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(I\ﬁ /ENSI TI ‘C STAI NLESS STEEL ALLOY FOR USE W TH SURGA CAL NEEDLES The Fi‘g?a copy .
f' t'Hetl nventi on -Generally, this invention relates to the field of steel
alloys. -~ More specifically, the alloy of this invention relates to work
har denabl e,. mar agi ng stainless steel. Mst specifically, the alloy in this
invention relates to a material used in surgical needles formed from work
har denabl e, mar agi ng stainl ess steel. Backaround of the Invention

Presently, .many types of alloys are useq i.n the production of surgical
nektdl| es. _Sorre such alloys are martensitic stainless steels, austenitic

stainless steels, and pl at | ai n carbon steel. These aIons range anong
materials which  exhi bi P‘ABTEQ‘%E'EE SBAINLESS | STEEL ALLOY(FORs | egar di ng

corrosion resistance, strengt ¥S8THRBRGICAL NEBPLES, r se,” primary anong al
these factors is strength. Naturally, the ultimate tensile strength of an

Loy 1o, L ara befg BTG O Use, W e ot compron st ng any of
the cold drawn precipitation hardening
~Generally, this invention relates to the field of steel
alloys. More specifically, the alloy of this invention
relates to work hardenable, maraging stainless steel.
Most specifically, the alloy in this invention relates to
a material used in surgical needles formed from work
hardenable, maraging stainless steel. |

Background of the Invention

Presently, many types of alloys are used in the production
of surgical needles. Some such alloys are martensitic
stainless steels, austenitic stainless-steels, and plated
plain carbon steel. These alloys range among materials
which  exhibit acceptoble characteristics regarding
corrosion resistance, Strength and ductility. Of course,
primary among all these factors is strength. Naturally,
the ultimate tensile strength of an alloy is ideally as
high as possible for use, while not compromising any of
the other characteristics of the material. The ultimate
tensile strength of the cold drawn precipitation hardening
grade steel can be described as a combination of its .
.annealed strength increased by ' the work hardening
response, and added to by precipitation hardening. In
general, it is desirable for current chemistries from
which needles are formed to have an ultimate tensile
strength about equal to 360,000 pounds per square inch
(360 ksi), or more.



grade steel can be described as a conbination of its annealed strength
incréased by the work hardening response, and added to by precipitation

har deni ng. In general, it is desirable for current chem stries from which
needl es are forned to have an ultimate tensile strength about equal to
360, 000 pounds per square inch (360 ksi), or nore. -2- In general, the

all oys on which this application focuses are call ed nmaragi ng stainl ess
steels. This term nol ogy indicates hqy@pnjng by martensitic
transformation, with precipitation hardening by aging. Stainless steel

means a rel ghi yener3oh oHY U1 1S CYR whBch Rndl QppliUR 1dh 2P8LLsdS

percent or greater. st st’age I n processing ese steel's |
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|l ong to place one . or nore co i fuen .
precipitation hardening by aging. Stainless steel means
' a relatively high chromium level in the alloy, usually

about 12 percent or greater.

The first stage in processing these steels is annealing,
or solution treatment. This entails heating the material
- to a suitable temperature (between 1500°F and 21QO°F),

sufficiently 1long to place one or more coristituent
elements into solid solution in the base metal. More’
preferably, the maraged steels of this invention are
solution treated between 1980°F and 2080°F. The phase
change of the solution from an austenitic state to' its
martensitic state commonly occurs in these alloys during
cooling from the elevated temperature of the solution
treatment. A rapid cooling rate insures that constituents
remain in super saturated solid solution, also avoiding
unwanted precipitation that might occur during a slow
cool. The transformation to martensite is therefore a
diffusionless phase change. Alloy additions remain
trapped in solution within the resulting martensite,

filling interstitial or substitutional sites of.the base

metal. In this regard, the additions block dislocation
movement and further strain the structural lattice of the

alleoy. Certain alloy-additions may also cause martensite

refinement, thus hardening or toughening the alloy due to

finer martensite plate spacing.

Next, the alloy 1is work hardengd to gain additional
strength. Work hardening is a process which increases the
strength of a metal by the addition of mechanical
deformation. Any process that increases the resistance to



el ements into solid solution in the base netal. More preferably, the

mar aged steels of this invention are solution treated between 1980[err]F
The phase change of the solution froman austenitic state to
its martensitic state conmonly occurs in these alloys during cooling from

and 2080F.

the el evated tenperature of the solution treatnent.
insures' that constituents remain in super saturated solid solution,

avoi di ng unwanted precipitation that night_ occur during a sl ow cool .
transformation to martensite is therefore a di-ffusionless phase change.
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Finally, precipitation or age hardening is accompliéhed'by
aging the alloy at intermediate temperatures, high enough
to reactivate both diffusion and the formation of

intermetallic compounds. Generally age hardening occurs

between temperatures of 750°F to 1050°F. Typically
maraged steels are precipitation hardened between about
825°F and 975°F. A dispersion of fine precipitates
nucleate at dislocations and at _martensite plate
boundaries, resulting in further hardening of the alloy.

Balancing ultimate tensile strength with corrosion

resistance and ductility in maraging steel is difficult to

arrange. Many attempts yield high tensile strengths and

yet low corrosion resistance, and/or low ductility.

Ultimately therefore, it is the goal of this alloy to
balance these criteria, in order to produce a strong,
ductile and corrosion resistant alloy. Previous systems
have attempted to predict the tendéncy to retain austenite
in this regard. -

Previously, however, there has been an investigation into
alloys in the iron with 12% chromium-system, with variable
amounts of nickel, molybdenum and titanium. Previous
attempts in predicting the tendency of the steel to retain
austenite have been embodied in a number, called the
Austenite Retention Index, or ARI. This 1s seen, for



deformati on. Any process that increases the resistance to -3- slip or
the motion of dislocations in the latti.ce structure of crystals will
increase the strength of the material. In work hardening this resistance is
caused by i mobil e obstacles generated during the defornmation process
itself, They can be arrays of other dislocations or grain boundaries, the
nunber of which is also increased by the nechanical work. Finally,
precipitation or age hardening is acconplished by aging the alloy at

i nternedi ate tenperatures, high enough4t6'reactivate both diffusion and the
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Austenlte Retention Index falls between about 17.3% to

about 21.4%. However, this index has proved to be
inadequate in predicting the amount of austenite which is
remaining in the system. Because it is much more valuable
to know that the alloy is totally transformed to
martensite the use of such indices like the Austenite
Retention Index do not quite fulfill the requiremenﬁs of
capably producing a useful nickel titanium martensitic.
steel alloy, which may be wuseful in making suréical
needles.

Another deficiency inherent to the ARI formula is the lack
of a capability to predict the amount of Chi phase
intermetallic compound in the alloy. When there is
increased Chi phase formers in the alloy, this too,
results in a loss of ductility. Therefore, this is yet
another inadequacy in previous methods of predicting the
amount of strength and ductility of the systenm.

Also, since it is known that the hardening precipitate is
a compound containing nickel plus titanium, molybdenum,
and tantalum, it is necessary to describe a minimum nickel
level to insure adequate hardening.

Of course, once the amount of Chi phase formers,
martensitic finish temperature, and minimum nickel level,
are derived, it is useful to take these factors and
optimize them for amounts of the nickel-titanium-tantalum-
molybdenum system percentages so that a final ultimate
tensile strength can be predicted. Therefore, a formula
to predict ultimate tensile strength based on the amount



Balancing ultimate tensile strength wth corrosion resistance and
ductil'ity in maraging steel is difficult to arrange. Many attenpts yield
hi.gh tensile strengths and yet |ow corrosion resistance, and/or |ow
ductility. Utimtely therefore, it is the goal of this alloy to bal ance
these criteria, in order to produce a strong, ductile and corrosion
resistant alloy. Previous systens have attenpted to predict the tendency
to retain austenite in this regard. Previously, however, there has been an
investigation into alloys in the iron-wbthk 12% chrom um system wth

- variabl e amounts of nickel, nolybdenum and titani um Previous attenpts in

predi cti ng he thessenejepentse RYesent o imet he aakleni mowa eabsen kerbodi ed

in a nunberyg&phlied the Austenite Retention Index, or ARI. This is seen,
for _ -4- instance, in U S Patent No. 5,000,912 assigned to the common
- assignee of ‘this invention. There, for sone

Summary of the Invention

— It is therefore an object of the invention to provide an
alloy material which should have not less than 360 ksi
ultimate tensile after full processing. The yield bending
moments of needles made from this material also should be
greater than that of existing needles. For examp;e; for
0.012" diameter needles fabricated out of the T;ubject
alloy, an increase of 28% bend strength was found, '
compared to needles made from alloys currently in use.

The alloy of the invention must also be capable of passing
standard corrosion tests, commonly as those described in
Federal Specification GG-S-00816c. The materials also
should be able to resist corrosion when subjected to 94%
relative humidity at 176°F for up to 100 hours.

It is further an object of the invention to form needles
from this alloy which must be able to withstand the
bending test described in Federal Specification
GG-S—~00816cC.

It is expected that a minimum of 10.5% chromium is
necessary to provide satisfaétory corrosion resistance.
The maximum chromium level is expected to be about 18%,
because it is a strong ferrite former at low nickel levels
and a very strong austenite stabilizer at higher nickel
levels. It should be noted that it is desirous to have
the entire alloy convert from austenitic phase to
martensitic phase after cooling from the solution
treatment. Some of the other elements to be added form



martensitic steels, it has been suggested that the ideal Austenite
Retent’ion I ndex falls between about 17.3%to about 21.4% However,
this index has proved to be inadequate in predicting the anount of
austenite which is remaining in the system Because it is nuch nore

valuable to know that the alloy is totally transforned to
martensite the use of such indices |like the Austenite Retention |ndex do
not quite fulfill the requirenments of capably producing a useful nickel

titaniummartensitic steel alloy, which émay be useful in making surgical
needl es. Anqgther deficiency inherent to the ARl formula is the lack of a
capability tteragtalkin geppeunds OMitphashromiwmnet aThec amoupound in
the alloy. chroflieh rdififhig iR GFAOe PhaPPaRChOLTR! BxbRel§pBLL0Y,

this too, results in a loss ot ductility. erefore, this I's yet another

i nadequacy in?-FReRATHRE AFKRARYINERdi cting the amount of strength and
ductility of the system Also, since it is known that the hardening
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austenitic structure at temperatures of about 1500°F to
2100°F, which can transform to martensite upon cooling to
room temperature. The nickel content required for this
function is to be expected in the range of about 4%'to
about 20%. Nickel must also be present to :fo}m a
sufficient volume fraction of the various hardenin&ﬁphases
of the alloy. The nickel required for this function is
expected to be about 5.6% to about 12%.

Additional to the chromium and nickel content would be
other elements such as aluminum, cobalt, molybdenum,
niobium, tantalum, titanium, vanadium and tungsten. These
elements could possibly be added primarily because of
their influence on annealed strength, age hardening
response and work hardening rate.

With these criteria in mind, it has ' been found in U.s.
Patent No. 5,000,912, incorporated heréin by reference,
that an acceptable maraging steel has more than a certain
tensile strength when obtaining the following chemistries.
The alloy is an iron base material in which the chromium
content varies from about 11-1/2% to about 12-1/2% by
weight. Nickel content should be no less than about 6.3%
and range no higher than about 9.5%. For a benchmark in
the chemistry, it has been found that the total of nickel
and chromium should add to about 21%. Any combination of
titanium and tantalum should be at least 1.5% and no
higher than about 2.1%. Titanium alone, at about 2% by
weight, results in a desirable configuration of the alloy.



| evel to insure adequate hardening. O course, once the anobunt of Chi phase
formers, martensitic finish tenperature, and m ni mum ni ckel |evel, are
derived, it is useful to take these factors and optim ze them for anounts
of the nickel-titaniumtantal um nolybdenum system percentages so that a
final ultimate tensile strength can be predicted. Therefore, a fornula to
predict ultimate tensile strength based on the anount -5- of these

el enents present in the alloy would al so be useful. Summary of the
Invention -1t is therefore an object of the’invention to provide an all oy

mat eri al which_should have not_|ess, thapn 360 ksi _ultimate tensile after
full processi ndfelRdenyn SRR ngXhdkeht sthe AddaYedtnaBeukrdnlPEnwith a

material al so sadtilfibeogr eficit t Baost hatTié eenlindemestl! ehe &PIoy is
examples. for 0948, d) AR EkaBE°dighehl (68 S eiln 18518 Bk St phar,
carbon, oxygen, nitrogen, phosphorous, silicon and

nanganese.

