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The state of world-wide investigations on the phenomenon of the

superplasticity of metals and alloys is discussed. The essence of the phe-

nornenon and the series of theories explaining its mechanism is described.

At the same time, previous results are presented of tests for superplasticity

utilization in technology as well as perspectives of its further development

in the technology of conversion processes.

Introduction

Quickly developing technological advances include both new techno-

logies and construction of machines and tools. The modernization of these

latter is conditioned on the selection of materials with specific properties,

speaking of which it should be stressed that, in spite of the recently great

progress of the chemical sciences in the area of plastics and ceramics,

metals and their alloys still continually play a fundamental role in the con-

structions discussed. However, we must take no~ of the significant progress

and revitalization in investigations made within the scope of metallurgical

processes and physical metallurgy in the search for new alloys having

adequate mechanical and physical- chemical properties.

The result of this research is, among others, the testing of larger

and larger num bers of alloys exhibiting the phenomenon of superplasticity,
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I
characterized by exceptionally high plastic properties in a definite tempe ra-

ture range and speed of strain. Beyond the wide front of investi gations as

have been carried on in the Soviet Union (1-3) for the past 25 years in the

field of metal superplasticity, interest in this area is also noted in the

United States. The center for this research is found in the laboratory of

Prof. Backofen at the Massachusetts Institute of Technology (4-9) . In

Europe research on the superplasticity phenom enon and the possibilities of

its industrial utilization is conducted in Great Britain ( 10- 12), Italy (13- 15),

and the Federal Republi c of Germany (16 , 17). In our country this type of

research is conducted by Prof. T. Pelczynski of the Warsaw Polytechnic ,

and lately research on zinc-aluminum alloys and aluminum bronze of the

type BA 1032 was undertaken by the Institute of Nonferrous Metals.

The Phenomenon of Superplasticity

The concept of superplasticity defines the behavior of certain

materials , which under the influence of applied stress , can display very great

strain wi thout breaking. This phenomenon is often observed b y the heat

method in the case of glass and polymers , but until recently it was rarely

noted in the case of metals and alloys. These latter most often show strain

within limits of 50-60% and in princi ple it does not exceed 100%. which size

can be taken as the maximum limit to characterize the normal plasticity of

commercial metals and alloys.
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In alloys which , having appropriate structure and under definite

conditions of temperature and speed of strai n , exhibit the superplasticity

phenomenon , the strain reaches a value of 1, 000% (10), and can even ap-

proach 2, 000% (11).

Figure 1 shows the differences in the straining of glass and plastics

as well as metals having normal plastic properties and alloys exhibiting the

phenom enon of superplasticity.

Saveur (18) was the first to uncover this phenom enon. In 1924 , while

conducting tests on iron bar twisting with a longitudinal thermal gradient ,

he proved that an entire twist of the bar takes place in the conversion range

a.~y. He concluded from this that during conversion iron reaches a higher

plasticity than that which can be obtained at lower and higher temperatures.

In 1934 Pearson , testing the eutectic alloys Pb-Sn and Bi-Sn , got a strain

within limits of 1, 100% (19). However , it was not until 1945 that Boczwar

(2), on the basis of investigations on Sn-Al alloys and extraction of similar

results of an enlarged strai n , proposed the term It superp lasticity, which

signified a strain increased many t ime~within the range of uniform straining,

and hence befo re the appearance of narrowing. This definition was again

taken into consideration by Underwood in his research on the superplasticity

phenomenon (7) and since that time has been universally accepted. Research

FTD-ID (RS) 1-0048-77 3



I
work treating the extensive investigations of the superplasticity phenomenon

which was carried on after 1945 by Soviet researchers and particularl y by

Presniakov and his collaborators was the beginning of a vast amount of in-

vestigative research work and showed the wide possibilities of industrial

utilization of the phenomenon. The following metal alloys were tested from

the aspect of the appearance of the superplasticity phenomenon: Al-Zn (1 ,

2, 4 , 17 , 20 , 21 , 22 , 23, 24), Al-Mg (25 , 26), Al-Cu (1, 6 , 26 , 27), Al-Si

