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HIGHLIGHTS

e Additive manufacturing of CuCrZr alloy for nuclear fusion applications.
o Influence of heat treatments on CuCrZr microstructure.
e Performance evaluation of CuCrZr printed with 370 W IR laser.

ARTICLE INFO ABSTRACT
Keywords: In this study, the processability of CuCrZr alloy with additive manufacturing (AM) technology and the perfor-
LPBF mance achievable with Direct Age Hardening treatments for nuclear fusion applications were investigated. This
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copper alloy is one of the most interesting for the field: it is easier to manufacture through Laser-based additive
manufacturing technology and mechanically superior compared to pure copper, and it ensures values of thermal
conductivity high enough to be considered a valid substitute for pure copper in many applications.

The investigation on CuCrZr alloy was carried out in order to examine the influence of Direct Age Hardening
(DAH) treatments on physical and mechanical properties. Laser Powder Bed Fusion technology was used to
produce samples with CuCrZr alloy. The additive manufacturing process involved a machine provided with a 370
W IR laser and a preliminary process optimization was carried out to find the printing parameters that assured
the highest density (99.15 %), which confirmed the processability of CuCrZr alloy also with low IR laser power.
Then, three different DAH treatments were tested and the performance of DAHed material was compared to that
of the alloy in as-built conditions. Precipitation phenomena were investigated with DSC analyses, revealing the
effectiveness of the treatment already after 1 h. A deep microstructural investigation revealed a fine cellular
structure formed during solidification and the presence of nanometric precipitates starting from the as-built
condition. The presence of microstructural defects was also investigated. Mechanical performance and thermal
conductivity were tested, too: the as-built samples showed limited properties, while very promising results for
the use of additively manufactured CuCrZr components have been obtained after the DAHs. The ultimate tensile
strength (UTS) and yield strength (YS) doubled the as-built values after 1 h treatment at 550 °C. The thermal
conductivity reached three times the initial condition (from 100 W/mK to 300 W/mK).
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1. Introduction

CuCrZr (C18150) is a very attractive alloy that can substitute pure
copper in many applications. The presence of Cr can range from 0.5 wt%
to 1.2 wt% while the Zr can be present in the range 0.03-0.3 wt% [1]. In
some cases, the alloy must satisfy compositional specifications, as it
happens for nuclear fusion components foreseen in ITER (International
Thermonuclear Experimental Reactor) [2-8]. CuCrZr is a
precipitation-hardened alloy that is well-known for its high mechanical,
thermal and electrical properties [1]. This alloy is widely used in heat
exchange devices and in the nuclear fusion field for the same scope [1].
CuCrZr started being employed in reactors as a structural material for
plasma-facing components in Tore Supra and JET, while in ITER it will
be used to manufacture a heat sink for the divertor, for the first wall and
the blanket [9-11]. The material will be employed also in DTT (Divertor
Tokamak Test) facility for the same purposes as in ITER. Moreover,
additive manufacturing will be tested as the manufacturing process for
producing some complex designed components for DTT Neutral Beam
Injector (NBI), and in particular the acceleration grids, which need to be
geometrically precise and very complex. Generally, an acceleration grid
consists of an actively cooled copper plate characterized by many
beamlets apertures. The apertures are aimed at focusing the ions beam
on a specific aiming point placed at an optimal distance, inside the
vacuum vessel. The active cooling is guaranteed by internal channels
with optimized shape to maximize heat exchange. In some cases, as in
the Extraction Grid (EG), several grooves are also present for placing
permanent magnets that create a magnetic field for deflecting the
co-extracted electrons [12]. A detailed description of the design of an
NBI and its ongoing development for DTT can be found in the literature
[13-15]. In the preliminary conceptual design, the acceleration grids
were meant to be made of pure copper, and produced by means of
electrodeposition over a copper-milled base plate [15]. Copper is an FCC
metal that melts at 1080 °C, it is widely used in many industrial sectors
because of its excellent thermal and electrical conductivities and good
corrosion resistance [16]. However, due to the poor mechanical prop-
erties of pure copper, CuCrZr alloy was chosen as an alternative material
for the purpose. This study is aimed at evaluating possible heat treat-
ments for additively manufactured parts made of CuCrZr alloy.

Additive Manufacturing (AM) is a wide family of various
manufacturing techniques that share a common principle, which is
exactly the opposite of traditional technologies: parts are created by
adding material step after step. This allows the creation of more complex
parts since the technology does not use any tools: in most cases, the
hindrance of the tools or the overall manufacturing approach cannot
permit the creation of very complex and peculiar shapes, which are, on
the contrary, possible and easy to obtain with additive manufacturing.

With AM, the use of copper is experiencing significant advance-
ments, as topological optimization can overcome the geometric con-
straints inherent in parts produced with traditional technologies. The
process for pure copper is, however, very difficult, especially if the AM
technology uses electromagnetic radiation as the energy input to melt
the powder feedstock. In fact, in the so-called Laser Based Powder Bed
Fusion process (PBF-LB/M, also known as Laser Powder Bed Fusion —
LPBF or Selective Laser Melting — SLM), the material is melted thanks to
the energy transferred by a laser beam. Machines are usually equipped
with infrared (IR) lasers, typically operating with wavelengths ranging
from 1060 to 1100 nm. This can cause several drawbacks for processing
certain materials due to their high reflectivity, resulting in the dissipa-
tion of most of the energy. Copper and copper alloys are characterized
by this issue [2-5,16], moreover, their thermal conductivity causes a fast
cooling of the area: the printing is consequently very challenging
because the resulting molten pool is easily unstable and uneven. The
final microstructure is too porous and inadequate for most of the ap-
plications requiring good mechanical resistance.