‘These alloys, because they contain nickel and titanium in
large quantities, and form the intermetallic compound NisTi

are commonly referred to as NiTi alloys. It has been

. found that the NiTi elements produce an ultimate tensile
strength of well over 360 ksi, while maintaining high
ductility and corrosion resistance.

It is further an object of the invention to predict the
martensitic finish temperature, M¢, the percent nickel and

the Chi phase present in the system.” It is further useful
to be able to predict the ultimate tensile strength of the
stainless steel alloy. Therefore, the object of the
invention is to methodically predict such alloys, to
optimize the ultimate tensile strength of the alloy.

Further, it has been found that it may be useful to plot
graphs which were developed from the following formulas:

UTS(ysi) = 216 + (5.-7*“11) + (46.4*%Ti) + (9-8+tMo) + (30.5+%Ta)
MEQE) = 1027 - (78*3Ni) - (27#%Ti) - (34*3Mo)
Percent Nickel = 5.6 minimum
CHItepdency = ¥TL + %Mo

These formula were developed by mathematical comparison of
ultimate tensile strength, martensitic finish temperature,
percent nickel and percent Chi phase to the various
chemical compositions which were nelted. Then, the



all oy, an increase of 28% bend strength was found, conpared to needl es nade
fromalloys currently in use. The alloy of the invention nust also be
capabl e of passing standard corrosion tests, conmonly as those described in
Federal Specification GG S-00816c¢. The materials al so should be able to
resi st ,corrosion when subjected to 94% relative humdity at 176F for up to
100 hours. It is further an object of the invention to formneedl es from
this alloy which nust be able to withstand the bendi ng t est descri bed
in Feder al Speci fication GG S 008I68. It is expected that a m ni num of

10. 5% chrong um i s. necessary. to_provide satisfactory corrosion resistance.
The maxt ot ShHORH i TR V1 S0 THERE dop PR S e, S0t ISR Senai ey o
strong ferrsteefigthenuat kqwali atelldsstel s6andsh FOf yaSkridhgaUfdeéilld €
stabilizer af higher nickel |evels. It should be noted that it is

desirous td"He®e t HEPEHI®T e 4 oS coppdralontauded® (2 c markangisic
martensi ti cEphpsk afdmpercanli@g wHiwn t Hg satutiedst r gayoept . or Sygppf the
other elenents to be added form .
. temperature, in order to produce a ductile needle wire.
The percent nickel must be greater then 5.6% for strong,
ductile needle wire. Finally, the Chi phase must not be

present, again in order to produce a ductile needle wire.

a
Bt

From these formulas, graphs have been develope& and the
inventors have been able to predict the amount of elements
necessary to have a strong ductile surgical grade
stainless steel martensitic needle wire. fherefore, the
optimal amounts of these elements have been plotted, and
tested, and indeed.pass or fall at the predicted levels.

‘This invention will be better understood by the following
Description of the Drawings when taken in conjunction with
the Detailed Description of the Invention.

DESCRIPTION OF THE DRAWINGS

Fig. 1 is a scanning electron microscope photograph of the
typical martensite matrix;

Fig. 2 1is a dilatometer curve showing a distinct
martensite formation temperature, M¢;

. Fig. 3 'is a scanning electron microscope photograph of C
Chi phase in the martensitic matrix;



-6- internmetallic conpounds with chrom um The anount of chrom um renai ning
in a-nickel matrix should exceed about 10.5% after age hardening. It is

al so expected that nickel is required to provide an austenitic structure at
tenperatures of about 1500[err]F to 2100[err]F, which can transformto
martengi te upon cooling to roomtenperature. The ni ckel content required
for this function is to be expected in the range of about 4%to about 20%
Ni ckel nmust also be present to forma sufficient volune fraction of

t he vari ous hardeni ng phases of the all®oy- The nickel required for this
function is expected to be about 5.6%to about 12% Additional to the
chrom um aFdgni ckdls compkot ebutbebbesthdite|mme stexichhasChHiuphase

These el omters i Bi A RLd AL ReRbhED (T Lo ce of their infl uence
on anneal ed strength, age hardeni ng response and work hardening rate.
Fig. 5 is a planar graph developed from the four formulas
of this invention with molybdenum held constant at 0%.
~The chemical composition yielding acceptable needle wire

are represented by the area bounded by the four formulas;

Fig. 6 is a graph similar to that described to Fig. §
where the molybdenum level is held at 2.3%; ., *

Fig. 7 is a similar graph as in Figs. 5 and 6 and with
molybdenum held at 3%;

Fig. 8 is similar to graphs 5, 6, and 7 with the level of
molybdenum level held at 3.5%;

Fig. 9 is a graph showing similar results as in Figs. 5-8
with molybdenum level held at 3.8%; )

Fig. 10 is graph similar to Figs. 5-9, but with mo;ybdenum'
~ level held at 4.8%; and '

Fig. 11 1is a spacial graph developed from the four
formulas of this invention. —

DETAILED DESCRIPTION OF THE INVENTION

Therefore, in the current alloy improvement program
undertaken by the assignee of the invention, a number of
five pound sample heats were melted from which the
prototype alloy could be tested. Néturally, these heats
would be processed under many different conditions, and



Wth these criteria in mnd, it has been found in U S. Patent No.

5,000,912, incorporated herein by reference, that an acceptable maraging .
steel has nore than a certain tensile strength when obtaining the foll ow ng
chem stries. The alloy is an iron.base material in which the chrom um
content varies fromabout 11-1/2%to about 12-1/2% by weight. N ckel

content should be no | ess than about 6.3% and range no hi gher than about
9.5% For a benchmark in the chem stry, it has been found that the total of
ni ckel and chrom um should add to about0 24% Any conbi nation of titanium
and tantal um shoul d be at least 1.5% and no higher than about 2.1%

Ti t ani um dihere testedofer2wlfinadiegHiens bkl ssrengshdesiucdlld torandyur at i on

of the al lfagistande B! ¥8geBEFLahoul d exist in the alloy at about 3.0%
wi th a maxi num of about 4.0% The remainder of the alloy is iron, with

trace el ements (no nore than 0.1% of sul phur, carbon, oxygen, nitrogen,
phosphor ougsttert | then dfikial program, it was desired to undergo a

program where a small number of the more promising five
pound heats would be produced in 100 lb. prototype runs.
After this production run, similar tests were undertaken
in order to further refine the product. Finally, an
optimal design was chosen, the design being selectéd‘for
manufacturing purposes, including the manufacture of 5000
1b runs. -

Tables la and 1b show the actual chemistries of each of
the chemical compositions tested for various performances.
The table reports only those elements which by weight had
a greater than 0.5% amount as measured in the chemistry.



manganese. These al |l oys, because they contain nickel and titaniumin |arge
guantities, and formthe internetallic conpound Ni[err]Ti are commonly
referred to as N Ti alloys. It has been found that the NiTi el enents
produce an ultimate tensile strength of well over 360 ksi, while
nainta%ning hi gh ductility and corrosion resistance. It is further an

obj ect " of the invention to predict the martensitic finishitepderAt+tERs BYEN
the percent nickel and the Chi phase present in the systein |t g heghher
useful to be able to predict the ultinmateltensil e strengt kof—the—statrntess
steel all oy. Therefore, the object of the invention is to nethodically
predi ct such alloys, to optimze the ZABIEt¥atensile strength of the
alloy. Further, it has been found that it may be useful to plot graphs

whi ch were devel oped fromthe followi ng formulas: UTS(ksi) = 216 +
(5.7 ) + (46.4*9F1) + (gT8* /MoppiibA0eomrdlmoNdrsdolmy 1027 - (78N ) -
(279 ) - (34*%w) Percent N ckel =pmmmenranwmafsH t endency =% +%b
These formul a were devel oped by nathenatical conparison of

-
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ultimate tensile strength, martensitic finish tenperature, percent nickel
and percent Chi phase to the various chem cal conpositions which were

nmel t ed. Then, the -8- follow ng conditions nust be applied: The
ultimate tensile strength nmust equal at |east 360 Ksi for a strong needl e
wire. ~Further, it is desirable to have a martensitic finish tenperature

whichis at least 70[err]F, or roomtenperature, in order to produce a
ductile needle wire. The percent nickel must be greater then 5.6% for
strong, ductile needle wire. Finally,~tB& €hi phase nust not be present,
again in order to produce a ductile needle wire. Fromthese fornul as,
graphs have been devel oped and the i BaBhfodd have been-able to predict the
amount of elenments necessary to have a strong ductile surgical grade
stainless steel martensitic needle wire. Therefore, the optiml anmounts of

these el ements have been pl omﬁ‘mﬂﬁm%deed pass or fall at
the predicted | evels.

|i




This invention will be better understood by the foll ow ng Description of
the Drawi ngs when taken in conjunction with the Detail ed Description of the
| nventi on. DESCRI PTION OF THE DRAWNGS Fig. 1 is a scanning el ectron

m croscope photograph of the typical martensite matrix; Fig. 2 is a _
dil atometer curve showing a distinct martensite formation tenperature, M;
Fig. 3 is a scanni ng el ectron mcroscope photograph of C Chi phase in the
martensitic matrix; -9- Fig. 4is aplot of the best fit curve for the
Chi phase versus titaniunlplus mol ybde “Fig. 5is a planar graph
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are represerarcibwy dihfferent prodesses that fwent fintalths fémpukatiom graph

simlar to §paf geceriledebOshtdsty the objects of the invention. A
general study attempted to narrow the factors before
arriving at an alloy program. The study was conducted to

-~ determine the total strength of many different alloy

chemistries. The goal was to develop chemistries which
would surpass strength levels of current. alloys. The
primary objective was to characterize the effectiveness of
each particular alloy addition, and provide a screéning
tool for future alloy candidates. Ultimaﬁély, - a
comparison of the benefits of strengthening, through'alloy
heat treatment, with benefits from work hardening during
drawing the alloy were explored. Thus, some attention was
made to the constraints of needle or wire production. ‘

A number of chenistries was selected to optimize

particular alloy additions. Each five pound alloy heat
was custom melted. Rods of the alloys were lathe cut to
provide four approximate three inch 1lengths. These

lengths of rod were solution treated (annealed) at a
prescribéd temperature, and afterwards cut to quarter inch

length coupons for subsequent processing. Each solution
treatment retained one coupon for hardness testing in the
annealed state, and the remaining coupons for
precipitation hardening (aging evaluation).

Ferromagnetism for one coupon was tested at each annealing
temperature. This attraction was used to indicate
relative amounts of martensite present in the matrix,

which can be seen, for instance, in Figure 1.

Individual sample alloy coupons were treated for annealing
purposes at four different temperatures: 1700°, 18000,

1900° and 2000°F. Solution treatment entailed a one hour



where the nDbedenuniIeveI Is held at 2.3% Fig. 7 is a simlar graph as in

Figs.' 5 and 6 and with nol ybdenum held at 3%

Fig. 8 is simlar to graphs

5, 6, and 7 with the | evel of nolybdenum|evel held at 3.5% Fig. 9 is a
graph showing simlar results as in Figs. 5-8 with nol ybdenum | evel held at

3.8% Fig.

10 is graph simlar to Figs. 5-9, but with nol ybdenum | evel

at 4.8% and Fig. 11 is a spacial graph developed from the four
formulas of this invention. DETAI LED DESCRI PTI ON OF THE | NVENTI ON

Ther ef or e,

in the current alloy inprovek®nt program undertaken by the

hel d

assi gnee of _the hnve tion, nunber of five pound sanple heats were nelted
l}ﬁé"eé’l

from whi ch #hBep

off&t

woul d be prateesedcuntdngmarthedi fémigsns £ondheyonwerand precipitation

hardened at temperatures between 850°F and 1125°F.
Precipitation hardening entailed a four hour age, followed
by air cooling.

Initially, each of these alloy coupons were aged at four
different temperatures spanning the precipitation
hardening . range. Based on the aging respgnée,
intermediate temperatures were added until pinpoipting a
"maximum tensile strength". Tests were conductédﬁw;th a

Rockwell hardness tester using a 150 kg preload and a '

diamond indentor.. Rockwell "C" scale hardness readings
were converted to approximate ultimate tensile
equivalents, using conversions provided by Rockwell.

Test coupon preparation/slicing produced two parallel
surfaces by lathe cut. These were 1lightly sanded to
remove burrs and machine marks. Five hardness impressions
were taken on each coupon - one central reading plus four
evenly spaced from the center. We averaged all five
measurements, and then ultimate tensile strength was
converted from the hardness scale.

