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Abstract

CuCrZr is a precipitatiomardening alloy, used for its good electrical and thermal properties
combined to high mechanical properties. Using additive manufacturing technologies, and more
specifically the laser powder bed fusion-RBF) process, allows designing highly complex
partssuch as compact and efficient CuCrZr heat exchangers. Additional understanding of the
specific CuCrZr metallurgy during this manufacturing process is still needed to fully take
advantageof these possibilities. This work aimed (i) to clarify the impdd¢he L-PBF process

and postfabrication heat treatments on the microstructure -61BE CuCrZr alloy, (ii) to
determine the corresponding mechanical and electrical properties and (iii) to quantify the
contributiors of the different nanscale strengtheningnechanisms (narprecipitation,
dislocatiors, solid solution, grain size refinement) depending on the different heat treatments.
The microstructures of the CuCrZr samples are carefully analyzed at different scales thanks to
scanning electron artchnsmission electron microscopy, highlighting the effect of the different
heat treatments. In all hemeated samples, Cr napoecipitates are uniformly dispersed in the

Cu matrix; few Zr nangorecipitates are observed either at grain boundaries, m&t mane
precipitates, or inside the Cu matrix. Moreover, the mean grain size, dislocation density, mean
radius and volume fraction of the Chromium ngmecipitates are measured. These data are

introduced in the identified hardening mechanisms to estithat yield strengths (YS) of the
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different analyzed CuCrZr microstructures. The results are compared to the experimental
values, including those of a reference wrought freated CuCrZr, and discussed. A good
correlation is found between calculated axgerimental values. For the first time, the main
hardening mechanisms 0fB% ) &X&U=U DUH TXDQWLILHGPBFRed KH LQW
$JH +DUGHQLQJ '$+  SURFHVV URXWH W RoretiditmesDis KLIJK D
confirmed. The DAH applied to-PBF materias provides high mechanical properties (184

HV1 hardness, YS=527 MPa, UTS=585MPa) while keeping a good elongation (14%) and
electrical conductivity (42 MS.H). These results are due to a combination between (i) a high

Cr naneprecipitates dengit leading to a high precipitation hardening, and (ii) a high

dislocation density associated to the presence of remaining solidification cells.

Keywords Laser Powder Bed Fusion, mechanical propertts;trical propertiesCuCrZr

alloy, nanoscale strerfggning mechanisms, heat treatments

1. Introduction

The @pperChromiumZirconium (Cr: 0.51.2 wt.%; Zr: 0.030.3 wt.%) alloy is a
precipitationhardeningalloy, which offers high electricalthermalandmechanical properties.
It is usel, for example, imuclearfusionreactor componestsheat exchangef1-2]. Laser
Powder Bed FusiorL(PBF) is ametallicadditive manufacturing process, whichs multiple
advantagesuchas the ability to create easily complex shapmponentslt is used to build

heatexchangersvith smallinternalchannelsimprovingtheirthermal exchangpropertieq1].

L-PBF processnvolves deposiing a thin layer of metal powdehatis meled by a laser
according to a pattern defined lyComputer Aided Desig(CAD) file. This operation is

repeated to createtlareedimensionabbject.

Due to high optical reflectivity of coppeich powders at the laser wavelength (1070 nm),

several authors have studied the effect of coatings on Cu on CuCr powders, both for increasing

2
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absorpton and forming irsitu alloys[3-5]. Even if this approach is effective in decreasing laser
reflectivity, and thus the energy density required for melting the powder, neither Sn §®ating
4], nor Ni coatind3] lead to a final alloy amechanicallyesistant as CuCrZr. The formation
of a carburized layer at the surface of a CuCr powder, thanks to a nanometer carbon black
powder deposition followed by a 750°C heat treatrfiednallowed to get relatively high tensile
properties of EPBF parts (Yield 8ength YS = 347 MPa) after direct ageing, but this was only
reached with a laser power over 400W. Indeed, CuCrZatgasized powder can be processed

efficiently in the 300400W power range without costly additional powder modifications.

Despite the difttulties to proces€uCr orCuCrZr alloy by 1-PBF due taheir high thermal
conductivity and high optical reflectivity 4070 nm[6], several recent studigk 7-11] showed

the ability to create dens&uCr andCuCrZr parts (relative density > 99%)particular by using

laser power over 300 WZeng et al[11] studied thesvolution of the Cu lattice parameter by
X-rays diffraction (XRD after heat treatmentndthe thermal properties of CG.5Cr0.5Zr

alloy. This short communication only addressesttiemal properties; microstructures and
mechanical properties were ndeeply studied. The authors indicate thathaslt L-PBF
CuCrZr is not stable when-teeated and must be stabilized at temperatures above 500°C to

form precipitates.

CuCr andCuCrZrwroughtalloy needto beheattreatedn order toinducethe precipitatiorof
nanephases responsible for thardening of te alloy. The different stages of heat treatments
consistin a solution annealin¢SA) of the Cr and Zrelements in th&€u matrix, followed by
water quenchindWQ) leading toa supersaturated matrix. Finallgn age hardening (AH)

treatment is necessaiyprecipitate(Cr, Zr) nanephasesn the matrix[12-13].

As the high coolingateinvolved during the tPBF procesgof the order of 19K/s) hasthe
effect of quenching the microstructuie direct age hardenindpAH) heat treatmentan be

applied tothe asbuilt samplesindeed, severatudieg[7,9,14]reportthat the -PBF asbuilt
3
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CuCr orCuCr2z alloysshow no evidence of G Zr precipitation amicrometric scaleMore
interesting, suchheat treatmerieads taan increase of thickers hardnesly,9], the ultimate
tensile stresd[TS) [7,14] andtheelectrical conductivity7,14] with a thermatonductivity[9]

comparable to that efroughtsamplessuljectedto a converibnal SA+AH heat treatment.

