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0.1% were produced. Immediate remelting of already processed layers during SLM enhances the relative density
(99.5 + 0.3%). Primarily by varying the scanning speed in the remelting step, the thickness of the remelted zone
can be adjusted. Moreover, remelting alters the microstructure as well as the transformation temperatures,
which tend to rise with the volumetric energy input. In this way, the shape-memory properties can be modified

ﬁm‘i}\ﬁsﬁmmmmmg without compromising the relative density and the considerable plasticity of the samples. Thus, the remelting
Selective laser melting procedure proves to be an interesting tool for 81.95Cu-11.85A1-3.2Ni-3Mn and related alloys in order to optimize
Laser remelting and tailor their performance already during SLM processing and without applying additional post-processing
Shape-memory alloy steps.

Microstructure © 2018 Elsevier Ltd. All rights reserved.

Mechanical properties

1. Introduction

Selective laser melting (SLM) is a laser-based additive manufactur-

ing technique in which a bulk part is created layer-by-layer through

T Correspondi melting defined areas of a powder bed [1-4]. In general, SLM is used
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even superior to their conventionally processed counterparts [3,5-8].
Another considerable benefit is that the processing of a thin powder
layer (generally between 20 and 100 pm) on massive substrate plates
in combination with small laser spot diameters results in high intrinsic
cooling rates [2]. These unique processing conditions have a strong im-
pact on the microstructure (grain refinement) and, in turn, this can en-
hance the performance of additively manufactured materials [6].

One key aspect in SLM is the resulting porosity, which can be rela-
tively high compared to conventionally processed material. Because of
its versatility a large number of process parameters can be varied during
selective melting most of which influence the final density and the
properties of a part [3,9]. Despite the difficulties in optimizing the SLM
processing parameters for obtaining high-quality parts, the general ap-
plicability and potential of SLM has been already demonstrated for a va-
riety of alloys [2-4,6,7,10,11]. Among these materials, shape-memory
alloys (SMAs) are one group of materials that have drawn attention
due to new and innovative actuator designs that are now feasible to
be produced in a cost effective way via SLM [12-14].

The most widely used and studied SMA for applications, equiatomic
NiTi (Nitinol), has been already processed via SLM by numerous groups
and the capability of this approach in terms of manufacturing medical
devices has been shown [13-20]. However, industrial use of Nitinol is
limited due to transformation temperatures below 100 °C [21,22]. Ex-
tensive research has been carried out to increase the transformation
temperatures by developing new alloy compositions that can be applied
at temperatures above 100 °C, the so-called high-temperature shape-
memory alloys (HTSMAs) [23]. But especially promising HTSMAs
based on NiTij, viz. Ti-Ni-Pd, Ti-Ni-Pt or Ni-Ti-Hf; are relatively expensive
and difficult to manufacture [22,24,25]. For example, the HTSMA Ni-Ti-
Hf was recently produced by SLM [21]. These samples suffered from po-
rosity, cracking and a significant oxygen uptake, which are inherent
challenges when NiTi-based SMAs are being processed by SLM.

With regard to HTSMAs, there is a major interest in materials de-
rived from Cu-based SMAs (e.g. Cu-Al-Ni-Mn [26]) due to their rela-
tively low manufacturing costs, good processability as well as
promising shape-memory properties [24,26-28]. The improved ther-
modynamic stability and a broad regime of transformations tempera-
tures above 100 °C is characteristic for the family of Cu-Al-Ni-based
alloys and has drawn interest in terms of applications [28]. Yet, the ap-
plicability of these alloys is limited by their brittleness in the coarse-
grained polycrystalline state, which is caused by a strong elastic anisot-
ropy and the precipitation of certain intermetallic phases [29,30]. Thus,
intensive research was conducted in the processing of Cu-based SMAs
with small grain sizes to overcome the poor deformability resulting
from intergranular cracking [26,27,31-33]. Besides refining the micro-
structure through the addition of grain refiners such as Ti [26,28,33] or
Zr [26], another approach constitutes in rapid solidification techniques
like melt spinning [33], spray-forming [27] and SLM [34].

As shown previously [34,35], a Cu-Al-Ni-Mn shape-memory alloy
can be successfully processed by SLM. An optimized parameter setup
has been developed to obtain crack-free and fully martensitic (B’;)
specimens with a high relative density of up to 99%, low oxygen content,
small grain sizes between 10 and 80 um and transformation tempera-
tures above 100 °C [1,36]. Although the relative density has been
found to be very high in Cu-Al-Ni-Mn parts for a range of energy inputs
[1], optimization to 100% relative density has not been feasible. The me-
chanical properties (i.e. deformability, yield strength) strongly depend
on the remaining porosity, especially when it comes to fatigue [5].
One method to reduce or eliminate remaining defects (pores, cracks)
in SLM parts without drastically changing the chemical composition or
the phase formation of the material [37,38], is to employ a second
laser process such as re-scanning or remelting of previously solidified
layers [5,6,39-41]. This step can be easily implemented in the SLM pro-
cess and is also called selective laser remelting (SLRM) [1].

