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ARTICLE INFO ABSTRACT

Keywords: Additive manufacturing now enables the processing of high-strength Al 7xxx alloys through laser powder
L-PBF bed fusion (L-PBF). This work investigates the tensile behavior of an Al 7075 + 1.8%wt Zr alloy at room
Al 7xxx

temperature and 77 K, addressing its potential for cryogenic applications. As-built specimens show moderate
strength but maintain high ductility at both temperatures, whereas an optimized thermal treatment markedly
improves strength, reaching a yield stress 680 MPa at 77 K, comparable to wrought Al 7075-T6. Modeling
of thermally activated strengthening mechanisms provides results consistent with experimental findings,
supporting the interpretation of strengthening contributions. Postmortem analysis confirms ductile fracture
mode in all samples, with temperature and thermal treatment exerting limited influence on failure mechanisms.
These results highlight the potential of L-PBF-processed Al 7xxx alloys for demanding structural applications
requiring high strength at cryogenic temperature.

Cryogenic temperature tensile testing

1. Introduction temperature is critical. However, the cryogenic deformation behavior
of aged 7xxx alloys remains complex and poorly understood. Literature

Aerospace components face extreme space environments — low tem- reports conflicting trends: some studies show reduced ductility at 77 K,
peratures, thermal cycling, and vacuum - demanding high-performance while others observe improved elongation or non-monotonic temper-
materials for structural integrity and reliability. To cut mission costs ature effects [17,21,22]. These inconsistencies arise from variations in
and environmental impact, lightweighting is essential. The develop- initial temper conditions, particularly between naturally and peak-aged
ment of additive manufacturing (AM) technologies has enabled engi- states. At low temperatures, three key mechanisms enhance ductility:
neers to create more efficient, lightweight structures that were previ- suppression of the Portevin-Le Chatelier effect due to reduced solute

ously impossible or impractical to manufacture using traditional meth-
ods. AM allows for complex geometries and topology optimization,
leading to further weight reduction and improved performance while
maintaining the necessary strength and durability for space missions
[1-4].

Additively manufactured materials exhibit unique microstructures
and properties compared to conventional materials [5]. For space appli-
cations, characterizing these properties under operational conditions is
critical. Recent studies have begun exploring low-temperature behavior
in L-PBF materials, including steels [6], high-entropy alloys [7-9],
titanium alloys [10,11] and aluminum alloys [12,13].

The 7xxx series of high-strength aluminum alloys is widely used

atom mobility [23,24], activation of multiple slip systems improving
deformation homogeneity [25] and enhanced work hardening through
uniform dislocation cell structures [26-28].

Despite these advances, conventional wrought Al 7075 remains
challenging to process via L-PBF due to hot cracking [29]. Recent ad-
vances demonstrate that eutectic-promoting elements (e.g., Si [30,31])
or grain refiners (AITiB [32], TiC [33], Zr/Sc [34-39]) can mitigate this
issue. For instance, A1ZnMgCu + TiC + TiH2 leads to ultimate tensile
stress (UTS) of 600 MPa at room temperature in T6-state [40] (550-650
MPa for conventional Al 7075-T6 [15,41,42]). AlZnMgCu + Sc + Zr
leads to even higher UTS (near 650 MPa) after solution treatment and

. , . .
in aerospace due to its excellent mechanical properties in harsh envi- aging [39], ‘thanks to’Al3 (Se,Zr,_,) and # nano—prec1p1tates'. ‘A"S Sc is
ronments [14-20]. For example, Al 7075 in the T6 state can achieve rare and quite expensive, Nothomb and al. [43,44] focus their interest
a yield stress of 600 MPa at 77 K [19], making it particularly at- on the L-PBF-processed Al 7075 + 1.8% Zr. After optimizing the pro-
tractive for applications where the density-to-yield-stress ratio at low cessing parameters to process this alloy, they proposed a heat treatment
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Table 1
ICP analysis of the used powder, reference wrought Al 7075 and L-PBF-
processed samples (in %wt).

Al Cr Cu Fe Mg Si Zn Zr
Wrought Al 7075 bal. 0.18 1.51 0.08 255 0.04 593 -

Powder mix bal. 0.22 156 0.08 248 0.02 536 1.86
L-PBF processed samples bal. 0.22 1.52 0.08 173 0.03 3.27 1.84

leading to promising static mechanical properties at room temperature
(UTS 540 MPa). However, cryogenic performance of these L-PBF alloys
remains unexplored, despite their distinct microstructures (e.g., fine
grains, metastable phases) compared to wrought counterparts. This
study addresses this gap by evaluating the low-temperature mechan-
ical behavior of L-PBF-processed Al 7075 + 1.8% Zr, a cost-effective
alternative to Sc-modified alloys [39,43-45].