Zhang et al[10] compared the effect of several heat treatments (SA between 900°C and
1020°C; SA at 1020°C + AH at 480°C; DAH at 480°C) on the lattice parameter, microstructure,
mechanical properties, electrical properties and corrosion performances@b@ualloy.
Naro-precipitates were identified as na@o face centered cubic (FCC) or body centered cubic
(BCC) phases with specific orientation relationship as determined by Transmission Electron
Microscopy (TEM)selected area electron diffractiqrattern. Concentratien of alloying
elements in matrix range from 0.46 wt% in thebasdt state, to 0.29 wt% in the SA+AH state

and 0.03 % in the DAH, showing the interest of this last-treatment on the precipitation.

The volume fraction of nanprecipitates varies from @% in asbuilt state to 0.25 % in
SA+AH state and up to 0.58 % in the DAH state. The experimental yield strength reaches 377
MPa after DAH, the elongation being 19% and the electrical conductivity 98 %IACS. The
authors compared their YS experimental valt@ modelled ones using an addition of the
different hardening contributions and experimental data &l@ciron backscattered diffraction

(EBSD) and TEM analyses; they found a good correlation.

Several studies dedicated to wrought CuCrZr alloy have shiostradding small amounts of
zirconium to the C+Cr alloy plays a role in the precipitation of Cr and significantly increases
the mechanical properties of the al[ap-17]. With a small addition of Zr in a G0.5Cr alloy
increass of 10% on the yieldstrength and 66 on the Vickes hardnessreobservedl17]. So,

in a similar way as it was done py0] for L-PBF CuCr, there is an important interest to
determine the contribution of each strengthening mechanisms aaskeeof a LPBF CuCEZr

alloy.
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Themainobjective of tle present work is talarify the impact of thé.-PBF process angost
fabricationheat treatmeston the nanascalemicrostructure oL.-PBF CuCrZr alloy and the
different strengthening mechanismsléted tonanoeprecipitation, dislocation strengthening,

solid solution strengthening, grain size refinement). The understanding of these mechanisms
are essential to be able to tailor the mechanical and electrical properties of the alloy to the
targeted applicatiorfzor this purposea studywasperformedto selectthe procesparameters
leading to the higheskensity. Thepscanning electron microcopy (SEM) associated to electron
backscattered diffraction (EBSD) and transmission electron microgd®iy) associatedo
energydispersive Xrays spectroscopyX¢EDS) were used to characterize thesamples
microstructure. Vickers hardness and tensilestswere used to compare the mechanical
properties, whereas eddy current measurementsealidatermiring the electrical properties

Based on EBSD and TEM analyses, mean grain size, dislocation density, mean radius and
volume fraction of nangrecipitates were measured on the different -treated samples.
Those measurements were used to calculate the yield strengthsapdredhem to the
experimental YS values. The results obtained -®1BE samples (Abuilt, SA+AH and DAH)

were compared to those of a reference wrought SA+AH material. For the first time, the main
hardening mechanisms ofRBF CuCrZr are quantified and theQ WH U H V-W YR | 'BHKH 3/

process route to get a high amount of chromium #roipitates is shown.

2. Materials and methods

2.1. Materials

L-PBF CuCrZr specimens were produced using a sphericdb 10m nitrogeratomized
powder (TLS Technik GmbH & Co). Chenaicompositions of the powder, theRBF samples
and thewrought CuCrZr plate used asa reference,were measured by Instrumental

GasAnalysis (IGA) and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP
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OES) (Table 1). Chromium and zirconium contents in all samples emaform to the
EN12420:2014 standafd8]. The ron contenin the powder andhe L-PBF sampless a bit

higher than the minimum value expected by the standard.

Tablel: Chemical compositiasof CuCrZr powder upon receipt-BBFCuCrZrandwrought
CuCrZrsamples compared to standafalues correspond to tlaerage of three

measurements)
(OHPHQWO >ZW &U| =U| )H 6L 2 [2wK]| &
&X&U=U 0
(1 VWD %0
"URXJKW &X& % D

UHIHUHQFH
SRZGHIRQ UH % D

I 3%) &X & VX
PDWHULDO

% D

2.2. L-PBF specimens

All specimens were produced on a FS27#PRF device (FarsoorChing. The device is
equipped with a 48W fiber laser with a wavelength of 1070 nm and a i@0Gaussian spot
diameterThe powder was handled in a glovebox, dried befeRBE and the oxygedevel was

maintained below 250 ppm during the whdédrication process. During the process, the
powder was spread using a silicon blade, and therapasiwere produced on a 270 mi270

mm C45 steel platform. The layer thickness was set to 30 um. Agzlggar strategy on 10

mm wide stripes, forming a 45° angle with the cubes or pieces edge, with a 90° rotation between

layers was used. The chamber was filled with argon gas. Cubesx10 mn?, Figure 1.b)

were built witha different set of parameters and the resulting density was measured. Their base

was rotated 45° with respect to the blade path. The laser gBywaried from 360 to 480 W,
the scan spedd) from 200 to 700 mm:5and the hatckh) from 100 to 120 umThe optimized
parameterd,e. the parameters théad tothe highest densit(©9.4%) area power of 480 W,
a scan speed of 700 mm.and a hatclof 100 um(Figure 1.a). Those parametexsere then

used to fabricatmechanical and electrical samplEgirel.c). 55x13xL3 mn? parallelepipeds



148 werebuilt for mechanical samplegheirsmall bass was rotated 45° in the YZ plane and their
149 main axis was rotated 45° relative to the direction of the blade. 18 mm diameter and 22 mm

150 high cylinders were built foelectrical samples.
151 2.3. Material characterization techniques

152 Thedensity of LPBF CuCrZmwasmeasurean polished samples (SiC P320), by Archimedes
153 method using isopropantilanks to the equatidad) :

P& FJg_knjc (1)

