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This study investigates the precipitation kinetics and resulting effect on microstructure and property of a
family of novel high strength Al-Mn-Cr-Zr alloys designed for powder bed fusion - laser beam process. The
alloys have been shown to be printable without solidification cracking along with high supersaturation of
solutes in as-printed state. Upon direct ageing, two families of precipitates namely Al-Mn and Al-Zr are
observed. Al-Mn containing precipitates, which are observed in as-printed condition as nanometric pre-
cipitates decorating special regions are seen to grow preferentially at grain boundaries, which is followed by
growth in bulk of the sample. A possible explanation is suggested to be a higher diffusivity at grain
boundaries leading to faster growth while depleting solutes around grain boundary region quickly. The Al-
Zr precipitation, which normally follows bulk precipitation is observed to co-precipitate with Al-Mn pre-
cipitates. Optimised heat treatments are seen to achieve peak hardness of 143 HV at 623 K for 24 h and 142
HV at 648 K for 14 h as compared to 102 HV in as-printed condition for one of the alloys. This overall
hardening effect is attributed majorly to AlsZr nanoprecipitates along with semi-coherent Al;;Mn pre-
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1. Introduction

High performance aluminium (Al) alloys are used extensively in
several mass-manufacturing applications in automotive and aero-
space sector. Mostly, aluminium alloys are sought after owing to
their high specific strength and attractive costs, which makes 2xxx,
6xxx and 7xxx series high strength aluminium alloys quite popular.
These alloys gain most of their strength from age-hardening through
tailored heat treatments [1,2]. Their specific strength in peak-aged
condition is equivalent to that of quench and tempered carbon steel.
The disadvantage of such alloys is their relatively lower service
temperatures (<473 K) [2-4]. With the advent of additive manu-
facturing (AM), new possibilities in terms of product design are
made possible due to the layer-by-layer nature of the processing
method. AM enables the possibility to build novel and complex
geometries that cannot be realised with conventional manufacturing
methods [5-7]. Initially used as a technology meant for rapid pro-
totyping, AM is finding its way into serial manufacturing as more
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AM-specific designs are being developed, manufacturing technolo-
gies are becoming cost-efficient, and powder for manufacturing is
becoming affordable. Powder bed fusion - laser beam (PBF-LB) is an
AM technology where a laser beam of small spot size (40-100 pm
diameter) is applied to selectively melt a layer of powdered material
to build three-dimensional objects [5]. This method has been suc-
cessfully used to reach near full densities (>99.5%) and mechanical
properties close or even superior to wrought materials [8-10].

The unique conditions in PBF-LB involving high local cooling
rates constitute possibilities to create novel microstructures with
expected gain in properties. The development of age-hardenable Al
alloys tailored for PBF-LB has proportionally gained interest amongst
researchers during recent years [11-16]. It has hence been demon-
strated that the rapid melting and solidification achieved in PBF-LB
processing allows for high supersaturation of solutes in the metal
matrix beyond what is possible using conventional techniques, thus
making it possible to alloy with a wider range of solutes with in-
creased solubilities[17,18]. However, solidification cracking is still
observed as a major hinderance when trying to qualify novel grades
of Al-alloys. This occurs due to segregation of solutes in the melt and
formation of low melting solutes such as Mg,Si or Al-Fe-Si pre-
cipitates making it difficult to process such alloys [19]. Two effective
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solutions have been shown by researchers. By alloying with Sc/Si or
by addition of TiB,/ ZrH, [11,20,21], researchers have successfully
shown to process these conventional alloys via providing nucleant
phases such as AlsSc/ TiB, which act as a site for heterogenous nu-
cleation of Al-grains, thus avoiding solidification cracking com-
pletely. Such alloys are later age-hardened using a T6-type
conventional heat treatment or direct ageing heat treatment, de-
pendent on the material or desired property [2,22]. A second method
of avoiding cracking is via compositionally crack free materials
[16,23] wherein the choice of solutes is done in a way that there is
low solidification range combined with low amount of segregations
close to solidification. Such a method thus created a family of “in-
herently crack free” materials as shown by the authors previously
with good printability, limited in-process precipitation and tentative
age-hardening response [24]. The family of alloys was Al-Mn-Cr-Zr
based and was shown to contain large amount of solutes in as-
printed condition (about three times the equilibrium solubility).
Furthermore, the choice of solutes was done such that the age-
hardening response should be at relatively higher temperatures
(>573 K) to expect thermal stability from these alloys, up to 523 K.

This study explores the next aspect of alloy design which is
leveraging the high amount of solutes in the matrix to generate
precipitation strengthening in a controlled manner via direct ageing
heat treatments. Different heat treatments between 523 K and 678 K
were tested and the ones with best ageing response were studied in
further detail via advanced characterisation, X-ray diffraction and
microhardness response. This was then studied together with ther-
modynamic simulations to see how well the precipitation behaviour
is captured using simulation software.

