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Abstract

A martensitic TiNi shape memory alloy was processed by high-pressure torsion (HPT) for
1.5, 10 and 20 turns followed by post-deformation annealing (PDA) at 673 and 773 K for
various times in order to study the microstructural evolution during annealing and the shape
memory effect (SME). Processing by HPT followed by the optimum PDA leads to an
appropriate microstructure for the occurrence of a superior SME which is attributed to the
strengthening of the martensitic matrix and grain refinement. A fully martensitic structure (B19'
phase) with a very small grain size is ideal for the optimum SME. The results indicate that the
nanocrystalline microstructures after PDA contain a martensitic B19' phase together with an R-
phase and this latter phase diminishes the SME. Applying a higher annealing temperature or
longer annealing time may remove the R-phase but also reduce the SME due to grain growth
and the consequent decrease in the strength of the material. The results show the optimum
procedure is a short-term anneal for 10 min at 673 K or only 1.5 min at 773 K after 1.5 turns of
HPT processing to produce a maximum recovered strain of ~8.4% which shows more than 50%

improvement compared with the solution-annealed condition.
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1. Introduction

Shape memory alloys have the ability to revert to their original shape even after severe
deformation and in this respect the TiNi alloys have been widely investigated due to their
superior shape memory effect (SME) amongst all shape memory alloys. The unique property of
this SME is based on a thermoelastic martensitic transformation which leads to a
crystallographically reversible transformation [1,2]. For the SME, plastic deformation such as
slip or deformation twinning are irreversible and these strains cannot be restored even upon
heating [1-4]. An increase in the critical stress by work hardening and/or grain refinement is
especially important for TiNi alloys because slip is easily introduced in these alloys [5]. It is
well known that grain refinement by severe plastic deformation (SPD) can improve the
physical and mechanical properties of metals and alloys [6]. However, nanostructured metals
and alloys processed by high-pressure torsion (HPT) exhibit limited ductility and therefore
short term post-deformation annealing (PDA) at an appropriate temperature is often important
to remove this limitation [7,8]. Recent studies have shown that HPT processing at relatively
low temperatures may be used effectively to synthesize bulk nanostructured TiNi alloys [9-13].
It was shown also that grain refinement and the formation of a nanocrystalline microstructure
suppresses the austenitic to martensitic (B19") phase transformation and promotes the formation
of an intermediate martensitic phase of R in the range of ~60-150 nm [12]. The amorphization
of TiNi is also significant because the grain size of specimens obtained via an amorphous state
followed by crystallization due to PDA may be much smaller by comparison with those
fabricated by conventional methods and this may improve their mechanical properties [13-20].

There are many reports describing the application of HPT processing to these alloys [9-21]
but only very limited information is at present available on the shape memory behavior for

nanocrystalline TiNi alloys prepared by HPT processing followed by PDA [22, 23]. In



principle, obtaining a fully high- strength \martensitic microstructure is a very important
requirement for achieving good SME. It was proposed earlier that if crystallized nano-grains
form after PDA then there is a critical grain size of the primary austenite for the appearance of
a fully-martensitic microstructure which is ~150 nm and it was reported that HPT processing
through 10 turns followed by PDA at 673 K for 60 min leads to a significantly recovered strain
of ~7.8 % [22]. Very recently, it was claimed that the maximum fully recoverable strain occurs
in samples with ~130 nm grain size because the local stress appearing during the martensite
reorientation at room temperature is less than the yield stress for dislocation slip [23]. These
two earlier investigations [22,23] confirm the importance of grain refinement during HPT
followed by PDA and the formation of a fully martensitic microstructure after quenching the
annealed sample to achieve the optimum SME. Nevertheless, the precise effect of the
processing parameters and the role of the R-phase in SME remains unresolved.

