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Abstract

Laser additive manufacturing of NiTi generates complex microstructural features not fully understood yet.
Thermal similarities between laser microjoining and laser additive manufacturing, enables correlating the
effect of the laser on the material in both processes. To clarify them, a simplified yet accurate approach
was employed: in-situ X-ray diffraction was used to determine the local transformation temperatures
along the thermally affected regions in a laser processed NiTi thin sheet. The observed gradient of
transformation temperatures is related to local chemical compositional changes through Ni depletion,
and residual stresses explaining the peculiar microstructural and mechanical features observed in additive
manufacturing of NiTi.

Keywords: Laser welding; Synchrotron radiation; Shape memory alloys (SMA); Phase transformation;
Additive manufacturing.

Laser additive manufacturing (AM) of NiTi shape memory alloys (SMAs) is currently a topic which attracts
significant attention from both academia and industry [1].
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Laser AM of NiTi has been studied by several authors focusing on the understanding of effect of process
parameters, mechanical performance and potential applications [2—9]. However, despite the significant
interest in laser AM for NiTi there are some microstructural features occurring due to the laser/material
interaction effects that are not fully understood yet. One example is that in differential scanning
calorimetry (DSC) analysis of AM NiTi parts the transformation peaks tend to be broad, meaning that the
transformation temperatures spread over a relatively large range of temperatures [3,5,9]. On the other
hand, when a conventional and homogenous sample is analyzed, the transformation peaks are usually
sharper and well-defined [10,11].

Another typical characteristic in laser AM of NiTi is the usual requirement for solution annealing heat
treatments [3,4,12]. Although the reason for such need is not discussed in detail, it can be assumed that
this is related to the presence of nanometric precipitates which are formed during the AM process due to
the thermal history of the material [5,6,8]. Since these precipitates are not expected to be evenly
distributed along the material, solution annealing would allow dissolving them into the matrix, thus
homogenizing the microstructure of the parts. This justifies the improved mechanical and functional
properties of AM parts after solution annealing [4,12]. After homogenization of the microstructure in as-
solubilized parts, conventional heat treatments (such as ageing) can be performed, and the mechanical
behavior is reported to be more stable and homogenous [13]. This can be attributed to the uniform
distribution of precipitates that can occur in the material: after solution annealing, precipitates formed
during the AM process will be dissolved into the matrix, thus allowing that any subsequent heat treatment
induces a homogenous precipitation along the fabricated part.

Alongside with DSC analysis [14—-16], X-ray diffraction (XRD) with temperature variation [17-20] is also
widely used to determine the transformation characteristics of NiTi. However, in laser AM each deposited
layer is very small (in the order of dozens of micrometers), which results in a significant difficulty to analyze
only one deposited layer. Since NiTi is extremely sensitive to high temperatures, two consecutive
deposited layers may not have the same microstructural characteristics, since their thermal history will
differ. This feature, combined with the difficulty to isolate a single deposited layer for determination of
the transformation characteristics of the material, make it prone for the superimposition of
microstructural information coming from multiple deposited layers, which may mask the actual
transformation characteristics of a specific region of the material.

Based on these limitations, it is clear the need for a simplified approach to fully understand the effects on
the microstructure, namely the transformation temperatures, of AM NiTi parts. One way to for such
simplified approach is trough establishing a parallel analysis with laser welding/processing of thin plates.
In both laser (micro)welding and laser-based AM where fusion occurs, a small heat source rapidly scans
the material. During welding, the heat source promotes localized melting to join parts. In AM the laser
scans the substrate to create the desired structure [21-23]. The main difference between laser welding
and laser AM is that in the former, the laser only scans the material once, while in the latter the laser
scanning remelts the material several times creating numerous heat affected zones (HAZ) that will be
superimposed as the number of deposited layers increases. Since AM can be considered as a
superimposition of several HAZ and FZ (as more and more layers are deposited) it is possible to gain
knowledge on the process effects by performing conventional laser material processing, as in laser
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welding. In fact, the HAZ and FZ of a laser weld can be compared to two successive deposited layers in
AM: the last layer has a structure similar to the FZ, inducing in the precedent a thermally affected zone
that can be viewed as a HAZ. Therefore, with such approach, one is simplifying the effect of multiple
repasses, as it occurs in laser AM, still generating an important understanding of the microstructural
induced effects of the process on the transformation temperatures along the different regions of the
material.

