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a b s t r a c t

Conditions of intermetallic phase synthesis during layerwise selective laser sintering/melting in CueAl
eNi powdered system were explored. There to we used optical and scanning electron microscopy, EDX
and XRD analysis for microstructure testing and intermetallide identification in porous 3D samples
depending on the laser syntheses regimes. A high laser sintering ability of the prepared mixtures and
shape memory effect in 3D samples by results of specific electrical resistance measurements were
shown. Porosity of the laser-synthesized Al7Cu4Ni intermetallide led to a peak shifting by the temper-
ature axis and the intervals of the AseAf austenite transformation and MseMf martensite transformation
were 50 ÷ 80 �C and þ25 ÷ �40 �C respectively.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

At first laser controlled self-propagated high-temperature syn-
theses (SHS) of perspective chemical compounds were realized [1].
By this time this scheme had been realized in dozens of reactionary
powdered mixtures (see review [1]). It is known that intermetallic
phases in NieAl [2e5] and CueAleNi [6,7] systems can be obtained
in reactions of the laser syntheses. The interest to the phases and
3D parts based on these phases is explained by their shapememory
effect (SME) [8e12]. In papers [9,13] it was supposed, that the
materials and the SME could be used in medicine. Depending on
the composition, structure and way of manufacturing the material,
the temperature intervals of SME can deviate [13e15] from tabular
data (CueAleNi, 14% wt. Al and 4% wt. Ni, �140 to 100 �C) owing to
a reversible austeniteemartensite transformation. Conventionally,
CueAleNi shape memory alloys (SMA) are obtained either by
melting of pure elements in an argon atmosphere with a high-
speed quenching or by the SHS process [16e20]. Unfortunately,
within the framework of these approaches the samples of simple
shape could only be obtained, so searching of new methods for
complex shape manufacturing of the SMA as well as techniques of
(LPI) of Russian Academy of
obtaining SME are of interest.
Selective laser sintering/melting (SLS/M) process is the unique

additive technology [1,2,4,5,7,21e23] allowing layerwise 3D sam-
ples fabricating out of powdered material on the basis of CAD data.
Not less perspective is the fabricating of not just functional prod-
ucts, but artificial medical devices e the micro-electro e mechan-
ical systems (MEMS) [1,23]: implants, fixing grips, drug delivery
systems etc. by this technique.

In the present study, it was offered to synthesize intermetallides
in the CueAleNi system by the method of overlapping SLS/M and
SHS and determine some of their electro-mechanic properties,
which is prospective for medical applications.
2. Experimental

All the reagents used in experiments were obtained from French
chemical market and used as supplied. CuNi10 powder produced by
TLS Technik GmbH and having the following composition (Cu e

balance, Ni e 10%, Fe e 1e2%, Mn e 0.5e1%, C e 0.05%, Pb e 0.05%,
Zn e 1% wt. max.) and aluminum powder graded Grenaille 350TL
(M�etaux & Chimie) were mixed in the ratio enabling to obtain a
stoichiometric CueAl14%eNi4% phase. The particle size distribu-
tion was studied by means of an optical granulomorphometer
ALPAGA 500NANO which is a real-time optical sieving system, and
the CALLISTO image analysis software (OCCHIO s.a.). The
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Fig. 2. Appearance of the 2D monolayer with laser welded electrodes and specific
measurements of ER vs. temperature by four-probe potentiometric method.
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morphology structures of the raw powders are presented in Fig.1(a,
b). Most of the particles had high spherical shapes and smooth
surface with a negligible quantity of satellites. The CuNi10 powder
had average size of ~25 mm, apparent density 5.3 ± 0.01 g/cm3,
evident density 4.8 ± 0.06 g/cm3, volume specific surface
~0.467 mm�1. The Al powder had average size of ~30 mm, apparent
density 1.85 ± 0.03 g/cm3, evident density 2.7 ± 0.05 g/cm3, volume
specific surface ~0.102 mm�1. The powder particles had mainly
spherical surface and insignificant size dispersion that ensured a
uniform distribution under layer-by-layer delivering in the SLS/M
process.

Experiments were conducted in DIPI laboratory (ENISE, France)
on the SLS/M setup e PM 100 (Phenix Systems). In the PM-100 the
solid-state fiber ytterbium laser YLR-100 (IPG Photonics) is used,
working in the cw regime on the wavelength of l ¼ 1.075 mm. Main
features of PM 100 setup were the following: power P ¼ 50e70 W,
laser beam diameter 70 mm. Laser sintering/melting was carried out
on the metallic platform, a minimum layer incrementation was
about the powdered composition size, synthesis occurred in a
protective gas (argon) environment. One and two-zone scanning
strategies [8] were used with a hatch distance of Sh ~ 80 mm be-
tween passages and laser scan velocities of v ¼ 120, 140, and
160 mm/s.