Because of these difficulties, printing copper with a satisfying dense
structure is possible by increasing the amount of energy that the
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material receives, by employing a high-power laser beam or by changing
the laser wavelength, for which the material is less reflective. Never-
theless, several studies analyzed the possibility of providing coatings to
the particles to enhance the optical absorption and create an in-situ
alloying when the powder is melted (i.e. Jadhav et al. [6]). Studies can
be found in the literature for both these aspects [5-7].

If pure copper is not a requirement for the application, it is possible
to opt for a copper alloy, that is in most cases mechanically superior. The
alloying elements are typically less reflective in the IR range compared
to copper, and the manufacturing process is much easier even with a low
energy input. Another advantage of the alloys is that their properties can
be tailored by heat treatments [2]. Generally, the addition of elements
like Cr, Zr or Nb in a copper matrix seems to greatly enhance the ab-
sorption of the laser energy, and adding two of those elements can lead
to the formation of binary and ternary systems with Cu that also improve
the material physical properties [2].

The advantage of CuCrZr alloy, as already mentioned, is the possi-
bility to tailor its properties according to the specific heat treatments
performed on the material. This alloy is strengthened by the precipita-
tion of hardening particles, such as CuyCry, CupZry,, or more complex
compounds like Cu,CrpZr, (general formulas were used because of the
wide variety of intermetallic phases).

Their lattice can be more or less coherent with the Cu matrix and
their presence leads to an increase in mechanical properties since they
alter the lattice structure [2,3] and hinder the mobility of the disloca-
tions. Solution Annealing (SA) and Age Hardening (AH) are the main
treatments that can be performed on wrought CuCrZr, while in the case
of the LPBFed material, the solution annealing can be skipped. Here are
briefly described the two heat treatments for CuCrZr:

e Solution Annealing (SA): this treatment is carried out by heating the
material in a protective and inert atmosphere (typically Ar) above
900 °C for 30 min or some hours. Then the material is rapidly cooled
in water or air, in order to oversaturate the copper matrix with Cr
and Zr [17]. In this way, the material can be subsequently aged to
make the precipitation occur. In the case of LPBFed parts, this
treatment is facultative since the cooling of the molten pool is fast
enough to act as a quench and create an oversaturated microstruc-
ture [1]. SAed parts are very soft and mechanically too weak to
consider the SA a stand-alone thermal treatment.

e Age Hardening (AH): generally, this treatment follows the SA, and it
is performed at lower temperatures and for a longer time (usually
from 400 to 600 °C, up to 6 h) in an inert environment (Ar, vacuum,
No, and sometimes also in an Hy atmosphere). This treatment is
aimed at allowing controlled precipitation of hard intermetallic
phases from the oversaturated material to produce binary or ternary
compounds of Cu, Cr and Zr [17]. In additively manufactured pieces,
as mentioned, AH can be directly performed after manufacturing, in
this case, it is called Direct Age Hardening (DAH).

In this work, only DAHs were investigated. In particular, three
different durations were examined keeping the temperature fixed at 550
°C. The aim is to understand how the heat treatment duration affects the
material and if a DAH treatment could be suitable for reaching the
mechanical and thermal conductivity requirements for the employment
of additively manufactured CuCrZr for nuclear fusion reactor compo-
nents. As guidelines, mechanical properties should reach an UTS of
~400 MPa, a Yield Strength YS of ~300 MPa and a rupture elongation
EL.% > 15%, (reference values were taken from [18]), while the thermal
conductivity should be greater than 360 W/mK.

2. Materials and methods
A powder of CuCrZr alloy was used to manufacture the samples

investigated in the present study. The chemical composition of the
powder is reported in Table 1. The Particle Size Distribution (PSD) was
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Table 1
Chemical composition of the CuCrZr powder employed in this study.
Cu Cr Zr Fe Si Others
Weight [wt%] 98.9 0.88 0.06 <0.03 <0.05 <0.01

Djg = 13.8 um, Dgp= 33.2 um and Dgy = 59.9 pm. The volume fraction
and a SEM image of the virgin powder are reported in Fig. 1a and Fig. 1b,
respectively.

The machine used in this work is the EOSINT M280 (Electro Optical
System GmbH, Germany). It is equipped with a low power Yb:YAG laser
(maximum nominal power: 400 W, actual power: 370 W, with a wave-
length of 1064 nm), with a Gaussian spot diameter of approximately 100
pm.

For this study, the samples used for the material characterization
were printed with a near-net shape geometry. For tensile tests and
thermal conductivity measurements, samples were then machined in
order to remove the rough skin and bring the samples to the correct
geometrical dimensions.

2.1. Parameters optimization and density measurements

First, a parameter optimization was carried out in order to reach the
highest density in the as-built samples. The best combination between
hatching distance (in the range of 0.06-0.1 mm) and laser speed (from
350 to 650 mm/s) was investigated. The laser power was maintained at
370 W and the stripes width was fixed at 5 mm (a schematic view of the
process is reported in Fig. 2). The layer thickness for all the jobs was 0.03
mm.

40 cubes (10 mm x 10 mm x 10 mm) were produced with different
hatching-scan speed combinations. Their density was then measured by
means of the Archimedes method through a ME Mettler Toledo analyt-
ical scale (Mettler Toledo GmbH, Germany).

The material reference density was measured through a gas pyc-
nometer (AccuPyc II 1340, Micromeritics Instruments Corporation,
USA).

