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This study introduces a family of unique Al–Mn–Cr–Zr‑based aluminium alloys illustrated by two 
ternary and one quaternary variants. The choice of alloy compositions has created a system resistant 
to solidification cracking while retaining high amount of solutes in solid solution in as‑printed 
condition. Good relative density (~ 99.5%) has been demonstrated along with microstructural study 
supported by X‑ray diffraction to display solidification structure with nanometric precipitate formation 
in small amounts in as‑printed condition. High levels of Mn and Cr produce significant solid solution 
strengthening reaching hardness of up to 102 HV in as‑printed condition. Additionally, the combination 
of Mn, Cr and Zr is shown to be important to control precipitation strengthening upon direct ageing and 
coarsening resistance due to slow diffusivity. To elucidate the concept of precipitation strengthening, 
one set of alloys was aged at 678 K between 0 and 10 h and microhardness results showed that average 
hardness response reached 130 HV for the quarternary alloy.

Introduction
Aluminium (Al) is the most abundant metal on the earth’s 
crust and is the second most mined metal after iron [1]. It is 
completely recyclable and as of 2010, about 30% of the total 
aluminium produced comes from recycled aluminium [2]. This 
combined with its low density and high specific strength (via 
alloying with suitable elements) makes aluminium quite lucra-
tive for structural applications requiring low weight. Aluminium 
is also known for various secondary properties, such as high 
thermal and electrical conductivity making it suitable for appli-
cations requiring heat loss or electrical conductivity along with 
high specific strength. Due to such tuneable properties achieved 
through alloying, aluminium can be found in anything starting 
from a small soda can to a large aircraft.

Additive manufacturing (AM) is a disruptive and uncon-
ventional technology wherein by selective melting of a material, 
three-dimensional objects can be created directly from design 
files with limited wastage. Powder bed fusion-laser based (PBF-
LB) has gained attention recently for its potential to manufac-
ture defect-free parts in a variety of materials and can have 

properties better than the conventionally cast counterparts [3, 
4]. The PBF-LB process can create components by rapidly melt-
ing and solidifying the material which is in the form of a thin 
powder layer (usually 20-60 µm) to solid components. This is 
then repeated by the re-melting and reheating of previously 
solidified layers, thus, forming a complex microstructure. This 
complicated process, thus, creates the need for new or modified 
material compositions. Not only can the processability of alloys 
be improved, but whole new paths of alloy design can be opened, 
which have not been possible before. For aluminium alloys, in 
particular, this has been shown by several authors [5, 6] where 
they have shown that extension of solid solubility away from the 
equilibrium is possible by alloying aluminium with elements 
such as Mn, Zr and Sc. If standard alloys are used, such as Alu-
minium 6061/7075, this can lead to two issues in PBF-LB: severe 
solidification cracking and evaporation of low melting elements 
such as Zn or Mg [7, 8]. Some researchers have addressed the 
solidification cracking issue by modifying the solidification pro-
cess of aluminium by creating alternate solidification paths for 
Al-grains by providing nucleants (such as  Al3(Sc,Zr) or  TiB2) 
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[7, 9], whereby the formation of columnar Al-grains is avoided 
by breaking them up into smaller equiaxed grains. Another way 
could be to develop grades of aluminium alloys that are less 
prone to solidification cracking owing to inherent lower solidi-
fication cracking susceptibility [10, 11]. The latter approach 
can be realised by understanding the segregation behaviour of 
solutes based on thermodynamic calculations with tools such 
as Scheil solidification predictions, thereby, developing com-
positions that are less segregation sensitive to create cracking 
resistant alloys [12]. Clearly, the combination of extended solid 
solubility and control of segregation behaviour upon solidifica-
tion could be key to developing new alloys for PBF-LB.

The solution, thus, lies in completely new compositions of 
Al alloys, which use different elements than the conventionally 
used ones such as Si, Mg, Cu or Zn. These new compositions are 
possible by utilising the transition series elements such as Fe, 
Cr, Ni and Co of which solubility can be extended by up to two 
orders of magnitude via rapid solidification [13]. Additionally, 
further strengthening post-processing is shown by precipitation 
strengthening enabled via direct ageing heat treatments. The 
goal of this alloy design work is to create alloys with > 400 MPa 
ultimate tensile strength (UTS) which are stable at high tem-
peratures (up to 473–523 K).

Results
The results section is divided into four sub-sections namely alloy 
design, printability of alloys, resulting microstructure and alloy 
properties.