Table 2 examines a number of the results of the 5 1lb.
heats. First, through the corresponding alloys from Table
la, it is determined whether the alloy underwent change
from austenite to martensite. In cases where material
remained austenitic, this coupon received a greatly
abbreviated aging study; Also reported is the optimum
tensile strength reached, which is a combination of the
response due to annealed strength, and the precipitation
hardening response. Thus, the change or "delta" response
indicates the precipitation hardening response. Also

~
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then tested for ultimate tensile strength, ductility and resistance to
corrbsion. After the initial program it was desired to undergo a program
where a small nunber of the nore promi sing five pound heats woul d be
produced in 100 | b. prototype runs. After this production run, simlar
tests yere undertaken in order to further refine the product. Finally,
an optimal design was chosen, the design being selected for manufacturing
pur poses, including the manufacture of 3000 I b runs. Tables la and | b show
the actual chenistries of each of the thefi cal conpositions tested for
various petrfqrmances. JThe table reports only those el enent i ch by weight
had a greaf8819ﬁ§ﬁ80.5b§anfi#ﬁ a%“ﬁ%%@b?gd i?FE?ﬂg%men?fﬁFgégh ACENMENT
SHEET TABLEehpeEhEMreAL uSENPGEL Tlamddl ind®OUNDAGIRRGE| tEMbAlratiGARTSis

} indicated for the precipitation hardening temperature

found to be the most desirable for each alloy.



*ALLOY

TR

CHESM STRY NUMBER

(Vi ght Percent) CHRONM UM NI KEL TI TANI UM
MOL YBDENUM 1 11. 86 7. 46

1. 50 4.04 2 11. 93 6.57

0.95 4.03 4 11. 86

1.98 4.04 11.86 8. 32 Tiﬂsg%;}, ASEAS BEEN
4.04 11.87 8. 40 0.84 4550k

11. 79 6. 89 - 199~ 0 10

11. 91 7.48 1. 50 0 0.98 Ta
12 11. 92 TASIE 2 1.49 * - 2.01 13
11. 92 6. 65 0.98 0 16

11. 88 7.57 5~PQUND HEATS 11.92

7.54 1. 48 COUPOHHHEAT TREATMENTS 9g T4 21

11. 88 8. 40 1.96 0 23

ﬂ 38ALLOY TENS 00 AGING  TENSILE 29%

- O NUMBER STREN TEMP  STRENGTA AT
1190 A AFTER 53%350 AFTER4 03 iﬁ
11.98 2000 AGING SE
11.91 AN ANNEAL- 54 5.

11. 99 13. 2.07 4. 00 AGING
a4

{KSN (DEG Fi (KSH) (KShH

3 YES 122 975 242 120
2 YES 120 950 211 a1
4 YES 124 1000 230 106
6 YES 134 975 268 134
7 YES 131 950 212 81
8 YES 133 950 260 127
g YES 122 950 254 132
10 YES 124 850 253 129
12 YES 127 925 247 120
13 YES 121 950 204 83
15 YES 127 950 237 110
16 YES 120 - 850. 234 114
20 YES 137 950 267 130
21 YES 126 o025 271 145
22 YES 133 950 248 115
23 YES 121 925 219 98
24 YES 140 975 ... . 274 134
29 YES 137 1000 235 98
30 YES 142 950 281 138
31 YES 141 950 263 122
32 YES 149 950 290 141
33 NO 72 950 72 0
34 NO 72 900 72 0
49 YES 122 900 269 147
56 YES 110 975 151 41
59 YES 103 1000 136 a3
60 YES | 108 975 202 94
61 YES 121 900 270 149
62 YES 112 975 202 Q0
63 YES 121 950 226 105
64 YES 117 g75 228 111
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34 12.01 11. 80 o 1.98

49 ) 11.91 9.51 2.17 2
12. 19 4.76 2.18 2.43 59

11. 33 4.57 2.31 2.31 60

11.80 5.55 2.51 2.32 61

11. 86° 10. 26 2.05 0 62

5.56 2.50 2.33 63 11. 79

6. 49 2.16 2 34-647 - 11.78

6. 50 2.54. 34 - 12 - TABLE | b CHEM CAL

COMPOSI TI o%sopayobpoeﬁenmmcmmmmmowhe initial studies
CHEM STRY NHNEERS system all have a nomlﬁyf'Sﬂfoﬁ?ﬁﬁeBB%pGQ&Qﬁghpgg

Ni kel ani bdenun110
1!88 1L49 gés amo nt lquq&i;ved sufchant to rendeg;good
4. 60 corr051on resistance for stainless steel. Nickel is

studied from about 4.5 to 13.7%, optimally between 6.5%

—and 9.5%. Titanium is studied from 1 to 2.5%. Molybdenum
is studied from 0 to 5%. Of secondary importance are the
additions of tantalum at 1%.

The preceding data was limited to bulk heat treat
response, that is, response without a component from work
hardening that might otherwise occur from wire draw1ng.
It should be noted that in the bulk test, a maximum
tensile strength was attained at the same temperature as
the maximum change in age hardening response.

From these initial bulk tests we drew the following
conclusions. First, several chemistries surpass the
tensile strength of typical needle wiré grades. Solution
treatment alone of these several chemistries provided
tensile strengths from 120 ksi to 150 ksi, and was
optimized at 1800°F to 2000°F, Precipitation hardening of
the same chemistries reached overall strength from 250 ksi
to 290 ksi. Pfecipitation hardening was found to be most
effective for these chemistries in_the vicinity of 925°F.
All four elements used in the alloys were solid solution
hardeners and raised the annealed tensile strength of the
alloys.

Titanium, molybdenum, and tantalum form precipitates with
" nickel further increasing the response or change ‘in
tensile strength through aging. Titanium was the most
effective in this regard. It was derived that titanium in
a range between about 1% and about 2% by weight provided

3.98
72 56

11. 80



103A 12. 30 10. 32 1.93 4.28 103C

11. 94 12. 53 1.85 4.18 105A 12. 06

8. 23 1.85 3.04 105B 11. 92 8. 88

1, 80 3.47 105C 11.79 9. 33 1.78

4.06 106A 12. 00 - 7.90 1.91 4.73 106B
12. 30 8.50 1.93 4.77 106C 12. 29

8. 90 1.92 4.80 107A 11. 90 9.53

1.91 2.99 107B 11.8518 - 10 38 1.87

2.95 107C 11. 73 11. 27 1.89 2.94 108A
11. 95 by f@r 5Ghe greatesf; contribugigp 1'935 total heat)itpeat

8. 47 respofe. N1ck816§r69351 responde&lbggt at aroung §§00°F
g'gg 109B sofuglon %fqgfment. gfaonggl chemlsq§g2§ tested31@5t§}5A
11. 86 run mo8t4likely conlefted to makxtHndiO8 upon quencAind9to

9.55 rogl.ll géﬂgsléatu@eA'?aE@%B bolm:J.on jt%"gag;énent e:»:cef%8 gfor

1.78
3.75 2219Bthose allpysg3which nev@r4gconverted]l Som austéngbic.

Alloys which did not convert had more than 9.5% nickel.
Alloys with less than 9.5% nickel were ferromagnetic and
showed heavy magnetic attraction when placed in a magnetic
field. ' -

Y
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Thus, when drawn to wire, any change in heat treat
response was due to strain induced effects. Of course,
reevaluation was recommended of alloy response after cold
working these alloys, which was done for the larger heats.
In addition, examination of the mnicrostructures may
further explain the phases present and different hardening
responses in the alloys.

These initial alloys were then subjected to corrosion
tests. As a result of these tests, all the above NiTi
alloys passed copper sulfate corrosion tests outlined in
interim Federal Specification GG-5-00816C, incorporated
herein by reference. It was found that as a function of
the percent chromium or any singie alloy addition, the
incidence of corrosion did not vary as a function of
tensile strength.

Work hardening response for the alloys from series 1 to 24
and the aging response of maraged stainless steels drawn
into needle wire were then tested. The alloys were
received as 0.250 inches round stock. The rod was drawn
to wire using one or both of the following'processes. In
the first process, the rod was annealed at 2000°F, swaged



2527B 12. 16 8.79 1.84 3.20 3400B

12.08 10. 22 1.96 2.72 34044B 12. 25

9. 88 2. 06 2.42 - 13 - The invention will now be
described in relation to the various different processes that went into the
formul dtion of a material to satisfy the objects of the invention. A
general study attenpted to narrow the factors before arriving at an all oy
program The study was conducted to -deternmine the total strength of many
different alloy chem stries. The goald was to devel op chem stries which
woul d surpass strength |levels of current alloys. The primary objective
was to ch&cadda?l&einpbesf,f dotithmesannéatadhagar2Q@At By drbhwp Hfadint i on,
and provi C LRg o] r; e y P ; _

U timatel ﬁﬁaasc%ﬁ%g%?soél&op'totﬁg blerIne élgt's ofai‘ﬂs% gﬁ%ﬂ%’r}?ﬁt ?étl.ﬁ?of&s al | oy
heat trea@Rfaleqd tat H20RP 7 Fsandodravink GRamchi %3 dtei Ag 0dravinghashe al | oy

were expl qneérnltitsiy SOMR hleeddBhd'@grocess, the rod received as
0.250 inch round was annealed at 2000°F. Then the rod was
— drawn from 0.250 to 0.101 inches. This wire was annealed

at 2000°F and drawn from 0.101 inches to 0.022 inches.

Tensile tests were then performed in the annealed

condition and as drawn to the following diameters:, 0.030

inches, 0.024 inches, 0.022 inches. Further tensilé:tgsts

were performed on the material when drawn to 0.022 inches .
and aged as 875° for one hour and then air cooled. 1In

addition, other tensile tests were performed on wires

drawn to 0.022 inches and then aged at 950° for one hour

and then air cooled. .

Table 3 demonstrates the annealed tensile strength before
drawing and the tensile strength as drawn to 0.022 inches
and the aging response resulting from the aging of the
material. The work hardening rate (WHR) of the alloys was
determined by plotting the ultimate tensile strength (UTS)

. of "as-drawn' wire versus the natural log of the change in
length. The slope of the resulting curve is the WHR of
the alloy. The UTS of the alloy at various wire sizes can
be calculated according to the folloWing formula:

UTS = annealed tensile strength + WHR * LnAL,
where AL = final length + original length

The total UTS column demonstrates the ultimate tensile
strength of the alloys as drawn to wire at 0.022 inches
plus aged and the last column demonstrates ductility.



made to the constraints of needle or wire production. A nunber of

chem stries was selected to optim ze particular alloy additions. Each
five pound alloy heat was custom nelted. Rods of the alloys were | athe cut
to provide four approximate three inch |engths. These | engt hs of

rod weré solution treated (anneal ed) at a prescribed tenperature, and
afterwards cut to quarter inch | ength coupons for subseqy ol T

Each solution treatnment retai ned one coupon for hardness ?@?P?ﬂgfakg@#?EN
anneal ed state, and the 'renaLn%Bg_ coupons fOI—ﬁF@GPpJLEiL&Q—-_
har deni ng (agi ng eval uation). Fefromagneti smfor one coupon was
tested at each anneal ing tenperatur LE 1§s attraction. was used to

i ndi cate rel ati ve anmounts of nartenggg%J%TESent in the matrix, which can be
seen, for instance, in Figure 1. Individual sanple alloy coupons were

treated for annealing purposes at four different tenperatures: 1700[err],
1800[err], 1900[err] and 2000[err]F. Solution treatnent entailed a one hour

_ ' AVG
Ann AS—-DRAWN AGE TOTAL

HEAT uUTsS ifflo WHR UTS RESP UTS DUCTILITY
(ksi) ' —_ (ksi) (ksi) (ksi) (accirej)

1 147 11 34 229 93 322 + ° acc
2 134 11 30 205 77 282 - ace .

4 137 11 33 218 105 323 rej

6 147 21 34 254 113 367 rej

7 137 11 24 193 80 273 acc
10 129 21 22 194 101 295 acc
12 132 21 28 218 92 310 acc
13 121 21 23 192 59 . 251 acc
16 136 11 17 178 84 262 acc
20 144 21 33 242 96 338 acc
21 122 11 25 - 183 100 283 acc
23 137 11 32 - 214 95 309 acc

This Sheet Has Been Re
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- 14 - anneal followed by water quenching to roomtenperature. After
cutting the coupons, they were precipitation hardened at

tenperatures between 850F and 1125[err]F. Precipitation hardening
entailed a four hour age, followed by air cooling. Initially, each of these
al | oy céupons were aged at four different t enper at ures spanni ng t he
precipitation hardening range. Based on the aging response,

i ntermedi ate tenperatures were added until pinpointing a "maxi mumtensile
strength”. Tests were conducted with &;Rackwel | hardness tester using a
150 kg prel oad and a di anond i ndentor. Rockwel | "C' scal e hardness

readi ngs Walteile Ceti¢ eWHRA of t&n  adRR: Xigah%efulll tirimttiéterinﬁﬂihh the
equi val ent s USIQﬁb‘H$VerS ons_provi Rockwel | . Test coupo

prepar at i oy Wihd 18 'al’rfel SRER disgfrd aﬁché’%@tble thhese
vere |ight prestrotethe UTSTfe Wiive S mtheadi ishemriseatd] whadwridness

e eSO SEeTa0 RRFIRUPUrone FENAR RGP A |
then ulti k& edevehop| & rs@tbﬁganlcmis relationship between the as-
—drawn plus aged tensile strength (Total UTS), and the
chemical composition of the alloys tested. The Total UTS
data in Table 3 were used to determine this relationship.

sas'™M statistical software was used to develop a

mathematical relationship between the chemical compesition
of NiTi alloys and the Total UTS obtained after cold work
and age hardening.

