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1. My name is Brian Durrance and I have personal knowledge of the facts 

contained in this declaration.  I have been retained by the law firm of Brinks Gilson 

& Lione to provide this declaration concerning the following two journals: (a) 

Radiology, Vol. 147 (April 1983), and (b) Metallurgical Transactions, Vol. 1 

(January 1970) (collectively, the “Journals”).  Each of the Journals is a periodical 

that was published at regular intervals. 

2. I have been informed that certain articles published in the Journals will 

be relied upon by Petitioners in an inter partes review proceeding before the Patent 

Trial and Appeal Board of the U.S. Patent and Trademark Office. 

3. I have been asked to search for copies of the Journals from the library 

at the University of Michigan (the “Library”) in Ann Arbor, Michigan, and to 

determine the date when the Journals were publicly accessible. 

4. I attended the University of Michigan.  While I was a student there from 

1983 to 1985, I worked at the Library.  I currently work for Associated Information 

Consultants Inc. in Ann Arbor, Michigan, and my duties include locating and 

acquiring references shelved by the Library. 

5. I am familiar with the date-stamping, indexing, cataloging, and 

shelving procedures for journals acquired by the Library.  For example, during the 

time period that I worked at the Library from 1983 to 1985, I assisted with date-

stamping, indexing, cataloging, and shelving journals acquired by the Library, and I 
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became familiar with the Library’s procedures for date-stamping, indexing, 

cataloging, and shelving journals acquired by the Library.   

6. Generally, after a journal is received in the mail, it is labeled with the 

date the journal is processed by the Library (referred to as a date stamp), indexed in 

the Library’s catalog, and shelved by the Library within a week’s time.  At that point, 

the journal is accessible by the public interested in the subject matter of the journal.  

The journal with its date stamp is a record of the Library’s regularly conducted 

activity.  The date stamp is regularly added to the journal to identify the date that the 

journal is processed by the Library, and the date on which the date stamp is added is 

the same date reflected in the date stamp.  The date stamp is added by the Library 

personnel processing the journal who has knowledge of the then-current date on 

which the journal is processed.  The journal with its date stamp is kept by the Library 

in the course of regularly conducted activity of the Library, which includes 

maintaining publications for the public to access and review. 

7. I retrieved a copy of Radiology, Vol. 147 (April 1983) from the Library, 

which was date-stamped March 18, 1983.  This journal is over twenty years old, it 

was prepared with its date stamp before January 1, 1998, it was in a condition that 

created no suspicion about its authenticity, and it was located in the place where it 

would be expected to be located.  True and correct copies of the date stamped cover 

and an excerpt from this journal are attached as Exhibit A.  As reflected in the Table 
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of Contents for this journal (attached), Pages 261-63 of this journal constitutes the 

article entitled, Nonsurgical Placement of Arterial Endoprostheses: A New 

Technique Using Nitinol Wire, by Andrew Cragg, M.D. et al.  A true and correct 

copy of this article has been designated as Ex.1009 in this proceeding. 

8. I also retrieved a copy of Metallurgical Transactions, Vol. 1 

(January 1970) from the Library, which was date-stamped November 16, 1971.  This 

journal is over twenty years old, it was prepared with its date stamp before January 

1, 1998, it was in a condition that created no suspicion about its authenticity, and it 

was located in the place where it would be expected to be located.  True and correct 

copies of the cover and an excerpt from this journal, including the date stamp, are 

attached as Exhibit B.  As reflected by the attached pages from this journal, 

Pages 251-258 of this journal constitutes the article entitled, Stress-Induced 

Pseudoelasticity in Ternary Cu-Zn Based Beta Prime Phase Alloys, by Horace Pops.  

A true and correct copy of this article has been designated as Ex.1010 in this 

proceeding. 

9. These Journals were locatable on the Library’s shelves through the 

Library’s online catalog, and they were locatable on the Library’s shelves (at least 

within a week’s time after the Journals’ respective date stamp) through the  
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.L_.ib'r'a1y"ts card catalog system that existed before .the on'line catalog became

available. This card catalog system was searchable by title, ”subject matter, and

authors "or editor's, among- other bibliographic information? and it identified Where

“in the Library a journal was Shelved. To the best of 1n'ykn0.wledg‘e__', the retrieved

Copies of the Journals, including the: articles identified above-- eontained. in: "the

.Jeurnals, were indexed in, and .locatable through, the Library’s card catalog system

(such asby isearchingthe card catalog by Subject matter"), and. they” were available

to the public fer viewing. and making. "copies" Within a Week’s. time after the

Journal's" respective date stamp; Each such attiele was accessible by the.‘-__publi-c

interested in the sribject- matter of the articles within. a "Week’s time after the

Jouma'l's". respective. date stamp.

'10. I. have been warned. that” willful false statements and the. "like are

punishable by fine or imprisonmerit1 .01.‘ both. I declare under pjeIIalty Of perjury

"wider.- the laws of the United States of America that the foregoing. is ”true and

COl'I‘BCtL.

 Executed Septembetégfla 2018-,_ at Ann; Arbor, Mi ' i'gan. /._._..'

Bri an Durr'ance.
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April 1983 Volume 147 Number l

A monthly journal devoted to clinical radiology and allied sciences owned mid published by
THE RADIOLOGICAL SOCIETY OF NORTH AMERICA, INC.