Laser welding of NiTi is widely reported in the literature, with different studies addressing the effects of
this joining technique on the microstructure and functional properties [24—-39].

So far, the transformation characteristics in AM NiTi parts have been studied only with DSC which presents
some problems as detailed previously. In-situ scanning and transmission electron microscopy (SEM/TEM),
with the former supported by electron backscattered diffraction (EBSD) can also be used to analyze the
transformation characteristics of NiTi [40-43]. Each technique has its own advantages/disadvantages and
length scale of application. Since the thermally affected regions in laser processed NiTi may span several
hundred microns, TEM analysis would not be ideal due to the need to prepare several foils, which would
only provide a very localized information of the phase transformation characteristics experienced by the
material instead of a more global view. EBSD does not have the length restriction to fully analyze the HAZ
and FZ, but requires extensive sample preparation and only provides surface information, although the
resolution can reach the nanometer range. A potential solution to understand the thermal history induced
by the laser processing on the transformation characteristics of laser processed NiTi is using synchrotron
X-ray diffraction (SXRD). The spatial resolution can be on the micrometer range, since the extremely large
photon flux allows to decrease the radiation spot while maintaining fast acquisition rates. This ability to
tune the spatial resolution enables a more comprehensive analysis of the transformation behavior along
laser processed parts. Additionally, SXRD working in transmission provides bulk information rather than
only surface information.

To bring some light into the effects of laser AM on the transformation characteristics of NiTi SMAs, a
simplified approach was used: a laser beam scanned a NiTi thin sheet to create a HAZ and FZ; then, the
transformation temperatures along the different regions of the material were determined by in-situ SXRD,
in transmission mode, with a small spot size. The results put in evidence the effect of the thermal history
on the material and justify some of the singularities reported in the microstructure and mechanical
behavior of AM NiTi parts.

50.8Ni-Ti (at. %) plates, 0.5 mm thick, austenitic at RT and supplied in the flat annealed condition, were
laser scanned using a continuous wave Nd:YAG laser. The laser parameters were a power of 726 W and a
travel speed of 30 mm/s. The laser beam diameter was of 0.45 mm with Argon used as shielding gas.

SXRD was used to probe the laser processed sample after cutting and polish a strip of material with 5 mm
in length and 2.5 mm wide. Measurements were performed at PO7 beamline at DESY synchrotron. A beam
spot of 100 x 100 um, with a 100 um step increase, probed the welded material starting in the base
material (BM) up to the weld centerline, taking advantage of the symmetry along this centerline. 11
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consecutives scans were necessary to probe all these regions consecutively. The weld cross-section was
positioned perpendicular to the X-ray beam, allowing to analyze regions of the material that are
homogenous along the X-ray beam path. A schematic representation of the measurements is depicted in
Figure 1 a. A beam energy of 99 keV (0.12525 A) and an exposure time of 0.5 seconds for each analyzed
spot allows to integrate the material relatively fast and with an excellent peak/background ratio. SXRD
measurements were performed while heating the sample from RT (23 °C) and up to 150 °C using an
induction heating furnace. A slow heating rate of 2 K/min was used so that each sequence of 11
consecutive scans could be performed at the same temperature ensuring a precision of +1 K. A 2D
detector 1430 mm away from the sample was used to collect the Debbye-Scherrer rings. This geometry
allows to integrate a small volume along the weld direction, revealing the true phase distribution along
the HAZ and FZ with the resolution that is the most adequate for a clear identification of the structural
gradient. Raw data images were treated using Fit2d [44,45].

The superimposition of the SXRD patterns (Figure 1 b) from the BM to the weld centerline taken at RT
clearly reveal the effect of laser processing on the microstructure: while the BM is fully austenitic, in the
HAZ and FZ a mixture of martensite and austenite is observed.

To clearly determine at which temperature the martensite to austenite transformation occurs, it was
selected to analyze the (010) martensite peak, located at 20 = 1.57°, since there are no other peaks in its
neighborhood that may result in misinterpretation of results. To simplify these observations, only
characteristic scans of distinct regions of the processed NiTi were analyzed, as detailed in Table 1.

Table 1 — Regions of interest analyzed during the in-situ measurements of laser processed NiTi.

