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ARTICLE INFO ABSTRACT

Handling Editor: Prof. Z.K. Liu Novel alloy concepts enabled via additive manufacturing processes have opened up the possibility of tailoring
properties beyond the scope of conventional casting and powder metallurgy processes. The authors have pre-
viously presented a novel Al-Mn-Cr-Zr-based alloy system containing three times the equilibrium amounts of
Mn and Zr. The alloys were produced via a powder bed fusion-laser beam (PBF-LB) process taking advantage of
rapid cooling and solidification characteristics of the process. This supersaturation can then be leveraged to
provide high precipitation hardening via direct ageing heat treatments. The hardening is enabled with Zr-rich
and Mn-rich precipitates. Literature study confirms that Mn-rich precipitates have a notable solubility of Cr,
for example, the Al12Mn precipitate. This study aims to clarify the effect of Cr solubility in the thermodynamics
and kinetics simulation and compare the precipitation simulations with samples subject to >1000 h isothermal
heat treatment, thus creating an equilibrium-like state. The results show that Cr addition to the precipitates
stabilizes the Al12Mn precipitate while slowing the precipitation kinetics thus producing a favourable hardening
response. Such observations could be insightful while designing such alloys and optimising heat treatments of the
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current or even a future alloy system.

1. Introduction

Additive manufacturing (AM) of metals is a relatively new processing
route for producing components at a large scale [1]. It has been previ-
ously used for prototyping and creating complex components otherwise
not manufacturable with conventional techniques [2]. With advances in
the understanding of the process, several industries have been able to
create novel products with this manufacturing process which are not
possible with conventional methods [3]. The most commonly used AM
process is powder bed fusion-laser beam (PBF-LB) wherein a focused
laser beam selectively melts a thin layer of metal powder (20-80 pm in
thickness) to create components layer by layer [4]. Apart from the
product design freedom that the method provides, it is well known that
higher cooling rates (103-10° K/s) [5] are achieved. These cooling rates
translate into an increased alloy design freedom, which has been shown
successfully for several Al-alloys [6-9]. Researchers have shown that
such tailored alloys perform extremely well for the application they are
designed for. Plotkowski et al. [9] showed that Al-Ce-Mn alloys showed
promising high-temperature strength and Schmidtke et al. [8] showed a
novel Al-Mg-Sc-Zr-based alloy which is suitable for high-strength

applications.

Most Al-alloys derive a major part of their strength via precipitation
hardening [10,11]. Precipitation hardening seldom comes from primary
precipitates formed upon solidification but rather relies on secondary
precipitation that takes place on heat treatment [12]. When it comes to
alloys tailored for the PBF-LB process, higher supersaturation in the
Al-matrix can be leveraged to drive a higher amount of homogenous
precipitation via secondary precipitation reactions. We have previously
shown for Al-Mn-Cr-Zr-based alloy systems that direct ageing results in
the precipitation of Mn-rich and Zr-rich precipitates causing an increase
in hardness by 40 HV for one of the alloys containing Cr [13]. The
precipitation hardening was lower (25 HV) for the alloys free from Cr.
This difference was hypothesised to largely originate from the effect of
Cr on Mn-rich precipitates as some Cr pickup was observed for these
precipitates during chemical microanalysis [13]. Such a Cr effect was
postulated to further affect the precipitation kinetics of Zr-rich pre-
cipitates which were observed to co-precipitate with Mn-rich pre-
cipitates. Another partial explanation could be due to small differences
in chemical compositions between the alloys, though the difference was
quite low. Initially, we could not reproduce the Cr effect on Mn-rich
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precipitates utilising CALculations of PHAse Diagrams (CALPHAD) tools
as the thermodynamic parameters in the databases available to us when
the alloy system was developed, did not contain parameters for Cr
connected to the Mn-rich precipitates.