Accordingly, and based on the limited information at present available on SME of
nanocrystalline TiNi alloys, the present research was initiated to systematically investigate the
effects of different numbers of rotation during HPT processing and various PDA temperatures
and times on the microstructure and shape memory behavior of a representative TiNi alloy.
This report focuses on the effect of grain refinement and the formation of the R-phase due to
PDA as the two most important factors which appear to optimize the shape memory behavior.
2. Experimental materials and procedures

A TiNi alloy with a nominal composition of Ti-49.8at%Ni was used in these experiments:
henceforth, this alloy is denoted as Ti49.8Ni. The experimental procedure was described earlier
for preparing the alloy and the HPT processing [21] but briefly disks were prepared with wire
electro-discharge having diameters of 10 mm and thicknesses of ~0.79-0.80 mm from a
solution annealed rod processed at 1123 K for 60 minutes followed by ice-water quenching.
These disks were polished and then processed at room temperature through total numbers, N, of

1.5, 10 and 20 revolutions using quasi-constrained HPT [24, 25] under an applied pressure of P
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= 2.0 GPa with a rotation speed of 0.5 rpm. The PDA was performed at 673 and 773 K in a
vacuum furnace after the HPT processing for various times from 1.5 to 300 min. The heating
rate of specimens in PDA was 120 K min™ when measured after placing the specimens in the
furnace.

Differential scanning calorimetry (DSC) analysis was performed using a DSC 200 F3
Maia® under isothermal conditions with a heating rate of 10 K min™ up to 773 K. To study the
phases, X-ray diffraction (XRD) was used with Cu Ka radiation at 40 kV and a tube current of
30 mA. The XRD measurements were carried out over a 26 range from 30° to 50° using a step
size of 0.02° with a counting time of 9.6 s at each step. Vickers microhardness measurements
were taken on surfaces polished to a mirror-like quality using a hardness tester with a load of
100 gf and dwell times of 10 s. The average microhardness values, Hv, were obtained from the
average of five separate hardness values. Foil specimens for transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) were prepared using electropolishing and the TEM
observations were performed using a JEOL 2100 operating at 200 kV. It is important to note
that circular areas of ~3 mm diameter were prepared for DSC, XRD, the hardness
measurements and TEM from positions near the edges of the disks.

The stress-strain curves were recorded in tensile testing for a characterization of the SME using
a load capacity of 2 kN and an initial strain rate of ~7.4 x 10 s, The gauge dimensions of the
miniature tensile specimens, which were prepared from near the edges of the HPT-processed
disks by electro-discharge machining (EDM), were 2.0 x 0.6 x 0.5 mm?®. The strain recovery of
the specimens was measured after loading to 8% and 10% strain followed by unloading and
heating to ~423 K by dipping in hot oil followed by ice-water quenching. It is important to note
that the samples that recovered the total strain of 8% were subjected to loading up to 10%

strain.



3. Experimental results

Figure 1 shows TEM images after HPT processing for (a) 1.5 and (b) 10 turns. Inspection
shows that the specimens contain heterogeneously distributed nanocrystals marked by arrows
that are embedded within an amorphous matrix but nevertheless the crystalline phases after 10
turns are clearly much smaller than after 1.5 turns. In the diffraction pattern shown in Fig. 1(a),
the amorphous phase gives rise to diffuse rings superimposed with rings containing B2
(austenite) and B19’ (martensite) diffraction spots of the nanocrystallites. The results indicate
that, as reported elsewhere [26], the amorphous volume fraction increases with increasing
degrees of deformation and hence with increasing strain.

Non-isothermal DSC measurements of the Ti49.8Ni alloy at the edges of disks are shown
in Fig. 2 after solution annealing (SA: marked as N = 0) and after HPT processing through 1.5
to 20 turns. These non-isothermal results indicate the appearance of two exothermic peaks on
the DSC thermograms after HPT processing. According to the TEM images, the microstructure
of the alloy after HPT processing contains a mixture of an amorphous phase with remaining
nanocrystalline austenite and martensite. Therefore, the first and second peaks are related to a
crystallization of the amorphous phase and a recrystallization of the remaining crystalline phase.
These results indicate, therefore, that crystallization starts at ~560 K and the samples are fully
crystallized above ~660 and fully recrystallized above ~760 K. Based on these results, 673 and
773 K were selected as the two PDA temperatures. The integrals of the two exothermic peaks as
stored energy for 1.5, 10 and 20 turns were estimated as ~1220, ~1490 and ~1530 J mol™,
respectively, where these results demonstrate that the microstructure does not change
significantly after 10 turns.

