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Effect of powder batches and laser power on the microstructure and properties of as-built and heat-treated Laser Powder Bed Fusion CuCrZr samples
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Abstract

Recently, we showed that >99% dense CuCrZr parts can be produced by Laser Powder Bed Fusion (L-PBF) process using a large power range (270 to 480W) [1,2]. The as-built (AB) microstructure is anisotropic, showing columnar grains aligned along building direction (BD). After a solution annealing and age hardening (SA+AH), solidification cells disappear and the dislocations density decrease, whereas partial recrystallization, twins and Cr nano-precipitates are observed. Even if the microstructure is not fully similar to wrought CuCrZr one, yield strengths are equivalent. This work aimed to develop further the process by: (i) evaluating the impact of incoming powders and lasing parameters on the AB microstructure, (ii) analyzing the microstructural effects of SA+AH and (iii) comparing the mechanical, thermal and electrical properties in both conditions for four powders.
Introduction

Four powder batches (two produced by GA, gas atomization, and two by EIGA, Electrode induction melting Inert Gas Atomization) were used and their properties were compared. Even if the oxygen content of a GA powder is higher, its advantages are its higher productivity, and thus, its lower cost for large volumes. Part of the L-PBF samples were produced at high power (>400W), whereas the other were produced at low power (<400W) but with a close volumetric energy density (VED). 
Material and experimental procedure

Powder material and characterization techniques
The two EIGA batches (EIGA-B1 & -B2), produced under nitrogen at TLS GmbH, were delivered in polyethylene (PE) cans and stored under argon. The two GA batches (GA-B1 & -B2) produced by standard GA at Hoeganaes, were delivered in sealed aluminium cans (atmosphere unknown). All the powders properties were compared using the characterization methods and devices of Table 1. Powders characterization were performed in three conditions: (i) in as-received state, (ii) after 1 month under air (22°C min) with (50 % Humidity Rate (HR) with opened PE can, (iii) after 10 days under 85 %HR at 50°C in a climate chamber with opened PE and (iv) after 1 year in normal conditions, i.e. under air with (50 %HR with closed PE can. EIGA powder is sensitive to moisture contrary to GA powder. After 1-month under air, no change was observed for GA powder; caking of EIGA powder was observed due to moisture intake and formation of either Van Der Waals bonds or capillar bonds between particles; cm-large agglomerates formed (Figure 1), which required sieving before LPBF. After 10 days in climate chamber, EIGA powder formed a block of hard powder; it was no more usable for LPBF without milling; its colour changed from pale pink to wine colour, which is a sign of an oxide formation, probably Cu2O; no change was observed for GA powder.
Table 1: Powder properties measured with corresponding methods and devices used
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Chemical composition Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) and Instrumental Gas Analysis (IGA)

PSD Laser diffraction on a Malvern Mastersizer 2000 granulometer in ethanol according to ISO 13320 standard

Aspect ratio (i.e. width/length ratio of particles’ 

projections)

Image analysis on a Malvern Morphologi G3® particle shape image analyzer using x20 magnification

True density Helium pycnometry on a Micromeritics AccuPyc II 1340 Pycnometer

Apparent and tapped densities (AD and TD) a Quantachrome AutotapTM analyzer using 250 mL of powder after 1000 taps.

Apparent and tapped relative densities (ARD, TRD)  Calculated using true densities as references.

Avalanche angles

Image analysis on a Mercury Scientific Revolution® Powder analyzer using 80 mL of powder at a drum 

rotation of 0.6 rpm and 150 avalanches recorded. 

Powders morphologies Scanning Electron Microscope (SEM) using a ZEISS LEO 1500 field emission gun (FEG) microscope


Samples fabrication and heat treatments

All samples (13*13*13mm3 cubes and parallelepipeds) were produced under Nitrogen (pO2 < 1000 ppm) on a FS271 L-PBF machine (Farsoon, China) equipped with a 480W 1070nm fiber laser. Powder was spread with a silicone blade on a 270x270mm² C45 steel platform. The scan strategy used 10mm wide stripes (cubes lased in one single island) using zig-zag, with a 45° rotation between layers and an 45° initial angle of the parts towards the platform edges. Parts were supported by a 1mm thick 1x1mm grid associated with 1mm thick porous block.
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Figure 1: a) EIGA-B2 powder after 1-month under air (50%HR @22°C); b) EIGA-B2 after 10 days under 85%HR @ 50°C; c) GA-B1 after 10 days under 85%HR @ 50°C