Therefore, this study delves deeper into the two pieces of missing
information and explains them via CALPHAD methods coupled with
advanced characterisation tools. Thermodynamic parameters related to
the solubility of Cr in Mn-rich precipitates were modified based on the
experimental data reported in the literature and the characterisation of
samples produced from one of the alloys of the Al-Mn-Cr-Zr based
system which was heat treated at 350 °C for >1000 h in this work. The
input showed a stabilisation of Al12Mn precipitate as expected. Finally,
precipitation calculations were conducted utilising the precipitation
module (TC-PRISMA) in Thermo-Calc software [14], focusing on
Mn-rich precipitates to illustrate the change in precipitation kinetics.

2. Materials, experimental and simulation setup

The material used is called alloy C (similar to our previous studies [7,
13]). The source material is spherical nitrogen (Ny) gas-atomised pow-
der provided by Hoganas AB, Sweden with a standard powder size dis-
tribution of 20-53 pm. The chemistry is summarised in Table 1.

Solid samples were manufactured using an EOS M100 PBF-LB ma-
chine equipped with a Yb-fiber laser. The samples were produced as a
10 mm x 10 mm x 16 mm (I x w x h) cube and produced with laser
power 170 W, laser speed 1500 mm/s, 0.1 mm hatch distance and 0.03
mm layer thickness [13]. During manufacturing, samples had scan
rotation of 67° between each layer. After manufacturing, the samples
were heat treated in a resistance furnace with a secondary thermocouple
close to the sample surface for temperature control within + 2K. The
samples were first peak aged at 350 °C for 24 h as established in previous
studies [13]. After peak ageing, the samples were heat treated at 350 °C
for 1054 h, as initially studied in Ref. [15]. Thus, the total heat treat-
ment on the sample from the as-printed condition to the overaged
condition constituted 1078 h of heat treatment at 350 °C from as-printed
condition, creating a nominal equilibrium-like state. Scanning electron
microscopy (SEM) samples were produced by grinding and polishing the
samples as per the standard preparation procedure for such alloys on a
Struers TegraPol 31 machine. The final step of OP-S silica suspension
was used for preparing samples for electron microscopy. A Zeiss Gemini
450 electron microscope equipped with ULTIM MAX Energy Dispersive
X-ray Spectroscopy (EDS) detector from Oxford Instruments enabled
precipitate analysis at low voltages (<5 kV) thus making it possible to
study nanoprecipitates. Electron Backscatter Diffraction (EBSD) mea-
surements were conducted on freshly polished samples at 10 kV, 10 nA
settings using a Symmetry CMOS EBSD detector from Oxford In-
struments. The samples were scanned with a step size of 0.04 pm. The
EBSD data was produced using Aztec v6 from Oxford Instruments and
was later processed using Aztec Crystal software. The raw data was
processed using Aztec Crystal and auto cleanup was conducted for
normalizing the data. The simulations were performed with the
Thermo-Calc 2022a software package [16] and for the precipitation
module (TC-PRISMA) [14]. The database comparisons were done using
the COST507 database [17], a quinary Al-Mn-Cr-Zr-Fe subset of
Thermo-Calc Software AB’s TCAL8 database, and our amended
database.

Table 1

Composition of alloy C obtained via inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) reported before [13]. Compositions provided as atomic%
(at%) and weight% (wt%).

Element  Composition (at%/wt%)

Al Mn Cr Zr Fe Si

Rem. 2.53/5.0 0.43/0.8  0.18/0.6  0.08/0.16  0.17/0.17
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3. Results and discussion
3.1. Current state-of-the-art