Alloy design

It is estimated that the PBF-LB processing involves cooling rates 
in range of  103 to  105 K/s [14]. This provides alloy designers the 
opportunity to assume higher supersaturation of elements in 
Al-matrix during the processing of the alloys [15]. The alloy-
ing elements used in this study were selected based on research 
conducted on rapidly solidified material where the benefit of 
transition metal elements into the solid solution of aluminium 
alloys was discussed [13, 15–17]. It has been shown that transi-
tion elements such as Mn, Cr, Fe and Ni could be game changers 
if their solubility could be increased in Al alloys, since they add 
high misfit strains to Al-matrix. Of particular interest are Mn, 
Cr which have with low bulk diffusivities, thus, having a high 
potential of solid solution strengthening and high-temperature 
strengths when forming secondary precipitates via direct age-
ing. As a result, using atomisation process [18] combined with 
hot extrusion manufacturing, Al–5Mn–2.5 Cr (wt%) powder 
grades were created by researchers in Sweden during 1980s. 
It was shown that such alloys were temperature resistant and 
retained hardness up to 523 K [19, 20]. Other researchers have 

also suggested a limit of solubility based on rapid solidification 
process and cooling rates which are applicable for gas atomisa-
tion process and PBF-LB process [13, 20–22]. For example at 
cooling rates of  103 to  104 K/s, the solubility of Cr and Mn in 
Al reaches 3–6 wt% and 6–8 wt%, respectively. In comparison 
with the maximum equilibrium solubility at the melting tem-
peratures, 0.8 wt% for Cr and 1.8 wt% for Mn [23], this is a large 
increase in solubility. As a further tool in selecting alloy compo-
sitions, CALPHAD simulations were performed by suppressing 
the formation of primary precipitates, which are usually formed 
during via slow cooling methods such as casting, as shown in 
Fig. 1(a)–(c). In Fig. 1(c), suppressing the primary Al3Zr pre-
cipitate (Al3Zr_D023) shifts the solvus lines to the right (dotted 
lines show equilibrium state and solid lines show non-equilib-
rium state). This means a higher solubility can be achieved in 
Al-matrix (0.5 wt% Zr instead of 0.25 wt% Zr at equilibrium). 
Similar trend is seen for Al–Mn and Al–Cr in Fig. 1(a) and (b), 
respectively. Furthermore, this solubility can be increased by 
an extended cooling rates as the time available for formation of 
the primary precipitate or even the metastable precipitate can 
be reduced, leading to a solid solution with higher solubility as 
shown visually in Fig. 1(d). This means that depending on the 
cooling rate, the solubility seen at a higher temperature (such 
as 2 wt% Zr solubility if cooling rates >  104 K/s) can be realised 
after solidification.

Moreover, Al–Mn–Zr [25] and Al–Cr–Zr [22] alloys 
manufactured via melt spinning have shown high hardening 
post-processing, reaching hardness as high as 200 HV. Thus, 
based on the cooling rate limits which are applicable for both 
PBF-LB processing and atomisation processing combined with 
lucrative hardening response, Mn, Cr and Zr were selected 
for alloying. This resulted in formation of the first batch of 
atomised alloys, with three compositions, namely alloy A, B 
and C as shown in Table 1. Alloy A and B are designed as 
ternary alloys Al–Mn–Zr based and Al–Mn–Cr based, respec-
tively, whereas alloy C is a quaternary Al–Mn–Cr–Zr-based 
alloy. This was done in order to separate out the effects of each 
alloying element, both in terms of their solubility in matrix 
and precipitation hardening capability. The alloys that have 
been developed contain about three times higher amount of 
solutes than the solubility limits of Mn, Cr and Zr combined 
at equilibrium solubilities at melting temperatures [23]. This 
is considered as a big advantage of PBF-LB processing wherein 
rapid solidification process can lead to higher solubility. For 
the selection of amount of alloying elements, Cr was kept 
close to equilibrium amount (0.77 wt%), Zr was boosted to 
an amount known to be possible in PBF-LB [6] and Mn was 
increased based on literature evidence for rapidly solidified 
materials [15, 20, 25]. It was estimated that this will provide a 
big elevation in solid solutioning strengthening from these ele-
ments, especially Mn and Cr. The estimated potential increase 
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in yield strength owing to addition of Mn, Cr and Mg in solid 
solution was also calculated. The estimated strengthening was 
based on first-principle calculations done on binary Al alloys, 
showing expected increase in yield strength for solid solution 
coming from the misfit strain generated by solutes (ɛ) and 
concentration of solutes in the matrix (c) [17, 26]. This means 