2. Materials and methods
2.1. Powder

Pre-alloyed powder of different grades with spherical shape,
fabricated by gas atomization process was provided by Hogands AB,
Sweden in standard particle size distribution of 20-53 nm. Table 1
summarises the chemical compositions of all alloys in as-atomised
and as-printed condition based on ICP-AES values.

2.2. Modelling

All thermodynamic simulations were run using ThermoCalc
2021a software with TCAL7, MOBALS databases or with ThermoCalc
2019a using COST507 database [25]. This open database was used to
assess the models for the precipitating phases, which are not
available in commercial databases. The isothermal precipitation si-
mulations were done with ThermoCalc 2021a software using
PRISMA module. The alloy compositions for the simulation were
assumed as the ones received from ICP-AES values, and it was sup-
posed that all elements are dissolved in solid solution in as-printed
state.

Table 1
Alloy composition for novel Al-Mn-Cr-Zr alloys. All compositions are in wt%.

Condition Alloy name Alloy composition (based on ICP-AES)
As-atomised Alloy A Al 4.7 Mn 0.48 Zr 0.15 Fe 0.16 Si
As-printed Al 4.8 Mn 0.47 Zr 0.16 Fe 0.16 Si
As-atomised Alloy B Al 5.0 Mn 0.8 Cr 0.14 Fe 0.16 Si
As-printed Al 49 Mn 0.8 Cr 0.18 Fe 0.17 Si
As-atomised Alloy C Al 5.0 Mn 0.8 Cr 0.59 Zr 0.16 Fe 0.16 Si

As-printed Al 5.0 Mn 0.8 Cr 0.60 Zr 0.16 Fe 0.17 Si
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Build
direction (Z)

Gas flow (X)

Fig. 1. Cuboidal design showing the cutting planes in red and the notch along to mark
gas flow direction (Front plane: XZ; top plane: XY).

2.3. PBF-LB processing parameters and heat treatment

All alloys were processed in an EOS M100 machine with 40 pm
spot size and 200 W (170 W nominal power) Yb-fiber laser. They
were printed with 170 W power, 0.1 mm hatch distance, 1500 mm/s
scan speed and 0.03 mm layer thickness with scan rotation of 67°
between each layer. All the powder variants were exposed to drying
at 353 K for 4 h before every print. The samples were printed as
8 mm x 8mmx 16 mm cuboids with a notch to mark direction of gas
flow as shown in Fig. 1. After printing, the samples were cut with a
cold saw from the build plate. Each sample which was heat treated
was introduced into a pre-heated resistance furnace with a sec-
ondary thermocouple to verify the temperature close to the sample
and to keep temperature control withinz 2 K, followed by
quenching in water at room temperature (293 K). Heat treatment
temperatures used for this study were between 523 and 678 K.
Table 2 summarises the different heat treatments conducted on all
five alloys.

2.4. Microstructure evaluation and hardness testing

The samples were cut close to the centre of XZ plane at about
3-4mm from centre of top plane as shown in Fig. 1 followed by
mounting in epoxy-based conductive thermoset resin. The samples
were grinded with 200, 500, 800, 1000, 2000, 4000 grit silica foils
followed by polishing with 1 um diamond-based polish and a final
step with OP-S silica suspension from Streurs on a Streurs TegraPol
31 machine. Some samples were etched using standard Keller’s re-
agent for making precipitates or grain contrast visible for light op-
tical microscopy. Light optical microscopy was done on a ZEISS
Axioscope 7 machine with an automated scale enabling the stitching
of images of large cross sections. Microstructural evaluation was also
done using a Zeiss Gemini 450 SEM equipped with field emission
gun source equipped with a six channel back scattered detector.
Imaging was done with back scattered electron (BSE), in-lens and
secondary electron (SE) receivers, depending on contrast and

Table 2
Summary of heat ageing cycles used for all Al-alloys.
Heat Temperature (K) and duration Alloys Number of
treatment (hr) of ageing used samples
1 648 K (0-10 hr), 678 K(0-10 hr) A, B 32
2 523 K (0-24 hr), 573 K (0-10 hr),  C 49

