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113 A B S T R AC T  Two results have evolved which represent our mos t significant accomplishments.
Firs t, perfection and successf ul opera tion of our hydros tatic ex trpsion press has lead
to our ab’~~ity to extrude ~uctila materials* up to a reduc t ion t~

’atio of 400 : 1 (c 6 ) ,
and semi—brittle materials up to reductions of 60 : 1.
* We have extruded aluminum with small percentages of Fe to area reductions of up to
400 to 1. Extruded samples have shown remarkably high yield strengths ; for example ,
an Al— .57Fe material has a yield strength of approximately 30 ksi. A fine subgrain
structure is generated and captured by quenching immediately after extrusion.
** Our studies here have centered on the fabrication of superconducting wire (Nb 3Sn)
and on producing high strength steel wire. The Nb3Sn was processed by a method de-
veloped at the Lawrence Berkeley Laboratory . Tin infiltrated into porous niobium
compac ts were hydrostatically extruded without apparent damage to the infiltrated
core . A low alloyed bearing steel (52100) was successfully extruded 60 to 1 in eight
passes with no sign of cracking. 
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Second , ini t ia t ion of theoretical studies on the extrusion process have led , for
the f i rst time , to applying elastic—plastic theory to analyze the process of extrusion
Un til now the maj ori ty of analy tical work has been don e using rigid—plastic theory.
Although this can be of great value in calculating upper and lower bounds on such
things as power requirements , one mus t consid er the mater ia1~ ’ elas tic prop er ties in
order to calculate and predict residual stresses , We have successfully completed the
axi—syme tric case for extrusion with smooth dies. One very impor tan t res ult of this
solution is the generated residual stress distribution In the extrudate .
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INFLUENCE OF HIGH HYDROSTATIC PRESSURE EXTRUSION

MECHANICAL BEHAVIOR OF MATERIALS

Introduction and Summary

• Hydrostatic extrusion is a promising new metal working technique.  In

• hydrostatic extrusion a large hydrostatic pressure is superimposed on the

stress field that  normally develops during extrusion . As a result , materials

• diff icult or impossible to extrude by the conventional extrusion process

can be extruded hydrostatically. Further, there is evidence that materials

• formed by hydrostat ic  extrusion exhibit superior mechanical properties

compared to similar materials worked by conventional techniques. At the

present time hydrostat’ic extrusion is not being applied extensively to

technological applications in this country (considerably more work is

being done in Europe and Japan) . A pilot project to hydrostatically

extrude copper into wire has been started by Western Electric and this

particular operation appears promising . Surprisingly, the basic under—

• standing of the hydrostatic extrusion process , bo th from the theore tical

mechanics point of view and from the standpoin t of ma terials science ,

remains in quite a primitive state.

~~~The present program is centered on an experimental and analytical

study of hydrostatic extrusion. The experimental aspects are described

in the first section of this progress report. In the second section we

describe the basis for an elastic—plastic code as a means of assessing

metal forming operations. This analytical approach is unique and promises

to be a very powe r fu l  tool in analyzing the extrusion Process.
r .

~~
N
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A. OPERATION AND MAINTENANCE OF THE HYDROSTATIC ]~XTRUSION MACHINE

by Robert T. Whalen and David L. Bourell

-
• For the most part the hy drostat ic  extrusion machine (Figure 1) has

:~ been operating withou t problems over the las t year . However, we decided

that  several modi f ica t ions  to the extrusion machine wou ld result in a

more e f f e c t ive  machine operation and better properties of the extruded

material . These changes are discussed below.

(1) Instal lat ion of Auxillary Pump

One major alteration to the machine was necessary . When testing

the high pressure system , a problem arose which required the addit ion of

an auxillary pump to maintain constant extrusion chamber containment

pressure. The problem never surfac& during testing with the low pressure

system because the containment pressures and extrusion pressures are

balanced when line pressure to bo th the intensif ier and ex trusion piston

are the same, i.e., when both are at system pressure. However, reducing

the extrusion chamber diameter by a factor of two (from 3/4 1 1  to 3/8”)

wh ile main taining equal line pressures to in tensif ier and pis ton doubles

the clamping pressure on the liner but quadruples the extrusion pressure .

Theref ore , to maintain the balance between the two, the line pressure to

the extrusion piston must be reduced to half the intensifier pressure .

The present hydraulic system is not equipped to reliably hold two separate

pressures simultaneously . Because the volume of oil being compressed on

the high pressure side of the intensif ier  is so small , normally ins ignif ican t

leaks at check valves and solenoid valves are causing the intensif ier

pressure to drop gradually to sys tem pres sure , i.e., extrusion piston

pressure .

In discussions wi th  Revere Copper and Brass we concluded tha t  success

2.



t o if ld ( l i l l y  ho giiar;inteed if we went to a s y s t e m  u t i l i z i n g  two h y d r a u l i c

pumps , both  w i t h  a 3 ,000 psi maximum o u t p u t .  The large , high outpu t pump

would operate the  ex t rus ion  p is ton  as wel l  as initially charge the intensifier .

The f u n c t i o n  of the second pu mp would be to coun te r—balance  the  e f f e c t s

of the leaks and ma in t a in  a constant  3 .000 psi i n t ens i f i e r  line pressure

d u r i n g  extrusion . The smaller pump was added to the  hydraul ic  system and

the in t ens i f i e r  is now holding the proper pressu re dur ing ext rusion.

(2)  In s t a l l a t i on  of Rapid Quenching System

In order to maximize the mechanical properties and maintain a highly

worked s t r u c t u r e , we thought i t  necessary to deve lop  a quenching system .

Without some method of cooling , the high material temperatures caused by

the adiabatic heating eould result in recovery and recrystallization.

Therefore we designed and fabricated quenching systems f o r  both direct

and indirect extrusion which effectively quench the extruded material

immediately on exit from the die.

As shown in Figu re 2 the system is best represented as two concentric

tubes leading f r o m  the d i e  and ex t rus ion  chamber to the ou ts ide .  L iqu id

enters the machine and f lows down the annualar region between the two

tubes to the  d i e .  At the  die , holes are provided to spray the emerging

extrusion w i t h  ] i q u i d .  L i q u i d  and exrrusic,n then exit together throu gh

the cen t r a l t u b e .  A quench ing  sys tem f o r  the i n d i r e c t  mode wa s somewhat

more d i f f i c u l t  to a c h i e v e .  C on c e p t u a l l y  the  two desi gns are s imi la r , but

f o r  the  In d i r e c t  mode I t  was necessary to d e l i v e r  w a t e r  to the ex i t  of a

moving die in the  i n t e r i o r  of t h e  m a c h i n e .  Again the  idea of c o n c e n t r i c

tubes was used : b u t  in t h i s  case a long tube had to pass th rough  a special

anv il , then down th rough  the d ie  s tem to the d ie  f a c e .  As be fo re  quench ing

f l u i d  f lows down the  ou ts ide  of t he  Inser ted  tube  to the die face, then

exists with material throu gh the tube center.

3.
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This  method of q u e n c h i n g  the  ext ruded b i l l e t  proved to be very

successful .  The resu l t s  of our tests on conductor grade aluminimi

rev ealed tha t a ver y h ighl y worked sta te cou ld be preserved by such

quenching techniques. The results of this work will be described later
I
• in the repor t .

Also present work is being planned to check if the quenching system

prevents dynamic recrystallization during extrusion and also to study the

magnitude of strengthening developed by quenching at the die face.

(3) Design Considera tions f or Warm and Ho t Hydros tatic Extrusion

Another goal is to develop capabilities for warm and hot extrusions.

Our hydrostatic extru sion machine was not designed sç~ecif ical1y for  warm

extrusion, but we hope someday to develop techniques to allow extrusions

approaching 1000°C a t pressures of 250 ,000 psi.

Our first precaution must be to insure against overheating of the

hydraulic oil and loss of strength in the die jackets. At higher

tempera tures , heat retention , thermal shock , therma l expansion and

selection of material hydrostatic medium and lubricant are all factors

• which may be problematic.

We considered both internal and external heating of the billet.

The alternative to heat externally and qu ickly transf er bi l le t and

hydrostatic medium offered the best chance for immediate success.

Therefore, our efforts have concentrated on perfecting this system .

Fi gure 3 illustrates the modifications of the present system to accomo—

date warm extrusion (200—750°C). As can be seen in the figure, we hav e

combined the 3/8” die stem and the die stem guide assembly with the 3/4”

extrusion chamber. Unfortunately , we had to sacrif ice our capabil ity to

ex trude 3/4 ” billets In order to gain the requisite amount of Insulation

4.
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necessary for protection of the die jackets during elevated temperature

extrusion . If this system eventually works well , we plan to have dif fe ren t

die jackets  machined w i t h  larger bore diameters .

• 
Our in i t ia l  a t t e m p t s  have not yet  led to successful  extrusions.

The f ac t  that the glass insulating sleeves (No . 2 in Figure 3b) have so

far  withheld the pressures for  extrusion provides some encouragement.

• We f i r s t  encountered problems in material t ransfe r  from furnace to

extrusion . Once these were solved we s t i l l  could not extrude mater ia l .

• 

. Dave Bourell , a graduate s tudent , modelled the extrusion chamber and wrote

• a computer heat flow program . Results from i t  indicate that even with pre—

heating of the extrusion chamber , we wil l  encounter d i f f i c u l t i e s  related to

the rapid cooling of the bil let  and f lu id  once these are inserted into the

chamber.

Figure 4 plots billet centerline temperature vs. time once th neated

billet has been inserted into the extrusion chamber. Initial billet temper-

a ture was 600°C. As an example , af ter 10 seconds billet tempera ture has

dropped from 600° C to 350°C. Even pre—heating the chamber to 300°C gains

very li tt le — bille t tempera ture still drops to 400°C (see Figure 5).

We plan to re turn to this problem in the f uture but for the presen t

room temperature extrusions are providing us with enough material.

(4) Improved Die Design

Die breakage was an oc cas ional probl em wh ich has been comple tely

eliminated by the introduction of a new die design . In our hydrostatic

extruder the die acts both as a reduction orifice for extruding and as

a seal for the pressure transmitting medium . For proper operation the

original design required close tolerances on the extrusion liner and die

outside diameter. An undersized die migh t leak and an oversized die

would develop high friction forces during indirect extrusion . Although

5.
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• Ilu ex t  rus ion I ino~- does provide some c lamping  f o r c e  on the die with t e

old des ign , t h i s  was o f t e n  i n s u f f i c i e n t  and die failure resulted .

To solv e these problems we developed the die as shown in Figure 6.

In our design the d ie  is smaller than the ex t rus ion  liner by .004 — .006”

on the radius , and a seal is formed through compression of a copper ring

at the die orif ice. Since the die no longer con tac ts the liner , close

tolerances are unnecessary and changes in liner dimensions do not require

- - re—machining ur p la t ing of the dies. The thin annular ring of f l u id

• between die and l iner  now provides opt imum die containment pressure.

Additional containmeut is prov ided by the copper ring. The fact tha t the

die slips easily off the extruded billet is evidence of the effectiveness

of the copper rings ability to hold the die orifice in compression during

extrusion. In the last year of operation , we have not broken a die .

6.
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Fi gure 1. The above p ho tograph  shows t I i~- hydrostatic ext ruder in its present
location . Both the hydrostatic control ~~in e~ and protection barrier
are visible in the background. The barrier is p repe rlv positioned
for the direct extrusion mode .
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B. HYDROSTATIC EXTRUSION OF SELECTED MATERIALS

We are present ly  us ing  the hydros ta t ic  extrusion machine to pursu e

several independent research d i r ec t ions  at S tanford . Experimental work

at Stanford has concentrated on the extrusion and testing of electrical

conductor (EC) grade aluminum with small additions of iron (.05 W/% — 0.5 W% Fe).

This work has demonstrated the capability of fabricating very strong EC grade

aluminum wire . In addition to the aluminum work,we have assisted the

-~ ‘ Berkeley group,  led by Professor M. R. Pickus, in their studies on the

processing of Al5 superconductor wire .

- • The remaining projects are brief ly summarized to indicate the various

direct ions of the Stanford  program . Also , fo r  the most par t , these s tudies

have only recently begu n , and very little analyzed data is available to report.

(1) Electrical Conductor Grade Aluminum

Aluminum wire became a subs t i tu te  fo r  copper wire in electrical applica-

tions in abc~it 1954. The major  reason fo r  this change was due to the high

cost of copper. The low s t reng th  of electrical conductor grade aluminum ,

however , has been a problem ev er since.

• There hav e been extensive e f f o r t s  to develop s t rong  e lectr ical  conductor

grade (EC Grade) a luminum.  The electrical  conduct iv i ty  of aluminu m is more

than twice tha t  of copper on an equal weigh t basis and it is also less

expensive. In many applicat ions a major disadvantage of EC grade aluminum

is its low strength.

EC aluminum can be strengthened by alloying it with small amounts of

highly insoluble elements which form intermetallics  which do not increase

the e lec t r ica l  conduc t iv i ty  as much as elements that  go into solution.

Strengthening can also be obtained by thermo—mechanical processing with

13. 
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little effect on the conductivity of EC aluminum .
4

Because of the requirement of high conductivity , the alloy add itions

were usually limited to within one percent. As mentioned earlier solid

solut ion al loys show lower conduc tiv i tie s  than alloys whose alloy ing elements

- - exist as precipitates. Table I shows the effect of elements on the res is t ivi ty

of aluminum .

TABLE I

Maximum Average increase in resistivity
solubility per wt. % , microhm—cm

Element in Al , % In solution Out of solution (a)

Chromium 0.77 4.00 0.18
Copper 5.65 0.344 0.030
Iron 0.052 2.56 0.058
Lithium  4.0 3.31 0.68
Magnesium 14.9 0.54 (b) 0 .22 (b )
Manganese 1.82 2.94 0.34
Nickel 0.05 0.81 0.061
Silicon 1.65 1.02 0.088
Titanium 1.0 2 .88 0.12
Vanadiu m 0.5 3.58 0.28
Zinc 82.8 0.094 (c) 0.023 (c)
Zirconium 0.28 1.74 0.044

Add abov e increase to the base r e s i s t iv i ty  for high—purity aluminum , 2.65
microhm—cm at 20 C (68 F) or 2 .71 microhm—cm at 25 C (77 F) .

(a) Limited to abou t twice the concentra t ion given fo r  the maxinii m solid
solubil i ty ,  except as noted.  (b ) Limited to approximately 10% . (c) Limited to
approximately 20% .

Source: L. A. Willey , Alcoa Research Laboratories

TABLE I. Effect of Elements In and Out of Solid Solution on the

— 
Resistivity of Aluminum .

To take an appropriate example , iron increases the resistivity of aluminum

2.56 microhm-cm/wt % in solution but only 0.058 microhm—cm/wt V. when out of

solution. Therefore , alloy additions nlist be chosen which have a very limited

solid solubility and form very stable precipitates which will not dissolve or

coarsen during processing.

• 14. 
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Once the composition has been f i x e d , the s t rength  of the alloy is solely

dependent  upon the wi re  processing.  Because of the  high s tacking f a u l t  energy ,

aluminum can easily develop well—defined subgrains during deformation even if

-
~~~~~ the working temperature is relatively low (such as 0.3—0.4 T). BallW and

Lake ’2~ showed that an increase in the y ield streng th of polycry stall ine and

single cryatal l ine aluminum is achieved by decreasing the subgrain s ize.  There-

fore , the production of a f ine and stable subgrain s t ruc tu re  is the main concern -

in the processing of alumiumum electrical  conductor wire.  Two d i f f e r e n t

processes , m u l t i — s t e p  wire drawing and hydros tatic extrusion , hav e been

• developed to increase the s t reng th  of wire by decreasing the subgrain size~
3 ’~~~.

H y d r o s t a t i c  extrusion can prevent microvoids from forming, and can po ten tially

eliminate pre—existing defects , such as pores and cracks. In addition , the

duc tility of the material can be increased by the high superimposed hydrostatic

pressu re~
5
~~. Large amounts of cold deformation can be accomplished in a single

step wi th  hydros ta t i c  extrusion.  Reduc tion ra tios of as high as 1000 to 1

have been successful ly achieved wi th  commerically pure alumimum~~~ Eut w i t h

wire draw ing , large amounts of deformation can only be achieved by multi—step

drawing with intermediate annealing . It has been reported that hydrostatically

extruded wire has superior mechanical properties to cold—drawn wireY~

( 1) C. J. Ball , The Flow Stress of Polycrystalline Aluminum, Phil. Mag. , 2,
1957 , p. lOl l .

(2) J. S. H. Lake, Substructure Strengthening in Aluminum. Trans. of ASM , 61,
1968 , p. 829.

(3) D. Kalish , Subgrain Strengthening of Aluminum Conductor Wires, Met. Trans.
6A , 1975 , p. 1319.

(4) P. F. Hettwer , Aluminum Wire by Cold Hydrostatic Extrusion . Trans. of
ASME , 1969 , p. 822.

(5) H . L . D .  Pug h , The Mechanical Behavior of Materials under Pressure,
Elsevier , 1970.

(6) H. Hero and J. A. Mikkelsen , Mechanical and S t ruc tura l  Properties of
Hydrostatically Extruded Aluminum and Aluminum Alloys , J. of Inst .  of
Me tals , 97 , 1969 , p. 18.

(7) P. F. Hettwer , Aluminum Wire by Cold Hydrostatic Extrustion , Trnas. of
ASME , 1969 , p. 822.
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lii ’ r~ as~ u heel ) ;i t t r i h u t  -d to fewer m l u rur r;u-k ~ ;~nd finer subgra~ nr in

t h e  hvdr u stati a l l y  ex t r u d e d  w i r e . E f f o r t s  to develop cont inuous  h y d r o s t a t i c

e x t r u s i o n  have been pursued d u r i n g  recent years .  I f  and when th i s  process

is ava i l ab le  and r e f i n e d , i t s  p o t e nt i a l  for  wire production will be signifi—

cant.

The in i t i a l  rod condition has been demonstrated to have a s ign i f i can t

e f f e c t  on the subsequent strength—subgraln relationship in drawn wires~
8
~~.

