
HAL Id: cea-04300563
https://cea.hal.science/cea-04300563v1

Submitted on 22 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

A study of the mechanical properties of Al6061-Zr_1, 2

alloy processed by laser beam melting
Mathieu Opprecht, Guilhem Roux, Jean-Paul Garandet, Camille Flament

To cite this version:
Mathieu Opprecht, Guilhem Roux, Jean-Paul Garandet, Camille Flament. A study of the mechanical
properties of Al6061-Zr_1, 2 alloy processed by laser beam melting. Journal of Materials Engineering
and Performance, 2022, 32, pp.1840-1855. �10.1007/s11665-022-07218-0�. �cea-04300563�

https://cea.hal.science/cea-04300563v1
https://hal.archives-ouvertes.fr


1 
 

A study of the mechanical properties of Al6061-Zr1,2 alloy 

processed by laser beam melting 

 

Mathieu Opprecht, Guilhem Roux, Jean-Paul Garandet, Camille Flament 

 

Mathieu OPPRECHT, Université Grenoble Alpes, CEA LITEN, Grenoble, France, 

mathieu.opprecht@gmail.com 

Guilhem ROUX, Université Grenoble Alpes, CEA LITEN, Grenoble, France, guilhem.roux@cea.fr 

Jean-Paul GARANDET, Université Grenoble Alpes, CEA LITEN, Grenoble, France, jean-

paul.garandet@cea.fr 

Camille FLAMENT, Université Grenoble Alpes, CEA LITEN, Grenoble, France, 

camille.flament@cea.fr  

 

Corresponding author: mathieu.opprecht@gmail.com/ 04.38.78.47.69 

DOI: https://doi.org/10.1007/s11665-022-07218-0 

Highlights 

 

 Comprehensive characterization of an additively manufactured modified A6061 alloy. 

 Correlation between microstructural features and mechanical properties. 

 3D-printed mechanical response up to σy=340MPa and σUTS=350MPa.  

 Comparison of the atomisation vs mixing techniques to design new alloys for powder layers 

based processes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:mathieu.opprecht@gmail.com
mailto:jean-paul.garandet@cea.fr
mailto:jean-paul.garandet@cea.fr


2 
 

 

 

 

 

 

Abstract 

The present paper proposes an experimental study to determine the mechanical properties of an 

additively manufactured modified A6061 alloy, where the addition of 2 volumic % of Yttrium 

Stabilized Zirconium (YSZ) to Al6061 base powder allows to fully remove cracks during Laser Beam 

Melting processing. To this end, Vickers tests, tensile tests, Charpy tests and microstructural 

analyses are used. With respect to the building direction, a quasi-isotropic response is highlighted, 

with properties (engineering yield and ultimate strengths) higher than the wrought 6061 alloy. 

This improvement can be attributed to the extra-fine microstructure, a large dislocation density, 

and a specific precipitation/solution trapping behaviour associated with the Zr addition. Besides, 

the alloy showed excellent tensile response reproducibility. Thereafter, effect of post-heat 

treatments are investigated. Classic T6 from wrought alloys practice allowed to precipitate well 

known and reported nano β’’-MgxSiy phases, improving the yield and ultimate strengths, but at the 

expense of significant grain coarsening. The mechanical properties are further increased through 

an adapted heat-treatment, specifically designed for this Al6061 modified alloy. Al3Zr hardening 

nanoprecitates are responsible of the improved yield response observed after an annealing for 2 

hours at 400°C. The competition between these different hardening precipitation phases (nano 

β’’/ nano Al3Zr) is finally discussed. 
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Laser Beam Melting / Aluminium Alloy / Strength response / Hot cracking / Rapid Solidification 

/Powder mixing / Post heat-treatments. 
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1. Introduction 

For over sixty years, aluminium ranks at second only to iron in the metal market [1], mainly thanks 

to its low specific density combined with good electrical and thermal conductivities. This is 

particularly true for the 6061 precipitation-hardened aluminium alloy, widely used in construction, 

automotive and aerospace industries [2]. The major alloying elements Mg and Si lead to 

precipitation strengthening during an ageing heat treatment, mostly through widely studied 

needle-shaped β'' nano-precipitation [3]. These precipitates and their strengthening contribution 

are particularly sensitive to the ageing temperature [1]. According to the precipitation sequence, 

metastable β’’ phases rapidly evolve in rod-shaped β’ and further on in Mg2Si precipitates [4–7]. 

Both of them are less efficient than β'' in terms of hardening. 

More recently, Laser Beam Melting (LBM) and on a larger scale 3D printing of aluminium alloys 

have attracted increasing attention in the scientific and industrial communities [8,9]. As a matter 

of fact, 3D printed alloys display many specific features, with novel microstructure induced by 

rapid solidification, which improves mechanical response [10–12]. However, the severe thermal 

conditions induced by the LBM process introduce new challenges. Structural aluminium grades are 

suffering from the hot cracking phenomenon. Cracks are propagating along columnar grains 

oriented in the building direction [13–15], and are attributed to solidification cracking [16]. 6061 

alloy is particularly susceptible to this phenomenon ([17],[18]), especially during LBM processing. 

In this respect, based on the knowledge from welding configurations, most of the implemented 

strategies are focusing on grain refinement to reduce this hot cracking sensitivity. A possible 

solution to address the problem relies on the reduction of the thermal gradient. Uddin et al. [19] 

recently succeeded in producing 6061 crack free components through the use of a 500°C heating 

plate. However, it can be argued that this heating plate strategy has its own limits, especially for 

the fabrication of elongated parts, and raises a number of issues regarding process control. 

Another potential strategy is to increase the nucleant sites density in front of the liquid/solid 

interface. A number of research papers show interesting results with zirconium or scandium 

additions, either by direct inclusion during the powder atomisation step, or by indirect addition 

(powder mixing or coating) further in the process [14,20–27], [28],[29],[30],[31]. More specifically, 

a duplex microstructure is often observed, with a band of equiaxed grains decorating the bottom 

of each melt pool, and with columnar growth resuming towards the free surface. The accepted 

reason is a variation of αAl nucleant sites (squared Al3Zr particles) density for growth with melt 

pool depth. With the use of standard nucleation theory, Opprecht et al. have recently 

demonstrated that such variation is due to the increase of the cooling rate towards the free 

surface [32].  

In a recent interesting paper, Mehta et al. investigated the LBM processing of a gas atomised Zr-

modified Al6061 powder [33]. The addition of 1wt% of Zr lead to the suppression of the hot 

cracking phenomenon. Yield strength, tensile strength and ductility of respectively 210 MPa, 268 

MPa, and 26.5% were reported, better that the wrought Al6061 ones. A T6 heat treatment 

enabled to further improve the yield response up to 300MPa.  