that a total of 5.8 wt% (Mn + Cr) could potentially provide an 
increase in solid solution strengthening of ~ 300 MPa whereas 
a similar amount of Mg in solid solution will result in ~100 
MPa. A plot representing the tentative solid solution strength-
ening effect of Mn, Cr and Mg is provided in Fig. S6 in online 
resource. Furthermore, Al5Mn2.5Cr alloy system was shown 
in literature to have a precipitation strengthening response on 
direct ageing between 573 and 673 K [19, 20], tentatively from 
 Al12(Mn,Cr) semi-coherent precipitates. The Zr used in the 
alloys is based on extensive literature review wherein Zr in 
solid solution can lead to strong precipitation hardening after 
direct ageing around similar temperatures of 623–723 K [6, 27] 
via formation of nanometric  Al3Zr precipitates. The extended 
Zr solubility can result in up to 30–35 HV increase from these 
Al–Zr precipitates upon ageing [6]. The effect of each alloying 
element is discussed in further detail in following sections. 
The alloys were also seen to contain some Fe, Si (< 0.2 wt%) as 
unavoidable impurities from the atomisation process.

Figure 1:  (a) Al–Cr equilibrium and non-equilibrium binary phase diagram showing the change in solubility upon suppression of primary Al45V7 
precipitate (b–c) Similar phase diagrams for Al–Mn and Al–Zr, respectively, showing change in solubility upon suppression of primary precipitates, 
namely Al6Mn and Al3Zr_D023. Dotted lines represent equilibrium solvus lines and solid lines represent non-equilibrium lines after suppression of 
respective primary precipitates. Drawn using ThermoCalc2021a with TCAL7 database. (d) Interrelation among cooling rate, zirconium content and 
solidified structure in Al–Zr alloys, recalculated and redrawn from [24].

TABLE 1:  Alloy compositions for novel Al–Mn–Cr–Zr alloys.

The alloys were tested for chemical analysis using ICP-AES technique.

Alloy name Condition Alloy composition (in wt%)

Alloy A As-atomised 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

Alloy B As-atomised Al 5.0 Mn 0.8 Cr 0.14 Fe 0.16 Si

As-printed Al 4.9 Mn 0.8 Cr 0.18 Fe 0.17 Si

Alloy C As-atomised 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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The second important criterion for alloy design which was 
considered together with the extension to solubility was to limit 
the tendency for solidification cracking. The resistance to solidi-
fication cracking was tested using Scheil solidification curves. It 
was done for four alloys, two commercial conventional alloy 
grades namely Al-7075 and Al-6061, commercial PBF-LB alloy 
namely AlSi10Mg and one of the novel Al alloy namely Alloy C. 
The Scheil curves developed were then redrawn as presented in 

and used for calculating the maximum 
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the end of solidification (when (fs)1/2 ~ 1) and the solidification 
range where mass fraction of solid (fs) is between 0.8 and 1. 
Composition of different alloys and calculated value for slopes 
are provided in Tables S2 and S3 in online resource. The alloy C 
as a protype for the novel alloy design has negligible slope close 
to the solidification similar to AlSi10Mg, while the Al-6061 and 
Al-7075 have substantially higher slopes, about one order of 
magnitude higher. The values are expected to reflect the solidi-
fication cracking susceptibility (Fig. 2).

Moreover, the small slope formed at the end of solidifica-
tion in alloy C is due to the presence of Fe, Si as impurities in 
the alloy. This fact was included in alloy design itself as it was 
expected that addition of such low amounts did not affect print-
ability and not form significant amount of precipitates. Figure S3 
in online resource shows how 0.15 wt% each Fe, Si has negligible 
effect to Scheil solidification curve in alloy C. It is only when this 
amount reaches 1 wt% each that the effect to the solidification 
behaviour becomes a factor to consider while designing such 
Al alloys.