• Equivalent experiments have not been done on h y d r o s t a t i c a l l y  ext ruded aluminum.

We believe that the initial rod condition ; tha t is, the prior thermal treatment ,

might influence the properties of hydrostatically extruded wire . This investi-

gation was undertaken in order to understand some of the factors which affect

subgrain fo rmat ion  and mechanical behavior of aluminum hydros ta t i ca l ly  ex—

truded to large strains (i.e., greater than 100%).

8. 1-1. Hero and 3. A. Mikkelsen , Mech ani cal and Str uctural Proper ties of
H y d r o s t a t i c a l l y  Extruded Al uminum and Aluminum Alloys , J. of Ins t .  of
Metals , 97 , 1969, p. 18.
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• INTRODUCTION

The strength of pure aluminum can be increased by alloying i t  w i t h  a small

amount of iron . The maximum so lubi l i ty  of iron in aluminum is approximately  .05%

by wei ght  (Figure  1).  By solution heat t r e a t i n g  at 640° C (1184°F) and wa te r

quenching an aluminum alloy supersaturated with iron is fo rmed. This supersaturated

alloy can then be cold worked to large strains to produce a high dislocation density.

• Heat t r ea tment  of t h i s  mater ia l  should then cause fine subgrains to form and at the

same time the excess iron in solution is forming Al
3
Fe precipitates . The A13Fe pre —

ci p i t a t e s  should pin the  subgrains as t hey form , thereby strengthening the aluminum

to a g r e a t e r  ex ten t  than if the i ron remained in solution .

Kalish and tevevre U~
2) have produced an EC grade aluminum wire wi th  f ine  sub—

grains by large strain deformation using a multistep wire drawing process . In the

following papers we will discuss the production of f ine subgrains by large s t ra in

deformation using a single step hydrostatic extrusion process . It will be shown that

such a p rocess wi l l  lead to strong EC grade aluminum wire .

EXPERIMENTAL PROCEDURE AND MATERIALS

(a) Hydrostatic extrusion is a metal working operation that consists of f o r c i n g

metal through a die as in conventional extrusion but wi th  the addi t ion of a super-

imposed hydrostatic pressure. A schematic representation of metal forming with hydro-

static pressure is shown in Figure 2. A cross—sectional drawing of Stanford ’s hydro-

static extrusion machine is given in Figures 3 and 4 for comparison . The term hydro—

‘~tat ir extrusion is actually a misnomer since material under hydrostatic pressure only

undergoes a volume change , i . e. , no shear de fo rma t ion . For material  to f low through

a d i e  d u r i n g  e x t r u s i o n , shea r deformation must take place. Thus , in the region of

t h e die , the  b i l l e t  Is in a complex s t r e s s — s t r a i n  s ta te~
3
~ . The basic idea behind

hydrostatic extrusion Is the minimization of the  tensi le  s t ress  component in the die

region by the  s u p e r p o s i t i o n  of a high hydrostatic compressive stress. In addition a

t h i n  f i l m  of f l uid is m a i n t a i n e d  between the  die and b i l l e t  dur ing ex t rus ion . This

hydrodynarnic lubrication results in a drastic reduction in die friction and great

18.
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u n i f o r m i t y  of m a t e r i a l  de fo rmat ion .

A quench ing  system was added to the hydrostatic extrusion system to que~ ch in

the as—ext ruded  s t r u c t u r e .  In th is  way the s t r eng th  can be maximized by “cap tu r ing”

the cold worked s t r u c t u r e  that under normal conditions would have annealed fromH
adiabatic heating . The direct mode quenching system (Figure 5) is best described

as two concentric tubes leading from the die and extrusion chamber to the outside .

Liquid enters the device and flows down the annular region between the two tubes to

the die.  At the die , holes are provided to spray the emerging extrusion with liquid.

The liquid and the extrusion then exit together through the central tube . Examples

of typical extrusions are shown in Figure 6.

(h)  Materials  and Heat Treatment

The mate r ia l s  examined were cast ings  of high purity aluminum with .05°/, .50%,

and 1.0% iron by wei gh t .  Table I gives the chemical condition of the aluminum

cast ings  s tudied . Extrus ion b i l l e t s  were machined from these cast ingots. Billet

dimensions were standardized to a diameter of .725 inches with a cone angle on the

fron t of 36° to initiate extrusion .

All the extrusion billets were solution heat treated in air at 640°C (1184°F)

for 1.25 hours and immediately water quenched . These billets were then given

various pre—hydrostatic extrusion anneals (Table II). The billets were then ex-

truded to give true strains of 3.58 (about 36:1 reduction) and 4.39 (about 81 to 1

reduction). These extrus ions were water quenched at the die exit.

(c) Microscopy

The m i c r o s t r u c t u r e  of the a luminum extrus ior ~3 were invest igated by both optical

and t ransmission electron microscopy .  Thin foils were taken perpendicular to the

wire axis and prepared by a technique developed by Rack and Cohen~
4
~~. Final

polishing was done with an electrolyte of 3 parts mechanol and one part nitric acid

in an ice bath. The thin foils were then examined in a Phillips 201 microscope

operated at 100 KV.

19. 
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TABLE I : Chemical Composition of the Aluminum-Iron Billets

1±

. 0 5 4  .004  .003 Al

.5 27 .001 .003 Al

1.028 .001 .004 Al

w e i g h t  p e r c e n t

Analysis made by

Metallurgical Laboratories
1142 Howard St.
San Francisco , C a l i f .

II
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Wire Processing Parameters

EXTRU SI ON P R E - E X T R U S I O N  EXTRUSION E X T R U S I O N
NUMBER % FE HEAT -TREATMENT TRUE STRAIN RATIO

17 . 0 5  None 4 . 4 1  ( 8 1 : 1 )

18 50 “ “ “

• 19 1.00 ‘‘ ‘‘

‘0 “ 3 52 (36~~l )

23  .05 200°C (392°F)/2.25 hrs. 4.41 (81:1)

50 ‘‘ ‘‘

25  1.00 “ “

2 h  . 05 310°C ( 5 9 0 °F ) / 2  h r s .  3 . 5 2  (36 :1)

27 50 “ “

28 1 . 0 0  “ “

I

I

21.
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hlec ;iuse ot t h e  (l i f ficuul t los ; ss o - i - u t u ~d w i t h  the rension testing of s m a l l

- ‘  d i a m e t e r  wires ,  compre ss ion  sample s  were m a c h i n e d  with a length to diameter ratio

of 3:2. This ratio is typically used to minimize the effects of barrellin g and

b u c k l i n g .

All compression tests were performed at room temperature on an Instron

machine . The initial strain rate for all tests was = 1.2 x 10 
3sec 1

• RESULTS AND DISCU SSION

The first billets hy drostatically extruded showed irregular variations in

the wire dLa-~neter. This variation in the wire surface is caused by the phenomenon

known as “Stick—slip ” . “St ick— sli p ’ occurs because of the difference in the static

and hydrod ynami c friction coefficient end can he controlled by adjusting the

e x t r u s i o n  rate. Once this adjustment was made no other precautions were necessary

to insure a good surface finish on the wire. The .7.25 inch (1.9 cm) billets were

hydrostatically extruded as machined at variou s reductions and the resulting wire

showed consistently good , defect—free surface finishes (Fig. 7).

The influence of sub grain size on the room temperature yield streng t of EC

grade alurnimum is illustrated in Figure 8. The data are f rom Kalish and LeFe~’re (2).

The subgrain sizes were obtained from a mult i—step wire drawing process. On

the same graph we show the yield strength of hydrostatical ly extruded high purity

aluminum containing .05, 0.5 and 1.0% iron . The comp ression strengths are high

and considerably abov e those obtained for EC grade aluminum by the wire drawing

process.

Annealing studies on hydrostatically extruded high purit y aluminum containing

0.5% Fe reveal that this material exhibits strength stabilit y over a wide range of

temperatures. Figure 9 illu strates that annealing for 2.25 hours at 200°C l ed to

no significant softening. The wire drawn aluminum alloy studies by Kalish and

22 .  
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LeFevre (drawn to c = 3.19) exh ib i t ed  recovery e f f e c t s  a f t e r  1 hour at 150° C

even though this wire is more highly alloyed and annealed for shorter times

than the hydrostatically extruded wire . Extrapolation of the above results

suggests  that  mate r ia l  ex t ruded  at ra t ios  greater than 81:1 may be expected to

be stronger and more thermal ly  s table  than those shown in Figure 9.

The room temperature  t rue  stress versus t rue  s t r a in  diagram for  a hydro-

statically extruded and heat treated wire of aluminum with .5% iron is shown in

Figure 10. This material was solution annealed at 640°C (1184°F) for 1.25 hours

then given a pre—extrusion anneal of 200°C (392 °F) for 2.25 hours and was then

hydrostatically extruded at an extrusion ration of 81:1. Compression samples were

then machined from this wire with an initial diameter of .080 inches (2 mm) and

initial high of .120 inches (3 mm). The compression sample was given a heat

treatment of 200°C (392 °F) for  2.25 hours just before testing. This material

showed some strain softening and a .2% flow stress of over 30 ksi (207 MPa).

This material is considerably stronger than the EC grade aluminum wire made by

the multi—step wire drawing process. The highest .2% flow stress achieved by

the multi—step process was not over 25 ksi (172 MPa) (2). This shows that

through hydrostatic extrusion and heat treatment the strength of EC grade aluminum

can be raised to over 30 ksi (207 MPa) .

The e f f e c t  of pre—extrusion anneals (Figs lla ,b ,c) and the e f f e c t  of the

extrusion ratios (Figs 12a ,b , c) on the annealing behavior of all three aluminum—

iron alloys were investigated. From this data a number of conclusions can be

drawn . The most obvious conclusion is that the yield strength increases as the

iron content and extrusion ratio increases. To illustrate this effect one can

look at high purity annealed aluminum and hydrostatically extruded aluminum with

23. 
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.05% iron . The yield strength of high purity annealed aluminum is below 4 1 si

(27.6 MPa). However , by the addition of .05% iron , hydrostatically extruding to

large s t r a i n s , and p rope r  heat t r e a t m e n t , y ie ld  s t r e n g t h s  of 27 ksi (186 t~~a)

can be ob ta ined .  Smal l  i r on  additions , hydrostatic extrusion , and thermal

t r ea tments  are  a very effectiv e strengthening process for high purity aluminum.

A comparison w i t h  the wire drawn aluminum alloy (Al — .7 Fe — . 15 Mg) again

shows tha t  all ext rus ions  to 81:1 reduct ions of the .5% and 1% iron composi t ions

exh ib i t ed  equal  or super ior  y ield s t r eng th . All the tests  again showed more

r e s i s t ance  to recovery ( s o f t e n i n g )  w i th  increas ing anneal ing  temperatures than

the wire  drawn m a t e r i a l .

Most of the  a n n e a l i n g  d i a g r a m s  also showed a s l i g h t  increase  in the y i e ld

s t r e n g t h  at an a n n e a l i n g  t e m p e r a t u r e  of 200 °C (392° F ) .  I t  is believed tha t  t h i s

increase in y ie ld  s t r e n g t h  could come f r o m  the f o r m a t i o n  of subgrains .

An inves t i gat ion of the  s t r u c t u r e  of these wires by transmission electron

microscopy showed small , w e l l  de f ined  subgrains. Very few fine Al
3
Fe preci pitates

were found  p inning subg ra i ru s .  F igure  11 shows a typical substructure. The

lack of small  p rec ip i t a tes  was s u r p r i s i n g  and f u r t h e r  t ransmiss ion  e l e c t r o n

microscopy  is planned to d e t a i l  the  n a t u r e , d i s t r i b u t i o n  and morphology of the

subgrains and the precipitate particles in the hydrostat ically extruded aluminum—

i ron a l loys .

SUMMARY AND CONCLUSIONS

The major  purpose of th i s  inves t iga t ion  was to show tha t  h igh  s t r e n g t h  EC

grade  a l u m i n u m  wi r e  could be developed.  To achieve this goal hydrostatic

e x t r u s i o n  was used . H y d r o s t a t i c  extrusion provided a method of cold working

a l u m i n u m  to large s t r a i n s  in  a single operation and the wire that results is

r e l a t i v e l y  d e f e c t — f  ro e .

24.
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This  research has shown t h at the development of EC grade a luminum wi re

with yield strengths in excess of 30 ksi (207 MPa) is easily attainable and

this material is more resistant to t he rma l s o f t e n i n g  t han  th e  conven t i ona l

wire  drawn EC wi re .

25.
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Fi gure 7. Surface finish on hydrostatically extruded billet. Extrusion
ratio of 81:1.
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Figure 8. The effect of subgrain size on the room temperature yield
s t rength  of EC grade alutni n uin .

34’

-- - - - - ---- -



0S~ FE-RL

- - 

M~DRL151R1ICBLL~ CX1I?UD~D 10: 
-

..~.. ~~~~~~
—J— ~E:1,~~3Se

30 -

‘C
0

RIRC DRI1RN 10 E—~.19
RL—L1crr—L IcII~ — — — -1

~AU~’~R LtN ~ 1II~t I tIR)

~RtISH R)4 D L CTTYRC

10

I I I-

0 100 200 300 ‘~00
‘C

P EI 5T—EXTRU SI DN ANNEAL TE11PERFITURE(DEI~REES C)
£ HNNERL I NG TI M E FUR ALL TEMPERATURES WAS 2.2~ HR S )

igur e 
~~~. 

Annealing stud y on hydrostat i cally extruded hi gh
puri ty aluminum containing .5% iron.

~ 5

~

_ -

~

- _— - --—  -- --~~~~~~~~~~~~ - *-~~~~~~~~- --~~~~~~~~~~ - --



- -  ----— -- - - - -

I I I I I I

C)
~OO

E —~~~~~~v~~~ i-.

Lij .

~~~~~~~~~~~~ ~~--~
ifl a

- 
~~ 0 C -4 - . ~

I—. , . . 4  4- - r4 4~J —
In .

4~4 ~ -4 ~~LU -

I— t ~~~~

~~~~Lf1 ~-‘ - 0  ~
~~~~ 

~~~~~~~~~~ ~

c~ -

- — Q) 4.-. 4~4 . -
4.-. 4 Q_~ ~< ~~Lfl ~— ~~ C) C)

L i i  L I I  C ) Q U ~~ I
I I C ) -...~~~4.- a ) O

- ~~~~ Li.... ~~ —4 4J Q~ 0 E-’ a)
~~~~~..j 

~~~~
-; 

~D_ —: 
~~~~ _ ~~ 

.
~~~~~ 

.
~~~

~~~ 
-

~~~~~~~~~~~~~ ~~~~~~~~
t i ~. ( LU +-~ 

- - ~~ 0 ‘~O

4 . O~~~ LI ) .
a) ~~~~ —4 ~~ r—1 C’4

E>-. -~ L) --4
a)~~~~~L4~4 Q
4-~ 0~~~~~~~~~~ I I

~t ~~
- 

~~~E CJ~~0 c—~~~~)Ltl

~~ s•,~4

36. 

---
-~~~~~~

-—-. --~~~~~~~~~~~~~~~~~~~ — - —— - -— —-  — - - -



-- 
- - - - -  —_-.-- — --------- -----_-_---- -------. ---.- — -

- I I -

~ :~ ~Lsl Lu
P1 p1 ~4 P4 — — LI In

~~~~~~~~~~~~~~ ~~~~~~~~~~~~ - L ~J

110 ~~~~~~~~~~~~~~ 
H

tn — ~-a ~~ t.a in ~~~ La..
~~~~ I ~~~~~~~~ —

~-~‘ l~~ —Ip~ ~~— I—. ~~
—C . I J I I Ui

~~ 
1L!~

~~~~~~~

~~~~ ~~~~~~~~ LIJ
U. -, ~~ ~~~~ a. ‘-4 = ~

—

I—
I I I  -. La..

‘-I--
LI P4
La~

ci’ - -’ ~~~~
—

~~~~~
‘-‘

t~1 ‘-
-.‘,- 

_ I-.
~~~~t~i t n ~~~~ ~~~U1r — LI

a~. — — II
I I I

tn tEl tn
P1 P1 P4 P4 — —

( 1S4 ) H J .E~N3~LL~ 0131A Z~~ 3dIliIId 3dWJL WOOd
37.

---— —--- --
~~~~ ~~~~~~~~

-- -- -
~~~~~~

.- - — - -— —  —~~~~ - - - -e 4 ~-



— - -—-

I-, I..1

p 
~~~~~~~~~~
a- — —  L~~4

— i n  t f l i I-‘ P1

9 ’  ~C
I I I I W~~~ ~~~~~

~~~~~ I

- 
~~~~ ~~1L4J ~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ !:~~~~~
I

~~~~

I ~~~~I I .- ‘~~~~ . Lii
L * —~~~

‘--4 ’ I I I I - In
~~ IL~ILu tn Lu I~~ ~~ I-

P1 P1 P4 P-I — — 1 1 ~~ — ‘.J ~~- - ~~ >~ ~~I Lii .J L.J

Ln~~~-J ~~~~~
-J

( IS~4 )H.LtJN3èIJ.5 ~I13IA Z~ 3~1fl1L~èI3dW3i WOOeI
38.

— 
.

- — 
—._ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~



-
~~~~~

( p m

Figure 13. Typical Sui~grn in st ~~
- i  l~~~ - - - I - -

- 
- 

-

s t a t i c a l  I . ’ e x t r 4 ! I I -~: - - ~ - -/ - 
-

-- - _

~

—- ~~- - - - ---- -
~~~~~~~

-- - — - - —- - - -
~~~~~~~~~~~

--
~~~~~~~~~~ -.-- -- -



_ _ _ _ _  ---- — - -  - ----- ~~ - - ---- —-~~~~~-----—--- - ---

( ib) IN FLUENCE OF THERMA L HISTORY ON
THE PROPERTIES OF

h YDROSTATICALLY EXTRUDED Al—Fe ALLOYS

By

I.i—Lien Lee

Graduate Research Assistant
Department of Materials Science and Engineering

STANFORD UNIVERSITY
STANFORD , CALIFORNIA 94305

December , 1977

40.