598 K (0-10 hr), 623 K (0-24 hr),
648 K (0-24 hr, 100 hr), 678 K
(0-10 hr)
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resolution required. The SEM is fitted with a Bruker Quantax Flat-
Quad Energy Dispersive X-ray Spectroscopy (EDX) detector, which
enabled elemental mapping of microstructure at sub-micron re-
solutions. For these measurements, low beam voltage of 4 kV with
1 nA of probe current was chosen, in order to detect chemistries at
nominal lateral resolutions as low as 0.15 um. Each feature analysis
scan was conducted at 4096 image resolution and detection limit of
6 pixels, thus detecting sub-micron features with detection limit
kept at 0.15um. The software detects features based on different
filters, in this case grey contrast from BSE detector which was
manually adjusted to remove noise detected as features. In the
feature analysis tool, acquisition mode was kept to 1.5 s of live time.
This time was observed to be optimum to reduce the standard de-
viation of chemical composition for Mn-rich precipitates < 2 wt%
and keep detection time of each scan less than 15 h, depending on
how many precipitates were detected. The feature scanning function
was used in Aztec v5.0 software from Oxford Instruments to detect,
quantify and describe apparent chemistry of the nano-precipitates in
the Zeiss Gemini 450 SEM machine. The foils for scanning-trans-
mission electron microscopy (S-TEM) were prepared by following
standard preparation technique to make a 0.12-0.14 mm foil along
XZ direction followed by punching out 3 mm discs, which were
electropolished with standard Streurs preparation for Al-alloys. The
electropolishing was conducted on a Streurs TenuPol 5 machine with
freshly prepared A2 electrolyte at + 1°C, 35V, 16 flow rate as settings.
After TEM sample preparation, the samples were imaged using
probe-corrected Titan 80-300kV TEM with C2 aperture size of
70um and spot size 6. The X-ray diffraction (XRD) of samples was
conducted at Hégands AB on a finely grinded sample (2000 grit size)
using a Bragg-Brentano HD X-ray machine with a Cu source (Ka =
1.5406 A) with 40 mA and 45KkV as the generator settings, scanned
between 20°- 100° 26 with a step size of 0.007° and scan step time
of 1s. The XRD patterns were analysed using DIFFRAC.SUITE EVA
software from Bruker and the database used for pattern identifica-
tion was PDF-4 +2020 database. The Vickers hardness testing was
done as per ASTM standards E92, E384 on all the samples. This was
conducted using a DuraScan system (from Streurs) keeping a load of
0.3 kg, hold time of 10s and spacing of at least five times the in-
dentation dimensions. 16 points (4 x4 grids) were taken along both
front planes (XZ) and top plane (XY) of each sample and averaged to
get range of hardness for each sample.

3. Results
3.1. Solidification simulations of the alloys in as-printed condition

The equilibrium phase evolution as function of temperature has
been utilized as a tool for identification of possible phases that could
result from PBF-LB processing. It was also used as an indication to
stability of certain phases at higher temperatures, expected to be
found during heat treatments. Example of such predicted phase
evolution is shown in Fig. 2 for Alloy C. The Alloy C constitutes the
most alloyed variant among the alloys tested in this study and
consequently it is also the most important one to consider for the
prediction of phase evolution. The equilibrium calculations shows
that below 670K, AlgMn is stable together with Al;;Mn. This also
suggests that during heat treatment around such temperature after
PBF-LB processing, both these precipitates could form from a su-
persaturated solid, and their possible equilibrium quantities would
be varying significantly depending on small temperature differences.

These calculations are crucial to understand the starting point of
PBF-LB processed materials and what types of phases could form
upon ageing. Additionally, there could be minor elements such as Fe
affecting the stabilities of Al-Mn precipitates which is illustrated in
the supplementary section.
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3.2. Direct ageing response

All the alloys were tested for direct ageing at different tem-
peratures as mentioned in Table 2. This provided a comprehensive
understanding of the hardening behaviour of the alloy systems with
change in composition and temperatures. Alloy C was chosen as the
alloy for several different temperatures between 523K and 678K
and times between 0 and 24 h. As shown in Fig. 3a-b, the hardness
response is quite temperature sensitive close to 670 K (as suggested
before in Fig. 2); increase of only 30 K from 648 K to 678 K changes
the time for ageing response significantly. As seen in Fig. 4, the
hardening response at 648 K reaches up to 142 HV after 14h,
whereas it never crosses 130 HV at 678 K. The effect of combining
Mn, Cr, Zr can be clearly seen by observing the hardening responses
for alloy A (Mn,Zr alloyed), B (Mn,Cr alloyed) and C (Mn,Cr,Zr al-
loyed). It is observed in Fig. 3a) that alloy A and alloy B show 23% and
15% hardness increase respectively after ageing at 648 K, while
having all three elements together in alloy C gives a 34% hardness
increase. A similar effect is also visible when ageing at 678 K, where
over-ageing starts after 6 h for alloys A and C whereas it starts after
2 h in alloy B. Fig. 4 shows that only temperatures > 573 K produce
hardening response in alloy C. Alloy C was also tested for potential
long term microstructural stability by heating at 648 K for 100 h and
resulting hardness of 122 HV was observed (not shown in hardening
curves). This suggests slow loss of hardness over longer time and
possible high temperature stability. Ageing at 623 K and 648 K pro-
duced best hardening responses. At 623 K, it is observed that con-
tinuous hardening response up to 143 HV (40% hardness increase) is
achieved in 24 h. At 648 K, there seems to be a double ageing re-
sponse with an initial hardness increase to 136 HV after 8-10h
followed by secondary peak of 142 HV after 14 h thus showing about
40% hardening compared to the as-printed condition. The hardening
response is attributed to Al-Mn and Al-Zr family of precipitates. This
temperature of 648 K was thus chosen as the temperature of interest
to analyse the microstructure-property correlation in more detail in
forthcoming sections.