2. Materials and methods
2.1. L-PBF process

The Al 7075 + 1.8%wt Zr powder used in this work is identical
to the one developed by [44,46]. The L-PBF process utilized a ProX®
DMP 200 equipment (3D Systems Inc., USA), with a laser operating at
a wavelength of 1075 nm, a 70 pm spot size and a maximum power of
273 W. Samples were manufactured on a non-heated AISMg build plate,
measuring 141 mm X 141 mm x 25 mm. All samples were processed
using the pre-sintering strategy proposed by [44,46], optimized for this
powder. Plate-like samples of dimensions 70 mm x 30 mm X 1.5 mm
were processed under argon gas keeping the chamber below 500 ppm
of O,, using a laser power of 164 W, a scanning speed of 400 mm/s, a
hatching space of 50 pm and a layer thickness of 30 pm. The scanning
pattern is composed of 5000 pm side regular hexagon with 100 pm
overlapping between adjacent hexagons.

After L-PBF, the plates underwent thermal treatment in a Muffle
furnace Nabertherm 1100°C. Heat treatments (HT) at 425°C for 1 h
followed by water quenching and natural aging (NA) were applied [43,
44]. No artificial aging was performed because it produces only a small
amount of hardening precipitates in that alloy [44]. Samples were
polished to reduce roughness caused by printing. A wrought sheet of
Al 7075 in the T6 state was machined to produce comparison samples.
Some samples, named T4, were thermally treated at 470°C for 1 h
followed by water quenching and natural aging. Heat treatment at
470°C for 1 h of the L-PBF processed samples was also performed but is
not the main focus of the present manuscript. The corresponding results
can be found in the Supplementary IIL

ICP-OES analyses were performed on the powder, L-PBF-processed
samples and reference material using an Agilent Technologies 5100
ICP-OES equipment. The chemical composition obtained from these
analyses is provided in Table 1. Clear evaporation of Zn and Mg is
generated by L-PBF processing, as discussed by [43,44,46].

2.2. Characterization techniques

Tensile tests were carried out on a Zwick Roell Z50 device at
1 mm/min, at both RT and 77K [47,48]. An MTS axial extensometer
with a gauge length of 18.8 mm was used. The setup was immersed
in a liquid nitrogen bath for at least 10 min before testing inside the
bath. No temperature variation were observed during the tests. Details
of the setup may be found in Supplementary SI. The tensile tests were
performed with the loading axis perpendicular to the build direction.
The initial cross-sectional area .S, of each sample was measured using
an Abbe Comparator Model B. The final cross-sectional area S, was
measured optically using a Keyence VHX-7000 optical microscope and
analyzed with PlotDigitizer [49]. The yield stress o,, the ultimate
tensile stress oy;g and the ultimate uniform deformation e, were
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extracted from the true stress-true strain curves. The fracture strain ¢,
was determined post-mortem and calculated as [50]:

q:ln(j—j) (€8]

To balance L-PBF-processed sample availability with statistical rigor,
the testing protocol was structured as follows. Room-temperature ten-
sile tests included only one confirmation test per condition (AB, heat-
treated), as existing RT data for this alloy [44] provided a reference
baseline and sample resources were prioritized for cryogenic evaluation
where variability was anticipated. Cryogenic (77K) tests, by contrast,
involved multiple specimens (at least 4) per condition to ensure robust
statistical analysis.

To further verify the homogeneity of mechanical properties in
L-PBF-processed samples, Vickers hardness measurements were per-
formed using a DuraScan G5 indentor (EmcoTest, Austria). To achieve
the most consistent maximum depth possible, HV0.2 or HV0.1 were
applied depending on the samples. Using a dwell time of 10 s, 50
indents per sample were conducted on four samples from each series
for statistical accuracy.

To analyze the microstructure, the samples were mechanically pol-
ished to a mirror finish before finished with OPS. The microstructure
was characterized using backscattered electron detector in a scanning
electron microscope FEG-SEM Ultra55 (Zeiss). Energy-dispersive X-ray
spectroscopy (EDX) analysis was performed using a Brucker XFlash
5010 detector. 10h-maps as well as point spectrum were acquired to
identify precipitates. Electron Back-Scattering Diffraction (EBSD) was
used for further analyze of the microstructures of as-built (AB) and
HT 1 h 425°C + NA samples. Post-processing of the obtained data
was performed using the MTEX MATLAB Toolbox [51]. To categorize
grains, they are approximated to ellipse with L the long and w the small
axis. The aspect ratio AR is then defined as AR = L/w. To estimate
their diameter ¢, they are assumed to be spherical so ¢ = 24/A/x.
Grains are categorized into fine equiaxial grains (diameter ¢ < 2 pm),
columnar grains (aspect ratio AR > 3 and diameter ¢ > 2pm) and
medium equiaxial grains (aspect ratio AR < 3 and diameter ¢ > 2 um).

