the load rangs fyom 1000 te 50,000 lbs,
It has four different speeds, which are contrelled by
different gears. The speeds and the maximum load for

each speed are listed in table 2.

Table 2
: a e Head Speed
No. of speed Max, load (lbo.) in./mine.)
1 10,000 7
2 25,000 3
3 36,000 | 0.3
L 50,000 0.067
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Fig. i

Riehle Bros. Compression Machine

a ~~ current switch L == load lever
b - motor switch ' £ == load adjustment
¢ == gear switeh h == screw column

d, e — speed adjustment i == press plate
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Be Dieg used:s
1. Single Action Round Dde ww=e The single action round die
is made by hardemed alloy steel. Its dimensions are listed

as follows:

Qutside diameter 1.0750 ine.
Inside diameter - ° 1.0320 in.

The plunge is 1.015 in. in diaweter and 0.82 sq. in.

in cross section area.

Fig, 2 Single Action Die

2. Double action die’ == It is alse called floating die, In
construction, the die assembly is supported by the base. When
the upper puneh advances, friction between powder and walls
or mechanical action, forces the die assemh}.y downward aver
the lower punch, thus compressing the qaﬂnéa. This compression
prod@es a movement of the die walls relative te the stationary
l@r “punch s 80 that compression from both sides (double actiom)

results from the movement of only ons punch.

+ Supplied through the couritesy of Charles Hardy, Inc., New York, N. Y.



Fige. 3 Double action die

Fig. Iy Punch of double action die

27
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II, Por Sintering and Annealings

Electriec Multiple Unit Furnace wwww~ This furnace is an
eleetric resistance furnace with autematic temperature
control and rate of heating or cooling adjustment. It
uses 230 volts A.C. eurrent and 36130 wattsy its maximum
témperature is 1850°F (1010°C). |

Fig. 5 Electric Hultiple Unit Fuwrnace

a == Magin switch of current
b - Furnace

¢ w—- Automatic contrelling and record
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2+ Cast Iron Box wwwe~ It was used for sintering and annealing
the specimens. The specimen was covered with graphits powder
and the box was sealed with cement so that a reducing atmes-
phere was produced inside the box.

Fig. 6 Cast Iron Bex
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I1I. Equipment Used for Deformationt
1. Carver Laboratory Press e

This machine 1s operated by an oil ram. The maximum
pressure is 16,000 lbs. It can be used for hot pressing
by using 110 volts electricity. In this work, it was used

to deform the flat specimens by cold compression.

Fige 7. Carver Laboratory Press



2e Dillon Tensile Testing Machine

It is used only for tensile testing of wire. The
maximom load which can be used is 100 pounds. In this

research, it was used to elongate the copper wire.

7

Figure 8., Dillon Tensile Testing Machine

31
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3« Southwark Stress-Strain Testing Hachine
It can be used elther for tension or for compression. It
is operated by compresssd air from the pump. Boih the load and
the rate of running can be adjusted. The maximum load, which
can be used is 20,000 1bs. There are three speeds which can

be seleected:

High speed 1,000 to 20,000 lbs./min.
Hedium speed 250 to 5,000 1ibs./min.
Low speed 50 to 1,000 1lbs./min.

Por this work, it was used to deform the compressed tensile

bars by tension, and the low speod was used.

Fig. 9 Southwark Stress-Surain
Testing Machine
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Experimental Procedure and Resulting Data

Experiment 1. Repeated deformation and annealing of compressed
powder f{lats

By using the single action small round die, 38 small flats
were prepared. They were pressed by a series of pressure from
2.43 tei to 30.5 tsi (mex. pressure on the pressing machine) in
different greups. The pressure Z.43 tsi is the lowest which can
be usedj below that, the samples cannot be ejected safely after
compresaing.