2.2. Heat-treatments

Three direct age hardening (DAH) treatments were investigated. The
treatments were performed on as-built samples in Nitrogen atmosphere,
with heating and cooling ramps of 150 °C/h (cooling was carried out
inside the oven, in a protected atmosphere). The DAHs were carried out
at 550 °C for 1 h, 3 h and 6 h. The authors decided to stay at 550 °C as a
trade-off between the development of good mechanical properties (that
can be improved with DAHs at lower T) and good thermal properties
(that are promoted if high temperatures are used).
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Fig. 2. Schematic view of the additive manufacturing process: stripes for this
work have been set to 5 mm; at each layer, the stripes orientation varies with a
rotation of 67° The vertical direction in this work coincides with the build-
ing direction.

2.3. Microstructural investigations

Vertical and horizontal cross-sections of samples in each condition
were polished up to mirror finish according to standard metallographic
practices. To highlight microstructural features, samples were etched
with a solution containing 1.5 g of FeCls, 10 ml of HCI and 30 ml of
distilled HoO for 15-35 s. Specimens were observed under optical mi-
croscope (OM) Leica DM4 M (Leica, Germany). Samples were also
observed under a Zeiss Sigma HD FEG (Carl Zeiss GmbH, Germany) and
a TESCAN Vega3 (Tescan Group, Czech Republic) SEM microscopes,
micrographs were taken both in back-scattered and secondary electrons
modes.

2.4. DSC analysis

Calorimetric analysis was carried out on as-built and heat-treated
samples in order to identify solid-state transformations in the samples,
such as the formation or dissolution of precipitates. In detail, the alloy
was first investigated as virgin powder and under as-built conditions,
then the same analysis was carried out on samples aged at 550 °C for 1 h
and 6 h as representative heat-treated conditions (minimum and
maximum treatment duration). For each scan, 30 mg of material were
used. Samples were heated up to 1250 °C with a heating rate of 10 °C/
min under a continuous Ar flow to ensure the presence of an inert at-
mosphere during testing. The instrumentation used for the study was a

Fig. 1. a) Volume fraction of the CuCrZr powder investigated; b) Back-scattered SEM image of the material.
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TA Instrument Q600 apparatus (TA Instrument, Delaware, USA),
equipped with Universal Analysis 2000 software.

2.5. XRD investigations

Philips X’Pert PRO diffractometer (Malvern PANalytical, United
Kingdom) was employed for this analysis. The unprocessed powder and
the as-built samples in horizontal and vertical planes were examined. A
Brag-Brentano geometry in theta-2theta XRD mode analysis was carried
out in the range of 35-85° The radiation employed was Cu Ko (1.5406 A,
accelerating voltage= 40 kV, current= 40 mA). A polar scanning was
also carried out.

A texture evaluation was done on the as-built (AB) samples,
measuring the diffraction intensity with constant 26 at several angular
orientations. The Cu planes (111) and (220) were examined.

2.6. Micro-hardness

Vickers micro-hardness evaluation was carried out on mirror-
polished samples. Random measurements were collected on both the
horizontal and the vertical cross sections (directions are related to the
building growth) for each investigated condition.

A 15 s dwell time with a load of 0.3 kgf was investigated. A Mitutoyo
HM-200 Vickers tester (Mitutoyo, Japan) was employed for the test.

For each sample, average hardness values and relative standard de-
viation were calculated.

2.7. Tensile tests

The tensile tests were carried out on specimens with a final geometry
defined by the ISO-6892 standard. Tensile bars were printed with a near-
net shape. They were then machined to reach the correct dimensions.
The tensile test machine employed was an Instron 3369 (equipped with
a load cell of 50 kN). A knife edge extensometer was fixed on the gauge
length of the samples to record the elongation during the test. The
elongation speed was set to 1 mm/min in the elastic field and 2 mm/min
in the plastic field. Three specimens were tested for each condition and
vertical/horizontal direction, thus a total of 24 (12 horizontally + 12
vertically built) samples were examined. The geometry of the tensile
specimens is reported in Fig. 3. For each strain-stress curve obtained, the
ultimate tensile strength UTS, the yield strength YS, the elastic modulus
E and the total elongation El.% were assessed. For each parameter,
average values and standard deviation were calculated.

2.8. Thermal conductivity

The thermal conductivity tests were performed based on the

28+0,1

Journal of Nuclear Materials 597 (2024) 155135

Guarded-Comparative-Longitudinal heat flow technique [ref. ASTM
E1225 - 20]. For the study, pure copper reference samples with known
thermal conductivity (369 W/mK) were used. The reference values were
obtained through the laser flash method [ref. ASTM E1461-13]. The
samples for this test are cylindrical, with a 1 cm? cross-sectional area,
and provided with four thermocouple holes (see Fig. 4 for construction
details) to measure the temperature at different points along the sample
length. The experimental setup is characterized by a hot and a cold
source and the samples are placed in between to recreate a one-
dimensional condition (the system was insulated from the environ-
ment using glass wool). The Fourier’s law (1) can be applied and the
thermal conductivity k of the unknown material measured.
dar

lg| = k'a 1)

Where: q is the heat flux [W/mz], k is the thermal conductivity [W/
mK], T is the temperature [K], and x is the position along the cylinder
axis [m].

The sample has threads for connecting it to the experimental setup
and reducing the thermal resistances between the contact interfaces.

Two test pieces for the heat-treated and the as-built conditions were
tested: one built in vertical and one built in horizontal direction. A total
number of 8 samples were examined at three different heat fluxes, the
results were then obtained by computing the average value.

