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Abstract

A new type of medical guidewire with functionally graded characteristics from the tip to
the end was developed using Cu-Al-Mn-based alloys. The superelasticity (SE) of the
Cu-Al-Mn-based alloys can be drastically improved by controlling the grain size, and
the present alloys were hardened by ageing at around 300°C. Based on these
results, a Cu-Al-Mn-based core wire for a guidewire with a superelastic tip portion and
a high rigid body portion was manufactured. This guidewire shows excellent
pushability and torquability superior to those of stainless steel and Ti-Ni guidewires.
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1. Introduction

Cu-based shape memory alloys (SMAs) of the Cu-Zn- and Cu-Al-based systems
are commercially attractive for the manufacture of practical applications based on the
shape memory effect (SME) and superelasticity (SE) because of their low cost
compared with Ti-Ni SMAs. Currently, SMAs are attracting considerable attention as
core materials for medical devices such as guidewires, stents and so on [,
However, conventional polycrystalline Cu-based SMAs are too brittle to be sufficiently
cold-worked, which restricts the attainable SE strain to only about 2% P®. The
brittleness of the B-polycrystalline Cu-based SMAs arises from the high degree of
order in the parent § phase, the abnormally high elastic anisotropy ratio and the
coarse grains structure .  Therefore, many attempts have been made to improve
the ductility mainly by grain refining through the addition of less-soluble alloying
elements, but with limited success ©7.

During the last decade, we have developed Cu-Al-Mn-based SMAs with a low Al
content showing excellent cold-workability . Figures 1 shows a vertical section
diagram in the Cu-Al-10at.%Mn system ['%.  As shown in Fig. 1, the B single-phase
region is seen to be broadened by the addition of Mn. It can also be seen that in the
B phase region, the two types of ordering transition temperatures indicated by T/*¢®2
and T.22"?" drastically decrease with decreasing Al content. The reason for the
enhancement of ductility in Cu-Al-Mn-based SMAs is attributed to the decrease in the
degree of order in the parent L2 phase. In the composition range above 16at.% Al,
the L24 structure martensitically transforms into the 6M structure. On the other hand,
in the composition range below 16at.% Al, the ordering from the A2 to the L2,
structure is suppressed by quenching and the martensitic transformation from the A2
to the 2M occurs at low temperature ®!,

T

Very recently, the present authors have o+ Bl j - albinany
demonstrated that SM and SE effects can 0. | "}cAz.Bz
be enhanced by microstructural control : A2
such as grain size and texture control and § 600} : < 1822
that a SE strain of about 8% can be 5 [
obtained in Cu-Al-Mn-based SMAs ("4, § 400l R Ty A
Moreover, it has been found in these Ez A2: | :!
alloys that the hardness and strength 100} \l :'—21
significantly increase by ageing at around 2M | \
300°C due to bainitic transformation [, 100Ls T Noms .
Based on these findings, we have cu-10% oomn 1° . £ 30

at.%Al
attempted to control the mechanical

) . . Fig. 1. Vertical section of the Cu-Al-Mn
properties of the tip and the end portions system at 10at.%Mn.
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of Cu-Al-Mn-based wire individually by microstructural control. In this article, a new
class of medical guidewire possessing functionally graded characteristics is
presented.

2. Experimental procedure

Cu-Al-Mn-based alloys with a composition of Cuz4AligMny4, Cuzg4Al17.5Mn12Sig 1,
(Cu72Al17Mn11)99.8-Bo2,  (Cu725A117Mn105)995-C0os and  (Cuz2.0Al17.5Mn10.5)99.5-C0O0 5
(at.%) were prepared by induction melting in an argon atmosphere. Si and B were
added to raise the martensitic transformation temperatures and to obtain specimens

with fine grains, respectively "%,

A large grain size was obtained for a specimen
containing Co by secondary recrystallization ['®.  The ingots were hot-rolled at 800°C
and then cold-rolled. Wires were then obtained by cold-drawing with annealing at
600°C. The obtained Cu-Al-Mn-based wires were solution-treated at around 800°C -
900°C and then aged in a temperature range of 200°C to 450°C in air. The
microstructures were observed by optical microscopy (OM). The crystal structure
and the composition of precipitates were examined by X-ray diffraction (XRD) and
scanning transmission electron microscopy with an energy dispersive spectroscopy
(STEM-EDS), respectively. The SE property was examined by tensile testing using
an Instron machine at a strain rate of 0.83 x 102 mm/s at room temperature. The
gauge-length of the tensile specimen was 50 mm and the SE strains were measured
using an extensometer. The hardness of specimens was determined by Vickers
hardness (VH) measurement and the 3-point bending test was carried out at a strain
rate of 0.33 x 10 mm/s at room temperature. A Cu-Al-Mn medical guidewire with
functionally graded characteristics was manufactured based on the obtained results.
A conventional experiment for estimating torquability of the Cu-Al-Mn-based guidewire
was performed, where the details being
given in the text.