For gintering, the different temperature and itime were used
for different groups. (see data in the attached table) All com~
pacted specimens were put in alley cast iron boxes and covered
with graphite powder and the boxes were sealed with cewent so
that a reducing atmosphere was produced to protest the specimens
from oxidation when heated. The boxes were heated in an eleciric
Bultiple Unit Furnace with automatic temperature control. The
heating rate was about 150"C per howr to fixed temperature and
the boxes were cooled in the furnace with the rate about 100°C
per howr.

After sintering, each group of specimens was defarmed by
cold woridng with the Carver Laberatery Press (Fig. 7) to secure
the ¢ritical deformatien. The amount of defermation was not
easy to contreol, so the resulis may vary somewhat from idea re-
quirements. The deformation was calculated from the reductien of
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thickness of the samples. For convenience of the grain size
stﬁdy, the samples ware cut to small squares about a half an
inch on each side. Then, the cold deformed specimens were
annealed in the Sama electric furnace that was used for the sintering
cperitien. |
.  The anhaaled specinens then were cold deformed again and followed
by annealing. The deformation, amnealing eycle was repeated eight
times. | The data for compressing, sintering, cold-deformatien-
amesaling, and the grain size after sintering and amnealing are
listed in Tables 3, 4 5, and B mapeetiﬁaly.

Unfortunately, sll specimens were melted in the ninth
annealing cycle due to the failure of the temperature contrelling
devioe, thersfors, they could not be phetegraphed.
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data and Resulis

Table 3 Compressing

Hoe of Pressure Speed Thicimess Volume Dengity  Wo. of
Sample L8l oL Of Compace of z/ee vonpact
Pressing  (inch) Compacth {e)

(Cue iney

1 2a43 L 0.32C 0.262 }1.58 19470
2 e85 Is 0.312 0.255 L 76 15.90
3 436 L Ce301 0.246 .92 19.55
L 7430 4 0u265 0,208 5,45 19.90
5 9.75 L 0.2L6 0.202 5,00 19.80
b 11,60 L 0,258 0.203 6,02 19.95
7 12.20 L 0,242 0,199 5.03 19.85
) 12480 i 0.237 0.195 6430 19.90
2 1340 . ) 0.234 0,190 6437 19.90
10 14.00 b 0.231 0,189 64 15.30
il 1l.60 I 04235 04192 5e53 15.90
12 15420 I 0.223 0.183 6.61 15.85
13 15,80 L Ol 229 04187 5455 19.98
1 15,70 I 0.215 04176 6451 15,80
15 17.10 3 0.221 0,182 6467 15,85
16 17.70. 0,218 QLYY 6076 19.90
17 12.30 3 0.222 G182 5467 19.85
18 15430 L 0,159 0,162 7.53 19.90
1y 211420 I 0.204 ©.167 7430 19.80
2L 2l.20 3 0.205 0.168 7.29 19.30
22 25.00 3 0,201 0,155 7435 19,96
2l 26430 k 0,197 0,161 7450 19,90
25 27.20 i 0.197 G161 7.60 19.53
26 2810 0,155 0162 746 15.90
27 28460 L 0,195 0.160 7.62 19.93
28 29420 0,203 D166 7.32 19.85
25 29220 N G153 0.162 7.50 19,90
3¢ 29420 i 0,198 0162 . 7.50 19.91
31 29,20 4 0,197 0,161 7450 19.89
32 29430 Ji 0.198 04162 746 19.83
33 30:50 ) 0.196 0.160 7.62 19.90
3h 30,50 4 0.198 0,162 7453 19.93
35 30,50 4 0u138 G162 7458 19.95
36 30.50° N 04197 0.161 7.60 19,90
kY S 30450 4 0198 Ga162 7455 19.96
38 30.50 i 0197 04161 760 19.90

e AL specitens are pressed by use of 20 g. powder and with same
single action round die with dlameter 1.035 inches and cross section