EDITOR

William R. Eyler, MD.
Henry Ford Hospital
Detroit. Mich. 48202

ASSISTANT EDITORS

Max D. Clark, MD.
Richard D. McLeaI-y, MD.
William A. Reynolds, MD.

BOOK REVIEW EDITOR

Harry J. Griffiths, MD.

ASSOCIATE EDlTORS

Hillier L Baker, Ir., MD.
Gerald D. Dodd, IL, MD.
Gilbert H. Fletcher, MD.
William R. Hendee, PhD.
Irvin l, Kricheff, MD.
Jack 8 Krohmer, PhD.
'Nilliurn T. Moss, MD.
E. James Potchen, MI).
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MANAGING EDITOR
Donald A, Stewart, B A.

COPY EDITORS
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BUSINESS MANAGER
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ADVISORY EDITORIAL BOARD
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COVER ILLUSTRATIONS

See the paper by Ferris and colleagues on pp. 29-31 in this issue.

DIAGNOSTIC RADIOLOGY

I Transcatheter Vessel Occlusion: Angiographic Results Versus Clinical Success
Alan J. Greenfield, M.D., Arthur C. Waltman, M.D.. Robert A. Novelline, MD, Arina van Breda, MD,
Patrick Luers, MD, and Christos A. Athanasoulis, MD.

7 Outpatient Transluminal Angioplasty
Christian D. Thorpe. M.D., and Stephen R. Lipson, MD.

9 Angiographic Management of Traumatic Arteriovenous Fistulas: Clinical Results
Thomas E. Gallant, MD. and Elizabeth 5. Alexander, MD.

15 Indications for Angiography in Blunt Thoracic Trauma
21 Percutaneous Embolization of Bony Pelvic Neoplasms with Tissue Adhesive

Josef Rosch. M.D._. and Charles B. Bird, MD.
29 May-Thurner Syndrome

Robert Casali, MD.

Laura Feldman, MD,

Gordon B. Manashil, M o, Bertil S. Thunstrom, M.D.,

Robert A. Clark, MD,

Thomas C, Barcia, M.D., and John P. Livoni, MD.
Frederick S. Keller, M.D.,

Ernest J. Ferris, M.D., William N. Lim, M.D.. Phillip L, Smith, M.D,, and

33 The Chest Radiograph in Legionnaires' Disease: Further Observations Jonathan T. Fairbank, MD,
Alexander C. Mamourian, M.D.. Peter A. Dietrich, MD, and John C. Girocl, MD.

35 Bilateral Superomedial Hilar Displacement: A Unique Sign of Previous Mediastinal Radiation
H. Ric Harnsberger, M D , and John D. Armstrong, II, MD.

37 Work in Progress: A Correction for Tissue Iodine Accumulation in Videodensitometric MeaSurements of Left
Ventricular Ejection Fraction David K. Swanson. Fh.D., P. David Myerowitz, M.D., Michael Van Lysel, M.S.,

Walter Peppler, Ph.D., Shiraz P. Dhanani, M.D., Bruce Hasegawa, MEL, and Charles Mistretta, PhD.

_—_—_—_,——_——————-—

Published monthly with 2 lQF—th‘éi'll'lJ'LllV by the Radiological Socielr of North America. Inc...“ 20th and Northampton 5th.. Eamon. Pa. [8042. Secondclass postage
paid at Boston, Pa. 1853] 0033-8419

Contents of RADIOLOGY Cnl‘p-vrighlL-d 1933 by the Radiological Society of North America. Inc, Society Office. Oak Brook Regency 'l‘uwurs, Suite 1150, HI 5 West
22nd St., Oak Brook, HI. 60521.

For subscription rates. please turn to page 294
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Nonsurgical Placement of Arterial Endoprostheses: A New Technique Using Nitinol Wire”

Andrew Cragg, M.D.

Gunnar Lund, M.D.

Joseph Rysavy, BA.

Flavio Castaneda, M.D.

Wilfrido Castaneda-Zuniga, M.D.

Kurt Amplatz, M.D.

A new type of endovascular prosthesis has
been developed using a unique metal alloy
(nitinol) with a heat-sensitive memory.
Nitinol wire coil grafts were straightened
in ice water and passed into the canine
aorta via catheter, where they reformed
into their original shapes. Follow-up
aortograms demonstrated long-term
patency with minimal thrombus forma-
tion. Nitinol endovascular coil grafts may
eventually be used in the nonsurgical
treatment of several forms of vascular
disease.

Index terms: Catheters and catheteritation,

technique #{149}Nitinol

Radiology 147: 261-263, April 1983

T HE surgical replacement of a diseased

artery with a tubular graft is an ac-

cepted and widely used procedure. The

problem of thrombogenicity has to a

large extent been solved by the use of

porous synthetic graft material such as
Dacron or Gore-tex (polyfluorotetraeth-

ylene).

Endoprostheses or tubular stents have

been placed percutaneously in the biliary

and urinary tracts to provide long-term
patency of bile ducts or ureters (1). These
nonporous plastic catheters, which are
small in diameter, can be passed percu-

taneously and left in place without the
risk of thrombosis such as occurs in the

arterial system.

Small tubular prostheses made of var-
ious nonporous synthetic materials have

also been placed intra-arterially; how-

ever, all have thrombosed. Coil spring

grafts were less likely to thrombose, but

only small coils could be passed percu-

taneously (2).
We have developed a new type of en-

doprosthesis, constructed of a thermal
shape memory alloy (nitinol), which can
be readily passed through a catheter.