(a) d/D=0.05

4001

3. Results and discussion

3-1.Superelasticity of Cu-Al-Mn SMA wires
We have shown that the SE strain of the %

sheet specimen is strongly dependent on g

the relative grain size d/t, where t and d

are specimen thickness and mean grain

(b) d/D=0.25 diI

(c) d/D=4.54

diameter, respectively. Moreover, in the

sheet specimen with columnar grains, 0 ?

4
Strain (%)

large SE strain can be obtained because . . .
Fig.2. Tensile stress-strain curves at room

the volume ratio of the grains with a free temperature.
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surface increases and the constraint strain from the surrounding neighboring grains
drastically decreases '?. This effect was also confirmed in the wire specimens with
large grain size . Figure 1 shows the stress-strain curve of the wire specimens
with relative grain sizes of d/D = 0.05, 0.06 and 4.54 for (Cu72Al17Mn11)g9.s-Bo.2,
(CU72A|17_5MI’]10_5)99_5-000_5 and (CU72_5A|17Mn10_5)99_5-C00_5, respectively, where D is the
diameter of the wire. It can be seen that the SE strain strongly depends on the
relative grain size d/D and increases with increasing d/D, while the wire specimens
with small d/D have large yield and tensile stresses as shown in Fig 2. These results
suggest that the constraint stresses in the wire specimens with small d/D are larger
than those with large d/D as well as those in the case of sheet specimens. The
highest SE strain of about 7 % is obtained in the wire with a bamboo structure of d/D
>> 1, although the wire is not uniformly deformed as demonstrated in Fig. 2.
Therefore, the relative grain size d/D should be kept slightly below d/D =1 in order to
achieve high SE strain and to obtain uniform deformation. The present authors have
recently reported that the grain size dependence of the yield stress and SE strain in
Cu-Al-Mn-based SE wires can be predicted using a new model combined with the
Taylor and the Sachs models, in which grain constraint effect is considered and

ignored, respectively [,

3-2.Effect of ageing on microstructure, hardness and bending properties

Figure 3(a) shows the effect of ageing temperature on VH of Cuz4AlisMny,
specimens, where the specimens were solution-treated at 900°C for 15 min followed
by ageing at several temperatures for 15 min. The hardness drastically increases
with increasing of aging temperature in the low temperature region and then
decreases after reaching the maximum VH obtained by ageing at 300°C. Figures
3(b) - (d) show OM microstructures observed from the specimens aged at (b) 200°C,
(c) 300°C and (d) 350°C. The specimen aged at 200°C is B single-phase, while the
specimens aged at over 300°C show fine microstructures with plate-like precipitates in

(a)

400

(c)

w
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Vickers hardness (Hv)
w
o
o

Aged for 15min.

2005360 300 400
quenched Temperature (°C)

Fig. 3. (a) Plots of Vickers hardness vs. ageing temperature and microstructures of specimens
aged at (b) 200°C, (c) 300°C, (d) 350°C, where (b)-(d) correspond to those in Fig. (a).

1481



62° Congresso Anual da ABM / 62nd ABM International Annual Congress

the B matrix and an increase in the size of
precipitates with increasing the ageing
temperature. It is confirmed by X-ray
analysis and STEM-EDS observation that
the plate-like precipitates have the long
period stacking order structure, namely,
the 9R structure, which is observed in the
martensite phase transformed from the
Cu-Al-Mn B2 (B2) phase. Moreover, the

composition of precipitates is different ~ Fi9-4- OM microstructure of age-hardened
specimen with ductile o phase.

from that of the B parent phase, which

means that diffusion occurs during the formation of the precipitates. From these
facts, it is supposed that the plate-like precipitates are due to bainitic transformation
which has also been observed in other Cu-based alloys "®'9.  Furthermore, it was
observed by X-ray analysis that the degree of order in the pB1 (L24) phase was
increased by low temperature ageing. Consequently, it is concluded that the
increment of the hardness by low temperature ageing is caused by the formation of a
fine microstructure with bainite plates and the increase of the degree of order in the
L24 phase, and that the decrement of the hardness is due to an increment in the size
of the bainite plates.

Moreover, it is noted that the ductility of bainitic transformed p alloys can be
improved by introduction of the o (fcc) phase " as shown in Fig. 4. Such
microstructure can be obtained by annealing in the B+a two-phase region followed by
the final low temperature ageing.

3-3.A new type of guidewire with functionally graded properties

A guidewire is indispensable for introducing a catheter into a blood vessel and is
used for angiography, etc. The tip portion of the guidewire must have sufficient
flexibility to pass through the meandering blood vessels, so that the catheter can be
introduced into a desired site. On the other hand, in the body portion of the
guidewire, high rigidity is required to overcome the high resistance to bending in a
blood vessel and to smoothly transmit the torque from the end to the tip portion of the
guidewire. At present, stainless steel and superelastic Ti-Ni wires are widely used
for the core wire of the guidewire. Although the strength of stainless steel wire is
very high, as shown in Fig. 5(a), its response to rotation is poor because plastic
deformation easily occurs. On the other hand, Ti-Ni wire shows excellent flexibility
due to the SE effect, as shown in Fig. 5(b), but its pushability and torquability are
insufficient because of low stiffness. Therefore, a new class of guidewires with
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advantages of both stainless steel and
Ti-Ni wires is strongly required.