(1), Cu-Mg (6), Cu-Zn (1), Cu-Ni ( 1), Pb-Sn (1. 6, 7 , 8, 9, 15, 28), Ti-Al-

Sn (1 , 6 , 8, 9, 29), Ti-Al-V (9), Bi-Sn (19 , 30), Cd-Zn (31), Ni-Fe-Cr (32),

Mg-Zn-Cr (33).

Presently, some scores of alloys and even metals are already known

as, for example , ti tanium (6 , 27) and uranium (34) , which , under certain

straining conditions , indicate the superplasticity phenomenon .

The current available liter ature on the subjec t of superplasticity of

nonferrous metals and their alloys is very extensive . It will suffice to men-

tion that a compendium of publications which appeared during the period 1958-

1970 drawn up by the Metallurgical Institute of Czechoslovakia in Prague

contains 228 items (35).
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Glass or Superplastic
plastic alloy

Normal
alloy

n 11
9 f T  f

U

Fig. 1. Difference in the straining of glass , plastics and metals
h aving normal plastic properties and alloys exhibiting the super-
plasticity phenomenon (Ref. 32 - p. 847)

One of the characteristic qualities of the supe rplasticity phenomenon

is temperature , which is precisely fixed and mos t often amounts to nearl y

half of the fusion temperature measured on the Kelvin scale. Moreover , it

has been proven that an alloy displaying the superplasticity phenomenon

cooled down to lower than this temperature possesses normal physical,

chemical , and mechanical properties , and , even the m echanical prope rties

and corrosion resistance can be higher. For example, the so-called Lock-

alloy (Be-Al), worked on by the English firm Lockhaed , is characterized by

a 3-times greater tensile strength and 4-times greater elongation in relation

to other alloys having the same chemical constitution (36).

5
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Supe rplasticity appears , first of all, in those alloys having a eutectic

or eutectoid composition , but is is not verified in al loys having a continual

solubility of one component in another. Figure 2 illustrates this.

A 
- 

— ‘- Z R  B

Fig. 2. Scheme of the constitutional di agram of binary alloys
with clearly marke d types of phase changes, which can accom-
pany the effect of superplasticity. (Ref . 37 - p. 24)

A lloys displaying superplasticity have a characteristic , very fine-

grained structure and , for example, if usually the size of the grain in alloys

fluctuates within the limits of from 10 to 2, 000/4 then superplastic alloys

have a gtai n the size of 1 to 5/4 . The rn icrostructure of superplastic alloys

contain 2 or more components , by which the fine grains of one of them are

spaced among the grains of the other component. Such a structure is some-

times called tl microdup lexfl and can be obtained along the way of various cuts

of thermo-mechanical treatment.  The presence of the second phase can

6
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considerably limit the growth of the grain during heating of the alloy. It

should be noted that the essential role in exposing the m echanism of super-

plasticity is credited to the phenomena occurring on the grain boundary (38).

At the present time , it is generally accepted that superp lasticity, like many

other phenom ena of plastic strains, is con nected with a dislocation movement .

The mai n difference relative to deformation of conventional metals depends

on different conditions in the creation of the boundary, on which the disloca-

tions com e across , as the result of the fine-grained s t ruc ture  of the “micro -

dup lex ” type (39). The characteristic features of superp lasticity are: low

tensile strength and very great stra~~. It must  be remembered that metals

straining at am bient temperature usually go through a hardening phase as

the result of cold work during which the strai n has two ranges--uniform and

local extension , at which t ime a neck is formed , and the n a break occurs.

The universally known stress-strain diagram il lustrates this. At the sam e

time, it must  be mentioned that according to Naziri and Pearce (40) super-

plastic alloys indicate exact dependence of stress during deformation on the

speed of deformation , during which this stress does not depend on percentage

elongation .