3. Results
3.1. Parameter optimization and density measurements

The best manufacturing parameters were those that yielded the
highest density for the cubic samples. The histogram in Fig. 5 shows the
average relative density measured with the Archimedes method for all
the investigated combinations of process parameters. The reference
density obtained from a powder sample by the gas pycnometer was
equal to 8.8869 g/cm®. This value was used afterward to calculate the
relative density of the additively manufactured samples.

The highest relative density (99.15 %) was achieved using the
following set of process parameters: laser power 370 W, hatching dis-
tance 0.07 mm, scanning speed 450 mm/s, and stripes width 5 mm. The
relative density did not change significantly increasing the scanning
speed at 0.07 mm of hatching distance. In fact, scanning speed of 550
mm/s or 650 mm/s offered a relative density above 99 %, but 450 mm/s
was chosen to investigate further the properties of the manufactured
material since it ensured the highest density. Therefore, all the speci-
mens for mechanical and thermal properties were manufactured with
this combination of manufacturing parameters in order to ensure the
maximum density.

@5+0.1

@10

32

39,6 32

(103,6)

Fig. 3. Test piece dimensions [mm].
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Fig. 4. Thermal conductivity test piece dimensions [mm].
B350 [mm/s] 0450 [mm/s] 550 [mm/s] 650 [mm/s]
99.5
99.25
§‘ 99 % -

398.75 -~ - § Z
Z 985 o 2 o g%
3 98.25 o x ~ 2
-~ 2 o 2
2 9 ~ - - o
S o775 - | | 7
S - - = 2
R 975 - - - 2
97.25 o = ~ % >
97 M A A =

0.07 0.08 0.09 0.1
Hatching distance [mm]

Fig. 5. Relative density of the investigated samples as a function of process parameters.

Fig. 6. Micrographs of as-built sample: a) horizontal cross-section, b) vertical cross-section c) vertical cross-section at higher magnification and d) SEM image of
vertical cross-section.
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A hatch distance of 0.06 mm resulted to be detrimental for the
density, yielding values of density in the range 98-98.5%. This is likely
due to the heat accumulation that created overheating and keyhole
porosity, reducing the final density.

3.2. Microstructural investigations

Through optical and electron microscopy, it was possible to identify
the presence of the scan tracks, the melt pool boundaries and the typical
defects of LPBFed parts such as lack of fusion (LoF) porosities and gas
pores. Both horizontal and vertical cross-sections of as-built and heat-
treated parts were investigated.

In Fig. 6a, a micrograph of the horizontal cross-section of the as-built
sample is reported. It is possible to clearly distinguish the scan paths,
with the grains that grew following the typical morphology developed
during the solidification of the molten pool, and some defects like pores
(small, round and randomly dispersed across the polished surface) and
LoF porosities (elongated discontinuities).

These defects can be also seen in the etched vertical cross-section of
the as-built CuCrZr sample reported in Fig. 6b. Here, the melt pool
boundaries were observed, as well as the grains. In particular, in the
center of Fig. 6b, some grains grew perpendicularly to a melt pool
boundary. These grew directed along the thermal gradient due to the
high cooling rate during printing [1].

In Fig. 6c it is possible to see the overlapping of the molten pools
layer after layer as thin, rounded, and brighter lines. Grains are elon-
gated and grow along the building direction, while a fine cellular sub-
structure is visible, whose orientation may vary between two adjacent
grains. A closeup in Fig. 6d (SEM image) shows the different cellular
substructure orientations that two adjacent grains developed during
solidification.

This is commonly observed also in other metals printed through

DAH1h

DAH6 h
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LPBF technique, like Ti6A14V [19] or superalloys [20,21] that have BCC
or FCC microstructure [21]. The substructure grains typology depends
on the solidification rate and the magnitude of the thermal gradient
[22].

The heat treatments of Direct Age Hardening did not modify the
microstructural features that can be observed at low magnification, as
shown in Fig. 7, where 1 h DAH and 6 h DAH samples are shown for
comparison. The microstructure of both the horizontal and vertical
cross-sections after DAHs did not change compared to the as-built con-
ditions (Fig. 6): this is reasonable because, as can be seen in Fig. 8, the
columnar substructure is still visible after a DAH of 6 h, indicating that
the thermal energy provided during the DAH treatments, is not enough
to let the re-crystallization occur.

In Fig. 8, SEM micrographs at different magnifications of the 6h-long
DAH microstructure are reported. Among the columnar grains, many
rounded particles are visible (especially in Fig. 8c), which could be
nanometric hardening particles.

A further investigation of these nanosized precipitates was carried
out: some small round particles can be seen at high magnifications, and
they could be small Cr or Zr precipitates. Due to their small dimensions,
EDS analyses were not possible. However, these features were seen
already in as-built condition and not only after DAHs. In Fig. 9 were
reported images taken on the vertical cross-section of an as-built sample,
while in Fig. 10a there is the 3 h DAHed sample: a closeup on a grain
boundary revealed the presence of some particles that are highlighted
with dashed circles. Similarly, Fig. 10b reports what was observed in the
6 h DAHed sample.

The aspect of those round bumps is similar in all cases, regardless of
the heat treatment, and they differ from the rest of the surrounding
material. They could be nanosized particles made of Cr and Zr
compounds.

Their size ranges from some nanometers up to more than 50 nm. In

Fig. 7. Micrographs of 1 h DAH and 6 h DAH samples along vertical and horizontal cross-section.
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C

Fig. 8. SEM Secondary electron images of etched CuCrZr, heat treated at 550 °C for 6 h, at different magnifications.