X-ray tomography analysis was performed on an EasyTom XL sys-
tem to quantify defects and porosity levels in samples extracted from
the grip sections of the as-built and heat-treated tensile test speci-
mens, ensuring identical processing history for direct comparability.
The resulting images had an isotropic voxel size of 1 ym?. For each
condition, four samples were analyzed using the same measurement
volume to ensure consistency. Porosity analysis was conducted with
Fiji [52] and Avizo software, where the equivalent diameter of pores
was calculated from their detected volumes under the assumption of
spherical morphology.

3. Results
3.1. Tensile tests

True stress—true strain curves at RT and 77K are plotted in Fig.
1, with the corresponding engineering stress—strain curves provided
as Supplementary SIII. A summary of all tensile results is provided
in Table 2. As expected from the results of [44], the AB sample
shows lower mechanical properties (yield stress and ultimate tensile
stress) at RT compared to wrought Al 7075 in the T6 state. However,
thermal treatments improve the yield and ultimate tensile stress levels
of the L-PBF processed material, surpassing those of the wrought T4
samples and approaching those of the wrought T6 alloy. Despite this
improvement, L-PBF-processed samples exhibit reduced ductility at RT
compared to the wrought Al 7075. Heat treatments do not significantly
affect the ductility of these samples. In the L-PBF samples, a Liiders
plateau is observed after the yield stress is reached, as in [43,44]. A
strong Portevin-Le Chatelier (PLC) effect is observed in the AB state
but disappears after heat treatment [43,44,53].
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Fig. 1. True stress versus true strain curves for the Al 7075 + 1.8%wt Zr alloy tested at RT (a) and 77K (c) are shown. (b) and (d) present the corresponding
hardening rate (mean value on 400 data points). AB samples exhibit relatively low stress values for a high-strength aluminum alloy while heat treated ones show
promising properties. After Liiders plateau, the hardening rate of the AB sample is similar to the one of sample in T4 state and 1 h 425°C + NA has an hardening
rate following the one of the T6 state. The low ductility of heat-treated samples at 77K complicates the analysis.

Table 2
Tensile results obtained at RT and 77K for Al 7075 + 1.8%wt Zr samples subjected to various thermal treatments.
Condition o, (MPa) oyrs (MPa) e, (%) e (%)
77K RT 77K RT 77K RT 77K RT
Al 7075-T6 [41,42] - ~ 550 - 550 — 650 - ~ 10 - -
Al 7075-T6 [19] 600 523 660 570 7.3 12 7.3 15.2
Scalmalloy [12] 545 384 583 404 3 9 - -
Al 7075-T6 666 + 4 558 + 6 764 + 11 696 + 7 5.0 £ 0.8 13.2 £ 0.5 7.9 £ 0.7 22.1 + 8.2
Al 7075-T4 499 + 9 369 + 8 653 + 48 671 + 12 6.9 + 2.8 17.4 £ 0.6 13.7 £ 1.2 34.8 + 4.0
AB 480 + 25 423 589 + 10 519 10.0 + 2.2 10.7 14.2 + 2.7 15.4
HT 470°C 1 h + NA 634 + 39 538 706 + 48 582 7.2+ 17 7.9 9.6 + 2.2 16
HT 1 h 425°C + NA 680 + 14 535 719 + 28 633 42 +19 9.4 58 + 1.6 17.9

At 77K, the AB samples show low stress levels compared to the
wrought alloy but maintain similar ductility compared to the RT sam-
ple. Cryogenic temperatures reduce the ductility of heat treated samples
while increasing their yield stress. The HT 1 h 425°C + NA condition
achieves yield stress comparable to the reference wrought T6 material
but still exhibits lower ductility. Significant variability in the reached
yield and ultimate stress levels is observed at 77K for the L-PBF
processed samples. The PLC effect observed at RT on the AB sample
has disappeared at 77K. On the contrary, Liiders plateau seems more

pronounced compared to RT in this state (Supplementary III). For the
heat treated sample, Liiders plateau decreases with temperature.

Rate hardening are calculated for the different samples at both RT
and 77K (see Fig. 1b and d). The data for the L-PBF-manufactured
samples are highly noisy due to the Liiders plateau and the PLC effect.
A moving average (over 400 points) was therefore applied before
calculating the strain hardening rate. As expected, the T4 state presents
a higher rate compared to the one of the T6 state. After the end of
Liiders plateau (up to 3 to 5% deformation), the AB state samples have



G. Tiphéne et al.

Al3ZT

O Zr particles

O MgCu-rich
precipitates

O MgCuZn-rich
precipitates

MgCuFe-rich

network

=== Melt pool my

Materials Science & Engineering A 966 (2026) 150364

18D

i tensvi/eA ;