Metals usually accept in the whole range of plastic wo rking within

limits of 0. 1 to 0. 9 of fusion temperature Tm values of m lower than 0. 2

and often even lower than 0. 05. Hot method glass and some th ermoplastic7
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materials have in ~ 0. 6 and superplastic metals which have generally values

of in in the range of 0. 4-0. 8 are distinguished by this same property (40).

Another important  agent which m akes it possible to avoid the formation of a

neck is the variabili ty of the m value , which depends on the defo rm ation

speed. In the instance of common metals within the measure of deformation

growth the value of in decreases insignificantly and uniformly, on the other

hand, for the alloys indicating the phenomenon cf superp lasticity the m axi-

mum of the m curve appears depending on ~ . For the purpose of creating

conditions for the superplasticity to occur a temperature  of near 0. 4 Tm is

requi red and the deform ation speed contained in a definite interval , which

posi tion and range depend on the given material. At a speed lower than the

lower limit of this interval , the norm al creep phenomenon occur s, while

higher , the material  graduall y ne ars retaining normal plas ticity. Accept-

ance is indicated of the m aximal value of the in factor , which according to

Backofen and his collaborators (41) can be taken to characterize the capa-

bility of the material of plastic strain. Moreover , it can be considered an

indicato r of the sensitivity of the material to deformation speed.

Viewing the whole of the superplasticity phenomenon the mechanism

as it operates during the plastic strain in these conditions is interesting. It

should be mentioned that s t ructura l  X- ray examinations of these metals be-

fo re and after strain show their no rmal crystalline s t ructure , in which very
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fin e grain l-2 fi  in size before strain can rise to 4-5/i after s train. Thus ,

each ~uperpla stic alloy indicates a greater relationship of grain boundary

surf aces to their volume than an alloy characterized by conventional plastic

proper ties. It is a characteristic fact that in alloys exhibiting the super-

plas ticity phenomenon a change in granular shape from globulitic to elongated

is no t observed.

The ease of strain of a superplastic alloy is in princi ple a contra-

dic tion sought in many alloys, especially in heat-resis t ing ones , of creep

strength . Since it is assumed that alloys with a coarse-grained s t ruc ture

show great creep strength , it seems that a fine-grained s t ructure may be

the key to superp lasticity.

H. W. Hayden , R. C. Gibson and J. H. Brophy (39) suggested that

in principle there exist 2 kinds of superplasticity. One of them is the so-

called superp las ticity arising from phase change , and thus one which has

place at the time of allotropic changes in a defini te  temperature  range. The

other type of supe rplasticity is defined as the so-called isothermic supe r-

plasticity and this one--up  to now--  is the subject of most of the investiga-

tions. It appears in the instance of operation of a definite load at a temper-

at ure equal to close to half of the absolute fusion temperature  (°K) of a metal

or alloy respectively, or higher. Knowledge of the mechanism according to

9 
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which the superplastic strain runs has great significance , since it permits

the evaluation of existing dependencies between parameters and their influ-

ence on the phenomenon under consideration in its various aspects.

The mech anism proposed by Boczwar (2 . 3) assumes th at superp las-

tic strain is caused by an interaction of phases, which favors the passage of

material fro m one phase to another as a result of the supersaturation-eniis-

sion process.

Jon g and Ratenau (42 ) advanced a theory according to which the low

mechanical prope rties and hi gh plastic p roperties of metal are connected

with the chan ge of uni tary  volume during the phase change and with tensile

stren gth .