area as 0.522 SQe ine
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Ho. of Sintering Thickness Dianeber ,v"lﬁm Weight Density
Samle  Temp, Time (in.) (in.) {ew.in.) (z)  (g/ec)
. "("F)' (hr.) -
1 1700 17 0.230 0.340  0.127 18.65 9,08
2 1700 17 0.248 0.866 0.1 10.80  5.00
3 1700 17 0.257 0.902 0,16k 18,90  7.50
L 1700 17 0.221 0.896  0.139 19.00 3,33
o 18{}&' 3 0.224 0.918 0,140 19,00 8.30
7 1800 3 0.213 0.92L  0.145 18.80  7.90
& '1309 3 0,212 O.91  0.147 18.70 . 7.80
G 1800 3 6.218 0,946  0.155 18.75  7.40
10 1300 3 04209 0.948  0.148 18.85 7.8
11 _. 3 0.207 0o9LT  0.1Lk 18.80 8,00
12 3 04216 0,965  0.158 13,85 7,35
13 3 0.21h 0,972 G159 18.8L 730
1L 3 0.213 0,970 0158 33,85 7 3
15 3 0,216 0,980  0.163 18.79 710
1% 3 C 0,214 0,992 0.16L 1882 7,08
17 1 0.202 m%?' 0155 13,92 705
19 1 .20l 1,010 036k 18,50 7,08
20 1 04206 1,013 0.266 18737 208
21 1 . 0.213 1,012 0.6L 18.88  7.06 -
29 1 0.203 14026 0177 33,90 6455
23 1 00205 Ae022 0188 39,00 453
2l 1 0,209 1,036 0177 33,92 .80
2 1 0.217 3h 082 3587 436
26 1 0.204 L 0.169 18,83 6.85
27 1 0.209 Q31 0179 15,89 4.5
28 1 0,21k - 1,028 © 0,179 13,85 6.3;6,
29 1 0.211 16039 0.176 18.85  6.55
30 3 0,220 6038 0,183 38,95 .30
3 3 0,206 $O0LO - 0,176 318,87  4.27
32 3 0,213 10 0,182 318,85 437
33 3 o.21 Lol 0.18L 3380  ¢.30
3k 1 04208 $03L Q176 38,79 4,52
3% 1 0.206 14 0177 34,84 &.53 |
38 1 0.215 1.038  0.182 39,00 6 Ko




Table 5
Deformation and Ammealing

No. of I Annealed II Annealed IITI Annealed
Saﬁ!pl@ Deft, Tamp. Time Def. Tﬁmpi Time Def. Temp. Time
(#y (°F) (bro) (B) (°F) () (%) (°F) (br)

& |

9.8 1600 LO 3.0 1600 L8 6.0 1600
8.3 1600 Lo S.0 1600 48 8.0 1600 60
5.1 1600 Lo 4.0 1600 LB 7.0 1600 60
5.1 1600 Lo 3.0 1606 k8 5.0 1600 &0
Los5 1600 64 7.0 1600 L0 3.5 1600 LB
6.3 1600 64 2.6 1600 4O 3.5 1600 18
G.3 1600 &L 5.8 1600 k0 2.3 1600 48
7.0 1600 6L 3.8 1600 Lo 5.7 1600 L8
1. 1600 6k 3,7 1600 L0 2.8 1600 L8
el 1600 64 4.2 1600 kO 2.0 1600 L8
2.8 1600 8l 7.2 1600 L0 9.0 1600 4B
7.4 1600 64 5.5 1600 0 3.8 1600 L8
GO 1600 64 7.0 1600 40 8.5 160G L8

