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Abstract. ~ Although the Ti-Ni alloy is the most important material for
applications, there has been no systematic work on its deformation behavior.
In the present report, the effects of ageing, Ni-content and annealing right
after cold work on the shape memory effect and on the pseudoelasticity are
systematically investigated by tensile tests at various temperatures. Based
on the obtained results the differences in deformation and transformation
pseudoelasticity characteristics between Ti-Ni alloys and other B~phase
alloys are discussed.
Introduction. — The Ti-Ni alloy is the most important material among many shape
memory alloys for the applications of both the shape memory effect and the pseudo-
elasticity, because only this one deforms more than 50% strain prior to fracture
and the strain as large as 8% recovers by heating above Af or unloading in a poly-
crystalline state (1). However no systematic work has been done from fundamental
view point on the characteristics of deformation and transformation pseudoelasticity
for this alloy, except for a few pioneering work (2)~(5). In fact, there are many
factors affecting the deformation behavior of this alloy, i.e. ageing effect, Ni-content,
annealing right after cold work, and so on. In the present report the effects of
these factors are examined systematically by tensile tests at various temperatures
( 77KVv373K ).

It is well known that the characteristics of deformation and transformation
pseudoelasticity in Ti-Ni alloys are remarkably different from those in other B-phase
alloys. For example, the formers are very ductile (1,6). while the latters are not
and shows the intergranular fracture (6,7). The transformation pseudoelasticity
is always observed in the latters at temperatures above Ag (8)~ (10), while it is
not necessarily so in the former, i.e. a Ti-50at%Ni alloy usually does not exhibit
the pseudoelasticity even above Ag, while a Ti-51at%Ni alloy does so.’ This distinct
difference will be explained by the fundamental deformation characteristics of Ti-Ni
alloys, which are consistent with the above mentioned various effects.

Specimens and Experimental Procedures.— The alloy preparation was described in
the previous paper (1). The compositions of the alloys used were determined by
chemical analysis to be Ti-49.8at%Ni, Ti-50.1at%Ni, Ti-50.6at%Ni and Ti-51.6at%Ni
(£0.1at%Ni) ( the nominal compositions were Ti-50.0at%Ni, Ti-50.7at%Ni, Ti-51.0at%Ni
and Ti-51.5at%Ni, respectively ). The ingots of these alloys were hot rolled and
then cold drawn at R.T. to wire specimen with diameter of 1.0 mm. The specimens
were then heat-treated for 3.6ks at various temperatures in a range from 473K to
1273K in a vacuum of 107° Pa, and then rapidly quenched into ice water in order
to investigate the effect of annealing temperature ( from here the heat-treatment
is abbreviated as 1273K IQ for example ). In order to investigate the ageing
effect, the same alloy specimens were aged for 3.6ks below 873K followed by
quenching into ice water after the heat treatment of 1273K IQ ( from here this
heat treatment is abbreviated as 1273K IQ —> XK IQ, where X ranges from 1073K to
473K ). After these heat-treatments, wire specimens with diameter of 1.0 mm

and with gauge length of 30 mm long were made by electropolishing. Tensile tests
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were carried out with an Instron type tensile machine, Shimadzu Autograph DSS-

10T-S type.
been reported elsewhere (1,11).

Results.—
the deformation behavior of Ti-Ni alloys.

The details of the specimen preparation and the tensile tests have

As mentioned in the previous section, there are many factors affecting
In this section the effects of (a) ageing,

(b) Ni-content and (c) annealing right after cold work are described in the follw-

ing in that order.

(a) Effect of ageing.-—

Heat treatments of shape memory alloys have gener-

ally been conducted by solution treatment at high temperature followed by quench-

ing rapidly into water in order to obtain a
causes the shape memory effect to appear.
A Ti-Ni alloy, however, is an exceptional
case which shows the shape memory ef-
fect regardless of the heat-treatment, i.e.
rapid quenching into water or gradual
cooling in a furnace. Moreover, the
characteristics of pseudoelasticity of this
alloy in a slowly cooled specimen are
better than those in a rapidly quenched
one ( unpublished work by present au-
thors ). This effect can be attributed

to the ageing effect at low temperature
during cooling, which produces fine pre-
cipitates. The presence of fine precipi-
tates raises the flow stress for slip, and
thus makes the stress-induced transfom-
ation pseudoelastic as shown later ( Fig.
2.

_ It is convenient to examine the
electrical resistence-temperature curve
as a function of ageing temperature in
order to assess the most effective tem-
perature for ageing. Figure 1 shows
the curves of Ti-50.6at%Ni alloy speci-
mens, which were subjected to the heat-
treatment : 1273K IQ =>
XK IQ, where X ranges
from 1073K to 473K.

By ageing at tempera-
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Fig. 1 Effect of ageing temperature on the
electrical resistance-temperature curve in
a Ti-50.6at%Ni alloy.
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Fig. 2 Effect of ageing on the critical stresses
for inducing martensites(oy) and for reverse trans-
formation(og) in a Ti:50.6at%Ni alloy.
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martensites (oy) and for the completion of the reverse transformation (oy) are

plotted against deformation temperature in Fig. 2.