The transformation temperatures of Cu-based SMAs strongly de-
pend on the (i) chemical composition [26,31,42], (ii) the phases present

[28] and (iii) the grain size [36,43,44]. For example, it has been reported
that SLM processing, in contrast to manufacturing via spray forming, re-
duces the transformation temperatures due to a smaller grain size [36].
Furthermore, the transformation temperatures of Cu-based SMAs can
be adjusted to higher values by changing the process parameters, viz.
increasing the energy input during the manufacturing of SLM bulk sam-
ples [43]. Similar investigations have been reported for equiatomic NiTi
alloys [12,15-17,20]. Interestingly, the possibility of an additional
remelting step to further optimize and adjust the properties of SMAs
has not been investigated so far. This makes employing an additional
remelting step in the SLM process a very interesting approach, because
the main parameters for remelting like laser power, scanning speed and
track overlap result in additional energy dissipated in previously solidi-
fied layers and should affect the grain size and with it the transforma-
tion temperatures.

In this study, the SLM process has been combined with an additional
remelting step to process the shape-memory alloy 81.95Cu-11.85Al-
3.2Ni-3Mn (wt%). The remelting step is implemented in order to further
increase the relative density. The main focus of this work, yet, is to study
the effect of the additional remelting step on the microstructure and the
transformation characteristics. Therefore, we correlate the influence of
the additional energy input with the microstructural details (e.g.
phase formation, grain size), the corresponding transformation temper-
atures and the mechanical properties.

2. Experimental details
2.1. Materials and processing

The Cu-based shape-memory alloy 81.95Cu-11.85A1-3.2Ni-3Mn (wt
%) was processed by selective laser melting in a SLM 250"" (SLM Solu-
tions Group AG) equipped with a 400 W Nd:YAG-based fibre laser.
Based on our previous work [1], an optimized parameter setup with a
laser power (P) of 330 W (wavelength A = 1.064 um, laser spot
diameter = 80 pum), a scanning speed (vs) of 740 mmy/s and a track over-
lap of 30% (hatching distance (h:) = 0.13 mm) was selected by using a
stripe-hatching strategy (rotation per layer: 90°) and a layer thickness
of 90 um for the fabrication of SLM bulk samples with various geome-
tries (cubes, rods and beams). The powder used had a particle size be-
tween 30 and 90 um (dso = 48 um) and is suitable for the SLM
process as described in [1].

During manufacturing of particular SLM samples, every layer was
additionally illuminated by the laser [1] in order to remelt the material
with various scanning speeds and track overlaps. First, the processing
parameters for the additional remelting procedure were optimized in
single-track experiments on a 81.95Cu-11.85AI-3.2Ni-3Mn baseplate.
The laser power was varied between 300 and 340 W (laser spot
diameter = 130 pm) and the scanning speed was altered between
500 and 2500 mm/s. The width and morphology of the individual tracks
was measured using a digital microscope (Keyence VHX-2000). Subse-
quently, bulk material with a surface area of 4 x 4 mm? was remelted at
a constant laser power (P, = 330 W) with scanning speeds and track
overlaps between 500 and 1500 mm/s as well as 30 and 90%, respec-
tively. The remelting depth of the remelted surfaces was measured
along the cross-sections using an optical microscope (Nikon Epiphot
300). In the next step, the same parameter combinations were applied
to SLM bulk samples in order to remelt previously processed layers.
These samples will be abbreviated as SLRM.

2.2. Sample characterization

The chemical composition of the powder and the bulk material was
analyzed using ICP-OES (Inductively-Coupled Plasma-Optical Emission
Spectroscopy, IRIS Intrepid Il XUV, Thermo Fischer Scientific).

The density of all specimens was measured via the Archimedean
method using a Sartorius MC210P balance. Relative densities were
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calculated by relating them to the density of a defect-free induction-cast
sample [1]. Selected SLM and SLRM specimens were investigated using
X-ray computed tomography (u-CT, General Electric Phoenix nanotom
m). The resolution of the p-CT was adjusted to 8 um. 1600 projections
were recorded for each reconstruction and the volume analysis was
conducted using the software VG-Studio (Volume Graphics). Between
1000 and 3000 individual pores were analyzed (minimal size: 5
voxel) in order to obtain the present pore size distribution.