Printability of alloys

The results from design of experiments (DOE) approach to 
achieve high relative density are represented in Fig. 3(a)–(d). This 
was tested by conducting a modified version of two-level full 
factorial DOE with centre point runs to achieve a processability 

window with high density. Each sample, shown by a black dot, 
represents the processing parameter used. The relative density 
was calculated via image analysis of polished samples under 
optical microscope. More details are provided in the methods 
section. There were two reasons for conducting a DOE study. 
First, EOS M100 PBF-LB machine that was used for printing was 
not optimised for Al alloys; hence, no standard parameters were 
available. Additionally, to depict the crack resistance of these 
alloys regions with low relative density (92–94% relative den-
sity) achieved via low or high energy density had to be printed 
without cracks. While conducting DOE for alloys A and B, two 
variables were considered namely hatch distance and laser speed 
to obtain high density regions, as seen in Fig. 3(a) and (b). The 
laser power and layer thickness were constant at 170 W and 0.03 
mm, respectively. When testing alloy C, a more extensive DOE 
was conducted with laser power as a third variable while layer 
thickness was constant at 0.03 mm. Figure 3(c) and (d) shows 
that a more descriptive processing window was, thus, obtained 
and this was considered as a good starting point for achieving 
good density. For all the three alloys, the processing parameters 
with 170 W power, 1500 mm/s laser speed, 0.1 mm hatch dis-
tance, and 0.03 mm layer thickness were seen to provide good 
relative density (99.5–99.6% in best case of Alloy C), and these 
were selected as the optimum processing parameter settings.

Optical microscopy was used to do relative density measure-
ments, as summarised in Fig. 3(a)–(d). Additionally, the same 
images were used to detect solidification cracking and no cracks 
were observed in any of the samples printed. As an illustration, 
Fig. 4 shows the cross section for alloy C at optimised process-
ing parameters for all three cut sections in as-printed state. No 
cracking was seen in the sample, and quite clean samples were 
seen. When analysing all samples from the DOE studies, two 
types of common defects were recognised as observed in other 
studies for PBF-LB of aluminium alloys [11, 29, 30]. Some low 
magnification images for the different defects seen during DOE 
studies are illustrated in Fig. S4 in online resource.

Figure 2:  (a) Scheil solidification curve for different Al alloys across the whole solidification range. (b) Scheil solidification curve when (mass fraction of 
solid)1/2 is close to 1. The steepness of curve is illustrated for Al-7075. Calculations done using ThermoCalc v2021a software using TCAL7 and MOBAL5 
database.
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Resulting microstructure

The focus of microstructure studies was kept on the as-printed 
samples as those were considered to be the ones of interest for 
actual applications and not the as-atomised powder. However, 

to identify the starting point, a few cross sections of as-atomised 
powder were also studied which showed relatively dendritic 
solidification structure with negligible precipitation. Few pre-
cipitates in the inter-dendritic regions of sizes < 100 nm were 

Figure 3:  Contour plots showing relative density (%) achieved by (a, b) Varying laser speed (mm/s) and hatch distance (mm) in alloy A,B respectively; (c) 
Varying laser speed (mm/s) and hatch distance (mm) for alloy C and (d) Varying laser speed (mm/s) and laser power (W) for alloy C. Plots drawn using 
curve fitting tool in MATLAB 2021a software with interpolant method and linear curve fitting setting.

Figure 4:  Schematic shows the three different directions (X, Y, Z) for printing. Low-magnification optical microscopy images showing (a) XY plane (b) YZ 
plane and (c) XZ plane views for Alloy C in as-printed state having about 99.6% average relative density.
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seen. The electron microscopy images for the same are shown in 
Fig. S5 in online resource. The as-printed samples were charac-
terised in the SEM in backscattered mode (BSE) in as-polished 
condition, to be able to recognise grain contrast easily. Addi-
tionally, BSE helped with detecting the precipitates (if any) by 
higher contrast compared to the Al-matrix. The images along 
XZ plane and XY plane are shown in Fig. 5 for alloy C. The fig-
ure shows columnar grain structure along the build direction 
with finer grains along XY plane. All the alloys showed similar 

grain morphology with negligible precipitation visible at low 
magnifications.

On further investigation of the XZ plane at high magnifica-
tions, it was observed that two different categories of nanometric 
precipitates formed in the alloy in the as-printed condition were 
characterised by their morphology and location in the sample:

1. Precipitates located at melt pool boundaries
2. Precipitates located at grain/cell boundaries

Figure 5:  Electron microscopy image of Alloy C (as-printed) along (a) XZ plane with building direction from bottom to top and melt pool boundaries 
marked in red (b) XY plane with build direction inwards from image.