For this alloy system (Al-Mn-Cr-Zr based), the COST507 database
[17] (Al-Mn-Cr-Zr-Fe-Si) and a quinary database provided by
Thermo-Calc Software (Al-Mn-Cr-Zr-Fe) have been considered as
state-of-the-art databases. Some important ternary systems in this qui-
nary frame of elements such as Al-Fe-Mn are already well documented
due to their applicability in commercial aluminium alloys [11,13] and
one of the available thermodynamic databases has a good description of
effects such as Fe addition in Mn-rich phases. The stabilising effect of Fe
on the Al6Mn phase can be shown with ternary Al-Fe-Mn diagrams
[13]. However, the role of Cr in Mn-rich phases is not available. Grushko
et al. [18] presented experimental data on the constitution of the Al-rich
part of the AI-Mn-Cr ternary system and Cui and Jung [19] have pre-
sented a thermodynamic assessment of the Al-Mn-Cr ternary system
wherein Cr effects in Mn-rich phases namely Al12Mn and Al6Mn are
well documented. The available commercial databases lack this
description of the ternary Al-Mn-Cr system, which could describe the
solubility of Cr into different Mn-rich phases or vice versa. Experimental
work on Al-Mn-Cr systems [20,21] has shown that there exists a solu-
bility of Cr in at least one of the Mn-rich phases (tentatively Al12Mn).
The results are summarised in Table 2. This means that if the thermo-
dynamic databases are adjusted for Cr solubility in such phases, it could
be more representative of the precipitation kinetics of the alloy system
studied by us (Al-Mn-Cr-Zr-based). Mondolfo [20] also postulated that
Mn is completely soluble in Al13Cr2 (labelled as Al45V7 in the
Al-Mn-Cr-Zr-Fe database) phase. However, this study is focusing only
on the effect of Cr solubility in Mn-rich phases.

As summarised in Fig. 1 and Table 3, the one-axis equilibrium curves
suggest that both databases provide a similar description in terms of the
formation of different phases. The formation of the AIMnSi_alpha phase
is not possible in the Al-Mn-Cr-Zr-Fe database due to the absence of Si
in the description. The small difference that exists between the two
databases is the amount of All12Mn phase formed. For the
Al-Mn-Cr-Zr-Fe database, this phase starts forming at a similar tem-
perature (~410 °C) as with the COST507 database (~400 °C). However,
when comparing the amounts predicted to be formed at 350 °C, which is
the temperature of long-term heat treatment, the amounts are quite
different, namely 0.143 and 0.06 mol fractions, respectively. This sug-
gests that Al12Mn is slightly more stable in the Al-Mn-Cr-Zr-Fe data-
base description than in the COST507 database description at 350 °C.

3.2. Microstructure characterisation of equilibrium-like state

Electron microscopy was conducted to characterize the microstruc-
ture of an overaged sample of alloy C, heat treated at 350 °C 1054 h after
peak ageing (350 °C 24 h). This condition is assumed to represent an
equilibrium-like condition. Fig. 2 shows the microstructure before and
after such long heat treatment. As seen in Fig. 2a)-b), the microstructure
has in as-printed condition elongated Al-grains from the layer-by-layer
PBF-LB processing, which is common for such materials [25]. The
amount and size of precipitates are very low (<1 area% [7,13]) which
suggests close to full supersaturation of solutes. After the long-term heat
treatment, as shown in Fig. 2c) onwards, a high number of precipitates
are observed (about 18% area [15]), with preferential growth having

Table 2
Experimental chemical composition found in various Mn-rich phases in rapid
solidification literature for Al-Mn-Cr ternary systems.

Phase Cr (Wt%) Fe (wt%) Mn (wWt%) Reference
G-Al12(Mn,Cr) 2-4 - 10-12 [20,22]
Al6Mn - 0-13 14-27 [20,23,24]

Al45V7 (Al13Cr2) 0-27 - 0-27 [20]
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Fig. 1. One-axis step equilibrium calculations prepared using a) COST507 database [13,17] and b) Al-Mn-Cr-Zr-Fe database. Calculations conducted on Alloy C
composition from Table 1. The insets for both images show the distribution of different phases between 300-400 °C, at equilibrium. Long-term heat treatment (HT) tests were

conducted at 350 °C (shown with a black dot-dash line in inset images).

Table 3
Mole fraction of various phases formed at equilibrium at 350 °C (623 K) shown
in Fig. 1.