3.3. X-ray diffraction

X-ray diffraction (XRD) was conducted on samples from alloy C
aged at 648 K and 678 K for selected times to investigate the changes
in matrix composition on ageing. Estimation of amount (volume
fraction) of precipitates by means of XRD was not pursued owing to
factors such as texture in samples (during PBF-LB processing), low
amount of precipitates (in as-printed condition) and overlap of
minor peaks (particularly for Al;;Mn and AlgMn phases). Fig. 5a)
shows the peak shift observed for the major fcc-Al peak at 20 of
around 45° for alloy C aged at 648K for different times. Fig. 5b)
shows the derived lattice parameter for the peak positions relative to
pure Al It is seen that lattice parameter value nominally equal to
that of pure Al when ageing alloy C at 648 K and 678 K was reached
after 24 h and 8 h respectively. This suggests as expected faster rate
of solutes diffusing out of the matrix at higher temperatures.
Fig. 5¢)-d) presents the calculations using PRISMA module in Ther-
moCalc for the aforementioned temperatures; that about 25 h and
5h are supposed to be needed to reach < 0.5 wt% of total solutes in
the matrix. Consequently, there is a good fit between experimental
observations and theoretical predictions.

Table 3 shows the crystallographic parameters expected for the
phases of concern for the Al-Mn-Cr-Zr alloy family in as-printed and
aged conditions. From Fig. 6a), considering alloy C, from the inset
covering the range 38°-45°, it is observed that minor peaks re-
presenting AlsMn and possibly Al;;Mn/ AlsZr occur in as-printed
state. As seen in Fig. 2, the phase equilibria calculations indicate
AlgMn as a possible phase and its presence is clear. The small peaks
at around 26 of 41.3° may also correspond to Al;;Mn or AlsZr phases.
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700K and < 0.2 mol fraction of precipitates focusing on Al;;Mn and AlgMn precipitates. Calculations done with COST507 database using ThermoCalc2019a [25].
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Fig. 3. Vickers hardness (HVO0.3) test done on all alloys at a) 648 K and b) 678 K [24] between 0 and 10 h. Hardness data is averaged for XZ and XY directions and error bars of one

standard deviation shown.
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523 K <573 K 598 K <623 K <648 K <678 K

Fig. 4. Vickers hardness (HV0.3) test for alloy C done at 523-678 K at times varying
between 0 and 24 h for different temperatures. Hardness data is averaged for XZ and
XY directions and error bars of one standard deviation shown.

However since the volume fractions of the AlsZr phases are sup-
posed to be low, it may not be detected. Furthermore, since the
Al;;Mn and AlgMn peaks are close for the 26 region of interest
(38°-45°), it is hard to establish any direct correlation between
amount of such precipitates. Fig. 6b) shows the peaks observed after
ageing alloy C for 24h at 648K and 678 K. From the inset in the
figure, it appears that the peak intensity for the Al-Mn precipitates is
much stronger than after printing, and so in particular for ageing at
678 K. This suggests that the precipitates in question have increased
in volume and that there is faster growth as the temperature is
raised.

3.4. Optical microscopy

Optical microscopy was done on cross sections of alloy C in as-
printed condition and overaged condition (648 K for 24 h). Etching
was done using Keller’s reagent. Fig. 7a) shows a typical image of as-
printed sample of alloy C showing evidence of local grain refine-
ment, which was observed at few locations only. It can be seen that
there is precipitation at melt pool boundaries, seen as dark contrast.
This is also shown to be the Al-Mn rich precipitates in coming sec-
tions. Fig. 7b) shows the typical appearance of the overaged condi-
tion for alloy C, for which the precipitates formed (Al-Mn base
precipitates) are seen to be clearly decorating the grain boundaries
in the microstructure.

3.5. Electron microscopy and EDX analysis

Electron microscopy was done on as-polished samples using back
scattered detector, to study the compositional contrast between the
precipitates and the matrix. Fig. 8 shows two representative areas
before and after ageing of alloy C. For the as-printed condition
(Fig. 8a)), small precipitates of the order < 100 nm are observed at
grain boundaries and cell boundaries while some precipitates also
occur at melt pool boundaries [24]. After ageing at 648K for 8h
(Fig. 8b)), there is heavy precipitation of several types and size dis-
tributions, with the largest precipitates at grain boundaries. The
grain boundary precipitates show two different contrasts referred to
as “bright particle” and “dark particle”. Based on EDX analysis
(Fig. 8c)), it is suggested that the two different kinds of precipitates
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after heating at 648 K and 678 K c¢)-d) PRISMA calculations for Alloy C simulating the diffusion out of solutes at 648 K and 678 K respectively.

correspond to AlgMn and Al;;Mn stoichiometries respectively. An-
other observation is that the region between these precipitates close
to the grain boundary (marked in orange) was seen to contain only
~1wt% Mn, showing localised depletion of Mn. The EBSD phase
analysis, attached in supplementary data also suggests diffraction
data corresponding to AlgMn and Al;;Mn phases, using crystal-
lographic information defined for the XRD analysis (shown in
Table 3).