Microstructural investigations were carried out using an optical mi-
croscope (Nikon Epiphot 300). The obtained micrographs in building di-
rection were evaluated with the software ImageAccess after etching
(HNO5; + H50) by linear intercepts to obtain the grain size as well as
the length and width of the grains according to the ASTM E112 and
DIN EN ISO 643 standards. Further investigations from the centre of
the specimens were performed by scanning electron microscopy
(SEM) using a Gemini Leo 1530. In addition, EBSD analysis was con-
ducted using a Bruker e”Flash 1000 detector including a
forescattered/backscattered electron imaging system (ARGUS™) for
colour-coded visualization of the grain orientation. The phase and
grain size determination were realized with the Bruker software Esprit
2.0 by applying a misorientation criterion of 15° and a minimum of
2 pixels for the detection of the smallest grains.

The transformation temperatures were investigated by differential
scanning calorimetry (DSC) in a Perkin Elmer DSC-7 and a Netzsch
DSC-404C at a heating and cooling rate of 10 K/min. All samples were
cycled between 40 and 180 °C, whereas selected samples were heated
up to a maximum temperature of 850 °C in order to investigate the
DO3-B2 ordering temperature and the corresponding enthalpy.

Mechanical characterization was conducted in an INSTRON 5869
under a constant strain rate of 5 x 107* s~ . The strain during all me-
chanical tests was recorded by a laser extensometer (Fiedler
Optoelektronik). The tensile samples, SLM beams with dimensions of
8 x 8 x 40 mm? were machined as flat tensile samples [43] by electrical
discharge machining. Cylindrical compression test samples having a
height of 6 mm and a diameter of 3 mm were also machined and ground
coplanar.

3. Results and discussion

The following discussion is divided into four parts. First, we will ad-
dress the systematic development of the process parameters for the

additional remelting step. Afterwards, we elaborate on how different
remelting parameters affect the relative density of the manufactured
samples. The third section focuses on the interrelation between the en-
ergy input during remelting and the microstructure whereas the mar-
tensitic transformation as well as the mechanical properties are
discussed in the end.

3.1. Optimization of the remelting parameters

In analogy to single-track experiments, which are often used as a
starting point for optimizing the SLM parameters [3,6,11,12], we first
remelted a 81.95Cu-11.85A1-3.2Ni-3Mn baseplate along individual
lines [34]. The remelting width and the morphology of the tracks are
strongly affected by the energy input [1,36]. The volumetric energy
input during SLM processing, Ey, can be estimated as [1,6,15,36]:

Py

B =y h L

(1)

with Pp: laser power, vg: scanning speed, h.: hatching distance (defining
the track overlap) and L,: powder layer thickness. The process parame-
ters used for the SLM reference samples are P, = 330 W, vy = 740 mm/s,
he = 0.13 mm (30% track overlap) and [, = 90 pm [1]. In the case the
bulk material is remelted as a one-dimensional line, Eq. (1) can be
adapted to calculate the energy deposited in a single track (Et):

Py
Er— " (2)

The remelting track width as a function of the energy line input, E, is
shown in Fig. 1a. In addition, Fig. 1b-d depict the remelting tracks of se-
lected parameter combinations. In the investigated energy regime there
is an almost linear relationship between the track width and the depos-
ited energy. At relatively high energy line densities (above Er =
0.5 J/mm) the remelting tracks are uniform and rather broad (Table 1,
Fig. 1b). If the energy input is lowered (E; = 0.2-0.5 J/mm) the tracks
become narrower. However, a continuous morphology can be still ob-
served (Fig. 1c). When Er falls below 0.2 J/mm the tracks begin to be-
come discontinuous (fragmented droplets, Fig. 1d). The energy
dissipated in the track under these conditions is too low to form a con-
tinuous melt pool. This is comparable to the balling-effect observed
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Fig. 1. Influence of the energy input, Er, on the width of the remelting tracks (a). The experiments were carried out with different laser powers (P, = 300-340 W) and scanning
speeds (vs = 500-2500 mm/s). The track morphologies can be classified as (b) wide and smooth (P, = 330 W, v¢ = 500 mm/s, Er = 0.66 J/mm), (c) narrow and continuous
(PL = 330 W, vs = 740 mmy/s, Er = 0.45 J/mm) and (d) narrow and discontinuous (P, = 330 W, vs = 1500 mm/s, Er = 0.22 J/mm). Please note that the track height is

digitally enhanced in order to more accurately determine the track width.
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Table 1

Overview of selected process parameters for remelting track experiments and remelting a surface area of 4 x 4 mm? bulk material with a laser power of 330 W. The influence of the process

parameters on the remelting coefficient (Rc) can be seen in Fig. 2.