Figure 6:  Electron microscopy image of Alloy C in as-printed state showing two different melt pool boundary regions (orange) in (a), (b). (a) Magnified 
region with precipitates detected at melt pool boundary region on basis of size (as small marked yellow and large marked blue). Large precipitates are 
shown in high magnification in the inset in (a). (b) Magnified region with precipitates detected at grain boundary and cell boundary regions (c) EDS 
Chemical analysis of three categories of Mn-containing precipitates depicted for alloy C in as-printed state; cell boundary precipitates, small and large 
precipitates at melt pool boundaries. All these precipitates are enriched in Mn.
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The precipitates located at melt pool boundaries are shown 
in Fig. 6(a) where it can be seen that these precipitates have 
two typical sizes: smaller ones with spherical morphology and 
average sizes <100 nm and larger ones between 200 and 400 nm 
in size. The second category of precipitates was those forming 
at grain and cell boundaries, as seen in Fig. 6(b). Their shape 
was rod like with length of 200–400 nm and small diameter 
(< 50 nm). These particles aligning themselves along grain/
cell boundaries suggest that the precipitates are formed during 
solidification. Figure 6(c) shows the summary based on EDS 
point scans of these two types of precipitates. The EDS has much 
larger uncertainty for smaller particles due to the interaction 
volume generated by electron beam of the SEM as compared to 
the volume of precipitate, even if low accelerating voltage of 4 
kV was applied here to limit the interaction volume. However, to 
compensate for this, a high number of point scans (> 25) at high 
resolution were done to get a relatively consistent results. The 
results suggested that the smaller melt pool boundary and grain/
cell boundary precipitates were richer in Mn than the matrix 
concentration of Mn (5 wt%), but it could not be indicated if 
they could be either of  Al12Mn or  Al6Mn stoichiometry. The 
larger melt pool boundary precipitates, however, were suggested 
to have a  Al6Mn stoichiometry, thus, supporting the results 
shown later from XRD analysis.

Alloy properties

X‑ray diffraction

The X-ray diffraction was conducted on all alloys (A, B, C) in 
their as-atomised and as-printed condition to detect minor pre-
cipitates (if any) and calculate the amount of supersaturation 
via observing the shift in Al peak with respect to pure Al. It 
was done on the as-printed samples with optimal processing 

parameters established before. In the XRD plots presented in 
Fig. 7, it was observed that all the alloys show similar informa-
tion from the peaks, except a peak shift for Al when compar-
ing alloy A to alloy B/C. The Al peaks were seen to be shifted 
to a higher angle (2θ) as compared to the positions expected 
for pure Al, which are attributed to solutes dissolved in solid 
solution. Minor peaks observed in all alloys around 40.4° and 
43.0° (see inset view in Fig. 7(a) are attributed to few nanometric 
Al-Mn precipitates (shown in the literature as  Al6Mn or  Al12Mn 
[20, 21, 28]), which have also been confirmed via SEM analy-
sis. Figure 7(b) presents an attempt to correlate the solubility 
in the alloy as a sum of effects of alloying elements on lattice 
parameters with the Al peak shift. This was done by utilising a 
‘rule of mixtures’ approach, where the effect of each element was 
taken from the literature, based on first-principle calculations 
for binary Al alloys [17]. The only modification made to those 
calculations was that the starting point of pure Al was modified 
to 4.0478 Å (PDF nr. 0040787), instead of 4.016 Å as assumed in 
Ref. [17], because this value was seen to be much more reliable 
as per DIFFRAC.SUITE EVA software. More information on 
this method is provided in Fig. S7 in online resource. The values 
were then verified against the experimental values derived from 
the strongest Al peak which was at around 45° in as-printed 
samples and around 39° in as-atomised samples, as shown in 
Fig. 7(b). It can be observed that the experimental and theoreti-
cal lattice parameters are within 0.01 Å and show a similar trend.

Direct ageing and hardness response

After proving the solid solution capabilities, microhardness 
testing was conducted on the samples with optimal processing 
parameters established before to indicate strengthening from 
dissolved solutes. It was seen that Alloys A, B and C show aver-
age hardness values of 91, 99 and 102 HV, respectively, which 

Figure 7:  (a) X-ray plots for all alloys in as-printed condition. Inset shows the formation of minor peaks, attributed to Al-Mn precipitates Δ = pure-Al 
peaks and filled diamond = Al–Mn precipitate peaks. (b) Lattice parameter values based on X-ray diffraction patterns for all four alloys in as-atomised 
and as-printed conditions. The Δ lattice parameters reflect the difference between theoretically calculated values to as-atomised (AA) and as-printed 
(AP), respectively. X-ray diffraction conducted at 298 K.
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is much higher than pure Al of 20 HV. One set of as-printed 
samples from all alloys was aged to 678 K to demonstrate age 
hardenability and one set of as-printed samples from alloys A, 
C were heat treated at 523 K to show the inherent resistance to 
high temperature right after printing. Figure 8(a) and (b) shows 
the age-hardening response of the Al alloys after heating at 678 
K for up to 10h and hardness properties of alloys A and C, after 
heating at 523 K, respectively.