3.6. Al-Mn family of precipitates: feature analysis with EDX

Feature analysis was conducted by combining EDX point analysis
and back scatter electron (BSE) imaging. This method enables high
throughput image analysis by detecting precipitates as BSE grey
contrast over a large total field of view stitched as a montage and
then detect the precipitates with EDX point scans, thus opening up
the possibility for quantitative analysis of precipitate sizes and
chemistries in bulk samples, which is not possible with localised
analysis such as TEM. Three scanned areas of 0.23 mm x 0.17 mm

each were investigated for each of the heat-treated condition se-
lected, thus in total ~0.12 mm? was scanned per sample. In this
analysis, the precipitates were then classified based on the amount
of Mn (wt%) detected for three sub-classes:

1. Matrix precipitates (<5wt% Mn): These could be shallow pre-
cipitates that could not be resolved due to depleted Al substrate
below, thus diluting the pickup of Mn. They were used as in-
dicators for precipitations only and not used for chemistry
comparison.

2. Al;,Mn precipitates (5-20 wt% Mn): These are possibly the semi-
coherent Al;;Mn precipitates. Since the matrix is expected to
have 5wt% Mn, a richer composition would indicate Al;;Mn
precipitate. However, small amount of AlsMn could be wrongly
detected as Al;;Mn (if precipitates are relatively small, thus
substrate diluting the chemistry).

3. AlgMn precipitates (>20 wt% Mn): These are expected to be the
incoherent AlgMn precipitates formed on ageing in Mn-con-
taining Al-alloys.

Table 3
Crystallographic parameters for the different phases seen in the alloys.
Phase Crystal class Space group Symbol Lattice parameters (A) Reference
Al Cubic Fm3m A a=4.047 A PDF nr. 0040787
AlgMn Orthorhombic Cmcm * a=755A [26,27]
b=6.50A
c=887A
Al;;Mn Cubic Im3 o a=747A [28]
Al3Zr_L12 Cubic Pm-3 m o a=4.093A PDF nr. 040012612
Al3Zr_D023 Tetragonal [4/mmm [} a=4009A PDF nr. 000481385

c=17281A
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Fig. 7. Etched microstructure of alloy C in a) as-printed and b) overaged at 648 K 24 h condition at low magnifications. Two types of grain morphology regions illustrated in a)
namely 1:refined grain region where grain sizes < 5um and 2: Columnar grain region where larger grains > 50-100 pum as illustrated in the inset of an overaged sample b), 3: grain

boundary precipitates are marked in red and porosity is marked in black.

Fig. 9a-d shows one of the SEM images each (out of three each
used for feature analysis) for alloy C samples before (as-printed
condition; 0 h) and after ageing at 648 K for 8, 14 and 24 h respec-
tively. These images were used for detection of the precipitates for
feature analysis. A clear precipitation at grain boundaries is observed
after initial ageing up to 8 h with mostly matrix precipitates or
Al;;Mn precipitates. After 14 h, AlsMn precipitates can be seen, and
some bulk precipitation has started. On further ageing at 24 h pre-
cipitation mainly occurs in the bulk of the sample (inside grains)
with several precipitates observed at melt pool boundaries. Fig. 8c¢),
and Table 4 summarise the chemistry and morphology data from the
feature analysis. The results are confirmed visually with help of the
feature analysis in Fig. 9c)-d), in which a significantly high number of
precipitates are detected. This observation is also backed up by de-
pletion of grain boundary regions in Mn seen in grain boundary
regions as illustrated in Fig. 8c).