With this technique, a long-term arterial

graft without thrombosis may be

achieved. The method of introduction
and preliminary results are discussed in

this report.

Material and Methods

A nimal Preparation

Four mongrel dogs weighing 15 to 30

kg were anesthetized with sodium pen-

tobarbital (30 mg/kg), and a femoral ar-
tery cutdown was performed. An aorto-

gram was obtained using a 7-F pigtail

catheter (30 ml meglumine diatrizoate at
20 mI/sec) to assess the diameter of the
abdominal aorta. One nitinol coil was

introduced into the aorta of each dog.

Preparation of flit’ Endoz’ascu!ar

Prosthesis

Nitinol is a specially formulated alloy

of nickel and titanium that can be drawn

into a wire of precise dimensions. The

striking property of the alloy is that it

undergoes a phase change at a certain

temperature. The “transition tempera-
ture” is determined by the composition
of the alloy. The wire is annealed at 525#{176}

C for 30 minutes while being constrained

to a desired shape. After cooling, the wire

can be straightened and introduced z’ia

catheter into the body. At or near body

temperature the wire transforms into its

original shape. This property of the wire

allows one to introduce into the body

various complex, preformed shapes via
catheter.

We constructed four nitinol coils of

varying dimensions by wrapping the

wire (0.028” diameter) on stainless steel
mandrels of different sizes (Fig. 1). The

length of the coils ranged from 1 to 6 cm.

Coil diameters ranged from 5 to 11 mm.

Coil frequencies varied from closely
wound (no space between turns of the

coil) to loosely wound (one turn per

centimeter). After annealing, the nitinol
coils were straightened in a bath of sterile

ice water and passed through a 10-F Tef-

Ion catheter in the abdominal aorta. The

nitinol coils were fastened to a threaded

guiding wire to allow accurate placement

after being deposited in the aorta. To
minimize transformation of the wire to

its original shape in the catheter, a cold

saline solution (10#{176}C) was flushed con-
tinuously through the catheter during

introduction of the wire.

Once the wire was extruded from the

catheter, precise placement of the newly

formed coil was accomplished by ad-

vancing or withdrawing the guide wire

in the aorta. Detachment of the coil was

achieved by unscrewing the guide wire

from the distal end of the coil.

Loosely wound nitinol coil graft (diameter

8 mm). Note threaded adaptor (arrow). which

can be attached to a modified guide wire. The
coil is straightened in ice water and passed via
catheter into the aorta. The coil reforms when

heated to body temperature and is positioned

by moving the attached guide wire.

After coil placement, the catheter and

guide wire were withdrawn and the ar-

teriotomy was closed. Follow-up radio-

graphs were obtained immediately after

the procedure to document the position
of the coil. Aortography was performed

via percutaneous brachial artery puncture

in all 4 dogs 1 week and 4 weeks after coil

placement to assess graft patency. During
follow-up arteriography, care was taken

not to advance a guide wire or catheter

through the graft to prevent dislodge-

ment of thrombi. One animal was killed

4 weeks after the procedure and the aorta
was examined grossly and histologi-

cally.

Results

All grafts were widely patent at 1 week
and 4 weeks (Fig. 2). Some narrowing of
the original arterial lumen was demon-
strated on closely wound coils at 1 week
due to fibrin deposition on the coil.
However, no progression of the lesions
was noted at 4 weeks. In the animal that
was killed at 4 weeks, fibrin deposition

on the coil was demonstrated grossly and

histologically (Fig. 3). None of the ani-
mals manifested any ill effects such as

fever or gait disturbance after the proce-
dure. Long-term patency studies are un-
derway.

Discussion

This preliminary study demonstrates

the feasibility of transcatheter arterial

grafting. By using nitinol wire, the two
main problems associated with this

technique, namely, thrombosis of the

endoprosthesis and difficulty in intro-

ducing a graft of suitable size through

conventional angiographic catheters,

appear to be solved.
We found that nitinol coil grafts of

varying size and frequency exhibited
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a. Loosely wound coil 1 week after introduction. Wide patency of the graft is demonstrated

with minimal thrombus formation (arrow).

b. Closely wound coil 1 week after introduction. The coil lies slightly eccentrically in the artery.

Some narrowing of the lumen is demonstrated due to fibrin deposition on the coil (ar-

rows).

C. Same coil 4 weeks after introduction shows no progression of intraluminal fibrin deposi-

tion.

Figure 2 Figure 3

262

little tendency to thrombose. Simon et a!.,

who have developed a percutaneously
placed nitinol vena cava filter, obtained

similar results (3). It is likely that the coils

act similar to a porous graft, allowing ion
exchange between the vessel wall and
lumen. As in other grafts, the coil serves

as a template for formation of new inti-

ma, decreasing the risk of complete

thrombosis even in long-term im-
plants.

We placed coils of varying frequency

to test for thrombogenicity. The two

closely wound coils (no space between

turns of the coil) showed a slightly
greater thrombotic tendency than the

two loosely wound coils; however, a
widely patent lumen was preserved in

both types of coils. None of the animals
in our study was heparinized. This find-

ing is encouraging, since dogs are con-
sidered to have a more active thrombotic
system than humans (4), and it indicates

that long-term patency of nitinol coil
grafts may be possible in humans.