Clinard and Sherb y ’s theox’y (43 ) explains superplasticity in steels

given to a definite cycle of technological cuts , durin g which a considerabl y

inc reased elongation is noticed for extracreep. According to Backofen and

hi s co llaborators (9) superplastic strain occurs through the viscose flow

(slide) of cer tain grains in relation to others under the action of applied

stresses. The slide will be facilitated and regulated by a process of dam p-

ing and suppressing a “ mechanical barrier , “ which is composed of irregu-

la r granular boundaries , stress concentrations at contact points of three

10 
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grains, and the like . These “ mechanical barriers ’ can be suppressed or

damped with the aid of three mechanisms: shearing at the granular bound-

aries , the slide according to Nabarro-Herring,  and viscose creep through

the granular network.

It is the theory of Backofen and his collaborators which , of all the

theories known today, seems best to answer reality. It basically agrees not

onl y with the results of microscopic observa tions and with the overal l con-

ditions of the appearance of superplasticity, but , moreover , it allows for

the chief aspects of the phenomenon to be explained and can serve as a qual-

itative interpretation of it. The actual state of knowled ge of superplasticity

does not yet perm it the formation of a general theory on the phenomenon.

We can however , as a result of the discussion of the testing and investi gations

do ne so far and the theoretical considerations from the scope of the physics

of me tals, create a general and unifo rm image of the phenomenon from the

various instances of its appearance. We must  remember that various tech-

nological cuts necessary to achieve superplasticity in a definite alloy, and

apparentl y differing from each other , in princi ple , give rise to the assur-

ance of a very good and stable grain as well as definite temperature range

and speed of strain.

11 
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Examples of the Appearance of Superplastici ty
in Several Metal Alloys

Z i n c - a 1 u m i n u in a 110 y s founded on this system were up to this

time most often the objec t of interest of nurne rous researchers of the phe-

nomenon of unusual plasticit y of metals and alloys (1 , 2 , 4 , 17 , 20-24) .

They allowed many facts to be disclosed which approached explanation of

the essence of the phenomenon , although none of the existing theories of-

fe red a conclusive mechanism. Presniakov (1) without a doubt was the earl-

iest to describe the phenomenon of superplasticity in Zn-Al alloys in such

a wide scope. He thoroughl y examined the whole series of alloys containing

from 5 to 95% Zn , in which he attempted to capture the effect of superplas-

t icity by using systematic measures of elongation . Figure 3 present s the

isotherm al lines of plasticity of Zn-Al alloys obtained by Presniakov .