QCj_rgthqng-w

LMT
154 where/ gpe» 2 0 2ai8dhe density of tPBF CuCrZr,/ 4 4 ds the density of Hot Isostatically
155 Pressed (HIPed) CuCrZr samples obtained by HIPping the CuCrZr powder at 1040°C for 2
156  hours under 1400 bar; their densitgs measured with helium pycnometer on an AccuPyc Il
157 1340 Micrometrics and used as a refered¢e standard deviation on the relative density is
158 £0.25%.The chemical composition wasrified by IGA and ICROESon threedifferent parts
159 for eachCuCrZr (Table l). The SA + AH teat teatments have been ajolto L-PBF and
160 wrought samplge Theyconsistin a solution annealinfpllowed by water quenchingvVQ), and
161 subsequenthermalageing under airfollowed by air-cooling (Table2). The temperature and
162 exposure time were chosen according to previous research on this nfatdtialon nuclear
163 reactorapplicationgd19-20]. A DAH heat treatmentvhich consist$n an age hardeningnder
164 airfollowed byair-cooling[9] (Table2), has been applied to-asiilt L-PBF samplesThis heat
165 treatment corresponds to the best compromise between mechanical and thermal properties

166 according td9].

167 Table2: Heat treatmerstapplied tothe CuCrZr samples
Temperaturg Exposure)
Heat treatment [°C]/ time Cooling type
Atmosphere| [min]
Solution Annealing + 980/ Ar + 60 + | Water quenching L-PBF
Age Hardening (SA+ AH) | 490/ Air 360 + Air cooling Wrought

Samples
concerned
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Direct Age Hardening (DAH) 490/ Air 60 Air cooling L-PBF

For the SEM and TEM observatgrsamples were cutormal to the building directiométed

m BD planin Figure?2) or parallelto the building directionfoted 9 %' Si®BEdRre2). The

plates were mechanically polished down to 100 um thickness, punched out into 3 mm disks and
electrapolished. The electrpolishing was performed at room temperature with a solution of
25 vol.% ethylene glycol, 25 vol.% orthghosphoric acid and 50 vol.% deionized water at
20°C, under an applied potential of 12 V, and with a200 mA current. For SEM analysis,

the electrepolishing was stopped quickly, to remove hundreds of nanometatantaged
surface. For TEM analysis, the eleeprolishing was carried on to obtain a thicknekaround

20 um. The disks were then polished using an argon ion beam polishing (PIPS 2 GATAN 691)
to create a hole and avoid oxidation issoieserve after anelectrepolishing.

SEM observations were performed ofiedd emission gufFEG) SEM Zeiss Merlirequipped

with two Energy Dispersive Spectroscopy (EDdtectorsand an Electron Backscattered
Diffraction (EBSD) QUANTAX detector from BrukerEBSD analysesusing Esprit 2.2
software for data processing were used to assé®s average gmaisize and the median
misorientation anglésrains boundaris aredefinedwith a misorientation anglegher tharil5°

and subgraimboundariesvith a misorentation angldower thanl5°. Thegrainsizeis definel

as the equivalent diameter otiacle of the same surfacasthe observed grainThe average

grain sizeis weighted by the surfac@ Kernel Average Misorientation map (KAM) analysis
which measurgthe local misorientatiomf a pixel between B° and 5°against the closest
pixels,was used to definda¢ median misorientation anglhis angle (a[rad]) is then used to

estimate the dislocation densitg thanks to equatio(®) [21].

tyu a
u ;O @)

With b [m], theBurgess vectorand s [m] the step size used during the EBSD analyhes.

Burges vector is taken equal to 0.256 nm for a Cu mgir$y.
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TEM analyses werperformedon a TITAN ThemigFEI), operating at 200kV and equipped
with aCsprobe correctora SupeiX system (4 SilicorDrift Detectors) forEDS analysesand
a Gatan Imaging Filter (GIF Quantum) fdtlectron Energy Loss SpectroscofyELS)
analysis Images wereacquiredin scanning transmission electron microscdy¥EM) mode

using either a HAADKhigh angleannulardark field or a BF(bright field) detector.
2.4. Mechanicaland electricalanalyses

Vickers hardneswas measuredn a Matsuzawa MMIX7B micro-hardness testerccording
to EN I1SO 6507(1-4) [22] with a load of 1 kg during 15 second® indents weremade per
sample.Tensile testperpendicular tdhe building directionwere doneon 3 specimenger
CuCrZr stataunder air, at 20C on a MTS servénydraulic testing machine with a 100 kN load
cell at a2.5x10* s strain rate Tensile barsvere madeccording to NF EN ISO 6892[23].
Electrical conductivitywas measuredaccording to EN 2064 standard?24], at 20°Con 3

polished specimesperCuCrZr stat€SiC P4000)by Eddy current on a Fischer FS40 machine

3. Experimental results

3.1. Relative densityand chemical composition

Figurel.b showsthecubicL-PBFspecimensTheir relative densitas afunction of the energy
densityEv [J.mm?] input during the process presenteéh Figurel.a. Ev dependon the laser
power energyP [W], the laser scanning velocity[mm.sY], the hatcth [mm] and the layer

thicknesd [mm], asgivenin equation(3) [25-26].

‘¢ Lot (3)

The relative densityf the alloyincreases with increasingv input. A minimum Ev of
approximatively 300 J.mrhis needed to achieve a relatikensity equalo or higher than 99%.
At a laser power of 360 W, only a few sets of paramé¢ading © a high Ev withsmall scan

9



213 speeds (200 and 300 mm)soffer a relative density higher than 99%hereas480 Wlaser
214 poweroffers the widest range of Bvhich can achieva relative density higher than 93%en
215 with a laser speed of 700 mm.that allowshigherproductivity. Consequentlya laser power
216 of 480 W,ascan speed of 700 mmtsindahatch of 100 pnwere used fobuildingthe samples

217 of thiswork.