REERRERLERERELSREBvovovizwm

5.6 1600 6L 9.5 1600 L0 6.0 1600 L8
5.6 1600 64 Le6 1600 L0 19.0 1600 L8
9.5 1600 64 2.0 1600 Lo 8.0 1600 18
10.0 1600 64 “3.8 1600 4O - 9.0 1600 48
Le6 1600 6L 3.0 1600 [0 6.2 1600 48
6.0 1600 64 3.0 1600 Lo 18.0 1600 4B
L7 1600 6L 6.7 1600 Lo 3.2 1600 L8
St 1600 6l 1.3 1600 W0 2.5 1600 LB
T.h 1600 6L 1.8 1600 kLo 6.2 1600 L8
12,0 1600 6k .5 1600 40 L.0 1600 L8
5.9 1500 6l .3 1600 L0 3.2 1600 48
26 8.1 16000 64 3.3 1600 LO 3.2 1600 48
27 14,0 1600 6L 4ol 1600 KO 3.2 1600 L8
28 17.4 1600 6L 5.0 1600 40  he2 1600 48
30 26,7 1600 64  12.0 1600 4o Lo 1600 4B
31 ik 1600 &l he§ 1600 kO 15.0 1600 L8
32 b7 1600 6L 1l.k 1600 L0 6.0 1600 48
33 13,3 1600 64  10.8 1 1600 Lo LS 160 LB
34 9.5 1600 64 3.1 1600 L0 he3 1600 48
35 12,5 1600 6L 5.7 1600 Lo 6.7 1600 L8
36 12.9 1600 6k 9.3 1600 L0 8.5 1600 L8
37 2l.2 1600 6L Le3 1600 L0 - 5.0 1600 L8
38 1h.7 1600 6L 2,5 1600 kO 1.7 1600 L8
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Ho. Of VII Annealed VIII Annealed
3@5\1& Dafp Dﬁf. Tﬁﬁpo Tim
R C- Sl e S MY £ M v
3 6.2 1700 24
2 L.0 1700 24
3 .8 1700 2
h 6.0 1700 2k .
5 3.0 1700 2h
é L5 1700 18 6,0 1700 2k
7 3.5 1700 48 3.6 1700 2l
3 2.2 1700 L8 6.0 1700 2L
g k.0 1700 L8 ke 1760 2L
10 ha 1700 18 hes 1700 2L
11 L.5 1700 L8 3.0 1700 24
12 3¢5 1700 L8 5.0 1700 2l
13 he2 1700 48 3.5 1700 ek
1k 55 1700 18 8.0 1700 2L
15 2.1 1700 48 Leli 1700 24
16 2,0 1700 L8 2.0 1700 24
17 3.0 1700 L8 2.2 1700 2,
18 3.2 1700 L8 3.0 1700 24
19 2.5 1700 18 1.6 1700 2k
20 3.6 1700 L8 4.0 1700 2k
21 1.0 1700 48 2.0 1700 24
2 3.2 1700 48 2.6 1700 2k
23 3.5 1700 48 i.a 1700 2l
2l 7.2 1700 18 L 1700 24
25 Les 1700 18 2.0 1700 2
26 3.0 1700 48 Lo 1700 2l
27 5.5 1700 48 3.0 1700 2l
29 341 1700 L8 2.0 1700 2L
30 3.0 1700 L8 hes 1700 24
3N 2.3 1700 L8 Loss 1700 24
32 3.3 1700 L8 2.5 1700 24
33 3.0 1700 L8 Lol 1700 2k
3 1.3 1700 . 48 heG 1700 2k
35 L0 1700 18 3.0 1700 2L
36 3.C l?w 48 5.0 1700 2h
38 30 17:30 L8 2.0 1700 2
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Grain Size
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Experiment 2., Copper Wire

For the purpose of finding the favorable temperature ef re-
crystallisatim and grain growth ef vepper, a copper wire with
1/16 inch in diameter was used.

First, due to the fact that most of the wires are prepared by
cold drawing, the originael deformation is very large and the grain
is very swall, For stress relief, two specimens were cut from the
wire. One was amealed at 650°C for one hour, and the other was
annealed at y50°C fér two hours and both with slew heating and
slow cooling. The latter gave larger grains and showed that the
stress was relieved completely.