For the three powders, laser power (P), scanning velocity (V) and hatch spacing (h) were varied in order to determine the parameters set giving the highest densities. The layer thickness (t) was kept at 30µm. Cubes density was measured by Archimedes method using isopropanol. Work on EIGA-B1 powder determined a 480W optimized power. Evolution of relative density (not shown) was studied as a function of the Volumetric Energy Density (VED) (J/mm3) defined as P/(V*h*t). Then, the power was decreased to limit the risks of damaging the optical system; power was limited on purpose to 370W. However, VED was kept in the same order of magnitude by reducing both h and V. At 370W, a VED higher than 220 J/mm3 was required to get mean density over 98.2%. The optimized parameters, as well as the best densities, are shown in Table 2. Those parameters were then used for the SEM cubes and specimens for mechanical, thermal and electrical tests. 55*13*13 mm3 horizontal (( to BD) and vertical (// to BD) parallelepipeds were built for mechanical samples; their small bases was rotated 45° in the YZ plane and their main axis was rotated 45° relative to the direction of the blade. 
Table 2: LPBF parameters, VED and measured density of samples
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Part of LPBF samples were characterized in as-built (AB) state. Several samples, noted SA+AH, were Solution Annealed (SA) at 980°C/1h under Argon (ramp 10°C/min), Water Quenched (WQ) and then followed an Age Hardening (AH) at 490°C/6h under air (heating ramp 5°C/min) followed by furnace cooling. A few samples followed a Direct Age Hardening (DAH) at 490°C/6h under air (heating ramp 5°C/min) and then a furnace cooling.
Microstructure, mechanical, thermal and electrical properties
Cubic samples were cut parallel and perpendicular to the BD, mechanically polished down to 1µm grain size and finished by electro-polishing. SEM was performed on a field emission gun (FEG) SEM Zeiss Merlin equipped with two Energy Dispersive Spectroscopy (EDS) detectors and an Electron Back-scattered Diffraction (EBSD) QUANTAX detector from Bruker. EBSD analyses using Esprit 2.2 software for data processing were used to assess the average grain size and the median misorientation angle. Grains boundaries are defined with a misorientation angle higher than 15° and subgrains boundaries with a misorientation angle lower than 15°. 4 cubes were analyzed: 2 from EIGA B2 (1 As-built & 1 SA+AH, noted respectively EIGA2-AB and EIGA2-SA+AH) and 2 cubes GA 2 (noted GA2-AB and GA2-SA+AH).
For tensile, thermal and electrical tests, three to five samples were tested per condition in order to get average values and standard deviation. Axisymmetric tensile bars were machined from the parallelepiped samples. Tensile tests were performed at RT and 250°C, according to NF EN ISO6892-1 standard on an electro-mechanical MAYES ESM250 machine. The yield strength (YS), the ultimate tensile strength (UTS) and elongation (El.%) were extracted from each curve. Thermal diffusivity ( (mm²/s) was measured between RT and 300°C (or 450°C depending on the samples) by the Flash method on 10mm diameter and 2mm thick disks. Thermal conductivity 𝜆 (W/m.K) was calculated using the formulae 𝜆 = 𝜌 * Cp *(, with 𝜌 the density (kg.m-3) and Cp the specific heat (J.kg-1.K-1). Density was taken equal to 8895Kg/m3 (measured by He pycnometry on the EIGA-B2 powder) and specific heat to 380 J.kg-1.K-1. Electrical conductivity was measured, according to EN 2004-1 standard, at 20°C on 3 polished cylinders (18mm diameter and 22mm high) per state, by Eddy current on a Fischer FS40 machine. EIGA B1 & B2 and GA B2 samples, build ( or // to BD, were measured in AB and HT states.
Results


