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Abstract Extensive work has been reported on the
microstructure of laser-welded NiTi alloys either supere-
lastic or with shape memory effect, motivated by the fact
that the microstructure affects the functional properties.
However, some effects of laser beam/material interaction
with these alloys have not yet been discussed. This paper
aims to discuss the mechanisms for the occurrence of
martensite in the heat-affected zone and in the fusion zone
at room temperature, while the base material is fully aus-
tenitic. For this purpose, synchrotron radiation was used
together with a simple thermal analytic mathematical
model. Two distinct mechanisms are proposed for the
presence of martensite in different zones of a weld, which
affects the mechanical and functional behavior of a welded
component.
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Introduction

Ni—Ti shape memory alloys (SMAs) are known to exhibit
superelasticity, shape memory effect, and biocompatibility,
which make them a good candidate for several types of
applications [1]. Due to the low formability of these alloys,
a suitable joining technique must be used to obtain devices
and components with complex geometries [2].

Laser welding of these SMAs is being studied in the last
years in order to fully understand the effects of this joining
technique on the microstructure and functional properties
of these materials.

Literature can be found about the microstructure [3-5]
and the effects of laser welding on the functional properties
of the joints [2, 6-8]. However, some consequences of the
interaction between the laser beam and these materials
were not yet fully discussed despite the effects observed
and reported. One of those effects is the existence of a
different phase from the base material at room temperature
in the heat-affected zone (HAZ) and in the fusion zone
(FZ) after the welding.

It is a well-known fact that, in Ni-Ti SMAs, the trans-
formation temperatures are composition dependent. A
minor change in its composition significantly modifies the
transformation temperatures of these materials [1]. In
particular, for a Ni-rich alloy, a depletion in Ni causes a
significant raise on the transformation temperatures, while
for Ti-rich alloys, an enrichment in Ni does not signifi-
cantly change these temperatures.

In this work it was observed that the base material was
fully austenitic at room temperature and the heat-affected
zone and fusion zone had both martensite and austenite after
welding. Understanding the cause for this microstructural
change is of great importance as it brings significant changes
in the mechanical behavior of the welded NiTi joints.
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A change in the transformation temperatures in the laser
welding region has been reported in other works [2, 7, 9,
10]. More recently, Khan et al. [11] have studied the laser
processing of a NiTi shape memory alloy that was auste-
nitic at room temperature, in order to obtain, in a controlled
manner, an increase of the transformation temperatures that
they related to the differential volatilization of Ni and Ti
from the liquid pool. This way, the authors were able,
depending on the process parameters, to obtain martensite
at room temperature in the laser-processed region. The
same reasoning may be applied to laser welding. But, in
our study, we have identified two different mechanisms
operating in different regions of the weld: differential
volatilization of Ni and Ti in the fusion zone and Ni,Tis
precipitation in the heat-affected zone.

The small dimensions of the HAZ and FZ, characteristic
of laser welding, make it difficult to ensure that only one or
the other region is being analyzed by DSC, even when
using precision cutting for the sample preparation, as it is
recognized by other authors [7, 9, 12].

So, in the present work, synchrotron radiation was used
for a detailed microstructural analysis along the weld, in
parallel with a simple thermal model based on the work of
Rosenthal [13] that was used to estimate the thermal cycle
during laser welding.

Experimental Procedure

Near-equiatomic (50.8 at % Ni) Ni-Ti plates, 1.0 mm
thick, supplied in the condition of flat annealed, were butt-
welded with a Nd:YAG laser source from Rofin-Sinar,
operating in continuous wave mode. The samples to be
welded were positioned, so that the weld was performed
perpendicular to the base material rolling direction. Helium
and Argon were used to create an inert atmosphere in the
weld area, both on the top and on the weld root. Table 1
summarizes the welding parameters used. The welding
parameters were chosen in order to produce sound welds,
thus the heat input necessary has a small admissible range.
Though it is known that an increase in the heat input
originates lower cooling rates, this effect is negligible for
the range of heat inputs tested.

Differential Scanning Calorimetry (DSC) was used to
characterize the structural transformation temperatures of
the base material. Liquid nitrogen was used to cool down

the system to —160 °C. Upon heating, the maximum
temperature was of about 70 °C. The cooling and heating
rates were set at 10 °C/min.