Second, the annealed copper wire sample (750°C - 2 hours.)
was given 2% elongation by using the Dillen Tensile Testing Kachine.
Then, three samples were cut from this specimen: one was ammealed
at V20%C for four heurs, and another at 950°C for four hours; the
third sample at Y50°C for five hours. The result of the last one
shows the largest grain almost the same as the diameter of the wire
{1/16 inch) (Fig. 10).

All of the specimens were put in the alloy cast iron boxes
and covered with graphite powder and the boxes were sealed with
cement, The cast iron boxes were heated in the electric multiple
heating furnace with the same rate of heating and cooling as that

| used in experiment 1.
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Copper electric wire with 1/16
inch in diameter was ammealed
at 950°C for 2 hours, 2%
elongation for deformation
and annealed at 950°C for 5
hours.

L2
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Experiment 3. Compressed Copper Powder Tensile Bars

From the data obtained from Experiment 1, the optimum
compressing pressure range for graln growth of copper powder
compacts appeared to be from 8 te 12 tons/sq. in. Therefore,
in this experiment, nine tensile bars were prepared by com-
pressing copper powder in the double action die and within this
pressure range. |

After compression, they were sintered at $50%C for five
hours by the same furnace and t.hev samez' method being used to
control the atmosphere in the box with graphite powder.

After sintering, the grain sisme was studied, the specimen
using 7 t6i pressure gave a very large crystel as shown in
Fig. lle..

Fer the elongation of the tensile bars, the Southwark
Stress~-Strain Testing Machine was used. (Fig. 9). It was de-
termined by the following procedurer at firsi, mark one imeh in
length in the uniform cross section part of barsy then the load
was applied, until the marked length extends to 1.02 in, Since
the gauge used was only approximately rough, the resulting amount
of deformation was not as accurate as had been originally desired.

Then, these tensile bars were amealed at 550°C for thirty
hours in the same electric furnace by using the method as that
used in sintering, Although the grains grew very large as shown
in Mg. 12 and 13, unfortunately they were still too small te

entirely correct the test piece to a single crystal.



Fig. 11

Grain sige of tensile bars
under 250X after sin
at 950°C (1742°F) for 5 hrs.

{2) B tsi {b) 9 tsi

(c) 9 ¢4 (d) 10 tsi



(e) 10 tsi (f) AL tsd

(z) 1 st (b} 12 tsi
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Crain size on the tensile bar
of compressing pressure 9 tsi
sintered at 950°C (1710°F) fer
S hours and 2% elongation for
deformation and annealed at
950*C for 30 hours.

100 X

h6é
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Fig. 13

Orein size of tensile bar

of 8 tat compressing pressure

and sintered at $50°C for 5 hours
and 2% elongation for deformatien
and annegled at 950*C for 30 hours,

100 X
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Discussion of Results
A+ Pressing and 5:1ntegi‘xm

Effect of presswre on jrain sige mew--e From the Experiment 1 of

this research, the compressing pregsure of from 8 to 12 tons/sq. in.
was found 0 be the optimum range for grain growth. (see Fig. 16)

Due te the very nature of the metheod used tc produce the com-
pacts the grain size was influenced by a number of facters. Seome
of these had been anticipated and were inherent to the method, Bven
with slow pressing a stress gradient existed between the surface and
center of the specimen, The lack of uniform perticle size (commercisal
powders were used) was ruflected in the different size particles
having dilferent internal strengths, so when the pressure was applied
to the suriace of the ecompacts, the particles of the surface layer
tended to move downwerd ﬁlling the pores, thus reducing the dis-
tance between each particle and ite neighbor. This would tend te
inorease the density of ihe cempact as a whole would have little,
if any, effect on the density of individual particles.

Any pressure greater than that required to iill pere space
would tend to deform individual particles. The [irst particle te
be so deformed being there adjacent to the walls and surface of the
plunger.