Discussion
The approach to alloy design of Al alloys tailored for PBF-LB 
process taking into account specifics of powder fabrication and 
PBF-LB processing to eliminate solidification cracking [7, 8, 31] 
were addressed in the present study. This problem was resolved 
by basing the alloy composition to include elements that are 
less prone to segregation during solidification. The solidification 
cracking can be depicted to arise from shift in concentration 
gradients in the liquid as solidification occurs, thus, leading to 
higher solute content in the last liquid, causing higher volu-
metric shrinkage when this liquid solidifies [7]. These cracks 
can form between solidifying grains and span several grains. 
According to Kuo [10], this can be solved by lowering the solidi-
fication range, in particular in the range of the last solidifying 
melt (fs~1). This means that there is minimum temperature 
gradient, thus, ensuring good amount of liquid metal available 
for bonding along two grain boundaries and avoiding crack 
formation. Following Scheil solidication curves, it was shown 
(in Fig. 8) that the solidification cracking susceptibility for the 
novel Al alloys in this respect is significantly reduced. All the 
printed samples supported this cracking resistance, and thus, 
an “inherently crack-free” material is obtained. The concept of 
higher supersaturation enabled due to PBF-LB processing has 
been illustrated via the XRD plots for all alloys in Fig. 6, which 
suggests very little precipitation in the as-printed condition due 
to a very small minor phase corresponding to Al–Mn formed. 
This has also been verified with SEM analysis, where only 

limited nanometric precipitation (as shown in Fig. 5) was seen 
in as-printed condition. Additionally, the peak shift for Al peaks 
suggests a high supersaturation of dissolved elements and the 
lattice parameters obtained experimentally are close to the sug-
gested parameters obtained in the literature for rapidly solidified 
Al–Mn and Al–Mn–Cr alloys [20, 21]. These parameters were 
also tested against theoretical lattice parameter values where 
values for Mn, Cr and Zr addition were taken based on study 
by Uesugi et al. [17] wherein lattice misfit and concentration in 
matrix are used to measure theoretical lattice parameter. The 
differences in theoretical and experimentally obtained param-
eters were seen to be within 0.01 Å, which could be explained 
by small amount of precipitation. Thus, such a method of test-
ing theoretically calculated lattice parameter values that need 
more work, as it may not be able to include effects of precipita-
tion, texture in material, etc. Furthermore, as-printed micro-
hardness of all alloys suggests reasonable strength in as-printed 
condition [as compared to pure Al (20 HV)], thus, supporting 
high supersaturation and solid solution strengthening in the Al-
matrix. The strength of these alloys in as-printed state is, thus, 
attributed as a mix of solid solution strength and possibly some 
grain refinement strengthening. The effect of grain refinement 
on mechanical properties in Al alloys is very weak as compared 
to Ni or Fe [33]. For example: In case of pure Al, a refinement of 
average grain sizes from 100 µm to 1 µm would result in about 
61.5 MPa increase in yield strength, whereas the same effect 
increases to 157 MPa and 212 MPa in Ni and Fe, respectively. 
A detailed visual representation is shown in Fig. S8 in online 
resource. Thus, grain refinement was considered as a secondary 
strengthening effect for these alloys.

The microstructure of this material as seen in Fig. 4 is 
typical microstructure seen in PBF-LB-processed materials 
with columnar grains along build direction [11, 30]. The grain 
refining  L12 form of  Al3Zr precipitates was not observed dur-
ing microstructural analysis, which is usually observed in Zr-
containing Al alloys. Croteau et al. [6] have suggested that the 
precursor for such precipitates to form is the presence of Mg in 