X-Ray Diffraction was performed at HEMS—High
Energy Materials Science beamline (PETRA III, DESY,
Hamburg, Germany). It used a wavelength of 0.1426 A
(87 keV). A 2D detector was used and the tests were held
at room temperature (21 °C). Several scans were recorded
starting in the base material, passing through the heat-af-
fected zone and the fusion zone and finishing again in the
base material. A length of approximately 6.0 mm was
analyzed, with the weld center line positioned at half dis-
tance, in steps of 0.1 mm. The beam spot was of
0.2 x 0.2 mm and the exposure time was kept between 5
and 10 s. A post-weld heat treatment was performed on
sample A for 60 min at 450 °C in order to induce precip-
itation phenomena. The structural characterization by
synchrotron X-ray diffraction of this sample was also
performed.

Results and Discussion

Phase transformation temperatures measured by DSC in the
base material revealed, upon cooling, the existence of two
exothermic peaks indicating a two-step transformation
from austenite to R-phase and, later, to martensite. Upon
heating, only one endothermic peak is observed corre-
sponding to the transformation of martensite into austenite
(Fig. 1).

Three X-ray diffractograms corresponding to the base
material, heat-affected zone, and fusion zone of sample B,
at room temperature, are depicted in Fig. 2. For an inter-
planar distance, d, ranging from 1.90 to 2.45 A, where the
most relevant peaks of the NiTi system can be found, there
is a clear distinction between the base material, the heat-
affected zone, and the fusion zone. The base material is
fully austenitic, but in the heat-affected zone and the fusion
zone extra martensite peaks are detected, while the
austenite peak still remains.

Explaining the mechanisms that lead to the presence of
the observed microstructure, namely the martensitic phase,
in the heat-affected zone and in the fusion zone, while the
base material is fully austenitic, is the focus of this work.

As the mechanisms that explain the existence of
martensite in the heat-affected zone and in the fusion zone

Table 1 Welding parameters of

th lvzed ] Sample reference Power Welding speed Heat input Focused beam diameter
e analyzed samples W) (mm/s) (J/em) (mm)
A 990 20 495 0.45
B 1485 25 594
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Fig. 1 Differential scanning calorimetry measurements of the base
material
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Fig. 2 Diffractograms of base material (BM), heat-affected zone
(HAZ), and fusion zone (FZ) of sample B

are different, the subsequent analysis is divided in order to
analyze each region separately.

Existence of Martensite in the Heat-Affected Zone

Since martensite was observed in both samples (as
observed in Fig. 2 for sample B), results and discussion
will be presented for sample A. In fact, the variation of
structural modifications due to the weld thermal cycle is
similar in both samples, as well as the formation mecha-
nisms of martensite in the heat-affected zone.

Overlaying, in a continuous way, the diffractograms of
sample A (Fig. 3), aside from the presence of martensite
peaks in the heat-affected zone and fusion zone with a

@ Springer

minor decrease in the austenite peak intensity, a broad peak
can be noticed on the right-hand side of the (110) austenite
peak in the strip of powder patterns corresponding to the
heat-affected zone. This feature is marked with an arrow in
Fig. 3. Martensite peaks are expected to occur in the
neighborhood of the (110) austenite peak, meaning that the
existence of martensite in the heat-affected zone can
originate this singularity. Aside from martensite, for
interplanar spacings near the (110) austenite peak, precip-
itates, such as NiyTis, are also expected to occur.

Sample A was heated up to 150 °C and in situ x-ray
diffraction was performed in a similar way as shown in
Fig. 3. The reason for this approach is that 150 °C is well
above the A; temperature of the base material, so any
remaining martensite, in the heat-affected zone and in the
fusion zone, will transform to austenite. However, that
temperature is not enough to dissolve any precipitates that
can be formed in the Ni-Ti system, meaning that if the
broad peak is not present at 150 °C, than it can be assigned
to martensite. Otherwise it must be assigned to a given
precipitate.

Figure 4 depicts a superposition of the diffractograms of
the sample A heated at 150 °C. The martensite peaks have
completely disappeared, while the broad peak on the right-
hand side of the austenite peak is still present (marked with
an arrow). The only possibility to explain the observed
feature is by the occurrence of precipitation phenomena in
the heat-affected zone.