Another original method to avoid this hot cracking issue for structural grades in LBM has been 

developed by Opprecht et al. [15], focused on the 6061 alloy. The proposed solution is to 

introduce Yttrium Stabilized Zirconia (YSZ) to Al6061 base powder using a dry mixing (Turbula®) 

procedure. The addition of 2 vol% allows to fully remove cracks. At 1vol%, a discontinuous band of 

equiaxed grains appears at the bottom of some melt pools. From 2vol% and above, this strip 
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becomes continuous at each melt pool boundary and prevents the formation of cracks associated 

to the existence of an elongated columnar structure. TEM investigations show that Zr combines 

with Al to form the αAl nucleant phase Al3Zr [34].  

Following this study, the emphasis of the current work is on the mechanical response of this 3D 

printed modified Al6061 material. The first purpose is to compare the mechanical response of 

wrought Al6061 alloy with a 3D printed modified Al6061 one. A second and more ambitious 

objective is to understand and take advantage of the Zr addition through an adapted heat 

treatment designed for this alloy, the idea being to see if this additively manufactured material 

can be optimized in terms of mechanical properties.  

More specifically, the impact of building direction and the use of recycled powder on mechanical 

properties (Vickers and tensile tests) will be investigated on as-built material. Toughness analysis 

(Charpy tests) of this as-built state will also be presented. Afterwards, the effect of thermal heat 

treatments on mechanical properties will be correlated to microstructure characterizations. 

Finally, the main contributions for the yield strength of this modified 3D printed Al6061 alloy will 

be investigated. More specifically, the competition between the growth kinetics of the various 

hardening phases will be discussed. Finally, the approach will be discussed in view of the results 

recently obtained by Mehta et al. [33] on a similar Zr-modified Al6061 alloy to check the potential 

of the mixing powder preparation route as compared to the atomization technique used in [33], a 

key point in the view of further alloys developments. Indeed, the Zr incorporation route may 

impact the final 3D printed product. Nowadays, such comparison cannot be found in the 

literature, which clearly represents an innovative aspect of the present work 

2. Material and method 

 

2.1 Material 

A gas atomized Al6061 powder (TLS Technik Bitterfeld©) was mixed with 2 volumic % of Yttria-

Stabilized Zirconia (YSZ) powder (INNOVNANO©). It is important to note that the Zr content of the 

Al6061+2vol% YSZ LBM printed alloy is equal to 1.2wt% (ICP measurement, see [15]). Thereafter, 

Al6061-Zr1.2 alloy refers to the Al6061+2vol% YSZ alloy. The Al6061 powder is globally spherical 

and has a D10, D50 and D90 respectively equal to 26 μm, 41 μm and 61 μm (dry Malvern laser 

scattering measurement). Its chemical composition (wt%) is summarized in Table 1. The YSZ 

powder (94.3wt% of ZrO2 + 3.6wt% of Y2O3) has a unit size of about 60 nm. The mixing step was 

performed in a Turbula® setup. The homogeneity of the mixing was characterized through SEM 

images, optical granulometries and ICP measurements in a previous work [15]. 

Figure 1 presents SEM images of the Al6061-Zr1.2 powder, after the mixing (left) and after one 

recycling cycle. 

 

Figure 1 : Scanning Electron Microscopy acquisition showing morphology of Al6061-Zr1.2 mixed 
powders, left after the mixing and right after recycling. 
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The overall spherical morphology of the 6061 powder is not altered by the mixing step, just like 

the spreadability of the Al606-Zr1.2 powder. Note that specific flowability tests were not carried 

out, the conclusion was based on visual observations. On this point, some authors have 

demonstrated that such a coating even increases powder spreadability ([35,36]), a key feature for 

powder layer based processes (including LBM). The second important result regards the good YSZ 

particles gripping, even after handling and sieving steps (Figure 1). 

 

2.2 Method 

Al6061-Zr1.2 samples were additively manufactured using a SLM Solutions SLM125HL machine. The 
machine was operated with hatch spacing of 100µm, layer thickness of 20 µm, laser speed of 700 
mm/s and laser power of 216 W. Note that theses parameters come from the optimisation study 
carried out in [15]. Using this optimized set, specimens with dimensions 10 x 10 x 10 mm3 were 
produced for microstructural analysis. A reference cube was analysed through ICP-OES. The results 
shown in Table 1 highlight that relative concentrations with respect to the powder reference are 
not affected by the 3D printing process, except for the Mg element (-33%, wt%, [15]). Such a 
variation can likely be correlated to a differential evaporation of Mg, due to its low boiling point. 
The oxygen increase can be related both to the addition of YSZ particles, which may release O in 
the melt pool, and also to the atmosphere in the fabrication chamber. 
 

 Al Si Mg Cr Fe Mn Cu Zr Y 0 

6061 TLS 
powder 

Bal 1.02 0.78 0.18 0.144 0.03 0.427 / / 0.05 

Al6061-Zr1.2 
cube 

Bal 1.09 0.55 0.172 0.141 0.03 0.421 1.19 0.05 0.13 

Table 1 : ICP-OES measurements of the TLS 6061 powder and a 3D printed Al6061-Zr1.2 cube. 

 

For this optimized set, a maximum densification was found around 99% (Archimedes method). 
However, the determination of the theoretical volumic mass of this alloy from powder 
composition is questionable, since it is based on an also questionable volume additivity rule. 
Optical micrographs further confirmed a really good densification (i.e. > 99.8%) [15], with the 
presence of small spherical defects mainly attributed to occluded gases common in Al based 
materials [37].  
 

For the above mentioned cubic samples, a scan strategy with unidirectional scanning vector (no 
rotation between consecutive layers) was used to facilitate the microstructural analysis. For the 
tensile and Charpy tests, specimens of dimensions 12 x 12 x 60 mm3 and 10 x 10 x 55 mm3 were 
built, with a different scanning strategy. A checkered pattern, with square islets of 5 mm randomly 
distributed from one layer to another was used to be more representative of industrial 
components lasing strategy. In each islet, bidirectional scanning vectors melt the powder, with a 
200µm covering between islets (see Figure 2). 
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Figure 2 : Scanning strategy used for tensile and Charpy specimens. 

 

Various post heat treatments (HTs) were implemented. A classic T6 HT has been applied to the 3D 
printed Al6061-Zr1.2 alloy. It consists in a precipitate dissolution step (530°C for 5 hours), quench 
(into water), and ageing at 175°C for 9 hours. The Vertical Pyrox© furnace has been used, samples 
were placed in a quartz tube. As-built Al6061-Zr1.2 samples have also been heat treated without 
the precipitate dissolution step at three ageing temperatures, i.e. 175°C, 300°C, 400°C for several 
durations in a tubular furnace. 
 
Samples are cold mounted in epoxy resin mixed with a curing sealant. Then the surface were 
mirror polished using a Presi Mecatech Z34 machine. The procedure includes two SiC papers and 
two polishing pads (ADR2 3 µm and TFR 1µm) before a finishing step with 0.03 μm colloidal silica. 
Microstructures were observed using a LEO 1530 VP Gemini Field Effect Gun (FEG) and a MERLIN 
(ZEISS) scanning electron microscope (SEM), equipped with an Oxford detector. EBSD acquisitions 
were performed at 20 kV with step sizes of 0.3–0.4μm (x250) magnification, for a specimen tilted 
at 70° and a dwell time around 40ms. The post processing was performed on HKL software 
(Channel 5) with grain boundaries defined for misorientation higher than 15°. The indexing rate 
was above 85%. 
 