200 nm

b

Fig. 9. a) General overview of a vertical cross-section of the as-manufactured material, b) and c) are high magnification micrographs of two zones where small round

particles can be seen.

Fig. 10. a) CuCrZr heat-treated at 550 °C for 3 h, b) CuCrZr after 6 h of direct age hardening treatment.

DAHed they are slightly bigger than in the as-built parts. The particles
observed are evenly dispersed inside the material, which means that
there are no preferential sites where they developed in higher concen-
trations like the grain boundaries, as usually happens in the case of
SA-+AH parts. It was difficult to estimate the amount of those particles,
but they appeared slightly more numerous in the 3 h DAHed sample.
As already mentioned, SEM-EDS analyses could not be carried out
because of the small size of these particles, since the interaction volume
involved in EDS exceeds the particle dimensions. However, detailed
TEM investigations were performed by Li et al. [23] on LPBFed CuCrZr,
in which they observed similar features: the dimensions and morphology
are compatible with what was found in this work. Their analyses
revealed the presence of Zr-rich precipitates of about 30 nm in diameter
in the as-built material. Their findings are in good agreement with what
has been observed in this work. In addition, the presence of precipitates

in as-built conditions was confirmed also by other studies available in
literature [24-26]. In particular, Xu et al. [24] have found precipitates
developed with a core-shell mechanism, in which the Cr is surrounded
by the Zr, however, the Zr content is much higher than the Cr. Generally,
30-100 nm are the standard dimensions of the Cr-Zr particles observed
in literature.

Defects were also observed in the investigated samples. An overview
of the main defects is given in this paragraph. Some defects that have
been observed are typical in AMed components, such as Lack of Fusion
(LoF) and porosity that is generated mainly by the gas entrapment. An
example is reported in Fig. 11, the micrograph was taken from the as-
built sample, in the vertical cross-section.

In addition, some regions rich in Cr and Zr were observed inside the
copper matrix (Secondary and Back Scattered electrons images of a re-
gion rich in Cr from a 3 h DAHed sample are reported in Fig. 12). The
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Fig. 11. Closeup on defects in the vertical cross-section of the as-built sample,
melt pool boundaries are also visible.

EDS analysis shows the presence of oxygen. Presumably, O was already
partly dispersed inside the material. Cr, Zr and O were always combined
together. The Cu signal could derive from the surrounding material since
the electron beam has an interaction volume that could have reached the
copper matrix underneath.

These structures were not frequent, but they were randomly
dispersed across the material in all the examined samples. In most cases,
it was possible to distinguish two configurations of the Cr-Zr regions and
an example can be seen in Fig. 13 (for a convention, they will be called
Type I and Type II):

e Type I appears like a pseudo-continuous film that isolates a single
grain from the surrounding matrix. The thickness can change and can
be up to some microns.

e The Type II configuration that was observed was an inclusion that
possessed very sharp and well-defined edges: such a configuration,

600
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Counts

OKa

200
CukKa

100

8

Journal of Nuclear Materials 597 (2024) 155135

for their geometry, is probably not produced during the rapid cooling
of the molten CuCrZr.

Such structures were observed in all the samples (as-built, DAH1,
DAH2 and DAH3): their presence and morphology do not depend on the
thermal history of the post-printed parts, as expected since DAHs cannot
change further the macroscopic morphology of the material [27] (after
DAHs the material is modified at nanometric level only).

Wallis et al. [27] found randomly dispersed intermetallic phases
similar to the Cr and Zr-rich regions here presented.

3.3. DSC analysis

Thermograms from DSC analysis are shown in Fig. 14.

An evident endothermic peak is visible at 1075-1085 °C for all the
investigated samples (Fig. 14a). This is consistent with the melting
temperature reported for the investigated alloy. This peak is particularly
sharp for the alloy powder, indicating its homogeneous composition.

DSC thermograms are also useful for studying the formation of pre-
cipitates in the investigated alloy (Fig. 14b). In this regard, for the as-
built sample (and for the powder sample), exothermic peaks are
visible around 400 °C and in the range 500-550 °C. The first evident
peak (peak temperature = 414 °C) is associated with the formation of Cr
precipitates, as reported in the literature [28,29]. These precipitates
play a major role in the strengthening mechanism of this alloy [27,30].
Peaks at higher temperatures are more difficult to interpret. Likely these
correspond to precipitation of Cu-Zr precipitates, such as the CusZr or
the Cus;Zry4 phase [31]. The stoichiometry of these phases is related to
the local concentration of Zr and a precise identification is not possible
based only on DSC thermograms.

Nevertheless, it is interesting to observe that these peaks are not
present in the curves related to heat-treated samples, already after 1 h of
heat treatment. In fact, DSC curves for samples after 1 h and 6 h aging at
550 °C are almost flat and no evident peaks can be identified. This in-
dicates that most of the precipitation has been completed after 1 h

BSE

Cukb

s Y Y

10 12 14 16 18 20
KeV

Fig. 12. Region rich in Cr inside sample treated at 550 °C for 3 h, images were taken with secondary electrons (left) and Backscattered (right), the EDS spectrum was

taken on the region inside the red rectangle.
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Fig. 13. a) Back-scattered electron images of the horizontal surfaces for as-built sample: Cr-Zr-O inside the copper matrix, this image was captured investigating the
as-built sample, there are both Types I and II: the Cr-Zr can be seen as precipitated at the grain boundary and as bulky inclusions in the middle b) EDS analysis made

on Type II particles, the investigated region is marked with the red rectangle.

s -100 F
E 50 F
E
=]
S 200
E Powder

250 T As-built

300 F--=- 550°C-1h

-550°C-6h
-350 . : !
800 900 1000 1100 1200

Temperature (°C)

a

-3

Powder

Heat flow (mW)

4

----- As-built
S F--=55°C-1h
......... 550 °C -
% 550 °C- 61, . .
300 350 400 450 500 550 600
Temperature (°C)
b

Fig. 14. DSC thermograms for the investigated alloys: a) focus on high temperature peaks, b) magnification of precipitation peaks.

treatment and no additional amount (or negligible amount) of Cr and Zr
are available in solid solution to form additional strengthening particles.