- .a___ —- -— — - - - -- ---—- 

_
_

__i_ — — —---- - —__ - -—--—--——-...~~~~-- - - - - .~~~— — —-—- -



_ ~~~~~~~~~~~~~ - - - - - - ---- — - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

The following research work was done by Li—Lien Lee as

partial fulfillment for the degree of Engineer at Stanford

University. Our earlier work had suggested that super-

saturating an aluminum matrix with iron would lead to high

strengths . Further , it was assumed that the higher strengths

we r e the result of finer stabilized sub grains. However , the

precise interaction mechanism between the iron and aluminum

was unclear. This paper is an attemp t to clarify these

poi nts.
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ABSTRACT

-‘  
Aluminum alloys w i t h  0.5 wt % and 0.05 wt % Fe have been hydrostatically

extruded with a reduction in area of 81 to 1. Two d i f f e r e n c e  types of heat

t rea tment  were employed. One group of samples were solution treated at

- - 640° C then water  quenched and a second group was furnace cooled after

solution treating at 640°C. Both heat treatments were performed before

extrusion . It was found that the excessive amount of iron in the solution

treated and quenched samples helped develop fine subgrain structures during

hydrostatic extrusion . The superior wire obtained from solution treatment

and quenching was also found to be more tllermallv stable in subsequent

annealing studies.

4 2 .
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INTRODUCTION

Aluminum wi r e became a substitute for copper wire in electrical

app l ica t ions  in abou t 1954. The major reason for this change was due

to the high cost of copper. The low strength of electrical conductor

grade aluminum , however , has been a problem ever since .

High strength aluminum conductors have been developed through

a l l o y i n g  or t h r o u g h  m e c h a n i c a l  working. Because of the requirement of

- - hi gh conductivity, the alloy additions were usu ally limited to within

one percent . In addition , whether or not the alloy ing elements are in

solution mus t be taken into consideration. Solid solution alloys usuall y

show lowe r conductivities than alloys whose alloy ing elements exist as

prec i p itates. For example , iron increases the resistivity of aluminum

2.56 microl im —cm/w t % in solution but only 0.058 microhm—cm/ wt % when

out of solution (1). A l l o y i n g  add i t i ons, the re fore , mus t  be chosen w h i c h

have a ve ry l imited solit solttbility and form very stable precipitates

wh i ch w i l l  not  d i s so l v e  d u r i n g  p rocess ing .

Once the c o m p o s i t i o n  has been f ixed , the s t r e n g t h  of the alloy is

s o l e l y  dependent  upon t h e  w ir e  processing.  Because of  the h igh  s tack  Inc

f n u l t  energy , al uminum can easily develop well—defined suhgrains during

deformat ion  even if  the w o r k i n g  temperature is relatively low (such as

0 .3  — U . 4  Tm). That an increase in the yield strength of polycrysta lline

and single crystalline aluminum may be achieved by decreasing the subgrain

size has been shown experimentally by Ball (2), Lake (3) and others (~ —8) .

Ihie  re fore , t h e produ ct ion of a f i ne  and s t a b l e  su b g r a i n  structure as a

means of st r e n g t h e n i n g  is a main  p r o d u c t  o h  wire processing of aluminum

con du t c u rs. Two d i f f e r e n t  processes , m u l t i — s t e p  wi re d r a w i n g  and h y d r o —

s l It Ic ext ru sion  I~ IVI ’ been used to increase the st r er t g th  succ e s s f u l ly  by

44.
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decreasing the  sub g r a i n  s i ze  (7 , 9 ) .  H y d r o s t a t i c  ext rus ion can prevent

microvoids from forming and eliminate defects such as pores and cracks

that are already in existence. In addition , the d u c t i l i t y  of the mater ia l

can be increased by the high pressurized envi ronment (10). Large amounts

oh c o l d  du ~for m at  ion ran be accomplished by hydrostatic extrusion within

one sin g le s tep .  Reduction ratios of as high as 1000 to 1 have been

su c c e s s f u l l y  achieved  w i t h  commercia l ly  pure  a luminum (11) . But , in wire

drawing, la rge amounts of defo rma t ion  can only be achieved by multi—step

drawing and intermediate annealing is sometimes required. It has been

reported that hydrostatically extruded wire has superior mechanical pro-

perties to cold—drawn wire (9,11). The reason has been attributed to

fewer mi c rocracks and finer subgrains in hydrostatically extruded wire.

Although hydros tatic extrusion has been known fo r  years , there are still

very  few commercial  i n s ta l l a t i o n s .  This is probably due t o :  (1) The

u n c e r t a i n t y  in s a fe ty  and reliability of such equipment , (2) the r e l a t i v e l y

large investmen t of f u n ds  requi red  for  in s ta l l a t i o n , and (3)  the c a p a c i t y

of material is limited by the size of the pressure chamber. Efforts to

develop cont inuous  h y d r o s t a t i c  ex t rus ion  have been pursued dur ing  recent

years . If  this  process is available , i ts  po ten t i a l  for  wire pr ocess ing

may be significant .

The initial rod condition has been demonstrated to have a fignificant

effect on the subsequen t strength—subgrain relationshi p in drawn wires (11) .

Equivalent experiments 1-tave not been done on hydrostatically extruded

-ilunmin nim. We believed that the initial rod condition , that is , the prior

the rmal treatment , mi ght influence the properties of hydrostatically extruded

wire. This investigation was undertaken in order to understand some of the

thermal—mechanical processing factors which affect subgrain formation and

45.
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mechanical behavior of h y d r o s t a t i c a l l y  ex t ruded  aluminum wi th  a hi gh r ’—

duction in cross sectional area.

46.
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MATER IAL S AND E~~ ER I?ff N l AL PROCEDURES

The mate r ia l s  used for  th i s  s tudy  were supplied by Aluminum Compan y

of America as cast ingots. The chemical compositions in wt% are tabulated

as follows:

Table 1

The compos i t ions  of the  Al—Fe a l loys  employed in t h i s  s tudy

Al toy
desi gnation h e  M g Cu Al

O .5ZFe—Al 0.527 0.001 0.003 Balance

O.05%Fe—Al 0.054 0.004 0.003 Balance

Three quarter inch (19mm ) diameter extrusion billets were machined

and heat treated in the following ways :

A : Heat to 640°C for 1.5 hrs., then quench in water

B: Heat to 640°C for 1.5 hrs., furnace cool to 500°C. Anneal for

12 hrs at 500° C, then furnace cool to room temperature .

We fe lt t h at  thermal treatment A would put as much iron in solution is

possible and therma l treatment B would do the opposite , that is , the iron

would be mostly in preci pitate form. It was noted that a smooth finish

in machining the billets was unnecessary . Billets with smooth surfaces

require higher extrusion pressures than similar billets with rough

surfaces. This effect is due to the mechanism involved in setting up

a full—fluid film lubricant condition . According to the mechanism (13),

the l u b r i c a n t  does not flow freely between the die and billet , but is

carried into the d i e  by t h e  billets. The billets machining marks may he

carried through the product. Nevertheless the su r f ace  f in i shes  of

47. 
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ext ruded  wires still compared favorably with drawn wires.

After heat treatment , an 1/8 inch (0.317mm) thick disk sample was cut

-~~~ f r o m  each billet. The resistivity of these disks were measured by eddy

- 
- current measurement. Knowing t h e  resistivity, p. the amount of iron i n

s o l u t i o n  can be c a l c u l a t e d  as follows (1):

p = 2.7h + 2.56 X + 0.058 . (X 0 — X)

where X is the amount of i ron in solution , X0 is t h e  total iron content ,

2.56 (microhm — cm) is the ave rage increase in resistivity per wt% of i ron

in solution , 0.058 (microhrn — cm) is the average increase in resistivity

per  wt 7~ of iron out, of solution , and 2.71 (microhm — cm) is the resistivity

of high purity aluminum at 25°C.

All the billets were extruded with the same area of reduction , 81:1,

with the Stanford Hydrostatic Extrusion press. A device was used to water

quench the wire at the die opening in an effort to maintain the hydrosta-

tically worked structure . The extrusions were conducted in such a way that

the  wire was still connected to the undeformed portion of the billet after

hydrostatic extntrsion . By doing this , the metallographic work was made

much easier.

Compression specimens with a height to diameter ratio of 1.5 were

machined from the extruded wires. Room temperature compression tests were

carried out using an Instron machine with an initial strain rate of 0.016

min~~ . A few tension specimens were prepared from extruded wires in order

to get some idea of the tensile properties , such as percent of elonga t ion and

reduction of area , and to compare the yield strengths with those d e t e r m i n e d

from the compre ssion tests. We had a hard time making a successful tension

test at tile beg inning, because we were try ing to prepare it mechanicall y .

Eventually this diff i cult y was eliminated by using a cylindrical cathode to

48.
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ele c t r o p o l i s h  the gage port ion of the tension spec imens .  Room Tempera ’ ure

tensile tests were carried out with an Instron machine using a initial

strain rate 0.01 mm 1 . Annealing studies on the hydrostatically extruded

w i r e s  were p e r f o r m e d i t  a series of differen t temperatures , from 125°C to

325° C, for two and one half hours. The annealed samples were compression

tested to determine the therma l stability of the extruded materials.

Lateral sections of the end of wires , as shown in Figure 1, were pre-

pared for optical microscopy. The specimens were electropolished at 80°C ,

17 volts in a solution of 100 ml distilled water , 160 gm chromium trioxide ,

821) ml phosphoric acid and 135 ml sulfuric acid. They were then anodized at

room t e m p e r a t u r e  in a solutio n of 5% fluoboric arid and 95% distilled water.

An optical microscope with polarizer attachment was used for metallography

study.

Transmission electron microscopy (TEM) studies were conducted on a

Phillips ~M 200 electron microscope. Thin films were prepared as follows.

The hydrostatically extruded wires were sawed into 0.4 mm discs. They were

then ground on emery paper to about 0.15 mm thick discs and were then

electrothinned in a double jet polishing unit at —30°C, 17 volts in a

so l ut ion of 3 parts methanol and 1 part nitric acid. TEM was used with

a hi gh tension of 100 KV in  examining all of the specimens.

4 ‘1
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RESULTS AND l)1SCUSSION

The results of the (‘oliductivit y measurements are shown in Table ~~~.

The resistivit y ( m i c r o h i m  — ( rn ) = 17 2 .4 1 / %  IACS.  By knowing the  total

i ron content , the percent of i ron - i  in so lu t i on  can be ca lcula ted  by the

method reviously described. These results are also tabulated in Table 2.

Table 2

Conductivity and wt~ of iron in solution before extrusion

Materia l h e a t  conductivity resistivity calculated wt% microprobe
desi~~nar ion t reatment % TACS microhm—cm iron in solution analysis

0.5~’Fe— Al 640°C~W.I). 59.5 2.89 0.0628 ~ .O5

0.5%Fe-Al 640, Fc-~5OO° C 61.4 2 .81 0 .0269 .02
500°C, FC~ RT

0.O5~/,Fe-Al 640°C-*W.Q. 61.4 2.81 0.0379

O.05%Fe -A l 640 , FC-~500° C
500° C, FC-÷RT 61.5 2.80 0.0361

It is known that the maximum solubility for Fe in Al is 0.052 wt% (14).

From our c a l c u l a t e d  values  one p e r c e n t a g e  was as h i g h  as 0.0628 wt ’-’ . Tue

reason f o r  th i s  was probab ly due to neglecting the contribution to electrical

r e s i s t i v i t y  of the other solute atoms present. There fore , the calculated

values in Table 2 can be taken only as a f ir s t  order approximation . Still ,

it is likely that a high superdtulration of iron was obtained in the  w a t e r

quench-ted samples as we expect -d.

The true stress—true plastic strain curves obtained from compression

t e s t s  fo r  the  e x t r u d e d  wi res  are shown in F igu res  2 and 3. They are p l o t t e d

by a s suming  t h at  the samples  wer e  un i  formly deformed during compression test.

h i l l s  wa s  t r u e  for  a l l  our  compression t e st s .  It  was found  t h a t  the  heat

L~~~~~~. 
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treatment before ext Irsioni s t r o n g l y  influenced the st rengtiu of the ext r uded

wire for the 0.5% Fe—Al material (Figure 2), hut was not a minor factor for

t i n e case of the 0.05% Fe—Al material (Figure 3) .  The d i f f e r e n c e  in s t r e n g t h

no te d  f r o m  heat t r e a t m e n t  appears  to he due I I )  t h e  amoun t of s u p e r s a t u r a t e d

i r o n .  For the 0 .5% Fe—Al ma t e r i a l , when we double t h e  amount of i ron in

s o l u t i o n  be fore  e x t r u si o n  t h e  s t r e n g t h  of the e x t r u d e d  w i r e  was i n c r ea s ed  by

607 ( F i g u r e  2) . For t h e  O . U 5 %  Fe—Al m a ter i a l , we we r e ab l e t o chan ge t i l l

amo un t  oh i r ein il l so l ut  l o u  only slightly and t h e  St r e n g t h s  of the  ext  r iu d e d

W i r e s  i n  this case were almost exactly the  same (Figure 3) . In o r d e r  to

chec k o u r  c o n j e c t u r ’ abou t  t h e s u p e r s a t u ra t e d  i ron -i , one more 0 . 57  b - c — A l  wi re

was e x t r u d e d .  The h e a t  treatment before extrusion was 640°C for 1 .5 hu rs ,

then furnace cooled to room temperature . Such a t r e a t m e n t  should r e t a i n

more i:’~-n in solution t h a n  the sample which was i so thermal  annea led  at 500 °C

then  f u r n a c e  cooled b u t  should  con ta in  less iron in solution than the so lo—

t i O u i  t r e a t ed  and quenched  sample . The th i rd  heat t r ea tmen t lead  to a corn—

pr u- -esion st r ( - s I -; — - ; t  r a i n  cu rve  w h i c h  f a l l s  iii b e t w e e n  the previous two curves ,

as - X T e l - t  I d  ( F i p u r -  2 ) .

F i g u r e  4 summ ari ~i -s  t h e  r e s u l t s  of ti ne anneal [tic studies. In t i l l s

figure ti ne room temp erat un ri yield strength (0.2% of ISet ) is p lo t t e d  as a

f u u i c t  i o n  of a n n e a l i n g  t e mp e r a t u r e . The compress ion  t e s t  curves for  con-

s t r u c t i n g  Figure 4 are gi ven in  the A p p e n d i x .  The d a t a  in F igu re  4 show

t ha t  a l l  t h e  d i f f e r e n t  s t r e n g t h  wi res  were fully recrystallized when annealed

at 325 °C fo r  2 . 5  h r s .  Tine resel  t s  si-tow tha t  t h e  pre—extr unsion solut ion

t r e a t ment  not only  r a i s e d  tie strength of the  e x t r u d e d  wire  but also in-

creased t h e  r i ’si s ta i ic - t o  t he rmal s o f t e n i n g .  We b e l i e v e  t i - t a t  t h e  ( i i s s( lved

i r on ran ~nid in substructure stabilization since the i ron solute atoris cafl

hinder sunb grain growt h and boundary migration by pinning the disloc ati on

S i .
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b o u n d a r ie s  as Cott r h  I : ( t n n o s in h e r e s .  E L  is  al so  p o u s l b l e  t h a t  iron in

s o l u t i o n  may lower tine stacking fault energy of aluminum , which in turn ,

may i n h i b i t  cross s u p  as w e l l  as decrease the  climb rate (8). Even when

the annealing temperature is as high as 225°C, our strongest wire didn ’t

show any softening at all. lt was noted that the weakest wire  has the

least amount of iron in solution before extrusion . All the curves in

Figure 4 show a slight increase in strength from low temperature annealing.

Possible reasons for this effect may be attributed to the effect of strain

ag ing or to an increase  in subgrain boundary perfection .

Since most of tine stress—strain curves of the compression tests show

a negative slope (ti-tat is , strain softening) in the plastic region , tensile

instability should occur at small strains in a tension test. The results

of room temperature tensile tests on hydrostatically extruded 0.5%—Al are

shown in Figure 5. Both curves in Figure 5 showed that the specimens started

to neck just as soon as yielding took place . This is consistent with the

negative strain hardening exponent of the previous compression tests.

Therefore , although the hydrostatically extruded wire exhibited ductile

fracture with reduction in area greater than 80%, the tensile elongation

was less than 57 in the 1 inch gage length samples tested . The yield

strengths obtained from the tensile tests were fairly close to those

obtained in the comp ression tests , suggesting that the extruded material

may have a relatively isotropic structure .

Figures 6 to 21 are the results of optica l microscopy. Because of the

different thickness of the anodized film , adjacent grains showed a difference

in color under polarized light . The grain size before extrusion was large ,

varying from 0.4 mm to 3 rum , for all our billets. No difference between

samples of different pre—extrusion heat treatment could be observed optically

52.
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for a given total iron content. The polarized light photomicrographs aken

after hydrostatic extrusion give a hint that the elongated grains may have

broken up into small grains (Figure 9 ) .  The A13Fe precip itates are segre-

gated at the interdendritic regions before extrusion and distributed homo-

geneously after extrusion. This difference can be readily seen from the

microgrphas taken without polarized light ( for  example , see Figures 10 and

11).

- .- 
Figures 22 and 25 show electon micrographs of the as—extruded wires

from the TEM studies . The type of substructure noted are summarized in

Table 3.

