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TiNi shape memory clamps with optimized
structure parameters
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The different treatments of TiNi shape memory alloys applied as a material for so-called
TiNi clamps and their influence on substructure parameters and deformation behaviour are
discussed. The forces generated in fine-grained materials with higher dislocation density
are stable after the cooling of the clamp to body temperature, which is a necessary
condition for stable fixation of bone fragments. The forces generated and reversible strains
depend on the substructure state and system stiffness parameter. The “yield point” and the
“elastic moduli’” are modified by controling the B2/B19’ interface mobility. The mechanical
parameters obtained after annealing at 400 and 500 °C, respectively, following the 15%
cold-working reduction are optimal for the TiNi clamp design. The TiNi clamps with optimal
properties have been used in a total of 68 patients. The new TiNi clamps enhance the
fixation of the bone fragments involved, helping to prevent redislocation and provide the

ability for earlier active rehabilitation.

1. Introduction

The near-equiatomic titanium-nickel intermetallics
belong to a class of “memory” materials that exhibit
shape memory behaviour. Components and devices
made of memory materials can remember their orig-
inal shape after significant deformation and shape
recovery occurs either immediately after the unload-
ing of the deformed part (pseudoelasticity, PE) or after
its subsequent heating above a critical temperature
(shape memory effect, SME) [1-4].

The shape memory effect is related to a martensitic
phase transformation, and the memory strain (the
recoverable strain) is brought about by a stress-
induced martensitic phase transformation or by re-
orientation of the martensite variants during stressing.
During unloading (PE) or after heating (SME), the
most favourably oriented martensite B19’, with re-
spect to the stress applied, transforms back to the
high temperature phase B2 and shape recovery oc-
curs. The fundamental memory parameters and the
mechanical behaviour of memory alloys are depen-
dent on the conditions at which the martensitic phase
transformation, the reorientation of martensitic vari-
ants, as well as the reversible phase transformation,
occur. There is much information concerning defor-
mation behaviour of annealed polycrystalline TiNi
alloys and single crystals [4] and many applications
are limited to the use of annealed alloys. In some of
our previous papers, we have described the influence
of work hardening and subsequent heat treatment on
the substructure and final mechanical properties of
TiNi shape memory alloys [5-10]. These results were
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more or less confirmed in other works [11] and it is
clear, that the optimal treatment of memory alloys can
lead to a better and more efficient use of memory
material.

The intermetallic compound TiNi has an excellent
resistance to corrosion and several researchers have
found that TiNi displays biocompatibility [12-14] so
a great number of medical applications, from external
devices to temporary and permanent implants, have
been used and suggested [15-19].

This paper concentrates on the structure optimiza-
tion of newly designed and developed TiNi shape
memory clamps. The new clamps differ from those
developed previously [15, 18, 19] partially by design,
but the most important difference lies in the structural
parameters leading to optimized stiffness, strain recov-
ery and generated forces accompanying the shape
memory effect.

The aim of structure optimization is to make a ma-
terial (TiNi clamps) which will guarantee:

e optimal transformation temperatures with respect
to body temperature;

e the production of physiological forces when shape
memory effect occurs and the bone fractions are
compressed during heating;

e constant level of fixation forces after heating, and
following cooling of the clamp to body temperature;

e the possibility to predeform and eventually further
adjust the TiNi clamps at room temperature (with-
out the necessary cooling) if a further modification
of the shape is required during the operation.
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TABLE I Transformation temperatures of TiNi materials after different treatment

Treatment regime

15% 400°C/1 hjw* 500°C/1 hyw 600°C/1 hjw 900°C/1 h/w
M, [*C] 2 0 4 5 5
M, [°C] 26 ~12 16 —14 14
A, [°C] 16 16 17 16 16
A, [°C] 43 41 36 35 35

*w — quenching in water.

2. Experimental procedures

The vacuum induction melting technique was used to
prepare the binary 49.9 at% Ti-50.1 at % Ni alloys.
As-cast TiNi alloy ingots, weighing approximately
10 kg, were homogenized, extruded into rods 12 mm
in diameter, hot-forged and cold-drawn into wires
with a diameter of 2.5 mm. The wires were annealed at
800 °C in an argon atmosphere after every 30% reduc-
tion. The last cold reduction was 15% and the wires
were annealed in an argon protective atmosphere at
400, 500, 600 and 900 °C, respectively, for 1 h while
shaping the clamps. Transformation temperatures
were estimated from resistance versus temperature
dependence and are given in Table I.