Fig. 2. SEM observation of the microstructure of (a) AB and (c) HT 1 h 425°C + NA. EBSD maps for (b) AB and (d) HT 1 h 425°C + NA. Porosity is shown in
black and precipitates in white (a and c). EDX maps of (e) AB and (f) HT 1 h 425°C + NA (X-ray emission lines: Cu Ka, Cr Ka, Mg Ka, Zn Ka, Zr Ka). In the
AB state, Zr-based precipitates, likely Al;Zr are observed. Mg, Cu and Zn appear heterogeneously distributed, mainly in the fine-grain zone and the precipitate
network at the grain boundaries appears rich in Cu, Mg and Zn. In the heat-treated state, Zn precipitates seem to have dissolved. Cu-Mg-based precipitates are
visible in the large-grain zones, while Zr precipitates are detected in the small equiaxed grain zones [44]. These distributions are consistent with TEM observations
in [44]. Semi-quantitative identification of precipitates may be found in Supplementary V. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

an hardening rate similar to the T4 samples. At the opposite, the 1 h
425°C + NA sample seems to follow the trend of the T6 samples. There
is no clear effect of the temperature on the hardening rate.

Young’s modulus values were estimated from those tensile curve. It
gives 68 + 1 GPa at RT and 74 + 8 GPa at 77K for the L-PBF processed
samples, matching pure aluminum expectations (70GPa at RT and
78 GPa at 77K) [54].

3.2. Microstructure

Fig. 2 presents the microstructure of AB and HT 1 h 425°C + NA
samples. In the AB state (Fig. 2a. and b.), melt-pools with elongated
grains at the center and equiaxed grains at the border are visible. Large
Zr particles and rounded pores are observed. A continuous network of

precipitates is detected along the grain boundaries (Fig. 2a., highlighted
in gold in the sub-figure). Submicron precipitates were observed (Sky
blue), as well as square-like precipitates (yellow), likely Al;Zr [43,44].
No non-spherical pores were detected, contrary to previous reports on
this material [44,46].

Heat-treated samples (Fig. 2c. and d.) retain the bimodal distri-
bution while showing reduced porosity. Thermal treatment dissolved
the continuous precipitate network. Micron-size precipitates are now
detected (Fig. 2c., highlighted in purple).

EDX maps (Fig. 2e. and f.) and semi-quantitative analysis (Sup-
plementary V) allows identification of micron-size precipitates. The
small square-shaped precipitates were identified as Zr-based ones,
likely Al;Zr grain refiners [37,44,56]. In the AB state, MgCuFe-rich
and MgCuFeZn-rich precipitates were detected, while in HT samples,
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Fig. 3. Porosity distribution in log scale as a function of equivalent diameter in the AB and HT 1 h 425°C + NA states, from the X-ray tomography data analysis.
For statistics, 4 samples were analyzed for each condition (Supplementary II). A reduction of porosity is resulting from the thermal treatment [55]. Since not all
four analyzed samples present large pores (d > 60 pm), the standard deviations obtained are significant.

Table 3
EBSD analysis and tomography results of the AB and HT 1 h 425°C + NA
samples.

AB HT 1 h 425°C + NA

Porosity fraction

0.7% 0.1%
voxel size = 1 pm? ° 0

Fine grains

¢ <2pm ¢eq =0.7£0.4pm

¢og =1.0£04pm

Medium grains

¢ >2pm
AR <3

ey =2.6£0.7pm

oy =2.6+0.7pm

Columnar grains

L=51+15um

L=6.1+24pum

¢ >2pm w=14+02pm w=17+0.6ppm
AR>3 $eg =27+05um eg =32+ L.1pm
Fine grains area fraction (%) 71 69

Medium grains area fraction (%) 27 27

Columnar grains area fraction (%) 2 4

MgCuFe-rich and MgCu-rich precipitates were found [44]. Zn is ex-
pected to be in solid solution after the heat treatment [44].

Using EBSD analysis (Fig. 2b. and d.), grains were categorized into
fine grains, columnar grains and medium grains, as described in [44].
The results are presented in Table 3. Grain sizes match previous reports,
with some variation in medium and large grain fraction [44].

Porosity detection was conducted using X-ray tomography. Mean
porosity distributions across diameter ranges (log scale) are compared
in Fig. 3, while individual results are provided in Supplementary SII.
A clear decrease in porosity content with increasing pore diameter is
observed for all conditions. Furthermore, the heat treatment reduces
porosity levels compared to the AB state. This likely improving me-
chanical properties by minimizing stress concentration zones associated
with pores [55]. Since there are fewer than one pore with a diameter
greater than 60 um per mm?, their presence is likely attributable to
sample processing.