A model was formulated which included a linear term for
each constituent element. For the elements that made a
significant contribution to the Total UTS, a coefficient
was determined to quantify its individual contribution:

UTS(kﬁ) = 216 + (S.7*%Ni) + (46.4*%Ti) + (9.8*sMo) + (30.5*%Ta) (1)

A measure of the goodness-of-fit to the data is the

Coefficient of Determina;ion, or R-squared value. An R2
value of 1.0 indicates a model with a perfect fit (i.e.,
one in which the predicted values equal the observed
values). The better model fits the data the closer the R2
value is to 1.0. Tﬁe Rz.value obtained for the data

modeled is 0.85. This indicates that'the model fits the
data well.



converted fromthe hardness scale. Table 2 exam nes a nunber of the results
of the 5 1b. heats. First, through the corresponding alloys from Table |a,
it is determ ned whether the alloy underwent change from austenite to
martensite. In cases where material remained austenitic, this coupon
‘received a greatly abbreviated agi ng study. Al so reported is the optinmm
tensile strength reached, which is a conbination of the response due to
anneal ed strength, and the precipitation hardening response. Thus, the
change or "delta" response indicates. bhe precipitation hardening response.
Al so indicated is the annealing strength reached, and tenperature

used at an@ﬁﬁﬂﬂl&%% Aging tenperature is indicated for the

precipitation hardening tenperature found to be the nost desirable for

each all oy. :
Bend tests were performed to test ductility, using
criteria developed from a utility tester. This ductility
tester consisted of five major parts: sample~holding
clamp; bidirectional, variable-speed stepping motor;
strain gauge load cell; load cell adapter; and horizontal
and vertical vernier load cell positioners.

The sample-holding clamp is used to secure each “test
sample firmly. This clamp is mounted on the shaft .of a
variable-speed motor that can rotate the clamp in either
clockwise or counﬁerclockwise rotational directions. The
stepping motor rotates the sample clamp at a fixed speed
about an axis normal to the plane of sample curvature.
The center of rotation is located on the line formed by
the front faces of the two jaws and centered between the
two jaws. For this ductility test, the stepping motor
speed is calibrated to rotate the sample at a constant
angular speed. 1In preliminary studies, the influence of
rotational speed on sample ductility was assessed by
performing ductility tests on selected needles at speeds
of either 1.5 or 3.0°%sec. All subsequent ductility
studies were undertaken using a rotational speed of
3.0%° sec.

The steel load cell adapter consisted of a carbide knife
edge. This adapter was rigidly attached to a strain gauge
load cell that was sensitive only to vertical forces
imparted to the adapter. The sample was positioned on the
knife edge of the adapter and secured ﬁo the clamp. As
the clamp securing the samplé was rotated, the sample was
forced against the knife edge, imparting a bending load on
the sample. An important feature of this adapter was its



- 16 - TABLE 2 5- POUND HEATS COUPON HEAT TREATMENTS ALLOY MAGNETI C

TENSI LE AGQ NG TENSI LE HEAT NUVBER ATTRACTI ON
STRENGTH TEMP STRENGTH TREAT AFTER AFTER USED
AFTER DELTA 2000 2000 AG NG
RESPONSE ANNEAL ANNEAL FROM AG NG
(KSI') (DEG F) (KS1) (KS1) 1 YES

122 975 242 120 2 YES

120 950 211 94 23 - YES

124 1000 230 106 5 YES

134 apility to cpgate bendingjfarges as the clayms was rotated.
131 5 1 : ; Y|

133 A§58a resultgG%f this calxg%bgllty, bend ?%Sr.ces cou;d be
122 recorded as eagh test sampj}ejyas bent clockgise through an
124 a®20of about?®%°. . 129 12 . YES

127 925 247 120 13 YES

121 950 204 83

Before the test, the load cell and adapter were positioned
using the horizontal and vertical verniers so that the
sample held by the clamp would rest on the knife edge.
The knife edge was always positioned at the same vertical
level as the center of clamp rotation to minimize friction
and lateral forces. The horizontal vernier fhénn was
adjusted to set the bending moment arm for the test.

During the test, the sample was rotated 84° onto the knife

edge and permanently deformed. This rotation resulted in
a combination of elastic and plastic (permanent)
deformation. During this 84° of angular deformation, the

strip chart recorder (Hewlett-Packard Company, San Diego,
California) plotted the vertical bend force sensed by the
load cell as a function of the éngular rotation of the
clamp; The bending mbment (M) exerted on the test needle
was calculated using the equation M = Fx, where F is the
vertical bend force applied to the needle and x is the
moment arm of the test, defined as the distance from the
center of the knife edge to the center of rotation of the
clamp. ’

Careful examination of the strip chart recording of
vertical bend forces sensed by the load cell as a function
of the angular rotation permitted the bend angle to cause
fracture to be determined. The onset of fracture was
indicated by a sudden drop in vertical force. In this
study, all samples which exhibited a sudden drop in force
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YES
YES
YES
YES
YES
YES
YES
YES
YES

122
110
103
108
21

112
121
117

YES 127 950 237

YES 120 950 234
137 950 267 130 21
126 925 271 145 22
133 950 248 115 23
121 925 219 98 24
140 975 274 134 29
137 1000 24 - 235 98 30

.. 14 950 . 281 ... 139 31
were consxderﬁé not aceggptable ipgguctility.;o-.Samples

which did notl4éxhibit a%98fop in fdP€e prior tAkredthing
the 84° l%%gt of thggggster wer?Z%onsidered(%éé;%table.
900 269 147 56 YES

1@%% purpose%%éf choosingg%hgge criteria $E§ to determine
thé upper 2Qfits for tHe 6Rardening eléénts titanium,

ggggtalum %%85 molybd%égﬁ?ééthe upperY$é§mit for M?

bepperaturez2end the uyppes4 limit for MESin the alloy
Qyétem. 228 111

e

Wire Drawing

The NiTi alloys were then processed according to one of
the following two wire drawing processes.

EXAMPLE I

1. Rod received at 0.225" diameter.
2. Intermediate draw, up to four times original length.
3. Intermediate anneal at 2020°F.

4. Repeat steps 2 and 3 until final breakdown size is
reached.

5. Final anneal at 2020°F."

6. Final draw, from 11X to 50X original length.

Final length change was determined by a heat's ability to
achieve the desired strength while maintaining acceptable
ductility. If the desired final UTS was achieved or the
sample failed for ductility, the drawing was' stopped.
Heats which did not achieve sufficient strength with a
length change of fifty times the original length, were
considered unacceptable for work hardening properties.
The results are summarized in Table 4a.

110
114 20

YES



- 17 - As can be seen fromthe tables above, the initial studies in this
systemall have a nom nal chrom um conposition of 11.9% This anmount is
bel i eved sufficient to render good corrosion resistance for stainless
steel . Ni ckel is studied fromabout 4.5 to 13.7% optinally between
6.5%-and 9.5% Titaniumis studied from1l to 2.5% Ml ybdenumis studied
fromO to 5% O secondary inportance are the additions of tantalumat 1%
The preceding data was I|limted to .bykk- heat treat response, that
I's, response without a conponent from work hardening that m ght otherw se
occur fromwi re drawing. It should be maBag #hat in the bulk test, a
maxi mumtensile strength was attained at the sane tenperature as the
maxi num change i n age hardeni ng response. Fromthese initial bulk tests we
drew the foll ow ng concl usions. First, several chemistries surpass
the tensile strength of typical needle wire grades. Sol ution

50 pound and Production Heats

AVG
Ann AS-DRAWN AGE TOTAL

HEAT UTsS ifflo WHR UTS RESP UTS DUCTILITY
(ksi) ~ (ksi) (ksi) (ksi) . (accirej)

102B 148 50 34 253 136 419 rej

102C 160 11 34 240 107 347 rej

103A 110 12 62 260 83 343 rej

103C 84 12 63 239 87 326 rej

105A 154 50 30 271 137 407 acce

1058 153 50 31 275 125 400 . ace

105C 157 - 80 34 286 140 426 rej

106A 149 - 50 40 307 133 439 rej

1068 154 50 39 311 138 449 rej

106C 149 50 40 308 125 433 rej

107A 150 26 30 254 139 393 acc

1078 138 26 31 243 138 381 acc

107C 110 37 52 297 148 - 428 rej

108A 157 37 37 290 124 414 acc

1088 158 37 35 286 128 414 acc

108C 162 37 37 296 129 425 acc

109A 149 25 28 239 143 382 acc

1098 147 25 30 245 149 394 acc

110A 153 25 24. 229 125 354 acc

110B 157 25 25 240 128 368 acc’

19838 160 50 38 311 108 419 rej
21778 155 50 38 304 127 431 rej
22198 155 50 38 295 132 427 rej
25278 185 37 35 276 124 400 acc
3400B 150 25 30 245 145 390 acc

34048 150 25 31 250 144 - 393 ace



treatnment al one of these several chem stries provided tensile strengths
fromda20 ksi to 150 ksi, and was optim zed at 1800[err]F to 2000F.

Preci pitation hardening of the same chenistries reached overall strength
from 250 ksi to 290 ksi. Precipitation hardening was found to be npst
effective for these chem stries in the vicinity of 925[err]F. Al four

el ements used in the alloys were solid solution hardeners and raised the
anneal ed tensile strength of the alloys. Titanium nolybdenum and tantal um
formprecipitates with nickel further incraastng the response or change in

tensile strength through aging. Ti tanium was the nost effective in this
regard. It was derived that titani um IBEXAMRIZEIGEL bet ween about: 1% and about
2% by wei ght provi ded - 18 - by far the greatest contribution to total

heat treat response. N ckel probably responded best at around 2000[err]F
sol ution treat¥ent Roy |[regaivedecatsPr 289"t ddametier .t his

2. Rod annealed at 2020°F.
3. Intermediate draw, up to four times original length.
~ 4. Intermediate anneal at 2020°F.

5. Repeat steps 3 and 4 until final breakdown size is
reached.
6. Final anneal at 2020°F.

7. Final draw, from 11X to 50X original length.'

Final length change was determined by a heat's ability to
achieve the desired strength while maintaining acceptable
ductility. If the desired final UTS was achieved or the
sample failed for ductility, the drawing was stopped.
Heats which did not achieve sufficient strength with a -
length change of fifty Eimes the original length were
considered unacceptable for work hardening properties.

The results are summarized in Table 4b.