Tensile tests were carried out by using an Instron
1196 tensile test machine with specific grips enabling it
to deform the clamps at room temperature. The
clamps were deformed at a strain rate ¢ = 0.012s™ ! to
the maximum recoverable strain &, (completely re-
versible after appropriate heating). After predeforma-
tion the clamps were unloaded and subsequently
heated to temperatures between 45 and 80°C using
warm water. The different testing configurations were
used to reach a specific stiffness parameter (SP) of the
system during the shape memory effect. The forces
generated (F,) during heating of the predeformed spec-
imens were measured.

The substructure of the TiNi clamps was studied
using a transmission electron microscope Jeol 200 CX
(TEM). Thin foils for TEM were prepared from wires
with 2.5 mm diameter. The spark-cut foils were mech-
anically ground and subsequently polished in a solu-
tion of CH;COOH and HCLO, using a Tenupol
twin-jet polisher (7 = 5°C and U = 15V),

3. Results and discussion
3.1. Influence of work hardening and
annealing on the structure of TiNi

During cold-drawing, the transformation plasticity of
the TiNi material is exhausted and work hardening
occurs [4, 6, 9]. The structure of the work hardened
alloy is formed mostly of high-temperature phase B2
(Fig. 1a) and only small amounts of stabilized marten-
site B19" were detected after final cold-drawing with
15% reduction (Fig. 1b). Elongated grains of the B2
high-temperature phase and enhanced dislocation
density (Fig. 1a) are typical of cold-drawn wires. The
wavy bands of B19’ martensite plates (Fig. 1b) indicate
that serious plastic deformation of the matrix occurs
during drawing. The generated dislocations stabilize
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Figure I Structure of work-hardened alloy (reduction 15%) consist-
ing mostly of B2 high-temperature phase (a) and small amounts of
stabilized martensite B19' (b).

the B2 phase (the M, temperature is the lowest one
in this case, see Table I) which corresponds with
previously described results [4,6,11]. It - has
been found that internally stipped martensite forms in
cold-worked alloys [20] and the reversible trans-
formation requires more energy when compared with
typically observed internally twinned martensite. The
B2/B19" interfaces are blocked by dislocations and
martensite plates cannot easily shrink [4,6,8]. For
this reason, the A; temperature is highest in work-
hardened specimens even if the interhal elastic stresses
contribute to the back transformation B19' — B2, as
has been theoretically as well as experimentally
evidenced in other works [21, 227. The “duplex”sub-
structure consisting of B2 phase and B19' retained



martensite is stable up to recrystallization temper-
atures (500 °C). The R-phase formation was not found
in the alloys investigated which contrasts with the
results obtained for hot-rolled TiNi alloys with similar
composition [6].

Annealing at 400 °C leads to a decrease of disloca-
tion density, but stabilized martensite was still ob-
served in the structure. The lower dislocation density
(as a consequence of matrix restoration) results in the
observed changes of the transformation temperatures
(Table I). The substructure of the specimen annealed
at 500°C is presented in Fig. 2. It is evident that the
recrystallization process started at 500 °C and the fine-
grained B2 structure is obtained after annealing at this
temperature. After annealing at 600 °C, equiaxed B2
grains are observed, and annealing at 900°C led to
further growth of B2 grains and decrease of disloca-
tion density (Fig. 3).

The substructure of the materials predeformed to
a maximum reversible strain g, is completely marten-
sitic (Fig. 4). As follows from Fig. 4, the stress-induced
martensite (SIM) transformations occur during load-
ing, and the preferrentially oriented martensitic plates
are typical of predeformed specimens.

3.2. Deformation behaviour

3.2.1. Stress—strain dependences

The stress—strain curves of TiNi alloys are strongly
dependent on the content of the three following funda-
mental phases: the high-temperature B2 phase, the
R-phase and the B19’ martensite [1,4]. As already
mentioned, the alloy types investigated do not contain
the R-phase and a dominant presence of austenite is
typical at room temperature. The stress—strain de-
pendences of the alloys investigated after different
annealing conditions are presented in Fig. 5. Curve 1
represents the work-hardened state and curves 2, 3, 4
and 5, respectively, represent the tensile behaviour
of materials annealed at 400, 500, 600 and 900°C,
respectively.