I
~~~~~ \50 60 70 *0 *~

Zn, %Iwgt. )
Fig. 3. Isotherms of Zn-Al alloy plasticity (Ref. 1 - p. 51)
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Zn-Al alloys were also used in investi gations on the superplasticity

of metals by: Backofen and his collaborators(4), Chaudhari (44), Jovane

(13 , 14, 15), D.S. Field (22), Packer , Johnson , and Sherby (45). Although

the results of the above investigations sometimes diffe r among themselves

considerably, both by their results and the methodics of the investigations - -

in general , it can be summed up that in the Zn-Al alloys the supe rplasticity

phenomenon appears most clearly when :

-- the test pieces unde rgo longer soaking at > 275°C , and then
a violent cooling,

-- the strain process is conducted in the temperature range of
250- 27 5°C,

- - the time which lapsed fro m the moment of heat t reatment  to the
defo rm ation process is not too long (decomposition of frozen
single-phase structure) .

A 1 u in i n  u in - c o p p e r a 110 y s (1, 6 , 26 , 27). Similar behavior

of the eutectic alloy Al-Cu ( 33% Cu wgt. ) is established as in the case

of superplastic Zn-Al eutectoid alloys . Here also the superplastic state

appears after rapid cooling from a single-phase regi on to a diphase region.

After homogenizing the phenomenon does not appear. A violent increase of

plasticity is established at temperatures higher than 400°C.

13
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B r a s S e s.  The phenomenon of superplasticity in brasses was

investigated by Presniakov and his collaborators (1), who conducted tension

tests at temperatures close to the phase change a . Maximal strains

( — ‘  180%) were observed at 880°C (38% Zn wgt. ) and 770°C (41% Zn wgt. ).

Figure 4 presents the strains obtained by tension of the above named alloys.

200

IL ~~30 7
•

!
J4 8%~ p~Zfl

~*
A/2~~

30 ,t ~~~/38~~qtZn

J
~~ Temp~ro/ .,rg

/ Order-disorder0 ~~~~~~~~~~~ —320 ~~ 0O 520 000 
~20 820 200

1 ’7.,~~~ f ~,r9 , ‘C

Fig. 4. Strain of Cu-Zn alloys near boundary of phase change
and in a region of order-disorder (Ref. 1 - p. 101)

In the case of brasses Presniakov observed that similarly as in the

case of the Zn-Al alloys , the greater the amount was of the metastable

phase , the greater was the effect of superplasticity.

14
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As can be seen from the list given in the second section of this

article, the number of investigated alloys and nonferrous metals in which

the appearance of the phenomenon of superplasticity was observed , is con-

siderable and understandably we are restricting ourselves here solel y to

several examples representing a group of alloys most often used in techno-

logy.

The above examples deal with diphase alloys, however , as was men-

tioned earlier , the superplastic state was able to be secured in m ultiphase

alloys as well as in fine metals.

Perspectives of Utilization of the Phenomenon
of Superplasticity in Technology

The discovery and later , the rather detailed laboratory investigations

of the phenomenon of superplasticity in metals and alloys gave rise to the

vast and understandable interest in this problem , defined even as a “ revo-

lution” in metallurgy (36). From a theo retical point of view the essential,

nontypical , almost Newtonian flow of metal during superplastic strain would

indicate the just unlimited possibilities of the plastic working of metal semi-

finished products , indicating superplastic properties and of securing elements