As-received powders characterization

Among the four as-received powders, GA-B1 is out of the EN12163:2016-11 standard specifications, both for Zr and Fe contents (Table 3). For the three others, metallic and impurities amounts conform to the standard, except for Iron. O contents in as-received EIGA-B1 & -B2 and GA-B2 are comparable; they are significantly lower than in as-received GA-B1, which may be linked to the out of specifications composition of this powder. Moisture content of EIGA B2 is significantly lower than for GA-B1 and GA-B2 (Table 4). Optical reflectivity of EIGA-B1 & -B2 at the laser wavelength is higher than the one of GA-B1 & -B2, this last one having the lowest. The median avalanche angles of GA batches are lower than the ones of EIGA powders. We noticed that the lower the reflectivity, the higher the flowability, which points out that the reflectivity may be highly sensitive to surface chemical changes due to oxidation or moisture adsorption.

Whatever the atomization process (EIGA or GA), powders are highly spherical and dense (>99.4%) with low defects (Figure 2). EIGA powders are slightly more spherical than GA ones as indicated by aspect ratios (Table 5); thus, EIGA powders have higher apparent and tap densities. Among EIGA batches, B1 shows a higher aspect ratio, as well as higher AD and TD. PSD are very close: D50 varies from 24 to 34µm. D10 are close to 10µm and D90 close to 50µm.
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Table 3: Chemical composition (wt.%) of the powders in different states
Table 4: Optical reflectivity, moisture content and median avalanche angle of the powders in different states
[image: image3.png]_“ Optical reflectivity @ 1064 nm H20 content (ppm) | Med. Av.angle
EIGA powder B1 As-received 57.0 0.018 59.8+7°

As-received 56.1 0.009 19 62.5+3,7°

1-month open storage 54.7 0.037 23 37.3+£2,2°

AEIEEEE 10 days @ 85%HR 40.6 0.137 105 33.8+2,0°
1-year normal storage 53.9 0.015 62 53.9+3,2°

As-received 46.4 0.124 85 39.7+2,4°

GA powder B1 1-month open storage 44.5 0.151 70 39.8+2,4°
10-days @ 85%HR 42.5 0.183 85 39.5+2,4°

GA powder B2 As-received 40.9 0.014 52 30.9+1,8°
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Figure 2: SEM images of: a) EIGA powder Batch 2 and b) GA powder Batch 1

Aged powders characterization

After one month under air, O content of GA-B1 increased of 270 ppm (Table 3); Similar oxidation was observed for EIGA-B2 (230ppm in 1 month) but the powder presents an important caking effect (Figure 1a) requiring sieving. After a 10-days storage in climate chamber, higher oxidation is measured for EIGA-B2 (1280ppm of O) compared to GA-B1 (590ppm); EIGA powder is thus more sensitive to moisture and shows higher oxidation intake kinetics. More specifically, moisture content and flowability of GA-B1 are stable (Table 4), indicating a passivated surface state; however, its optical reflectivity decreases slightly. EIGA-B2 is more sensitive and shows much higher moisture intake kinetics; important variation of its optical reflectivity and flowability are noticed. After 1-year storage in normal conditions, O2 intake of EIGA-B2 is limited to 60 ppm and H2O content increased by a factor of 3, which improves its flowability. 

These results indicate that, when CuCrZr EIGA powder is stored in plastic cans under normal conditions ((50% HR), the oxygen intake should be controlled regularly.

Table 5: Characteristics diameters, aspect ratio and densities of the as-received powders
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L-PBF cubes characterization

Chemical composition

Whatever the powder, Cr and Zr contents of cubes remain in the standard intervals (Table 6). Cr and Zr contents are comparable in the 3 types of samples. O content remains below 150ppm, which should have positive factor on the elongation. For GA samples, N content was increased, whereas, for both EIGA samples, this increase is not observed. This may be due to a high oxygen desorption from GA powder during melting, followed by N2 adsorption due to its presence in the LPBF chamber.
Table 6: Chemical composition (wt.%) of the LPBF cubes obtained from the 4 powder batches
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Microstructure of as-build samples
SEM analysis of EIGA-B2-AB in a XY plane (( to BD) shows 10-80µm non spherical pores (not shown here), a chess-board structure composed of large elongated grains surrounded by fine equiaxed grains forming a duplex microstructure (Figure 3). At high magnification, solidification cells are observed (Figure 4a), as well as a few precipitates identified by EDX as ZrO2, which may be formed either during atomization or during LPBF thanks to the presence of oxygen on particles surface. EBSD confirms the duplex microstructure (Figure 4b). The average grain size is 62µm with two populations: small grains (2-45µm) and large grains (60-105µm). The sample has a <110> fiber texture with grains oriented along the BD (Z axis perpendicular to the analysis plane).
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Figure 3: SEM images of EIGA-B2-AB in a XY plane
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Figure 4: a) SEM image showing solidification cells and ZrO2 precipitates; b) EBSD quality patterns images, IPF maps (along X, Y and Z (BD) directions) and pole figures of EIGA-B2-AB in a XY plane