Figure 3 shows the results of the Vickers microhardness measurements in areas very close
to the edges after HPT processing through 1.5, 10 and 20 turns and PDA at (a) 673 K for 5 to
300 min and (b) 773 K for 1.5 to 10 min: the lower dashed lines denote the hardness values in

the SA condition prior to HPT processing. For clarity, the individual error bars are not included
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on the datum points in Fig. 3.but the average errors on each paint were typically of the order of
~2%. Inspection shows that the hardness at the edges of the disks increases significantly after
only 1.5 turns such that, with reference to the SA condition, there is an overall increase by a
factor of ~2.4 in the absence of PDA so that the hardness is Hv > 450. The torsional straining
up to 20 turns leads to a very significant increase in hardness and the values after 10 and 20
turns are ~600 and ~620, respectively. After PDA, the hardness subsequently decreases with
increasing annealing time due to an activation of the crystallization/recrystallization
mechanisms and this decrease is significant up to 10 min at 673 K and up to 3 min at 773 K.
The results also show that the hardness values after 1.5 and 10 turns of HPT reach essentially
the SA value after annealing at 673 and 773 K for ~300 and ~10 min, respectively.

The X-ray diffraction patterns are shown in Fig. 4 for samples in the SA condition and
after HPT processing for 20 turns followed by annealing at (a) 673 K for 0 to 120 min and (b)
773 K for 0 to 10 min. The microstructure of the SA sample is fully martensitic but the XRD
patterns reveal a broadened halo-like line after 20 turns of HPT processing with a peak position
corresponding to the {110} g(austenite) 20 coordinate as reported elsewhere [13]. This confirms
the austenitic phase transformation. Nevertheless, it is apparent that there are also weak extra
lines close to the martensitic line positions. It is reasonable to conclude that the peak
broadening with changing strain is a consequence of a structural change from a strain-induced
dislocation substructure to an amorphous structure during HPT processing. However, there are
peaks after PDA especially after 1.5 and 10 min annealing at 773 and 673 K, respectively.
Thus, the R-phase peak appears in the XRD patterns after annealing together with the
martensitic peaks after 5 min annealing and the shape and separated peaks after 10 min
annealing at 673 K suggest the advent of crystallization and recrystallization. This same
phenomenon also occurs after 3 min annealing at 773 K and the results show the intensity of
the R-phase peak decreases with increasing annealing time.

The volume fractions of the R-phase after annealing were estimated according to a
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calculation of the R-phase volume fraction based on the XRD data [27] and the results are
summarized in Table 1. Figure 5 shows that the R-phase volume fraction changes in the HPT-
processed samples through different turns followed by annealing at (a) 673 and (b) 773 K for
different times and this reveals the important parameters for controlling the volume fraction of
the R-phase. Thus, the remaining strain in the microstructure after annealing promotes the
formation of this phase and the martensitic plate size after PDA may be calculated using the
well-known Scherrer equation [28] and assuming there is no strain in the material after the
annealing treatment. For these calculations, the widths of the martensitic plates were calculated
from the average of four separate martensitic peaks in Fig.4 and they are listed in Table 1
together with the respective annealing conditions. As anticipated, an increasing annealing time
and temperature leads to the formation of larger martensitic plates. The widths of the
martensitic plates in the SA condition were estimated as ~750 nm using relevant
microstructural images (not shown).

The TEM images in Fig. 6 show the HPT-processed disks after (a) 1.5 and (b) 10 turns
followed by isothermally annealing at a temperature of 673 K for 10 min or 30 min,
respectively. It is apparent that crystallization is complete in both samples since the diffraction
patterns, shown as insets, contain no diffuse rings corresponding to the amorphous phase.
According to the selected area electron diffraction patterns in Fig. 6, the microstructures of
specimens after annealing are martensitic together with an R-phase having an average size of
the primary austenite grains (shown by arrows) of ~120 and ~140 nm for 1.5 and 10 turns,
respectively. It is important to note also that the hardness of both samples is essentially the
same.