I

run nost |ikely converted to martensite upon quenching to roomtenperature
after solution treatnment, except for those alloys which never converted
fromaustenitic. Aloys which did not convert had nore than 9.5% ni ckel .
Alloys with | ess than 9.5% ni ckel were ferromagnetic and showed heavy
magnetic attraction when placed in a magnetic field. Thus, when drawn to
wre, any change in heat treat response was due to strain induced
effects. O course, reeval uation was recommended of alloy response after
cold working these alloys, which was done for the |arger heats. In
addi tion, exam nation of the mcrostructurgs Jmay further explain the phases
- present and different hardening responses in the alloys. These initial
all oys were then subjected to corrosi onrAgst stb As a result of these tests,
all the above NiTi alloys passed copper sulfate corrosion tests outlined in
i.nterim Federal Specification GG S-00816C, incorporated-herein by
reference. It was found that as a function of the percent chrom um or any

single alloy addition, the incidence of corrosion did not vary as a
function of L

o o AVG
Ann : AS—~DRAWN AGE TOTAL
HEAT uTsS itho WHR UTS RESP UTS DuUCTILTY
(ksi) . - ks)  (ks) (ksi)  (accire])
29 137 37 32 252 110 366 . -acc
30 142 a7 - 43 294 133 423 rej
31 161 1 41 260 119 379 rej
32 147 37 4 297 140 437 rej
33 90 11 66 241 62 303 rej
34 96 11 76 269 92 361 . rej
49 122 25 32 237 138 375 acc
56 112 36 36 237 - 80 317 ace
59 101 36 30 206 81 287 ace
‘ 60 130 36 38 258 87 345 acc
' 61 143 38 28 245 99 344 acc
62 128 36 37 262 97 359 ace
63 139 36 37 274 a5 370 ace
64 140 36 39 276 108 384 ace



tensile strength. Wrk hardening response for the alloys fromseries 1 to
24 amd the agi ng response of maraged stainless steels drawn into needle
wire were then tested. The all oys were received as 0.250 inches round
stock. The rod was drawn to wire using one or both of the follow ng
processes. In the first process, the rod was anneal ed at 2000[err]F,
swaged - 19 - to 0.218 inches, further anneal ed at 2000F, drawn from
0. 218 inches to 0.073 inches. The resulting wire was anneal ed at

2000[ err]F and drawn from0.073 to 0.022 i2&hes. Alternately, 1in the
second process, the rod received as 0.250 i nch round was anneal ed at

2000[ err] F. Tifmeadheofodreaponsawnindinatedsthas 00061 $dciie ausswilse

was anneal ed au@N0fertded Hrodacs 9040%r NabEE o OcA2 drahisscabin | ©

tests were then performed in the anneal ed condition gnd as drawn to
fol | owi ng di a@xening pe8PPRsRes, TheobgsEnERRPING ISR (Afcfdrengfh pad

tensile testsductility among these alloys was therefore found at the
martensitic alloy 3400. A tensile strength of 390 ksi was
achieved with an aging response of 145 Kksi. Ductility
surpassed full deflection in the bend test under which we
proceeded.

With these new NiTi alloys chosen to eva{yaie high
titanium levels (2% and greater), and molybdenum levels at
2% to 4% or greater, and nickel levels up to 10.5%
resulting optimum tensile strengths were grouped at about
400 ksi for all these alloys. These strengths surpass all
the earlier chemistries. As a conclusion of these second
stage tests, it was reaffirmed that the limit of the
combination of molybdenum, titanium and tantalum should be
at a maximum of about 5.6, and nickel was determined from
these studies to be most beneficial at a level between_
5.6% and 10.5%. |

Finally, needle wire from heat 3400 (the most desirable
heat) was processed into needles using standard needle
making equipment, tooling and processes. Tensile strength
of the needle wire was higher than normal for typical
alloys. Channel forming and point forming studies were
also conducted to determine if channels could be punched
in the higher strength material and points could be
successfully formed. The needles were compared with
present needles made before or after these heat 3400
needles. In conclusion, it was determined that this heat
can be successfully processed into needles without major
equipment or tooling modifications. Bend strength of the
needles made from heat 3400 was 20% to about 28% hiqher
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were perforned on the material when drawn to 0.022 inches and aged as
875[err] for one hour and then air cool ed. In addition, other tensile
tests were perforned on wires drawn to 0.022 inches and then aged at

950[ err] for one hour and then air cooled. Table 3 denonstrates the
anneal €d tensile strength before drawing and the tensile strength as drawn
to 0.022 inches and the aging response resulting fromthe aging of the
material. The work hardening rate (WHR) of the alloys was determ ned by
plotting the ultimate tensile strength (U1} of "as-drawn" wire versus the

natural |og of the chan n | The_s| ope of the resulting curve is
the WHR of t hethgm oy ’Uﬁ%‘?ggst% de|pfyt ’ég SARe 0Py r SIS comparesk

cal cul ated accaa@br@blp wbehf eheowigh frensile skengtanneal ed tensile
strength + WHR * Ln[err]L, where AL = final length - original |ength The
total UTS colum denonstrates the ultimate tensile strength of the alloys
as drawn to wi ThepefOré22innodmelypsionagtbesadchedts [wein citawm tenmeesilet es

ductility. sizes produced ultimate tensile strengths well above 360
—ksi. 1In this regard, it was determined from our studies
that such an alloy is highly desirable in use as wire or

especially in use as needles.

It was then desired to determine the tempefatures ét which
the various phase transformations start and’ flnlsh in
these nickel titanium alloys, and from them to develop a
mathematical relationship between the chemical analysis of
the alloy and the martensitic finish temperature, Mf(oF).

Previous studies have shown that materials that have large
amounts of austenite are brittle after drawing and aging.
This makes the determination of the martensite finish
- temperature of considerable value and ﬁrovides a method to
develop chemical composition limits that optimize the
resulting properties of a needle alloy.

A Dilatometer measures minute changes in length of a
sample during heating or cooling. The ratio of length
change versus temperature is typically linear as a result
of the uniform expansion or contraction of the atoms. The
expansion or contraction will become non-linear if a phase
change starts to take place in the alloy. The rate of
length change versus temperature either increases or
decreases depending upon the atomic spacing of the new
phase of the alloy. When the phase change is complete,
the ratio again becomes linear. The new slope of this
linear ratio depends upon the expansion characteristics of
the new phase.



- 20 - TABLE 3 AVG Ann AS- DRAVWN AGE TOTAL HEAT

urs -

34
205
105
367
acc
12
121
11
33
183
95

If/lo VWHR uTs RESP UTS DUCTILITY (ksi)
(ksi) (ksi) (ksi) (accl/rej) 1 147 11
229 93 322 acc 2 134 11 3
77 ' 282 acc 4 137 11 33 21
323 rej 6 147 21 34 254
rej 7 137 11 24 193 80
10 129 21 22 - B%4 - 101 295
132 21 28 218 92 310 acc
21 Samnpdes of rod fipom selegged NiTi Zphloys wereceghgsen for
17 3 3 C 4o _yvu ;
- 242d11at§§?¥er teé%&ﬁ?. Th36§%% 3?mpl§§ ggge cut %é 2-%" if
100 lengtig3 annealed; @t 2920°F fpr7 1 houry] followedspy a water
309 qut.ench.aCC The samples were then given code numbers,

different from their alloy numbers, for identification,
and then sent for testing. As a check on the
reproductibility of the testing, a sample of alloy 2527B
was sent along with each group of samples. 1In all cases,
the testing was done "blind" ¢to the actual alloy
identification. e T

The temperature at which phase changes occur can be
determined from the changes in slope on a dilatometer
curve. Figure 2 is a sample curve which shows the
temperature at which the phase change from austenite to
martensite is completed.

The samples were tested in a Unitherm Model 1161 High
Temperature Vertical Dilatometer. Each piece was heated
to 2020°F at a rate of 9°F/min. in flowing nitrogen; they
were cooled at the same rate. Plots were made of the
expansion versus temperature.

0

8
113
273
acc
13
136
1
25
214



- 21 - Wiile the WHR of an alloy is useful in determning the strength of
as-drawn wire, it is nore useful to be able to predict the UTS of wire in
the finished state, that is, as drawn plus age hardened state. It was
therefore desired to develop a mathematical relationship between the as-
drawn plus aged tensile strength (Total UTS), and the chem cal conposition
of the alloys tested. The Total UTS data in Table 3 were used to determ ne
this relationship. SAStm statistical software was used to develop a
mat hematical rel ationship between the cheh cal conposition of NiTi alloys
and the Total UTS obtained after cold work and age hardening. A nodel was
formul at ed whiR® TRIRRKREUres nékr vhiehi jphasen ghanges uescudl epent .be For

the el ements dbﬁgrﬁ&dﬁda %&mi Ehéa{&!}&ﬁ%éi _tih'% i Qro{sel tdie EIOR:‘;}'1ta}£E~§»aef:’%ar
coefficient was _deterpin uant i 1ts jndividual contrjbution:

UTS(ksi) -= 21895 VEs, %&F)zﬁiﬂ&%@ﬁwlﬁig.%ﬂ 5 anq 3 sepcpiked in
neasure of thBigooeness- ofAlldyd ocoheadatiag stitanfonf fami enicrél were
Det er m nat'0r‘pr80i§ﬁ§gyarf%%n\éalt%e'agéa‘nhglrgrern] at about 900°F after two

hours. Thus, after two hours, the first slope change
observed during heating at 983%°F is attributed to the

formation of NijTi particles. The formation of NijTi
particles is a slow, diffusion process. The difference in
temperature between 900°F and 983%F results because the
dynamic dilatometer tests can not immediately reflect the
start of Ni3Ti formation. The next slope change for heat
2527B, at 11629F, is attributed to the comp'letion of the
formation of NiqTi particles. Determination of these

temperatures is of limited value to alloy development,
since long term aging is needed to fully develop the NiaTi
particles. In contrast, the absence of these slope
changes as found in Alloys 34, 37 and 41, indicates that
no significant age hardening can occur. | '

For heat 2527B, the next slope change is observed at
12929F. This temperature is typical of a phase change from

martensite to austenite for iron-base alloys. Another
slope change at 1465%F indicates _,th'at"the martensite has .

completely transfofmed to austenite.

Previous studies have shown that the optimum annealing
temperature for age hardening is about ZOOOOF: Thus, our

samples were always well above the austenite formation
temperature.



value of 1.0 indicates a nodel with a perfect fit (i.e., one in which the
predi‘cted val ues equal the observed values). The better npdel fits the data
the closer the Rlerr] value is to 1.0. The Rl err] value obtained for the
data nodeled is 0.85. This indicates that the nodel fits the data well.

- 22 - Ductility Bend tests were perfornmed to test ductility, using
critefia developed froma utility tester. This ductility tester consisted
of five major parts: sanpl e-hol ding cl anp; bidirectional, variable-speed
stepping notor; strain gauge |load cell; 4 ged cell adapter; and horizontal
and vertical vernier load cell positioners. The sanple-holding clanp is
used to secur B cHFIRe sHAR eCPPLRAY. immpediately iafweunteercminge tdtef t

of a vari abl e-meptuiDtengdidtyr® bet Agpdde Cl dRandes LT stbpek Weife O
countercl ockwi se rotational directions. The - :
observed at 254%F and 195°F, the start and finish of the

phase change from austenite to martensite. Previous
studies have shown that materials which have large amounts
of retained austenite are brittle after drawing and age
hardening. Thus, determination of the martensite finish

temperature My is of considerable value. Developing a

relationship between chemical composition and :the M,
provides a method to develop chemical.composit%pﬁ limits
that optimize the resulting properties. The absence of
the two slope changes for the alloy, as in alloys 34, 107B
and 107C, indicates that these alloys remained austenitic
after the Dilatometer test. The absence of the second
siope change, as for Alloys 106C and 107A indicates that
these alloys were partially austenitic after the
Dilatometer test.

The transformation temperatures were determined and are
reported in Table 5. Heats 2, 4 and 2527B were tested

several times to evaluate the reproductibility of the test
method.



stepping notor rotates the sanple clanp at a fixed speed about an axis
.hormal to the plane of sanple curvature. The center of rotati.on is |ocated
on the line formed by the front faces of the two jaws and centered between
the two jaws. For this ductility test, the stepping notor speed is
calibrated to rotate the sanple at a constant angul ar speed. In prelimnary
studies, the influence of rotational §p§§d_on sanple ductility was assessed
by performing ductility tests on selectéd needl es at speeds of either 1.5
or 3.0[err]/sec. Al l subsequent duGfigig s studi es were undertaken using a
rotational speed of 3. O[err]/sec. The Steel |oad cell adapter consisted of
a carbide knife edge. This adapter SFERATMEERRIRESUETS ached t 0 a strain gauge

| oad cell th g gy et _ ' =
~adapter. The sanpl@um%s po9

sanpl e was f qrees=&g v crvion B =5
sanple. An irfpartant? featude Af03 hils AfB8%t erl waf-$% 3173
2 (rep) * " . . 368
4 4.04 1.98 © 6.53 335 -

4 l(rep) " - . 330
13 0.98 6.65 465
16 1.52 7.57 T 411
20 2.10 1.48 7.54 0.98 Tax | " 319
21 1.96 8.40 o 146
23 1.00 8.41 ' 341
30 4.03 2.53 8.53 189
32 5.05 2.54 8.47 124

34 3.98 1.98 11.80 : NT
49 2.72 2.17 9.51 . 151
1068 4.77 1.93 8.50 97
106C 4.77 1.92 8.90 NT
107A 2.99 1.91 9.53 T
1078 2.95 . 1.87 10.38 NT
107C 2.94 1.89 11.27 NT
108A 3.46 1.87 8.50 189
108B 3.65 1.88 8.47 216
108C . 3.66 2.03 — 8.45 184
1092 2.87 __2.05 10.13 NT
1098 3.05..:F 2.23 10.30 NT
1108 2.31 1.79 9.45 ' 173
110B 2.47 1.9¢ 9.55 157
21778 . 3,75 1.84 8.52 184
25278 3.20 1.84 8.79 184
25278 (rep) . " . 195
25278 (rep) ’ " " 184
25278 (rep) . : " " 205
25278 (rep) . K N 195
2527B (rep) " . " 189

note: - NT indicates that No Transformation occured

- {rep}) indicates a replicate on a new sample
of a previously tested heat



- 23 - ability to create bending forces as the clanp was rotated. As a
result of this capability, bend forces could be recorded as each test
sanpl e was bent cl ockwi se through an arc of about 84[err]. Before the test,
the load cell and adapter were positioned using the horizontal and verti cal
verniers so that the sanple held by the clanp would rest on the knife edge.
The kni fe edge was al ways positioned at the sane vertical |evel as the
center of clanp rotation to mnimze friction and |ateral forces. The
hori zontal vernier then was adjusted to seisgthe bending noment armfor the
test. During the test, the sanple was rotated 84[err] onto the knife edge
and per manent |gtaeistiedl EHofcwatat was raesadt etb i modelcothe Nnaiardensifte

el astic and {astic er.manent) for ion_ _During this 84[ery] qf
angul ar def or rrg_?bﬁk,‘ tﬁ%‘g‘g?FgS“Eﬁar_t ecé?gtr" ( Béw gttgﬂg(?l?d'rod' any*® san
Di ego% Cal i forét?eﬁiateiégﬁoth%n@ramr@s beﬂﬂiﬁeé?erEQBéeéibh it driichee! |
as a function g ' ReeR Predidd Gt ' 3qudtibh® a1l alloys with M, data
were included in the initial Analysis, A model was
formulated which included a linear term for each of Ni,
Ti, Mo and the resulting equation was:

Mg = 1027 - (78*3INi) - (27*3Ti) - (34*3Mo) P (2)

2

Again, this model has a high degree of fit (R® = 0.97) to
the data.