In the work of Faperiment 1, most of the specimens showed the
larger grains at the positien of just under their outer surface.
After sintering, the larger grains were located closer o the sur-
face layer in the case of lower pregssure compactsj and cleser te
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the center line of the thickness in the case of higher pressure
compacts., S0, it can be believed that grain growth requires the
critical deformation of the powder particles, but not of the mass
of the specimen asz a whole. Wmtely, we can not eontrol and
measure the critical defermation of individual powder particles
accurately enough to find cut the most faverable condition for
individual grain growth.
| in the case of higher pressure conmpacts, the powder particles
of surface layer received more deformation than the critical amounty
and in the case of the lower pressure compacts, the powder particles
of the surface layer received less than the oritical amount, se
the oritical defermation always was located at different positions
between the center to the surface layer for differemt pressures,
And also this eritical deformation renge or layer has different
width for different pressures.

From the data of this research, the grain growth curve
(Fig. 16) always showed the larger grain sise in the pressure
range of 8 to 12 tsi net only after sintering, but also after re-
peated deformation and annealing. S50 we can say, the chief factor

of the grain growih of powder compacts is the compressing pressure.

g w~———= The speeds of punch advance were limited

by the pressures used on the machine, In this research, the different
speeds of pressing was tried on seversl specimens with same pressure.

The rate of speed (0.3 in./min.) produced 'blowholes' in the speci~

mens after sintering; these 'blowholes' not only make the surface
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of compacts uneven, but also are very hamful for grain growth,
Because the faster compressing speed will promote the larger
bridge formation, and the air entrapped camnot be evolved easily
| through the higher density surface layer during sintering, the
surfage of compacts showed & dome like form , with some caves
under it. Ihring cold-working and amealing, these caves cannot
be compacted tagamr, due o the cause that the imner surface
of the caves may be deeply oxidized. After annealing, the
cross section showed many crack lines. These lines would limdt
the grain growth. So we can conclude that the lower the pressing
speed, the easier will be the grain growth, if other conditions

are the same.

Ly change =esw- In this research, the

volume change of powder compscts was studied, as shown in Fig. 14.
After compressing, the volume of compacts decreases with increasing
pressure, but after sintering, the relation is just the reverse, the
lower the compressing pressure, the smaller the volume. In other
words, afier sintering, the ameunt of volume shrinkage was decrsas—
ing aifh increasing pressure from t%re range of 2.45 te 20 tsiy frem
20 te 25 tsi the volume had not much changej abeve 25 tsi, the volume
of aempaéts showed expansion instead of shrinkage. The lower the
pressure is, the more the air will be entrapped after compressing.
During sintering, the air was evolved, thus the volume was reduced.
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Ag shown in the cwrve of Fig. 15, the tendency of density
changs is almost just the reverse as that of wolwme change. After
pressing, the green density inereased with increasing pressure;
but after sintering, the lower the pressure was, the higher the
density. It was directly due to the volume shrinkage. As explained

by Paul Scrmaralcbpf{:’ 2) , the powder pressed at extremely high pressure

frequently shows a decrease of density with increasing sintering

{32) Schwarzkopf, P., Powder Metallurgy, New York, Macmillan Go.
1947, p. 103

temperature. In these cases, the densiiy produced by compression
is very high and is reduced during sintering by growih due to the

escape of gases. JSchwarzkopf gave three thesretical curves for

- different pressuresy these curves show the high gressure compacts

decrease density with sintering temperature, the density of low
pressure loose compacts increase with sintering temperature, the
moderate pressure compacts denalty increased too.