The unique memory of nitinol wire

allows the introduction of a large pre-

formed shape through a relatively small
angiographic catheter. At room temper-
ature, the nitinol coil is a straight, pliable
wire that can be passed through a cathe-
ter. As the coil is extruded from the
catheter and warmed to body tempera-
ture, it reverts to its “memorized” shape,

(i.e., a coil). By regulating the composition

of the alloy, the transition temperature of

nitinol wire can be adjusted to provide
transformation over a narrow tempera-
ture range (e.g. , 36-38#{176}C). The wire we
used in this study transformed over a
broad temperature range (25-38#{176} C),
which required flushing the introducing
catheter with cold saline to minimize

transformation of the wire in the cathe-
ter. We also used a 10-F Teflon introduc-

ing catheter to reduce friction of the

partially transformed coil in the catheter.

These difficulties can be overcome by the
development of a wire with a more pre-
cise transition temperature.

We have recently been able to intro-

duce long, closely wound coils into the
abdominal aorta (Fig. 4). While long-term

patency studies in these types of grafts

Abdominal aorta of a dog 4 weeks after the

introduction of a nitinol coil. The coil has been

completely covered by fibrin, which decreases

the risk of subsequent thrombosis.

have not been completed, the ability to
introduce closely wound coils of any
length does indicate that nonsurgical
“replacement” of diseased arteries may

be possible.
Potential applications exist for both the

closely wound and loosely wound coil
grafts. One application might be the

nonsurgical treatment of inoperable

aortic aneurysms using a closely wound
coil graft. It is possible that the coil would

endothelialize and provide the structural

strength of a synthetic surgical graft.

Loosely wound coils could be used as

stents to maintain vessel patency. Such a
stent may maintain long-term patency of

a ductus arteriosus in certain forms of

ductus-dependent congenital heart dis-
ease. In the venous system, nonsurgical
grafting may find application in cases of
external venous compression or in the
creation of a transhepatic portocaval
shunt. Other applications exist for nitinol

endoprostheses in both the biliary and

urinary tract, where they may provide
easier introduction and better patency

rates than existing stents.
Further experimental study is needed

to assess the biocompatibility and long-

term patency of nitinol coil grafts. With

the development of a suitable alloy with

optimal transformation characteristics,

nitinol coil grafts may offer a simple, in-

expensive alternative to surgery in nu-

merous forms of cardiovascular disease.

Acknowledgments: We wish to thank Mr. James

Jervis of Ravchem, Inc., for his technical assis-

tance and for supplying the nitinol wire used in

this study.
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a. Closely wound coil (diameter 7 mm, length 4 cm).
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tion. The feasibility of placing very tightly wound coils
of significant length is demonstrated.
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To the Readers of METALLURGICAL TRANSACTIONS:

This first issue of METALLURGICAL TRANSACTIONS marks a major advance in
the metallurgical profession. Two eminent publications, the TRANSACTIONS
of The Metallurgical Society of AIME and the TRANSACTIONS QUARTERLY of
the American Society for Metals, have now been merged into a single out-
standing journal. Thus, our two sponsoring Societies are henceforth
joined in the publication of high—standard papers dealing with a broad
spectrum of metallurgically—oriented research and development. The
Boards of TMS and ASM are confident that this new medium of information—

dissemination in the field of metals science and engineering will serve
its readers more effectively and comprehensively, as well as more
economically, than would otherwise be possible.

In behalf of the metallurgical generations yet to come, and as Presidents
of the respective Societies, we extend our collective appreciation to the
committees and staff—members of both organizations whose vision and
devoted efforts brought this new journal into existence.
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Stressalnduced Pseudoelasticity in Ternary Cu-Zn Based
Beta Prime Phase Alloys

HORACE POPS

“Pseudo”e1astic strains up to approximately 15 pct have been observed in ternary Cu-Zn-Si
and Cu- Zn-Sn 8’ phase alloys during loading in tension, compression, or bending. Metalloe
graphic observations and mechanical property studies have shown that the unusually large
elastic strains occur by means of a stress—induced martensitic transformation. The relations
ship between spontaneous martensite and stress-induced martensite is discussed. The inilu~
ence of temperature, composition, plastic flow stress. and elastic modulus upon the transfor-
mation induced pseudoelasticity are discussed.

IT is characteristic of the bee 3’ phases that they
transform martensitically during cooling and that this
transformation is very sensitive to strain. 111 a few
systems, such as Cu- Zn,1 the martensite phase may
form “thermoelastically”, during which process the
martensite plates grow as the temperature is lowered
and shrink upon heating, with little or no temperature
hysteresis. It is also common for a similar form of
martensite to grow during application of stress and to
shrink or disappear when the load is removed. The
formation under stress of a reversible “elastic”

martensite may result in rubber-like properties.
This has been reported for In-Tl,2 Au-Cd,3 and Cu-Al-
N14 alloys. The term “super-elasticity” was used
by Rachinger‘1 in 1960 to describe the large elastic
strains (-4 pct) which occurred at room temperature
during the stressing of single crystals of (In-14.5
Al-S Ni alloys. Supe relastic behavior has also been
observed in coarse grained polycrystalline Cu—Al-Ni
alloys.5 Much attention has been focussed recently
on the NiTi alloys5 (the Nitinols) which show a very
unusual mechanical “shape-memory” effect as a re-
sult of a martensitic transformation.