3.4. XRD investigations

The as-built and DAHed samples were examined, but their dif-
fractogram did not show differences, so the diffractogram for the as-built
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Fig. 15. XRD diffractogram for the virgin powder and the as-built samples,
scanned in horizontal and vertical directions.

part is reported in Fig. 15 only and compared with the signal generated
by the virgin powder.

Cu peaks are the most evident, in particular, referred to the plane
(111) at 43.2°, the plane (020) at 50.3° and the plane (022) at 74° [32].
The peaks position changed slightly depending on the examined sam-
ples, this might be due to the different morphology (powder or printed
material) and the internal residual stresses. Concerning the powder,
other peaks are visible at 38.9° and 41.3° (Fig. 16a), but these peaks are
related to the Cu-Kp and W-La signals, respectively. The W signal derives
from the instrument, and it has nothing to do with the examined CuCrZr
samples.

In the powder pattern, other small peaks are visible, while in the as-
built samples they are absent. In particular, there are peaks at 45.1° and
65.7° (Figs. 16b and 16c). They could be related to the presence of
intermetallic phases: for example, the CusZr manifests signals at those
angles [33,34]. W signal is highly improbable since the element does not
generate peaks in those positions [35,36].

Another small peak at 48° (visible in Fig. 16b) is instead common for
the powder and the as-built samples, and this could be attributed to the
presence of another intermetallic phase: CuCrOs, for instance, generates
signals at 35-38°, 48°, 62° and 66° [37,38]. The same peaks are also
typical of many other Cu-based compounds, such as CuO [39] or
CU51Z1‘14 [27].

However, the peaks potentially related to Cu-Cr or Cu-Zr phases are
very small and most of them are visible only on the powder, in the
printed samples the signal is absent (also the DAHed samples were
examined, but their diffractogram did not show differences compared to
the as-built ones). This missing might be due to the reorganization of Cr,
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Fig. 16. a) Cu-kp and W-ka show peaks at 39° and 41°, respectively; b) closeup on 45.1° and 48° peaks in powder signal; ¢) 65.7° peak in powder analysis.

Zr and O inside the Cu matrix: as it was seen at SEM, the precipitates
could be too poor in number to generate a strong signal.

It is interesting to note that in the powder and vertical specimens the
planes (111) and (020) are dominant, while in the horizontal sample, the
greatest peak is the (022) one. The difference between the peaks in-
tensity for as-built vertical and horizontal samples is due to the crys-
tallographic orientation that is created during the printing process. A
small shift in the position of the peaks in the vertical sample compared to
the powder was also observed, the shift occurs also in the horizontal
sample but is less visible. The change of the peaks position toward bigger
angles might be due to the microstructural changes in terms of lattice
dimensions that occur during printing.

Concerning the texture evaluation, a horizontal surface (the surface
is parallel to the building platform) and a vertical surface (parallel to the
building direction) of as-built samples were examined. The horizontal
plane revealed a preferential orientation of the crystallites, while the

Horizontal surface
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N {0
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vertical surface did not show preferential directions and the signal is
equal for all the polar angles between 0 and 2x. The maps are reported in
Fig. 17.

3.5. Micro-hardness

Hardness values did not show big discrepancies between the hori-
zontal and vertical surfaces for all the examined samples.

The Vickers micro-hardness measurements are reported in Fig. 18. It
is easy to understand that the hardness in the as-built conditions is low
compared to the DAHed pieces: 1 h at 550 °C improved significantly this
property (165 HV, which is twice the value for the as-built sample — 84
HV). Already after 3 h of treatment, samples started decreasing their
maximum hardness (with a mean value of 144 HV), and after 6 h-long
treatment, a further softening of the material occurred but also in this
case there was an improvement with respect to the as-built state. This

Vertical surface

Fig. 17. Texture evaluation for horizontal and vertical samples (as-built).
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Fig. 18. Vickers microhardness values for the as-built and heat-

treated samples.

means that a duration of 6 h is too long, leading to a coarsening of
precipitates (overaging), as deduced also by the DSC analyses. The
measures agree with the mechanical properties obtained from the tensile
tests, as will be seen in the next section.

It is possible to see that 1 h is already effective in terms of
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improvement of the material hardness compared to the as-built
condition.

3.6. Tensile tests

In Fig. 19, the stress-strain curves for all the samples are reported.

The dashed lines in Fig. 19 represent the vertical samples, while the
solid lines correspond to the horizontal ones. There is a certain
discrepancy between the two building directions for all the investigated
conditions (as-built and heat-treated material). For example, consid-
ering the as-built samples (Fig. 19a), horizontal specimens show a
higher mechanical strength since they reached higher stress values (UTS
up to 258 MPa, while the vertical samples achieved 212 MPa), while the
vertical samples showed a wider plastic region (total elongation of 34 %,
against 31 % of horizontal pieces).