Stress-strain curves were recorded for a characterization of the SME of HPT-processed
samples taken through 1.5,10 and 20 turns followed by PDA at 673 and 773 K for 10-120 min
and 1.5-5 min, respectively. The strain recovery of these specimens was measured and the

results are summarized in the last column of Table 1 and in Fig. 7 after loading to 8% and 10%
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strain followed by unloading and heating to ~423 K by dipping'in hot oil followed by ice-water
quenching.

Figure 8 illustrates a typical curve for a sample after HPT processing for 1.5 turns followed
by PDA at 673 K for 10 min after loading up to 10%. This curve shows a two-stage yielding
behavior which can be described by the detwinning of R and B19' in the first stage and a
detwinning of B19', a stress-induced R—B19' transformation and also slip in the second stage.
It is important to note that the microstructure of this sample includes B19' (~71%) and R
(~29%) martensitic phases based on the XRD results. It is apparent from Fig. 8 that ~3.2% of
stain is recovered by unloading due to elastic and also pseudoelastic effects of the R-phase,
~5.0% of stain is recovered by heating to above the austenite finish temperature, A, due to
SME of B19' and ~1.8% is a permanent strain due to slip and the introduction of dislocations.
The result demonstrate clearly that the total recovered strain is ~8.2 which is a remarkably high
value for a shape memory alloy.

Figure 9 shows representative stress-strain curves of samples after HPT followed by
annealing at (a) 673 K for 30 min and (b) 773 K for only 1.5 min after loading to 8% and
unloading: the arrows denote the strain recovery upon heating after unloading as represented by
SME. Close inspection of these curves reveals a two-stage yielding and an increasing flow
stress by increasing the rotation numbers due to HPT processing. In addition, a comparison of
all curves obtained in this study (not shown) demonstrates a decreasing flow stress by
increasing the annealing time. It is important to note also that the same procedure was
conducted both for the SA sample and for the sample immediately after HPT processing
through 1.5 turns. The results indicated that the fully-recovered strain at SA was ~5.5% upon
unloading and heating whereas this value was enhanced significantly after PDA. Furthermore,
the results show that, to achieve an optimum procedure with a maximum fully recovered strain
of ~8.2%, it is necessary to process by HPT for only 1.5 turns followed by annealing at 673 K

for 10 min or at 773 K for only 1.5 min. These results demonstrate, therefore, that the SME is
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improved significantly after PDA by comparison with-using simple SA.
4. Discussion
4.1 Microstructures after HPT

Applying HPT processing to the martensitic TiNi yields a nanostructured phase which is
produced by deformation-induced grain fragmentation and concomitant amorphization. It has
been proposed that lattice dislocations may cause localized amorphization through an
accumulation of the martensitic substructure within the initial grains at grain boundaries and
twin boundaries [11,12]. In addition, it appears that the amorphous phase induced by HPT-
processing can occur in shear bands as shown by the dashed lines in Fig. 1 and also as reported
elsewhere [26]. The appearance of B2 diffraction spots, consistent with the XRD results in Fig.
4, indicates the occurrence of a reverse transformation from martensite to austenite induced by
the severe plastic deformation. It has been reported that most of the nanocrystallites contain
austenite whereas prior to HPT the crystalline structure is fully martensitic [14].

A major challenge in using HPT processing is that it introduces a significant
inhomogeneity in the material because the strain varies throughout the disk [29,30]. In practice,
however, the nonuniformity of stress and hardness, as well as the inhomogeneity of the
dislocation density, becomes weaker with progressive straining because the dislocation density
tends to saturate at large strains [31]. For the TiNi alloy, based on earlier investigations of the
same alloy using HPT-processing, the results indicate that HPT produces a martensite-to-
austenite and then a crystal-to-amorphous phase transformation with increasing numbers of
rotations [21,22]. These phenomena are associated with an intensive (N = 1.5) and then a
gradual (N > 1.5) increase in hardness across the disk diameters and the presence of an almost
homogeneous hardness distribution and saturation hardness at Hv =~ 620 after 10 turns.
However, it was reported that there was no fully homogeneous hardness distribution even after
20 turns and the area within a radius of r ~ 200 um at the center of the disk continued to have a

lower hardness [21]. These results demonstrate, therefore, that the microstructure does not
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change significantly after 10 turns -and this was. further ‘confirmed by the stored energy values
estimated from the DSC results (~1490 and 1530 J mol™ for HPT-processed samples through 10
and 20 turns, respectively). The TEM image and DSC results clearly represent a dual phase and
the existence of an inhomogeneity in the microstructure after HPT processing.
4.2 Annealing behavior