Thermoelastic martensite was studied in previous
investigations-“8 of ternary alloys based upon the
Cu-Zn ,3’ brass phase (Cu—Zn-Ni, Cu-Zn-Ag, Cu-Zn-
Au, Cu-Zn-Cd, Cu-Zn-In, Cu-Zn-Ga, Cu- Zn- Si,
Cu-Zn-Ge, Cu-Zn-Sn, and Cu-Zn-Sb). The data indi-
cated that by a suitable choice of composition, these
alloys might show rubber-like behavior under stress
near room temperature. On the basis of preliminary
experiments,9 the systems Cu- Zn-Si and Cu-Zn-Sn
were selected for further detailed studies. The object
of this research was to determine the extent of elas-

ticity occurring as a result of the elastic martensite
transformation. The role of applied stress, transfor-
mation temperature, and test temperature was also
examined.

I) EXPERIlVIENTAL PROCEDURE

Alloys were chosen on the basis of their transfor-
mation temperatures, see Fig. 1, which depend upon
chemical composition. M5 temperatures were se- 

HORACE POPS is Senior Fellow, Mellon Institute, CarnegieMellon
University, Pittsburgh, Pa.

Manuscript submitted May 2?. 1969.
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lected in the range between room temperature and
approximately —50°C. Six Cu-Zn-Si and Cu-Zn-Sn
alloys, each corresponding to an electron-to-atom
ratio of 1.395, were prepared and their nominal com-
positions are given in Table I. High-purity metals
(>99.99 pct) were used, the alloys being melted and
cast in sealed quartz tubes under a partial pressure
of helium. Samples were homogenized in evacuated
quartz capsules held for 24 hr at temperatures within
the single s-phase neid,1°~790° to 330°C. Since weight

 

Table I. Compositions of Alloys in at. pct, Used for Deformation Studies
 

 Alloy Cu Zn Si Sn
A 62.5 36.5 1.0 —
B 63.3 35.3 1.4 —
C 64.1 34.1 1.8 —
D 62.9 35.9 — 1.2
E 63.3 34.55 7 1.65
F 64.9 32.9 — 2.2
 

 
|

01 O

-‘TOO

450'
Temperature,(”C)
Ms

'200

-250

O ‘I 2 3
Atomic °fo Solute

Fig. l—Transformation temperature (Ms) of ternary alloys
based upon the Cu—Zn fi’ phase. 2/3 = 1.395.
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losses were negligible, the compositions after melting
and homogenization were assumed to be the same as
the nominal compositions. In order to prevent pre—
cipitation of the fee or phase, the alloys we re quenched
from the homogenizing temperature into an iced brine
solution. Metallographic examination was carried out
on samples electropolished in a 10 pct solution of KCN
in water using alternating current. The samples were
completely 3' prior to the mechanical deformation
studies and exhibited a coarse grain size (~l to 5 mm).
An lnstron machine was used for tensile tests, three—
point bending, and compressive loading. Testing was
done at temperatures between the MS of the sample
and approximately 100°C. A liquid (in. most cases
water) was used to maintain a constant specimen tem-
perature for the tension and compression tests. The
progress of the transformation occurring during load—
ing of a bend sample was observed using a Reichert
Metallograph and a specially constructed deformation
jig. Several single crystals were grown by the Bridg-
man technique and were used for compression studies.

II) RESULTS

A) Effect of Applied Uniaxial Stress. The tensile
curve of a typical Cu—Zn based ternary alloy is showu
in Fig. 2. Upon initial loading, stress increases
linearly with strain. With further loading, the stress-
strain relationship is very much different from that of
conventional polycrystalline mate rials. When the load
is increased beyond what appears to be the proportional
limit, the curve becomes nearly horizontal and the
strain increases approximately 10 pct in this plateau
region. At higher loads, the stress again varies lin—
early with strain, and the point of deviation from
linearity has been termed the plastic yield point. The
total strain measured up to this point appears to indi—
cate a seemingly elastic nature because the specimen
acquires little or no permanent deformation (set) after
unloading. Apparent elastic strains as high as 15 pct
have been measured in coarse grain polycrystalline
specimens. In several specimens of alloy F a reduction
in the cross section was detected visually at high
strains, but disappeared when the load was removed.

Serrations were generally visible in the plateau re-

207
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Fig. Z—Typical stress- strain curve for a silicon-bearing
alloy deformed in tension at room temperature. Total elas—
tic strain is ~15 pct.
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gion of the tensile curve, as may be seen in Fig. 3.
'Up'on unloading, the stress drops rapidly at first, and
then becomes nearly horizontal, producing a charac-
teristic hysteresis loop. As in the case of loading,
serrations are visible in the horiZontal portion of the
unloading curve. The shape of the curve in this re—
gion was quite irregular and differed from sample to
sample. Although a small permanent set usually re-
mained in the test sample after unloading, large elas-
tic strains were reproduced upon reloading.