Mathematical modeling attempts to. find the ‘'best"
prediction model for a set of data. The "best" model for
the relationship of My, to Ni, Mo and Ti wés_indicated in

thation-z printed above. The interpretation of a typical
model coefficient can be understood as follows: All other
factors held constant, a 1-unit increase in (for instance)
Nickel content will result in a 78°F decrease in M¢. |

Nickel Levels

Alloys were then evaluated to determine a lower nickel
limit for the proposed alloy. The alloys were chosen to
provide data at two titanium levels for each of three
nickel levels. The molybdenum level was held constant.
The six alloys provided a clear relationship between
nickel and tensile strength. The alloy chemistries are
given below:
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clanp. The bending nonent (M exerted on the test needl e was cal cul at ed
using the equation M= Fx, where F is the vertical bend force applied to
the needle and x is the nonment armof the test, defined as the distance
fromthe center of the knife edge to the center of rotation of the clanp.
Careful exam nation of the strip e€hart recording of vertical bend forces
sensed by the load cell as a function of the angular rotation permtted the

bend angle to cause fracture to be determ ned. The onset of fracture was
i ndi cated by a sudden drop in vertical foBSe~ In this study, all sanples
whi ch exhibited a sudden drop in force - 24 - were considered not
acceptable in ductility. SanplAefumli chenitabtarabydis:a drop in force
prior to reaching the 84[err] limt of the tester were considered
acceptabl e. The purpgse of choosing these criteria was to _determ ne the
upper linits for tRAdLR¥r dening el@nents titanNim T1 Mo

56 12.19 4.76 2.18 2.43

59 11.83 4.57 2.51 2.31

60 11.80 5.55 2.05 2.32

62 11.80 5.56 2.50 2.33

63 11.79 6.49 2.1_6 2.34

64 11.78 6.50 2.54 2.34
. ';;' ..
The alloys were drawn with a final length change of 36
times original. '

For an alloy to be considered acceptable for needle wire,
the és-aged tensile strength and ductility are the key
properties. The alloy should have a combination of
annealed tensile strength and Work Hardening Rate (WHR)
that yields finished wire with an as-drawn tensile, which,
when combined with the aging response, has a total of
approximately 360 ksi or greater, with acceptable
ductility.

If we compare the as-drawn and -aged tensile strength
results reported for these 6 heats in Table 4b, with the
chemical analysis in Table la (repeated above), we see
that nickel levels below about 5.6% can not be
strengthened to 360ksi. 'This defines an additional
relationship which is expressed as:

Nickel = S‘G%minimum {3)
Also it was observed with the higher levels of Titanium

and Molybdenum that a new phase identified as Chi (Figure
3) forms in the martensitic matrix and results in a



tantalum and nol ybdenum the wupper I|imt for M tenperature, and
the vpper Iimt for [err]L in the alloy system Wre Drawing The N Ti
all oys were then processed according to one of the following two wire
drawi ng processes. EXAMPLE | 1. Rod received at 0.225" dianmeter. 2.

I nternediate draw, up to four times original length. 3. I nt er nedi at e
anneal at 2020[err]F. 4. Repeat steps 2 and 3 until final breakdown size
is reached. 5. Fi nal anneal at 2020[err]F. 6. Final draw, from 11X to

50X original length. Final |ength change was determ ned by a heat's ability
to achieve the desired strength while maintaining acceptable ductility. If
t he desired fidramafis iassadin ewnexdt idri tyhe Tivep lex ifseid sk foGtT Qttic bhlaisley int he

engt h-change Y rorroRfbiz LPbATstdnit Fehiiy “Rhpas. adiatceha T " °

unaccept abl e ftde W@WW@WQH‘M ternary phase diagram is well
known. However, there 1is no published mformat:mn
regarding the effect of Titanium and Molybdenum in
combination on the formation of Chi phase.

It is thus desired to determine the effect that Titanium
and Molybdenum have on the level of Chi phase formed.
Samples were prepared for Chi phase gercentaqe
determination by X-Ray Diffraction. Table 6 shows the

chemical composition of the ten samples used in this
evaluation.



The results are summari zed in Tabl e 4a.
Producti on Heats AVG Ann
If/lo

' JTS
(ksi)
253
240
260
239
271
275
140
133
138
125

(ks
136
107

83

87
137
125

i)

426
439
449
433

VHR

(ksi)
419
347
343
326
407
400
rej
rej

ﬁ
K

rej

Amt. of

Table 6. Chi—phase amounts present in ten selected alloys

25 - TABLE 4A 50 pound and

AS- DRAVWN AGE TOTAL HEAT
UTS RESP UTS DUCTILITY (ksi)
(acc/rej) 102B 148 50 34
rej 102C 160 11 34
rej 103A 110 12 62
rej 103C 84 12 63
rej 105A - 3154 50 30
acc 105B - 153 50 31
acc 105C 157 50 - - - 34
106A 149 50 40 307
"106B 154 50 39 311
106C 149 50 40 308
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107A 150 26 30 254 139 393 acc

107B * 138 26 31 243 138 381 acc
107C 110 37 52 297 148 428 rej
108A - 157 37 37 290 124 414 acc
108B 158 37 35 286 128 414 acc
108C - 162 37 37 296 129 425 acc
109A 149 25 28 239 143 382 acc
109B 147 25 30 243 - 149 394 acc
110A 153 25 24 229 125 354 acc
iéggB 1?20The %ﬁloys ﬁﬁ%e chosenng? re%@%sent tfﬁgilum wifRC
2177B 155molybqa§um contggts ranging),from fgproxlmatqgn 4.8% torjeJ
2219B 1557.5%. 50 Each 88mple con¥isted 182 a pieé@d/ of rodre _ _
2527B 155 %g . 276, 124 400 . A4GC
3400B 150 2PPTO ately 138" in dliﬂﬁfer éﬂ%ﬁ 2 to 4396nchg§//m§€0
3404B 150 lengtlp5 The s3mples wer250placed44in the g@8nace andcc

- 26 - EXANPLEaHhealed for one-hour at 1800°F and water quenched.

After annealing, each piece of rod was cut into five to
ten thin wafers using an Isometer cutter. The thickness
of each wafer was approximately 20-mils. The tgih wafers
were subjected to X-Ray Diffraction studies. The samples
were further prepared by mechanically grinding them to 600
grit on both sides to obtain near parallel surfaces. The
Chi phase percentages are reported in Table 6 and shown in
Figure 4. The data shows that the amount of Chi phase
present increases linearly with increasing titanium with
-molybdenum content. |

A mathematical model was used with the data from Table 6
to derive a relationship between chemical composition and
amount of <Chi phase present in NiTi alloys. The
relationship is:

% Chi = -28.6 + (7.3*3Ti) + (7.3*%Mo)

A measure of the goodness—-of-fit to the data is the R-
square value or the Coefficient of Determination. A model
with a perfect fit (i.e., one in which the predicted
values equal the observed values) would have an R-square
of 1.0. The closer the R-square value is to 1.0, the
closer a model fits the data. since the R-square value
for the model proposed above was 0.83, it is concluded the
model and the data fit well. Since the coefficients for
titanium and molybdenum are equal, a formula predicting



1. Rod received at 0.250" dianeter. 2. Rod anneal ed at 2020[err]F. 3.
Internediate draw, up to four tinmes original |length. 4. I nternedi ate
anneal at 20200F. 5. Repeat steps 3 and 4 until final breakdown size is
reached. 6. Fi nal anneal at 2020[err]F. 7. Final draw, from 11X to 50X
original length.” Final |ength change was determi ned by a heat's ability to
achi eve the desired strength while maintaining acceptable ductility. |If
the desired final UTS was achi eved or the sanple failed for ductility, the
drawi ng was stopped. .Heats which did not aghi-eve sufficient strength with a
| ength change of fifty tinmes the original |ength were considered

unaccept abl e ftuite weEridemyyda o chdr phase Thcahealllby aoataimimygi bedhi n

Tabl e 4b. ‘titaniuh thia Wolybdenum is expressed as follows:

Chitendency = %Mo + $Ti . (4)

Our studies showed that for materials annealed at the
preferred range of 1980°F to 2080°F the Chi phase tendency
should be less than 5.6 to insure acceptable ductility.
If we solve the four equations simultaneously setting UTS
equal to 360 ksi (minimum) Mg equal to 70°F (makimim), and
%$ Ni equal to 5.6% (minimum), Chi phase tendency equal to
5.6 (maximum) and plot three-dimensionally, a series of
acceptable chemistries results. That series is contained
in a five-sided volume within Ni = 5.6% to 11.7%, Ti =
0.9% to 5.6%, and Mo = 0% to 4.7%.

The following condition were then applied, as they
comprise known conditions for strong needle wire alloys:

1. Ultimate tensile strength (UTS) must equal at least
360 ksi for a strong needle wire.

2. Mg must equal at least 709F to insure complete

martensite transformation and ductile needle wire.

3. % Nickel must-more than 5.6% and preferably more than
8.0%, for a strong, corrosion resistant needle wire.

4, Chi phase tendency must be no more than 5.6% for a
ductile needle wire.
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AVG Ann AS- DRAVN AGE . TOTAL HEAT UTS i1 f/10

WHR - UTS  RESP UTS DUCTI LI TY (ksi)

(ksi) (ksi) "(ksi); (acclerj) 29 137 37 32

252 110 366 acc 30 142 37 43 294
133 423 rej 31 161 11 41 260 119
379 - rej 32 147 37 41 297 140 437
rej 33 90 11 66 241 62 303 rej
34 96 11 76 269 4o -92 361 rej 49
122 25 32 237 138 375 acc 56 112
36 36 0 317 acc 59 101 36
30 sompe forfdlas thofipecome? [ 130 36 . 36
258 - 87 345 acc 61 143 38 28 245
99 344 62 1408 (5.7 36Ni) + (4% *» Ti) + (9252 Mo) +9(30.5 » Ta359

acc 63 139 98P > (78 « R{) + (27 » Tip M (34 = 3. 370 acc 64
140 36 39 276 108 384 acc

Nickel > 5.6
5.6 < Ti + Mo

These formulas were gréphed as in Figs. 5 through 11, as
a function of Ni and Ti at various levels of Mo. The
space within the highlighted shapes represeht the
compositions that will make a strong, dudtile and
corrosion resistant needle wire. Outside of these shapes
are compositions that are predicted to be weak and/or
brittle and/or lacking corrosion resistance, and thus
unacceptable for surgical needle use.

The numbered data points represent the heats melted to'
date. They include the twenty-five heats discussed in the
disclosure of U.S. Patent 5,000,912, and twenty-eight new
heats. There are twenty-four heats that fall within the
shapes and twenty-nine that fall outside them. All of the
heats fall in the properly predicted area or extremely
close to it. Heats 2219 and 2177 on the Mo = 3.8 graph
(Figure 9) have marginally acéeptable ductility and, as

- .can be seen, they reside directly on the Chi phase former
line.