Table 3

Summary of TEM studies on hydrostatically extruded Al-Fe alloys

material pre—extrusion
designa— heat treatment TEN observat ions
tion

Al-
0.5%Fe 640° C-*W.Q. Uniform subgrain size

A — 0.5 micron
(dislocation present in 10% of the subgrains)

Al-
0 .5%Fe 640 ° C , FC-*500° C mixed subgrain structure

500° C , FC-~’RT 35% coarse , A = 2 m icron
(dislocation free in all subgrain s)
65% f i ne , A = 0.75 micron
(dislocation present in 10% of the subgrains)

Al -
0.05%FE 640°C+W.Q. uniform subgrain size

A = 0.65 micron
(dislocation present in 10% of the subgrains)

Al— 640°C, FC+500°C uniform subgrain size
0. 05%Fe 500 °C , FC~ RT A = 0.65 micron

(dislocation present in 10% of the subgrains)

It was found that the strongest wire has the smallest sub grain size and

53.
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the weakest wire has the largest subgrain size. The existence of coar’- e

subgrain s  in the weakest wire was probably due to the ease of dynamic re-

covery during the extrusion process. Sherby, Klundt and Miller (15) have

proposed tha t  t ine su i h g r a l n  S i z e  at a given alE decrea9es with decreasing

stacking fault energy . If tine stacking fault energy is decreased by the

presence of excessive iron in solution , then the subgrain size may decrease

by this effect. This may be one explanation. Another contribution to sub—

g r a i n  size r e f i n e m e n t  may ar ise  from the prec ip i t a t ion  of A13Fe dur ing  the
- 

- extrusion process. Tine most likely factor controlling the subgrain size

during inydrostatic - -~t ru!sion , however , is likely associated with the amo un t

oh iron present in supersaturated solution in aluminum. For 0.05% Fe—Al

mat erial , both heat treatments showed almost the same amount of dissolved

iron , and t h e same size of subgrains deve loped in both cases. The 0.5% Fe—Al

m a t e r i a l , so lu t ion  t r ea ted  at 640 °C then isothermal annealed at 500°C and

furnace cooled , prec i p itated more iron out of solution than the 0.05% Fe—Al

m a t e r i a l  t t n e r m a l l ~ t i - l t d in the same way (Table 2). This is possibly due

to t hu ~ ~‘, r c u t e r  amounuut of p un ter tic Al
3
Fe present jun the 0.57 Fe—Al material

wh ich n a y  have nc ted us nucleation s i t e s  f o r  the i ron so lu te  atoms . The

s m a l l  amoun t u t  i ron in s o l u t i o n  for the slowly cooled 0.5% Fe—Al material ,

we he 1 leve , l ea d  t t hu e c s n r s - suh g ra in  s i z e  observed.

Adi abatic hu.’ . u t  i n g  lu r i n g  hy d r o s ta t i c  e x t r u s i o n  process  could cause the

iron atoms to nove to pri~~er u-n tia l sites for precipitation , which in turn ,

would pin  t h e  d i s l o c u t l - r n s  - i t  snih grain boundaries. The distance of diffusion ,

X , for Fe In Al  - n i t he calculated if the temperature from adiabatic heating

is known and the time -it temperature is known . The increase in t e m p e r a t u r e

dine to adiabatic heating Is calculated as fo1lows~

1- W = C 2 T
p
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where  A W  is the  work done d u r i n g  h y d r o s t a t i c  ex t ru s ion , o is the f l o w

stress, c is the total strain during extrusion (c = 4 . 4  fo r  a 81:1 re—

du c t i on ) ,  C is the spec i f i c  heat (0 .2 l5c a l /grn— ° C for  pure  Al ( 1 6 ) ) ,  arid

A T is the temperature change . The flow stress during extrusion , a, ii-

not known hut a reasonable assumption migh t be 25 ksi (the yield strength

of the hydrostaticall y extruded material). Substitut ing the proper con-

version factors A T  can be readily calculated , and was determined to be

A T  313 °c. Therefore the temperature , T. at the die exit is about 610°K .

The distance of iron solute atom d i f f u s i o n  in aluminum is now r e a d i l y

ca l cu l a t ed  f rom the fo l lowing  relation(l7).

X = 2/i5~

where t is the d i f f u s i o n  t ime  and 0 is the diffusion coefficient of Fe in

—9 —13900 callmole 2
Al (18) given as D

Fe ~~ Al = 4.1 x 10 exp ( RT ) cm / sec.

Assuming t at  610° K is equal to 1 second (likely a maximum since the ex-

truded billet was directly water quenched upon exiting the die) , we

calculate that X = 4.14 x ~~~~ cm. Since the closest approach of atoms

in Al is 2.86 x 10 8 
cm (16), X is equal to 15 atom spacings . This

diffusion distance may be overestimated since t can be much smaller than

I. second in reality. Still , the calculations suggest that theiron solute

atoms may move several atom spacings if adiabatic heating occurs during

hydrostatic extrusion . This , in turn , can permit some pinning of subgrain

boundaries by Cottrell atmospheres of iron. Such an agrument suggests tha t

t he  i n f luence  of i ron  in so lu t ion  can play an important role in the various

strengths observed (Figures 2 and 3).

Let us now consider tine annealing experiments and the observation of

anneal hardening (Figure 4). In the same way as above we can determine

the diffusion distance for Fe in Al at 150°C where the maximum increase in

55. 
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room temperature strength was observed. The same formula X 2 ~~~ wa

used w i t h  t = 2.5 hrs. and 0 = 2 . 7  x 10 16cm 2 lsec at 150 ° C , X was ca lcu la ted

to be abou t  109 atom spacings which is about  0.06 of the f ine  subgra in  s i z e

ol)served . T h is s i g ni f i c an t  amount of d i f f u s i o n  can explain the increase in

y ield strength of the hydrostatically extruded wire observed with annealing.

Furthermore , this annealing could improve the conductivity of the wires as

a result of the segregation of iron atoms to subgrain boundary sites , either

as Cottrell atmospheres or as minute precipitates. Further studies by TEN

and by nicroprobe ana lys is  can prove ver useful. Electrical conductivity

measurements on the extruded wires , before and after annealing, could yield

useful Information with respect to deducing the various atomic mechanisms

discussed above regarding subgrain boundaries , solute and precipitate segre—

gation and subgrain size .

a

~6.
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CONCLUSION S

1 . TIne Al—Fe alloys studied could easily deve l op well defined suhgralns

by inydro static e x t r u s i o n  w i t i n  an e x t r u s i o n  r a t i o  of 81 to 1.

2.  line amoun t of supersaturated iron appears to be very important for

suibgr ain size control. It is proposed tha t the more iron in solution , the

smaller the subgraios t h at can be developed , leading to high strength .

Thermal s t a b i l i t y  of the mechanical  p roper t i es  could also be improved by

the presence of supersaturated iron .

I. strain softenin~ characterized the plastic flow behavior of tine

hydrostatical L y extruded wire . As a result , tensile instability in tension

teSts w in, noted wi n j ci -n is ann u ndesirable characteristic .

4. It is suggested that the solution treatment before extrusion should

be done as wel l  as poss ib le .  A ft e r  ex t rus ion , the wi re  could be annealed

at about  200° C for  a period of time in order to improve the conduc t iv i ty

without hurting the strength.

57.





~~~ ‘

ls )1
0 0

c~j  2 0
I I l~ I

I I I I

a
C
C-

I-

I— I- -—

- .t
0

C..)
0 C C

I . 
. 0

0
Il) — 

I xI

a f c-
C ~~ C
‘-~ 

.D C
a

Lii c~~~~ n
:) C C

Ix a X ~~~a n )

o ~, C
a— — ~E ’— ~ 

C
a - s n .

(— 4 5 5

o C u _ a
I f )  5 ’ C  C

- 0 —

0
0

Od~~ 
t SS~~~1S JflèLL

59.

- ~~~~ - - - - --~~~~~~~~~ —- - -~~~~~~~
-—-



!S>~
0 0 0
F’) C~J -

aa
C C )

C
C a

-

. :~i~1 10ILl

(DII
II 0 <~ i~~I I
I I  i l/i s
II Q... a 0 0
11 5 . ._

5 0 5
I I  C n
I I  LIJ 4.J .O C
II  5 5 4 . 4
II  — ) ~~~~~~11 5 5 5

0 0
II — 4-i c
11

L

a s
C) C
C )~ 0
5 — ,  1-
o s o .

0 4-i n)o s c n E
IC) 

-

0 ~-C~~O C

( —

I 0
0 0 0
0 2

C’J

Dd~ J ‘SSJeJ .LS JflW.

60.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -- -— - --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -—._ -



IS>4
0 0
F’) C’J 0

L?~~W 
I I I I

5 1 -o o e n

Q LC) 00d -~-oI I  Fl)

0
-

o 0

0 Ix— 0 W  La-

c’j

w ~~~~l4~

I— ~~~~

- ( I  I- —

C

dl _J~~~~
5

I IL.!
o

~~O z~~~- H 0

I
C)

0 0
— 0 0 — n o

0 0

(0 (0

o~~~~~
___
0
0

Od~J t HI9N~ èJ1S ~ 1JIA

61.



-~~~ - — ~~~~~~~- -~~
-- -  - -

~~~~~
—-- —_ — -.- --—

~~~~~
-

~~~~~~~~~~~
-

~~
- 

~
— 

~~~
— - - - - - — -  —-----

!S)i
0 0N) (‘4 Oco

I 1 — I 

~~~

. 
I 

-

~~~~~ 1-
~~~~

. i i~~!I

I c r j

~~~~~

EYf 

0
C)

Z
n

4-4
— C C .

Ix C m— — S W
lii
IL!
Z a-
—

- — Q  Z n-~--u
Q W ~~~~ c

La-
C

— —
C C
5 4 -
.
~~ x

0
0

Dd~ J 
1SS~ JJS ONIè~~JNI9N3 

--





- ~~ 
f .

-øi.-l .I mm li..
- 

)

Figure 8. Sol U t  ion t u ed and quencheui Al— fl . ~~ F e he fore extrusion .

Polarized ligh t was used.
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Figure 9. L ouug it uu d i uu , ul s e t  ion ot  h v I r o s t n t  ic ii lv ext r u - i  wire of the
s nmu - a-a t - - r i i i  ;ls in F i c i u r  M . P o l a r i z e d  I i 4 ~iit was used .
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Fj t ~i i i ,  I ~ . Soluit ion treated and lurnace coinle i \ t . ~ Fe h~ fo re  e -n :t ru s ion .
Polarisej light was used.
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Figure 13. I n n  cit und I~i u I s - c t  ion f luyd ros t - t i c a l t ’ ’  :-: t ruded wi re of t i l e
same na t c r i u I  as in Fi g i u r -  12. P o l a r i z e d  l i g l u t  C u ,  used.
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Figure 16. Solution treated and furnace cooled A1—0ç5Z Fe before extrusion .

Polarized light was used. 
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Figure 17. Same as Figure 16 bu t  differen t area . Tnterdendritic A1
3
Fe

a r e  present. Polarized I i ght was used .
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Figure 18. Solut ion treated and furnace cooled A1—O~~~% Fe -fore extrusion .
Pola r ized  l igh t  was used .
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the  same m a t e r i a l  as in F igur e  18. P o l a r i z e d  1 i gh t  was u se d .
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APPENDIX

Room Temperature Stress—Strain Curves of
Compression Tests for  Annealing Studies

in Al—Fe Alloys .
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( 2 )  An Inves t  i L u t  i o u  c u f  (~y~lr oi~t ; i t i c  Ex t r u s i o n  and l O S er  D e f o r m - n ’ io-
Nodes for  the F a b r i c a t i o n  0f  M n I t i f U a m en t a r ~~ N i o b i u m — T i n
St~~erconduc tor~ by a Powd er  Me ta l l u~~~~~A~~ roa cli

Glen l- : u rl MacCleod

Presently, the most p r o m i s i n g  m a t e r i a l s  in i i -  m m  of superconducting pr >—

) er t  l u s  art - t h e  b r i t t l e  A — I  ~ compounds , f o r  example ~h 3Sn. i hc re fore , exten sive

r c -s~-a r cI n is  h - l u g  doll - i n  the I i - I d  of m a t e r i a l s  I l u b r i c a t  i l - un i n  an e f f o r t  to

an ye A l  ~~ i l ~~iC r onduicto rs I ron t hr s t u d y  of dfl c5C1 t I ug Fuhc-inomenon to t he re -u l a - u

u t  p r i -  t I c~ 1 appl i - u t  ions -

Berkele y invest i glu tors ire usi n hvdrost a I ic  ex t  rusion I a tiic-i r a t t emp t s

t n  u l e v i - l o p  v i a b l e  p r o c e s s i n g  t e c t u n i q u es  f u r  s u m p c - r - > i u : u u c t ~m i m -  w i r e

the  I 1 l o w i n g  paper  was w r i t t e n  by G l en  M a c C l c - md as p a r t  I n  i i i  f i l  Int ent

c r  the M i s t e r  of Sc i en cc -  h -y r - i n  - t - c l m u u i i > - m l  I - :r o - i n t - r - r i n g  - it Berkeley . It

a i i  -, Sc r k e l  cy ‘ s m i t  j im I e f f o r t  - - in  t h e  fabrication > :  NT i
3

Sn wi re b~’ t i n

i : i i l t r i t i on  of s i nt rc - d  n i o b i u m  h i l  l e t s .

T h i s  p u p e r  has been ~-di t i - i l  t o  i n c l u d e  o n l y  t hose t o p i c s  wh ich  appear

uc i e v a n t  t o  h \ - d r o s t a t  Ic  u- :- : I rus ion . We u e p r o d u c e  t h e  paper  here w i t h  f u l l

u - r ~ i l i s 5  i > : >  Iron Pro le— 1 --m u r M i l t o n  K. Pickits .
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AI lS  I R A U T

i m i c u u i s  i - I p n - u ~t s  o f a p o w d - r  u n i - t u  I l u r g v  i 1u p r o a c  ii t u  f a h r i e ar e  f i  l a m e n r a r v

ni ob jum— t i n  s uper n - u m h i m - t i  ing wi mu wer,- i nv e st i g a t e d  . D i f f i c u l t i e s  occured

due to lack of complete tin inf i ltrat ir u n of the sintered niobium rod , fomm a-

Lion 01 int erm e t alli- - during infiltration , and both cladding and core

t ractur r- during mechani cal reduction. The influence of sintering time ,

j o t il t rmit ion temperature , and deformation mode was investi ga ted .  P rog ress

is repor ted  on the c l a r i f i c a t i o n  of the role  of several  of t h e  i m p o r t a n t

1)roceSS parameters .
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I NTR ODU CT ION

In 1911 , H. K a m er l i n g h  Onnes ’ observed  that mercury lost a l l  elec t n eal

r e s i s t w c > - i t i .  2 ° K . T h i s  ph e n o n i e t i o l l  b ecam&- known as s u p e r c o n d u c t i v i t y .  m u m —

I t u g  the tnext I iftv y> -a rs , 1 itt Ic- rn- se ;t r cli was Wine in the area of superconductivity

Iiec iiis c no known supercunductoms had pract ical app lication . Then in  1961

bu nz l er , -t al . , 2 d l s cov e m c- d t h a t  ~~~ Sn remained  s u p e r c o n d u c t i v e  in h i g h

m-mag ne tic f i e l d s  — the first superconductor found to do so.

1- xt enS iv> work ha s Si  i l c > -  been  d on e  in tb> area of superconductor fabri ca—

t IOfl. M a ny  of the h i gh f ie ld supe r c o n d u c t o r s , p a r t i c u a r l y  those h a v i n g  t b>

\15 structure , like Nb
3
Sn , are i n h e r e n t l y  b r i t t l e  and mus t be s u b j e c t e d  to

spe cial fabricating processes to make them useable. Neither the Bell Telc ytmone

p r oui -ss
2 or the General Electric tape process 3, two of the first successful

fabricat ion processes developed , produced multifilamentary conductors.

M i mlt i illame n tn rv WI N- was developed by Ta ch ikawa
4 

in Japan in 1967 , and

i t s  si f l u  heu- n -; t uchied c X t i f l S  iv t- l y I L l  tin is count my by Suenage , et al . ,
5 ,6 w u rk—

ing at i-rookhav e Nationa l Laborator y. Tachikawa ’s ori ginal process  and i t s

m o d i f i c a t i on s hav e beco me k nown as the “bronze process’ . The bronze proces—m

i n n  t o un d  comlne mc ial  a c c e p t - i n c >  due to the r e l a t i v e  f l e x i b i l  i t y  and in t r i ic -m ic

s uhil ~ tv 01 the wire. ihis stabilit y is due to the mu ltifilamentar y morpholog y

of the  w i r -  and is desc r ibed  by Wi l son , et a l . 7

At t h u e  I awrenc r -  Be rke ley  L ab o r a t o r y , nnu l t i f i l a m e n t a r y  NTb
3

Sn s u p e r c o n d i u c t —

in g  r u n -  and w i r e  have l i t i l  made u s i n g  a uni que powder m e t a l l u r g y  approach  t o

r m n h r  i cat l ou . 
8 Bab u ,~ C i r r - t  ~ , 

10 and H emacha l  am 1 1 h iv c o p t i m i z e d  the process

i u - i ; m m e te r -~ and ch u r n - L e n  zed LI te  r e s u l t i n g  tape.  Since  m u l t i  f i l a m e n t a r y  t ape

8 ?.  
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is less  s t a h l > -  t b - u n n u u l t i f i l a m e n t a r y  w i r > - , t ime tape process  was modi f i ed  to

p roduc t  wire. jlema&- hi u I;uun
1 
~ w~ s able t c u  t a b r l c at e  N h 3 Sn s u p e r c o n d u c t i n g  wi  r u -  t h a t

h um id mi l u i y l i , - r  c u r n i - n t  dc - i c ;  i tv i t h i g h  I I> [Os  t I t a n  -o t i i m e r c i a l l y a v a i l a b l e  w i r e .

ti m h > -yni u w i t >  0 .19 in. r u n - I s  moi d wa s  o n ly  a b h e  L u  make 20 f o o t  ~c - i l g t h t s .

Orli oh I c - c t  ive of t i i  i s  work  was Lu scale up the  c - x i s t  i ng  powder

a t ii Iur gv p r o - c- i-m s in n h - n  t i n  make long l e n g t h s ot Nb 3Sn supe r con d u c t  in g s- i  rt-

( i  f ew hundred I c - c L ) .  ftc ab ii it v Lu make long len gt h s of wi r e wou ld de mo n s t ra te

the prac t l n -~i I f u me ;  i b i  1 i t  y of  t i l e  [i roces s  and wi th u long l e n g t h s  of v i m >  a super  —

c - n~ >j m i t  in m- so 1 -ito i d could b~ nuad> - and L e st  cd.