Scanning speed (mm)/s) Energy input Er (J/mm) Track width (um) Hatching distance h, (mm) Track overlap (%) Rc

500 0.66 241 £ 10 0.17 30 234+ 0.5
0.12 50 1.8+03
0.06 75 23+£05
0.03 90 26+03

740 0.45 194 + 4 0.14 30 094 0.2
0.10 50 1.2+02
0.05 75 15402
0.02 90 14 £ 0.1

900 0.37 150 £ 1 0.11 30 0.7 + 0.2
0.08 50 09 +£0.2
0.04 75 1.3+02
0.02 90 14 £ 0.1

1500 0.22 115+ 6 0.09 30 0.7 + 0.1
0.06 50 0.6 £ 0.1
0.03 75 0.6 + 0.1
0.01 90 0.5+ 0.1

during SLM processing of single tracks under certain conditions
[1,3,6,12]. Only those process parameters, which resulted in continuous
tracks (PL. = 330 W, v¢ = 500-1500 mmy/s) were used for remelting the
81.95Cu-11.85Al1-3.2Ni-3Mn bulk material. More specifically, we se-
lected parameters corresponding to intermediate energy line densities
of 0.22 J/mm < Er < 0.66 J/mm and track overlaps of 30-90%.

All remelted volumes revealed a homogenous shape underneath the
surface with a rather uniform remelting depth (cf. Table 1). In addition,
no pores or keyholes were found. The depth of the remelted zone de-
pends on the processing parameters (Fig. 2) and in order to quantify it
we introduce the remelting coefficient, Rc, which is defined as the
depth of the remelted layer (t.) normalized by the layer thickness (,):

tr

Re— ()

Fig. 3 summarizes the variation of the remelting coefficient with the
scanning speed and the hatching distance (h;, see Section 3.2). There is a
clear correlation between the scanning speed and the remelting coeffi-
cient irrespective of the track overlap. As expected, the higher the

layer 2
layer 1

substrate
layer 1

substrate
AR layer 2
layer 1

substrate

Fig. 2. Cross-sections of Cu-Al-Ni-Mn-baseplates showing the remelted layers
and the individual weld beads (dashed lines) for three different parameter setups
(P = 330 W): (a) v¢ = 500 mm/s, 50% track overlap, (b) vy = 740 mm/s, 50%
track overlap and (c) v¢ = 1500 mm/s, 30% track overlap. The remelting depth is
163 4+ 50 pm, 105 £ 30 um and 65 + 10 um, respectively. In case of SLRM, the
corresponding remelting of previously solidified layers by SLM is depicted
schematically on the right-hand side (Rc: 1.8, 1.2 and 0.7, respectively).

scanning speed, the smaller the remelted layer because less heat is de-
posited in the system. Interestingly, the track overlap has no distinct in-
fluence on the thickness of the remelted layer. This becomes especially
obvious from the inset to Fig. 3; Rc strongly scatters when plotted
against the hatching distance. It seems that the system does not accu-
mulate substantial amounts of heat after each track is completed
owing to the scanning strategy, the relative high scanning speeds and
large sample size. Every melt track has already solidified when the
neighbouring track is produced and, thus, the volume, which is melted
on laser illumination, remains virtually unchanged (cf. Rc in Table 1).

Generally, Rc ranges between 0.5 and 2.6, which means that signifi-
cantly different volumes can be remelted and that the solidification and
with it the microstructure should be measurably affected. We will ad-
dress this in Section 3.3.

3.2. Density and pore size distribution

The parameter combinations of the aforementioned remelting ex-
periments were transferred to the SLM fabrication of 81.95Cu-
11.85AI1-3.2Ni-3Mn bulk samples. In an attempt to correlate the process
parameters with the relative density we will refer to the energy input
during remelting, Ey, , which combines scanning speed and hatching
distance (cf. eq. 1). Because solid material is remelted, we have to con-
sider a slightly different hatching distance (h,, see Table 1) than for
the SLM process (h.) itself. Therefore, Eq. 1 has to be adapted for the
remelting procedure as:

(4)

In the investigated parameter window, the relative density does not
show any clear correlation with the remelting depth, the energy input
(Ev, ;) or either of the varied processing parameters (cf. Table 2). It is
noteworthy that when a sample is remelted with v¢ = 740 mm/s and
30% track overlap (SLRM (2), Table 2), which corresponds to an energy
input of 35.4 |/mm?>, the relative density is highest (p,e; = 99.5 + 0.3%).
Remelting, consequently, allows increasing the relative density of the
alloy compared to the SLM sample (pe; = 98.9 £ 0.1%) but finding
the optimum remelting parameters in terms of relative density seems
a matter of trial and error.

It has been suggested that the additional remelting step enhances the
relative density mainly due to the elimination of pores smaller 50 pum [1]
and improving the surface quality [3,39]. In order to investigate the first
aspect for the present alloy, the pore sizes and the pore distribution in se-
lected specimens were determined in a p-CT. The according |-CT scans
and the extracted pore size distributions are displayed in Fig. 4. The vast
majority of the pores in the SLM samples has equivalent diameters of
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Fig. 3. Influence of the process parameters (P, = 330 W) during remelting of a 81.95Cu-
11.85A1-3.2Ni-3Mn baseplate on the remelting coefficient, Rc. It is mostly determined by
the scanning speed. The corresponding remelted cross-sections (arrows) are shown in
Fig. 2. As the inset reveals, there is no clear correlation between the hatching distance
(h;) and the remelting coefficient.