In a XZ plane, columnar grains elongated along BD are observed (Figure 5a), showing the anisotropic microstructure of the LPBF samples. Duplex structure is also confirmed. However, no particular texture is detected (Figure 5b). SEM analysis of GA2-AB (not shown) showed a microstructure similar to EIGA-B2. Non spherical pores were in the 10-70µm range and the average grain size was 57µm.
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Figure 5: a) SEM image and b) EBSD quality patterns images & IPF maps (along X, Y (BD) and Z directions) and pole figures of EIGA-B2-AB in a XZ plane
Microstructure of SA+AH samples

After SA+AH heat treatment, EIGA-B2 sample showed an important precipitation at grain and sub-grain boundaries (Figure 6); Dislocation cells seem to have disappeared (Figure 7a) but TEM analysis is required to be sure. EDX analysis (not shown) indicates Zr- and Cr-rich micro-precipitates. EBSD shows that the chess-board duplex microstructure disappeared (Figure 7b). Average grain size did not change with SA+AH; a bi-modal distribution is still present but the size distribution of the smallest grains is larger. The strong <110> fiber texture in the BD did not disappear; recrystallization is quite limited. One single twin, indicated by an arrow on Figure 7b, was detected.
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Figure 6: SEM images of EIGA-B2 – SA+AH in a XY plane
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Figure 7: a) High magnification SEM image and b) EBSD quality patterns images, IPF maps (along X, Y and Z (BD) directions) and pole figures of EIGA-B2 – SA+AH in a XY plane
In the vertical plane, the duplex microstructure and the high precipitation at GB and sub-GB are also visible (Figure 8a-b). EBSD analysis shows that the elongated grains disappeared (Figure 8c).

The effect of SA+AH is more pronounced with GA-B2 samples compared to EIGA-B2 (Figure 9a-b). The average grain size in a vertical plane is 43.5µm; the herringbone structure is still visible in several areas. No preferred texture and no twins are observed (Figure 9c).
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Figure 8: a-b) SEM images and c) EBSD pattern quality image & grain mapping of EIGA2 – SA+AH in a XZ plane
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Figure 9: EBSD images of GA-B2 – SA+AH : Pattern quality image & grain mapping in a) XY and b) XZ planes; c) Quality patterns images, IPF maps (along X, Y and Z (BD) directions) and pole figures in a XY plane