Scan ID Analyzed Region
A Base material - BM
B Heat affected zone near base material — HAZ/BM
C Middle of the heat affected zone — HAZ
D Fusion zone near the heat affected zone — FZ/HAZ
E Weld centerline — FZ

Figure 2 depicts the evolution of the (010) martensite peak during heating to 150 °C. Except for 23 and
40 °C (Figures 2 a and b, respectively), all temperatures shown correspond to those where the (010)
martensite peak disappeared in any of the regions detailed in Table 1, thus indicating that the martensite
to austenite transformation occurred.

At RT, all regions but the non-affected BM have martensite (Figure 2 a). The intensity of the martensite
peak for each position is related to the martensite content, thus confirming the presence of a phase
gradient throughout the processed material.

The Af temperature of the BM was 10 °C. However, at 40 °C martensite was still present in all regions of
the HAZ and FZ (Figure 2 b). Only at 57 °C the first martensite to austenite transformation takes place and
this occurred in the HAZ near the BM (Figure 2 c).
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The next thermal induced transformation is observed in the middle of the HAZ at 73 °C (Figure 2 d). The
distance between the HAZ near the BM and the middle of the HAZ was nearly 200 um. Within this region
the thermal cycle experienced by both regions during laser processing was sufficient for a difference in
the transformation temperature of 16 K.

The complete transformation from martensite to austenite at the HAZ/FZ interface only occurred at
107 °C (Figure 2 e), meaning that the thermal cycle experienced in this region had a more pronounced
microstructural influence in the transformation temperatures. Finally, the weld centerline, which
experiences the highest temperature during welding, fully transforms to austenite at 141 °C (Figure 2 f).

T=23°C

——A-BM T=57°C

Intensity [A. U]
Intensity [A. U]
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T=73°C VSIS ——A-BM
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Figure 1 — Diffractograms of the (010) martensite peak at different temperatures: a) at 23 °C; b) at 40 °C; c) 57 °C; d) at 73 °C;
e) at 107 °C; f) at 141 °C. Each color of the plots corresponds to one of the locations detailed in Table 1.

The reason for each region of the processed material to exhibit different transformation temperatures is
mainly related to the phase content within the weld. The phase content variation is directly linked to
changes of the Ni/Ti ratio on the metal matrix in both the HAZ and FZ. Transformation temperatures of
Ni-rich NiTi alloys are extremely dependent on the chemical composition of the material [46]. In fact, an
increase of 0.1 at % in Ni-rich NiTi is enough to decrease the transformation temperatures by 20 K [47].
Hence, any minor Ni depletion phenomena induced by laser processing can dramatically modify the
transformation temperatures along the processed regions.

In a precedent paper it was shown that NisTi; precipitation occurs in the HAZ of NiTi laser welds [28]. To
confirm if NisTis the material was heated to 150 °C, so that all martensite transforms to austenite. Thus,
any remaining peaks will correspond to either austenite or precipitates, as at RT the broad peaks typical
of martensite hinder the NisTis. Using 39-1113 JCPDF card it was possible to index NisTis peaks, confirming
its presence in the HAZ (Figure 1 c).
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In Ni-rich NiTi, the precipitation of NisTis can occur after just a few seconds at critical temperatures [48].
Even with the fast cooling rates typical of laser welding, the permanence time between 350 and 500 °C
where NisTis may precipitate, are still in the order of a couple of seconds [38], hence justifying its presence
in the HAZ. On the FZ, no precipitation occurs since the permanence time at the critical temperatures for
solid-state transformation is extremely short [38]. However, the extremely high temperatures reached
during laser processing promote preferential Ni evaporation, owing to its higher vapor pressure, resulting
in Ni depletion.

In a fundamental paper [49], it was shown that significant Ni depletion in Ni-rich NiTi can raise the
transformation temperatures up to around 95 °C. This means that, aside from Ni depletion, another factor
is also contributing to an increase in the transformation temperatures along the HAZ and FZ of the laser
processed material. For NiTi, it is known that residual stresses can increase the transformation
temperatures [55,56]. For that reason, von Mises residual stresses were determined along the welded
joint, at RT, similarly to [45,50], and are depicted in the insert of Figure 3. The residual stresses can reach
up to a maximum 378 MPa in the FZ. The Clausius-Clapeyron relation for NiTi can be of 8 MPa/°C [51].
This translates into an increase of transformation temperatures by 46.6 °C at the centre of the FZ. Thus,
the more significant change can be attributed to chemical composition changes.