Phase Mole fraction Mole fraction (Al-Mn—-Cr-Zr-Fe
(COST507) database)
FCC_Al 0.758 0.713
(Aluminium)

Al6Mn 0.107 0.106

Al12Mn 0.061 0.143

Al3Zr/Al13Zr D023 0.007 0.007

AlMnSi_Alpha 0.036 -

Al13Cr2/A145V7 0.031 0.031

occurred at grain boundaries. Most of these precipitates are enriched in
Mn. Fig. 2d) shows the microstructure associated with the interior of
melt pools and large micrometre-sized precipitates can be seen in the
inset image. The precipitates can be differentiated as having a dark or
bright contrast. The darker contrast precipitates are mostly present at
grain boundaries (marked with red) whereas the bright contrast pre-
cipitates could be either present at grain boundaries or inside the grains.
The grain boundary precipitates are elongated with length >10 pm but
have restricted width <2 pm. Those inside the grains are much smaller
than grain boundary precipitates; they are also elongated with length

~1-2 pm and width <0.5 pm. Micro-chemical characterisation using
EDS point scans was conducted on both types (dark and bright contrast)
of Mn-rich precipitates at grain boundaries utilising low voltage mode
(5 kV) to obtain better spatial resolutions. The focus was kept mostly on
grain boundary precipitates to avoid drift issues or limited spatial res-
olutions. As summarised in Fig. 3, it was observed that the darker
contrast precipitates contain about 8 at% Mn together with Fe (0.31 at
%) and Cr (0.67 at%). This suggests that these precipitates had stoi-
chiometry close to A112Mn (7.69 at% Mn) and possibly containing Cr
and Fe. Secondly, the bright contrast precipitates contained about 14 at
% Mn together with Fe (1.19 at%) and Cr (0.25 at%). This suggests that
these precipitates had stoichiometry closer to Al6Mn (14.3 at% Mn) and
were rich in Fe. Based on initial analysis, EBSD studies were also con-
ducted to confirm the phases based on Kikuchi patterns. Possible
candidate phases of interest were taken from the inorganic crystal
structure database [26]. Several phases namely G-Al12(Mn, Cr) (called
Al12Mn before) [22], Al6(Mn, Fe) (called Al6Mn before) [23], AIMn-
Si_alpha [27] and Al45Cr7 (called Al45V7 before) [28] were tested for
the overaged sample of alloy C. As seen in Fig. 4, the precipitates appear
to belong mostly to either AlI12Mn or Al6Mn precipitate families with
reasonable mean angular deviation (MAD) values. There were a few
locations where smaller AIMnSi_alpha or Al45Cr7 was observed but
most of the precipitates close to grain boundaries were characterized
either as Al12Mn or Al6Mn. However, it needs to be added that
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a) As-printed
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Fig. 2. Electron microscopy a) Alloy C as-printed condition and inset b) showing few
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Précipitates at 5
solidification boundaries |

3 &
Precipitatesiat
felt pool boundaries

nanoscale precipitates formed at different areas as inset 1,2 respectively c) Alloy

C heat treated at 350 °C for 1054 h after peak hardening. Inset d) shows larger precipitates where another higher magnification image shows different precipitates

and grain boundaries.

Blue ppt
Concentration (at% / wt%)

Si 0.02/0.02 0.01/0.01
Cr 0.67/1.18 0.25/ 0.41
Mn 8.01/14.89 14.03/ 24.53
Fe 0.31/0.58 1.19/2.12
Zr 0.07/0.20 0.06/0.16
Al Rem. Rem.

Fig. 3. a)-b) Two areas where EDS point scans were conducted. Precipitates marked in blue and yellow and their respective chemical composition shown.

AlMnSi_alpha and Al12Mn precipitate both possess a cubic lattice with
parameters which could be hard to differentiate using the EBSD tech-
nique. We observed that the stoichiometry of the precipitates in Fig. 3
failed to pick up any Si, thus suggesting that there is a higher likelihood
of the darker contrast phase representing the cubic A112Mn phase.