Figure 8:  Microhardness map for (a) all three Al alloys after being aged at 678 K for 0.5–10 h and (b) alloys A and C after heated at 523 K for between 1 
and 24 h.
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the alloy, which oxidises as MgO, which then results in the for-
mation of the  Al3Zr cubical phases. Hence, future alloy iterations 
may be developed with some Mg content in order to develop 
grain refinement if necessary. Upon observing the microstruc-
ture under high magnification as shown in Fig. 5, nanometric 
precipitates were observed rich in Mn. They were observed as 
melt pool boundary precipitates or solidification (grain/cell) 
boundary precipitates. XRD results suggest minor peaks cor-
responding to  Al12Mn or  Al6Mn (as seen in Fig. 6). However, it 
is hard to quantify the exact amount of these minor precipitates 
as the peak intensity ratio is low (< 5 vol%). Since re-melting of 
layers and segregation of primary precipitates along the solidi-
fication front during processing is fundamental to the process 
itself, formation of precipitates may be possible to reduce in size, 
but it may be impossible to be avoided completely in the as-
printed state for this level of Mn content. The segregation of Mn 
along grain boundaries has been shown experimentally in rap-
idly solidified and nanocrystalline Al–Mn-based alloys by other 
authors [21, 34, 35], suggesting also that higher concentrations 
of Mn may lead to formation of ‘quasicrystalline’ phases, which 
are metastable phases. The precipitates at melt pool boundaries 
are analogous to inclusions forming during welding of metals at 
the heat-affected region. In Fig. 5, it is shown that the precipita-
tion is expected to occur at the zone right below the remelted 
region in the previously deposited layer. There would be a clear 
driving force for this to occur as the equilibrium solubility for 
Mn is about 1.8 wt% and these alloys have about 5 wt% Mn 
available in the supersaturated solid (in previously deposited 
layer). The large meltpool boundary precipitates are seen to have 
an  Al6Mn stoichiometry, although their crystal structure is not 
known in the initial investigation. Both the smaller meltpool 
boundary precipitates and grain/sub-grain boundary precipi-
tates have higher Mn content than the matrix (8.42 wt% and 
8.58 wt% respectively), seen in Fig. 5(c), which is indicative of 
Mn enrichment. Their exact stoichiometry and crystal struc-
ture need to be confirmed via transmission electron microscopy 
(TEM) later.

The effect of direct ageing on all the alloys is shown in 
Fig. 7(a) and (b) via microhardness maps across various times 
and temperatures. Upon direct ageing, precipitation strength-
ening is expected as the major source of strengthening, where 
solutes diffusing out of Al-matrix assist the growth of pre-
cipitates such as Al–Mn containing or Al–Zr containing. It is 
believed that nanometric Al–Zr precipitates provide the high-
est strengthening in these alloys, similar to a 30 HV increase 
observed in Al–Mg–Zr-based alloys [6]. Al–Mn-containing pre-
cipitates are also shown to have a definite strengthening effect, 
but their precipitation kinetics need to be studied in further 
detail to optimise the hardening behaviour. At relatively lower 
temperatures as seen in  Fig. 7(b), negligible hardness increases 
in alloy A, C up to 24 h at 523 K, which is supported by the 

alloy design approach of selecting elements with low bulk dif-
fusivities, thus, having slow precipitation kinetics. It has been 
shown in the literature that Mn, Cr and Zr have bulk diffusivities 
lower than conventional alloying elements such as Mg and Cu 
by several orders of magnitude [27, 32] which could play a key 
role in resistance to precipitation. When ageing was conducted 
at relatively higher temperatures of 678 K as shown in Fig. 7(a), 
it was seen that alloy A and C produced a consistent hardening 
effect lasting between 2 and 6 h followed by reduction in peak 
hardness. The starting point for alloy A and alloy C is different 
due to 0.8 wt% Cr in solid solution, improving the starting point 
from 91 to 102 HV from alloy A to alloy C, respectively, which 
is a big contribution. The precipitation strengthening in both 
these alloys is attributed mainly to Zr present in solid solution, 
known to form nanometric  Al3Zr precipitates which are meta-
stable and coherent to Al-matrix and provide high strengthening 
potential [6, 27, 36]. Although Zr is seen as a primary strength-
ening precipitate, when comparing the strengthening to Zr-free 
alloy which is alloy B in Fig. 7(b), it is seen that some hard-
ness increase is produced for 1 h which is quickly followed by 
reduction in hardness, suggesting overageing occurring rapidly. 
This, however, indicates that Al–Mn-containing precipitates, as 
suggested to form in Fig. 5 could be growing in a favourable 
way to cause strengthening. Second, it is only after adding Cr 
in the alloys as a comparison between alloy A and C, the ageing 
response becomes more pronounced and a larger increase in 
hardness is achieved (18 HV and 28 HV as maximum increase in 
hardness in alloy A and alloy C, respectively). Based on literature 
evidence, it is believed that this is due to formation of hardening 
 Al12(Mn, Cr) precipitates, wherein Mn is replaced by Cr, which 
is slower in diffusivity, thus, slowing the precipitation kinetics 
of this precipitate [19, 20, 34].