At the critical stress oy, the typical casy deforma-
tion with do/ds — 0 occurs. The strain reached before
the value oy is usually regarded as an elastic strain.
Similarly, it is considered that after the transformation
and/or reorientation capacity is exhausted, the pla-
teau is followed by elastic straining of the martensite.
Both the observed slopes in the stress—strain curves
are often held as quantities representing “elastic
moduli”. This is not absolutely true, because the “elas-
tic moduli” are strongly dependent on the work-hard-
ening stage. Owing to the higher dislocation density,
the “platean” is steeper in work-hardened alloys when
compared with the deformation behaviour of an-
nealed specimens. The interface mobility is lowered as
a consequence of interface interaction with disloca-
tions present in the matrix. Comparing the annealed
specimens with the work-hardened state, the apparent
decrease of “elastic moduli” at the start of straining
and the increase at strains greater than those at which
an outstanding plateau occurs, are typical. The speci-
mcns annealed at 500 °C differ from those annealed at
900 °C, with the former having a higher dislocation

Figure 2 Structure of alloy annealed .at 500°C/1 h/w after cold-
drawing.

Figure 3 Structure of alloy annealed at 600°C/1 h/w after cold-
drawing.

Figure 4 Structure of alloy annealed at 500°C/1 h/w after cold-
drawing, after predeformation to g, = 4.2%.

density and finer grain size. The stress-induced trans-
formation occurs, to some smaller extent, at low
strains as well as in the region following the easy
deformation range, and modification of this effect
causes the changes in “elastic moduli”. This means
that the dislocations present in the matrix are effective
obstacles for martensite growth during SIM forma-
tion and the “elastic moduli” are higher in materials
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Figure 5 The stress—strain dependences of the investigated alloys:
(1) work-hardened; annealed at (2) 400°C; (3) 500°C; (4) 600°C
and (5) 900°C.

with higher dislocation density. At the plateau, during
the easy deformation, the transformation capacity is
not exhausted in work-hardened materials and con-
tinues up to higher stresses. This is connected with
apparently lower stiffness at higher stresses. If both B2
phase as well as martensite are present in the matrix,
the deformation behaviour is analogous to the case of
composite materials — the observed stiffness depends
on both the properties of B2 and B19' materials. Work
hardening changes the transformation temperatures
(lower M, higher A;) and these changes also lead to an
increase of critical stresses Gy, necessary for SIM.

3.2.2. Recovery strains and generated
forces

Both generated forces and reversible strains are

strongly dependent on the opposite forces acting

against the forces generated during the shape recovery

process. Two extreme situations can be observed [23]:

e totally constrained conditions, where the recovery
of the shape is not allowed by a rigid obstacle with
very high stiffness; maximum force is generated at
heating;

e free recovery without any opposite forces acting
against the shape memory element; no forces are
generated by the memory element during heating
and shape recovery.

In the case of fixation clamps, the joined bones and
surrounding tissues do not allow the predeformed
shape memory clamp to shrink completely, but the
clamp is not totally constrained and partial shape
recovery occurs. The “working cycles” performed by
two different TiNi shape memory clamps annealed at
two different temperatures 400 and 900 °C, respective-
ly, are schematically drawn in Fig. 6. The dotted
curves characterize the force F versus elongation Al
dependences of the clamps during predeformation and
unloading to the zero forces, and the solid lines rep-
resent the recovery of the shape and generation of
compressive forces F, on heating. The angles a; be-
tween abscisa and solid lines represent the stiffness
parameters (SP); = dF/dAl = tgo; which correspond
practically to the stiffness of the bones treated.
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Figure 6 The working cycle of memory clamps with different struc-
ture. (a) 400°C/1 h/water; (b) 900°C/1 h/water.

To have maximum recovery capacity, the maximum
reversible strains at free recovery g, were found for
each material type. The specimens investigated were
predeformed up to this strain level, when the forces
generated were measured. The maximum &,,,, value of
6.25% was observed for clamps annealed at 900 °C.
The clamps annealed at 600 °C possess the maximum
reversible strain at free recovery of 4.3%, the speci-
mens annealed at 500°C, 4.2% and the specimens
annealed at 400°C 2.8% (every value is a mean of
seven measurements). The maximum reversible strains
of the work-hardened materials were measured by use
of straight wires having corresponding lengths. The
results obtained clearly demonstrate that the recovery
strains are dependent on the dislocation density. The
decrease of maximum recovery strain g, 1S accom-
panied by increased work-hardening intensity leading
to the modification of conditions at which the phase
transformations occur. The higher the work-harden-
ing stage the lower the B2/B19" interface mobility and
the martensite plates do not shrink accordingly and
the result is a lower reversible strain [1, 4, 7].