The Focused Ion Beam (FIB) lift out approach was employed (Zeiss 550 FIB-SEM instrument) to 
prepare TEM lamellas in material area of interest. Scanning Transmission electron microscopy (S-
TEM) investigations were conducted with a Thermo-Fisher Osiris Tecnai instrument, equipped with 
a X-FEG source and operating at 200 kV. STEM images were acquired on bright field (BF) and high 
angular annular dark field (HAADF) detectors. Energy dispersive X-ray spectroscopy (EDX) hyper-
maps were recorded with Esprit 1.9 software (Brüker). 
 
Micro-Vickers hardness were measured on a Matsuzawa MMT-X7B micro durometer, with a 200 g 
loading during 15 s. Pre-polished cubes (until SiC 4000 paper) in the YZ plane (Z being the building 
direction) were used for all measurements. With respect to the polished mirror norm, the 
reported hardness values can possibly be slightly overestimated. However, the procedure is 
expected to be adequate for comparative purposes. The following values correspond to a 10 
measurements average, the reported errors bars being calculated from the standard deviation. 
Measurements points were selected, with the objective to cover the whole specimen sample. 
Room-temperature tensile tests were performed according to the EN ISO 6892-1 norm, on 
dumbbell specimens of circular cross section gauge diameter and length of respectively (5 mm and 
28 mm). Charpy tests were conducted according to the EN ISO 148-1 norm, with a V notch 
machined on the samples prior to the experiments. 
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3. Results 

This section starts with the investigation of the mechanical response of the as-built 3D printed 

Al6061-Zr1.2 alloy. 3D printed specimens densification was found around 99% (optical micrographs 

method). The effect of anisotropy and the impact of recycled powder are presented through 

hardness, tensile response and microstructure analysis. Then, the influence of post HTs is 

examined, firstly based on classic T6 HT for wrought 6061 alloy. Secondly, a larger study of several 

HTs is undertaken, in order to identify an optimized HT, which is further characterized in detail. 

 

3.1 As built 

 

3.1.1 Microstructure 

The microstructure of the 3D printed as-built Al6061-Zr1.2 alloy has been described in [15]. First of 

all, the 1.2 wt% Zr addition results in a duplex microstructure in each melt pool, with a band of 

small equiaxed grains at the bottom and the resumption of the columnar growth towards the 

center (see Figure 6 or [15]). The reasons for such microstructure have been detailed in [32]. In 

equiaxed regions, cubic shaped Al3Zr intragranular precipitates of circa 100 nm length are 

detected. On the contrary, the Zr is trapped into solid solution in columnar grains. Mg-Si large 

precipitates (>50nm) were detected in both regions, meaning that Mg and Si elements are not 

fully trapped in solution during the 3D printing process. Some dispersoids (Al, Fe, Si, Cr, Mn rich 

precipitates) are also detected (see for example Figure 3). 

 

Figure 3 : Dispersoid precipitate with STEM-EDX maps of Al, Fe, Si, and Cr elements. 

a) Grain size 

The determination of a characteristic grain size is necessarily somewhat arbitrary due to the 

presence of both equiaxed and columnar grains in the microstructure. However, this feature is 

necessary to estimate the grain size contribution to the yield strength (4.1.2). Opprecht et. al [15] 

proposed an elliptic fitting method to collect both length and width informations for columnar 

grains. These results have been used in this work to determine an equivalent grain size according 
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to the tensile direction. When the specimen is horizontally 3D printed, the width of the columnar 

grains and the diameter of the equiaxed ones are considered. It leads to a mean grain size of 0.9 

µm, considering a volumic equiaxed grains fraction equal to 50% [15]. When the specimen is 

vertically 3D printed, the length of the columnar grains and the diameter of the equiaxed ones are 

used, leading to a mean grain size of 3.3 µm. For these calculations, circa 104 grains were analysed 

through an EBSD map taken at x750 magnification. 

b) Dislocation density 

Three dislocations types are often encountered in samples solidified from the melt. The first one 

corresponds to the bundles that constitute the grain boundaries. A related type can be found 

along solidification cells in a given grain [27]. It should be however noted that in the 3D printed 

Al6061-Zr1.2 samples, solidification cells were never clearly observed. The third type is the intra-

grain forest dislocations as observed in Figure 4. The KAM (Kernel Average Misorientation) 

technique is employed to evaluate an effective intra grain dislocation density (since it does not 

consider large angle grain boundaries) useful to estimate the yield strength contribution [38]. It 

should be stressed that this approach may underestimate the overall dislocation density as it does 

not take into account the forest contribution. To get a more accurate measurement, other 

techniques such as TEM/XRD would be needed, but the acquisition of statistically relevant data 

would require a considerable amount of data. As an emerging standard, KAM is likely helpful for 

comparative purposes. 

 

Figure 4 : BF-TEM images of a columnar region of the as-built 3D printed Al6061-Zr1.2 showing the 
intra-granular forest dislocations. 

Thanks to a post processing on Brüker© software, this method estimates the local misorientation 

of a pixel with regards to neighboring ones (Figure 5). The mean local misorientation (θ) can then 

be linked to the effective dislocation density (ρ0) through the following relation [38]: 

𝜌0 =
2√3

3
×

𝜃

𝑏ℎ
                                                                        Eq. 1 

b is the Burger vector of the αAl structure (0.284nm) and h the EBSD acquisition pixel size. For the 

statistical evaluation of θ, an EBSD map recorded in the YZ plane is used (Figure 5). This method 

requires both high magnification (x750 here) and small pixel size (100nm here) to ensure a good 

order of magnitude measurement accuracy.  
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Figure 5 : Local misorientation repartition deduced from an EBSD map of the as built 3D printed 
Al6061-Zr1.2 (x750, pixel size: 100nm). 

The mean angle of misorientation is estimated to be 0.6° for the as built 3D printed Al6061-Zr1.2, 

leading to a dislocation density roughly equal to 5x1014m-2. Such a high density is very similar to 

that observed on other metallics alloys processed with LBM (see literature examples [39,40]). As 

previously mentioned in the literature [24], forest dislocations are not observed in the fine 

equiaxed grain regions (see Figure 5). 

 

3.1.2 Vickers hardness 

Micro-hardness measurements have been performed along a cube depth, in the YZ plane. The as-

built additively manufactured Al6061-Zr1.2 alloy has a much higher hardness (namely 90±2 HV) 

compared with wrought Al6061 alloy (≈30HV, ASM norm [41]). Measurements taken along the 

cube depth did not evidence any trend for hardness variation.  