218 The chemical composition of the samples is compartalieat of the powder Table1). The
219 oxygencontent is stable, showing no evidence of oxidation during the process. In addition, no

220 evidence of impurities, cross contaminationZr losswasdetected
221 3.2. Microstructure of the L-PBF as-built CuCrZr

222 Figure3.a andFigure3.d show SEMimagesof the L-PBF asbuilt CuCrZrtaken inthe m BD
223 D QG 9plass respectively.Figure 3.b and Figure 3.e are EBSD quality patternamages
224  superimposeavith grain and subgraifmoundariegdefined bydifferent misorientation angles.
225 7KH PLFURVWUXFWXUH LV DQLVRWURSLF ,Q WKH 9 %' SODQ
226 (Figurel.d-e). The average grain size is 217 @8n (363 + 16 pm long and 12560 pm
227 width). The grain crossections form a pavement in 83D plan(Figure3.b). This particular
228 shape is due to the combination of the spot size and the zigzag scan $#%fegle grains
229 have anearly squared shape, 100 um side, and in some eaisefyngated at 60° in regards to
230 the scan path direction. The average grain size in this plane is 115 + 80ange number of
231 subgrains (misorientation angle <15°) are observtieey are distributedwvith high and low
232 density zonesThese zones are alsoghlighted on the KAM maghat image the local

233 misorientationFigure 3 c).

234 Inside the subgrains, TEM observations revealed the presence of dislocation cellsahaving
235 average size a800 nm (Figure 3. They probably are solidification celtesulting fromthe

236 high solidificationrateof the L-PBF process and aobserved omther L-PBF alloys[27].

10
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KAM analysisis usedto estimate thelislocation densityn the CuCrZr(equation(1)). The
measurementvas performedat two differentmagnificatiors. at low magnification,which
underestimates the dislocatidansity bufprovidesan average dislocatiatensity in this non
homogeneous CuCrzZandat high magnification, with a step siae0.1 umthat issmaller than
the solidificationcells 800 nm) for a more relevant estimatiofhese values are used to
compare the different metallurgical states dmresults are reportéa Table4. Theasbuilt
CuCrZr presents digh dislocation density (5 + A 10'* m?), comparable tdhe dislocation
density obtaied on cold worked CuCrZr (5 x10'* m?) [28]. The dislocatios appear during
the L-PBF process due to higliressesnduced by the thermal gradismgeneratd during the
rapid solidification The thermalhistory of theCuCrZr during the process is complex and

inhomogeneousnd sas the microstructure.

3.3. Effect of the heat treatmenton L-PBF CuCrZr and comparison with wrought

CuCrZr

Figure4 shows the SEM andEBSD microstructureof the wrought andhe differentL-PBF
heattreatedCuCrZr (heat treatmestarereported inTable2). The wroughtSA+AH CuCrZr
whose microstructur@Figure4.a and d)s different to the EPBF alloy shows large equiaxed
grainswith numerougwins, leading to araverageayrainsize(including twins)of 470 + 19 pum
(Table3). A dislocation densitpf 3 x 10" was estimated using KAM analysis (Table Bis
density is similar to the value found 8] on wrought Ce0.8Cr0.1Zr (wt.%) in the same

metallurgical state

For the L-PBF alloy, he SA + AH heat treatmentausedan evolution of themicrostructure
(Figure4.b and exompared to the dsuilt state(Figure 3) The pavement shape of the grain
crosssection in th@ BD planand the elongated grain cressction inW KH 9 %s p&talyQ

preservednowever in some areaecrystallizationhas occurred and has resultedlarger

11
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twinned grains. The average grain size is 276G 46 in them BD plan and 334 £40 pum in

WKH 9% (T&l@3).Qhis partial recrystallization (60% of the surface) is confirmed by the

KAM analysis Figure4.g). No solidification cells are observed in both, recrystallized or non

recrystallized grainslhe dslocationrecovery should occur prior to the recrystallization during

the 980°C SA heat treatment. Given the absence of solidification cells, a step size of 1.7 or 2.1

pum was used for KAM analysis to estimate the dislocation densdapl¢ 4). Dislocation

density in the recrystallized zones is found to be close to the value of the wrought SA+AH

CuCrZr @ + 1x 10 m?), while in the norrecrystallized zone it iBigher ¢ + 1x 103 m?).

Table3 : Average grain size of the different CuCs&amples

CuCrzr L-PBF DAH L-PBF SA+AH Wrought
M BD 9% M BD 98D SA+AH
Average grain size [um] | 112 +60 | 242+ D0 | 276 + 1B | 334 £ 140/471 £ 1D
Number of grais counted 785 368 338 406 44

On the contrarythe DAH heat treatmeninvolved no change ofgrain morphologyand size

comparedo the asbuilt state Figure4.c and f) asimilar average grain sigef 112 +60 um,

in them BD plan and 242 +

—P LQ WKHweréme&Sar&iable3). Moreover, he

dislocationcellswith similar size as the dsuilt state were still observed by TEMis however

likely that the heat treatment 490°Callows a dislocation recovery in tlell wallsthat can

explain the slightly lower dislocation density measured by KAM ana(¥tgire4.h) than in

the asbuilt state (4x 10" m? versus5 x 10 m?) althoughthis difference iswithin the

measuremergrror bar.

Table4 : KAM median misorientation angleand average dislocation densityas afunction
of the step size usedestimate for L-PBFas built,L-PBF SA+AH andL-PBFDAH, and
wrought SA+AH CuCrZalloys

Cells size| s lo
CuCrZr Analysed surface o :
Y [nm] | [um] | [] [m?]
L-PBF 1 cm2 200 20 | 1.9 | 8+1x16°3
asbuilt 4.5 mmz2 01| 0.7 | 5+1x164
1cm?2 Nocell | 1.7 | 09 | 4+1x16°

12
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283

284

285

286

287

288

289

290

201

292

293

294

295

296

297

298

299

300

301

302

L-PBF 0.6 cm?2 (ecrystallizedzone) 1.7 | 0.7 | 3+1x163
SA+AH | 0.4 cm? fonrecrystallizedzone) 1.7 | 15 | 7+1x163
L-PBF 1 cm? 330 23| 22 | 7+1x16°
DAH 4.5 mm?2 0.2 | 0.7 | 4+1x16*
Wrought 5 3
SA+AH 1cm Nocell | 21 | 0.7 | 3+1x18

3.4. Micro- and nano-precipitation

In the asbuilt L-PBF CuCrZr, Crand Zr micre or naneprecipitates are not detectdequre
5.b andFigure6.a), which confirms that Cr and Zr form a solid solution in the Cu matttix®
material. After heat treatment andedto the low solubility of the Cr and Zr in the copper matrix,

Cr and Zr form micro or nanprecipitates.