Both the stresses were found

to follow the Clausius-Clapeyron relationship in the temperature region Ag<T<Tg.
Here T represents the critical temperature where the plastic deformation by dis-
location motion starts, and thus above T the critical stresses deviate from the

linear relation with temperature as shown in the figure.

The specimens aged at

873K showed the perfect pseudoelasticity without residual strain until oy reaches

about 500MPa, which is the largest value among those of aged specimens.

It is

concluded from these results that the ageing treatment at 673K is most effective
in improving the characteristics of pseudoelasticity.

(b)-Effect of Ni-content. ~
Although the phase diagram of the
Ti-Ni system is not well-established as
yet, there is a general agreement on the
presence of some precipitate phases
such as TiNij3 and/or Ti4oNisg on the
Ni-rich side of these diagrams (12,13).
Thus the ageing effect may also depend
on Ni content as well as on ageing tem-
perature. The electrical resistance-tem-
perature curves of specimens with vari-
ous Ni-content whose heat-treatments
are 1273K IQ and 1273K IQ —> 673K IQ,
respectively, are shown in Fig. 3.
The shape of curves and transformation
temperatures are almost unchanged by
the ageing treatment in a Ti-49.8at%Ni
alloy. But, the change in the shape of
curves by ageing at 673K are more re-
markable with increasing Ni-content.
The critical stresses oM and op are
shown as a function of deformation tem-
perature in Fig. 4. The values op in
Ti-49.8at%Ni and Ti-50.1at%Ni alloys are
absent, because the pseudoelasticity was
not observed in these specimens. But
in Ti-50.6at%Ni and
Ti-51.6at%Ni alloys the
pseudoelasticity is ob- Ow Or
served in a wide tem- A 4
perature range, and F O =
the deviation of the o (e)
stress oy from the 600 a (a)
linear relation with tem-
perature is observed
at about 600MPa in a
Ti-51.6at%Ni alloy,
which is a clear indica-
tion for the onset of
slip. From these re-
sults it is concluded
that the effect of
ageing is more promi-
nent in a high Ni-
content specimen than
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Fig. 3 Effect of Ni-content on the electrical
resistance-temperature curve in Ti~-Ni alloys.
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Fig. 4 Effect of Ni-content onthe critical stresses
for inducing martensites(oy) and for reverse trans-

formation (og ).
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(c) Effect of annealing right after cold work. As mentioned previously
the effect of ageing was most prominent in a Ti-51.6at%Ni alloy and was not appre-
ciable in a Ti-49.8at%Ni alloy. This means that a specimen with low Ni-content
does not exhibit the pseudoelasticity even above Af, while that with high Ni-con-
tent does so. However, we found another effect which improved remarkably the
characteristics of pseudoelasticity even in a specimen with low Ni-content. Figure
5 shows the effect of annealing right after cold work on the electrical resistance-
temperature curve of a Ti-49.8at%Ni alloy specimen, which was annealed at each
temperature without solution treatment after cold drawn. The curve exhibits little

change in a specimen annealed above 873K.
However, the curves for specimens an-
nealed below 773K show very conspicuous / 1273K 10

/ srek1a
e

change which is very similar to that ob-

served in the Ti-50.6at%Ni alloy aged below
/A_S_BK Q

773K. The critical stresses oy and op in
Ti-49.80t%Ni

the specimens annealed at 1273K, 773K and
673K, respectively, are plotted against
deformation temperature in Fig. 6. The
specimen annealed at 1273K did not show
the pseudoelasticity at any deformation
temperature and, thus, op was absent.
However, the specimens annealed at lower
temperatures showed the pseudoelasticity,
and especinlly that annealed at 673K
shcwed the most superior characteristics
of pseudoelasticity. The stress-strain
curves as a function of deformation tem-
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perature for a specimen annealed at 673K
and those for a specimen annealed at
1273K and then annealed at 673K are
compared in Fig. 7. The specimens were
loaded and unloaded at each deformation
temperature, and then heated to 373K(>Af)
in order to make the total strain to be
separated into the recoverable strain and
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Fig. 5 Effect of annealing temperature on
the electrical resistance-temperature curve
for Ti-49.8at$Ni -alloy specimens, which
were annealed at each temperature without

the residual strain,
as shown by the
dotted curve.
Permanent residual
strain more than
one percent took
place as shown by
curve (a) in the
specimen annealed
at 1273K followed by
annealing at 673K.
This residual strain
caused the specimen
to show the two way
shape memory effect
as shown by curve
(b) when it was
deformed after the
preceding deform-
ation. On the con-
trary, in the speci-

men annealed at 673K

the perfect shape
memory effect was
observed below Ag
and the pseudoelas-
ticity was observed
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Fig. 6 Effect of annealing temperature on the critical
stresses for inducing martensites(OM) and for reverse
transformation(ogr) in Ti-49.8atZNi alloy specimens,
which were annealed ‘at each temperature without prior
solution treatment after cold work.

Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

C4-259

(B)
) {0)208K  (bJ208K  (c)219K  (dI230K (e)239K
200, (@)210K (b)228K (c1247K 2°°ﬁd 1]
. /7 ﬂ 1) somemrey el onperms ] wmen: e Svempe Q.-.
o T ) | P pa—— e | S, gy et 400 [ 0 [ o
200) (1)248K (9)258K (h)268K  (11277K  (j1289K
w)zesxﬁ (e)286K
0, | S———— o ) ‘._ﬁ
200
(£)295K (§)1304K
& wzoek®  (11308K fI3ieK -
2 o TTEITIE e el 400
2 (1)325K g
8 (h)3(4K 2
& 2%9 « 200
2 g
2 L. [
N ‘ —————————— 2 o=
(332K S | 337K (9)348K (q)sssx (r)aasx
Ti-49.8at =
200, 1273K 10 - e73r< 10 600
Ms=294K °
Ag +318K
400
O 2 46 gjp e M 27-3‘)?'183‘“'
Stroin (%) Mg 25K

Af s313K
Fig. 7 Effect of annealing temperature
on the stress-strain curves as a'func— S gl
tion of deformation temperature in a s,mn %)

Ti-49.8atZNi alloy.

(A) Heat~treatment : 1273K IQ — 673K IQ.

(B) Heat-treatment : 673K IQ.

in a wide temperature range as shown in the right-hand side of Fig. 7. The im-
provement of the characteristics of pseudoelasticity can not be attributed to the
ageing effect due to precipitation, because both specimens were aged for 3.6ks at
673K. Therefore, it is most likely that the effect of annealing at lower temperatures
is caused by the internal structure of dislocations which were introduced during
drawing at R.T. and then rearranged by annealing so as to diminish the internal
strain energy. The presence of such rearranged dislocations again raises the

flow stress for slip, and thus results in the appearance of pseudoelasticity at
temperatures above Af.

It is also noticed in the figure that there are two plateaus in the stress-
strain curves in low temperature range. The critical stress for the second plateau
corresponds to the stress oy, but that for the first plateau was found to be the
stress for rearrangement of the rhombohedral phase variants, which appear prior
to the onset of the martensitic transformation during cooling in the absence of
stress (5,14,15). This is confirmed by the fact that the extrapoclated point of the
latter stress corresponds to the temperature at which the rhombohedral phase is
induced thermally. The details about this will be published soon elsewhere.

Discussion. — As mentioned in the introduction, a Ti-Ni alloy is very ductile and
the transgranular fracture with many dimples on the fracture surface is observed,
while a Cu-Al-Ni alloy is very brittle in a polycrystalline state and the typical
intergranular fracture occurs. These differences of deformation and fracture be-
havior in both alloys were attributed to the large difference in the elastic anisotropy
of these alloys (6,16,17). The elastic anisotropy of a Cu-Al-Ni alloy is known tobe
about 13 (18), while that of a Ti-Ni alloy is about 2 {19). However, there is an-
other important factor which controls the deformation and fracture behavior. If

a deformation mode is available at low stress levels the stress at grain boundaries
is easily relaxed by this deformation mode. In a Ti-Ni alloy which is not given a
special heat-treatment, dislocations move easily at a stress of about 100MPa as

DOCKET

A R M Find authenticated court documents without watermarks at docketalarm.com.



https://www.docketalarm.com/

Nsights

Real-Time Litigation Alerts

g Keep your litigation team up-to-date with real-time
alerts and advanced team management tools built for
the enterprise, all while greatly reducing PACER spend.

Our comprehensive service means we can handle Federal,
State, and Administrative courts across the country.

Advanced Docket Research

With over 230 million records, Docket Alarm’s cloud-native
O docket research platform finds what other services can't.
‘ Coverage includes Federal, State, plus PTAB, TTAB, ITC
and NLRB decisions, all in one place.

Identify arguments that have been successful in the past
with full text, pinpoint searching. Link to case law cited
within any court document via Fastcase.

Analytics At Your Fingertips

° Learn what happened the last time a particular judge,

/ . o
Py ,0‘ opposing counsel or company faced cases similar to yours.

o ®
Advanced out-of-the-box PTAB and TTAB analytics are
always at your fingertips.

-xplore Litigation

Docket Alarm provides insights to develop a more
informed litigation strategy and the peace of mind of

knowing you're on top of things.

API

Docket Alarm offers a powerful API
(application programming inter-
face) to developers that want to
integrate case filings into their apps.

LAW FIRMS

Build custom dashboards for your
attorneys and clients with live data
direct from the court.

Automate many repetitive legal
tasks like conflict checks, document
management, and marketing.

FINANCIAL INSTITUTIONS
Litigation and bankruptcy checks
for companies and debtors.

E-DISCOVERY AND

LEGAL VENDORS

Sync your system to PACER to
automate legal marketing.

WHAT WILL YOU BUILD? @ sales@docketalarm.com 1-866-77-FASTCASE