Average values of UTS, YS, total elongation E1.% and elastic modulus
E are reported in Table 2. As visible from Fig. 19, values in Table 2
confirm that the performed heat treatments are effective in increasing
the material strength, while they reduce its ductility.

Concerning the 550 °C 1 h-long DAH (Fig. 19b, Table 2), the material
increased considerably its strength: UTS and YS are almost twice the as-
built values (up to 462 MPa and 377 MPa for the horizontal specimens,
respectively) and are the maximum registered among the DAHs, while
the total elongation is approximately 50% less than the not-treated
material (12.8 % for the vertical test pieces). For this DAH, only two

DAH @ 550°C 1h Stress-Strain Curve
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Fig. 19. Stress-Strain Curves for the CuCrZr in as-built state (a), after 1 h at 550 °C DAH (b), after 3 h at 550 °C DAH (c), and after 6 h at 550 °C DAH (d). The dashed
lines indicate the stress-strain curves of vertical samples, while the horizontal samples are represented with solid lines.
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Table 2
Tensile properties of investigated samples in terms of Ultimate Tensile Strength
(UTS), Yield Strength (YS), Total Elongation (E1.%) and Young’s modulus (E).

UTS YS EL E

[MPa] [MPa] [%] [GPa]
As-built Horizontal 258.3642.5 189.61+3 31.8+23 104.44+6.3
As-Built Vertical 212+6 155+5 34.1 + 4.6 85.6 + 2.1
550 °C 1 h Horizontal 462+11 377+7 15.8 £0.3 127.41£10.9
550 °C 1 h Vertical 382+8 34148 12.8 £ 0.8 1199 +£ 3.2
550 °C 3 h Horizontal 439+10 353+12 17.5 + 4.4 117.33+8.4
550 °C 3 h Vertical 379+5 33616 129 £0.2 121.3+0.1
550 °C 6 h Horizontal 40010 31348 17.4£0.8 115+10.5
550 °C 6 h Vertical 338+11 291+11 13.0+ 1.6 117.02+6.9

horizontal specimens were successfully tested since the third failed. The
results are consistent with the Vickers micro-hardness results. With
DAHs the elastic modulus increased, as well, but its value did not change
significantly compared to the as-built condition: the Young’s modulus E
is almost constant after all the heat treatments without significant dif-
ference between horizontal and vertical directions. Generally, E was
higher than 100 GPa, with the exception of the as-built vertical samples,
which registered a modulus of 85.6 GPa.

1h-long and 3h-long treatments (Fig. 19b and 19c, respectively, and
Table 2) were rather equivalent in terms of mechanical performance.
Said so, 1h-long DAH is preferable because of the maximum mechanical
performance achieved and the short duration of the treatment.

After 6 h (Fig. 19d, Table 2), there was a general decrease in the
mechanical resistance, which means that an over-aging of the material
took place: UTS and YS are lower compared to those recorded after the
other DAHs. The total elongation instead did not show significant
changes and was almost constant (in the range of 13 to 17 %).

Regarding the differences between the printing orientations, samples
built along the vertical direction (i.e. parallel to the building direction)
were always weaker than those built horizontally. This is due to the
additive manufacturing process: in vertical samples, the gauge length is
characterized by layer-layer interfaces that are perpendicular to the
tensile force. Such interfaces are weak regions where fracture and cracks
propagation are promoted [40]. Moreover, the load applied in tensile
tests is also perpendicular to the LoFs that might be present inside the
material: the poor interlayer bonding consequently affects the me-
chanical strength of the material in this direction since the fracture is
favored at lower loads.

3.7. Thermal conductivity

The thermal conductivity of CuCrZr after each heat treatment was
measured, according to the setup described in paragraph 2.8. The results
are reported in Table 3.

The DAHed samples showed an increased value of thermal conduc-
tivity by more than three times compared to the as-built samples results.
This is due to the precipitation phenomena: in an ideal scenario, once
the Cr-Zr precipitates are formed from the saturated material, the Cu
matrix no longer contains atoms that alter the crystalline structure of Cu,
this increases the chemical purity and, thus, the thermal conductivity of
the material, bringing it closer to that of pure copper.

The maximum thermal conductivity measured was 320 W/mK, and it
was reached by the vertical sample heat-treated at 550 °C for 3 h.

Table 3
Thermal conductivity of CuCrZr in as-manufactured and heat-treated conditions,
assessed both for vertical and horizontal printing directions.

Thermal Conductivity [W/mK]

Printing direction As-Built 550 °C 1h 550 °C 3h 550 °C 6h
Vertical 101+5 31345 320+5 313+5
Horizontal 101+5 316+5 309+5 319+5
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4. Discussion

The performed heat treatments determined a significant improve-
ment in mechanical properties, such as hardness and tensile strength,
especially after 1 h-long treatment.

This is due to the precipitation of strengthening particles containing
Cu, Cr and Zr, as documented by DSC measurements. The precipitation
started already during the printing process, as shown by SEM observa-
tions carried out in this work and TEM analyses that can be found in
literature for the as-built CuCrZr [24-26]. Based on the DSC analyses, 1
h-long treatment at 500 °C is enough to complete the precipitation.

In fact, after the 3 h treatment, a decrease in hardness and strength
was measured due to the overaging that occurs if the heat treatment
duration exceeds the optimal time. During overaging, the precipitates
agglomerate: such a structure is not optimal, because the bigger the
particles, the lower their strengthening effect.