After etching, cross sections of the multi-layered SLM samples
were subjected to the metallurgical analysis with the optical mi-
croscope (Olympus BX51, Japan) equipped with a digital camera.
The phase composition of the synthesized structures was deter-
mined with X-ray diffraction (XRD) using a DRON-3 diffractometer
in Cu-Ka radiation, JCPDS PDF data (PCPDFWIN ver. 2.02, release
1999) and the Crystallographica SearchMatch ver. 3.102 program.
Morphology of the laser sintered/melted layers and 3D samples
after the SLS/M was studied with a LEO 1450 scanning electron
microscope (Carl Zeiss Company) equipped with an electron
dispersion spectroscopy (EDS) (INCA Energy 300, Oxford
Instruments).

Specific electrical resistivity (ER) r was accurately measured by
four-probe potentiometric method (Fig. 2, [13]) within a tempera-
ture range from �150 �C up to þ200 �C. Flat 2D monolayers with
sizes 10 � 30 � d mm (where d is thickness of one separate
Fig. 1. Morphology view and particle size distrib
monolayer, see Fig. 2) were synthesized in powder volume. The
temperature range taken for the thermal cycling was much wider
than one used for CueNieAl transformation. The reason for such
measure is that, governed by some rules, temperature points in
porous heterogeneous structures could be displaced [23]. An
external heater and liquid nitrogen were employed to vary the
temperature of the CuNiAl samples. The temperature was
measured by ChromeleAlumel thermocouple. The laser welding
and low-resistance solders were used to minimize measurement
mistakes.

The relative accuracy of the resistivity measurement was
determined by the accuracy of the temperature measurement
(relative accuracy of 0.1 �C) and was estimated to be within 10�4.
utions of Al e a) and CuNi10 e b) powders.
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The experimental data were digitized by Labview program on DAC/
ADC (LCard Co, Moscow, RF).
Fig. 4. Appearance of successful SLM sample. Disk with 10 mm in diameter. P e 70 W,
v e 140 mm/s.
3. Results and discussion

In accordance with the ternary phase diagram [17] we expected
to obtain the following stable intermetallic phases of the CueNieAl
system after a high-speed laser cooling: a þ g2/b þ NiAl or
aþ bþ g2 phases. The experimental measurements of temperature
in the volume of similar but binary NieAl/NieTi powder mixtures
during the SLS process, as well as the maximum temperature
reachable in the reaction media and numerical simulations for the
SHS þ SLS processes were obtained by us earlier in studies
described in papers [24e26].

Firstly, we defined the SLS/M conditions for separate mono-
layers on the metallic substrate and in the powder copiously filling
the volume. The exterior view of a monolayer after the bulk SLS
prepared for the following electrophysical testing is shown in Fig. 2
(insertion). The range of the layer thicknesses is presented in Fig. 3
and it fluctuates within the interval of 1.3e1.9 mm. The experi-
mental optimization of the monolayer depth has similar depen-
dence as results those obtained for NieAl and NieTi powdered
mixtures presented in Refs. [1,2,5].

However, after transition to the SLS/M on the metallic substrate
this range shifted to the area of greater laser energy inputs. This is
connected with more intensive heat dissipation under the SLS/M
process on the metallic platform than in the powdered volume. The
Fig. 4 shows one of the successful results of the layerwise SLM.
Experimental estimated density of the 3D disk sample from Fig. 4
was 4.96 g/cm3 (under 7.12 g/cm3 for ingot CuAlNi SMA).

For clarification of element composition of the obtained mi-
crostructures and inclusions, the SEM with EDS microanalysis was
carried out. Before analysis, we restricted into EDS data (Table 1)
the element quantity (namely, oxygen and carbon) due to we have
deal with porous structure on the surface of which a carbon dioxide
was absorbed. High-resolution SEM results for the porous surface
in electron backscattering mode are presented in Fig. 5 after the
SLM. Fig. 5a is shown a common view of a porous structure after a
high-speed laser remelting. As it is seen, the light gray color matrix
stands for initial CuNi10 powder, however vastly depleted by nickel
and enriched by aluminum (S3 and S4 area, Table 1). The “S1-All”
index is written with such EDS data, in which information was
collected from the whole of area of the corresponding figure. The
EDS data (S1 row) is corresponding to the Al7Cu4Ni intermetallic
phase (58.33/8.33/33.33%). Evidently, this is the result of the laser
Fig. 3. Monolayer sintering depth vs. laser scan velocity. Laser power P ¼ 23.5 W.
synthesis of CuxAlyNiz intermetallic phase with complex stoichi-
ometry. Dark inclusions are seen also (Fig. 5, S2 area) and are a
result of the Cu9Al4 intermetallic phase quenching.