4. Discussion
4.1. Stress dispersion in tensile tests
Fig. 1 shows notable variability in 77K stress levels among L-PBF

samples. To distinguish setup from sample effects on this variability,
three K-type thermocouples where added to the setup and confirmed

Table 4

Vickers hardness and the corresponding representative stress ¢, [57], measured
at RT, for A1 7075 + 1.8%wt Zr and Al 7075 in T6 state samples. In all cases, ¢,
is calculated to be 9.1-9.4% of deformation, as expected for Vickers hardness
[57].

Sample Al 7075 - T6 AB HT 1 h 425°C + NA

HV0.2 o, (MPa) HVO0.1 6, (MPa) HV0.2 o, (MPa)
1 17542 680+8 116+7 437 +25 160+6 617 + 22
2 178 +2 690 +9 120 +10 454 =37 162 +7 624 + 25
3 178 +2 692+8 127 +9 483+33 159+6 613 + 21
4 178 +3 693 +11 125+7 472 +25 157 =14 602 = 50

Mean value 177 +1 688 +5 122+4 460+25 159 +2 614 +8

stable 77K conditions within 2 min. Vickers hardness (RT) was mea-
sured on four samples per condition to assess heterogeneity (results
in Table 4). Assuming material homogeneity under the indents, rep-
resentative stress o, and strain ¢, can be derived from Vickers hardness
measurements using Young’s modulus E [57]:

&5 cot(6)
o, =
goot(0) —(1-&)H/E

6 =(1— gz)g—bj +& cot(0) 3)

(2

with H the hardness of the sample, 6 the conical equivalent angle
of the indenter [57] and &, & and &; constants depending on the
indenter angle [57]. This analysis determines the point (¢,, c,) on the
stress—strain curve, with ¢, ~ 8 — 10% for a Vickers indenter [57].
L-PBF samples show significant hardness variability compared to
wrought Al 7075-T6 (Table 4). Representative stress matches RT val-
ues at 9% deformation, with 10-20 MPa dispersion, reflecting the
77K stress variability. Representative stress orders of magnitude align
with ultimate tensile stress. This consistency suggests the observed
stress—strain variability is intrinsic to the samples. Aluminum’s thermal
sensitivity in L-PBF suggests printing position on the platform as well
as samples’ geometry may drive these variations [58-62]. This effect
also accounts for the microstructural (Fig. 2) and hardness differences
(Table 4) as well as absence of lack-of-fusion pores, compared to [44].
Here, the sample geometry (walls versus cubes) increases the process-
ing temperature compared to [44], reducing thermal gradients which
promote the formation of Al;Zr and the growth of equiaxed grains [63,
64] and modifies the microstructure and mechanical properties.
Sample heterogeneity likely stems from microstructural variability;
indents (10 pm depth, ~ 100 um tested radius [65]) exceed individual
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grain size. Results reflect mixed fine/coarse-grained regions with un-
even porosity. Since porosity lowers hardness and is heterogeneously
distributed, hardness and stress vary significantly across indentations
on the same sample.

4.2. Strengthening mechanisms at low temperature

For this alloy, following the work of Nothomb et al. [44], o, may
be decomposed in :

0y(T) = 6 4,;(T) + 665(T) + 655(T) + 655(T) + 6ps(T) “

with 6., 6Gp, Ops, 055 and opg the contribution of the lattice friction,
the grain boundaries, the back-stresses, the solution strengthening and
the precipitates strengthening, respectively. The porosity level mea-
sured here is low, so no impact of pores on the yield stress is expected.
As the microstructure is heterogeneous, a mixture law is applied on
each term, as in [44]:

_ fine
O—mechanism(T) - ffineamechunism( )
medium columna
+ fmediumo-mechanism(T) + fCDI“m"WGme:Imni;m(T) (5)

where mechanism correspond to the strengthening mechanisms consid-
ered here, the grain fractions f are determined from the EBSD maps
(Table 3).

To account for temperature effects, each contribution’s temperature
dependence is modeled. The temperature-dependent yield stress is
given by [66-68]:

0,(T) = o*(T) + ¢""(T)) (6)

where o* represents athermal stresses (long-range obstacles) and o'"
thermal stresses (short-range obstacles). Thermal stresses decrease sig-
nificantly with increasing temperature, while athermal stresses remain
relatively constant.

Back stress and grain boundary contributions (Eq. (4)) are ather-
mal [69], depending on long-range obstacles; other mechanisms are
thermally activated [68,70-81]. Based on the model proposed by [44],
the athermal stresses o, and op¢ are expressed as:

ogp(T) = k(T)\/g )

with b the Burger’s vector, d the grain diameter and k(T') = Bu(T). f is
calculated at RT knowing k at this temperature and the shear modulus
u [44].

0ps(T) = Mn(T) > ®)

with M the average matrix orientation factor of aluminum and » the
number of dislocations in a pile-up (Table 5). As these two mech-
anisms are inversely proportional to grain size, they are expected
to have a greater impact on strengthening in the AB samples com-
pared to the 1 h 425°C + NA heat-treated samples. Moreover, for
a given thermal treatment, since the shear modulus increases with
decreasing temperature [54], this effect will also be enhanced at lower
temperatures.