The results in the present investigation indicate that, even after 10 turns of HPT, the
microstructure is not fully amorphous and debris, in the form of nanocrystals and
heterogeneities of crystal-like medium-range order, are embedded in the amorphous where they
can act as nucleation sites due to heat activated phenomena such as a crystallization of the
amorphous phase. This inhomogeneity in the microstructure may be responsible for a further
inhomogeneity in the microstructure of samples after subjecting to PDA. Close inspection of
the TEM images after PDA (Fig 6) confirms this inhomogeneity through the formation of a
range of grain sizes in the microstructures from ~30 to ~130 nm. This non-isothermal analysis
suggests that crystallization and recrystallization start at 563 and 658 K, respectively. A
previous investigation on the effect of various SPD procedures, such as equal-channel angular
pressing, repetitive corrugation and straightening by rolling and heavy cold rolling, on the
martensitic TiNi alloy show there is a significant martensitic stabilization after SPD and
thermal analyses further indicate that the recovery and recrystallization temperature is of the
order of ~673 K [32]. Therefore, no amorphous phase is expected after annealing at >673 K,
and this is fully supported by the consequent significant drops in hardness (Fig. 3) and the
formation of sharp peaks in the XRD patterns (Fig. 4) after annealing at 673 K for 10 min and
also after annealing at 773 K for only 1.5 min.

In addition, the present results indicate that 5 min is not a sufficient annealing time to
effectively reverse the amorphous-to- crystal phase transformation activated by heating at 673
K. Thus, the results show that the microstructure after PDA and ice-water quenching is

martensitic together with an R-phase. Close inspection of the XRD patterns of samples after
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short-term annealing reveals that the R-phase is the main phase in the sample annealed for 1.5
min at 773 K (Fig. 5) and there is even an austenitic phase together with an R-phase in the
sample annealed for 5 min at 673 K.

Concerning the appearance of the austenite and R phase in the microstructure after
annealing, it was reported that the martensitic transformation is suppressed with a decrease in
grain size so that the austenitic phase is stable at grain sizes lower than ~60 nm and the R-phase
appears in the range of ~60-150 nm [12]. The present results demonstrate that the grain size of
the primary austenite in the samples after 1.5 turns of HPT followed by PDA at 673 K for 10
min and after 10 turns of HPT followed by PDA at 673 K for 30 min after annealing at 673 K
are ~120-140 nm, and this is within the range of ~60-150 nm so that the appearance of the R-
phase in the diffraction pattern and the corresponding XRD results are reasonable. The data
presented in Table 1 show clearly the effect of straining during HPT and the role of annealing
time and temperature to control the volume fraction of the R-phase.

It is important to note that nanocrystallization occurs at an annealing temperature as low as
673 K since the retained crystallites act as heterogeneous nucleation sites giving a high
nucleation rate although the growth rate is low because this temperature is far below 0.5T,
(~850 K) where T is the absolute melting temperature. As expected from Kinetic
considerations, crystallization/recrystallization at a temperature such as 773 K is extremely fast
and this produces intensive changes after very short annealing times of only 1.5 min. Therefore,
annealing at 773 for more than 1.5 min in all HPT-processed samples leads to an intensive
coarsening. Finally, it is important to note that, according to the heating rate of the furnace

(~120 K min™), this temperature is reached after only ~4 min.