As follows from Fig. 6 the forces F, generated after
heating to the same temperature depend on the stiff-
ness parameter SP. For the higher stiffness, the gener-
ated force F? is higher than the force F; obtained for
the lower value of the SP. The reversible deformation
(shrinkage) of the clamps working against the higher
stiffness is smaller compared with the reversible defor-
mation obtained after heating the clamps in the sys-
tem with the lower SP.

At the same stiffness parameter SP represented by
the angle o, the highest force generated F, was detec-
ted in alloys annealed at 900 °C/1 h/water. The corres-
ponding reversible deformation was highest in this
case as well. In this material the dislocation density is
low enough that the extent of reversible transforma-
tion controlled by the reversible movement of the
B2/B19" interfaces is considerable [1-4]. In contrast
to this situation, reversible deformation at the same
SP by the clamp annealed at 400 °C/1 h/water is the
lowest. The reversible movement of B2/B19’ interfaces
requires more energy because the moving interface
interacts with obstacles (dislocations) and energy dis-
sipation occurs. The opposite forces play a similar role



to the dislocations present in the matrix — they prevent
reversible transformation. If the maximum opposite
forces are lower, it means the stiffness parameter is
lower (2, in Fig. 6), and the recoverable deformation is
higher. This follows from the result that the forces
generated can be effectively modified and the forces
corresponding to the physiological conditions can be
reached at an actual stiffness parameter SP by the use
of optimal combined mechanical and heat treatment of
the TiNi alloys. This is important, especially when the
bone state is not optimal (e.g. osteoporosis). Based on
the statistical data concerning the bone tissue stiffness
and strength, an appropriate TiNi clamp can be used.
The character of the forces generated can alter after
subsequent cooling down to body temperature. As
evident from Fig. 6, the force F) generated after heat-
ing to a temperature above body temperature (as
a rule to a temperature between 45 and 60°C) de-
creases after subsequent cooling (to 37 °C) to the value
F* in the case of clamps annealed at 900 °C/1 h/water.
The greater the difference between the heating tempera-
ture and body temperature, the greater the decrease of
force. This corresponds well with the results described
in [15]. This decrease of the force generated by
a clamp leads to the relaxation of the fixed system,
with the bone fragments no longer being stabilized,
and supporting immobilization is necessary. A differ-
ent situation was observed in the clamps annealed at
400°C/1 h/water where the generated forces F7 and
F? were lower than the forces F? and F> (Fig. 6),
respectively. Analogous behaviour was observed in
clamps annealed at 500 °C/1 h/water. It follows from
the results obtained that by designing the fixation
elements using memory alloys, the stiffness parameter
and deformation behaviour of the memory material at
body temperature have to be taken into account.
These characteristics are at least as important as the
transformation temperatures of the material used.
The clamps annealed at temperatures of 400 or
500°C demonstrated a constant level of forces prod-
uced after heating and subsequent cooling to 37°C.
This is a consequence of the above-mentioned work-
hardening effect, which significantly changes the con-
ditions for martensite formation [1,4,8,9] and the
individual stress—strain dependence (see Figs 5 and 6).
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Figure 7 Relationship between the generated forces F, and the
stiffness parameter (SP) after heating to temperature (a) 45°C;
{b) 50°C; (c) 80°C.

In contrast to alloys with lower dislocation density
and coarser grains (alloys annealed at 600 and 900 °C),
the fine-grained alloys with higher dislocation density
(those annealed at 400 and 500°C) have higher
Oy stresses.

The difference AF between the force F} generated
after heating to a temperature between 45 and 80°C
and the force F’ necessary for SIM formation at 37 °C
corresponds to the decrease of compressive fixation
forces and to the instability of clamps annealed at 600
and 900°C.

Tt follows from the results obtained that the rela-
tionship between the generated force F, and the stiff-
ness parameter SP can be characterized, for a constant
heating temperature, by the logarithmic equation:

F,= A+ BIn(SP)

where A and B are calculated constants. The forces
generated increase with increased clamp temperature,
as evident from Fig. 7, because the opposing external
forces (dependent on SP) stabilize the B19" martensite
(increase of A, A; temperatures) [1, 4].