 

3.1.3 Tensile response 

For illustrative purposes, the tensile properties are compared to the conventional Al6061 in 

annealed (O) – “soft” condition. The Al6061-Zr1.2 alloy has higher strength than the wrought 

Al6061 alloy (bare product [41]). A strong increase of the engineering yield strength (from σy=55 

MPa to σy=241 MPa) and engineering ultimate strength (from σUTS=124 MPa to σUTS=266 MPa) is 

noticed. This variation is, as expected, to the detriment of the ductility (from 25% to 17%). Note 

that the unconventional curve shape has already been observed for other high strength aluminium 

alloys processed by LBM [24] and can be attributed to Lüders band propagation, induced by the 

Portevin–Le Chatelier effect (successive serrations) [24], [42], [43]. Jia et al. [24] suggested that 

these bands formation might be associated with the release of dislocations from the solute atoms 

(or possibly some precipitates) that are binded around them. These effects lead to the presence of 

yielding peaks. 

 

Interestingly, the standard deviation among the five tensile specimens tested remains very small 

for the engineering yield and ultimate strengths (±2MPa) and limited for the ductility (±2%).  
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Recycled powder (sieved at 75µm) has been used to horizontally print three new tensile 

specimens. Their mechanical response remains really close to that of the non-recycled powder 

reference, namely σy=244MPa, σUTS=268MPa and ε=18.5%. In addition, no significant variation has 

been observed between the three tensile specimens (±2MPa for Δσy and ΔσUTS, ±1% for Δε).  

Three specimens have also been printed vertically (i.e. along Z direction) with recycled powder. A 

small reduction of the engineering yield strength (namely from σy=241MPa to σy=224MPa) is 

observed. This can be possibly attributed either to defects alignment or columnar grains. Again, a 

good repeatability has been highlighted among the three samples (±1 MPa for Δσy and ΔσUTS, ±1% 

for Δε). In order to check whether the microstructure is affected by building height, an EBSD map 

has been acquired at the top of a vertical specimen (i.e. far away from the building plate, see 

Figure 6). 

 

Figure 6 : EBSD IPF-Z (Z: building direction) of the vertically 3D printed Al6061-Zr1.2 (left) at the top 
of the traction specimen (right) at the bottom of the traction specimen (magnifications x250). 

In order to check whether the thermal history associated with building height could impact grain 

growth, an EBSD has been acquired at 5cm above the building plate (left). It reveals a similar 

duplex microstructure, showing that heat extraction in elongated samples did not impact the 

physics of the solidification process. A variation of thermal gradient along with the sample height 

could have impacted some microstructure aspects. In addition it can be argued that the bottom of 

the parts are subjected to repeated temperature cycles, leading in particular to a different 

precipitation behaviour. As a matter of fact, the picture acquired at the bottom of the tensile 

specimen seems to exhibit a higher fraction of recovered grains (i.e. textured according to [110] or 

[111]). However, the effect on macroscopic mechanical properties of such minor microstructural 

features differences is shown to be limited.  

Overall, the similarity in terms of mechanical properties between virgin and recycled powders 

support the contention that dry coating allows to produce composite Al6061-YSZ particles able to 

withstand manipulation and recovery. 

 

3.1.4 Charpy tests 



11 
 

Regarding toughness results, the first comment pertains to the good reproducibility (that is to say 

±1J/cm²), which is again a sign of the good homogeneity of the 3D printed specimens at the 

macroscopic scale, and a tribute to the absence of cracks. The mean toughness is equal to 

17J/cm².  It is worth noting that these values are even better than results proposed in the 

literature for non 3D printed materials (for illustrative purpose : 12.8J/cm² with Al6061-Si3N4 [45]). 

 

3.2 T6 heat treatment  

A classic T6 HT has been applied to the horizontally 3D printed Al6061-Zr1.2 alloy. For wrought 

Al6061 alloy, the solution annealing stage of the T6 HT aims at putting back Mg and Si elements in 

solid solution, in order to precipitate β’’ phases during the following ageing HT. It should be 

emphasized that T6 HT does not appear adapted to extra-fine LBM microstructure. However, 

because of the strong growth kinetic dependence of β’’, β’ and Mg2Si phases with temperature, 

the issue of the multi pass and re-heating steps inherent to the LBM process on the precipitation 

of nano β’’ during the ageing step is worth investigating.  

 

3.2.1 Microstructure 

Figure 7 compares the microstructure of T6 HT Al6061-Zr1.2 alloy with the as-built one. From a 

general standpoint, the duplex microstructure has partially disappeared and the majority of sub-

micron equiaxed grains have been replaced by much bigger (say 10-50µm) ones. Remaining 

columnar grains are still in the same range of grain size and textured according to the [100] 

direction for those oriented parallel to the building direction. Such observation can be attributed 

to the Ostwald ripening mechanism [46]. Taking a characteristic value for the self-diffusion of Al in 

αAl of the order of 10-12 -10-13 m²/s at 800K [47], the αAl phase can potentially growth over a 

distance of 20µm. 

 

Figure 7 : EBSD IPF-Z (Z: building direction) of the T6 HT 3D printed Al6061-Zr1.2 alloy (left) 
compared to the as-built one (right) in YZ plane (magnifications x250). 

To restrict this grain growth, a T6’ HT has been investigated. More precisely, the solution HT step 

is reduced from 5h to 15min. No significant improvement of the hardness response has been 

induced. EBSD acquisition revealed a quasi-equivalent grain growth compared to the T6 HT. 

Back to the T6 HT microstructure, STEM EDX measurements taken inside one large equiaxed grain 

highlight a wide variety of precipitates. At the micronic scale, one can notice (Figure 8): 
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- (ZrSi) rich precipitates, with various forms and sizes (>20nm). It can be thought that the Si 

involved in these (ZrSi) phases will not be available and used for the formation of nano-β’’. Indeed, 

an analysis of the formation enthalpies shows that many Si-Zr intermetallics are 

thermodynamically favoured in comparison to Mg2Si [48]. 

- Some small Mg/Si/Cu rich precipitates (≈10-20nm), possibly nucleated on (Zr,Si) particles. 

- Mg/Al rich oxides (white arrows), known to act as heterogeneous nucleation sites for Al3Zr 

phases [15]. 

- Some Al/Cr/Fe/Si dispersoïds (≈50-100nm, blue arrows) classically encountered in T6 HT wrought 

Al6061 alloy [49]. 

 

Figure 8 : BF-TEM image and STEM-EDX maps of the micronic precipitates (>20nm) present inside a 
large equiaxed grain of the T6 HT Al6061-Zr1.2 alloy showing Zr, Fe, Cr, Si, Mg, Cu and O elements. 