It  wa-u o r i g ina l  iv c - n v i s i o n e d  t i n a t  the inm w d> -r m e t a l l u r g y  process could  be

d irectl y sc ali-d up by simpl y increasing tb> billet diameter (the billet length

is fIxc-d dii>- to  the m umu ic >- geometry) and leaving other process paramete r s  the

same . Hnuwever , c or > - and cladding fracture during wire  drawing  have now ind ica t ed

u t - ut t hui - process parameters must he ri-—evaluated .

i> ,~ i t  tec t s ot sint (ring t ime and infiltration temperature were investi gated .

hiv i r ust - it I c  ~- y L rusion w tH used as an a l t e r n a t i v e  to f o r m  r o l l i n g  and w i r e  d r a w i n g .

u nomi nal d lirmc- t e r s of Liii int il tr ated cores emp loyed in this work were 1/2 in.

mmd 3/i in. as contrasted with tb> 3/16 in. cores used by Hemachalarn.

E X I LE I M E N LAL PROCEDURE

t’roc essi - u g  ~ t m O  Wi rn-

T im e powde r m e t u l  l u n g ’ -  p rocess  r equ i r e s  s ix  s t eps  to go f rom a powder to

t hu fine ] superconduct m y  wire . These steps are : 1) isostatic compaction of

t i n  n i o b i u m  powder  to i n up i rt L i t > required porosi ty and green strength; 2) sint er—

ig  01  the niobium rn d  to give it strength and ductility; 1) infiltration of Lime

r d  w i t  L i ii , tite r t iny I ii 1 iuig t huc - pores with an inter—connected network of tin;

LII .
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i )  cladding ot thtt- m u d  t i n  I m i c i  1 it a t >- ni ech ua nica l defomm ;it ion; 5) mechna nin ;m l

redni ct ion i t li - rod t o  n n i u h u i c e  a u 1  t ifilamentary structure of tin in the

ni ob i um-i , and n )  c l i i i  Lt si u urt ri-alment to f o r m  N b
3

Sti filaments. A schematic ci

t i n -  pm >i - m s i s  shown i n  F i g .  I .

Nitubiuin ; powd>-r w i -u isosiut i - a l l y compac te d  in rubber  tubes to pressure;

n I  I r em 25  k s i  to  50 ksi. A m i n i m u m  p r e s s u r e  was r equ i r ed  to g ive the  comp act

[equate grcc-n strength. Uo rn si tv of tiLe green compact was controlled by L i i i -

- m p a c t i m u n  n r t - s su r e  ( i i ; .  
~~
) .

i 1 > - n - r u  o mp a c  L a  w e re  v l c u c n m  Si  it e  red it  22 OO~~ to 2 300° C fo r  5 m m .  to

0) m ii i . ut - i  p r - m s u i m e  i t  I t )  rulni m y ,  m ind t h e n  t h e y  we re  inf il t r a t ed  w i t h  t i n i t

L u u  7 0
0 f u n  10 seconds .  H n n L i n  s i n t e r i n g  and t i n  i n f i l t r a t i o n  were

