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Abstract

A Ni (50.6 at.%) Ti shape memory alloy having a grain size of 30-50 pwm, was subjected to high current pulsed electron beam (HCPEB) irradiation
and the microstructure modifications were investigated in detail. The treatment induces superfast melting and solidification at the top surface. As a
result, the top surface melted layer solidified into a 600 nm fine grain austenite (B2) structure. A martensitic phase transformation occurred in the
subsurface zone due to the high thermal stress induced by the HCPEB treatment. This transformation was avoided in the top surface melted layer.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

NiTi alloys are widely used in the industrial fields due to
their shape memory, super-elasticity effects and good corro-
sion resistance [ 1-3]. Previous studies have shown that the grain
refinement of NiTi alloys can change the martensitic transforma-
tion temperature and lead to the extension of the shape recovery
[4]. Also, the nature of the material surface is of major impor-
tance; in particular for corrosion and wear resistance properties.
Therefore, surface treatment can be used to improve the material
performance.

The interaction of high current pulsed electron beam
(HCPEB) with materials has recently received enormous atten-
tion for surface treatment [5-12]. The HCPEB irradiation
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induces dynamic temperature fields in the surface of the material,
giving rise to superfast heating and melting, as well as a dynamic
stress field that causes intense deformation at the material sur-
face. The combination of these processes makes it possible to
modify substantially the surface characteristics and, in many
cases, improve the mechanical properties faster and more effi-
ciently than conventional surface treatment techniques.

In the present study, we will report, for the first time, the
surface treatment of a NiTi shape memory alloy by the HCPEB
technique.

2. Experimental procedures
2.1. Experimental equipments

The pulsed electron beam treatment was done using a Nadezhda-2 type
HCPEB source. It produces an electron beam of low-energy (10—40keV), high
peak current (10>~10% A/cm?), short pulse duration (approx. 1 ws) and high
efficiency (repeating pulse interval being 10 s). More details about the principle
of the HCPEB system are in references [9,11].

2.2. Starting material and samples preparation

The as-received Ni (50.6 at.%)Ti shape memory alloy was hot rolled at
750 °C in the form of a nearly rounded bar having a diameter of 12 mm. The ini-
tial grain size was about 30-50 wm. The specimens for HCPEB treatment were
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cut into 2 mm-thick discs and their surface was polished down to diamond paste.
The electron beam treatment parameters were as follows: the accelerating volt-
age 27kV and the energy density 3 J/cm?. The samples investigated here were
treated for five pulses with a pulse duration of 1.5 ps. The dwell time between
each pulse was 10s.

2.3. Surface characterization

X-ray diffraction (XRD) analyses were carried out using a XRD-6000
goniometer from SHIMADZU, operating with the Cu Ka radiation. A JEOL
6500F type field emission gun scanning electron microscope (FEG-SEM)
equipped with an electron backscattered diffraction (EBSD) attachment was
used to observe surface morphologies and gain more information about the
microstructure and texture states of the melted zone. The SEM was operating at
15kV with the sample tilted by 70°. NiTi martensite (B19’) and austenite (B2)
were used for possible indexing during the EBSD analysis. The EBSD maps
were acquired with a step size of 70 nm.

3. Results
3.1. Structure modification and phase transformation

Fig. 1 shows a typical optical micrograph of the treated sam-
ple surface. It shows two distinct features. The first one is the
formation of craters, which is a typical feature of many HCPEB
treated metal surfaces [9]. It has been observed that the pre-
cipitates were often located in the center of the craters [12]. It
was established that the presence of interfaces or second phase
affects the number of eruption events and the crater density. In
particular, as the inclusions’ physical properties such as density,
heat conductivity, heat capacity and melting point are usually
different from those of the matrix phase, they can act as nucle-
ation sites. In the case of this alloy, TipNi are the initiation sites
for craters. It was also observed that part of the Ti; Ni precipitates
which are not involved in the crater formation dissolve dur-
ing melting. In consequence, the eruption phenomenon together
with the dissolution of TipNi during the treatment, leads to the
reduction of the precipitate density in the surface melted layer
as well as a purification of this melted layer [12]. The second
feature is the presence of many straight bands. Such kind of
feature on a shape memory alloy can be associated with the
martensitic transformation. The occurrence of the martensitic
transformation after the HCPEB treatment was confirmed by

Fig. 1. Typical optical micrograph of the treated sample, showing craters and
some phase transformation features remained on the top surface.
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Fig. 2. XRD analysis of the untreated (a) and the treated sample (b), showing
martensitic transformation occurred after HCPEB treatment.