We have found that if it is required that the strength of
the needle wire be at least 360 ksi, then the minimum
nickel level must be above 5.6%, and the minimum titanium
level must be above 1.0%.

A preferred chemistry within the boundaries established in
Figs. 5 through 10 would be, for instance nickel at about
10%, titanium at about 2%, and molybdenum at about 2.7%.



- 28 - Speed of response indicated that one to two hours is sufficient to
produce 90% or nore of the precipitation hardening response. The best
conbi nati on of strength and ductility anong these alloys was therefore
found at the martensitic alloy 3400. A tensile strength of 390 ksi was
achieved with an aging response of 145 ksi. Ductility surpassed ful
deflection in the bend test under which we proceeded. Wth these new N Ti
al |l oys chosen to evaluate high titaniumlevels (2% and greater), and

nmol ybdenum | evel s at 2% to 4% or greater, gnd. nickel levels up to 10.5%
resulting optinumtensile strengths were grouped at about 400 ksi for al

t hese all oys. -fmeseceépeaauas stddlassapi | fth Qﬁrﬂﬂﬁf hede Sheveis , Ay
concl usi on of tJl ﬁé ataq? %ests it thlrned t hat the limt of
t he conbi nati JiF of ﬂgﬁ LFPERT ard miho@% Welht ag khe num
of about 5.6, Mes Mta\asedieha'erimecw:ttlomnéleﬂmwsé Wtistss | Ol O ehd® Yeen

benefi ci al at @ e§#¥] % W Fi nal | need| e re from
a patent and it is intended that the following claims and

" their equivalents delineate the scope of that patent.

L



heat) -was—processed into needl es using standard needl e maki ng equi pnent,
t ool i'ng ﬂl nsile strength of the needle wire was hi gher than
nor mal f,m H@Mm‘] ﬂ"m Channel form ng and point form ng studies were
al so conducteedLt on ersmnne if channels cgyld be punched in the .higher
strength material and points could be successfully forned. The needl es
were conpared with present needl es nade before or after these heat 3400
needl es. In cancimsion, it was determned that this heat can be
successfully processed into needl es without major equipnment or tooling
nodi fications. Bend strength of the needl es nade from heat 3400 was 20%to

anut 28% hi gher A marﬁénsxthanstypndassnsaebésaﬁéov cPmpird sedmefi ahout
Thi s conpare r,abl [ r t f [

& 2P edlabdtid M 4 oy gl AR ﬂéye WG et dtidut 19154

concl usi on, ese heats si zes produced ulti pate

tensile strempdsahent é@o@é FWickel . by| wedght . aplyddenumabart o P F&y

fromour studiepy and the combination of titanium and tantalum ranging
from about .89% to about 5.6%, with the remainder comprising
iron and trace elements, containing less than about 0.1%

carbon.

2. The alloy of claim 1 wherein the amount of molybdenum

is between 2.2% and 3%. ' o

3. The alloy of claim 1 wherein the combination of titanium
and tantalum is no higher than about 2.8%.

4. The alloy of claim 3 wherein the amount of titanium is
between 1.9% and 2.2%, and there is no tantalum.

5. The alloy of any preceding claim wherein the alloy is.
used in the manufacture of surgical needles. '

6. A needle formed from a martensitic stainless steel alloy

according to any of claims 1 to 4.

7. The needle of claim 6 wherein the combination of

titanium and tantalum is no hiéher than about 2.3%.

8. The needle of claim 6 or claim 7 wherein the amount of

chronium is about 12%.

9. The needle of any of claims 6 to 8 wherein the amount

of titanium is about 2.1%.

10. A maraged stainless steel alloy comprised of about 11.5%
to about 12.5% chromium by weight, between about 9.5% and
about 10.2% nickel by weight, titanium about 2.1% by weight,
with the remainder compriéing iron and trace elements.



that such - i i y desirable in use as wire or especially in use
as needl eslm‘“mmam‘ﬁml red to determne the tenperatures at which the
various ph wor ket kons start and figash in these nickel titanium
alloys, and fromthemto develop a mathematical relationship between the
chem cal analysis of the alloy and the martensitic finish tenperature, M
([err]F). Previous studies have shown that naterials that have | arge
amount s of aughenifge ag 1841 bl €1a8fiker1 ¢Ir ghePeiANEnaliatbunthicr "G esot g
determ nation of the martensite finish tenperature of considerahle val ye

and provi des iR 5 Fabstdfutiedibyat Btofbaut ds 5 kdmesyeddze
the resultingamouwrsties of a needle alloy. A Dl atoneter .neasures m nute
~changes in length of a sanple during heating or cooling. The rati o of

| engt h change versus tenperature is-typically linear as a result of the
~uni f or m expangdizon The cokkowictfi ¢ladm tlle witegresin the emosnti of chromiumadsi on

w || becone n%%ﬂ%ﬂ“%ﬁzr%.if a phase change starts to take place in the alloy.
The rate of |ength change versus tenperature either increases or decreases
dependi ng upon the atom c spacing of the new

13. The alloy of claim 12 wherein the amount of carbon is
less than 0.1%.

14. The alloy of any of claims 10 to 13 wherein the alloy
is used in the manufacture of surgical needles. i

-
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phase of the alloy. When the phase change is conplete, the ratio again
becones linear. The new slope of this linear ratio depends upon the
expansi on characteristics of the new phase. - 30 - Sanmples of rod from
.selected NiTi alloys were chosen for, dilatometer testing. The rod sanples
were cut to 2-[err]" in |length, annéﬁﬁed at 2020[err]F for 1 hour, followed

by a water quench. The sanples were then given code nunbers,
different fromtheir alloy nunbers, for identification, and then sent
for testing. As a check on the reproductlblllty of the testing,

a sanple of alloy 2527B was sent along with each group of sanples. In al
cases, the testing was MARTENSITHCi SEAINLESS STERL AHOYUEPR al | oy :

i denti fication. The t enper at ur eUSEQWIThSURGICAh NREDLEhanges occur can be
determ ned fromthe changes.in slope on a dilatoneter curve. Figure 2 .
is a sanple curve which shows the

ABSTRACT

A new and useful predictor for maraging stainless steel
alloys is <created, called the martensite finish
temperature, My (°F) . This formula enables one to predict

the temperature at which a steel is entirely converted to
martensite, and is described as My = 1027 - 78% ML £ 27% Ti
- 34% Mo. A desirable needle alloy for this amount is
nickel at 10%, molybdenum at about 2.7%, and titanium at
about 2%. - '

(figure 11)



tenperature at which the phase change fromaustenite to martensite is
conpleted. The sanples were tested in a Unitherm Model 1161 H-gh

Tenperature Vertical Dilatoneter. Each piece was heated to 0@@{@HE¥FHABB$EN
rate of 9[err]F/min. in flow ng nitrogen; they were cool ed at_t heREPAAEED

rate. Pl ots were nade of the expansion versus tenperature. - - 31 - Thé
tenperatures at which phase changes ddglr can be determ ned fromthe

changes in slope on a dilatoneter curve. Heat 2527B is a
i.s described in Figu
previously found to
after two hours, th

983[err]F is attribu The
formation of Ni[err] »
difference in tenper goecause
t he

Figure : shows a SEM photo of Alloy 105A annealed at 2000 deg. F,

showing the martensitic microstructure. Original
magnification 500X (SR92:0792).

—_—
This Sheet Has Been R

MR i



dynami c dilatonmeter tests can not imedi ately reflect the start of
Ni[err]Ti formation. The next slope change for heat 2527B, at 11620F, is
attributed to the conpletion of the formation of Ni[err]Ti particles.

Determination of these tenperatures is of linited value to|afli9¥HERT HAS BEEN
devel opnent, since long termaging is needed to fully develop theeeNaepr] Ti

particles. In contrast, the abséfite of these sl ope changes asfourmd
in Alloys 34, 37 and 41, indicates that no significant age hardeni ng can
occur. For heat 2527B, the next slope change is observed at 1292[err]F.
This tenperature is typical of a phase change frommartensite to austenite
for iron-base alloys. Anot her sl ope change at 1465[err}F indicates that
the martensite has conpletely transformed to austenite. Previous studies
have shown that the optinmum annealing tenperature for ‘age hardening is
about 2000[err]F. Thus, our sanples were always well above the austenite
f or mat i onpt~eApPet-at-tH-e-

Testeg on uauncrml M) Mode! 1161 b ter_Loboratories Inc.
s EXPANSION vs. TEMPERATURE
<] g 1€ Cthicon # 1
g
s L
gl |
i P 3
s : =
gn j' } P il |
‘:o | //'/ | . /r _ - . |
i \N\“l / l
§| _\ _/w///r | ‘
T | . |
sl | |

: ~1 Y
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
SAMPLE TEMPERATURE (F)

Figure 2

Diltometer Curve for &sEss Heat 2527B

The directional arrows indicate the heating and cooling portions of
the curve. The M, for this sample was 195°F.

is Sheet Has Been Replaced

T




- 32 - The sanple was cooled imediately after reaching the maxi num

tenperature of 2020[err][F. Changes in slope were observed at 254[err]F
and 195[err]F, the start and finish of the phase change. fromaustenite to
martensite. Previ ous studi es have shown that materials which have |arge

amounts of retained austenite are brBftle after draw ng and a #baélﬁ’ﬁ%ﬁfgs BEEN
Thus, determi nation of the martensite finish tenperature M ik O ggpLACED

consi der abl e val ue. Devel oping a rel ati onshi p between chem tad
conposition and :the M provides a nethod to devel op chenical conposition
limts that opt|n1ze ps B 8 he two

sl ope changes for th cates that
t hese al |l oys renai ne e absence
of the second sl ope t hat
these alloys were B r test.
The transformation t§ in Tabl e
5. Heats 2, 4 and 2j§8
reproductibility of ¥

Figure 2 shows a SEM photo of Alloy 1983B annealed at 1800 deg. F,
containg approximately ten percent Chi phase. Original
magnification 2500X (SR92:0058).

I
eet Has Been Replaced
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CHEM STRY
(*y) MO
6. 57
368 4
(rep)

0. 98
7.57
0.98 Ta
346 23
4. 03
2.54

- 33 - TABLE 5 DI LATOMETER RESULTS ALLY

Ti Ni Ct her 2 4.03
373 2 (rep )
6. 65 465 16 :
411 20 2.10 1.48
319 21 1. 96 8. 40
1. 00 8. 41 -
2.53 8. 53 189 32
8. 47 124 '
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34 3.98 1.98 11.80. NT 49

2.72 2.17 9.51 151 106B 4.77
1.93 . 8. 50 97 106C 4.77 1.92
8.90 NT 107A 2. 99 1.91 9.53

NT 107B 2.95 1.87 5/11  10.38 . : NT 107C
2.94- 1.89 11. 27 NT 108A 3. 46
1.87 8. 50 189 108B 3. 65 1.88
8. 47 | 216 108C - 3. 66 2.03 8. 45
184 109A 2. 87 2.05 10. 13 NT
1098 3. 05 ©2.23 10. 30 o NT 110A
2.31 1.79 9. 45 | 173 110B 2. 47
1.94 9.55 - 15MO7== 73,75 1.84

8. 52 184 2527B 6320 1. 84 8.79
184 2527B (rep) " " 0. " 195
2527B (rep) 6 — : 134
2527B (rep) " " " \ 205

2527B (rep) .
25278 (rep)5

T

to

15




note: - NT indicates that No Transformation occured - (rep) indicates a
replicate on a new sanple of a previously tested heat - 34 - Statistical
software was used to nodel the martensite finish tenperature, M
([err]F), as a function of the chem stries of the alloys. Linear
regressi on determ ned the best predi@flilon equati on. Al alloys with M,
data were included in the initial analysis. A nodel was fornmul ated which
included a linear termfor each of NN, Ti, M and the resulting equation
was: Hf = 1027 - (78*%Ni) - (27*%i) - (34*%W) (2) Again, this
nodel has a high degree of fit (R err] = 0.97) to the data. Mthemati cal
nodeling attenpts to find the "best"” prediction nodel for ‘a set of data.
The "best" nodel for the relationship ofM to N, M and Ti was indicated
in Equation 2 printed above. The interpr Qo'n"'of a typical