4.3 Improving the shape memory effect
In principle, a fully martensitic microstructure with appropriate strength plays an important

role in attaining the optimum SME. The martensitic reorientation when one martensite variant

10



grows due to other variants shrinking during loading is the main mechanism for deformation of
the TiNi alloy in the martensitic state. This process may result in a high stress appearing in local
sites on the interfaces between variants and on the grain interfaces, and this local stress may
exceed the yield stress for dislocation slip so that it is accompanied by plastic deformation [1,2].
The strain appearing during the martensitic reorientation is recoverable whereas the plastic
strain is not recoverable. Therefore, a poor SME (~5.5 recovery strain) of the SA specimen in
the present study was predicted by comparison with specimens after PDA due to the relatively
low strength of the material in this condition. This confirms that an increase of the critical
stress by grain refinement produces a significant improvement in the SME.

The present analysis explains the poor SME of the samples after either a long term
annealing (120 min at 673 K) or an annealing at higher temperatures (773 K for 5 min) due to a
consequent decrease in the strength of the materials as shown by the microhardness results in
Fig. 3 and Table 1 by comparison with other annealing conditions. Therefore, increasing the
grain size produces a decrease in the yield stress for dislocation slip which is more effective
than the local stress and thereby provides a condition for an increase in the permanent strain.

The results show clearly that the severely deformed specimens and the specimens with
very small grain sizes (as in samples processed by HPT through 10 and 20 turns followed by
PDA at 773 K for only 1.5 min) exhibit poor SMEs (~5.3 % recovery strain for a sample
processed by HPT through 1.5 turns). In the case of severely deformed samples, it was
proposed that the recovery strain decreases by increasing the strain and there is a saturation of
strain hardening in the TiNi alloys [2]. Since the specimen contains an amorphous phase after
severe plastic deformation, it is expected that specimens after 1.5 turns of HPT will exhibit a
poor SME. In addition, it was claimed that the reorientation of the martensite in nanograins and
the formation of a single variant during active deformation should be partially or fully
suppressed in very small grains of the TiNi alloys where this can significantly affect the shape

memory behavior and diminish the recoverable strain [2].
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The present results prove clearly the existence of-an R-phase (or even an austenitic phase)
in the microstructures after PDA under different conditions (Fig. 4) and this plays an important
role in the shape memory behavior of the specimens. It is important to note that the R-phase
shows pseudoelasticity due to the R—B19' transformation and the SME but the available
pseudoelasticity and shape memory strain is very small (~1%) and this is significantly lower
than for the B19' phase. Therefore, it is expected that the existence of the R-phase in the
microstructure produces a reduction in the SME [33,34]. A clear two-stage yielding is observed
during loading up to 10% in Fig. 8 which shows the pseudoelasticity associated with the R-
phase transition upon unloading and also strain recovery upon heating to temperatures above
As. These two-stage yieldings were observed earlier in the fully R-phase samples which were
related to the rearrangement of the R-phase variants and the following R—B19' martensitic
transformation [34]. It was reported earlier for this alloy that severe plastic deformation by
differential speed rolling with high speed followed by PDA at 673 K led to a deterioration in
the shape memory properties which was attributed to the formation of the R-phase and an
increase of the martensitic finish temperature, Ms [35].

Close inspection of Fig. 9(b) and Fig. 5(b) reveals the effect of the R-phase volume
fraction on the amount of the recovered strain by unloading in the pseudoelastic effect. Thus, a
high value of the R phase promotes the pseudoelastic behaviour but diminishes the total
recovered strain. Concerning the origin of the R-phase in nanostructured TiNi alloys produced
by HPT followed by PDA, it was reported that for grains in the range of ~60-150 nm the R-
phase appears in dislocation-free nanograins [12] which is consistent with the present results.
These results also demonstrate that achieving a homogenous microstructure with a primary
austenitic grain size of ~150 nm is not possible due to the intrinsic inhomogeneity of the HPT-
processed sample. The TEM images in Fig. 1 and the DSC results in Fig. 2 show clearly this
inhomogeneity after HPT processing. Therefore, the microstructure after PDA is not

homogenous as is evident from Fig. 6 and it includes both finer and larger grains formed in the
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amorphous and crystalline areas, respectively. Accordingly, the formation of the R-phase in the
finer grain sizes is predictable. It is important to note also that applying higher and longer
annealing temperatures and/or times to prepare a homogenous microstructure, or at least to
increase the grain size of the finer grain to sizes larger than the range of ~60-150 nm, leads to a
decrease in the strength and hence a deterioration in the SME.