At the nanometric scale, classical β’’-MgxSiy ([2,49,50]) precipitates are observed. Figure 9 shows 

the SAED pattern of the Al matrix oriented in [100] direction (left), with BF and DF images 

highlighting the presence of needle shaped phases with the main growth direction along 〈001〉Al 

(right). STEM-EDX maps of Mg and Si elements further confirmed the enrichment of Mg and Si 

near these elongated nano-phases. Only a fraction of the Si and Mg likely combines to form β’’ 

hardening precipitates, the other fraction being used for Zr/Si precipitates or others. Their nano-

size (roughly 25nm long and 5nm wide) will probably contribute to the engineering yield and 

ultimate strengths.  
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Figure 9 : Nanoprecipitation in T6 HT Al6061-Zr1.2.Diffraction pattern of the matrix in [100] 
direction with BF-TEM /DF-TEM images and STEM-EDX maps of the nano-β’’ precipitates present 
inside a large equiaxed grain of the T6 3D printed Al6061-Zr1.2 alloy showing Mg and Si elements. 

3.2.2 Micro-hardness 

Table 2 compares the hardness response of the as-built Al6061-Zr1.2 with the T6 HT Al6061-Zr1.2 

and the T6 HT wrought Al6061. The T6 HT significantly improves the hardness of the 3D printed 

Al6061-Zr1.2 alloy (+38%). This can probably be attributed to the nucleation of nano-β’’ particles. In 

addition, although a grain growth is noticed after the T6 HT, the grain size remains small compared 

to the T6 wrought Al6061 case.   

Wrought Al6061 LBM Al6061-Zr1.2 T6 wrought Al6061 T6 LBM Al6061-Zr1.2 

30 HV [41] 90±2 HV 95 HV [41] 124±4 HV 

Table 2 : Comparison of Vickers hardness response for LBM Al6061-Zr1.2 states with wrought 
Al6061 ones. 

3.2.3 Tensile response 

The additively manufactured Al6061-Zr1.2 alloy has higher strength than the wrought one (bare 

product [4]). A slight increase of the engineering yield strength (from σy=276 MPa to σy=289 MPa) 

and the engineering ultimate strength (from σUTS=310 MPa to σUTS=330 MPa) is observed. This 

variation is, as expected to the detriment of the ductility (from 17% to 12.5%). 

 

It is again worth noting that the reproducibility among the five tensile specimens tested is very 

good. The standard deviation remains small for the engineering yield and ultimate strengths 

(±4MPa) as for the ductility (±1%). 

3.3 Adapted heat treatment 

The as-built Al6061-Zr1.2 microstructure is unique and significantly different from the wrought 

Al6061 case. The addition of Zr provides new opportunities to design specific adapted HT for the 

additively manufactured material. Therefore, three different ageing temperatures are investigated 
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(175°C, 300°C and 400°C) without solution annealing (Figure 10). The objective is also to avoid the 

grain growth inherent to the solution annealing step of the T6 HT. 

 

Figure 10 : Evolution of the hardness of the as-built Al6061-Zr1.2 heat treated at 175°C, 300°C and 
400°C with ageing time (hours). 

3.3.1 Micro-hardness 

Figure 10 sums up the hardness response for the three ageing temperatures. Two main features 

are underlined. First, for the 175°C and 400°C ageing temperatures, the hardness curve is going 

through a maximum hardness peak, this maximum depending upon temperature. Second, an 

absolute maximum hardness is achieved after 2H at 400°C, the value being equivalent to that of 

the T6 HT Al6061-Zr1.2 state. This case is deeply investigated thereafter.  

The 175°C curve exhibits a maximum hardness after 3 hours, increasing from 92 to 105 HV. From a 

general standpoint, such hardness evolution is classically observed during the heat treatment of 

Al-Si-Mg alloys at 180°C, and is attributed to β’’ precipitation [50]. Nevertheless, in comparison, 

the T6 HT improved the response up to 122HV, although coarser grains were induced. One 

assumption is that the available fraction of Mg and Si in solid solution after printing and multiple 

rescanning is smaller compared to that after the solution HT combined with a quenching. 

Consequently, a restricted quantity of β’’ can effectively precipitate, explaining the limited harness 

increase after 3 hours at 175°C. With increasing ageing time, β’’ particles start to coarsen, 

becoming less hardening β’/β (Mg2Si) phases [50]. Therefore, the hardness decreases (see Figure 

10, 175°C data points). It is worth noting that such precipitation sequence has been widely studied 

[1,50] and is probably not affected by YSZ addition. The quantity of achievable β’’ is even more 

restricted since 30-40% of the Mg evaporates during the LBM process (see Table 1). Therefore, 

these aspects should be directly taken into consideration in the powder gas atomisation step, 

through an Mg content higher than the norm, say by 30-40% for example. This is particularly true 

for the 6061 alloy where the amounts of Mg and Si have been specifically selected to promote the 

formation of hardening β’’ phases. However, the principle can be extended to other elements with 

high partial pressure, e.g.  Zn in the 7075 alloy. 

The 300°C curve is quite difficult to understand. The hardness is deteriorated after 2 hours 

compared to the reference (as-built state), then it increases steadily and its peak is still not 

reached after 50 hours. Using background from wrought Al6061, such an ageing temperature 

(300°C) favours the rapid coarsening of β’’ particles and consequently the precipitation of less-
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hardening large β’/β phases [1]. Thereafter, the hardness of the Al6061-Zr1.2 alloy gradually 

increases, possibly due to the precipitation of nano-Al3Zr phases. Clouet et al [51] have studied the 

nucleation kinetics of Al3Zr and Al3Sc in aluminium using cluster dynamics (Figure 11). At 300°C, 

the kinetic of Al3Sc growth (likely similar to the Al3Zr one) remains limited before 104-105 (s) of 

ageing time (Figure 11), explaining the postponed hardness increase (compared to the 400°C 

ageing temperature, Figure 10). 

 

Figure 11 : Mean Al3Sc precipitate radius with ageing time (seconds) for a solid solution of 
composition xSc=0.18at% at 300°C and 400°C, extracted from [51]. 

The last curve to be treated is the 400°C. The hardness rapidly increases until 120HV after 2 hours. 

Then, the hardness decreases down to the as-built reference state after 20 hours of ageing. 

Reasons for such an evolution are discussed further on. 

 

3.3.2 Focus on 400°C-2H case 

Since the 400°C-2H HT exhibits the maximum hardness of this adapted HT study, its microstructure 

and mechanical response are deeply investigated. 

 

3.3.2.1 Microstructure 

An EBSD acquisition reveals a duplex microstructure similar to the as-built Al6061-Zr1.2 one, 

without any observable grain growth. It is worth noting that a similar behaviour (absence of grain 

growth) has been observed even after 20 hours at 400°C, meaning that this ageing temperature 

allows to keep the very fine microstructure. 

To correlate macroscopic mechanical properties with microstructural features, a FIB lamella was 

prepared into a columnar region. In this specific region in the as-built material, a previous study 

has already shown that the Zr solute element is trapped in solid solution within the FCC αAl matrix 

[15]. At low magnification, a wide variety of precipitates are present (Figure 12). Large (>300nm) 

Mg/Si rich particles (probably Mg2Si) could have grown because of the high HT temperature [50]. 