The point of deviation from linearity in the tensile
curves prior to the plateau region occurred at differ-
ent values of stress depending upon the alloy composi-
tion. Assuming that a strain induced martensitic trans-
formation occurs at the point of deviation, the stress
required to induce this transformation ought to be
dependent upon the strength or stability of the ma—
trix and, therefore, the temperature at which the sam-
ple is deformed. Accordingly, polycrystalline tensile
specimens of several ternary Cu—Zn—Si and Cu- Zn—Sn
alloys were deformed elastically over the temperature
range between the MS of the alloy and 100°C. Fig. 4(a)
shows the stress-strain curves at temperatures be—
tween 27“ and 78°C for a silicon-bearing alloy. The
stress at departure from linearity on loading is plotted
as a function of test temperature in Fig. 4(3)). At the
lower test temperatures, very little stress is required
to induce the transformation. As the test temperature
is increased, stress also increases. The plot of load-
ing—stress vs temperature results in a straight line
which extrapolates to the M5 temperature at zero
stress. Data obtained from the unloading curves also
give a straight line plot, but in this case extrapolate

12

10

CD

psi

-3

Stressx10 
O 1 2 3 4 5 6 7

Percentage Strain
Fig. 3—Portion of tensile curve for a ternary Cu-Zn-Sn ale
loy deformed at room temperature showing characteristic
hysteresis loop after unloading. Serrations are associated
with the formation of elastic martensite.
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to the initial transformation temperature during heat-
ing (As) at zero stress. Similar behavior was ob-
served for all ternary alloys containing silicon; the
tensile stress required to initiate a martensitic trans-
formation became zero at the Ms temperature.

Tensile stress—strain curves for the Cu—Zn—Sn

alloys were similar to those described for the Cu—Zn—
Si alloys, as shown in Fig. 5(a). The stress upon load—
ing becomes zero near the MS temperature and in—
creases linearly with increasing test temperature.
Some of the tensile curves contain two peak maxima,
each resembling a plastic yield point (see curve for
57°C); however, little or no permanent set was ob-
served after unloading. Since the samples had very
large grains, it is assumed that these elastic insta—
bility points are associated with the onset of a mar:
tensitic transformation in different grains. It should
be noted that the applied tensile stress produces
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Fig. fir-Efiect of temperature upon the tensile behavior of
Cu’Zfl’Sl alloy 0. (a) Stressrstrain curves at different test
temperatures. (5)) Variation of stress required to produce
martensitic transformation with test temperature.
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plastic deformation at 81°C, but no permanent set
occurs in samples tested below 78°C. Therefore, for
this particular specimen, pseudoelasticity occurs in
the temperature range between 45°C (the M5) and less
than 81°C.

Large elastic strains were also produced in the ter—
nary beta brass type alloys by compressive loading.
A representative stress-strain curve for a single crys—
tal of Cu-Zn—Si is shown in Fig. 6. This curve indi—
cates typical features of transformation induced
pseudoelasticity in that it exhibits an initial region
during which stress is proportional to strain, a
plateau region where the “apparent” elastic modulus*  

‘The slope of the stress-strain curve does not give the tnie elastic modulus of
the matrix. but indicates the Occurrence of a phase transformation. The strains are
not elastic in a true sense‘ rather the martensitic process results in “pecudo” elastic
strains which resemble elasticity in that lhe strain is reversible. 

decreases to zero or becomes negative, at hysteresis
loop, and large elastic strains. The procedure of load—
ing and unloading a polycrystalline compression sam—
ple at one temperature and repeating the cycle at dif—
ferent test temperatures produced transformation
stress vs test temperature results shown in Fig. ’1'.
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0L c "i c '1 é o i i 3"i Er: i'i'o'TiFnrcnnloua 51mm
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- 20 30 4O 50
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(I?)

Fig. 5—V'ariation of pseudoelasticity with test temperature
for Cu-Zn-Sn alloy F deformed in tension. (51) Stressestrain
curves showing onset of transformation and plastic deforma—
tion. (3:) Stress vs temperature for loading and unloading.
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As in the case of tensile loading, the stress corre—
32 spending to the departure from linearity in the stress-

strain curve increased linearly with increasing test
temperature. Similar trends were also obServed when

28 the stress obtained from the unloading curve was
plotted against the test temperature.

B) Martensitic Transformation Under Bending
Stress. A typical load vs deflection curve for a Cu—
Zn-Si sample deformed at room temperature is shown
in Fig. 8. 0n bending the specimen, large deflections

/ j are produced and the apparent elastic modulus ap-

 

m 4.».

proaches zero. Upon unloading, the specimen snaps
back to its original shape, characteristic of “rubber—
like” behavior. A hysteresis loop was observed in all
specimens exhibiting this type of behavior. Metallo-
graphic examination during loading revealed that
plates (traces are formed in the plane of polish by a
section through the martensite. The traces will he
referred hereafter as plates, or platelets.) of a mar—
tensitio phase form and grow side—by—side into the e’
phase matrix under the application of strese. Fig. 9
shows a plot of length of plate vs deflection for a

8 Cu—Zn—Sn sample deformed elastically at room tem-

/ perature. A small increase in deflection (proportional

-3p5 N 0

StressXl0
5;

|'\)

to the applied strain) produces a small increase in
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Fig. 6—Stress-strain curve at 27“C for a single crystal of
Cu-Zn—Si alloy C deformed in compression. LOIlD.F,pounds a
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length. The arrest in growth occurred when marten—
site impinged upon grain boundaries of the 19" phase.

The first platelets that were observed to grow
were those already present, and most likely were
produced by initial mechanical polishing. A number
of new plates subsequently nucleated at the compres-
sion side of the sample and grew into the matrix with
increasing stress. Their appearance corresponded to
a point of departure from linearity in the load vs de-
flection curve. Transformation generally occurred at
the compressive side with individual grains respond-
ing differently to the applied stress. This suggests
that the formation of elastic martensite is dependent
on the orientation of the grains. Martensite plates
stopped growing at a precipitates or at the original
13’ phase grain boundaries, as shown in Fig. 10. They
decreased in length upon unloading and usually disap-
peared when the load was removed. The plates which
formed last upon loading disappeared first upon un- Q
loading but were stable to a lower stress level on
unloading.