which , up to now , could be produced entirely from plastic masses or glass ,

over which , after all , by reason of the supe riority of their mechanical

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



properties , metals clearly prevail. Low resistance (Rm) and very consider-

able elongation in the scope of the existence of the superplastic state pre-

destine new material to be used in almost all the traditional forming pro-

cesses such as rolling, extrusion , drawing, and pressing. Perspectives of

utilizing the phenomenon to produce even very complex elements in the

forming processes by pressure or by using negative pressure , as Jovan e

showed , appear to be extremely interesting- -however under the condition

of control of the technical s ide of the problem for those alloys requiring

increased deformation tempe rature , which (alloys), after all , make up the

vast majority. Although up to now the use of superplastic alloys in techno-

logy was and is very limited , none the less they awaken a particular interest

in the following areas (12):

a. Use of superplastic rolled semi -finished products for drawing

and deep pressing, where a substantial reduction in the costs of

instrumentation and production is gained. In particular the eu-

tectoid Zn-Al alloy, the most universally recognized as a super-

plastic material , is considered a competito r of low-carbon steel ,

since a higher m ate rial cost could be entirely compensated by the

savings in production costs. With this utilization the absence of

the narrowing during deformation is the chief advantage of the

superplastic state.

16
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b . Use of the phenomenon as an interim state during mechanical

wo rking of complex alloys , where a low yield stress limits

working possibilities. The prope r hot working used here can

produce material having satisfactory high properties.

From among the many tests on the use of the supe rplasticity pheno-

menon in technology, undoubtedly the accomplishments of the English indus-

try, based on the Zn-Al alloys with eventual modifications , would have to be

placed at the forefront (10 , 11 , 46).

The well known British firm , Leyland Motor Corporation , joint ly with

the companies : The Imperial Smelting Corporation , Ltd. and Enfield Rolling

Mills mastered the technology of the manufacture of the superplastic zinc-

aluminum alloy (ZnA 1 22), intended for the manufacture of car bodies and

other new industrial applications. The new alloy received the name Prestol

( 10, 11) and is met in technical literature under this name . Experimental

car body parts and other elements made fro m this alloy would appear to

indicate its wide use as a substitute material in the bod y of vehicles and ,

above all , there , where the processes of multiple and step pressing are

necessary.

FTD-ID (aS) 1-0048-77 17
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Similar tests (46) were conducted on the alloy “ZAM ” (Zn 70-82%,

Mg 0. 08-0. 2%, Cu 2%, the rest--Al) under direction of the Nat ional Re-

search Development Corporation. In both of the above cited cases the real

possibilities of picking up production of the various elements from the above

named alloys were confirmed.

I t must  be remembered , however , that the state of the technological

invest igations , for the time being, find s itself in the initial stage , and the

fir st positive results obtained so far solely in the cases of extrusion or

pressing by air pressure or by using negative pressure cannot be referred