Quantitative analysis of Al;;Mn and AlgMn classes of precipitates
was conducted only in the sample aged at 648 K. The matrix pre-
cipitates were ignored (sub class 1) to avoid possibility of noise
detected as precipitates. It can be seen from Fig. 10 that the relative
increase in amount of precipitates from as-printed (Oh) to 8 h of
ageing (2000 — 29800) is only matched when comparing the
amounts after 14 h and 24 h of ageing (35300 — 62500). Contrary to
these observations, the increase in precipitates from 8 h to 14 h of
ageing is smaller (29800 — 35300). Table 4 provides D50 and D90 (in
um) values for the precipitates shown in Fig. 10. More data can be
found in supplementary section. It can be seen here that both the
number and number fraction of AlgMn precipitates as compared to
total precipitates increase with time; there is a change from about
5-12% of number of total precipitates from as-printed (0 h) and 24 h
ageing at 648 K. Considering the equivalent circular diameter (ECD)
data in Table 4, the ECD (in pm) for AlgMn precipitates changes over
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Fig. 8. a) SEM image for as-printed sample of alloy C showing difference in grain sizes for the regions where grain refinement occurs. Melt pool boundary is marked in red. b) SEM
image for alloy C aged at 648 K 8 h showing heavy precipitation with largest precipitates at grain boundaries. The Al;;Mn (darker contrast) precipitates are marked in blue
whereas the AlgMn (brighter contrast) precipitates are marked in yellow. The regions between precipitates where Mn is depleted are shown in orange c) EDX point scan result for

Mn content in the three different regions shown.
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Fig. 9. SEM image with EDX feature analysis results for alloy C a) before and b)-d) after ageing at 648 K for 8, 14, 24 h respectively.

time (D90 values go from 0.499 pm to 0.759 pm between 0 and 24 h
at 648 K). Possible reasons could be that smaller Al;;Mn precipitates
transform to AlgMn or existing AlgMn precipitates grow over time.

The D90 value for Al;,Mn precipitates increases between 0 and 8 h
from 0.256 pm to 0.409 pm and then decreases slightly to 0.318 pm
after 14 h. This value then reaches to 0.342 pm after further ageing



B. Mehta, K. Frisk and L. Nyborg

Table 4

Summary of values shown to reflect the D50 (50th percentile) and D90 (90th per-
centile) values of the ECD (in pm) for different precipitate classes at different ageing
times.

Condition Precipitate type D50 (pm) D90 (um)
As-printed Al;;Mn 0.177 0.256
AlgMn 0.312 0.499
648K 8h Al;;Mn 0.197 0.409
AlgMn 0.364 0.739
648K 14h Al;Mn 0.187 0.318
AlgMn 0.318 0.621
648K 24h Al;;Mn 0.197 0.342
AlgMn 0.380 0.759
Regime 1 Regime 2

1) Coarsening of GB Al-Mn precipitates 1) Growth of Al-Mn precipitates
2) Al;,Mn to AlgMn transformation in bulk catches up

- 40000 _ 0.3

e T i o
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Fig. 10. Summary of feature analysis results. The number of matrix, Al;;Mn and
AlgMn precipitates detected as a fraction of total precipitates over different times is
plotted on the primary Y axis. The equivalent circular diameter (ECD, in pm) and Area
fraction (A¢) of the precipitates is plotted on the secondary Y axis.

between 14 and 24 h while the number of Al;;Mn precipitates in-
creases by ~70%; depicted by number count increase from 20300 to
34000 (Fig. 10). This indicates that a high number of new pre-
cipitates are formed between 14 and 24 h of ageing.

3.7. Al-Zr family of precipitates

A small amount of nanosized spherical Al-Zr precipitates are
expected to be found in the bulk. These precipitates are well-docu-
mented and known for their high strengthening potential to the Zr-
containing Al-alloys [12,29]. The precipitation of Al-Zr was char-
acterised in Alloy C for all the four heat treated conditions namely
648K for 0, 8, 14 and 24 h. As shown in Fig. 11 a)-b) the Al-Zr pre-
cipitates are co-precipitated with Al-Mn precipitates. This was ob-
served for all three aged samples consistently (8, 14 and 24 h). The
Al-Zr precipitates were seen together with several Al-Mn pre-
cipitates, both in the bulk and at grain boundaries. The reason for
this phenomenon was not found from literature and further ex-
periments and calculations are needed to fully understand this. Two
different size fractions of Al-Zr precipitates were observed. There
were clusters of several small precipitates of ~10 nm size and fewer
large precipitates between 25 and 60 nm in samples aged between 8
and 24 h. The summary shown in Fig. 11c)shows that the larger
precipitates grow larger on average over ageing time as explained by
the classical Ostwald ripening [30,31].

Furthermore, to verify that the precipitates shown in Fig. 11 are
Al-Zr based, electron transparent samples were tested in S-TEM to
verify enrichment of Zr in the spherical precipitates, as summarised
in Fig. 12. It can be seen that point 1 (EDX on the spherical pre-
cipitate) is high in Al, Zr whereas point 2 (vacuum) has no significant
presence of elements.