On the other hand, thermal stresses contribution may be expressed
as [66-68]:

n

n
T
sy =Y 6,(T) = s~é,TLa- 9
(1) Zl‘,,w Zl‘,x VT =0k ©)
with ¢;, the mechanical threshold stress of the thermally activated
strengthening mechanism i. o;, can be seen as the stress to overcome
the obstacle without thermal assistance i.e. at 0 K. s; is the thermal
activation term of strengthening mechanism i [67]:

N\ 1/pi
kT g 1/4;
si(é,T):<l—[ Bb310g<6—(_)'>] ) (10)
8oiM 3
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Table 5
Parameters to compute strengthening contribution variations in temperature.
Symbol Value Unit References Remarks
v 0.33 - [37,39,44,82,83] Constant in T
68 GPa This work RT
E 74 GPa This work 77 K
78.1 GPa [54] 0K
u e GPa [84]
p 0.39 Calculated from k(RT) [44] Constant in T
b 0.286 nm [37,39,44] Constant in T
M 3.06 - [37,39,44] Constant in T
n 3 - [44,85] Constant in T
O friction 20 MPa [39,44,86,871 RT
4 0 ° [79] Constant in T
Mrayior 3 - [75]
Table 6

Model parameters to compute the thermal activation term of strengthening
mechanism i.

Mechanism £ p q £ (/9) Parameters from
Lattice friction 0.65 1/2 3/2 le7 [67,88]

PS - Shear 1.57 2/3 1 le7 [67,80]

PS - Orowan loops Eq. (11) 1 3/2 1le7 [67,79,80]
Solution strengthening 80 (Coorure) 1 3/2 le4 [72,73]

Table 7

Parameters to compute 73" and AE,, knowing the solute atomic concentra-
tion c.

Source: From [73].

Solute rf[;fluw /3 A E;olule /cl3 (eV)
Cr 705 6.65
Cu 348 4.10
Fe 1072 8.20
Mg 342 4.06

With & the Boltzmann’s constant, 7' the temperature and ¢ the strain
rate, taken at 1072/s here. The normalized activation energy g, the
strain rate &g, p; and g¢; are characteristic parameters, related to the
strengthening mechanism (Table 6). For all these mechanisms, increas-
ing the test temperature provides more thermal energy to overcome the
corresponding obstacle. Since the total energy required to overcome the
obstacle is assumed to remain constant, the energy contribution from
the applied stress decreases as the test temperature rises.

Where literature values for o; exist (only for solution strength-
ening [72,731), 6,(T) was calculated at both RT and 77K. For other
mechanisms, ¢;(RT) was determined as per [44] before identifying o).

For Orowan precipitation strengthening, g)o,,.w.n iS defined as [79,
80]:

2RL ) 1 —vcos?y

2R+ L/ 2x(1 — nu) an

800rauwan = 1022R) log(L) log
with R the precipitate radius, y the angle between dislocations and the
Burgers vector. The impact of y value was calculated and is negligible
in the present case.

- Y A
L—2R<‘ 7 1) (12)

with ¢ the precipitates volume fraction.

Temperature-dependent solid solution strengthening was modeled
using Leyson et al.’s approach [72,73], which builds on Follansbee
et al’s framework [67,68]. They provide 73/“* and AE, = goub* as
functions of solute concentration (Table 7). In the present analysis, the
used atomic concentration may be found in Table 8.

solute __ solute
O-,‘() - MTaylor T,‘() (1 3)
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Solute concentration in matrix considered in the model for AB and HT 1 h 425°C. Mean values are taken from EDX analysis, see

Supplementary V.

Cr (%at) Cu (%at) Fe (%at) Mg (%at) Zn (%at) Zr (%at)
AB 0.12 + 0.02 0.67 + 0.04 0.04 + 0.02 2.28 + 0.16 1.02 + 0.04 0.45 + 0.03
HT 1 h 425°C - 0.7 + 0.04 - - 1.1 + 0.04 -
A7075 - T6 0.08 + 0.02 0.54 + 0.03 0.02 + 0.01 3.52 + 0.09 0.05 + 0.01 2.09 + 0.04
800
Lattice friction
Hall-Petch Exp. 680 + 14 MPa
700 ™™= Back stress Model. 667 = 44 MPa
Emm Solid solution
Al3Zr precipitates
HEEm Al;gMgsCr; dispersoids I
6001 wmm Additional contributions Exp. 535 + 14 MPa
Model. 541 + 29 MPa
= Exp. 480 + 25MPa T
< 5004 Model. 470 = 70 MPa T
g Exp. 423 * 25 MPa
g Model. 357 * 54 MPa
[
2 400+
& | e o8 20 |
£ il
o
& 300 o4
]
58
200 + I I
I
100 A
I I
0

T T
AB - RT AB - 77K

T T
1h 425°C + NA - RT 1h 425°C + NA - 77K

Fig. 4. Comparison of strengthening mechanism contributions at RT and 77K, computed for AB and HT 1 h 425°C + NA.