For Ni-rich NiTi shape memory alloys, precipitation of
NiyTis, Ni3Tiy, and Ni;Ti may occur. NiyTi; and Ni;Ti, are
metastable precipitates [14, 15] while Ni3Ti is the equi-
librium precipitate [1]. It is also known that NiyTi; pre-
cipitation is the first to occur and happens for lower
temperatures and shorter permanence times, when com-
pared to Ni3Ti, and Ni3Ti.

A detailed TTT diagram for NiTi SMAs was presented
by Nishida et al. [16]. Recently, Pelton et al. [17] published
another TTT diagram for NiTi SMAs but with short times
for the onset of the precipitation phenomena. Pelton et al.
tested a NiTi SMA with the same composition as the base
material of the samples used in this study. From both TTT
diagrams it is possible to infer that Ni,sTi; precipitation
may occur in small time scale (a few seconds). In Pelton’s
diagram it is depicted more clearly that Ni,Ti; precipitation
may occur while crossing the temperature range of 350 to
500 °C in a short elapsed time, of a couple of seconds.

Modeling of Temperatures and Permanence Times
for Precipitation in the Heat-Affected Zone

To simulate the temperature gradient in the material due to
the welding operation, the simple 2D solution from the
Rosenthal equation (Eq. 1) was employed. It can be used in
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Fig. 3 Superposition of the
diffractograms of sample A, at

room temperature

Fig. 4 Superposition of the
diffractograms of sample A, at
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the situation of the single-pass welding in thin materials or
for a full penetration keyhole weld [18]. The temperature is
given by Eq. 1:

= 2 v o |VR
T T0_2nkge( )KO[ZM], (1)

where T, is a given temperature for point in the (x,y) space,
in K; Ty, is the room temperature, in K; Q, is the heat input
in W; k, is the thermal conductivity, in W m 'K g, is
the plate thickness, in m; v, is the welding speed, in m s_l;

o, is the thermal diffusivity, in m? s~!; KO, is a modified
Bessel function of the second kind and zero order; R, is the

radial distance (R =./x2+ y2>, in m.

The reference system used for calculating the tempera-
ture gradient is depicted in Fig. 5, where the laser spot
advances in the negative direction of the x-axis.

22 2.1 2.0 1.9
Interplanar distance [A]

The temperatures reached for sample A, in the heat-
affected zone, computed from Eq. 1 with the welding
parameters tested, and the physical properties of NiTi, are
depicted in Fig. 6. According to this equation, the time, in
seconds, that the material takes to cross the temperature
range from 350 to 500 °C is within the time interval of
Pelton et al. experiments (see Fig. 7). Due to the laser
welding characteristics, the holding time at temperatures
where precipitation can occur is within the magnitude of a
few seconds.

As a consequence of NiyTi; being a minority phase, its
intensity in the diffractograms is expected to be very low.
Aside from that aspect, the most intense peak for this
precipitate, according to 39-1113 JCPDF card, occurs for
an interplanar spacing of 2.092 A, very close to the
austenite peak and therefore can be partially overlapped by
its tail. All other peaks have a maximum intensity ranging

@ Springer
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Fig. 5 a Reference system used to determine the temperature
gradient in the joint (Adapted from [13]). b Macrograph of a NiTi
laser-welded joint
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Fig. 6 Evolution of the surface temperature as a function of the
distance to the weld beam along the y-axis, for sample A

from 15 to 30 %. For this reason, a post-weld heat treat-
ment at a temperature of 450 °C, during 60 min, was
performed. The objective of the post-weld heat treatment is
to induce a more significant NisTiz precipitation so that
more peaks of this precipitate can be observed. After a
longer period in the temperature range for NiyTis precipi-
tation occur, these precipitates are clearer in the X-ray
diffraction patterns, as their intensity is higher due to a

@ Springer
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Fig. 7 Holding time, in the heat-affected zone, at an interval
temperature of 350-500 °C where Ni Tiz precipitation may occur,
for sample A

higher fraction in the analyzed region. Also, their appear-
ance should be consistent with the positions identified in
the heat-affected zone of the as-welded material, giving
then a clear indication that these precipitates were well
indexed.