to the remaining methods of plas tic wo rking, where with respect to the coin-

plexity of the conditions of defo rmation , as well as the matter  ~f maintaining

the temperature necessary for the given alloy, great technical difficulties

are most likely enco untered. There is no doubt that only fur ther  systematic

in vesti gations , theoretical as w ell as experiment al, will per mit a p r i o r i

defi nition of the extent to which the possibilities offered by the phenom enon

of superplasticity will be able to be used in the traditional inethods of the

plastic working of metals and alloys . Befo re picking up any kind of techno-

logical tests using for superplastic strain the traditional processes of plas-

tic wo rking such as rolling, pressing, or extrusion , initial investigations

must , of course , be conducted , which include solving the construction diffi-

FTD-ID (RS) 1-0048-77 18 
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culties connected with the condition of work arrangment in the required

temperatu re range and the m utu al dependencies of parameters accompany-

in g the given distortion process. From this side of the problem the inves-

t igations abroad find them selves only in the initial stage.

Conclusion

Taking into consideration the intended developm ent and moderniza-

tion of the co untry ’ s manufacture  of zinc , and particu larly of the rolled pro-

du cts and considering the appearan ce , experimentally confi rmed by the

Insti tute of Nonferrous Metals , of the superplasticity phenom enon in

zinc-aluminum alloys , as well as technical and economical benef its from

using this phenomenon in technological processes , resulting from the irives-

ti gations abroad , research continues in the scope of establishing param eters

of the technological process of the production and fu r the r  working of semi-

fini shed products fro m the above named alloys.

FTD-ID (RS) 1-0048-77 19

____________________  

•i1_ 
.—.- 

:ii~ ~



BIBLIOGRA PH Y
I. A. A . P r t ’ n n j n h o v :  Svj . Ft plauti0nost metfihlov I

roy — W) ’d, Al ma Ala , 1969.
2. A , A . fl,,~ ,’ ,ir, Z, A. Svi.t,’rska~a: Izv , Altad , Nanil< SSSR .

Old. Tvehn . N a u k , 1945 . or 9, s . 821 .
3. A . A . flot’tur : TiC , S h ad  , N  .~it k SSSH , Old, Ti -ho . N. .ik

1948. .s. 69 4.
4. W .4. flo.’l .Jen, J. H,  T u r ne r , 1) . 1i. A~~e, y : Trans.

.\~~M 1964 , V . ‘I . 57, 1. 900.
5 . H. 11. Joh ‘1500: Ad a Met . 196 5. Vol . 23 , S. 441.
6. W . A . Ilu.’kof.’n, 0. U. Avery, 0. lee, 0. 1.. lloIt:

ly Pro. . • ~s Hepott 19415, or 1, Met al Proce ’~t .ng !.abo—
y ST I .E . Cairth,-i,1,~e USA.

7. 0. ii . A,’ery .  W. A . Thickofcn: Trans. ASM . 1965 , vol.
38 . s . 551.

8. 9%’ , 31. 1~.. . ‘ I  i S. W. ?.‘flr . A . IC. Th,,w p’ .’, S. tell
.9 ~. ‘t I ,•t r I:~’p .rt — Meta l l’i.. ’ ’  ing I oh. . 1 , 1 ’ ;  y, 71 IT’ —

( ‘ .5 .5, ,
9. 1) . (1 RoIl , 9%’ k..J. n : Det o rzna t i . ,n ITh..’ . . ~~ttg

of Anis..Iroplc Metals Final P. put t , 1.ligl io 1966 - - 91.’ tal P,
ce.sni ng 1.ab . MIT . Cambridge. USA .

10. 0. North : Sheet M . t a I  Industr Ies. 1070 . nr 1. S. 13. .
11. r,—p-gI~ d Teebmin It y t s j s k e j  1969 , or 1, s . 24.
12 . I t Iate r lal y z Scininarium p1. ,.Supeip1astyt- . no6~ I ml-

hs,.t: , lr eni e metali p rzs ’ Svysokiej tCmIX’ rat U l ic ’ - .9 ’ I  II , 22,
Vi — 24 , VI . 1970 ( r.- (ct at: Or G. Pollard , t’ .i~t . - t  ‘~, tr~ w
T ..~ c-cls )

13. F. ,l u ’ane:  l.a M l . llalla na 19417 . nr 4 , 5, 293.
14. 1. Jol’ . ,n , ’: 1.5 Mel . Tt a l iona 1907 , nr ii . s, 923 ,
15. F, Jni’ ,ne , V . N~ so: La Met . Ilaliana 1967 , i.e 12 , s . 57 .