Ma et al.’s analysis [75] gives rig” and AEbZ" thermal dependence.

For Zr-lacking data, we assumed: rig’/c(Zr)z/3 = rl.%“/c(Cu)z/3 and
AEZ" [e(Zr)'? = AES" [e(Cu)'/3.

While micron/sub-micron Al;Zr precipitates (visible in Fig. 2) act as
inoculants for grain refinement during solidification, they are expected
to contribute minimally to hardening due to their size and spacing.
The model specifically targets nanometer-scale precipitates, which are
the primary drivers of shear strengthening or Orowan strengthening.
Secondary precipitates (Al;Zr, AIMgCr) form during high-temperature
heat treatment [44]. We assume that these secondary precipitates are
not yet formed in the AB state, so nanoscale precipitate strengthening
was not considered in this case.

HT 1 h 425°C + NA samples were heat-treated at high temperature,
identically to the HT 1 h 425°C + AA samples in [44]. Nothomb
et al. [44] clearly highlight that artificial aging does not lead to the
formation of » and ' due to Mg/Zn depletion related to L-PBF pro-
cessing. Moreover, AA at 120°C does not alter the Zr-based (Al;Zr) or
AlMgCr precipitate populations, which remain stable [89-93]. Thus, we
use the same Al;Zr and AIMgCr precipitate distributions and radii for
the HT 1 h 425°C + NA samples. Those precipitate characteristics were
identified by TEM in [44] and are shown in Supplementary VII. For
Al;Zr, the contribution are split between fine grain zone (R = 1.3 nm,
¢ = 0.65%) and coarse (medium and columnar) grain zone (R = 1.7 nm,
¢ = 1.24%). For the AIMgCr precipitates, R = 33 nm and ¢ = 1.4%. As
in [44], only Cu and Zn contribute to solution strengthening; their solid-
solution proportions are estimated from EDX maps (Supplementary V)
and TEM analysis [44].

Fig. 4 details the contributions of each mechanism at RT and 77K
for both AB and HT 1 h 425°C + NA samples. The predicted increase in
yield stress with decreasing temperature matches experimental obser-
vations. The obtained values are reasonably good for the heat-treated
sample (less than 2% differences between the model and the experi-
ment at both RT and 77 K) but more detailed analysis is required for

the AB sample (15% difference at RT). For the heat-treated sample,
the Al;Zr precipitates provide the main strengthening contributions, at
both tested temperatures.

The Hall-Petch effect and back-stress strengthening are more pro-
nounced in the AB samples than in the heat-treated ones. This is
consistent, as both phenomena depend directly on grain size and the AB
samples exhibit smaller grains compared to the heat-treated samples.

For solid solution strengthening and precipitation strengthening,
these mechanisms depend on the element distribution, which is con-
trolled by the processing steps and heat treatment. Under the given
hypotheses, it is consistent that solid solution strengthening is more
significant in the AB samples than in the heat-treated ones.

As observed in the heat-treated sample, the thermal activation of
solid solution strengthening and precipitation strengthening differs due
to their distinct activation energies. Based on this effect and the results
from the AB samples, it is highly probable that some atoms assumed to
be in solid solution in AB instead form nanoscale hardening precipitates
in those samples. It is expected to better explain the AB behavior. How-
ever, a more complex quantification would be required to investigate
this further. Since the mechanical properties of this sample are not the
primary focus of this article, it will not be here explored in greater
depth.

Finally, the ICP analysis (Table 1) shows that the Mg and Zn
content of the L-PBF-processed samples decreased due to evaporation
during fabrication. This reduction in both elements likely impacted the
solution strengthening effect. For comparison, when compensating for
this evaporation and applying an optimized heat treatment [94], Al
7075 + 1.5% Zr can reach a hardness of 220 HV, significantly higher
than the values obtained here with our optimized treatment or those of
wrought Al 7075-T6.

4.3. PLC and Liiders’s plateau

As explained in [44,53], the PLC effect arises from interactions
between mobile dislocations and solute atoms. The high cooling rate
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Small precipitates Crack Zr particles

Fig. 5. Fracture surfaces after tensile testing at room temperature (left) and 77K (right), observed by SEM (secondary electrons). In all cases, large fractured
particles as well as dimples and porosity are visible beneath the fracture surface. All specimens present a ductile fracture.

of the L-PBF process traps a high amount of solute atoms in the AB
samples. Heat treatment at 425°C enables atomic diffusion and thus for-
mation of precipitates, thereby reducing the proportion of these trapped
solute atoms. This mechanism aligns with the observed decrease and
disappearance of the PLC effect in the HT 425°C samples.