Cr microprecipitates were observed on SEM imageguyre 5). In the wrought SA+AH
CuCrZr, they are intragranular precipitatésg(re 5.a). In contast, in the EPBF SA+AH
CuCrZr, they are intergranular or located along-gtdin boundaries in the nercrystallized
areas, but they are also intragranular in the recrystallized dfeaasg5.d). Contrary to
SA+AH, the DAH heat treatment did not induce Cr miprecipitation Figure 5.c). Thus,
during the DAH heat treatmera larger amount of Cr was involved in the nanoprecipitation as
confirmed in the following.

Zr naneprecipitates are observed in different locations and with different shiipeSAa+AH
or DAH heat treatmest at grain boumlaries next to Cr nangrecipitates the Zr precipitate
size is then between5 and 30 nm as in Figure 6.d), inside the Cu matriXZr hexagonal
precipitatewith 10-40 nm of diamete). EDS analyss of these Zr nangrecipitates show a
particularly high Cu peak suggestitigese precipitatecouldbe CuZr or CwZr according to

[12].

The @ nanoprecipitatesvereobserved in all hedteated CuCrZsamplestheyare uniformly
dispersed in the Cu matrikigure6.b andc), and displayan ellipsoidal shapd-{gure6.e and

f). They have dace centered cubid-CC) structureand are coherent with the matrir the
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311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

wroughtSA+AH CuCrZr, he equivalent radiug) is uniformat1.8 + 1.0 nmTable5). In the
L-PBF DAH CuCrZryr variesdepending on theaneprecipitdae location.For the pecipitates,
which have grown on dislocations or grain boundaités,around 3.2 + 1.6 nnmwhereador
one located in the Cu matrilkis around2.1 £ 1.5 nmTable5). Thiscouldbe explained by a
specific precipitation occurring #te grain boundariegn DAH CuCrZr. Note the equivalent

radius measurement gives a high standard deviation.

Table5: TEM analysis of theauivalent radius and volume fraction of Cr ngrecipitats
on heat treatec€€CuCrZr.

Equivalent Number of Volume fraction of
CuCrZr . - -
radius [nm] | precipitates measured| precipitates[%vol]
L-PBF DAH 2115 233 0.6
Wrought SA+AH 1.8+1.0 54 0.3

To determine the volume fraction of the precipitaths,thicknessof the CuCrZrthin foils
whereTEM analysiswas performed wagoughly estimatel by EELSat 30 nm.Considering
this value, the volume fraction of the Cr ngmrecipitates in the CuCrZr matrix of theRBF
DAH CuCrZr was estimated (3 images were analyzed) to be QTépte5). This is consistent
with the theoretical volume fraction of @rsolid solutionin the L-PBFas builtCuCrZrwhich
is 0.62 vol% (estimation made with the chemical compositibiiable 1, and thanks to the
theoretical density of Cu, @GndZr [29]). Then the volume fraction of Cr napoecipitate is
twice higherin the L-PBF DAH CuCrZr than in the wrought SA+AH CuCrdrable5). As the
sizeof the precipitatein both L-PBF DAH and wrought SA+AH CuCrZs equivalent the
number of precipitates lower, and thus the distance between thergresaterin the L-PBF

DAH CuCrZr.

3.5.  Mechanical properties

HV1 Vickers hardnesgperformed on the different materiase presented iffable6 and as
indicated bythe standard deviation, the hardness testing has good repeatdibtyrardness

of the asbuilt L-PBF CuCrZris “ +9ZKLFK LV PORKN HIBRRCROQHY ,H I R U
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346

VLPLODU SURFHVV SDUDP H \g HhighV corigéiey tdRd \Wf RHeQUCE&r YD O X H
(SA+WQ) from literature (6577 HV1[30]), which is also a microstructirstate free from
nanoeprecipitatesHardnessvas found to baimilar for L-PBF SA+AH andvrought SA+AH
CuCrZrtested her@and compare to similar CuCrZr SA+AH from the literatuid-9,12,20]

This isprobablydueto therecrystallization occurringuringthe SA heat treatmery contrast,

the L-PBF DAH CuCrZrhardnesss much higher thathe others in agreementvith literature

[7,9].

Table6: Tensile and hardnepsopertiesof wrought SA + AH, LPBFas-built, L-PBF SA +
AH and L-PBF DAH CuCrZr tested at 2G.

7RWO 9LFNH

cucrzr <6 | 8761 oRQJII+DUGH

>030 >030 > @ | >+9 (

/ 3%) SE/X MBIV z . . .

/3%) 65 MBD z z z z

/ 3%) '$MBD z . z .
"URXJKW 68 “ ‘ “ ‘

Figure7 shows tensile test curvés the different alloys recorded at 20{&s the curves were
gualitatively similar, only onéor each condition is gflwn on the graph)lhe yieldstrength,
ultimate strengtlandthe elongation values are givenTiable6. The low elongation observed
on the PBFSA+AH or DAH CuCrZr compargto wrought SA+AH CuCrZr (tested here, or
from the literature[20]) can be explaied bythe residual porosity othe L-PBF CuCrZr
samplesidentified bythe presence déw unmelted particles found on the fractografffigure
7.b). The ultimate tensile strength (UTS) and ¥feld strength YS) of the LPBF SA+AH
CuCrZr are slightly greaterthan the wrought CuCrZones The L-PBF DAH CuCrZr has
different mechanicaldhavior: @ elongation half as high as wrought SA+AH CuCrZr antba
95% higher even higher than the-RBF DAH CuCrZr of{14]. A limited strain hardening is
also observed on theRBF DAH CuCrZr. The presence of cells and extremely digllocation

density in l-PBF DAH CuCrZr is probablyue to anequilibrium between creation and
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348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

annihilation of dislocationsyhich explairs the shape of the curveBloreover, in all tested

samplesKigure7.c), dmples are visible on thigacture surface.