3.3. Modification of thermodynamic parameters

Thermodynamic parameters from Cui and Jung [19] were used as a
starting point and later adjusted to match the experimental results. As
per Cui and Jung [19], the parameters for Al6Mn and Al12Mn are
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Phase Phase % Avg. MAD
Al 70.3 0.74
Al12Mn 21.8 0.61
Al6Mn 1.6 1.07
Zero solution 6.3
Phase Phase % Avg. MAD
Al 74.2 0.7
Al12Mn 0.1 0.89
Al6Mn 10.3 0.59
Zero solution 154

Fig. 4. High-resolution EBSD phase maps for two areas in overaged alloy C shown. a) Area 1 illustrates an area where mostly Al12Mn precipitates (red), Al (green)
and possibly some Al6Mn (yellow) are seen b) Area 2 illustrates an area where grain boundary (orange) is shown. An inset (red) was scanned at higher magnification

where Al6Mn precipitates (dark green) and Al (green) was shown.
provided as follows.

3.3.1. Initial thermodynamic parameters
Parameters for: AleMn ; (Al)g(Mn,Cr).

° 0 ~fec 0 ~chee
Gatmn = —109091 +35.22 T+ 6 Gl + "GEee[29].

*Garer = —83680.0 + 6 G 4 °Ghee .

°Latvncr = —60249.6 + 41.84T .

Parameters for: Gay,,mn ; (Al)15(Mn,Cr).

*Gatam = —110389.5 +36.8 T+ 12°G 4 “Gee [29].

o 0 o

Garcr = —97336.58 + 83.68T + 12 Gy + "Gi* .

°Latvncr = —178137.98 4 37.66T .

YLatvncr = 116993.01 — 52.30T .

At the same time, Cui & Jung [19] and Grushko et al. [18] argued
that Cr has solubility in both Al6Mn and Al12Mn. However, from our
experiments, we found a low Cr solubility in A16Mn at 350 °C (see Fig. 3)
which agrees more with literature evidence on experimental alloys (see
Table 2). Thus, further modification to the thermodynamic parameters
of Al12Mn and Al6Mn was conducted to have modified parameters
agree with our experimental observations. Table 4 shows the experi-
mental and calculated composition of the Al6Mn and Al12Mn phases for
Alloy C. It could however be possible that some Cr solubility exists at
higher temperatures for Al6Mn (>500 °C) [18,19]. After several itera-
tions, the final parameters were as follows. The 'L, ¢ parameter from
the initial description was removed (see Table 5).

3.3.2. Final thermodynamic parameters
Parameters for: AlsMn ; (Al)g(Mn,Cr).

Table 4

Comparison of experimental and calculated chemistries of A112Mn and Al6Mn
precipitates. Calculated concentrations derived from modified thermodynamic
parameters using quinary Al-Mn-Cr-Zr-Fe database. Contents are written as at
%/wt% for each element respectively.

Condition Phase Mn Cr Fe Zr
Experimental 350 °C 1054 All12Mn  8.01/ 0.67/ 0.31/ 0.07/
h [Fig. 3] 14.89 1.18 0.58 0.2

Al6Mn 14.03/ 0.25/ 1.19/ 0.06/
24.53 0.41 2.12 0.16
Calculated at 350 °C All12Mn  6.51/ 1.18/ - -
equilibrium [modified 12.30 2.11
parameters] Al6Mn 9.93/ 0.26/ 4.08/ -

17.61 0.44 7.36

Table 5
Mole fraction of various phases predicted for equilibrium at 350 °C (623 K)
shown in.

Amount of phase at 350 °C

Phase Mole fraction
Al 0.614
Al12Mn 0.359
Al6Mn 0.020
Al3Zr D023 0.007

0 O Afec | © ~cbee
Gatmn = —109091 +35.22 T+ 6 Gt + "G [29]

*Garer = —73000 + 6 G + °Gbee [This work].