When the sample was reloaded, martensite formed
at identical locations in the structure. A simple bend-
ing experiment was conducted to show the effects of
stress (tensile vs compressive) upon the transforma-
tion behavior, see Fig. 11. The photomicrographs
shown in Fig. 11(a) was obtained from the tensile side
of a bend sample. Several different variants of the
martensite habit plane are visible in each grain. Most
of the plates disappeared when the load was removed,
Fig. 11(b). When the area shown in Fig. llta) was re—
loaded under compressive stress, the strain induced.
martensite formed on different habit planes, see Fig.  ‘ _

r

i H. 1 \ .

. . .3 1‘ .
‘w

l.
I

{1.

‘

” Fig. 11—Martensite formation under elastic bending stress
_ ”'3'" in alloy F. (a) Tension side of the sample. ((1) Load removed.

h——-——————-—-——J Note lack of martensite plates. is) Reloaded in compression.
Fig. 10—Martensite plates formed by elastic deformation in Note martensite plates lying on different planes from those
alloy A. Magnification 80 times. shown in (a).
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11(0). While loaded elastically, the specimen was
cooled below the Ms until spontaneous martensite
formed. It was observed that many of the existing
strain-induced martensite plates decreased in length
and disappeared, while other plates grew in length.
Also, some of the thermoelastic martensite phase
formed along different planes (possibly different var-
iants of the same plane) in the matrix.

Elastic martensite very often has a different mor-
phology from martensite formed by plastic deforma-
tion. Fig. 12(n) shows a region near the fracture sur-
face of a permanently deformed tensile sample. The

 
4. .

a

"ar.

1/!"

 
(D)

Fig. 12—Martensite formation in alloy E deformed plastically
in tension. to) Martensite formation resulting from heavy
deformation. Magnification 7'? times. (In) Interaction between
martensite platelets. Higher magnification.
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strain- induced martensitic phase is wavy when defor-
mation is relatively heavy and broader than the elastic
martensite. Intersection between different platelets is
common, and often results in a microstructure simi-

lar to that shown in Fig. 12(1)]; this has a more regular
pattern, and is similar to the thermoelastic martensite.

C) Elastic Moduli. A dynamical torsion pendulum
method was used to determine the modulus of rigidity,
G, in ten different ternary systems based on the Cu-Zn
system. Details of the sample preparation and appara~
tus are described elsewhere.“ Room temperature data
were obtained for polycrystalline alloys. The spontane—
ous transformation temperature, which was varied by
choosing different chemical compositions, was in the
range between —18° and —169”C. Alloy compositions,
transformation temperatures, and C values are given
in Table II. It may be seen that the shear moduli of
the ternary alloys are approximately the same as the
binary Cu- Zn 8' phase alloys, 329., *2 ><101l dynes
per sq cm. C does not appear to be related to the
martensitic transformation temperature, .145, in con—
trast to some other alloy systems.12

III) DISCUSSION

Pseudoelastic strains as large as 15 pct have been
observed in single crystals and polycrystalline sam-
ples of Cu-Zn-Si and Cu—Zn—Sn beta phase alloys
during loading in tension, compression, or bending.
This phenomenon may be desoribed as a stress induced
pseudoelasticity. For simplicity, the term—STRIE’E will
be adofied in the following discussion. STRIPE differs
from normal elastic behavior in that strese does not

vary linearly with strain. In addition, the stress-strain
curve during loading is not the same as the curve dur-
ing unloading. The appearance of a hysteresis loop
and the small amount of strain remaining in the sam—
ple after unloading suggest that the martensitic trans-
formation is not completely reversible on unloading.
Interaction between martensite plates and either prior
3’ phase grain boundaries or o: precipitates, and pos—
sible interactions between plates on different habit

 

Table II. Shear Moduli of Ternary Du-Zn Based 13' Fhase Alloys  

 
Alloy At. pct. At. pct. At. pct. Ms Temper- G X 10'31dynes
No. Cu Zn 3rd Element attire, ”(I per sq cm
G 60.5 79.5 7 7 126 2.00
H-] 60.15 39.6 0.25 Ni — 128 1.64
1-1-2 59.45 39.8 0.75 Ni — l36 1.34
H-3 57.7 40.3 2.0 Ni — 169 2.55
[71 60.25 39.5 0.25 Ag 7 139 1.34
[-2 59.75 39.5 0.75 Ag — 153 1.3]
5-] 60.25 39.5 0.25 All — 126 1.73
1-2 59.75 39.5 0.75 Au 7 132 1.71
K 60.5 39.25 0.25 Cd — 149 1.41
Lvl 60.65 39.2 0.15 Ga 135 1.30
L? 61.25 33 .0 0.75 Ga — 99 2.88
L-3 62.0 36.5 1.5 Ca — 84 1.93
M 61.25 38 .0 0.75 In — 140 1.95
N 61.0 38.75 0.25 Ga — 107 1.60
0-1 6.1.0 38.75 0.25 Sn 7 124 1.57
0-2 62.0 37.25 0.75 Sn — 99 20
0-3 63 .5 35.0 1.5 Sn — 44 2.0
P-] 61.0 38.5 0.25 Si 7 142 1.73
P-Z 62 .0 37.25 0.75 Si — 96 2.05
9-3 63.5 35.0 1.5 Si — 18 2.9]
Q 62.75 36.5 0.75 Si: — 37 2.14
—-—-—-——__—._._
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plane (variants) within a single grain may produce lo-
calized plastic deformation. Plastic deformation is
irreversible, and hence would result in permanent set
after unloading.