3.6  Electrical properties
The low electrical conductivity df-PBF asbuilt CuCrZris consistenwith a supersaturated
solid solutionstate of the Cu matri§Table 7) and the observations made ref [7]. After
SA+AH, both theL-PBF andwrought CuCrZr samplesshow similar electrical conductivity
even compaito the wrought SA+AHrom literature [20]. Finally, L-PBF DAH CuCrZr
displaysa lower conductivitycompare to SA+AH samples due tothe still high amount of
dislocationdensity[31]. This tendency is iagreementvith the valus of otherstudieq7,14].

Table7: Electricalconductivity measured by Eddy current
(OHFWULFDO
> 6 P@
/ 3%) $BVX ImMBWY “
/| 3%) 6$ ®WBD “
/| 3%) '$@BD “
URXJKW 6% !

CuCrZr

4. Discussion

4.1. Microstructur al evolution of L-PBF CuCrzZr

During L-PBF process, the heat transfer through the alreadyfidenpart tends to create
elongated grains in the building direction. Gorsse gR8l. found similar grain morphology,
i.e. elongated grains the BD planandpavement of the sizef the laser hatcin them BD
plan Moreover, a cellular growth is observed due to high coadlatg typical of materials
fabricated by EPBF[25,27] This leadsto a high dislocation density present in #sduilt part.
Theydo not show any evidence wiicro- or naneprecipitateqFigure8). The solubility limit
of Cr is then 0.78 w&, more than the theoretical solubility limit of Cr in-Qu alloy (072

Wt.% [32]).
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387

After SA+AH on L-PBF CuCrZr recrystallizations observed on 60% of the surfaBriring
SA, at 980°C, partiatecrystallizationis possible, as shown §83] on cold rolledwrought
CuCrZr. In the recrystallized zosieghe microstructure isimilar to the wrought CuCrZr, with
large twined grains showing no particular orientatifier WQ of the SA treatmentthe Cr
and the Zr partially precipitatat a micrometric scaleand arepartially maintainedin solid
solution(0.4 wt% maximum[32]) (Figure8). TheAH treatmentllows the Cr and Zr in solid

solution to precipitate anananetricscale(Figure8).

After DAH, the specific microstructure of-BBF asbuilt CuCrZr is globally preserved. A
slight dislocation recovery is observed, but the solidification cefisain The age hardening
temperature (490°C) is not high enoughttigger recovery. All the Cr, which was in a
supersaturated solid solution state, precipitated nanometric scale, leading to a volume

fraction of naneprecipitates twicashigh asafter SA+AH(Figure8).

4.2. Hardening mechanisms

In the following, the different hardening mechanisms acting on the mechanical befiawuor
four samplesvill be estimated, to discuss the effect of the processes and heat treatrhents. T
yield strength ¢ 5 of such materials depends severalcontributiors according to equation

(4) [10,34-35].

'S5 L & E¢8raE cByaFE ¢6xE G (4)

With é,thefriction lattice or PeierldNabarro stress¢, &, the solid solution strengthening & =
the grainsize refinement contribution, ¢ &, xthe dslocation strengtheningnd ¢ &; xthe

precipitaion strengtheningTo investigate the increasf ; 5observed in the PBF CuCrZr,

and especially in the DAKCUCrZr, each contributions individually examinedfor the four
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400

401
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404

metallurgical statesin the following sections Some parameters have been evaluated

experimentally whereas the others have been taken from the litgEdibte8).

Table8: Value of the parametefsr pure Coppeused in the calculations

Parameters Value Unit Reference
é, | PeierlsNabarro stresy 20 MPa [16]
Shear modulus ane | ;- ¢ GPa [34,3637]
matrix
k Hall Petch slope | 180 | MPa.pm‘? [16,34]
M Taylor factor 3.06 - [10,28,36]
b Burgers vector 0.256 nm [12,36]
_ ; 0.23 - [10]
0 Misfit 0.015 - [14,38]
SRLVVRQTY 0.34 - [34,39]

4.2.1. Solid solutionstrengthening

The elements remaining in solid solution in @ematrix can play a strengthening effeaused

by the induced crystal lattice distortion affecting dislocation movexegntation(s)) [10]:

T
(Bad 1) V08 ©)
With Ta>S B he mass concentration of the element in the solid solution. The &i,a0d

Fe contributions are neglectdde to theitow contentand low solubility limisin theCumatrix

[40].

In theasbuilt L-PBFCuCrZr, all Cratomsarein solid solution( Tais then equal to @8 wt.%,
Tablel), as no evidence of precipitation has been found during TEM observatiurs. he
contributionof solid solution strengthenirtg YS is 35 MPaAfter SA+AH or DAH, nearly all
Cr atomshave precipitatel as theelectricalconductivity proves We decidd to discard this
contributionfor these heat treatmentiideed evenwith 10 wt.% of thetotal content ofCr in

solid solution, this contributiowould represent less than 10 MPa.

4.2.2. Grainsize

Thecontributionof the grain sizéo the YSis given by the HalPetch mode(6) [41-42].
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— (6)
a4

AT

405 With D [um] the average grain sizAs shown inFigure 3, the grais of L-PBF CuCrZrare
406 columnar Thus, an assumptidras benmade on the grain size. We dedde take the critical
407 situation and thusonsiderthe smallest grain size, i.en them BD plan. In addition, twins
408 appear in the SA+AH CuCrZr. As twirddso impedehe dislocationmotion, theyhavebeen
409 consideredas grain boundariesowering the valuegivenin Table3. The calculated" \4s for

410 the different CuCrZr are reported inTable 9. The twinsin SA+AH CuCrZrdo not affect
411 significantly the grain contribution tg 5 Whatever the metallurgical state, the grain size

412 contribution to the¥S is low and accounts for 3% to 8% of tim¢al YS.