Journal of Alloys and Compounds 920 (2022) 165870

4. Discussion

High performance aluminium alloys developed by leveraging the
benefit of high matrix solubility need to be analysed from the be-
ginning of the process to the final mechanical behaviour, to develop
reliable understanding of such novel systems. Although it is ex-
pected that full dissolution should be possible during the rapid so-
lidification as expected to prevail in PBF-LB and shown for Al-Mn-Cr
and Al-Mn-Zr alloys [32-34], it is seen in reality that lesser amounts
of supersaturations is achievable via PBF-LB. This can be explained in
part by the remelting effect illustrated in Fig. 13. The figure illu-
strated how each layer sequentially is remelted several times and
thus a heat affected zone is developed below each deposited/ re-
melted layer, causing precipitation of secondary phase precipitates
from supersaturated solid solution below [35,36]. These possible
precipitates have been explained with the phase equilibrium tem-
perature profile plots shown in Fig. 2. It is expected that they could
be AlgMn or Al;;Mn precipitates. This was verified for as-printed
samples wherein XRD indicated formation of very small amount
(<5vol%) of Al-Mn containing precipitates, which was further con-
firmed by means of electron microscopy|24|. The Al-Zr based, or Al-
Fe based precipitates were not seen by either microscopy or XRD and
thus, they were assumed to be completely dissolved during printing.

For high strength applications a heat treatment is required.
Direct ageing was shown to be a better choice than typical T6 type
heat treatment due to an extended non-equilibrium solubility
achievable, which would be lost if solutioning treatment was con-
ducted [2,37,38]. Figs. 3 and 4 confirm the strong hardening response
in these alloys, especially alloy C which hardens by ~40% to reach
143 HV after ageing at 623 K for 24 h or 142 HV after ageing at 648 K
for 14 h.

By linking the hardening results to the detailed microstructure
analysis conducted in form of feature analysis as presented in Fig. 14,
it can be said that the precipitation kinetics of Al-Mn-Cr-Zr con-
taining alloys is complex. The primary hardening precipitate is Al-Zr
based. For the Al-Mn based precipitates, there is a difference in
precipitate growth rates depending on their location be it bulk or
grain boundaries. Clearly the Al-Mn precipitates contribute to the
hardening response, as seen for alloy B in Fig. 3. The hardening re-
sults when compared between alloy A and alloy C in Fig. 3 show a
clear benefit of Cr in terms of both increasing as-printed hardness
and improvement in peak hardening response. It is suggested that Cr
helps to stabilise the hardening Al;,Mn precipitate, forming the G-
phase or Aly»(Mn,Cr) [32,39]. It was hard to quantify the exact
amount of Cr in Al-Mn precipitates yet as the chemical analysis was
conducted on La lines, which have lower energy and are close for
Mn, Cr (Mnp,= 637 eV, Cr = 572 eV). This elemental discrimina-
tion is currently being studied to identify Cr solubility in Al-Mn
precipitates. The simulation of Cr solubility in Al-Mn precipitates is
also not possible currently as commercial thermodynamic databases
did not contain Cr as a possible element in Al-Mn precipitates. Fe on
the other hand stabilises AlsMn (simulations shown in supplemen-
tary material) as the Al-Mn-Fe ternary is a system of interest in
several commercial Al-alloys. Thus, it is used as an illustration to
effect of stabilising elements to Al-Mn precipitates. Experimental
results have also been reported by addition of tungsten (W) to Al-Mn
containing materials to stabilise Al;;Mn precipitates [40]. Chromium
is one of the slowest diffusing element in Al-matrix [41] and adding
Cr seems to cause more controlled hardening response.

The key to getting a good hardening response is to get a high
volume fraction of coherent precipitates that harden the matrix by
shear hardening (as in case of Al-Zr precipitates [42-44]). Alter-
natively, smaller radius of semi-coherent precipitates with high
volume fraction can provide strong hardening as precipitates trigger
the Orowan looping mechanism (in case of Al-Mn precipitates)
[37,45]. Although the precipitation at grain boundaries is the
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Fig. 11. a)-b) Al-Zr precipitates as seen in Alloy C aged at 648 K for 8 h a) Shows Al-Zr precipitates formed as clusters on Al-Mn precipitates and b) shows that Al-Zr precipitates
have few large and several small precipitates exemplifying Ostwald ripening c) Average size of the large and small precipitates during 8, 14 and 24 h ageing at 648 K.

dominant region for growth of Al-Mn precipitates during initial heat
treatments, it is suggested that this rate of precipitate growth slows
down due to consumption of Mn available around grain boundaries,
demarcated by depleted regions illustrated in Fig. 8, reaching within
a certain period of time equilibrium solubility of Mn in Al (around
1 wt%). As a consequence, significant Al-Mn precipitate growth in

bulk is observed during microstructural characterization. These
smaller precipitates in the bulk are suggested to contribute to a
secondary peak hardening response illustrated in Fig. 14. The bulk
Al-Mn precipitates seem also to directly affect the precipitation of
the Al-Zr precipitates, the latter which were found to co-precipitate
with Al-Mn precipitates, as confirmed from Fig. 11. This means that
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Fig. 12. a) STEM imaging done on Titan 80-300 TEM, confirming the Al-Zr precipitates in sample from alloy C aged at 648 K for 8 h b) Magnified image of one of the Al-Zr
precipitate, which was confirmed using EDX chemical point scan (point 1) to reveal Zr enrichment as compared to vacuum (point 2).
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Laser source