In addition, as already noted, the Si element seems to combine with Zr. Last but not least, some 

Mg-based oxides (spinels) are still present, that supports their good temperature stability.  
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Using the KAM technique detailed in 3.1.1b), a quasi-identical mean angle of misorientation 

compared to the as-built state has been found. EBSD has been acquired with same magnification 

and pixel size, leading to a dislocation density again equal to 5x1014m-2. However, it is relevant to 

mention that the intra-grain dislocation structure (forest dislocations) has been reduced after the 

400°C-2H HT (compare Figure 4 and Figure 12). However, the annihilation of dislocations with 

opposite Burgers vectors will not change the overall misorientation, and as such will unfortunately 

not be detectable by the KAM technique. 

 

Figure 12 : BF-TEM image and STEM-EDX maps inside a columnar grain of the HT (400°C-2H) 3D 
printed Al6061-Zr1.2 showing Al, Si, O, Mg and Zr elements. 

At an even finer scale, nano particles are uniformly distributed in the matrix. Figure 13 presents a 

diffraction pattern of the FCC αAl matrix in [100] direction (left). Superlattice spots located at a 

position 1/2 dhkl of Al matrix are observed. They are related to Al3Zr structure as already identified 

in [15]. The selection of these spots by a contrast aperture induces the dark field image of Figure 

13.b. These nano-phases have a typical dimension around 2-3 nm and are coherent with the 

matrix as observed in the BF and HRTEM images of Figure 13.c and Figure 13.d. STEM-EDX maps of 

Zr and Al elements (Figure 13.e-g) further confirmed the nature of the nano-precipitates. It is 

widely documented that Al-Zr alloys can precipitate strengthening L12 Al3Zr nano-particles during 

an additional aging heat treatment [52–55]. Al3Zr precipitates exhibit high thermal stability 

compared to the β’’, as a result of the low impurity diffusion coefficient of Zr in solid Al 

([56],[57]).This will result in better alloy temperature resistance thanks to grain growth and 

recrystallization inhibition [58–60]. The fact that the median size of these nano-Al3Zr particles is 

consistent with the theoretical prediction for the Al3Sc phase, i.e. roughly 3-4nm after 2H at 400°C 

(see Figure 11, [31]) should be emphasized. In addition, it should be stressed that no nano β’’ 

precipitate is observed after such HT. 

These Al3Zr precipitates probably keep growing upon further ageing at 400°C (see Figure 11), 

becoming less hardening. This trend can explain the gradual decrease of the hardness response 

after an optimized ageing time, i.e. 2 hours (Figure 10).  
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Figure 13 : Nanoprecipitation in as-built Al6061-Zr1.2 after 400°C-2H HT. Diffraction pattern of the 
αAl matrix in [100] direction with BF-TEM and DF-TEM images and STEM-EDX maps of Zr and Al 

elements showing the nano-Al3Zr precipitates present inside a columnar grain of the HT (400°C-2H) 
3D printed Al6061-Zr1.2. 

 

3.3.2.2 Tensile properties 

For this section, three tensile specimens have been horizontally 3D printed and heat treated 

(400°C-2H. Figure 14 shows the room-temperature engineering tensile curves of the as-built, T6 

HT and 400°C-2H HT states of the Al6061-Zr1.2 alloy. The 400°C-2H HT state displays the strongest 

strength response (σy=340MPa and σUTS=349MPa), and as a result the smallest elongation (≈11%). 

The unconventional curve shape of the 400°C-2H can be attributed to one or two Lüders bands 

propagation [24].  

 

Figure 14 : Room-temperature tensile curves of the as-built 3D printed Al6061-Zr1.2 (blue curve), the 
T6 HT 3D printed Al6061-Zr1.2 (orange curve), and the 400°C-2H HT 3D printed Al6061-Zr1.2 (grey 

curve). 
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As previously reported for other tensile tests, the standard deviation among the three tensile 

specimens tested after a 400°C-2H HT remains very small for the engineering yield and ultimate 

strengths (±1MPa), and limited for the ductility (±2%). 

 

4. Discussion 

The purpose of this section is first to propose plausible explanations of the high yield strength 

response of the as-built and HT 400°C-2H 3D printed Al6061-Zr1.2 alloy. Second, the competitive 

precipitation phases of this particular alloy will be discussed. Last the different mechanical 

responses detailed in this paper are compared with the atomisation approach through the work of 

Mehta et al. [33] (Al6061+1wt%Zr). 

 

4.1 An understanding of the FA modified Al6061 alloy hardening contributions 

 
4.1.1 Theoretical background 

 
Yield stress is a combination of diverse strengthening contributions, and can be expressed as 

[61,62]: 

𝜎𝑌𝑆 = 𝜎0 + 𝜎𝑔𝑏+𝜎𝑠𝑠 + √𝜎𝑝𝑠
2 + 𝜎𝑑𝑠

2                                             Eq. 2 

With, 

- σ0 the intrinsic matrix lattice resistance to dislocation motion, taken equal to 10MPa for 
aluminium [61,63]. 
- σgb the grain boundary contribution (Hall-Petch law). 
- σss the solid solution contribution.  
- σds the dislocation contribution. 
- σps the precipitates contribution. 
 

a) Grain size contribution 
 

The grain boundary contribution is deduced from the famous Hall Petch (HP) law [64,65]:  

𝜎𝐻𝑃 =
𝑘

√𝑑
                                                                         Eq. 3 

 

With k and d respectively a material constant and the grain size. For aluminium alloys, Thangaraju 
et al. [63] reported an HP constant of k≈0.06MPam1/2 over wide range of grain sizes (50nm-70µm).  
 

b) Solid solution contribution 
 
The strengthening solid solution contribution is calculated as [66]: 

𝜎𝑠𝑠 = 𝑀 × 21/3 × 𝜇 × (
𝜂

10
)

4/3

× 𝑐2/3                                             Eq. 4 

With c the weight fraction of the element in solid solution,  M the Taylor factor, taken equal to 3.06 
for FCC metals [67,68]. The shear modulus μ is calculated through the following equation: 
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𝜇 =
𝐸

2×(1+𝜉)
                                                                          Eq. 5 

With 𝝃 the Poisson coefficient (0.33 for Al6061, [69]) and E the Young modulus deduced from one 
tensile curve (68.9GPa, close to the literature data for Al6061 [70]). η represents the crystallographic 
misfit induced by Zr atoms (in the present framework), and can be expressed as [66]: 

𝜂 =
3

𝑐𝑍𝑟
×

𝑑𝑎

𝑎
                                                     Eq. 6 

 

c) Dislocation contribution 

The dislocation contribution is calculated as [39,61,67]: 

𝜎𝑑𝑠 = 𝑀 × 𝛼 × 𝜇 × 𝑏 × √𝜌0                                                     Eq. 7 

 
With α a geometrical factor, taken equal to 0.27 [61], and ρ0 the dislocation density of the material. 
 