413 Table9: Grain size contribution,islocationdensity measured thanks to KAM analysis
414 dislocation strengthening contribution in the different CuCcAannel size between the nano
415 precipitates and strengthening contribution for the different CuCrZr.

L-PBF L-PBF Wrought
CuCrzr Aebuilt SAn L-PBF SA+AH St A
Average equivalentt 115, g | 195 4 55 80 + 40 186 + 108
grain diameter [um]
Number of gains 902 785 1095 514
& IMP4 17 17 20 13
é,[m7 5+ 1x10 | 4+ 1x10* 4 +1x10% 3+1x108
& IMPa] 184 153 52 41
-a[nm] @ 36 Taken equal to wrought 45
¢85 AMP2] %) 402 SA+AH values 304
416 4.2.3. Dislocation strengthening

417 The dislocation strengthenimgechanismdue to the dislocation forest effecan be estimated
418 in an isotropic materiathanks to equatiorf7) [28,43] (the heterogesous distribution of

419 dislocation densitys neglectell

el UT)>¥E, ()
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441

With é]/m] the dislocatiomensity, measurday KAM analysis(section3.2andTable4). The
dislocation strengtheninghagnitudedepend on theprocessand theapplied heattreatment
(Table9). On a wrought SA+AHCuCrZr, this contributiorio theYS is low, since the heat
treatment leads to a rather lalglocation densityBy contrastit is 4.5 times higher faheas
built L-PBF sampledue to the high dislocatiotkensity induced by the high cooling ralde
SA part of the SAAH strongly decreases the dislocation strengthecamgribution to YSThe
remaining norrecrystallized grains irthis sample however contribute ta antermediate
dislocation strengtheningvhich is 25% higher than the one of wrought SA+AMith the
DAH, the dislocation density slightly decreases due to a slight recovehe alislocations
located on the solidification cells walls. However, this contribution isi®i&@shigher than the

one of wrought SA+AH.

4.2.4. Precipitation strengthening

In this part, we assumed thptecipitation strengthening driven by the OrowarAshby
mechanim [12,28,44] which strongly depend=on the channel sizebetweenthe nanc
precipitatesdirectly relatedto thedurationand temperaturef the age hardening stephe
smaller thislength the harderit is for the dislocatiogito curveand tocross the precipitates.
This impedesthe dislocation miwon and hardes the alloy. The contribution of the naro
precipitation to thé/S is estimatedising equatiort8) [39,43,45]

ra U )>DH@A te

e _e
4 SEP,LNL — F—M (8)

te¥sF Q -3 uB

A

AT

The 0.8 factor is a statistic factor, reflecting thedomrepartition of therecipitates in the slip
plan[46]. With r [nm] the mean radius of the napeoecipitates,”, [nm] the cut-off radius or
radius of dislocation core, that can be taken equal tdBthigess vector [45], . [nm] the

channel size between the nagmecipitatesandf the volumefraction of precipitate As the
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442 quantity of Zr nangprecipitatesin the Cu matrix is low, only the Cr nafpoecipitation is taken
443 into accountto estimatethis contribution.r andf have beemmeasuredy TEM (Table 5).
444  Moreover, ve assumehattheL-PBF and wrought CuCrZr have the same Cr Aaneaipitation

445 after the SA+AH heat treatment

446 The calculatedprecipitation strengtheningcontribution (Table 9) is overestimated as the

447 experimentalyS doesnot exceed300 MPa Table6). This overestimation can come frahe

448 imprecisedetermination of precipitatesze (50% inaccuracy due to high standard deviation,
449 Table5. Some high resolution TEMnalysesnade on the size of precipitat@qure6.e-f) seem

450 to confirm the underestimation of the radius. It is also possible that a shear hardening
451 mechanism isctinginstead of the Orowan hardening mechanisieverthelessthe obtained

452 trends are consistenthis contributionis predominantin all heattreatedCuCrZr, andthe

453 Dbiggestin the L-PBF DAH CuCrZr Such aheat treatment provides a high ngmecipitation

454  density in the Cu matriseducingthe average channel sjzad thusncreasinghe precipitation

455 strengtheningontribution.

456 4.2.5. Comparison between the experimental YS and the calculated YS contributions

457 The objective of the previous calculations was to quantify the contribution of the different nano
458 scalestrengtheningnechanisms (nanrprecipitation, dislocatios) solid solution, grain size

459 refinement) for each CuCrZr sample-IBF asbuilt, L-PBF SA+AH, L-PBF DAH and the

460 reference wrought SA+AH)Some interesting results emerge frohis analysis Figure 9

461 summarizeshe different contributions tthe YS calculatedfor eachheattreatedCuCrZrand

462 compare to the experimental Y$black spots)Qualitatively, we found the right trends for
463 every metallurgical state In the LPBF SA+AH and wrought SA+AH CuCrZr, the
464 predominant strengthening mechanism is the fmeoipitation strengthening, accounting for,

465 respectively, 80% and 85% of the total strengthenihg.overestimation of 48% to 62% oéth
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calculated YScompared to the experimental one, respectively forL#iRBF SA+AH and

wrought SA+AH CuCrZrcan come from the high standard deviation on the mean radius of the
Chromium naneprecipitates.For the agbuilt L-PBF CuCrZr, there are two mairctang
mechanisms: dislocation strengthening (78% of calculated YS) and solid solution strengthening
(15% of calculated YS). The difference between the measured and estimated YS is less than
15%. For the EPBF DAH CuCrZr, the precipitation strengthening afe dislocation
strengthening account, respectively, for 70% and 27% of the total estimated YS. The difference
between the measured and estimated YS is less than 8%. Thus, the supersaturated Cu solid
solution obtained thanks to-RBF process offers theogsibility to precipitate more naser

after a DAH (0.6 %vol. as shown in Figure 8) than what is possible with a SA+AH (0.3 %vol.),

increasing the precipitation strengthening.