Tensile properties in as-built state

At 20°C, EIGA-B1 samples have higher YS, UTS and Elongation that EIGA-B2 (Table 7). As Cr and Zr contents of EIGA-B1, as well as the VED, are lower, we assume the higher YS and UTS could be due to sub-micrometer differences in microstructure induced by the different thermal history but not analysed in this study. Differences in elongation can be explained by the different densities. GA-B2 samples give YS, UTS and Elongation systematically lower ((20 MPa) than EIGA-B2 samples; this is suspected to be caused by a chemical cause more than a microstructural one, as thermal history and densities were identical and SEM analyses showed similar microstructures; chemical analyses indicated different N (0.002wt.% for EIGA B2 vs 0.035wt.% for GA B2) and O (0.011wt.% vs 0.001wt.%) contents. Regarding the anisotropy induced by the LPBF process, tensile properties are higher for samples build horizontally, i.e. perpendicular to the BD, which is a classical result for the process. The gap between the two directions for YS and UTS is roughly 30-40MPa. Even if the elongation values are low, their dispersion is quite limited, indicating a density of defects rather low. No effect of the 1-year storage of EIGA-B2 is detected on tensile properties. Finally, our YS values are all higher than the one published by [3]; the highest elongation of [3] is explained by the higher relative density (99.9%) compared to ours.
At 250°C, as expected, the results decreased compared to RT; anisotropy effect is still observed.
Table 7: Tensile properties of as-build specimens at 20°C and 250°C
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Tensile properties in heat-treated states
At 20°C, after SA+AH, YS, UTS and Elongation of EIGA-B1 are still higher that the ones of EIGA-B2 (Table 8) and are in the same range as values of wrought CuCrZr [4]; GA samples give YS, UTS and Elongation systematically lower than EIGA samples. Regarding the anisotropy, tensile properties of EIGA-B2 are still higher for samples built horizontally (( to BD) but the gap on YS between the two orientations in lower (10 MPa). The anisotropy reduction also goes with the global decrease of the residual stresses.
Compared to AB state, the SA+AH decreased the YS. For wrought CuCrZr, this treatment aims at hardening the matrix. In the case of LPBF CuCrZr, it means that recrystallization and stresses relaxation (i.e. decrease of dislocations density) have a higher cumulated effect than nano-precipitates hardening. However, SA+AH increased the UTS by more than 60 MPa, which reflects the effect of precipitation. Values after SA+AH are in the same range as values for wrought CuCrZr, except elongation which is lower.
DAH of EIGA-B1 induces a huge increase of YS and UTS but a moderate decrease of Elongation. YS and UTS are much higher than the values published by [3]. 
At 250°C (Table 8), the YS of SA+AH samples decreased by 25-40MPa; anisotropy effect is still observed ((20MPa). The performance of EIGA-B2 and GA-B2-SA+AH samples are much closer compared to RT, which tends to indicate that the initial difference between the two samples may come from different residual stresses. YS of DAH decreases by 95MPa and elongation reduces to 4%.
Table 8: Tensile properties of heat-treated specimens at 20°C and 250°C
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Thermal and Electrical properties in as-built (AB) and heat-treated (HT) states

In AB state, thermal conductivity of EIGA samples increases when they are heated up (Table 9); this indicates that the microstructure is not stable. Powder storage for 1 year does not have any effect, values being in the measurement uncertainty. Our results are a little bit higher than the ones of [3].

As expected, thermal conductivity increased after heat treatment (SA+AH or DAH) due to nano-Cr precipitation (Table 10). At 25°C, whatever the sample orientation, thermal conductivity of GA-B2 samples is slightly higher than for EIGA-B2; as the difference in porosity is only 0.2% (Table 2), it may be due to the difference in impurities such as N, O and P (Table 6).
Thermal conductivity of SA+AH and DAH samples decreases when samples are heated up. Our results are higher than the ones from [3].
The highest electrical conductivities in AB and HT state are obtained with EIGA-B1 (Table 11). No difference is observed between EIGA-B2 and GA-B2. Electrical conductivity highly increased by the SA+AH treatment, which is explained by the higher conductivity of the Cu matrix once the Cr precipitates formed. Values are higher than the values published by [5]. A higher conductivity is observed for samples built vertically, which is explained by the elongated grain along BD. There is no significant effect of 1-year storage of EIGA-B2 powder.
Table 9: Thermal conductivity of as-built samples

Table 10: Thermal conductivity of HT samples
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Table 11: Electrical conductivity of as-build and heat-treated samples
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Conclusion

The EIGA and GA as-received powders show high difference of optical reflectivity and flowability. This is explained mainly by the moisture content, which affects the surface particle properties. However, microstructural observation at SEM scale did not reveal major difference; EIGA and GA samples present a similar duplex microstructure. Both in as-built state and in solution annealed & aged state, the highest tensile, electrical and thermal properties were obtained with EIGA-B1 powder, whereas it Cr and Zr contents were the lowest. The higher power used may create a different thermal history, which in turns could have an impact on the sub-micrometer microstructure (dislocations density, solidification cells size) and thus on their contribution to YS & UTS. Regarding the difference in elongation, it can be explained by the higher relative density of EIGA-B1 samples. This higher density may have two causes: i) the higher tap density of this powder gives a higher powder bed density which, in turns, lead to less defective parts; ii) the lower Volumetric Energy Density would lead to less spatters and thus less defects in the LPBF parts. This would require further research for clarification.
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