Fig. 13. Schematic of PBF-LB processing showing the precipitation that is seen to
occur during printing of Al-Mn alloys. It is suggested that Mn rich precipitates form
due to a supersaturation of the region below the re-melted zone.

the secondary peak hardening observed for ageing at 648 K could be
a combined effect of Mn-containing and Zr-containing precipitates
in the bulk. Similar two-stage hardening has been observed for ra-
pidly solidified Al-Mn-Zr alloys on direct ageing at similar tem-
peratures [33]. The authors in that study attributed the secondary
peak from needle shaped Al-Mn precipitates isomorphous to AlgMn
and did not mention any effect of nanoscale Al-Zr precipitates that as
now well-established as precipitation strengthening contribution
[29,42,43].

The explanation for the presence of larger precipitates at grain
boundaries is proposed to be due to a faster diffusion at grain
boundaries. As shown in previous study by the authors, small na-
noscale precipitates were present at grain boundaries, cell bound-
aries and melt pool boundaries after PBF-LB processing [24].
However, among these it is only the grain boundary precipitates that
grow significantly larger. Disregarding diffusion path width, the
absolute diffusivity at grain boundaries is expected to be about five
orders of magnitude faster than in the bulk at 650K (Fig. 15).

The predictions using PRISMA calculations for this Al-alloy
system studied appears to compare well with the interpretation of
residual solute content from XRD peak positions as seen in Fig. 5.
Finally, the application for this alloy is targeted towards high
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Fig. 15. Diffusivities of Mn in different regions in fcc-Al between 400 and 800K
temperature range. It can be seen clearly how grain boundary diffusion is higher by
several orders of magnitude to bulk diffusion at 648 K. Curves based on [41,46,47].

temperature strengths [3], which is suggested by negligible hard-
ening below 573K and controlled precipitation hardening at
623-648 K as suggested in Fig. 4. The current set of experiments
successfully indicate that. It can be summarised as follows.

1. The use of Mn, Cr, Zr as possible alloying elements was done
based on theoretical data suggesting higher supersaturations
with rapid solidification. [29,32,33,43,48,49].

2. Experimental hardening curves conclude that these alloys have
slow precipitation kinetics and precipitation reactions that are
seen to lead to high hardening effects (143 HV in case of alloy C).

3. Moreover, the alloys have shown considerable stability at these
hardening temperatures; as seen for alloy C having 102 HV as-
printed, 142 HV 14 h and 122 HV 100 h ageing at 648 K.

These observations combined with extensive microstructure
analysis suggests that the strength is derived mostly from Al-Zr
precipitates combined with a contribution from Al-Mn containing
precipitates. Additionally, the Al-Zr precipitates are seen to co-pre-
cipitate with the Al-Mn precipitates making their precipitation

IBD

12 14 16 18 20 22 24

Time (hrs)
--648 K
LEGEND: [l Matrix (<5 wt% Mn) ] A1,,Mn (5-20 wt% Mn) [ AlMn (>20 wt% Mn)

Fig. 14. Summary of precipitation kinetics due to Al-Mn precipitates in Alloy C during ageing at 648 K.



B. Mehta, K. Frisk and L. Nyborg

kinetics interlinked in some way. This means that the role of Al-Mn
precipitates could be larger than simply hardening of the Al-matrix.

5. Conclusions

Precipitation kinetics in novel AlI-Mn-Cr-Zr based alloys tailored
for PBF-LB process have been studied. These alloys have a high su-
persaturation of solutes namely Mn, Cr and Zr in the as-printed state
owing to high solidification rates in the PBF-LB process. This enables
a strong hardening response upon direct ageing, with about 40%
increase in hardness in one of the alloys. Some of the aforemen-
tioned samples were further analysed using X-ray diffraction, elec-
tron microscopy and coupled with thermodynamic simulations to
understand how the precipitation behaviour can be explained. It was
seen that two families of precipitates namely Al-Mn containing and
Al-Zr containing precipitates are formed. The Al-Mn precipitates are
seen to have faster growth at grain boundaries in beginning of heat
treatments, followed by bulk precipitation growth. It is further
shown that these precipitates provide minor hardening to the bulk
as well. The Al-Zr precipitates are the major contributor to hardness
increase in the material. Interestingly, these precipitates are seen to
be found to co-precipitate with Al-Mn containing precipitates, thus
suggesting an interlinked precipitation reaction. Lastly, the addition
of Cr in the alloys is seen to considerably improve the precipitation
behaviour by a possible retardation of Al-Mn containing precipitate
growth and thus forming a more pronounced hardening curve
achieving 142-143 HV hardness for one of the alloys.
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