We made XRD patterns of synthesized after the SLM structures,
the results are submitted in the Fig. 6. In the right upper corner XRD
patterns conducted in study [8] are presented for the comparison. It
is possible to confirm that synthesis of the rhombohedral Al7Cu4Ni
intermetallic phase (28-0016, PDF2) with space group R-3m really
took place under laser controlled SHS process. In particular, the
intensity lines (111) and (115) are clearly seen, in our case they have
duplex type. Lines of similar intensity were observed for the
Al7Cu4Ni intermetallic phase in Ref. [27]. Indeed, after the restric-
tion of the above EDS data, our XRD and EDS data are in a good
agreement. We can conclude therefore that we have really obtained
the Al7Cu4Ni intermetallide with slightly changed lattice
parameters.

It is known that the electrical resistivity (ER) test provides more
detailed information on the transformation occurring on the grain
and crystalline levels. The ER method permits to study the phase
transformations in metallic systems, to define the composition of
different metallic mixtures, to conduct quantitative analysis of the
phases in a solid solution [13,23].

The ER versus temperature curves during cooling and heating in
the temperature range from�150 �C toþ200 �C are shown in Fig. 7.
In this figure, each dependence (two curves) consists of two parts.
The heating stage of the porous CuAlNi sample from �150 �C up
to þ200 �C is given in red color and the cooling stage fromþ200 �C
down to �150 �C in blue color. As it was mentioned in Refs. [13,23],
a peak must appear during heating on the specific ER curve within
the range of austenite transformation. Under cooling, a similar peak
corresponds to the martensite transformation from a high-
temperature phase for the CuAlNi in a low-temperature phase. In
this case, the SME can be expected to develop in the CuAlNi sample.
Table 1
EDS date by SEM image (Fig. 5b).

Spectrum Al Ni Cu

S1-all 53.40 4.75 41.85
S2 90.49 e 9.51
S3 41.07 5.92 53.01
S4 40.01 6.26 53.73



Fig. 5. Backscattering mode SEM images under different magnification: a) �70, b) �1000 with All (S1), S2eS4 EDS areas of elemental analysis.

Fig. 6. XRD diffraction pattern of the sample, synthesized by SLM.

Fig. 7. Electrical resistivity of the CuAlNi synthesized by the SLM vs. temperature. LI
parameters: P ¼ 70 W, D ¼ 70 mm, Sh ¼ 80 mm, v ¼ 140 cm/s.
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Porosity of the CuAlNi leads to a peak shifting by the tempera-
ture axis, and the transformation temperature range broadens to
the low temperature zone as well. Papers [13e15] showed a similar
dependence of temperature at DSC peaks due to the phase trans-
formations. One can see in Fig. 7 that the intervals of the austenite
and martensite transformations are significantly displaced and
broadened in the case of synthesized porous CuAlNi phase in
contrast to cast CuAlNi [8,13e15]. Apparently, the interval of the
AseAf austenite transformation is 50 ÷ 80 �C, and the interval of the
MseMf martensite transformation is þ25 ÷ �40 �C. The study [23]
showed that the variation of Ni content by 0.1 at% changes the
transformation temperature on approximately 10 �C, the presence
of 1.0 at% oxygen decreases the martensite transformation tem-
perature on 92.6 K and makes the parent phase brittle in the NiTi
SMA. Obviously, similar effects could be observed in our case also.

4. Conclusion

For the first time the intermetallic CuAlNi samples were ob-
tained by the two zone SLM process with the hatch distance of
80 mm, the laser power of 70 W, the laser beam diameter of 70 mm
andwith scan velocities 140mm/s. It is shown that the SLM process
implementation in argon has tendency to form the heterogeneous
intermetallic phase of the rhombohedral Al7Cu4Ni type. The SEM
with EDX analysis ensured about uncontrolled oxidation of Al.
Evolution of the specific ER of porous CuAlNi samples synthesized
by the SLS/SLM as a function of laser process parameters was
experimentally studied.

Obviously, the ERmeasurement has proved to be a goodmethod
for identification of various phases and the SME in the porous
CueAleNi SMA. The method proposed allows determining a tem-
perature interval where the SME may be expected. Porosity of the
CuAlNi leads to a peak shifting by the temperature axis and the
interval of the AseAf austenite transformation was 50 ÷ 80 �C, and
the interval of MseMfmartensite transformationwasþ25 ÷�40 �C.

The ER can be used as a feedback generator for controlling
directly the location of the actuator with no need for other sensors.
Owing to the SME in porous CueAleNi layer-by-layer synthesized
by the SLS/M along with the possibility to manufacture 3D objects
such as bio-MEMSesensors, drug delivery systems, implants, etc., a
new quality level can be achieved in orthopedic surgery by devel-
oping self-initiating, self-fixing, and self-swinging prosthetic ele-
ments at human body temperature.
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