A representation of the evolution of the transformation temperatures as a function of distance within the
HAZ and FZ of the laser processed NiTi is depicted in Figure 3. The driving mechanisms that promote Ni
depletion in laser processed NiTi have distinct effects in terms of the magnitude of the chemical change
along the material, and therefore on the relative change of the transformation temperatures. In fact, the
preferential evaporation effect in the FZ is much more efficient in promoting a Ni depletion, than the
precipitation of NisTis in the HAZ. For this reason, the transformation temperatures increase from the BM
towards the weld centerline, in a similar trend as the Ni depletion increases.
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Figure 2 — Evolution of the transformation temperatures in the BM, HAZ and FZ obtained from in-situ SXRD.

To the best of the authors knowledge, no other research experiments were performed on laser processed
NiTi, making use of such spatial resolution for the determination of the transformation temperatures
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along the processed regions. These results bring some light into the previously described microstructural
and mechanical features that occur in AM of NiTi. In particular, the presence of precipitates unevenly
distributed along AM NiTi parts [5,6,8] can justify both the widening of the DSC peaks in as-build parts and
the need for solution annealing heat treatments. In the first case, the widening of the peaks can be
justified by the fact that the analyzed material exhibits a gradient of transformation temperatures, as it
was evidenced in this work. In the second case, solution annealing allows dissolving any precipitates
formed during the process and that can drastically change the transformation characteristics of the
material.

For this class of alloys, solution annealing of AM parts is even more important since two competing
mechanisms will influence the mechanical behavior of the part: inhomogeneous precipitation and residual
stress build up. Assuming that the process can promote random precipitation of phases during the
process, as described in the literature [5,6], a local change of the transformation characteristics and
therefore in the mechanical behavior is expected. During AM, the multiple laser scans promote heat
accumulation effects, exposing the part to critical temperatures and during permanence times where such
solid-state phenomena can occur. However, the scan strategy itself will imply that different regions within
the same deposited layer will have different thermal cycles, which contributes for a non-homogenous
precipitate distribution along the part.

The presence of precipitates that are reported to occur in AM NiTi parts, alongside with preferential
evaporation occurring in the melt pool during the process, may cause compositional gradients that will
result in a gradient of transformation temperatures. These microstructural changes, even when occurring
at a small scale, as in both laser processing and laser AM, may significantly impact the transformation
behavior of different regions, as evidenced by the in-situ measurements presented in this work, and
therefore the functional properties of the material.

According to the results presented here, it is also possible to understand the importance of solution
annealing heat treatments typically performed in AM NiTi parts. The dissolution of precipitates that are
heterogeneously distributed throughout the built part, followed by conventional heat treatments (such
as ageing) used for NiTi SMAs, will induce homogeneous precipitation along the part [13]. This is evidenced
by sharper transformation peaks during DSC [4] and improvements in the mechanical behavior.
Furthermore, these heat treatments typically promote stress relief in the material, which is also
advantageous to decrease the transformation temperature of the parts.

In this work, a 100 um resolution in-situ SXRD was performed to analyze the transformation temperatures
along laser processed NiTi. The objective was to clarify some of the microstructural features observed by
other authors in laser AM of NiTi [2,4,6] and its influence on the transformation characteristics along the
material.

The transformation temperatures along the laser processed region are highly influenced by the process
and thermal cycle: while the BM is fully austenitic at RT, the middle of the HAZ and the weld centerline
only transformed to austenite at 73 and 141 °C, respectively. Ni depletion through Ni-rich precipitation in
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the HAZ and preferential Ni evaporation in the FZ are the main factors accounting for these changes.
Residual stress development in the laser welded joint also justifies part of the increase in the
transformation temperatures of the joint.

These results were used to gain more knowledge on the effects of laser AM to produce NiTi SMAs, owing
to the intrinsic similarities between laser processing, as it was performed in this work, and laser AM. A
comparison of key literature in AM of NiTi with these new results was presented to provide a more
fundamental understanding of the microstructural singularities observed in AM parts and its relation to
the phase transformation characteristics.
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