4. Discussion of medical applications
Having a material with optimized structural fea-
tures (tested both under laboratory conditions and

Figure § An example of a corrective osteotomy of the first metatar-
sus. Acceptable compression of the fragments involved is achieved
after TiNi clamps have been warmed up (black arrow). Using two
clamps a more stable osteofixation is assured.
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experimentally with animals available), therapeutic
applications have been in progress since 1993, In a
total of 68 patients, the clamps in small bone fracture
treatments and artificial osteotomies treatments
have been put to use. Till now we have applied our
TiNi clamps for the following purposes: hallux valgus
correction (Fig. 8), metatarsa-cuneiforme arthrodesis,
desis of the first carpometacarpal joint and inter-
phalangeal joint, fixation of a pseudoarthrosis of
the metatarsal bone, correction of malunion of
the finger (Fig. 9). A special area of interest lies
in delayed union and non-union of the carpal
scaphoid (Fig. 10).

In contradistinction to “classic” metal staples (gen-
erally made from titanium alloys) which guarantee the
passive stability of bone fragments, the TiNi memory
clamps compress the fragments. The compressive fo-
rces are produced as a consequence of the shape mem-
ory effect and have to be optimized with respect to
physiological needs. The optimal physiological forces
are dependent on four main factors: the stiffness and
remodellation rate of the bone; the temperature which
is reached during heating of the shape memory clamp;
the dimensions and shape of the TiNi clamp; and the
structure of the TiNi alloy. It is well known that both
the extent of recovery stresses as well as recovery
strains occurring during the shape memory effect de-
pend on the structural state of the TiNi alloy [6-9]
and on the stiffness of the bone. The aim of the latest

4

Figure 9 A further possible application: a treatment of a malunion
of an index finger by corrective rotatory osteotomy. Using the TiNi
clamp, stable fixation was gained.
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trend is to have at our disposal the smallest possible
implant allowing the smallest invasion. In contrast to
shape memory alloy elements developed previously
[15, 18, 19], our TiNi memory clamps do not need to
be cooled before predeformation and can be further
adjusted at room temperature if required. A very im-
portant characteristic is that the forces generated after
heating the memory clamps do not decrease after
cooling to body temperature. Clamps with an opti-
mized structure are supplied in a predeformed state
and after X-ray sterilization can be inserted in a hu-
man body. If necessary, the clamps can be remodelled
by the surgeon at room temperature before implanta-
tion. The force generated after heating the implant
enables compressive osteosynthesis.

The reduction or even exclusion of the immobiliza-
tion period, which facilitates a rehabilitation
programme, is very important. Using our TiNi
clamps, we did not apply cast splints longer than it
took for the soft tissue condition to be under control.
The immobilization period never exceeded 12 days. In
the case of the Shapiro internal fixation systems, a cast
immobilization of 4 to 6 weeks has usually been rec-
ommended [24-26]. We believe, the short duration of
immobilization represents, beside stable fixation, the
most important advantage of this recently developed
system.

Figure 10 Another demonstration of the usability of a TiNi clamps
for fixation in the treatment of pseudoarthrosis of the carpal
scaphoid. Obtaining stability in this particular case does not require
any supporting fixation, thus enabling active rehabilitation to start
immediately following surgery.



5. Conclusions

Modifying the conditions at which the martensitic and
reverse transformation in TiNi alloys occur (the com-
bination of work hardening and an appropriate an-
nealing procedure) can lead to the optimal structure
and properties of shape memory TiNi clamps.

As a consequence of different treatment procedures,
transformation temperature changes were observed.
The “yield point” oy, the “elastic moduli” of shape
memory TiNi alloys, the extent of reversible strains
and the mobility of B2/B19’ interfaces are influenced
by the work-hardening intensity. The level of forces
generated F, depends on the stiffness parameter of the
system and the temperature reached. From the point
of view of the stability of the force generated after
heating and subsequent cooling to human body tem-
perature, annealing at 400 or 500 °C following a 15%
cold-working reduction is optimal.

The stability of the bone fragments involved enables
us to start an active rchabilitation programme very
soon after surgery, when wound healing begins to
come under control, generally after two or three days
in our patients. We believe that this optimal compres-
sive stabilization facilitates recovery, as a general prin-
ciple. Both further clinical testing and histological
assessment are required.
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