With temperature decreasing to 77K, the PLC effect disappears at
lower temperatures — consistent with observations in Al-Mg alloys [19,
23,95,96]. Yu et al. [97] attribute PLC serration disappearance at
lower temperatures to grain size dependence in ultrafine-grained alu-
minum: for a fixed microstructure, the critical grain size for PLC effects
decreases with temperature, explaining their absence at 77 K. Solute
atoms (such as Mg) pin dislocations, intensifying PLC effects [23]. Since
atomic diffusivity in Al decreases at lower temperatures [19,95,98],
fewer atoms migrate to dislocations at 77K, reducing or eliminating
PLC phenomena.

Liiders plateau, observed after yield point, corresponds to the prop-
agation of deformation bands [44]. This effect stems from the hin-
drance of initial dislocation motion by Cottrell atmospheres of solute
atoms. Such behavior occurs in Al-Mg alloys [99-101], high-strength
Al alloys [39,102-104] and low-carbon steels [105-108].

In the present study, Liiders plateau extent increases with decreasing
temperature for the AB samples. Tsuchida et al. observed similar behav-
ior in low-carbon steels [105,109], though no clear explanation exists
for this trend. Such behavior has also been observed with increasing
strain rate testing at RT (for low strain rate ¢ < 103) before reaching
a saturation plateau [109]. Such behavior reminds the equivalence
between time and temperature observed for creep for instance [110],
but a more detailed analysis is beyond the scope of this paper.

HT reduces porosity in L-PBF samples (Figs. 2 and 3), consistent
with Luo et al. [55]. Such effect is likely healing of the samples, due
to Mg diffusion [111-113]. This porosity healing may also enhance
ductility after HT.

4.4. Fracture mechanisms

Fracture surface analysis (Supplementary SIV) reveals deformation
mechanisms: at RT, fracture occurs at 45° to the tensile direction, indi-
cating void-sheet mechanism, while at 77 K, it is perpendicular (internal
necking) [114,115]. Regardless of temperature, fracture surfaces show
fractured Zr particles, pores and dimples (Fig. 5), with small precipi-
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<< Broken Zr particles

Coalescence of pores

=< Broken 1um-size precipitates
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77K

=< Cracks

<< AlgZr precipitates

Fig. 6. Fracture surfaces observed after tensile testing at RT (left) and 77K (right). In all cases, large fractured particles are visible beneath the fracture surface.
All main images share the same scale bar, while the inset scale bar represents 5pm.

tates inside dimples — consistent with Fig. 2. There is no clear effect
of testing temperature nor heat-treatment on the fracture surface. Fig. 6
compares polished samples below the fracture surface after tensile tests
at both temperatures. Fractured Zr particles remain well-bonded to the
Al matrix in all samples. AB samples show cracks initiating near pores,
while thermally treated samples also exhibit cracked small precipitates
near the fracture surface — suggesting higher stress levels, in line with
tensile results. No significant differences in fracture mechanisms are
observed between temperatures or annealing conditions.

Regardless of damage mechanisms, this alloy (Al 7075 + 1.8%wt)
demonstrates superior static properties at both RT and 77 K compared
to L-PBF processed Scalmalloy [12]. The HT 1 h 425°C + NA treatment
achieves a yield stress of 680 MPa at 77K with 5.8% deformation,
outperforming HIP-treated Scalmalloy (545 MPa, 3% deformation). A
careful comparison between these alloys is required, as their defor-
mation mechanisms may differ — particularly due to variations in
thermal treatment and hardening mechanisms. These results highlight
the potential of Al 7075 + 1.8% Zr for low-temperature applications,
though further fatigue analysis at 77K is needed.

5. Conclusions and perspectives

This study has evaluated the mechanical properties of L-PBF Al 7075
+ 1.8 wt% Zr at 77K, yielding the following key insights:

Yield stress increases with decreasing temperature, while fracture
strain decreases.

AB samples exhibit lower tensile properties (25% lower yield and
ultimate tensile stress) compared to wrought Al 7075 (T4/T6).
Post-treatment improves tensile behavior at both RT and 77K,
achieving yield stress comparable to wrought Al 7075-T6 and
surpassing L-PBF Scalmalloy [12].

No significant differences are observed between temperatures or
annealing conditions in fracture mechanisms.

The temperature-dependent strengthening model aligns well with
experimental results and highlight the different thermally-
activated contributions.

To optimize performance, further characterization of printing direction
and surface roughness effects is essential. Additionally, addressing Mg
and Zn depletion-critical for hardening in 7xxx alloys [44], could
enhance stress levels.
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