In the Cu-Al-Mn SMA, the mechanical
properties can be varied by
microstructural control as previously
described. As can be seen from Fig. 5(c),
the Cu-Al-Mn SE wire shows excellent
superelasticity and is much softer than the
Ti-Ni SE wire. On the other hand, the
Cu-Al-Mn  rigid wire aged at Ilow
temperature exhibits much higher strength
than the Ti-Ni SE wire, as shown in Fig.
5(d), and its Young’s modulus E is
comparable to that of stainless steel wire.

In the present study, a functionally
graded core wire with mechanical
properties varying from the tip to the end
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Fig.5. Stress-strain curves obtained by
tensile-testing in (a) Stainless steel,
(b) Ti-Ni, (c) Cu-Al-Mn-based SE
and (d) Cu-Al-Mn rigid wires.

o @ O, 325 was prepared. Graded characteristics
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(b) portion of the core wire individually
Figure 6(a) shows the load-deflection
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Fig.6. (a) Load-deflection curves obtained
by a bending test at room
temperature in the core wires with
functionally graded properties. (b)
Plots of of vs. position of core wire,
where o is defined as shown in (a).

curves obtained from each part of
CU70_4A|17_5Mn128i0_1 wire with functionally
graded characteristics, where only the tip
portion of the age-hardened wire with a
length of 1500 mm was solution-treated at
800°C to obtain the SE. Furthermore,
bending stress of vs. position of core wire
is shown in Fig. 6(b), where of is the stress
level when a bending strain of 2% is
applied, as shown in Fig. 6(a). It can be
seen that the tip portion of core wire is
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485 considerably flexible showing SE and that

p— —— dr:/:;dg the strength of the wire increases gradually
a5ol. /wbe . in the range of 200 mm to 400 mm.
< "l with two turns 1 1
5 00} ‘ \ /;e:gﬁ.';'"g / Moreover, the .body portion of the core wire
5 250 +—S=——{tp possesses a high constant strength.
‘-% - The torquability of this core wire was
- - evaluated using a conventional method.
100l . The inset in Fig. 7 shows the experimental
ol method used to investigate the torquability
< = i of the guidewire . A circular Teflon tube
0 50 100 ‘5%“%?”09 jf;’.e?f;f’ 350 400 430 with a diameter of 140 mm and two turns
Fig.7. Plot of the resulting angle as a which simulates an imaginary blood vessel
function of the driving angle in the is prepared, the outside and inside
Cu-Al-Mn-based and Ti-Ni core . .
wires, where the inset shows an diameters of the tube being 4 mm and 3
experimental method for mm, respectively.  The torquability is
measuring torquability. . . . . . .
investigated by inserting a core wire with a
length of 1500 mm into the Teflon tube.
Tip Details of this experimental method have
been described in previous paper !°.
Figure 7 shows the experimental results on
the torquability of the Cu-Al-Mn- based and
Ti-Ni core wires, where the dotted line
shows ideal torquability, i.e., the driving
End angle in the end portion of the guidewire
completely agrees with the resulting angle
Fig.8. Cu-Al-Mn-based guidewire with in the tip of the guidewire. It is seen that
&‘Sg::’?ﬁe”éS::gﬁgec?sagi‘:tzzsxfﬁ the torquability of the Ti-Ni core wire is
resin. insufficient, because the plots of the

resulting angle vs. the driving angle
considerably deviate from the ideal line and suddenly approach the ideal line when
the driving angle becomes large. Such a phenomenon is called “Whipping” which is
the most annoying guidewire problem, because if this phenomenon occurs, the blood
vessel is significantly damaged by the sudden, large rotation of the guidewire. On
the other hand, the present Cu-Al-Mn-based core wire with functionally graded
characteristics shows excellent torquability, and the results are almost coincident with
the ideal line because the body portion of the core wire has a high rigidity. A
photograph in Fig. 8 shows a real Cu-Al-Mn-based guidewire having functionally
graded characteristics. Usually, a hydrophilic coating is applied to facilitate smooth
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movement of the guidewire in the blood vessel. It was confirmed that liquation of the
metal elements into blood vessel can be suppressed by such coating.

As shown by these results, the herein presented Cu-Al-Mn-based guidewire with
functionally graded characteristics has considerably better handling ability than the
stainless steel and the Ti-Ni guidewires and show promise as a new type of guidewire.
This Cu-Al-Mn-based guidewire is now under evaluation by doctors.

4. Conclusions

The manufacturing of a Cu-Al-Mn-based guidewire with mechanical properties such
as SE, stiffness and strength graded from the tip to the end was attempted. The
results obtained are as follows.

1. SE of the Cu-Al-Mn-based SMAs is improved by the control of relative grain size
and such SE wires are softer than Ti-Ni SE wires. Moreover, the
Cu-Al-Mn-based alloys show a significant increase of hardness by ageing at
around 300°C and the strength and stiffness of those wires are comparable to
those of stainless steel wire.

2. The torquability of such Cu-Al-Mn-based guidewires with functionally graded
characteristics is superior to those of the stainless steel and the Ti-Ni guidewires.
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