2.3

4

15




nodel coefficient can be understood as follows: Al other factors held

constant,-a 1-unit increase in (for instance) N ckel content will result in
a 78[err]F decrease in M. N ckel Levels Alloys were then evaluated to
determine a lower nickel Iimt for the proposed alloy. The alloys were

chosen to provide data at two titaniumlevels for each of three nicke
| evel s. The nol ybdenum | evel was helAlconstant. The six alloys provided a
clear relationship between nickel and tensile strength. The all oy

chem stries are given bel ow - 35 - Actual chem cal analysis: Aoy
Cr Ni Ti Mo 56 12. 19 4.76
2.18 2.43 59 11.83 4.57 -2.51 2.31 60 .
11. 80 5.55 2.05 2 2 11. 80 5.56
250 2.3 Mo=

4

Mf
3
CHI
UTS 49 i8oA

+
1058
+2J§z‘ﬁ A




63 _ 11. 79 6. 49 2.16 2.34 64 11.78

6. 50 2.54 2.34 The alloys were drawn with a final |length
change of 36 tines original. For an alloy to be considered acceptable for
needle wire, the as-aged tensile strength and ductility are the key
properties. The alloy should have a conbination of annealed tensile
strength and Work Hardeni ng Rate (WH&Y1ihat yields finished wire with an
as-drawn tensile, which, when conbined with the aging response, has a
total of approximately 360 ksi or greater, with acceptable ductility. If we
conpare the as-drawn and aged tensile strength results reported for these 6
heats in Table 4b, with the chemcal analysis in Table |la (repeated above),

we see that nickel Ilevels below abo 5.6% c¢an not be strengthened
to -360ksi. This defines an additijyj{) == ationship which is

expressed as: N ckel = 5.6%m ni nrum (3) Also it was observed with
t he hi gher |evels of Titanium and Nblybdedadsruu a new phase identified, as

Chi (Figure 4

15




3) forms in the martensitic matrix and results in a - 36 - dramatic |oss
in ductility. The existence of Chi phase in the ChromiumIlron-Titani um
ternary phase diagramand in the Chrom umlron-Mlybdenumternary phase
diagramis well known. However, there is no published information
regarding the effect of Titanium and Ml ybdenum in conbi nati on on the
formation of Chi phase. It is thus de®f¥ed to deternine the effect that

Ti tani um and Ml ybdenum have on the | evel of Chi phase formed. Sanpl es

wer e pr epar ed for Chi phase per cent age determ nation by X-Ray
Diffraction. Table 6 shows the chem cal conposition of the ten sanples
used in this eval uation. -37- - '

Mo =
3.8

4 —
3k
+30 X
Mf a
e | UTS | o  +33
E..‘ 2 \ CHI +4 +(03A +3?§.IO3C
\
1+
0 .
0 5 10 15
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[err] . - 38 - The alloys were chosen to represent titaniumwth

mol ybdenum contents ranging from approximately 4.8%to 7.5% Each
sanple consisted of a piece of rod approximately 1/4" in dianeter
and 2 to 4 inches in | ength. The sanpl es were placed in the furnace and

anneal ed for one-hour at 1800[err]F and water quenched. After annealing,
each -pi ece of rod was cut into five t18/1n thin wafers using an |soneter
cutter. The thickness of each wafer was approxinmately 20-mls. The thin

waf ers were subjected to X-Ray Diffraction studies. The sanples were

. further prepared by nechanically grinding themto 600 grit on both sides to
obtain near parallel surfaces. The Chi phase percentages are reported in
Table 6 and shown in Figure 4. The da??i owe that the anobunt of Chi phase
present increases linearly with increa titaniumw th nol ybdenum
content. '

4




VA, VS

A mat hemati cal nodel. was used wth the data from T Table 6 to derive a

rel ati onshi p between chem cal conposition and anount of Chi phase
present jin NiTi alloys. The relationship is: %Chi = -28.6 + (7.3*%i)
+ (7.3*%(/b) A nmeasure of the goodness-of-fit to the data is the R- square
val ue or the Coefficient of Determnation. A nodel with a perfect fit
(i.e., one in which the predicted val ilequal the observed val yes) woul d
have an R-square of 1.0. The cl oser the R-square value is tg
closer a nodel fits the data. since the R-square value for
proposed above was 0.83, it is concluded the nodel and the at’aél wel | .
Since the coefficients for titaniumand nol ybdenum are eq
predicting - 39 - the tendency to form Chi phase in ap

both titanium and nol ybdenumis expressed as follows:
o (4)

al.‘l’ oy &ont ] ni ng
A tendencg/ 0N

T
£11.7.0.0,3.71

N;

15.68,4.0,1.80

Ti1

Mo,

Mo



16056130
Qur studies showed that for materi als anneal ed at the preferred range of
1980[err] F to 2080[err]F the Chi phase tendency should be less than 5.6 to
i nsure acceptable ductility. If we solve the four equations—sioultaneous|ly
setting UTS equal to 360 ksi (mninun) M equal to 70[err]F REBBAOHMB\JT SMEET
% N equal to 5. 6%(m ni mun), Chi phase tendency equal to §.

pl ot three-dinensionally, a series of acceptable chem strigs reiy éég %gt
series is contained in a five-sided volunme within N 5. 6% tjo : =
0.9%to 5.6% and Mo = 0%to 4.7% The.follow ng condltlon ware then
applied, as they conprise known conditions for strong needlle wire alloys:
1. UIt| mate tensile strength (UT..,SAB s'r,aequal at | east 366—ksi—For—a
strong needle wire. 2. M nust ‘equg#-—dt least 70[err]F to insure
conpl ete martensite transformation and ductile needle wite. 3. % Ni ckel.
must nore than 5.6% and preferably nore than 8.0% for a strong, corrosion

resistant needle wire. 4. eimnphasmumoysm be no nore than 5.6%
for a ductile needle w re. : EXYERIMENTAL BEATS

e e —

CHEMISTRY
(Weight Percent)




Poh

-7 40 - The formulas then become: 144 > (5.7 * Ni) + (46.4 * Ti) + (9.8 *

i

M) + (30.5 * Ta) 957 > (78 * Ni) + (27 * Ti)"+ (34 * Mb). Nickel > 5.6 5.6

< Ti + Mo These forrmulas were graphed as in Figs. 5 through g&—=as

function of (Nl and Ti at various levels of Mb. The space V\/itfﬁEﬁL{\(F@’lENT SHEET
hi ghl i ght'ed 'shapes represent the conpositions that_wll make| a strong,
dudtil e and corrosion resistant needle wire. Qitside:of thesp phappSER 4996
conpositions that are predicted to be weak anghpg brittle ang/pr |acking
corrosion resistance, and thus unacceptabl e ¥or 35urgi cal neefll e—tse—Fte
nunbered data points represent the heat ss.ombligsqEgrdate. They include the

twenty-five heats discussed in the di scoosoneEafr THERTMERFENt 5, U00, 912, and
twenty-ei ght new heats. There are twenty-four heats that fall within the
shapes and twenty-nine that fall outside them Al of the

ALLOY MAGNETIC ‘TENSILE  AGING  TENSILE  HEAT

NUMBER ATTRACTION STRENGTH TEMP  STRENGTH TREAT

e AFTER AFTER USED. AFTER DELTA
2000 2000 : AGING RESPONSE

ANNEAL ANNEAL FROM

' : AGING

(KSh  (DEGF) (KSHh (XS

1 YEs 122 975 242 1

2 YES B 120 e50 211 2(1]

4 YES S 124 1000 230 106

5 YES : 134 975 268 134

7 YES 131 950 212 81

8 YES 123 250 260 127
9 YES ' 122~ o50 254 132
10 YES - 128 950 253 - 129
12 YES 127 925 247 120
13 YES 121 950 204 83
15 YES _ 127 o506 237 110
16 YES 120 . 950. 234 114
20 YES 137 50 267 130
21 YES - 325 . 825 2714 145
22 Y=S 13 950 248 115
23 YES S 121 925 - 219 o8
24 YES _ . 140 975 274 134
29 YES ' ' 137 1000 235 o8
30 YES . 142 - 950 . 281 139
31 YES 141 950 263 122
32 YES 149 950 290 141
33 NO 7 950 72 0
34 "~ NO . 72 900 72 -0
a9 YES 122 900 259 147
56 YES 110 975 1 a
59 YES 103 1000 1:53:15 3;
. 60 YES 108 975 202 94
. 61 YES , 121 - 900 270 149
82 YES 112 975 202 90
63 YES 121 950 226 108
64 YES 117 ¢75 2208 111



heats fall in the properly predicted area or extrenely close to it. Heats N
2219 and 2177 on the Mo = 3.8 graph™(Fi'gure 9) have marginally -
ductility and, as can be seen, they reside directly on the Chi g‘%@ﬁbﬁﬂf@nﬁﬁg
line. We have found that if it is required that the strength o he needl e
wire be at |east 360 ksi, then the mininum nickel |evel nust bé abok@ LRI
and the mninumtitaniumlevel nust be above 1.0% A preferred chem stry
within the boundaries establi'shed in Figs. 5 through 10 woul d be, " Tor

i nstance nickel at about 10% titaniumat about 2% and nol ybdénum at _abaut .
2. 7% - 41 - The acceptable steels all fall wthin these levels, and are
reproduced in Figures 5 through 11, as well as the Tabl es contai ned herein.
Wth the above tests, it has been determ ned that new subject matter exists

in condition for a patent and it is intend@that the follow ng clains and

TABLE 3
AVG -

Ann AS—-DRAWN AGE TOTAL
HEAT uUTS flo . WHR UTS RESP UTS DuUCTIUTY
(ksi) — (ksi) (ksi) . (ksi) (accirej)
1 147 - 11- - 34 . 229 . g3 - 322 acc
2 134 11 30 205 77 - 282 acc
4 137 1 33 218 105 323 rej
6 147 21 34 254 113 367 rej
7 137 11 24 193 80 273 ace
10 129 21 22 194 101 205 acc
12 132 21 28 218 g2 310 acc
13 121 21 23 192 59 251 acc
16 136 . 1 17 178 84 262 acc
20 144 21 33 242 96 338 acc
21 122 11 25 183 100- 283 acc
23 137 11 32 214 g5 309 acc



A

their equival ents delineate the scope of that patent CLAI
martensitic stainless steel alloy conprlsed of about 11.5%to ¢4
chrom um by wei ght, between about 9.5% and about 10.2% ni ckel Ry
nol ybdenum about 0% to 4. 7% and the conbination of titani um anc
rangi ng from about .89%to about 5.6% wth the remainder conpy
and trace el enents, containing |ess thatylabout 0. 1% carbon. 2.

bﬂEPLN@NE‘Pﬂ' SHEET

fvet UITL ;

i tanzalﬁ 1996

The_all oy of

claiml wherein t he anount of: nDbedenuntls bet ween 2. 2@6and 3% 3. The

alloy of claim1 w L PRk |
hi gher than about D
titamumis betwe
of any preceding c
surgi cal needl es. {3]
al | oy

tS—he
unt of
~The al |l oy

ss st eel

Figure 1 shows a SEM Bhoto oi Alloy 105A annealed at 2000 deg. F,

showing the marcT ensitic microstructure. Origi
magnification 500X (SR92:0792).

nal



according to any of claims 1 to 4. 7. The needle of claim6 wje

i

conbi nation of titaniumand tantalumis no higher than about 3. @E%é%w SHEET
needl e of claim6 or claim7 wherein the anount of chromiumig gbout 12%
9. The needl e of any

of clains 6 to 8 wherein the anmount of t}i tlanl9nSER 1996
‘about 2.1% 10. A naraged stainless steel alloy conprised of gbqut 11.5%to
_'about 12. 5% chrom um by wei ght, between, n, Ajout 9. 5% and about 10.Z%nirtket
q

by weight, titaniumabout 2.1% by weight, with the renai nder donprising
i ronsand trace el enents. 43 11. The alloy of claim 10 wherein the anmount

of up to tryst :
2. The ‘al | a¥sQf of @i it hdrnri84:681 st B

anount. 1

Aﬂx@%@&orﬂtn@hi’lm umis abdut
12% 13. jThe &l oy of cEXPANRSIDON WY he H ERATIAREION is

g = “‘ ]Ethae;max
I | i
el | i '

CXIPANSION (ppm)
SO0
\ ;
\

,z\ .-:;::' : 
A
%

«3000
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SAMPLE TEMPERATURE

Figqure 2

Diltometer Curve for &smExs Heat 2527B

The directional arrows indicate the heating and cooling portions of
the curve. The ¥, for this sample was 195°F.



l ess than 0.1% 14. The alloy of any of clains 10 to 13

is used

wherein the all oy

I n the manufacture of surgical needl es.
REPLACEMENT‘SHEET

19 SEP 1996

3/11

SEM phot5 of ‘Alloy 1983B annealed at 1800 deg. F,

Figure 3 shows a : dec
contazing approximately ten percent Chi phase. Original

magnification 2500X (SR92:0058).
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