a L r led umu L - i t u  an Abmu m furnace

On i ll but  a few specimens , cladding was used to facilitate mechanical

d e f o r m a t  ion and m a i n t a i n  i n t e g r i t y  of the infiltrated rod . Monel , bronze

~~~~ ( i i , LIc Sn ), or OFHC Cu was used as tine cladding material. An intermediate

- s m i t h  n I tantalum 1)rc-venlted reaction bi-tween the cladd ing and tile infiltrated

t i n .  T a n t a l u m  r n i o b i u m  cou ld  n i t  l i e  used as c l a d d i n g  mate r i a l  since they

t i_ m i l d to g i l l  011 tOt- d its .

l i m e  p r i m a r y  n i m u n h c - ~ o h  d n - t o r m m m t t i u u n  l u r e  v i i i  drawing and Im- ;drcs t uitl c

-xt mIs i- -mm . }- cm rm m l  I ing was mi -quired on billets larger titan 0. 34 in. 0 i an ;  t

s n - c tiu l s s -m s  t h e  h i m - yn -- -m t  si~ e that could he- wire d r a w n  on the  a v a i l a b l e  c -qu ip—

i - n -nt . Swaging was used to ini t ia h l y impart good mechanical bonding between

I~~ corn- m ind cladd ings and to point I i i -  w i r e  for d r a w i n g .  Hydrostatic e x t r u st i o n

was pim mtor me d on mu 250 ,000 psi 0. 150 i n .  bore  m a c h i n e  l oca t ed  a t  S t a n f o r d

I n  i ve r s i t  y , De~n a r t m c - r u t  of M i t e r  j un l i - u  S> ience and Engineering. Figure 1 sh ows

t h e  h y d r i  s t  m i t  ic  e x t r u s i o n  mach lule front the t- c-ar along thle project ili- b a r r i t -r ,

- - - —~~— - -—- - - - - ~~ __ 



t he  h ump 1 ing st it join , and Liii prot i-c ti V> screen ml round tine control panel . F i yure

u is a side view of t u e  m a c h i n e - w i t h  t h ie w cn te r  coo l in g  syst em a t t a c h e d .

i i n n m [ t i - ,S i o n  tests were rnmm d~- on v a r i o u s  c l a d d i n g  m a t e r i a l s , n iob ium

I - u t  0 w r o u g h t t cud f r u m  1u iu wh e r) m ind  Nb—Sn a s —j u l  i ii r i  ted connpac ts for cs t iran t i ng

.m.i t> r i.ii I 1> ns st r esses . t t  Iiy drostat ic extrusion strain rates.

RESULTS ANI) DISCUSS ION

- - -m j - tc t Pro m i S

liii t I mu 1 m i t  L e n i n  N- t i n  ill r> -ct lv scale up t h e  powdi r met m u l u r g y  process  f o r

u k  t o g  ~b -~ t~ s u per e c i d u c t  i c y  w i n > - u s lug  He mni a ch al a m ’ s pa rameter s  were u n s u c c e s s f u l

- - u t s c - q t i c - i t t l v  , t it  i u l  li nt - nm - n - of pm nw du - m size , compui c t ion p r e s s u re - , s i n t e r i n g  t ine

~m~>t in Ii I t rat i o u  t en ip i -m a t u r i - w i - -u c - v i l i  it e d  . N i - h i u r n u  powder of — 2 7 0  mesh f r o m

i n b m a i m g  s - t ~ used . T i n e - grei~t p o r o s i t y  as m u f u n c t i o n  powder s ize f r a c t i o n  and

- : n p ; i - L i o n  p r i m - m m - m u i r >- i s  sh own in Fi g. 2.  An i so s t a t i c  compact ion  pressure  of

~ 5 L  g t V > - aul> -qii at i- n om osi t m  along w i t h  t he  r equ i r ed  green s t r e n g t h .  S in t > -r i n g

- i : m p c - r m  t i n t  - - u o f  22~~t I and 2300°C a p p c - a r c -d to he s a t i s f a c t o r y . I n f i l t r a t i o n

t c i f l [ n t r t t  u r n -s i n f  700° L umi n i 750 ° C icc- r e- f o u n d  to  cause the  f o r m a t i o n  of Nb
6

Sfl r

~m n d i - m  t b u i t  t i n y >  been in f i i  t rat id  m i t  t i c - se  temperutt times t e n d e d  to f r a c  tore  at the-

i - u n  v m t  ig~-~, of vi rc- d r m i w i n g .  E n n I m l i n t  l it r ; i t e u i  i t  l ower temperatures did me t

nIwa\- s wet comp lcmte l ’ win ch resulted in areas that were vo id  of t i n .  To r s - s n l v e

t h is p r o b lem , the S int i r e u l rod was pneh e-at n-d to  600 ° C and i n f i l t r a t e d  w i t h  t in

m i t  IiOO °l .  T T i n - result was mu c- i n nt; m l e t  n - l ~’ i n f i  It riled rod with ti Ll Nh 6Sn 5 
p r e - s i-n t

p rov ided t h i t  tile t i n  h u n t h i  w a  r ea sonab ly  c l e a n .

Besides core f r u t u r i n g  e n c o u n t e r e d  d u r i n g  w i r e  d r a w i n g ,  c l a d d i n g  I ra> ture

a l so  u n c e u r r e c t . A n n e - s I n - h  m i n n e l  was used as c ladd ing  f o r  w i r e  drawn rods s ince

ulemachnun Ian hu mid the most success with it in h i s  work .  D u r i n g  f i n r m  r o l l i n g ,

.S m ir- h was r e q t i i r c - l I n i  Liii- int l i i i  - i i  ~~ r e d u c t i o n , t he  c l a d d i n g  was sub - c t e i h  t o

i rge ii em it  i ng  m t  r u m ; > . Tb n- u p lu n st it - ev c l  i n g  oh t i n e  monel  u s u a l l y  r e s u l t  i-LI in

85.
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t h e  e v e n t u a l  t r u c t u r e  i i i  t i n e  c i a d d  lug , ci ther i n t h e  la s t  s t~ugc- s of f o r m

n - n I  I ing or d u r in g  t h e  p o i n t  iu ig  0 1 t h e  w i r e  on thìe swag ing machine . To

> - i r i_ -cinmi v e nt  t h u n - p rob  I n iu m cii s ic - c - v> I r n c - L i i  mc- twin rods , one 0. 19 in .  d i ame te r  and

t h e  i t t  h i t -n  0. 4u  in. d m u n i - te r , lii~ i i ~ li - i  t i m e d  mci  t h i o u t  c : l a d d i i t g .  The - e-xp n mmc- d ti n

ni  t h e  m u i t  r Im uct- i n  I L lne m i nd s h u i t  hi pm - v e n t e d  ga E l  ing and a d -  ted as an excel  l en t

1 u u h r  l i -~l i t  t . 1 b i n -  ci maw [ m u ;  f m - c - m O - i c -mi red  to  he much le ss  fo r  these unclad rod s

hu n t f m n r  i - h u t ch rinds . Liii 0. 19 in n . ih i mi m ete- r rod s-m i s m e d u i -ed i n area by a f a m - t i r

o r 50 and St i i  I bad t in r e m a i n  i i i ) .  in i t. The 0.45 in. diameter rod was i c - d i m -  i-cl

in. l i e - u  bu y t t - ic- I or oh  500 mind  m a d  no t in  r e m m u i n  i m p  . [It> - t i n  a p p a r e n t  lv  sque-ezed

n i i ~ i _ n j  the r ind on t h u >  up stream side- of the ml i i- . It was there fore deemed

;cccs sm u m n to  inave c l a d c l i n g  t i n  p r i vi - ru t t i n  squeeze out  d u r i n g  w i r e  drawing at

h i  y l i - m t r -ednc t i oti s

m i r e s  t.itic Ext: rusion

B ec su n- m e- of t l u > - LI i t f i  ciii t ic-s e-n uc u nu nt t e r c -d w i t h  w i r e  d r a w i n g ,  h yd r o s t a t  I

-- st r u m s  ion c m n s  tried as miii  u h t e r n m i t e- m e t h o d  of n ie ch lanica l  r e d u c t i o n .  H y d r e -~t a t i c

e.t ruslon et ~b 3
Sn v i i i  m m - n h  Nb I I vi mi- hu mi v e- h m c u n  r e p o r t e d  in r e f e r e n c e - s 13 .u r i d 1-i .

h -lr ost ut jc - a s s u r e  mmmi;> u - u - i ShiOwi i to incrc - mnm - ue- I_ he duc t i l i t y  of various mat - i - m is

i t m i n i -  S i 1 c-c ted Lu tn-Its ion 
U 

A u  app i l cm t Lion oh this finding was to  e x t  code

-- m t e r i - il s under h n ydro a t -t tic pressure; in addition t i n  increasing the ductil i t - of

t h e  m i - m i t e - r i a l  b e ing  e x t  ruded , i u v d r o s t a t  ic e x t r u s i o n  e l i m i n a t e s  the con ta iner  w a i l

( m i t t  1 m m  iSsUc ma t e - cl v i  th i  - o n v c - n t  i o n a l  e m-m t us ion  and also provides  fo r  a c e r t a i n

u unmmuunt of lubrication between t h e  b i l l e t  and t h e  d i e 16 ’ 17 .

hl\ulnis t a t ic , - X t r n i ; i n u t  v i m -u i n i t i a l l y  a t t e m pt e d  on two 0 . 5  in d i a m e t e r

m i s — m i l i t  m u t e d  rods (N ’ . 1 mind 2, TO - Ic-  1 ), and - t  O. b2’i in. diameter sintered

P m -  mi n i  (N o .  3 , 1 nh  I c  I )  . I n  l u - a t -  f i r - a t  e x t r u s i o n s  b i l  l i t  design was somewhat

- u r h  i t  m tr y mind but h i o n  - in s  L m n b  i I i i  v m d  > 1  a d d i n g  I ran- I_ u n -  w e -m t c- nicountered

86.
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R a t h e r  t h a n  p r o c e e d i n g  b i  m d lv  to  d e t e r m i n e  un de r w h a t  c o n d i t i o n s  m i success .  ul

- - 18 , h i
ext mum ; i urn coo I LI hc - man i c -  , F. A~’ i t  ‘u i  m was  consul ted  because he had done much

work in t i m e  a rt -i  i i  how r i l e-as p m u r inmn - ters i f t  i - m t h i n t h u  w i r e -  d rawing  and h i v d n i u —

s L a t  i c  i - N t m u s i n l u n . t i c -  h a s  also d e - t e r r n i n e d  u n d e r  what cniut d itions successful

- i - N t  r us  i n  i o u  e a n  i i  l i m i t - 
, 20 , ~ 1 

Sn - cc-n t lv , Avi  t zu r  b a u m  d ev e l op ed a c o m p u t e r

e hu t; mcd t in  t i t e o i - e t i cmi 1 m m n u u  I vs i s L - LIe- to m ine- i i i  n- p table >- m nc e to sleeve

hi u u’ >- te n rat ios m ind aec-ep t u h ;1e re-duct ions to prevc-n t core- or sleeve fract ore

( l y n n t h i n  die m ti t gle- . low a t  m e s s  r : m t i > n s , mind b i l l ~- t—d iu- friction cunc- fficient ~~
2
.

IC d e t c - n : i m u e  t h e~ f I ~ n u -  s t  rn- sm u t - m m i - m r  t im - various m a t e r i a l s  that were extruded

c - ; ; m p m n - s s i m i t i - s I _ s  we r e  made cut di ti erent s t r m  in rate-s. }-‘low stress versus

S t r a i n  r a t e  55; p l ot t e d  i o u  - u i m n g — i o g graph (Fi g. 5), since most metals follow

tnt i me rc- l m i t i o r m s h i ; o - = -J -~ wh ere i i  m mnd m - t r i m u i n s t a n t s~ . In th i s  way , t l m n -
I 0 i n  -

t l ow  St ream ; . t t  s I _ r n  in m a L i - m m  e -ncn uu un t e -re d during e x t r u s i o n  c m ur be e x t r a p o l a t e d .

on i n f o r m a t i o n  g u n - u b y t l u i -  code-  a f o u r t h  b i l l e t  was designed and e x t r u d e d

~N o .  4 , T a b l e - 1) .  A i u n m p m m m  isun i t t  w e e - m u  N n n ~ . 3 and 4 is made in Fig. 6. i b m > -

I n 5 ( u l  L a  i i ; ; t i n  c i u n n i - s p o n c l  ~‘c-l I t t i  Avi Iz u r ’ 5 predictions since the p r o c e s s

pur a i mmt- n ;r s  i t  N m . 3 w e r > -  w i t i t  in  t h u n -  core- instabilit y or f r a c  tore  re m -p ion g i v e n

b” his computer code and N i . 4 was nu t.

Since billet N .  ‘u extruded successfully , five more billets (Nos. 5

i l  r o u g H 9)  w e r e  e i t h er m i mI c  i n n  m o d i f i e d  t o  c o n f o r m  to A v i t z u r ’ s c r i t e r i a .

Si  g i i r e - m m  7 and  8 are p h o t o g r a p h s  of hj l l c - t s  N m i s .  5 and 8 before their first

e- -x t r u m m - u l o n  ~~~~~ Si g l u m - ‘~ i s a ph m nt ograp hi m l  h i  I l e t  N n n  . 8 a f t e r  i t s  f i r s t  pass

mind F i g .  10 shows i t  m m m d c  m t  o - u hi I I e t ft l  r u a c - c c n n d  n c n b  mi t t ion , t he  b i l l > - t a

had m i i i  s t e - c - I plugs i t  t I n t -  ends so t i n a t  I _ h i t -  i - x t r u m >  ‘i w o u l d  s t a l l  u~u i t  I n r i o r

to  r e - m u c h  i m g  th i n  end ol t h i t -  b i l l  i - I  . B i l l  e -t  No.  6 v i  r t  ua l  ly e x p l o d e d  out  01 t ine

:‘ n i : h i t i c -  i n many p i n - c u - s  ( I -  1 g. 11) , -u n c h h t l l e t t  No.  9 d id  not  e x t r u d e  i t  a

r i - d u e  t i  tin i n - t  r c - mu , mind t h e  man-t i  in t o  b r oke  down when a r e d u c t  ion 01 882 W~~S t r i e d .
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Ri l le i s  Nos. 5,7 and 8 e x t  m n m d e d  w i  t i m  n i n t h f o rn i u  - u r n -; - ; on t i m e  f i r s t  re~d c u c t 1o t t  m mii  no

sleeve I m acI _ ur n -s exi-e [i L f i r  hi l Ie-t N m .  5 pass 3 (FIgs 12 ,13 and 15). hur in g this

> - x t  m n n s  i u rn , t i n e  NE )— Sn m u  m c- appea re-mi to inn ye pun l ic-LI t I mc - mone 1 in t ens  ion mm mi

f ra c  L u r e d  i t .  This  a u t o  cu t  t rib u tt eci to t ui re l u  Lively it i g ; m  c l a d d i n g  to  c o r n -  f l o w

at ross ru t  io  mind therefore- monel is  not recon m n uem -ndc-d fo r  use mis cladding mat c-ria l

[hO second c-xtrm tsion cmf  b i l l e t No.  ~ r e s u l t e d  in mu f r a c t u r e d  produc t (Fig. 14).

I-’hotomicrogr u~n i u s of the N b — S u u  (-ores  ci t  bil ie-t S Nos . 5 and 8 a f t e r  a 69% and 77 %

rt -d u cti uui , m n m -u b n , - c t i v n - l y , r , - v n - - i l s  a Im u i m i m -  mun i fomm dispersion of Sn filamentm ,

(li ps. U u t u m h lh ) . A t  - i  t i n t ccl  r i - i l - c t  1 m m  in urea of ‘15P f o r  billet Nim. 8 f i s su r e s

m m p m i e a r e ; i  t o w a r d s  the i - e n t e r  t i n ’ - c i t  t h e  cu re and o r i e n t e d  t h e m s e l v e s  a p p r o x i m a t e l y

-u5 ° t i n  t i ne  i-o re  a x i s  ( F i~’ . l 7 m  . 4 1 s t ) , i t  ‘~‘.us n m h s> - r v e - m I  I_ ha t  t i n  tends  to  f l o w

i n t o  these fissures. A s i m i la r  oho~-r v - u t ion was made fo r  b i l l e t  No .  7 ( F i g .  18) .

It seems pla u sibl e - that t h i s  tin segregation may have resul ted f r o m  pressure -

I i  f f e r e r u t i s I s  between i r i t n - r c o n n e c t > - >l po res due to  t he  low f low s t ress  of t i m i

pa r t i c u l a r -i ’ ;  in t he 1 i q u i l d  s t m t t e  ( a l l  tl i > -  e x t r u s i o n s  of Nb—Sn showed evidence

ot  t i n  n -m el ting d e s p i t e  ;- - m u t > -r  c o o l i ng of the c x t r i m s i o r u  p roduc t  d u r i n g  d e f o r m a t i u u m ) .

e n d i n g  s u p p o r t  to  t in  i s  e xp l u m i l t  i ‘ m m  f i r  L ime  t i n  s e g m e g m n t i n g : Rogers , et  a l . has

,le t e  mm lnn— ih St r u - a s  s in  hu t  i m n n s  f c u r  ~ h c -  - drawl rig liv slip—I inc anal ysis vii i cii rn - e n  I s

a hyd ra-u t a t i u m  co m p re ss i nn  mm mn fl t h )ofle fl t near t he’ dies  b u n t  ci lnv u tro stati c tensile

- - nip im n on t a t  I _ h o -  c e n t e r l i n e -  i n  I t h e  m m i i t e t  . Al though Roger ‘ s dat i cannot be

II re -et lv relat n - m I  t o  u x i  s v mm e t r  i c > -x t- ruision , Lambert and EmnI ; nv ashi
25 

have dem onst rated

s i m i l a r  t r e n d s  fo r  ax i sv rn me t r ic  u - x t r c n s l o n .  Am a s — i n f i l t r a t e d  rod wire  drawn to a

at  r e ’m l u m t i u r i  in  ; u n u m t of 91% ~-xb u ih i us t h i m  snume - u , -~~r e g l t  ion of t in  to the rn - n I _ c r

of L h ~ rod ( F i b ’ s -  19 and  20) .

Ph )N( 1.1 n sf l ) i i.

1. l i i i r e - m u s i n g  t he  di t r l m n -  t o  r cuf  i n f i l t r a t e d  compac t a  t o  produce lon g lengt hi s

ot  u - o i l  t I f i  I m n u n - t u t u r y  N i t  
1 Srr ~ i n- . m m  s i t  p g n m - m t  n i l  by } le - nmn m -h a l a m  p r - c i v i l to he morn -

88.
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difficult t h a n  e x p e ct e d .  R e - — e v a ]  i m mu t  ion m ind r e f i n e - r i m - n t  of t h e  p rocess  p a r a m e t e r s

m u s s  been made but more work io t h i s  m i r e - m m  i s  r e q u i r e d .

2 .  The- opt  i mum t m - ; m ; p n - r at ; u r i -  f o r  t i n  i n f i l  I _ r a t  ion noc- a p p u m m r s  to  he EnO ( l ° m

p r ov ided t h a t  t h e - s i n r e n i - mi u ,n d is preheated to 6[iCl °C p r i o r  to i n f i l t r a t i o n . This

p r o c e d u re is i i i  en s u r e -  r o p e r  w e t t  1ui 1 of t h e  n i o b i u m  rod r e s u l t  i n g  in complete

infil trat m orn m m t , I  w i l l  p r - v e n t  t h i n  f o r m a t i o n  of t hu ’ hritt It -- Nb
6

Sn
5 

p h a s e .

1. b- t u r i n ;  rim M ing pm in - r  t o  w i r e  d r a w i n g  u s u a l l y  r e s u l t s  in  c l a d d i n g  f a i l u r e .

A l u m p e r  a r i d  m o n t -  s ip b m i s t  i i - ; m i ed u i r m i a  n o n c h  w o u l d  e l  i r ru inate - t h n -  ne-ed f o r  f o r m

r o l l  in g .

4.  Re f i t ,  t ion in m m rc -mu ~ of up ti SIP i -o uld he ach i e v e d  by h y d r o s t a t i c  ex t  r u u m i n n

w i t  m o m .  t appm m r e - n i t  d m m m m m - a m -  to t ic- I nf u t  r a t  i - m i  i -c - r u - .

5. It appears desir able t i m -  m a i n t a i n  the n - mt to of the cladding flow stress

to  co re f l o w  ; ;t  ross c l o s e  to or 1, -ca t han  1.
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Figure 2. Green porosity vs. isostatic compaction pressure for
different powders.
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(3) Hydrostatic ‘
~xtrus1on of 52100 Tool Steel

David Bourell

As part of our unit lal e ffor t— . t o  t e st  the  hy d r o s t a t i c  ex t rus ion  ma3chine and

dies , we extruded 5.?100 too l steci. This was also done in conjunction with our

program on the mechan lc a~ processing of high carbon steels. These materials are

cold worked to prodw-~- high d i s l o c i t i o n  d e n s i t i e s  and subsequen t l y annealed to

form f i n e  su b g r a ln s  w i t h  -i corresponding increase  in y ie ld  strength.

Cold rolling has been the prominent method of deformation , but intermediate

anneals are required after each introduction of about .4 true strain. Hydrostatic

extrusion was suggested as an alternate mode of deformation which is capable of

introducing large strains without intermediate annealing. The effectiveness of

hydrostatic extrusion is shown in Figure 1 . The material was successfully extruded

to an area reduction of 60:1 or true strain of 4.12. We think further reductions

would have been possible but at that time we were limited by die availability. As

can he seen from the photograph . 8 passes were required to extrude to the full

• reduction .

Optical metallngraphy was done and showed elongated ferrite grains with little

or no change in cementite shape. Additionally, no cracks were visible in the

mate r i a l  a f t e r  the f i n a l  r educ t ion  to  60:1.

As can be seen from Figure 2, the 0.2% yield stress for the 52100 tool steel

continued to increase with increasing strain. We can infer fr om the graph that the

mater ia l  has not reached i t s  s at u r a t i o n  point and more deformation wi l l  lead to

still higher yield strengths.

112. 
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(4) Residual Stress  Measurements  in Bydrostatically Extruded Materi&ls

p

Don Ho lcomb, W. 1). Nix

We will attempt to measure experimentally the residual stresses in hydrostatically

extr uded rods. These results will then be compared to the residual stresses

p
generated by the finite element program developed by our Applied Mechanics group.

It is hoped that a good correlation will provide a check on the validity of the

• analytical work.

t
Residua l stresses will be measured by two methods . As a first attempt we will

measure only the longitudinal stresses that exist in the material. Parallel flats

will be removed in small increments by milling along the longitudinal axis of

the extruded rod. After each milling, the rod should undergo a small displacemen t

in response to a force inbalanc e of the residual stresses. This will be measured

as a strain using strain gages mounted on the rod . From the profile of longitud inal

strains vs. radial position on the rod cross—section we will calculate a longitudinal

residual stress field . The other technique will assume that both longitudinal and

hoop . residual stresses exist. The technique , known as the Sack’s boring method ,

measures the dimensional change of both the diamter and length of the rod

as the rod is bored incrementally to larger diameters . Again strains will

be monitored by strain gages mounted on the specimen.

115.
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(5) A Fundamenta l  Study of th e  Processing of Oxide i)ispersion Strengther~ d Metals

Paul Gilman, W. D. Nix

Recent studies have shown that the high temperature mechanical properties of

-
• 

- oxide dispersion strengthened superalloys depend on both the oxide dispersion and

the grain shape developed during deformation processing . it is now established

that the oxide dispersion determines an upper limit of creep strength that can be

approached only if the grains are very large and highly elongated. However , in

regard to the production of homogeneous oxide distributIons and elongated grain

structures in superalloys , studies have only produced certain empirical facts and

the current processing methods are still largely guided by intuition . The overall

goal of this research is to develop sufficient understanding of the mechanisms

responsible for these desirable microstructures so that guidelines migh t be

developed for producing these technologically significant oxide dispersion strengthened

superalloys. In this regard our current research includes studies of both mechanical

alloying, the repeated fracture and cold welding of alloy powders until each

powder particle is of the appropri ate alloy composition , and deformation processing

of oxide dispersion strengthened metals.

Presently, the A1—Al ,,03 
system is being used to study the controlled variable

of mechanical alloying such as attriting time , charge to ball ratio and the use

of lubricants and milling atmospher es . We are espe ciall y interested in how these

variables affect the final alloy powder size and morphology , the subsequent distri-

bution of the dispersed oxides and the mechanical strength of the consolidated alloy .

Hopefully by mechanical alloy ing the Al—A 1
2
O
3 
system we will have produced an ODS

metal with Improved oxide distribution arid conten t as well as being easier to

consolidate - . as compared to contemporary A 1—A l
2
0
3 
alloys.

In our stud y of the processing of oxide dispersion strengthened aluminum alloys

116.
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by mechanical alloying the hydrostatic extrusion presshas been used and will

continue to be utilized for two main reasons. First, hydrostatic extrusion of

-~ the mechanical alloyed aluminum will directionally work the material while

-‘ simultaneously assuring theoretical density . This procedure closely simulates actual

industrial methods of working oxide dispersion strengthened alloys. The second

- reason for hydrostatically extruding these alloys is to make sufficient bar

stock so that subsequent tensile test specimens can be fabricated and recrystalliza
- 

tion experiments can be performed.

117.
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• C. THE ANALYSIS OF STRESS AND DEFORMATION DISTRIBUTIONS IN METAL FORMING
PROCFSSES

p
E. H. Lee , R. L. Mallett and R. M. >tcMeeking
Division of Applied Mechanics, Stanford University

In order to be able to predict the success of metal— forming processes, it

— is necessary to establish that metal—forming defec ts, such as the generation of
- • 

internal or surface cracks, of strain localizations, or of high residual stresses,

will not occur. This requires a complete stress and deformation analysis of the

work—p iece, including the billet before it enters the deforming region and the

product af ter it leaves that region, since the history of the stress in an clement

of the work—piece is needed to predict the initiation and grow th of a frac ture

crack , and st resses in the produc t cons titute the residual stress distribut ion.

Because the plastic strains generated in a ruetal—forming process are commonly

latge compared with the elastic—strain components , rigid—plastic theory is usually

appi [ed i n  the . analys~ s cft such proces-i€-s . However the stress distribution can-

not. be evaluated i i . the gid regions becaused the compatibility equations cannOt

he expressed in ter:~ . of stress. Thus elastic—plastic theory must be adopted for

assessmen t of n~ ta1— fo~-:~ir)g processes and this calls for analysis of strains

accurate to the or~ er of 10 in the presence of strains of the order unity.

In the elastic an~1 un1oe~ ed regions, which can comprise most of the work—piece ,

strains must h-~ evaluated to the order l0~~ in orde: to de termine stresses to

an accuracy of a f~-~ percent. An elastic—plastic finite—element program has been

developed on this proj ect to sat i s f v  t he object-ives already stated . An &nalysi~

of the theory oci w h i c h  t h e program i s  based is given in the contract repcrt repro—

ciuced iT t i l t -  ioI .Lowing a L - C L L 0 O .  The finite elenent relations are based on

a variational pr ineip al for t h e  velocity field . Care is taken to include the con—

vected and rotation terms in the representation of the incremental elastic—p las t ic

118.
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( : o n s t i t u t  ive r e l a t  ions  w h i c h  e x p r ess  isot rop ic h a r d e n i n g  based on a measured

st r e s s — s t r a i n  c u r v e .  The f i n i t e  ~-lement net is chosen Lu m a i n t a i n  a c c u ra cy

wie i I ~- i ice or po r a  t i ng t iii- -1 l ea -  t Lye I i ie -om~
) r a s sib  l i f t  y of  t h e  d e f o r m a t i o n  when

l a r g e  i c i e s t  I c  f l o w  d o n i i n a t e - a  c -l ast c c  s t r a i n  componen t s .

Ext  r ica ion  at )  h u t  i ons  h e a v e  be au  c a r r i e d  out  fo r  chamber  ex t rus ion of bo th

s l ab s  in  p l a n e -  a t  r a i n  and a x i a l l y  s y m m e t r i c  rods t h r o u g h  geomet r i ca l ly  smooth

d i  ~-s h a y  lug coOt i n u o u s l v  turn log t a n g e n t  p lanes . Bo th  f r i c t i on l e s s  contac t

u twe en  the  wor k—p iece  and the die  and nonzero coefficients of friction are

cons idered . F igures  1, 2 and 3 show t h r e e  cases of the  d i s t r i b u t i o n s  of long i-

t u d i n a l  s t ress  in e l emen t s  initially at various lateral stations in the billet.

Fhie d i s t a n c e  f r o m  t h e e  c e n te r  p l a n e  or  ax is  to the  s t a t i o n  in the billet , non—

d io c n s  j ona ! i zed  with re spec t to t i l e  co r r e spond ing  d i s tance  to the  su r face , is

i n d i c a t e d  f o r  cacti curve. Each Figure is for a reduction of area of 25% and

includes longitudina l s t r c - s a  in  the  b i l l e t  be fo re  it enters the die , in the die

e n d  i n  t h e  e x t r u d a t e  as i n d i c a t e d , It  is  seen t h a t  in each case the m a t e r i a l  near

t h e -  ( c - n t  c r  a t  t h e  s l ab  or  rod experu-nc&-s a tensile ~~~~ of longitudinal stress in

t h e  d e f o r m i i i ~ reg i o u , (I — x / a  < 1.2 . The niaterial near tile surface of the

extrudate has a Q~~ k in li-osile 1on~ itudinal stress just as it leaves the die,

x/a l.h . In t h e p r o d u c t , x/ a > 3 , there are t e n s i l e  residual longitudinal

st ru s s i a near t } i e s u r f ;u - e  and 2~~~s~si v e residua l longitudinal stresses in the

c u t e r  of t h e  i - x t r u d a t e -  and i n t e r m e d i a t e  s t r esses  at  pos i t i ons  in between. When

a - tu a d y stat - has b - c- n achievc-d , all stresses in the region dominated by it ,

- • x/;i - 5 , are  unilor in in L i c e  longitudina l or extrusion direction , and , as

ex~~ eted t ronc e quilibrium c o n s i d e r a t i o n s , th ~’ longitudinal direction is a princi pal

d i r - c t  ion c u r  stress i n  this region . Flu- ;itoremen tioned tensile peaks in longi—

udi  n a l  a t  r e - a s  seem i ho- Issue 1-it ed wit II the tendency for cracking to occur in

ext rica j o i n ,  ti c is f ; i i  I u n -  c - i n  t a k e -  t h e  I a r m  i t  n - i u r f c - -  c ra c k s  forme d en e x i t  f r o m

11 9. 
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the die- or i c- nt r u  bur st i i t - , i n s i d e  the dii- . it has been observed experiment i ly

tha t us i ng le ss efficient lubr icatio n can help to suppress central bursts . It

is pe rh eps si gnificant that the internal tensile peak in longitudinal stress in

the deforming region of Fi g .  2 , 0 < x/a < 1.2 , is almost suppressed for slab

extrusion where a Coulomb friction coefficient of 0.1 is used for contact

between the metal and die. The frictionless rod extrusion shown in Fig . 3

i~ volvc-s a larger interna l tensile peak of longitudinalstress , larger compressive

residua l longitud i nal stress near the center and smaller tensile residual longi—

t u d i t s u i  at  re-as i n - i n  L i c e  sun  ace of  t h e  product whe n compared with frict ionless

si aui ex t  ruslon w i tii tie SanTe- area reduct ion of  25%.

A different situation occurs when the area reduction in axially symmetric

extrusion is 0.69% which is about 1.5 times the yield strain in tension of the

material considered. Plasticity is confined to the material near the surface

of the billet and the residual longitudinal stresses are tensile in the center

of the product and compressive near the surface . This reversal of residual

stress states seems to offer the possibility of reducing residual stresses in

a die with a slight taper after the material has passed through a die with a

large area reduction. Calculations of the  type  p re sen ted  o f f e r  the means of

exp loring such possibilities analyticall y.

i cc’ development , illustrat ed b y the examp les cited of the feasibi1it-~’ of

carryi n - out complete stress and deformation analyses of metal forming processes ,

offers great promise in the app lication of basic theory to improvement In the

des ign and selection of operating -i,aracteristics of such processes. Th is approach

p ru vi de - -~ the opport unit y to introduce fracture criteria to assess the onset of

1 r e -  f ur~- i n  tiee - s- rI —p l c - c e- S i n c e -  t i l e -  l u st  e c r v of the stress in each material

ci e’ment is i t  - - I  -a -u --  t bu r e t ode t h e  p r o ( - (-ss ca n he determined. A particularly 



- -

p

s e r i o us e x t  r e u - e l o u u  d - f ~ - t  s I e i  d c  c - e e c  t o -  investigated in this way is central b- rst

$
or clce vr euic lu g , i i i  w h u i  e t c  jn- r iced  i c e rin ks are gene-rated across t h e  center—line of

an e x t  r e e s i c e u .  l~ e i ;  e l  - e c u r t  i t - e u l e r l y  t i l l  I j e i l i t  d e f e c t t o  d e t e c t  s i n c e  no evidence

i t  i t s  d X I S t * - n c Ic e - - e j c e - u r  - t e e  t h e e -  s i u n t u e t -  c c l  t h e e -  p r o d u c t .  We have shown t h a t  t h e

c u r ren t !  -‘ cee nen ceni ly  a c - c~~t c -d t ee- cu - o f  this d e fec t  i s  unsatisfactory* , and that

app l  I i- u t  io n  of  t h e  t v p c - i t  t.hutac r -
- developed on t h i s  p r o j e c t  Is needed for a

s o u n d l y  h _ u s e d  i n v e s t  i g~u t  i i i  a t  l i c e -  p l e en e m en o n .

Tic - c e i c i c i u t i o n i s  . u r r i - - e i  - u I  - i  1 - e r  h a v e -  c o m p r i se d  a p r o gr e s s i o n  of iun - r e -as i r l g—

i v  d i t  I i -  c i t  i xam p ! c -~ Ic t i l i ng t a  rit a sol i c t i o i i  of t h e  h y d r o s t a t i c  e x t r u s i o n  p r o c e s s .

- - s t  o t  t I l e r e - n  - l i v - c - l e e  -v a n - 0 t h - , b u t  We s t i l l  have-  to  i n c l u d e  t i c -  i n f l u e n ce -

c t t h e e -  i n i u i - e t r . e i n e e l  a l e r t  e c u -  U t  t~~~~
- l i i i  I t  d r i ~ - c-n h v  t l u c i d  p r e s s u r e -  in  c o n t r a s t  to

c - a v - u c t  i c c e i l  c - x t r e c - i ’ i c  i i i  w b e i c h u  - t e n t h w i t h  t h e e -  cy lind e r and p i s t o n  p r e s c r i b e s

- - - r t ~i i i i  c - tcu np cee uc- n t a cf I In -  i i -  - I i d le  - - I t b u t - b i i  I c - u  -~~r t  c -  e . Wh e n t h i  is p r o g r a m  is corn—

p l c - t e d  S c -  ~~i i I he c h i c -  i c  ~ t t - r i:ii uc c- - i t l u v t  L- ; u l l v  and  in  d e t e i l  t h e  e f f e c t of i - d n a —

I i t  i t  - - ; - : t n e st - u i en c r c - c! t c l e a r - I t r i a l  l e a  c c c  - - cu t r e s t  tcc c o n v e n t  i o n e i  e x t  r c e s i o n ,

- c r  e x . c i ~ i l l e  i i i -  i n !  t u i - u c c c -  c i  th ~- e v c i e - ~ I - c t  i c  s t i t e —  o f  s t r e ss i n  t h e  hcH li— I c -n tic c-

v i  l e t  i t - e l  o f  l i — e a t  i t - f l o w  c r u e l  r H -  - - - - - c i t  i e c g  r c - s e d c e e i  — - t r c - .--, — uc -s . i t  i s  e x u l t _ a  t - d

t i - i t  ( i i i .)  ~~e l  i l - c t t o i l s  - i i i  g d - u n - c  e tc u u u o l~ g r c - ;u t e r c o n f i d e - n e - c - i n  t h e  - u - I c - c t  i _ u n  - 1

unun l  - ; u h i t  ions I - c c s - t e i  f t c r c n i i i u ~ hi rucc - s s c - a .

*
I. . II. I c e  and R. N. ~1c~1c - ek i n g ,  ‘~)n a t h e o r y  of c e n t  r a l  bu r s t  or ch ev ron in g  d e f e c t u -
i n  drawing and e x tr u s i o n ’ , SUI)AM R e p .  N o .  7 7 — 1 , D i v i s i o n  of Applied Mecha nli a ,
oe- 1 u cr(rncn t cf ~-hec h ani ca1 Engineering, Stanford Universit\- , 1977. To appear In the

r u e n s a e t i o n s  of  AS~I.E , - i n u e r n a l  of Engineer [u~, for Industry .

1 ‘1

.~ - - - -~~ —~~~~~~



---- -
~

--— - ---
~

-‘ --- -- -— —  - --—~~------
--- ----- -- — -~~-

p

$

- . t~ftU ~ ~ 
~~ \~\~ -~~~ ~~~

~iftt} ~~: 

I T - -- --- - —— - -- -  U, 