°Laivncr = —60249.6 + 41.84T [19]

Parameters for: Gay,,mn ; (Al)15(Mn,Cr).

* Gt = —110389.5 + 36.8 T+ 12°G + °Gee [29]

o o o
Garer = —97336.58 + 83.68T + 12 G{:IC + Gt [19]

OLAl:Mn,Cr = —95000 + 18.83T [ThiS WOrk].

The resulting compositions of the Al6Mn and Al12Mn phases are
shown in Fig. 3 and Table 4. The one-axis equilibrium using the modified
parameters is drawn in Fig. 5. It shows that an even higher amount of
Al12Mn is stabilised at 350 °C (0.36 mol fraction as compared to 0.06/
0.14 mol fraction in Fig. 1), which is a consequence of the Cr solubility as
is also evident from the literature [20,21]. The concentration of Cr in
Al12Mn and Al6Mn precipitates at 350 °C were 1.2 at% and 0.26 at%
respectively. As per Table 4, about 0.67 at% and 0.25 at% Cr were seen
in the precipitates which is following the trend of the experimental
observations, though the experimental concentration in Al12Mn was
half. Fe solubility is predicted to be 0 at% and 4.08 at% in Al12Mn and
Al6Mn respectively. The results from EDS showed 0.31 at% and 1.19 at
%, which shows a similar trend, although the values are different. We
chose not to modify the parameters for the Fe solubility further as the
study focuses only on the Cr effect on Mn-rich precipitates. Another
reason for the difference in stoichiometries of the precipitates observed
experimentally as compared to Table 2 could be the limitations of the
microscope. On the one hand, we chose 5 kV as accelerating voltage to
obtain good spatial resolution. However, this meant that L lines were
the ones analysed. For Cr, Mn and Fe, these lines are close to one another
at 654 eV, 722 eV and 792 eV respectively [30], thus making it harder to
discriminate between these elements with the help of EDS. On the other
hand, Ka lines for these elements are at 5415 eV, 5900 eV and 6405 eV,
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Fig. 5. One-axis step equilibrium prepared using final modified parameters for A112Mn and Al6Mn.

which would make it easier to discriminate between the elements. An
accelerating voltage of >15 kV would be needed, which would make the
spatial resolution >2 pm in an SEM. Some EDS point scans at similar
locations were tried with both 5 kV and 15 kV and it was seen that for a
similar location, Mn peaks concentration of 8 at% and 6.5 at% were
detected respectively. Since the width of the precipitate is smaller than
the spatial resolution, Mn from the matrix is picked up, which makes the
analysis inaccurate. The best solution would be to investigate the
chemistry using transmission electron microscopy combined with
high-resolution EDS. Additionally, as per [18,19], the Al12Mn phase
was stable only at temperatures <600 °C. As seen in Fig. 6, the calcu-
lated phase diagram shows that Al12Mn disappears at 600 °C but is

— AL12MN +AL6MN

— AL45V7 + AL6MN

— AL6MN +AL5CR

— ALBMN +AL4MN_U

— ALEMN +AL4MN_R

~ ALSCR +AL4MN_U
AL12MN +AL45V7

a) 350 °C b) 500 °C

— AL12MN +FCC_A1
— AL45V7 +FCC_A1

ALBMN +AL12MN+ALA5V]

FCC_A1+AL1ZMN+ALA5VT

stable at 500 °C and 550 °C. This is in line with observations of Cui &
Jung [19], Grushko et al. [18] and Ohnishi et al. [31]. This fact was
considered when adjusting the parameters. The two-phase region with
higher Cr as shown by Cui & Jung [19] contains Al + Al12Mn. In our
phase diagram, it seems to be Al + Al6Mn which is different. It indicates
that future work may be needed at higher temperatures and with
assessment of Cr-phase (Al45V7) for a better comparison.