5. Conclusions

In thisstudy,we have shown that

(1) CuCrzZr samples with a relative density higher than 988%ve been successfully
procesedby L-PBF.

(2) the L-PBF asbuilt CuCrZr alloy microstructureshows columnar graig, a high
dislocation density due tbe presence of solidification cells of 294 + 32 oirdiameter,
and itis in a supersaturated state without Cr micrar naneprecipitate which is very
different from the wetknown wrought CuCrZr allayin L-PBF asbuilt sample, the
volume fraction ofCr in solid solutionis twice the one of th8A+WQ wrought alloy;
this is explained by the higher cooling rate of thRBEBF process.

(3) Applying asolution annealingt 980°C for 1Hollowed by an ageingt 490°C for 6h
on a LPBF CuCrZr sampleecrystallizeghe microstructurat 60% During the solution

annealing, a part of the Cr (0.4 wt%) forms miprecipitates while the other part
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remairs in solid solution which will form nangrecipitates after the ag hardening
treatment The mechanical propertieare comparable tavrought CuCrZr in the
direction gerpendicular to the building one.

(4) A direct ageingat 490°C for 1 housrllows to precipitate all the Cr (0.78 wt%) at
nanametricscale but desnot modify the microstructure of the as bwiHPBF CuCrZr
(columnar grain, high dislocation densit{) a huge extentThis particular heat
treatment offers high mechanical properties (Vickers hardness of 184 HV1, YS=527
MPa and UTS=585 MPa) while conserving a significant elongation (14%) and good
electrical properties (42 MS:H compard to SA+AH heattreatmens. This is due to
the high dislocation density and the high Cr nanecipitats density which lead to a
lower distance between precipitagand astrongerstructural hardening compatto the

one after SA+AH

Further investigatiomonthe SA+AHheat treatmerdn L-PBF CuCrZmay offer the possibility

to get totally rid of the anisotropic microstructure induced by the prodeskirther
investigation on the DAH heat treatment may offer the possibility to determine precisely the
hardening peak depding on the Cr concentration in the alloy. A TEM study of the Cr-nano
precipitats on CuCrZr tensilsampla may confirm the structural hardening mechanism (shear

or bypass mechanism) playing a role here.

Data availability

The raw/processed data requitedreproduce these findings cannot be shared at this time as

the data also forms part of an ongoing study.
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655 Figurel: (a) Relative parts density (compared to CuCGtErped samples density of 8.908 g.cm

656 °) as a function of the energy density for various parameters sets. Varying scanning speed at a
657 laser power of 360 W (white marks), 420 W (orange marks) and 480 W (black marks) using
658 different hatch (100, 110 and 120 um) and a layer thickness fixed at 30 umP@fF lasbuilt

659  cubes(10x10x10 mm) and (c) mechanicgb5x13x13 mn? parallelepipedand electrical

660 sampleq18 mm diameter and 22 mm high cylinder)

gg
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662  Figure2: Schenaofthem %' SODQ DQG 9 %' SODQ RULIABRWED pathRQV LQ
663 and sample edges
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—  Subgrain boundaries [5° ;10°] Sttt

664
665 Figure3: SEM image®f asbuilt L-PBF CuCrZr samplen the (a)@ %' DQG G 9 %' SODQ

666 (b) quality pattern image of (a) peiimposedwith grain and subgrain boundaries, and (e),
667 quality pattern image of (Guperimposewvith grain boundaries only. (§§AM map of (a)
668 and (f)TEM image of the solidification cells.

669

670 Figure4: SEM-EBSD analysis of the (a, d) wrougli, e, g) LPBF SA+AHand ¢, f, h) L-
671 PBFDAH CuCrZzr samples. (a) SEM images in thll BD plan; (df) quality pattern images
672  with grain boundaries and twins of¢arespectively(g, h) KAM analysis ofrespectivelyl-
673 PBFSA + AHandL-PBFDAH CuCrZr in the BD plan.
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674
675 Figure5: Study of the micrgprecipitation: SEM images of (a) Wrought CuCrZr, (bPBF

676  asbuilt CuCrZrand(c) L-PBF DAH CuCrZr, both exempt of micqarecipitates, (d) tPBF
677 SA+AH CuCrZr. (e) TEM image focused on a@icro-precipitate, and (f) an EDX analysis
678 of one of them.

679

680

681 Figure6: HAADF/STEM andCr and ZrEDX analysisof the(a) L-PBF as built CuCrzZr
682 showing no nangrecipitates(b, €) wrought SA+AH CuCrZshowing Cr nangrecipitation
683 (no Zr detected; matrix is pure ©n these imaggs(c, f) L-PBF DAH CuCrZrshowing Cr
684 nanaprecipitation(no Zr detected; matrix is pure ©a these images{d) L-PBF DAH
685 CuCrZrshowing a Zr nangrecipitate next to a Granceprecipitate
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694

Figure7: (a) Engineering stresstrain response of wrought SA + AH;RBF asbuilt, SA +

AH and DAH CuCrZr samples at a tésimperature of 20°Cas the curves were qualitatively

similar, only 1 of the 3 curvesbtainedor each condition is shownyEM images of tensile
barsfractography ofl§) L-PBF asbuilt CuCrZrand (9 L-PBF SA+AH CuCrZr

Figure8 : Microstructural evolution of {PBF and wrought CuCrzas afunction of the heat
treatmens. The Cr content in solid solutida noted next to the pictureBhe final volume
fractions of Cr nangreciptates argivenat the bottom
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Figure9: Calculatechardening mechanisme®ntributions to the yield strengths of CuCrZr
alloys processed by four different routes, compared to experimental \(alaek spots)
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