0.1 mm (dgp = 0.09 mm). After remelting each layer with vy = 740 mm/s
and 30% track overlap, the population of smaller pores becomes less while
larger pores appear (dgg = 0.11 mm). Because the relative density in-
creases to 99.5 4 0.3% this does not negatively affect the mechanical
properties of the SLRM sample (see Section 3.5). When the remelting pa-
rameters are changed in way that Ey, ; and Rc are increased (vs =
900 mm/s and 90% track overlap), the tail towards larger pore sizes in
the distribution becomes even more evident (Fig. 4c). This trend reflects
in a significantly larger dgo-value of 0.25 mm.

Hot isostatic pressing (HIP) is often used to reduce the porosity of cast
solids [45] and it would be interesting to compare the effect of this post-
treatment with the effect of the investigated remelting during selective
laser melting. This, however, is not within the scope of the present work.

3.3. Microstructural analysis

The additional remelting procedure does not affect the phase forma-
tion of the Cu-Al-Ni-Mn alloy [1] and only 3’;-martensite (space group:
P2;/m, a = 0.443 nm, b = 0.530 nm, c = 1.278 nm and 3 = 95.88°
[46,47]) forms in all SLM samples produced here. The decomposition
into the low-temperature equilibrium phase y, (CugAly) is suppressed
because of the high intrinsic cooling rates during processing [2,8,43].
Furthermore, the formation of oxides could be avoided due to the fact
that the samples were prepared in argon atmosphere (oxygen uptake
= 200 ppm).

The following discussion concentrates on the microstructures of the
SLM, the SLRM (2) and the SLRM (6) sample. As mentioned above, the
SLRM (2) specimen has the highest relative density (99.5 4+ 0.3%) and

Table 2
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the SLRM (6) sample was chosen because of its much higher energy
input, which leads to a significantly higher remelting coefficient (Rc
=14 + 0.1), as discussed in Section 3.2. In this way we want to inves-
tigate the influence of remelting, especially the effect of different energy
inputs on the resulting microstructure. The microstructures, which
were analyzed by means of EBSD along the building direction (BD),
are shown in Fig. 5. The selected microstructures are characterized by
grains elongated in the direction of the heat flow [19,36]. Some grains
grow over multiple layers in an epitaxy-like manner [1] as described
for other additively processed alloys [4,7,10,48]. Next to large grains
also very fine grains can be found, as discussed in [1,36]. Moreover,
the EBSD images of Fig. 5 illustrate that the martensite morphology is af-
fected by remelting. After remelting the martensite laths tend to be-
come initially smaller (Fig. 5b). Simultaneously, selected variants
become longer and grow on the expense of others. Hence, a change of
the grain size is also reflecting in the corresponding variants [49] as it
is observed here. This effect can be clearly seen if remelting is applied
with a higher energy input as for the SLRM (6) sample. As shown in
Fig. 5¢c, the microstructure tends to significantly coarsen under these
conditions (average grain size: SLM = 45 + 33 pym, SLRM (6) = 84 +
41 pum). It should be stressed here that the highly non-uniform grain
sizes together with the martensitic structure make it very difficult to re-
liably characterize the grain size in a quantitative fashion. Owing to the
resulting scattering of the data we can only identify coarse trends in the
following. We start by measuring the length of line intercepts with the
grain boundaries along the building direction and perpendicular to it.
Fig. 6 depicts the distribution of the intercept lengths perpendicular
and parallel to the building direction for the SLM sample and the
SLRM (6) specimen. It is apparent that the grains tend to be longer in
the building direction and cover a wider range of grain sizes, which in-
dicates the anisotropy of the present microstructures. This can be also
captured by the grain aspect ratio (Table 3). The maximum observed in-
tercept length in the building direction is near 200 pm for the SLM sam-
ple. The population of the intercept lengths becomes broader in both
directions when each layer is remelted (Fig. 6a and b). In other words,
the grains coarsen in the course of an additional illumination with a
high energy input. Especially the intercept lengths in the building direc-
tion tend to increase (maximum value for SLRM (6): 300 um) so that the
epitaxy-like growth is enhanced by the remelting step. This is expected
to affect the transformation properties of the alloy [16,27,33] and this
aspect will be dealt with in the next section.

3.4. Transformation behaviour

Next to the grain size [44,49], the transformation temperatures of a
given Cu-based shape-memory alloy are generally governed by
factors like ordering [50], defect density [50,51] and phase composition
[33,43].