3.4. Precipitation kinetics of the resulting database

Finally, precipitation simulations were performed using the TC-
PRISMA module in Thermo-Calc software as shown in Fig. 7. The
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Fig. 7. TC-PRISMA calculations comparing a) original AlI-Mn-Cr-Zr-Fe database and b) modified database. Mean radius and number density for Al12Mn, AlI6Mn,
Al45V7 and Al3Zr D023 precipitates are compared against a long time (10'2 s). Al45V7 missing in the modified database as it is not formed as per. The heat

treatment conducted on the actual sample (1054 h) is illustrated with dotted lines.

molar volume of precipitates was entered based on calculations from the
crystallographic information used for EBSD analysis [26]. A simplified
growth model with spherical precipitates was assumed for all the pre-
cipitates. A mobility pre-factor of 10 was applied to better mimic the
conditions existing in PBF-LB materials containing higher amounts of
vacancies, like a quenched-like state of materials. The grain size of Al
with radius = 10 pm and aspect ratio = 2 was assumed based on [15]. An
isothermal calculation at 350 °C for 102 s (2.78*10°8 h) was conducted
to represent equilibrium-like conditions, similar to the experimental
sample. It is to be noted that precipitation follows Becker’s model [33]
which is valid for coherent precipitation. The interfacial energy pa-
rameters were automatically selected from TC-PRISMA. The default
values for Al12Mn, Al6Mn, Al3Zr D023 and Al45V7 were 0.024 J/m?,
0.047 J/m?, 0.085 J/m? and 0.04 J/m? respectively. Precipitation of all
possible phases as per Figs. 1 and 5 was done and it was assumed that
precipitation takes place in bulk of the sample. The simulation was
performed using the original set of thermodynamic parameters (Fig. 7a))
and using the modified database (Fig. 7b)). The kinetic parameters are
the same for both simulations calculated using the MOBAL6 mobility
database from Thermo-Calc Software AB. There is a clear decrease in the
growth rates of precipitates when using the modified database. The
mean radius of the Al12Mn precipitates has decreased from 42 nm — 5
nm and that of the Al6Mn precipitates has decreased from 21 nm — 4 nm
for the performed simulation at 1054 h. This shows that the growth and
coarsening of the Al6Mn and Al12Mn phases are significantly slowed
down by the up-take of Cr in these Mn-rich precipitates. Additionally,
selective precipitation at grain boundaries was observed as shown in

Fig. 2, which could be explained by faster diffusion along grain
boundaries giving rise to much faster growth rates locally [13,34,35].
Such a complex phenomenon cannot be captured easily using
TC-PRISMA calculations for the time being. Finally, interfacial energies
for the precipitates are valid for coherent precipitates only. Advanced
characterization may be needed to calculate the interfacial energies to
better capture the precipitation evolution. In summary, as compared to
the sizes of precipitates in Figs. 2 and 3, the values obtained utilising
TC-PRISMA are thus one to two orders of magnitude smaller from the
size of precipitates observed for the bulk and two-three orders of
magnitude from the grain boundary precipitates. We think that the
current calculations are nonetheless valid for showing the general trend
and to understand the effect of Cr in the Al-Mn-Cr-Zr alloys [13].

Cr addition is clearly shown to stabilise Mn-rich phases [21] thus
providing higher strength via Orowan looping [36]. Fig. 8 schematically
shows this strengthening increase. The Al-Zr precipitates primarily
strengthen the matrix via shear hardening wherein strength increase is
proportional to the mean radius at a given precipitate volume fraction.
The Mn-rich precipitates harden the matrix via Orowan looping,
wherein strength increase is inversely proportional to radius [36-38].
Although Orowan looping is a relatively poorer mechanism for
strengthening, the amount of Mn-rich precipitates possible (up to 20-30
vol%) ought to contribute to the strengthening as both strengthening
mechanisms are directly proportional to the volume fraction of pre-
cipitates formed. In the case (case 1) when Cr is not present in the alloys,
there is a higher growth rate of Al12Mn precipitates. This means that
peak hardening is obtained at shorter times. The peak strength (c},) at
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a) Case 1 : Al-Mn-Zr alloy (Cr free) heat treated at 350 °C
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Fig. 8. Schematics of strength contribution in a) Case 1 (Al-Mn-Zr) alloy (Cr free) and b) Case 2 (Al-Mn-Cr-Zr) alloy (Cr containing). The curves on the left show the
mean radius of precipitates (r,,) against time (t) and the curves on the right show the strength contribution from precipitates against time (t). All the axes are in
arbitrary units (a.u.). The peak strength for the alloy in total (c,) is the combined contribution from strength from Al-Mn precipitates and Al3Zr precipitates.