These results indicate that the recovered strain for the nanocrystalline microstructure,
obtained after annealing at 673 K for short times up to 30 min, is not as satisfactory as for the
60 min condition because of the existence of a high volume fraction of the R-phase. Thus, a
good SME is not expected after annealing for 5 min at 673 K because the R-phase is dominant
and/or the crystallization has not finished.

Finally, it is concluded that SPD processing followed by the optimum PDA leads to an
appropriate microstructure with an optimum grain size of primary austenite which is both not
too small to suppress and promote the formation of the B19' and R-phases, respectively, and
not too large to prevent grain growth and thereby provide a high strength of martensite. This
optimum amount of the R-phase then leads directly to the occurrence of a superior SME. The
results show also that it is not possible to completely remove the R-phase completely using the
present annealing conditions as in Fig. 5 and higher annealing temperatures and longer
annealing times will produce a deterioration in the SME due to grain growth and a consequent
decrease in the strength of the material. Nevertheless, short-term annealing at 673 K for 10 min
or at 773 K for 1.5 min after only 1.5 turns of HPT processing is clearly the most favorable
procedure for obtaining an outstanding shape memory behavior due to the dual benefits of grain
refinement and an effective control of the amount of the R-phase. This procedure provides a
maximum recovered strain of up to ~8.4% with an improvement compared with the SA
condition of more than 50%.

5. Summary and conclusions

1. Applying HPT processing to a martensitic Ti-49.8at%Ti alloy yields a nanostructured
13



phase and concomitant amorphization. The results show an amorphization transformation when
the rotational straining is continued to an acceptable level of homogeneity in hardness and to
almost saturation after 10 turns of HPT processing.

2. Crystallization of the amorphous phase and recrystallization of the crystalline phase
occure after post-deformation annealing at 673 and 773 K. The results indicate that the
nanocrystalline microstructure after PDA and ice-water quenching is martensitic together with
an R-phase.

3. These results suggest that a refined grain size and the existence of an R-phase are two
important factors contributing to a superior SME. High annealing temperatures and long
annealing times may remove the R-phase but with a consequent deterioration in the SME due
to grain growth and a decrease in the strength of the material.

4. A short-term anneal for 10 min at 673 K or only 1.5 min at 773 K after 1.5 turns of
HPT appears to be the optimum procedure with a maximum recovered strain of up to ~8.4%

and an improvement of more than 50% by comparison with the SA condition.
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Table captions

Table 1. The Vickers microhardness, martensite plate size, volume fraction of R-phase and
recovered strain of stress—strain curves after loading up to 8% (and 10% for some conditions)

and unloading followed by heating to ~423 K.

Figures captions

Fig. 1 TEM images and corresponding diffraction patterns of the Ti49.8Ni after (a) 1.5 turns
and (b) 10 turns of HPT processing; the severely deformed microstructure contains amorphous
and nano-size fragments (marked by arrows) and the corresponding diffraction pattern shows
the arrangements of the diffraction spots in semi-continuous circles related to B2 and B19’
phases in the microstructure. Shear band also indicated by dashed lines.

Fig. 2 Non-Isothermal (scanning) DSC measurement of Ti49.8Ni after solution annealing and
HPT processing: the heating rate is 10 K min™.

Fig. 3 Microhardness distribution along the radius of the Ti49.8Ni disks after HPT processing
and PDA at (a) 673 K and (b) 773 K for various times.

Fig. 4 X-ray patterns of Ti49.8Ni after 20 turns HPT processing and PDA at (a) 673 K and (b)
773 K for various times.

Fig. 5 Volume fraction of R-phase in Ti49.8Ni after HPT processing trough 1.5, 10 and 20
turns followed by PDA at (a) 673 K and (b) 773 K for various times, estimated from XRD
results.

Fig. 6 TEM images and corresponding diffraction patterns of nanocrystalline Ti49.8Ni alloy
(a) after 1.5 turns of HPT followed by PDA at 673 K for 10 min and (b) after 10 turns of HPT

followed by PDA at 673 K for 30 min: the average sizes of the primary austenite grains (shown
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by arrows) are ~120 and 140 nm, respectively.