~~~ ~~~

I l -fl I lii ~ Q~ C) 
~ e.~. nun

~~~~~ 

- - - - .,.4 
~ )

LU II
- I— Lii

0 i.e
D LU

ci: c:~ a~
_ _ _  e-_ • (tj Z 0 

— — - — -  - - -

~~~ 

__ ___
x
_ 

~~~

- 

- k  

- 

~~~~~~~~- 

ii 

~h-~
------ t

1c N O i~~ Id (L 
- - — — .-. -~~ 

- - -

~~~~~~~~~~~~~~~-~~ 

~~ (;~~~~~~

122.

L ~~~~~~~~~~ - -- —~~~ - - --— 

.
-

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - —
~~~~



--

C-,

---—-- I --- —

~~~~~~~~~~

- -- - — - - -  --

~~~~~~~~~~

-

U . 4 Q)_ -

~~~~~~~~~~~~~~1 1 1 1 1 1 1 1  t~~~\ ____ 
.

W-f-tttl ---
~~~~~~~~~~ 

—1 1~~ \

-

. ~~~~~~~~~ _ _

~~~~~~~~~~~~~~ 
a: — .

~~ C~~~ -4
I U-H- I I— i-~ i.e

~ t -Uj _ ~ui X C) C~~ 0 ~~~~~I -ill!! Lii - - - -___ -- 
.

rn mr r rT———- 

I, 

‘a ‘a

i l l - I - - I l l  -- - II c~ ~j
LU

i j L ~h—tt1 ~~ i . e c ø
I _ - f i l l !  0 - 4 c cI I  I l l - I l  Lii
I-i-fill -
h i—HI -) Z

I L - f i l l  -  - -- —- - - -—- — - - — - —- ~~~~~~ - 0 0
Ill I -1 t1 1< ~ LA ~ .~~
I l h i l l i l  x ~~~ C
I I I J A I h l  ‘I Lii • 0 u ( ~I I Y H 1 I J  ~ 0
FII Mt il — i.J 0 5
w - 1I I u  II
Fl I L-I-rrl - - -- - -- —— — 

. ...
~11141111 ~lil t-Hi] I (‘I ‘—.. ~~~ u c.c_ JIH-1-Ii - - .-4 .-4rn-i-rn 1 1 ~~~~~~~~~~~~~~~~~ ~‘ 

— —

/11flTh T — ~~~~~ 
0~

_ _  

1;i —-~-—~~~~~~~~~~~~~
--

~~~~~
, c~

_ _  _ _  I 
__ -__

N O I S Id  J a~ . . . . . .
- 

I_ I 
~q c, 

~~
-

b’
~1~

123. 

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



_ _  
- ~~~~~~~~— —- - - - —--~~~~~~~~~~ --- -~~~~~~~~~~~~~~ ----~~~- --- -- -

~~~~~~~
-------- 

—- N -4

4-a

LU 
Lii ~~

I—
LiiC) N C ~

- - --_ - -- -- — —— - —- - - - —-- - LA ‘~~ U)
I-- ~~ ~~~ r—

~tc~~~t~ 
~~~~~~~~2

:

—- C

- 
- I11 ii; ~ i

$ b~
’i>

~

a

124.



_ _
~~~~~~~~~~~~~~~~ -----—~~~~~ ---- ~~~~~-—-~~~~~ - --- -~~~~~ 

— U. fliE BASIS FOR AN ELAS ’I JC—I’LASTIC COi)E*

E. H.  Lee- , S t a n f o r d  U n I v e r s i t y

A b st r a c t

A comp lete - at e- -;,n—ana I vsis of a nue- t al— fore t ii n g process is necessary in

oe e l c -e I c e  ; l s n ; e- ;a F l u e -  o u e t . i - t  o f  m e - I . e  1 — f o u - m h n g  d e f t _ - c - t n  s u c i hu as the initiation (ci

j u t e - n ec - c l  cr ut _ u t f .ue i- c c o-k- ; tin I le a g e n i e - r a t i o n  of r e s i d ua l  ~ tr i - s s e S , anti t h i s

deni;u ei e iic e l i o t  i u - 1 1 e a t it - ;uui ;i l y aiu ; . Th is r e p o r t  c o m p r i s e s  comment s  on the P l a 5 ~~

i c i l y I I ; c - o u y  i o n i . i e e l c t  h c i c  u r aee l ed  f o r  - u finite—e ]emen t coenput .er code desi gned

or t i l t -  e L u  l y s  I a eu uuuet e I I e d r e e e h u ig  p r oce s s e s .  J . R . Rice has pointed out t h e

1 1 c r  t a u l u  ~- of c-~~ivc - ct i o n  t u n u d  r o t  a t  i t _ e n  t e r m s  in the definition of stress—rate

f i t  h e r -  I e e ~~i c n t  i i i  e 1 e. ~ t i c — p l a s t i c -  c c e r c s t  i t u r i v c -  r e l a t i o n s , and t h a t  t he  devc- l ci p—

ruc r e t  o f  t in  H c - ru - -  , :; a n d  1 r h i  l i i  y a n a l y s i s  by R .  H i l l  p rov ides  a convenien t

v u - l r  I c  i t -  f e e t  I m c  I r e d  I r tg  1 h c ne  ci f e - c~~t s .  The dev -l i p m en  t of these  concep t s  i s  d c - a - -

e e l  l a d  e n - I  how t lIe \ ge - en -  r ;1 t e a c ’ee ve -e n i Cal var  jil t. j onat print ipI€ -  to f o rm  t h e

b e a s i s  of  ce l  el -I i c - -— j c l ; e - ; l  i i  ccn i c  le a  ; e u u a l y ’ c me t a l  f o r m i n g .

*
i h u i s  c - l i t r i  i t ; L a k e - n  f e  ecL; uicatc—s ~~~~ ir e -i f i c e t I -  (:e-nt cc- Ju t crnat u o n a l  dc- : ;

C - T I c s  Me c tu .lru iq i u c - C u n c e a c -: h- n c : 1 e i c - ( - u i n 1 -  P1 .ist irit ‘ 11 , arre cug ed by l1 r c u f  e t ; sor
I~ i p p ; - u I  c u b  t h u e  i t _ - t h u  i ; c h u ~ - t i l l  v t - I  s i t  .e ~~ I E  lien. l e e t t i r e - ri - i  r~ of  t he ( : u c u u r u u - -
w i l l  f — -  p r el el b r e d t e n  h i c I c . i I  f e e l  ( I : ~~ t h e y  51 n i n g t _ — r \c - u l . 1g .

L i e)
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The Rasis for an Elastic—Plastic Code

1~ Introduction

For satisfactory analytical assessment of metal forming problems,

it is necessary to evalu-ite the varying stress distribution throughout

the work—p iece since forming defects, such as the development of inter—

nal c-racks , depend on stress history , and residual stresses can be impor—

taut in deciding the’ ut ili zation of a formed part. Elastic characteris—

tic;; usually play an t-as enti t l role in the determination of stress, even

in combination wi th extensive plastic flow which may involve strains a

thousand t inrn e u ; ;  el ast  ic  st r ~u i u i  ieragnItudes. Thus analysis of meta l

forming pnub l i -un s  f o r  such an s e s sm ent s  must  be based on e l a s t i c—plas t i c

theo ry.  The t a c t I c - - is true f u c t  oth -r s t ress anal ysis problems when plas-

t i c  f l o w  occur- ; , tun ics ; ;  l) l~a st i c  f low is o c c u r r i n g  simultaneously

t l u r cughou i  lice en t i r e  hotl y t h r o u g hout  the dura t ion  of the process ) in

w h i c h  case p l e a t  i c — r i g id a n a l y s i s  is adequa te .

Becauise p l a s t i c i t y  laws are i nc remen ta l  in n a t u r e , they r e su l t  in

r e l a t i o n s  b e t we en  : ; l . u c - o - ; — r t u t c  and s t r a i n — r a t e , or equiva l ent l y in numeri-

cal evaluations , betwe en st r e s s  and s t r a i n  incre~meu it s .  For the ra t e—

independe-at l ie:; u sua l  I y a d e qu a t e  a t  t e mp er a t u r e s  low compared with the

m e - I t  ing  t errepe rat ti re - , I in  - - u ;  rn - I a I i  ou t ; b c - I  c c - c e  st r e s s— r .u  te and strain—

rate - aris e- . W in -t i  p l a s t i c  flow is taking place , the coefficients are

f u n c :  L i o n : ;  of tir e- current at ross for t h e  common l . u u ~u e and below F lie, yield
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stress the elastic laws apply j O incrementa l  form . Because of the st ruc—

ture of these laws, elastic—plastic problems are commonly solved in terms

of equations for stress—rates and strain—rates , containing stresses as

coefficients. Consider the solution to have been computed up to the

time t . After a time step forward , lit , the solution for rates gives

the stress at time t + lit in the form 0(t )  + olu t , and similarly for

-: other variables. 0 is the  app rop r i a t e  s t r e s s — r at e .  Then a new time

step can be taken and the process repeated.

— 
Extensive studies of the application of such laws to stability and

uniqueness of solutions leave been made by Hill (see , for example [1], [2],
*

[3] where he shows that care in the selection of stress definitions

and s t r e s s — r a t e  and strain—rate expressions is important for a satis-

factory development of the theory. Rice [4] has pointed out that such

questions are also important in develop ing a satisfactory theoretical

basis for elastic—p lastic strc-ss analysis, particularly in the common

c i r c u n e e s i a n a c -  l i t - u t  the ’ t a ng e n t  modulus  in p l ast i c  f low is of the order

of the s t r e ss . Convet_ :tecl and r o t a t i o n  terms then become impor t an t  in

the- str e ss - ru t a (-xpres: on , and ana logous ly  stress var iables  should be

selected so that the influence of rate of deformation of the boundaries

of the  bod y d u o - ; ;  not correp lit-ate the variational principle commonl y used

to r e p l a c e  t h e e -  ec~u u l  i b r i r u r n  equa t i ons  fo r  eva l u a t i o n  of so lut i ons .  This

r e q u i r em e n t  can in’ ach i . -v e -d by u s in g  the eeni;;yrri: :cetric nomina l  S t r e s s

*
Nuc ;n ihu -r n i n  a p i  i r e  br u e -~- t a re-ft- i tee the b i b l i o g r a p h y.

I.’7.
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(Piola—Kirchoff I) in which the stress is defined as force per unit

undeformed area. The variational principle then involves an integral

over the undeformed body which is fixed.

Plastic flow is essentially a fluid type phenomenon which can be

most conveniently expressed in terms of the current configuration of the

material. Thus a reference configuration which remains invariant through-

out the motion is not appropriate and so the configuration at time t

is adopted as the reference state for evaluation of the deformation from

t to t + lit , where lit is sufficiently small for adequacy of first

order theory .

The framework described above provides a satisfactory foundation

for a finite—element elastic—plastic code as discussed by McMeeking and

Rice [5]. [n effect) by choosing the current configuration as the refer-

ence state the Cauchy stress (or true stress in Cartesian coordinates)

the unsymmetric nominal stress (Lagrange or Piola—Kirchhoff I) and the

symmet r i c  nominal stress (Kirchhoff or Piola—Kirchoff II) all have iden-

tical values at the current time which simplifies utilization of the

appropriate stress for the appropriate component of the calculation.

Although the stress components themselves are identical, rates of change

of the different stresses ar€ - not the same.

2. Dev~~~ p~ ent of the Theo ry

Following Hill  [2]  and using for the most part his notation , we con-

sider the unsymmetric nom i na l stress (variously referred to as Lagrange

or Piola—Kirchoff I) s~ , defined so that the jth component of the

force tran smitted across a dc-formed element , whi ch in the initial or

128.
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reference state had area dS and unit normal , is

dS v~ s~ . dF~ (1)

-‘ Hill considers (p. 214 of [2]) rate or flow type constitutive laws of

the form

8
ij ~(~v ./aX1) 

(2)

where are rectangular Cartesian coordinates in the initial or refer—

ence configu r a t ion , E is a homogeneous function of degree two in the

velocity gradients , ~~~~~~ , and where s. is the partial time deri-
3 1~ 13

va t ive at fixed X , i.e. a material derivative at a particle. The

velocity v(X ,t) gives the distribution at time t expressed in the

initial coordinates of the corresponding material points (note that a

tilde under a symbol denotes a vector or tensor in absolute notation).

Boundary value problems are considered in which for a volume V

In the  r e fer e n c e  s ta le , at t ime t stress ra tes  S
jj 

(X ,t) and veloci-

ties v
1
(X,t )  are soug ht f o r  prescr ibed nominal  t r ac t ion  rates

over the part of the so ~face 5
F velocity v~ over the remainder of

the s u r f a c e  S and bod y fo r ce  ra tes  g .  per uni t  initial volume .

Then the variational princi ple

e S [  I E dv — I F.v .dS — I g .v .dV] = 0 (3)
0 a 3 3  0 3 3
V S

F 
V

in the cla;;s of continuous differentiable velocity fields satisf ying

t h e  v e l o c i t y  b o u n d a r y  condition on , characterizes the soltution ,

f o r  I t. y i e l d s  t h e e  e q e c i l  ib r i un e  equa t i ons
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- (4)
I

and the boundary traction rate condition

= (5)

for nominal stress, s~ . , and the reference geometry.