XRD analysis carried out before and after treatments. Examples
of diffractograms are shown in Fig. 2. For the initial state, the
observed peaks correspond to the NiTi (B2 structure) austenite
phase and the TipNi precipitates. After the HCPEB treatments,
peaks corresponding to the NiTi martensitic phase (B19') [2] are
present. It is also visible that the diffraction peaks of the Ti;Ni
have vanished: a direct consequence of the surface purification
in the melted layer.

3.2. Grain refinement

To gain more information about the microstructure and tex-
ture issued from the solidification of the surface melted zone,
FEG-SEM and EBSD were carried out to characterize the top
surface of the treated sample. Fig. 3 shows a typical SEM
morphology of the treated sample. Some bands can be clearly
observed. In addition, there are many voids on the surface. The
voids are shrinkage cavities resulting from the solidification pro-
cess. Fig. 4 is a Kikuchi pattern quality (KPQ) map [13] taken
from the same area. After the HCPEB treatment, the rapid solid-
ification leads to a fine grain structure. The mean grain size was
determined to be about 600 nm. All the grains on the top surface
were indexed as corresponding to the NiTi austenitic phase hav-
ing the B2 structure and no martensitic phase could be indexed.
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Fig. 4. EBSD KPQ map taken from the same area as Fig. 3, showing very fine
NiTi austenite (B2) grains formed after HCPEB treatment.

This indicates that the martensite revealed in the XRD trace in
Fig. 2b is located at the subsurface, below the melted layer. It
should be noted here that the dark areas in the KPQ map cor-
respond to the areas having a low quality of Kikuchi patterns.
These band like areas could therefore correspond to areas where
the B2 grains were constrained by the martensitic transformation
occurring in the subsurface layer.

4. Discussion

During the HCPEB bombardment, the concentrated energy
flux acting on the NiTi alloy induces dynamic temperature fields
in the surface layers where the energy has been deposited. This
gives rise to superfast heating and melting followed by superfast
solidification in the top surface melted zone of the material. The
rapid solidification process occurred at rates as high as 108 K/s
and led, in this alloy, to the formation of ultrafine B2 grains at
the top surface. At the same time, a quasi-static thermal stress
with an amplitude of several hundred MPa forms and causes
intense deformations in the material [14]. For this NiTi alloy,
the martensitic transformation temperature (Ms) was measured
for the untreated material to be about —1.5 °C, lower than the
room temperature. Therefore, there was no martensite in the
initial sample. For the treated sample, a stress induced marten-
sitic transformation took place in the heat affected zone. This

martensitic transformation is triggered by the high quasi-static
thermal stress produced by the HCPEB treatment. Interestingly,
the martensitic transformation was not triggered in the melted
zone. The fact that XRD could however very clearly depict the
signal of the martensite suggest that the thickness of the melted
layer is in the range 2—3 wm. It could be considered that the sub-
surface layer had significantly deformed while the melted zone
was not yet solidified; thereby avoiding the effect of the shock
wave. Alternatively, the fact that the indexing of the Kikuchi
patterns from the ultrafine grains was very difficult along bands
suggests that the grains located along these bands were already
solidified and subsequently constrained by the martensitic trans-
formation occurring in the subsurface layer. Several reasons can
be called upon for this. Firstly, the eruption and dissolution
of the TipNi precipitates in the melted zone result in a chem-
ical change in this layer, which will influence the martensitic
transformation temperature. Secondly, the melted layer contains
very fine grains. Previous works have shown that the martensitic
transformation temperature can be significantly decreased if the
austenite grain is sufficient small [15,16]. Finally, the stress level
may also be significantly different in the heat affected zone and
in the melted layer. Further work is now under way to fully elu-
cidate the formation mechanisms of the metastable structures
formed under the action of this new promising surface treatment
process.

5. Summary and conclusion

This work has examined the effect of a new electron beam
(HCPEB) treatment for modifying the surface of a shape mem-
ory Ni (50.6%)Ti alloy. A thin surface layer was melted by the
action of the electron beam. This melted layer solidified as a very
fine grain austenitic (B2) structure. A stress induced martensitic
transformation was triggered after the HCPEB treatment in the
subsurface material but was avoided in the fine grain structure
of the thin melted layer. The formation mechanisms of these
structures are the consequence of the rapid solidification in the
surface melted layer and the result of the stresses associated with
the propagation of the shock wave in the subsurface layer.
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