We first investigate if there is a correlation between the remelting
and the ordering of the alloy. ASLM and a SLRM (6) sample were heated
to 850 °C in order to analyse the enthalpy of ordering transition from
DOs to B2 [50] that was measured around 500 °C. It is known that ageing

Overview of a SLM sample and SLRM specimens processed with different scanning speeds and track overlaps (P. = 330 W). Grain size values were recorded for two SLM geometries
(cubes, rods) in building direction. The characteristic temperatures represent the peak-values of the reverse (Apeac) and forward (Mpeai) martensitic transformation as well as the equi-

librium temperature, To, from the second cycle.

Sample Scanning speed (mm/s)  Track overlap (%) Energy input Ey,  (J/mm®)  Relative density (%)  Average grain size (um) Apeak (°C)  Mpeax (°C)  To (°C)
SLM 740 30 38.1 98.9 £+ 0.1 45 + 33 102 +£2 86+ 1 98
SLRM (1) 500 30 43.1 989 + 0.1 48 + 29 9141 74 +1 92
SLRM (2) 740 30 354 99.5 +£ 0.3 42 + 24 96 + 1 78 £ 1 92
SLRM (3) 900 30 37.0 99.2 £+ 0.1 44 £+ 25 95 +1 77 £1 91
SLRM (4) 50 50.9 98.6 +£0.2 52 4 28 92 +1 75+ 1 90
SLRM (5) 75 101.9 975+ 03 62 + 32 103+ 1 86+ 1 102
SLRM (6) 90 203.7 98.1 +£ 0.5 84 + 41 118+ 1 103 +1 117
SLRM (7) 1500 30 272 97.8 £ 0.1 46 + 21 9141 74 +1 91
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Fig. 4. Reconstruction of additively manufactured 81.95Cu-11.85AI-3.2Ni-3Mn cubes by p-CT (a). The cubes correspond to SLM, SLRM (2) and SLRM (6) specimens (cf. Table 2). The
analyzed volume (material: green, pores: red) was 7 x 7 x 5 mm°. The pore size distributions of the remelted samples in comparison to the SLM sample are shown in (b) and (c).
Remelting at specific parameters (SLRM (2)) can effectively remove smaller pores. If the remelting energy is too high, the overall porosity increases and also larger pores will appear.

above the austenite-finish-temperature (A¢) can result in an increase of obvious differences were found for the enthalpy of the DO5-B2 ordering
the transformation temperatures [52]. Specifically, an ordering process process. The measured enthalpies were found to be 3.9 4 0.2 /g and 4.8
in the austenite leads to a shift of the transformation temperatures, + 0.1 J/g for the SLM (Apeax-temperature = 102 + 2 °C) and SLRM
which is usually accompanied by an increase in the enthalpy of the (6) (Apear-temperature = 118 + 1 °C), respectively. Hence, this does
DO03-B2 transition [50]. In the case of the investigated samples, no not appear to be the dominant factor for the increase of the

Fig. 5. EBSD-inspection of the cross-section of (a) the SLM and the SLRM specimens remelted with (b) lower (SLRM (2)) and (c) higher (SLRM (6)) energy input. The upper row shows an
overview of the microstructure using the electron imaging system (ARGUS). The pictures in the second row represent an overview of the martensite variants determinations for the
depicted areas. The equivalent size of variants are: SLM = 7.43 pm, SLRM (2) = 8.13 pm, SLRM (6) = 8.57 um.
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Fig. 6. Distribution of the intercept lengths of a SLM and a SLRM (6) sample. The histograms show the number of intercepts analyzed (a) perpendicular and (b) parallel to the building
direction. The insets show a section of the SLM sample at its centre. The average intercept lengths were used for calculating the equivalent average grain size of the microstructure as

summarized in Table 2.

transformation temperatures. Therefore, it shall be explored if there is a
correlation between the grain size and the transformation behaviour.

In order to facilitate the following discussion, the intercept lengths,
that are ideally suited for measuring non-equiaxed grains [53], are con-
verted into the equivalent grain diameters using the grain-size data and
relationships from the ASTM E112 standard. The ASTM micro-grain-size
number, G, is used to estimate the average grain size. G can be calculated
through the following equation [53]:

G=[—6.6457 log L3]—3.298 5)

where L3 (mm) represents the average intercept length. The estimated
values from the intercepts will be termed average grain size in the re-
mainder. The average values are comparatively small for all investigated
samples and range between 40 to 85 um (Table 2) and are smaller than
for other rapid solidification techniques, viz. suction casting [37] and
spray forming [27]. Such small grains are generally favourable for en-
hancing the plasticity of Cu-based SMAs [30,35] and influence the trans-
formation temperatures [44,49].