The grain size ocbgerved in the copper wire of Experiment 2,
after the wire was annealed at 950™C for five howrs, is sbeut 10

times larger than that cbserved in the tensile deformation for

both cases are 2% elongation. It indicates that the deformation

may be not large enough in the case of tensile bars. Since the
difference bavmen the powder compacts and cast metal is the porosity,
so for grain growth, the percent of deformation of powder compacts
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may be & little mere than that for #as’c metal, since the greater
ﬁhe perosity, the greater the amount of deformation required te
deforn the grain itself into a definite amownt. In the case of
the powder, uampadt,. when deformation takes place, it is very
possible that some of the deformation fw ;}ua’t. enough teo reduce
the paresity, the aryétallim mags thus not receliving the true
percent of deformation required rai- subsequent growth.

The grain size observed in the flat samples of Experiment 1,
by the method of repeated deformation and annealing is much larger

" than that observed in the tensile bars of Experiment 3 by the method

of single deformatiom snd annealing., It shows that the grain will

be grown larger and larger when repeated mechanical and thermal
energies are applied. In each cycle, ﬁw mechanical energy will
create a potential differance between grains, thus a tendemey for
rearrangement is established and the thermal energy will tend to
increase the vibrational ensrgy so 8s to bring about this arrangement.

It is obvious that the thickness of specimens is the limdt
of grainm growth in the case of cast metals, and in the case of
powder compacts, the grain growih is limited net only by the thick-
negs of the specimen but alse by the porous crack lines present in
the compacts which are prepared under a very low pressure and a higher
speed of compressing.

The other conditions of limitation of grain growth for both the
cast metals and powder compacte is the equilibrium factor. That
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meansg if the specimens show uniforn grain size over the entire
area of the sample, then grain growth will be stopped, even with
fwﬂwr increase _or annealing t&;mmtgre and tlmwe. Because during
the condifion of aquilibﬁm, the suwrface tension of each grain is
‘the same, the energy wnbeut‘:}_;s‘m same, therefure, thers will be

no crysial which could abserb or be ai:éw-béd by any other crystal,
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Conclusion

From the results ebtained by tals investigation, it appears
that the favorable conditions for 1#33 grain growth of copper powder
of the type and composition used mfé as follows:

(1) A compressing pressure cf/ 8 to 12 tsi.

(2) A sintering temperature Jr 950%C.

{3) An annealing tanperamrd af 950%¢.

{4} The longer the annealing time, the bebter.

{5) The longer the sintering time the better.

(6) Blow speeds of pressing are preferred to faster ones,
Apparently the copper powder metal compacis need more ecld
workdng to give the same size recrystallized grains than cast copper,

Cyelice mm working and annealing tends to gilve larger recrystal-
lized grains than any of the other wmetheds tried.

Pores after sintering were almest unifermly distributed at the
boundaries of the grains. After ¢old werking and annealing, they tended
te join ene another to form larger pores or were included within the
new formed grains. Extremely lerge pares gave rise to crack lines on
the specimen auc; this limited grain growth.

No single orystals over the entire gauge length of the tensile
gsample were formed, but techniques were developed that tended to show
that under the proper conditions of pressing and sintering, this
might be accomplished.



Summary

From the experiment of this research, to p?e;ﬁare the single
erystals if.’wm'capper powder by powder metallurgy method fellowed
ﬁy compression, sintering, deformation, either elongation or com~-
pression and annealing appears te be feasible. It may be true that
the pwder compacts need more relative plastic deformatien to cause
grain prowth ﬁhan the cast metals. |

The favorable temperature for the grain growth of copper powder
cﬂmpaat.s dumng sintering or amnealing is 950°C (1710°F) and the
favorable compressing pressure for the grain growlh of copper powder
compacts fall within range of 8 to 12 tsi.

The process of racryétallimﬁm and grain grewm in the copper
powder compmw and the Goppeax; wiré appears similarj either the large
erystals absorb Ithe smaller orystala or the smaller crystals absorb
the laryger ur:#étals, and both showed characteristic twin ecrystals.

Tfhe porosity of powder compacts is not harmful to grain growth,
because the pores can be ineluded in new grains forwed from recrystale

lization and grain growth. Very large pores, however, are undesirable.
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