At the same time, the dislocations density decreases, because the
higher the energy available (provided by keeping the material at high
temperatures), the higher the number of dislocations that are able to
overcome the obstacles. Therefore, they are free to move and annihilate.

As already mentioned, what was observed examining the mechanical
properties is in good agreement with the DSC analyses: indeed, the
absence of further precipitation mechanism after 1 h-long DAH is
highlighted by the lack of peaks. This means that for longer durations of
the heat treatments, only precipitates coarsening occurs. This can
explain also the plateau observed in thermal conductivity measure-
ments: if Cr and Zr dissolved again in the Cu matrix, the conductivity
would decrease after longer DAHSs; instead, the stability of this property
suggests that the precipitation is not reversible and the overaging in-
volves only a coarsening effect.

The hardness values measured in this work agree with what was
found in other studies: Sun et al. [32] found an as-built hardness that
ranges from 80 to 90 HV in case of energy density similar to the pro-
cessed material described in this work. In addition, Salvan et al. [1]
found hardness values of approximately 101 HV for the as-built sample,
and Tang et al. [2] found 157 HV after 550 °C, 1 h-long DAH, which is
similar to what was found in this study. It must be said that in those cases
the load and the application time during the hardness assessment were
different compared to the methodology considered in this paper. In
addition, the CuCrZr powders and the manufacturing processes were
different. However, the similarity with those results can show a certain
repeatability and homogeneity of the as-built characteristics of this
alloy.

In the literature, results are slightly different for some of the condi-
tions examined in this work. In the present study, 550 °C 1 h DAH
produced higher mechanical properties compared to what was obtained
by Tang et al. [2] (UTS of 420+-20 MPa and YS of 335+15 MPa), while
their as-built CuCrZr showed completely different mechanical behavior
compared to the as-built material described in this paper (UTS of 447
+13 MPa, YS of 400+11 MPa and El.% of 10+3 %). Also, Salvan et al.
[1] obtained a higher mechanical resistance from the as-built samples
(UTS of 305+5 MPa, YS of 270+6 MPa and El.% of 26+2 %), while
Wallis et al. [27] obtained mechanical properties that were closer to our
results, regarding the as-built conditions (UTS of 287+2 MPa, YS of 204
+1 MPa and El1% of 33.2 + 3.6 %).

Making a comparison with the already existing literature is difficult
because of the huge variety of treatments already performed on the
LPBFed CuCrZr. In most cases, the Age Hardening (AH) was carried out
after a solution annealing (SA) treatment.

Concerning the thermal conductivity, the results are comparable
with data already present in the literature, for CuCrZr processed with
similar conditions: Tang et al. [2] tested CuCrZr with the same heat
treatments, but they obtained a 6 % higher thermal conductivity in
as-built and heat-treated material. This deviation is explained due to the
different additive manufacturing processes. Indeed, Tang et al. CuCrZr
printed with a 450 W green laser LPBF process, while in this work an
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infrared 370 W laser was employed. In addition to this, they computed
the thermal conductivities starting from electrical conductivity mea-
surements, thus the Weidemann-Franz law was employed (thanks to
which thermal conductivity can be calculated starting from the elec-
trical conductivity results) considering the Lorenz constant obtained by
Jadhav et al. [41]. The plateau of the thermal conductivity has been
observed also by Wallis and Buchmayr [27], especially when DAHs
above 500 °C are considered. They analyzed the CuCrZr alloy with
similar LPBF process parameters. In this study, the thermal conductivity
in as-built conditions was almost the same, but for DAHed material,
Wallis and Buchmayr obtained lower results than the ones reported in
this work. The differences are due to the different thermal conductivity
measuring approaches: they employed the laser flash method [42] while
the comparative-longitudinal heat flow was considered in this work.

Several studies in the existing literature reported no evidence of
coarse Cr and Zr precipitates as the ones reported in Fig. 12 and 13 [1,
26,27]. Typically, in the as-built LPBFed CuCrZr is possible to see only a
homogeneous single-phase-like structure [27]. However, different
samples were investigated and micrometric scale areas rich in Cr and Zr
were found also in the as-built parts, and not only in the heat-treated
ones. Further investigations need to be carried out in order to under-
stand how those areas are created during the printing process, if they can
affect negatively the mechanical properties of the additively manufac-
tured material, especially the fatigue resistance, and, if so, how the
development of those structures can be avoided.

5. . Conclusions

This study investigated the performance achievable with the LPBF
technology applied to the CuCrZr alloy. In particular, a low laser power
(370 W) was employed to melt the powder and heat treatments (DAHs)
were performed on the printed parts.

The fine cellular substructure inside the grains was still visible after
heat-treating the material.

Nano-sized round particles were observed at very high magnification
and they could be nanosized precipitates.

The mechanical properties enhanced considerably after 1 h-long
DAH. Both the hardness and the tensile tests showed twice the values of
the as-built samples (UTS of 253 MPa, YS of 172 MPa increased up to
422 MPa and 359 MPa, respectively, considering the averaged values
between horizontal and vertical directions). Longer DAHs did not pro-
duce significant improvements, the 1 h-long DAH gave the highest
Vickers micro-hardness (165 HV with 15 s dwell time).

The thermal conductivity improved after the DAHs, as well (300 W/
mK). The different durations of the DAHs seemed not to significantly
affect the thermal conductivity, and generally, horizontal specimens
showed higher conductivity than vertical ones.

From the mechanical point of view, DAH treatments are promising
for nuclear fusion applications, but investigation and treatment opti-
mization need to be carried out to improve further the thermal con-
ductivity, which remains too low.
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