The peak-values of the reverse (Apeak) and forward (Mpeak) transfor-
mation for the 81.95Cu-11.85A1-3.2Ni-3Mn specimens (SLM, SLRM) are
listed in Table 2. It also contains the equilibrium transformation temper-
ature, To, which is defined as the temperature when the Gibbs free en-
ergy of martensite and austenite is equal [43,54]:

1

To =

(Ms +Ay) (6)

with Ms: martensite-start-temperature and A¢: austenite-finish-temper-
ature. The hysteresis for all samples between the austenitic (reverse)
and the martensitic (forward) transformation is almost constant for
the current samples (around 12 °C). Fig. 7 shows the variation of the
Apeax-temperature as a function of the energy density used during
SLM (reference bulk sample, red) and SLRM (blue). There is an apparent
increase in Apcax With increasing energy input and depending on the
remelting conditions, the transformation temperatures can be adjusted
between 90 and 120 °C (cf. Table 2). This represents a drastic modifica-
tion and proves the potential of the present approach for tailoring the
transformation properties [15-17,20,43].

The transformation temperatures of Cu-based SMAs are very sensi-
tive to the alloy composition [26,31,42] and remelting might locally re-
sult in a change of the chemical composition [38]. However, the oxygen
uptake for the SLM and the SLRM samples is negligible (see Section 3.3)
and the chemical composition of the SLM and the SLRM specimens are

identical within the experimental error (SLMpyy: 81.79Cu-11.84Al-
3.21Ni-2.9Mn, SLRM (2)pyi: 81.70Cu-11.84A1-3.22Ni-2.91Mn). Thus,
an influence of alloy chemistry on the transformation temperatures
can be excluded.

Fig. 7 contains the average grain sizes next to the transformation
temperatures for the different specimens and a similar dependence on
the energy input is found. One can deduce from the present data that
an increasing energy input results in larger grains and thus in increased
transformation temperatures. The transformation temperatures of Cu-
based SMAs have been reported to obey a Hall-Petch-like relation
[33]. The present results imply a similar behaviour. Selected SLRM sam-
ples with similar (v¢ = 500-1500 mmy/s, 30% track overlap) and more
varying grain sizes (vs = 900 mmy/s, 30-90% track overlap) were corre-
lated with the equilibrium temperature. As expected, the temperature
shows no clear correlation when remelting parameters are applied
that only slightly affect the microstructure. By continuously increasing
the energy input and with it the grain size, an increase of Ty can be
achieved. Thus, our results show that remelting can be used to tailor
the transformation temperatures directly during manufacturing by con-
trolling the energy input. In the current case, an energy input, Ey, , of
about 204 J/mm? should be used for a maximum difference in the trans-
formation temperatures which corresponds to the Ey-value used for a
SLM bulk sample multiplied by a factor of 5.

Table 3

Microstructural and mechanical properties of the investigated SLM and SLRM specimens.
SLRM samples with lower (P, = 330 W, v = 740 mm/s, 30% track overlap, Ey, ,
= 35.4]J/mm?) and higher energy layer input (P, = 330 W, v = 900 mm/s, 90% track
overlap, Ey, , = 203.7 J/mm?®) were chosen. The linear intercepts represent the average
value for two geometries (cubes, rods) and were recorded parallel and perpendicular to
the building direction.

SLM SLRM (2) SLRM (5) SLRM (6)
Perpendicular linear intercepts 28+1 27 £2 41+ 4 54 + 10
(hm)
Parallel linear intercepts (um) 69+16 53+£20 75+11 114+6
Grain aspect ratio (%) 243 447 192460 181 +£8 221 £52
Compressive fracture strength 1511 + 1512 + 1200 + 1440 +

(MPa) 40 20 44 32

Compressive fracture strain (%) 144+06 13+£10 1164+ 12.8 &+
0.4 0.4

Tensile fracture strength (MPa) 617 +£48 492455 -

Tensile fracture strain (%) 824+09 93409
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Fig. 7. Martensitic transformation of SLM and SLRM specimens. Correlation of the energy
input (SLM: Ey and SLRM: Ey, ;) on the Apea-temperature and the average grain size of
selected specimens. The values of the SLM sample are shown in red for comparison. The
dashed lines are guides to the eye.