optimised time (tp) for such alloys would thus be lower. In case 2 when
Cr is present, the slower growth kinetics of A112Mn contribute to higher
strength. This effect, combined with the contribution from Al-Zr pre-
cipitates produces the best hardening response in alloys containing Cr.
There could be other microstructural observations to be considered such
as co-precipitation of Al-Zr precipitates with Al-Mn precipitates (sug-
gested before in Ref. [13]), possible strengthening from other pre-
cipitates such as AlMnSi_alpha or Al45Cr7 [39,40]. This might also
affect the solubility of Mn, Cr in the Al-matrix which could thereby affect
the precipitation kinetics of Al6Mn and Al12Mn. The exact precipitation
mechanisms in these novel materials have not previously studied, and
information from conventionally produced material is not directly
applicable since the PBF-LB process creates materials with high super-
saturation but severely distorted microstructures. A higher supersatu-
ration of solutes makes it possible to create homogenous, controlled
precipitation of coherent or semi-coherent precipitates that produce
high strength. However, a severely deformed structure also increases
vacancy or defect concentrations in places such as cell/dendrite
boundaries or grain boundaries. This creates preferential sites for pre-
cipitation and affects diffusion, thus impacting the precipitation ki-
netics. To better understand this phenomenon, we conducted in-situ
experiments for the same alloy [41] (ILazar et al., under review) at
synchrotron facilities utilising the X-ray fluorescence technique. We
could indeed see Cr and Mn segregating together when heat-treating
thin foils in a controlled manner at 375 °C. The co-precipitation of
Cr-rich precipitates with Mn-rich precipitates was observed, which was
surprising. However, Cr enrichment did not lead to Mn depletion or vice
versa hence still suggesting possible solubility of the elements in both
precipitates during the initial part of heat treatment. Overall, this
highlights the complexity of this precipitation phenomenon happening
at the nanometric scale, which needs to be investigated further.

For the time being, the addition of thermodynamic parameters to
available CALPHAD databases is a crucial step in understanding the
novel alloys being created with the help of additive manufacturing. The
schematics provided in Fig. 8 provides a way forward on how to opti-
mise novel alloys produced by PBF-LB process. It shows that the addition
of a ternary element into the hardening precipitate can slow down the
kinetics and such a phenomenon can also be illustrated using CALPHAD
methods. Such methods can later be used as an input for future alloy
designs or heat treatments to get the best mechanical response from such
alloys.

4. Conclusions

This study summarises the role of Cr in a novel Al-Mn-Cr-Zr-based
family of alloys tailored for the additive manufacturing process called
powder bed fusion-laser beam. Cr helps enhance the hardening contri-
bution of Mn-rich precipitates and improves the high-temperature sta-
bility. In this study, the thermodynamic parameters for Cr containing
Al-Mn precipitates from previous studies and optimised parameters
were used for simulating the precipitation kinetics in TC-PRISMA.
Overaged samples representing an equilibrium-like state were charac-
terized to be used as a comparison for the study. Utilising these pre-
cipitation simulations with a modified database, a clearer understanding
of the precipitation phenomenon could hence be developed. This helps
develop optimised heat treatments for the AI-Mn-Cr-Zr alloys and acts
as a guiding input for future alloy designs.
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