d) Precipitation contribution 
 
The last possible contribution is the precipitation hardening. In view of the expected limited effect 

of large Mg-Si, Y-rich or dispersoïds precipitates, only Al3Zr precipitates are considered here. As a 

reminder, 100nm squared particles are present in equiaxed grains in the as-built state. 2nm nano-

Al3Zr are formed during subsequent 400°C-2H HT in columnar zones. Two phenomena are widely 

described in the literature. Dislocations can either shear particles, or bow around when 

precipitates are strong enough to resist dislocation penetration (Orowan mechanism). The 

precipitation hardening mechanism mainly depends on the particle radius. The critical radius 

separating both regimes (at which maximal strengthening occurs) can be expressed as [66]: 

𝑅𝑐 = √
3

2
×

𝛤

𝛾𝐴𝑃𝐵
× (1 + 1.5 × √

𝑓

𝜋
)                                                Eq. 8 

With 𝛤 the line tension (μb²/2), 𝛾APB the antiphase boundary energy for the Al3Zr shearing (namely 

0.445J/m², see [71]) and f the volumetric fraction of Al3Zr particles, equal to 0.9vol% and deduced 

from the following equation:  

𝑓 =
𝑐𝐴𝑙3𝑍𝑟

𝑐𝐴𝑙3𝑍𝑟+
𝜌𝐴𝑙3𝑍𝑟

𝜌𝐴𝑙
×(1−𝑐𝐴𝑙3𝑍𝑟)

                                                         Eq. 9 

 

With cAl3Zr the weight fraction of Al3Zr. The estimated critical radius reaches 3.2nm. When particles 
are bigger than roughly 4nm, Orowan mechanism has to be considered. For low volumic fractions, 
the precipitate contribution can be deduced from [61]: 
 

𝜎𝑝𝑠 = 𝑀 × 0.5 ×
𝜇×𝑏

√𝜋
× √𝑓 ×

1

𝑅
                                                    Eq. 10 

For the shearing mechanism, various contributions are documented in the literature: 
- modulus mismatch (Δσmod) and coherency (Δσcoh) strengthening when the dislocations are 

close to the Al3Zr precipitate. 
- ordering (Δσord) strengthening when the dislocations have sheared the L12 Al3Zr 

precipitates. 
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Zhou et al. [42] have proposed that in the 1-4nm size range, order strengthening is predominant 
for Al3Zr nano-precipitates and can be expressed as [42,67,72]: 
 

𝜎𝑝𝑠 = 0.81 × 𝑀 ×
𝛾𝐴𝑃𝐵

2𝑏
× √

3𝜋𝑓

8
                                                      Eq. 11 

 
4.1.2 As-built state 

 
The observed difference between the horizontally and vertically built samples can be explained 

either by the mean grain size according to the loading direction (see 3.1.1 a) and [73]), or by the 

orientation of the defects [73]. As an homogeneous repartition of spherical pores has been 

previously highlighted [15], it is here considered that the mean grain size (depending on the 

loading direction) is the major contribution to explain the observed yield strength difference. 

Using results detailed in 3.1.1a, the HP contribution (Eq. 1) amounts to 64MPa for horizontal 

specimens, against 34MPa for vertical specimens. Although a smaller difference (namely 20MPa) is 

experimentally observed, these values are in good order of magnitude agreement. The difference 

can be possibly due to the assumption made in section 3.1.1a)) to calculate the mean grain 

dimension. In reality, all the columnar grains are not oriented along the Z direction, only a fraction 

of them are. Consequently, the HP contribution is rather overestimated for horizontal specimens 

and underestimated for vertical ones. In any case, in comparison with the experimental values, 

these results suggest that other strengthening contributions should have a significantly higher 

effect. 

Regarding the solid solution strengthening, the columnar grain fraction being roughly 50%, it is 

assumed that half of the total Zr content is trapped into solid solution in these regions (i.e. 

0.6wt%). The η parameter is calculated using EVA software and XRD acquisitions (Eq. 6). The lattice 

parameters of pure Al6061 and Al6061-Zr1.2 are compared to determine the mismatch induced by 

YSZ addition. A 0.03% misfit is measured. Consequently, the calculated solid solution contribution 

(Eq. 4) related to the 0.6wt% of Zr reaches 12MPa. It should be stressed that a fraction of other 

elements (Mg/Si) are probably in solid solution, but their contribution to the yield strength is not 

calculated in this paper. In any case, it can be safely stated that solid solution strengthening is not 

the dominant hardening mechanism. 

For the as-built state, the dislocation density has been estimated equal to 5x1014m-2 (see 3.1.1b).  
Using this value, Taylor’s equation (Eq. 7) gives an estimate of 130MPa for the effective dislocation 
contribution, confirming the major importance of these crystallographic defects. 
 
In the as built state, Al3Zr precipitates are only present in equiaxed zones, with cubic-like shapes and 
dimensions in the 50-100nm size range [15], meaning that the Orowan mechanism has to be 
considered. Using Eq. 10 the precipitation hardening reaches 12MPa. 
 

Table 3 sums up the calculated contributions. Even though the refined grain microstructure 
contributes significantly to the yield strength of the as-built Al6061-Zr1.2, calculations revealed that 
dislocations constitute the most important hardening contribution. These two aspects mainly 
explained the strong improvement in comparison with wrought 6061 alloy. The theoretical yield 
strength is found to lie in the range from 187MPa to 217MPa, which is slightly lower than the 
experimental one. However, the results remain comparable, and it should be recalled that not all 
elements in solid solution and all precipitates have been included in the estimation of the yield 
strength, and that the measured dislocation density does not include forest dislocations. 
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4.1.3 400°C-2H state 

The 400°C HT features have been described in section 3.3.2. The grain size remains unchanged, so 

is the HP contribution (i.e. 64MPa). It will be assumed that the Zr content trapped into solid 

solution in columnar region in the as-built state has henceforth been used to precipitate nano-L12 

Al3Zr particles. As a result, the solid solution contribution is not anymore included in the 

theoretical yield strength. It has been demonstrated that the shearing mechanism is appropriate 

for the 2nm-L12 ordered Al3Zr strengthening from the columnar regions. Using Eq. 11, the order 

strengthening contribution related to the nano-Al3Zr reaches 198MPa. The dislocation 

contribution remains unchanged (see 3.3.2.1). Table 3 sums up the calculated contributions. 

 

 σ0 σHP σds σps σYS (theoretical) σYS (experimental) 

As built 10 34-64 12 130 12 187-217 

400°C-2H 10 64 130 198 310 340 

 

Table 3 : Summary of the four calculated contributions to the theoretical yield strength of the as-
built and 400°C-2H 3D printed Al6061-Zr1.2 alloy. 