3.5. Mechanical properties

Final experiments were carried out to assess the mechanical behav-
iour of the SLM as well as selected SLRM (SLRM (2), (5) and (6)) spec-
imens, since their different relative densities and grain size
distributions could affect the deformation properties [5,30]. All samples
were first subjected to uniaxial compression (Fig. 8a) and the corre-
sponding values are specified in Table 3. The relative large fracture
strain (11-15%) compared to other studies [31] can be attributed to
the smaller grain sizes in the present study. The ultimate strength for
all samples was found to be in the range of 1500 MPa. Due to the higher
amount of pores and bigger pore sizes, the values of the SLRM (5) and
(6) sample are found to be slightly below. In contrast to other studies
[35], we have not observed a fracture strength much below 1200 MPa
due to the overall high relative densities (97.5 + 0.3% < pre1 < 99.5 +
0.3%) of the tested samples. While the SLM sample yields the highest
deformability (14 4+ 0.6%), the SLRM samples are within the range of
this value (SLRM (2) = 13 £ 1.0%, SLRM (5) = 11.6 + 0.4%, SLRM (6)

= 12.8 + 0.4%). Hence, it becomes obvious that the differences in
terms of the porosity on the fracture strain under the present conditions
(compression) are not detrimental during deformation. This is even
more interesting as the pores tend to be larger in the SLRM (6) speci-
mens (Fig. 4c). A typical double yielding behaviour was observed show-
ing a distinct elastic region, followed by a stress plateau (detwinning of
martensite or reorientation) and a work hardening regime (plastic de-
formation of the martensitic microstructure) [31,35,43]. We found
that the detwinning start stress (0s) of the SLRM in comparison to the
SLM samples (0, spm = 293 4 15 MPa) is shifted towards lower values
(US. SLRM (2) = 282 + 20 MPa, Os, SIRM (5) = 252 £ 15 MPa, Os, SLRM (6) =
172 4 9 MPa) which, in turn, seems to be consistent with the increasing
grain size and the corresponding increase of the martensite laths
[16,30,55,56].

Representative stress-strain curves obtained from tensile testing are
shown in Fig. 8b and the average strength/strain-values are summa-
rized in Table 3. The deformability in tension is slightly increased from
8.2 + 0.9% (SLM) to 9.3 4 0.9% (SLRM (2)) most likely due to the de-
creased porosity. On the other hand, the slightly reduced grain sizes of
the SLRM (2) specimens can further promote deformability [29-31].
The obtained plasticity of the tested specimens is found to be higher
thanin [29,30,32,37,57]. Dimple-like features were observed in all spec-
imens. Dimples are generally a sign of ductile fracture and their pres-
ence is in agreement with the larger plastic strain in tension as well as
in compression if compared to conventionally processed samples [43].
Next to the deformability, the fracture strength of the remelted speci-
mens (492 + 55 MPa) is not drastically influenced and can be found
near the SLM samples (617 + 48 MPa) with a tendency of lower values.
One reason for this can be the larger deviation of the relative density for
the SLRM (2) specimens (see Section 3.2). For both tensile curves, the
double yielding behaviour can be clearly seen and seems to follow our
findings from compression testing. In order to fully understand the in-
fluence of the remelting step on the detwinning behaviour and the
pseudoelasticity, a series of further tests have to be carried out. This,
however, is beyond the scope of the present work and is subject to up-
coming publications.

4. Conclusions

In this study, an additional remelting step was implemented in the
processing of a 81.95Cu-11.85Al1-3.2Ni-3Mn shape-memory alloy via
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Fig. 8. Stress-strain curves for SLM and selected SLRM specimens in (a) compression and (b) tension. Fracture of the fully martensitic samples occurs at the indicated strains. The average

values are listed in Table 3.
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selective laser melting. The single-track method and subsequent
remelting of bulk material was used to investigate and optimize the pro-
cess parameters. In this way, selected parameters can be used to adjust
the remelting depth and with it the corresponding materials properties.

In terms of relative density, no clear correlation between the energy
input and the relative density could be observed. However, the opti-
mum energy input in order to increase the relative density to 99.5 +
0.3% is around 36 J/mm?. This is in the range of the energy input of a
SLM bulk samples with 98.9 4 0.1% relative density. The detailed anal-
ysis of pore sizes by X-ray computed tomography reveals that the in-
crease in the density is accompanied by an elimination of pores
smaller than 100 pm.

The measured average grain size is only slightly affected by the addi-
tional remelting step when lower energy inputs are used, but it remark-
ably coarsens when the energy is adjusted between 100 and 250 J/mm>.
The transformation temperatures can be influenced likewise by the pro-
cess parameters. In general, the peak-values of the martensitic transfor-
mation can be adjusted between 90 and 120 °C by remelting.

Samples produced by SLM and SLRM show a pronounced
deformability in compression and tension. Although the pore and
grain sizes of the remelted specimens vary from the values of the SLM
reference sample, the mechanical properties are not drastically
changed.

The investigations in this work prove that an additional remelting
step for a 81.95Cu-11.85A1-3.2Ni-3Mn shape-memory alloy can be
used to produce compact and fully martensitic samples with increased
relative density and small grain sizes. By adjusting the energy layer
input during remelting, the transformation temperatures of SLM bulk
samples can be tuned without compromising the mechanical properties
or the need of additional post-processing steps.
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