Figure 8a, ¢ depict the diffractograms of the heat-af-
fected zone of the as-welded sample A, at RT and 150 °C.
Both martensite and austenite can be clearly observed at
room temperature, but at 150 °C very narrow NiyTis peaks
can be depicted, aside from the austenite peak. After the
heat treatment, R-phase can be observed at room temper-
ature, as well as austenite and martensite. The diffrac-
tograms of the sample at room temperature and at 150 °C
(to avoid the presence of any martensite or R-phase peaks),
after the post-welding heat treatment at 450 °C for 60 min,
are depicted in Fig. 8b, d, respectively. The broad peak in
the neighborhood of the (110) austenite peak is still visible
and three extra peaks corresponding to NiyTiz are again
observed. All these three peaks were indexed using the
same 39-1113 JCPDF card corresponding to NiyTiz. As it
can be depicted, the NiyTiz peaks located on the left-hand
side of the austenite peak have very low intensity after the
heat treatment. So, the fact that they have very low
intensity, for the X-ray diffraction analysis performed at
150 °C, is understandable as the permanence time in the
temperature range from 350 to 500 °C during cooling, after
welding, is not sufficient for a massive/significant precip-
itation phenomena to occur.

Due to the occurrence of Ni-rich precipitates, in this
case NiyTis;, there is a Ni depletion in the surrounding
matrix [19]. This Ni depletion raises the transformation
temperatures. This local composition variation on the
matrix allows martensite to be formed at room temperature.
As no changes in the diffraction patterns were observed, at
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Fig. 8 Diffractograms of the heat-affected zone: a at room temper-
ature (before and after heating up to 150 °C), as-welded; b at 150 °C,
as-welded; ¢ at room temperature, after post-weld heat treatment at

room temperature, before and after heating to 150 °C it can
be concluded that the observed martensite is not due to
thermal stresses from welding.

Existence of Martensite in the Fusion Zone

The fusion zone, as depicted in Figs. 3 and 4, also exhibits
a martensitic phase. Hyungson et al. [20] state that, within
the keyhole, the temperature may exceed the boiling point
of the material, which causes an intense evaporation. At
those temperatures, Ni and Ti volatilization can occur.
Considering Fig. 9, the vapor pressure of Ni is about two
times higher than that of Ti. For this reason, in case of
evaporation, a Ni depletion occurs in the fusion zone.
Figure 9 was made taking into consideration the equation
log p = —%‘—&— B+ Clog T, for temperatures above the
melting temperature (T,,) of Ni and Ti, where p is the
vapor pressure (in Pa), T is the temperature (in K), and A,
B, and C are constants (given in Table 2) [21].

Despite the presence of a shielding gas to prevent oxi-
dation, evaporation of elements with high pressure vapor
can occur during welding. Though these losses are very
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Fig. 9 Vapor pressure as a function of temperature for Ni and Ti

small they can be sufficient to locally change the chemical
composition in the fusion zone. Due to different vapor
pressures of Ti and Ni, a Ti enrichment is expected which
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Table 2 Constant parameters for calculating the vapor pressure of Ni
and Ti [21]

Temperature range Element Constant values
A B C
Above T, Ni 22,400 16.95 —2.01
Ti 23,200 11.74 —0.66

is consistent with the existence of martensite at room
temperature after welding as shown by our X-ray diffrac-
tion results.

Conclusions

The mechanisms responsible for the existence of marten-
site at room temperature after laser welding of austenitic
NiTi were discussed using a detailed X-ray diffraction
analysis.

Two different mechanisms were identified. Besides the
preferential volatilization of the Ni, which had been iden-
tified as responsible for the increase of the transformation
temperatures in the fusion zone, it was also possible to
identify a precipitation mechanism in the heat-affected
zone as giving rise to the occurrence of martensite at room
temperature. In both cases the compositional variation of
the matrix greatly changes the transformation temperatures
when compared to the base material.

Despite the existence of martensite in the heat-affected
zone and in the fusion zone at room temperature after
welding, austenite is still present. This change in the
existing phases of laser-welded joints may be of great
importance to understand the mechanical behavior of a
welded component.
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