36. H, M , i h u u er , F . S.~ .c r u . i ld:  Z. 0. M e l a t I k . 1 5 2 , V..). 42 ,

S. 244.
17. 91’. Sc?, u)ze , F, S e o .’r  o ,rtd : Z, 0. Metallk , lt 12 , vol . 53 ,

S. 660.
18. A . S a ve u r :  J r .  ri .SrZe 1924 . vol 113 , S. 581.
19. C. H. Pearso,t: 3. Inst . Met. 1934 , vol . 54 , s. III,
20. (7 , H. Got /ak , 3 . 0. Pour: J , Iron Steel Inst . 1964 , vol.

92 , S. 230 .
21. J. N. 11..! ~~~ (7 . 0. Garmo ng, 0. H. P o uc h :  3. 1. Lab.

l’s. p’ rt . ‘ !IT 1 . 9 , err 3
22. I) , i’s . F..”rt , Jr .: t M  - .1. . ‘s  R s . -arets arId

1965 . Vol.  9. c . 2.
23 . F. S . . .  , .11; A:. hiV . .1. Ms 1,11k . 1949 , vol . 3, s , 165,
24 . 1’, l.,hr . C H. .Srad . Sc. Paris  1956 , vol . 242 , 5 . 1172.
75. J . 3 or . : ’ to’ , I, . J . P rok? , i n a : DokI . Ak a d . N a r i k  2’SSR

1952 , So) .  67 , s. 111.
20. 5. H. r, ’ r l o :  3 , 1. ”t . Metals 1963 , vol. 91 , c . 274.
27. W . A . 13 .. S o/en, 0. H . Avery. 0. 1.,’, ’ . I) I.. I / o t t :  Qua—

l . r t v  P. , . r : r , ’.s 13. port 19CC . fly 2, — 71. ta l  P . r  T ote r. MIT ,
(‘ o, :hr , t - e . t’SA

79. II , N. (‘I nc . T. 11. .L.1 ’n Rep el N . ‘.~ C ‘:0 . 5. I I .  1966.
(7en . Ft  e e r i e  - Ft I) C’. :.:er S.lr .  n. rr.. dv.

29, 13. C’,’,’ : 15 ,.”,p.’.s S -p. or 6. tOu r. .1 7 , t .,t 5’,’. , , . o ~’r , No
N ow . 63-O, ’5’1-OL .

30. T. h A t .? ,  : P.. ;‘...rt N . 61.- C- :’9O , 5,11. l9.;.i . (7~~ Fle e—
Inc . R I’) Cr: .tcr  — 5th. ~‘ -. 1ady

32 . (7 . H St r.t .’ , ’ ’ ’ 3 . ltd . 71. ’: al s J978 , s’o J . 40 . s . 27.
32. H. IV . 7 / r o S i n. H. (7. G. t.. ..n , H . F. M . r r , c k , 3. H.

H r o p l’.i, : T , t’ . ( , ‘at . .-! .\ SM .
33, F ,, II’ , 4 , 1’ . ‘ h .. ! . r, : 15. ! r . . . . — , of .7 : — tro-

pic 7 .1, ,,!. , F.: ol I!.; ’:. 1.r.gt.u 14F6 — 7~~. 1..! Proc.’ . ~i l ob.
f u r , C o: . , !’t . i , ~~, U ’-A .

:4 . H. ( 1 . 1 . . ’, , , , fi , 1%’ . r ;  ‘ ‘ ‘ . 1 :  7 . . ’ ,. 1 5 7 , v i . ‘is,
5, 178 .

9 ‘~ , .l,,.p, ,~ ,1 N . ?  ‘ . ‘ ; r r \ .  Ii KOVU U ~‘‘!l i4 a jej i  vyu;:II
v l’ i .51 5 1  ( ‘i, I’ : h., l E O , 5 , 1.82 .

341. If ‘, ‘~~~ ‘ . ~~~~~~ I’ ’ ‘ py I’.,r hI 1’’ .? . tO, ’ 9. c. 42.
- o r : ‘/. ‘.‘ y ly  I’,o t rt, ,,,. SVL’ 1~i . ‘p1 . T,’elr n, lr’ lO ,

~r 6 , s . 24.
.9. V . V . ?...‘/~,j : ’l’)~.,~ .St r’’r . ;t h ,.f 51,-el 5s1 . \ r r ’ ’ r i . ’on  1963 ,

to t. ‘~~. n . 72.
Dl. II IC . I ?.o,,I. ’O , H. C, ( 1 I1 .s . . n, 3. 11, f l r . . ph y :  M.-Iali 1970 ,

VOl. 8. 5. 047.
40 . II . N .  el, Ii . I’ , , , , , ‘:1:. -I 71. ‘.1 Tn,l . I SF4 , nr I . s . 11 .
41 . 91’. A . I~. , .’’. .f .  ‘I. 1) . ‘4 . A ’ ’  1/ 1) , 1. 11011 : Q ’r ’ . k ’  Pro-.

It’ ‘ ‘ i i . I tOe ‘‘5 . 71, 0,1 - I t s r  . , t o t -~ - ‘ I l l’  (‘ ‘ r n —
Io~ .l .?e . 1 9 k .

4 2 . 51. I). T n ~. (7 . W. IOof. ’n.i,, : A,’~a 71, 1. 1941! , tir 0, t~ 714.
45 V . W . ,‘ ; .. . . . t , 0. 0, 5?,.’ rl;y : A r t 3  Mi t . 1914 , o r 12 ,

S . Oil.
44 . P. ( ‘? ‘ a” . Iho r l :  .9 .1 : ,  7 1 1 . 151.’? , Cot, 15, 5 , 1551.
45 . (‘71 . H. Parlo r, H. If S ,,e.,, 0, 0, 5’.., l.a: Ti OS . of

AI MS 19CR , So t . 242 . S 2415 .
46 . M. ’ ta l l ur g t a 1971 , or 496 , 5. 7.

FTD_ID(R S)I—00~ 8 7 7  20

I !

F 
_
~

_f --~~~~~~~~~~~~~~~~~ —~~~ —- 
. .
~~~~— o ” ~~~~~~~~~~~~~~~~~~~~~~~~ 

—



‘

ts,
,

i.
‘I 

, 

‘ .. . . , .

Depot of a rolling mill for grooved copper in Szopienice (under
construction). Photo by D. Skotnica.
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Fragment of the construction . Photo by D. Suwala.
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