At temperatures above the M5 (but below the To
temperature, 129., the temperature at which the chem-
ical free energies of the parent and product phases
are equal), the ,6' phase is thermodynamically un—
stable and may transform martensitically when suf—
ficient stress is applied to overcome nonchemical
free energies. In an early study of the martensitic re—
action in steels, Scheil”1 postulated that an (austenitic)
lattice becomes both mechanically and thermodynam—
ically unstable at the M, temperature and that a criti—
cal resolved (elastic) shear stress is required to
promote the martensitic transformation. Mechanical
instability at the Ms implies that the elastic modulus
is zero. From the present shear modulus experiments,
G was approximately 2 X10“ dynes per sq cm for all
of the ternary Cu- Zn based 8' phase alloys, irrespec—
tive of their MS temperature. If the shear modulus is
to become zero at the MS, one would expect some re—
duction in the G value as MS is approached. Since
this has not been observed, it is concluded that the 8’
phase does not become mechanically unstable.

Internal stresses produced by the change in volume
accompanying the transformation may be added to the
external applied stress. The total stress must be less

than the elastic limit of the 3’ phase if the resulting
martensite phase is to be in equilibrium with the ma-
trix. If this condition is satisfied, it is expected that
growth of plates would be controlled by the rate of
change of applied stress. This has been verified by
metallographic examination of alloys during bending,
see Fig. 9; the martensite phase grew slowly in the
lengthwise direction with increasing applied stress and
disappeared on the removal of the stress. The effect
of increasing or decreasing the applied load is in this
case equivalent to cooling or heating the specimen
through the M5 temperature. Therefore, it should be
possible to obtain STRIPE in other systems containing
thermoelastic martensite. In the binary Cu-Zn fl-phase
alloys, stress induced martensite forms under tensile 1‘
or compressive ‘5 loading, and for small loads disap-
pears when the load is removed. In spite of this me-
chanical reversibility, the total elastic strain achiev-
able under conditions of reversibility is less than "wt
pct. Adding only a small amount of a third element
such as silicon or tin increases the reversible elastic
strains up to ~15 pct. A likely explanation for this
rather remarkable increase is that the third elements

increase the amount of thermoelastic martensite,8 and
expand the range of stress in which the elastic mar-
tensite occurs.

Plastic deformation cannot occur until the sum of
the applied and the internal stresses exceeds the elas-
tic limit oi the ,8’ matrix. Whereas the stress re-
quired to produce plastic flow generally decreases
with increasing temperature, the stress required to
induce the elastic martensitic transformation increases

with increasing temperature, see Figs. 4 and 7. Con-
sequently, elastic martensite will occur more easily
at lower temperatures. The variation of the stress to
form elastic martensite and the plastic flow stress
with temperature are illustrated schematically in Fig.

METALLURGICAL TRANSACTIONS

13. The curves intersect at a temperature which will
be called the “critical” temperature, i.e., that tem—
perature where the plastic flow stress is the same as
the stress required to form elastic martensite. Plas~

tic flow (such as slip, twinning, or nonreversible strain
induced martensite) occurs at lower stress levels

above this temperature. The shaded region in Fig. 13
illustrates the ranges of temperature and stress in
which pseudoelasticity is expected; the lower limit in
temperature is the Ms, and the upper limit is the
critical temperature. Increasing the strength of the
matrix should raise the plastic flow stress curve and

increase the critical temperature. Consequently, the
temperature range for STRIPE will be extended.
Additions of various third elements to Cu-Zn alloys
will undoubtedly increase the strength of the 3’ phase
by solid solution strengthening. A likely consequence
of this strengthening is an increase in elastic be-
havior. Increasing the Ms temperature will shift the
transformation stress curve toward high temperatures
and therefore decrease the extent of pseudoelasticity.

The most characteristic features of pseudoelas-
ticity may be summarized as follows: _

a.) Very large “pseudo”elastic strains are produced
as a result of a stress induced reversible martensitic

transformation; the phenomenon may be called s_tress
induced pse udoelasticity (STRIPE).
_ b) Theistressiinduced martensite phase is elas-
tically balanced within the matrix, so that it disap-
pears upon unloading.

c) Applied strains plus internal strains surrounding
the martensite phase must be less than the plastic
flow stress of the matrix.

d) Stress required to promote a martensitic trans—
formation in B-brass type alloys increases with in—
creasing test temperature.

e) Pseudoelasticity occurs only in the temperature
range between the Ms and a (higher) critical temper
ature (defined as that temperature where the plastic
flow stress of the matrix is equal to the stress re-
quired to form elastic martensite).

f) STRIPE is more likely to occur at low temper-
atures and in samples containing a large amount of
thermoelastic martensite.

 
 
  
  

 

Stress To Form
Elastic Marlensire

Plastic FlowI
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Fig. 13—Schematic illustration showing ranges of stress and
temperature for pseudoelastlcity. shaded region.
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