In writing the elastic—plastic constitutive relation, we wish to

associate the velocity gradient in (2) with the -rate of deformation or

velocity strain:

av . ~v .
D.. ½ (----- ‘+ —a ) (6)

J _J ~ X . ~xj i

w hor e  x
1 

are Cartesian coordinates expressing the position of parti—

c b s  in the deformed body - 

-

x . = x . (X , t )  (7) -
c

1 ~~~~

Thus to permit simultaneous use of (3) and the plasticity laws expressed

in the usual form of rate of deformation of the current configura ti on ,

FUll takes the current configuration to be the reference state, and

hence

X
1 

= x
1

(X ,t) (8)

f o r  a p a r t i c u l a r  t . Thee t h e o r y  is expressed in th i s  form fo r  cva lua—

tion of s . and v . and hence the solut ion and configuration atij j

t + At  , vi e i d e  p r o v i d e s  a new r c f e ren c c  s t a t e  fo r  eva lua t ion  of the

next  t i m e  s tep  At
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Note that at the instant I , when the current and reference con—

figurations are identical , the nominal stress components S
1
. are equal

to the Cauchy or true stress c’mponents a .. , so that at this instant

s~ is symmetr ic.

The device of selecting the configuration at time t to be the

reference st at e  fo r  eva luat ion  of t h e  so lu t ion  at t ime I + lit thus

permits simultaneous use of the convenient variational principle (3) in

terms of nominal stress s . ,  and a f ixed  geometry  and the familiar
1~-J

p l a s t i c i t y  laws expressed in terms of the  Cauch y , - or t rue  stress ,

By working wi t h curvilinear convected coordinates, ~~ , having an

arb itrary configurat ion in the reference or ini tial s tate , Hill([2],

p. 219 ft.) shows that the rate potential (2) follows from associated

rate potentials for other stresses and stress rate expressions , some of

which are more convenient for representing elastic—plastic laws.

Consider cu rv ilinear coordina tes in the init ial or refere nce

state with base vector-- g . After deformation as shown in Fig. 1

these become i~ , having the same values for the same material par-

ticles as . Then are the convected coordinates and the cor-

responding  h e ; ; e  vec tor s are  g , which are g deformed by the

mot ion .  Then the  Cauch y s t ress  tensor ~ has con t r ava rI~ ~t components

in convected coordinates such that the force dF transmitted

across an element of the deformed body of area dS and u~nit normal

vector v - is given by:

dF a (v dS) g (9)
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Since the primed coordinates are made evident by the notation v and g

for normal and base vectors in the deformed state, the primes will usu—

ally be dropped hereafter , for = denote the same material point.

For the Lagrange or P io l a—Kirchho f f  I stress , s~~ , the force

computed in the reference frame is that  ac tual ly  act ing across the

deformed element (see Fung [6] p. 437 for  the usual def in i t ion  in

Cartesian coordinates). For the present consideration of convected

coordinates , the expression for dF thus takes the form

dF s~~~(v dS)g~ (10)

FOr the Kirchboff or Piola—Kirchhoff 11 stress , t .. , Fung points out

that  the  f o r c e  v e c t o r  computed in the re fe rence  f rame mus t be t r ans fo rmed

by the motion to give the actual force across the deformed element , so

that for convected coordinates -

0 0 0 0

dF T (v dS)g~

becomes

dF = t~~~~ v dS)g~ (11)

Nanson ’s relation for area element:

pv dS = pv dS (12)

then givc-s , using (9) and (ii)

= 
uB 

= (13)
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where J is the Jacobian of the t r a n s f o r m a t i o n  from the reference to

the deformed s ta te , i.e.

g x g = J(g x g )  (14)

Fig. 2 shows the par t icu la r  s i tua t ion  when the coordinates in

the reference frame are Car tesian, X° . The Cartesian coordinates

representing points in the deformed body according to the point trans-

formation , equ. (7), are x
1 

. The usual definition of the Klrchhoff

or Piola—Kirchhoff II stress (see Fung [6] p. 439) is given in terms of

this point transformation. From equ . (7), define the deformation

gradient

(15)

Then the Piola—Kirchhoff II stress t is given in terms of the Cauchy

stress in Cartesian coordinates x , ~~ by

J F - F ([7] p. 125)  (16)

where J = det (F) . ~ .iLs is in accord with (13) where are the

contravariant components of the Cauchy stress wi th  respect  to the con—

vecied coordin~ r e s X for if are the Cartesian coordinates of

a with respect to x , then the tensor change of variables law gives

- t~ ci j
a~~~ ~X ~X a

0 = -

~~

-

~~

-

~

- 

~~

--

~

- (17)

li -u t e r m , of t h e  c o o r c l in a t  e t r ~u n s f o r m a t ion  f r o m  x ÷ X in thee  de fo rmed

y - u - t  r y  - Because of the p r o p e r t y  of convec ted  coord ina tes  that  X° =

1 1 3. 
- -
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for the same particle , (7) also expresses the coordinate transformation,

and (13) and (17) are seen to be equivalent to (16). This connection

has been pointed out by Nemat—Nasser (81. Note that s~~ and are

tensor densities and not absolute tensors, so that equations such as (2)

are not pure tensor relations. 
-

- 

,
-
. For rate independent constitutive relations the rate—potential func-

tion E In (2) is a homogeneous function of degree two. For the choice

that the reference state is the current state, (2) follows from the exis-

tence of an associated ra te  po ten t ia l  func t ion  F(c
8

) , of the strain—

rate components

= ½ (v
a n  

+ v
~~~

) (18)

where v is the velocity vector in the deforming body and the comma

denotes cov3riant differentiation. This function generates through

(19)

where the superposed dot indicates time derivative of the convected com-

ponents or convected derivative . This is equivalent to the partial time

derivative at fixed X , or a ma terial type derivative. The s t r u c t u r e

of (19) indica tes that since t is a tensor density, F is a scalar

dc-ro ity and not an absolute scalar invariant.

A d e r iv a t i o n  of a re la t ion  needed in the  f o l l o w i ng  analyses to e s t a b —

fish (2) is given in th~ Apperd ix . It is the relationship between

and t~~~ , which , fo r  the p a r t i c u l a r  choice of re fe rence  s t a t e

m e n t i o n e d , t , u k -s t he  f o r m
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~
‘ 
v~ 

- (20)
,y

Now from (19) and (20)

- s~
B 

~F/lh (c ) +

multiply ing both sides by v
~~n 

gives -

v [aF/ ~ (c )]c + T
nY

V~ v (21)

using (18) and the fact that is symmetric. Now F(c~~ ) is a

homogeneous function of degree two since for plasticity (19) is rate

independent , hence Euler ’s theorem for homogeneous functions permits us

to write (21) in the form

s~~ v = 2F(c ) + T~~~ V
8 v (22)

Again using Euler ’s theorene, this is consistent with (2) in terms of

convec ted coordinates if

s~~ = ~E/~ (v a n
) (2a)

and

2E(v ) = 2F(c ) + t~~~~

’ 
v8 v (23)

,y ~3 ,n

Equation (21) is a contracted scalar relation based on the tensor

expression (20) and hence does not validace the tensor relation (2a)

or (2). It merely prescribes the form of the rate—potential function

E if such a function exists. Substitution o~ (23) into (2a)

does y i e l d  (20) and hence estab] ishes E as a homogeneous, second

135. 
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- degree, rate—potential function of v

~~ci 
for the nominal stress rate

A similar argument for the Cauchy stress a~~ yields a trial poten-

tial function , which however fails to yield the correct expression for

from the rate—potential equation. Hence a rate potential function

does not exist In this case.

The laws of plasticity are normally obtained by measuring “true

stress” and increments of strain defined in terms of Cartesian coordi-

nates in the current configuration without rotations occurring. Since

the theory must apply in the presence of rotations, their influence

must not affect the stress rate term In the constitutive relation, hence

a spin—invariant stress rate is needed , such as the Jaumann rate. We

will work in terms of the configuration at time t , which is the refer-

ence c o n f i guration , and utilize Cartesian coordinates x

In formulat ing the finite element theory for numerical analysis of

elastic—plastic probler’- - , we wish to use the variational relation (3)

in terms of ~~.. and a constitutive relation associated with (19) In
13

terms of r~~. since it can be conveniently associated with measurements

of plasticity laws. We have seen that a law in the form (19) implies

the validity of (2) and hence the variational principle. As pointed

out in (5] this structure in terms of T
ij 

leads to symmetric stiff-

ness matrices in the finite element formulation which simplifies the

numerical pr o ce d u r e s .

Now the relationship between the nominal stress s and the

Cartesian true stress Is

136 .
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(24)

see, for example [7], p. 125, where the nominal stress Is defined as the

transpose of s (or It can be deduced from (9), (10) and (17)). Taking

the material derivative of (24), and noting that F and J are unity

for coincident reference and current configurations ,- one obtains

av
+~~~~~ 

__ ! =~~~~ —J~+~ (25)
13 kj 3X

~K 
ij aX~ 13

The difference between the Jaumana derivative of and its material

derivative is the contribution of the rate of rotation of the axes which

rotate with the body according to the anti—symmetric tensor angular

velocity expression

~v.
(26)

3 A

where A denotes the anti—symmetric part. Using ~)fDt to denote the

Jaurnann derivative, this determines (see Prager [9] p. 155)

a .. - a .k 
kL 

- °kj 
L
~A 

(27)

Combination of (25) , (27) and (6) gives

c

= (
ij 
+ ~~ 

~~~~~ 
(a lkD.k + a

k~ 
D
ik

) + a
~k ~~~ (28)

Equation (13) defInes , the ~(irchho stress, in terms of con—

vected coordinates. Being a tensor density, definition for other

coordinates is obtained by use of (17) suitably modified to incorporate

the density term J . We have seen that experiments from which the law-s

137.
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: of plasticity were deduced involved “ t rue stress ” associated with

— ~ . Cartesian coordinates which , for plastic anal yses , indicates the appro—

priateness of a Jau mann time—deri vative associated with rotation of

rectangular axes. Thus we need to utilize ~ &
jj 

to incorporate

the Jaumann derivative , and the first term in parenthesis in (28) can be

written ~D TCj . / ~Dt , since the derivative of the scalar density J is

unaffected by rotation of axes, and at time t the Instantaneous value

of J = 1 . Hill has stated ([2] p. 222) that the rate potential (19)

implies a rate potential for the Jaumann derivative of , which pro—

vides computational advantages associated with the use of the Jaumann

derivative of this stress variable.

Thus (28) takes the form:

C

~ij 
= ~~

_
~3 - (a~~D~~ + °kj Dik) + elk (29)

Now combining (20) and (29)

c
PT . .

= -r .. + a D + a ~~ (30)
i j  1k jk kj ik

In view of (19) written for initial Cartesian coordinates , with

F(D1.) homogeneous of second order in the strain rates , multiplication

of (30) by D 1~ and using Euler ’s theorem gives

~~~~~~~~ D 1~ 
= 2F + u ..D

jk
D
i j  + ak.DIkD.. = 2F + 2o ikD i j D

jk 
(31)

which analogously to (21) for provides a trial rate—potential

function

C F + a~ 1). .1). (32)ik ij  jk
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- :  assuming Euler’s theorem. In a manner s imilar  to that presented for

s~~ a third rate—potential function Is thus established:

~~ ij — -
~~~~~- - -

-,‘ ~Dt aD
1

The classical elastic—plastic isotrop ically work hardening law

(Prandtl—Reuss), commonly giving strain—rate as a linear function of

stress—rate, can be inverted to give stress—rate and takes the form

([5] p. 606)

C c. c E

= 
~ 6 + ‘~ 6 6 — 

3a1~ °kl ~ ~~~ D 34
~Dt l+v 1k ji l—2v i j  kl 2~

2 (
~~~~ + 

~~~~~~~~~~ 

kl
‘3 1+-v

where E and V are Young ’s modulus and Poisson ’s ratio, o denotes

stress deviator , a is the current tensile yield stress and h the

current gradient of the true—stress logarithmic plastic strain curve in

a tension test. The Jaumann derivative is used for stress—rate as men-

tioned above in order to eliminate rotation effects, and the last term

in the brackets is dropped when the increment of deformation is elastic.

We have shown that there Is a rate—potential function C for

bu t no t one for . This means [5] that a non—symmetric finite—

elemen t stiffness matrix would be deduced using (34). Replacing

by 
~~

. .  in the stress—rate term would yield a symmetric stiffness

matrix which would simplify the numerical analysis. Moreover such a

change Is appropriate in terms of its representation of the physica l

laws. The J term in

~ 01j (35)

139.
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arises In more accurate representation of the laws of elasticity than

Hooke’s law used in classical elasticity . It Is associated with geo—

metrical non—linearity which expresses the non—linear influence of

-‘ finite strain. In effect It expresses the fact that energy density per

unit initial volume yields a simpler energy conservation statement , for

per unit current volume implies change of energy density simply because

the amount of material containing it changes. For example , the term

(p/p ) appearing in equation (26) of (101 is equivalent to replacing

a by Jy , and it was pointed out in that paper (p. 935) that such a

term provides a good approximation to non—linear elasticity of metals

with input of only the two classical elastic constants. A similar

modification of the classical laws of plasticity was suggested in [11]

where it was found compelling to express the yield stress in terms of

Jo (equs. (33) and (34) of [11]). Again this was based on the require-

men ts of geometrical non—linearity, which of course are Independent of

specific material characteristics.

Introduction of (2) into the variational principle (3) expresses

it in the for m

0 0 0

/ s . ~~~~~ dV — 6(1 F v .dS + / ~.v.dV) = 0 (36)
~ ij ax

1 0 i i  o j i
V SF V

which , since the reference state is- the current state (X = x) can be

wri t ten

av .
I s. 6(--—~-)dv — 6 ( 1  F.v .dS + Ig.v ,dV) 0 (37)v ~ ax . s v 3 3

F

S u bst i t u t i o n  of (29) and applying algebraic manipulation based on
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symmetries then yields the variational principle in the form (see equ.

(5) of [5])
c

I ~~~ 6(D~~~) — ½aj.6 (2D
ikDkj 

— V
k i  

v
k j fldV

$ — 6 (f  F.v~dS + f g ~v~dV) = 0 (38)
- SF V

where the subscript ,i denotes the operation . Now utilizing

(33), the principle takes the form (see equ. (15) of [5]).

6[ / G(D) dV — ½1o .. (2D D . — v v .)dV
V ~~

ij ik kj k,i k,j

— I F v.dS — I g.v dv]  = 0 (39)
S
F

By (33), and using Euler ’s theorem

c
2

~Dt 
~~ij 

= 
aD
IJ

aD
kl 

Dkl 
= 

~ijkl 
D
kl (40)

since aG/aD.. is homogeneous of first degree in D hence 
~
?jjkl 

is

symmetric in I] --* kl as well as i - --i- j  and k - -+  1 . Since C

is homogeneous of second degree

c

0(D) = ½ J~i (41)

The symmetry implicit in the variational principles (38) and (39) with

(40) and (4 1) imp ly symmetric stiffness matrices which carry through

to the finite—element formulation [5].

3. Discussion

As discussed by Rice [4] and McMeeking and Rice [5] , the develop-

ment reviewed in these notes brings out the impo rtance of convection

4
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effects and appropriate stress—rate definitions in formulating elastic—

plastic theory . Thus the precise analysis of continuum theory r ist be

applied to obtain reliable results. Common small strain assumptions

are not valid even for incremental theory based on small strain incre-

ments. This situation is implicit in comparison of the first and

second terms in the first volume integral in the variational principle

(38). [n plastic flow the coefficient of OD in the first term is

- hD , where h is the gradient of the tensile stress—plastic strain

curve , whereas the second term is aDOD . The second term and the

difference between the Jaumann derivative and other simpler time den —

vatives can only be neglected if h >> a . The relative error In

neglecting such terms is effectively independent of the magnitude of

the strain increment adopted , so that small steps do not permit 8impli—

fication in this regard . For many metals h - a

It is interesting to note that the complications which arise in

elastic—plastic analysis result from the elastic component of strain,

and not the plastic. For stress and strain deviators, elastic—ideally

plastic deformation with a Mises yield condition, J
2 

= O~~~~ O~ j
/2 =

satisfies

D~~ = ~~~/2G + 3~a;~ - (42)

where A is a parameter. Multiplication of (42) by a~~ gives

A = a~~D~~/2J2 (43)

For isotropic work hardening with a Mises yield condition , (42) takes

the form
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D~~ =a~ ./2G + 
~~~~~~~~ 

(44)

The first terms on the righ t hand sides of (42) and (44) are the elastic

strain rate components. Thus rigid—ideally plastic theory ((42) with

the a term deleted) gives a relation between stress and velocity gra-

dient with no complications due to a stress rate term , which greatly

simplifies the analysis, apart from the difficulty of determining the

rigid regions. Similarly for work hardening rigid—plastic analysis

((44) with the a term deleted), only the rate of change of a stress

invariant occurs, which is simpler to include than a tensor rate. For

elastic—plastic theory it is the elastic term which introduces stress—

rate and the consequent complications.

Many technologically important metal—forming problems are steady

state processes in which aa1./atl = 0 . In planning to use an ana-

lysis of the type considered here to evaluate such situations, It is

fortunate tha t the stress—rate terms appearing in the variational

principle , , or ~~~~~~ , do not approach zero in the steady case,

hence singular computational conditions need not be anticipated. This

is not the case in some simpler and inadequate approaches to this prob-

lem in which sufficIe~ t care was not devoted to the appropriate choice

of stress—rate definition.

On the basis of the theory described , a finite—element program

has been written to evaluate stress and deformation histories in an

extrusion problem. The case of a billet being pushed through a die

until a steady—state configuration was reached has been completed .
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The stress field exhibits features which are consistent with the known

development of extrusion defects , such as the appearance of surface

cracks .
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6. Appendix

For simplicity, relations are developed for Cartesian axes In

the reference state which is instantaneously coincident with the

curren t state. The general theory for convected coordinates carries

through in a similar manner but can be technicall y much more involved .
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Equations (16) and (24) yield the relation ,

(Al)

Material differentiation of this relation gives

- t F  + t F  = 6

and for the special referenc e configuration -

= , = .~~~~~~~ =:-
~

—- hence = + ‘ik -~~~~ .2)
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- F~gure 1. Convected coordinates , ~~

Figure 2. Cartesian reference coordinates , X
e
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