Fig. 7 Recovered strain of HPT samples after PDA at 673 and 873 K for various times: these
value obtained after loading followed by heating after unloading.

Fig. 8 Stress—strain curves of Ti49.8Ni after HPT processing for 1.5 turns followed by PDA at
673 K for 10 min after loading up to 10%; the total recovered strain and permanent strain are
~8.2 and 1.8 %, respectively.

Fig. 9 Stress—strain curves of Ti49.8Ni after HPT processing for 1.5, 10 and 20 turns followed
by PDA at (a) 673 K for 30 min and (b) 773 K for 1.5 min: the arrows show the strain recovery

upon heating after unloading.

Fig. 1 TEM images and corresponding diffraction patterns of the Ti49.8Ni after (a) 1.5 turns
and (b) 10 turns of HPT processing; the severely deformed microstructure contains amorphous

and nano-size fragments (marked by arrows) and the corresponding diffraction pattern shows
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the arrangements of the diffractionspots in semi-continuous circles related to B2 and B19’

phases in the microstructure. Shear band also indicated by dashed lines.
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Fig. 2 Non-Isothermal (scanning) DSC measurement of Ti49.8Ni after solution annealing and

HPT processing: the heating rate is 10 K min™.
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Fig. 3 Microhardness distribution along the radius of the Ti49.8Ni disks after HPT processing

and PDA at (a) 673 K and (b) 773 K for various times.
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Fig. 4 X-ray patterns of Ti49.8Ni after 20 turns HPT processing and PDA at (a) 673 K and (b)

773 K for various times.
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Fig. 5 Volume fraction of R-phase in Ti49.8Ni after HPT processing trough 1.5, 10 and 20

turns followed by PDA at (a) 673 K and (b) 773 K for various times, estimated from XRD

results.
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Fig. 6 TEM images and corresponding diffraction patterns of nanocrystalline Ti49.8Ni alloy
(a) after 1.5 turns of HPT followed by PDA at 673 K for 10 min and (b) after 10 turns of HPT
followed by PDA at 673 K for 30 min: the average size of the primary austenite grains (shown

by arrows) are ~120 and 140 nm, respectively.
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Fig. 7 Recovered strain of HPT samples after PDA at 673 and 873 K for various time: these

value obtained after loading followed by heating after unloading.
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Fig. 8 Stress—strain curves of Ti49.8Ni after HPT processing for 1.5 turns followed by PDA at
673 K for 10 min after loading up to 10%; the total recovered strain and permanent strain are

8.2 and 1.8 %, respectively.
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Fig. 9 Stress—strain curves of Ti49.8Ni after HPT processing for 1.5, 10 and 20 turns followed
by PDA at (a) 673 K for 30 min and (b) 773 K for 1.5 min: the arrows show the strain recovery

upon heating after unloading.
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Table 1. The Vickers microhardness, martensite plate'size, volume fraction of R-phase and
recovered strain of stress—strain curves after loading up to 8% (and 10% for some conditions)
and unloading followed by heating to ~423 K.

Nk of agveslig VSNG4, lueszs RHS rconur
(nm) strain (%)

0 (SA) i 210+4 7504250 0 55
15 i 0 497#12 1242 0 5.3
673 10 34047 357 29 8"

673 30 3306 3848 26 8.2"

673 60  264+10 111426 17 6.6

773 15 3366 2042 42 8.4"

773 3 2514 105415 13 7

773 5  218+2  >200 10 7

10 673 10 366+6 2244 31 i
673 30 34047 4042 29 7.6

673 60  304+2  55+3 22 7.8

673 120 2742 3200 18 6.9

773 15  380+2  26%6 61 6.4

773 3 260:3 122424 17 7.2

773 5 - 231343 >200 12 7.0

20 673 10  377e8 2 47 i
673 30 355¢7 3046 46 6.5

673 60  318+7 4748 28 7.7

673 120 266+5  >200 24 6.5

773 15 4012 1843 64 6.5

773 3 271+#3  >200 21 7.8

773 5 24243 >200 14 7.2

* The samples that recovered the total strain of 8% were subjected to loading up to 10% strain.
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