The obtained theoretical value is similar, although again somewhat smaller, compared to the 

experimental data. As mentioned above, not all precipitates have been taken into account for the 

yield strength calculations, which could explain the discrepancy. For this HT state, the nano-Al3Zr 

precipitates and the high dislocation density are the dominant contributions. Nevertheless, it is 

worth noting that the precipitation’s contribution (198 MPa) of nanosized Al3Zr precipitates may 

be overestimated. Indeed, it has been somewhat arbitrarily considered that every Zr atoms 

trapped in solid solution in the as-built state reacts during the 400°C-2H heat treatment to form 

these hardening phases, a fact we have no evidence. However, without deeper investigations (APT 

measurements for example), the exact nanosized Al3Zr precipitates concentration cannot be 

safely established. 

 

4.2 Competitive phases precipitations of this particular alloy and adapted heat treatment 

This study raises some interesting issues regarding the mechanical response of a 3D printed 

Al6061 modified alloy. First, one could have expected that the LBM conditions promote the 

trapping into solid solution of the alloying elements. This assumption is likely valid for one single 

pass. Indeed, cooling rate encountered during the process (say from 105 to 107K/s, [74,75]) is very 

high, leaving only limited time for particles precipitation. However, in view of the multi-pass 

rescanning inherent to the 3D process principle, it appears reasonable to invoke in-situ ageing to 

explain the observed large MgSi precipitates present in the as-built state. This statement is 

particularly true for alloys containing elements which precipitate at low temperature (Mg-Si based 

precipitates for example).  
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The classic solution HT from wrought alloys practice can address this challenge. However, three 

points need to be raised. First, the high temperature of the solution HT step promotes grain 

growth and partially removes the extra fine microstructure induce by 3D printing rapid 

solidification. Second, as earlier mentioned, a major contribution for the 6061-Zr1.2 is the 

dislocation density, probably in part reduced during high temperature HT. Third, the YSZ addition 

further complicates the understanding. In fact, as detailed in 3.2.1, some large Zr-Si rich particles 

likely precipitate during the solution HT step, reducing the amount of Si available for β’’ 

precipitation during subsequent ageing. In this context, the classic solution HT temperature is 

likely not fully adapted to the 3D printing specifically design Al6061-Zr1.2 alloy, as well as the 

ageing time of the T6 HT. 

The last tricky issue, again arising from YSZ addition, is the combination of multiple thermal 

growth kinetics dependence for the precipitation of hardening nano-particles. In fact one should 

understand the increase of engineering yield and ultimate strengths for T6 and 400°C-2H HTs as 

mainly due to nano-precipitates hardening. The challenge regards two kinds of precipitates 

chemically different (β’’ and Al3Zr) with strongly different growth kinetic in terms of temperature. 

This can be linked to the high impurity diffusion coefficients of Mg and Si as compared to Zr in 

αAl[57]. Consequently, at 400°C, β’’ particles very rapidly evolve into non-hardening Mg2Si phases. 

On the other hand, the 175°C temperature (appropriate for β’’ precipitation) is much too low to 

expect significant nano-Al3Zr precipitation. Figure 15 summarizes the proposed precipitation 

sequences of the HT 3D printed Al6061-Zr1.2 for the three investigated ageing temperatures. 

 

Figure 15 : Summary of the proposed precipitation sequences of the HT 3D printed Al6061-Zr1.2 
(for three ageing temperatures). 

 

4.3 Overview  
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Table 4 proposes a comparison of the mechanical response for several states of the Al6061-Zr1.2 

alloy with standard wrought 6061 and data from the work of Mehta et al. [33]. As illustrated, a 

wide variety of mechanical properties can be achieved (say from 241 to 349 MPa for the yield 

strength and from 11 to 17% for the ductility). The alloy achieves higher engineering yield and 

ultimate strengths than the wrought Al6061 alloy. In addition, a quasi-isotropic microstructure has 

been 3D printed, with good mechanical response reproducibility. Finally, although chemical 

compositions are not stricto sensu equal, mechanical properties are close to those of Mehta et al., 

which supports the validity of the mixing approach to develop new alloys. In order to avoid several 

atomisation, this method allows to screen a wide chemical compositions panel to find the 

optimized balance between hot cracking susceptibility and mechanical properties. 

 

 σy σUTS ε 

Wrought Al6061 [41] 55 124 25 

As-built Al6061-Zr1.2 (mixing) 241 266 17 

As-built Al6061-Zr1 [33] (atomisation) 210 268 26.5 

T6 wrought Al6061 [41] 276 310 17 

T6 HT Al6061-Zr1.2 (mixing) 289 330 12.5 

T6 HT Al6061-Zr1 (atomisation) 300 327 13.9 

400°C-2H HT Al6061-Zr1.2  340 349 11 

 

Table 4 : Comparison of mechanical response for several state of the Al6061-Zr1.2 with classics 
wrought 6061 ones [41] and Mehta et al. work [33]. 

 

 

5. Conclusion 

A novel crack free modified 6061 aluminium alloy was 3D printed using a coated gas atomized 

Al6061 powder with 2 volumic % of YSZ particles. The mechanical response of this developed 

Al6061-Zr1.2 alloy has been studied. Based on the results presented through this paper, the 

following conclusions arise: 

- A quasi-isotropic behaviour is consistent with the duplex equiaxed-columnar grain 

microstructure. In addition, the use of recycled powder does not impact tensile properties, 

a key aspect in view of the reduction of material waste. 

- For the as-built state, the alloy exhibits higher yield and ultimate strengths compared to 

wrought Al6061. This could mainly be attributed to a very large dislocation density and an 

extra-fine grain microstructure. 

- A T6 heat treatment, including both solution hardening at 530°C for 5 hours, quench into 

water, and ageing at 175°C for 9 hours increased the as-built 3D printed Al6061-Zr1.2 yield 
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and ultimate strengths. A significant grain growth and the precipitation of classical nano 

β’’-MgxSiy particles have been evidenced. 

- To avoid grain growth and take advantage of the Zr content trapped into solid solution 

after LBM processing, several annealing strategies have been investigated. Such an 

approach enabled to further increase the yield and ultimate strengths of this alloy. Micro-

Vickers hardness measurements highlighted a maximum peak after 2 hours at 400°C, with 

strong yield and ultimate strengths of respectively σy=340MPa and σUTS=349MPa. This 

improvement has been attributed to ordered L12 Al3Zr nanoprecipitation, from remaining 

Zr content trapped in solid solution in the as-built state. 

- The study highlighted that it is difficult to control the coordinate precipitation of hardening 

nanoparticles (Al3Zr and β’’) with different thermal growth kinetics. 

To conclude, the mechanical properties of this additively manufactured modified A6061 alloy have 

showed promising results, supporting the YSZ addition approach to solve the hot cracking issues 

for hot cracking prone aluminium alloys during laser beam melting. However, the work could be 

extended. Al6061-Zr1.2 thermal and corrosion properties could be investigated. In a more complete 

approach, the partial evaporation of the Mg content during the 3D printing process should be 

anticipated during the atomisation step, otherwise benefit of β’’ hardening phases will be 

restricted. Such contention is valid for all high partial pressure elements used to precipitate nano-

hardening phases in wrought aluminium alloys. 
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