Conclusions
This study introduces a method of alloy design (elucidated with 
a family of Al–Mn–Cr–Zr-based alloys) tailored for PBF-LB to 
create crack-free and tentatively high-performance alloys based 
on the combination of solid solution and precipitation strength-
ening. It is supported by thermodynamic modelling where the 
processability of the alloys can be tuned to have high amount of 
solutes in solid solution, while avoiding the common solidifica-
tion cracking phenomenon. In this study, the authors present 
that Mn, Cr and Zr combined could provide one such alloy sys-
tem wherein solidification cracking phenomenon is completely 
avoided, creating “inherently crack-free” materials. Low suscep-
tibility to solidification cracking is demonstrated as supported 
by printing crack-free 10 mm side cubes. Full dissolution of 0.8 
wt% Cr and 0.5–0.7 wt% Zr with nearly complete dissolution 
of 5 wt% Mn (< 5 vol% precipitates) was shown. The results 
prove the concept that choosing a safe path for solidification 
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can be realised if basic understanding of AM processing and 
powder technology principles are considered. The alloys, there-
after, produced via PBF-LB were shown via a DOE approach to 
be printable to reach high relative density of 99.5% with good 
processability window. In as-atomised and as-printed condi-
tions, some segregation along solidification structures such as 
dendritic/cell boundaries as well as grain boundaries are seen. 
For as-printed samples, in particular, meltpool boundary pre-
cipitation was observed, involving in-process nucleation and 
formation of Mn-rich nanometric precipitates believed being 
beneficial rather than being detrimental. Despite their forma-
tion, most of the alloying elements are still preserved in solid 
solution, whereby intended age-hardening response is kept. 
Further growth of precipitates is consequently also seen to be 
slow, causing the Al-matrix to strengthen during direct ageing 
and creating at present medium-high strength alloy for the most 
alloyed variants (alloy C). Higher amounts of Mn and Cr in the 
solid solution are shown to enhance solid solution strengthening 
capabilities, while resistance to precipitation is kept up to 523 K. 
Second, when precipitation is triggered at higher temperatures 
(one example is elucidated at 678 K), precipitation strengthen-
ing is observed at a relatively slow rate. This could mean that 
the peak hardness of the alloys could be further improved and 
high-temperature properties can be expected due to a better 
control of precipitate growth as outlined in the present study.

Materials and methods
Materials

Powder variants were produced by means of nitrogen gas atomi-
sation process, and powder produced was classified to nominal 
particle size range of 20–53 µm. The powder variants were pro-
vided by Höganäs AB. Three powder grades were designed with 
the final chemical compositions as presented in Table 1. More 
details about the particle size distribution data etc. are provided 
in Table S1 and Fig. S1 in online resource.

Alloy design tools

Tentative phase diagrams (from binary to quaternary) were 
developed using ThermoCalc software (TCAL7, MOBAL5 
database in ThermoCalc v2021a) and possible metastable phase 

diagrams were used as indicators for higher dissolution of alloy-
ing elements as compared to equilibrium. The second important 
criterion for alloy design was to choose alloying elements based 
on Scheil solidification calculations and selected for negligible 
solidification cracking susceptibility, as defined by Kuo [10]. 
This approach created an easy pathway for avoiding unneces-
sary issues during printing such as solidification cracking. The 
approach could be visualised using Scheil solidification curves, 
which were developed using ThermoCalc v2021a software using 
the TCAL7 and MOBAL5 databases.

PBF‑LB processing and design of experiments 
for establishing full density

The different variants of powder were processed in an EOS 
M100 machine with a 40 µm spot size, 200 W (170W nominal) 
power Yb-fibre laser. The samples were initially printed keeping 
170 W power and 0.03 mm layer thickness as fixed processing 
input along with normal scan rotation of 67°. The processabil-
ity of the materials was tested based on a simple two-level full 
factorial design with centre point runs to identify the regions 
of interest with high relative density (~ 99.5%). This design of 
experiment (DOE) approach was adopted with hatch distance 
and laser speed as variable-processing input to identify condi-
tions for high density after printing. A final DOE was conducted 
for the quaternary alloy (Alloy C) to make a full two factorial 
three-variable design with laser power as the third variable in 
the DOE. Table 2 summarises the range of processing param-
eters used for each alloy in the DOE. The powder samples were 
conditioned by means of a drying procedure at 353 K for 4 h 
before every print. The samples were printed as cubes of 10 × 
10 × 10  mm3. The samples were built with building direction as 
Z axis, gas flow direction as X axis and third direction as Y axis. 
The samples were designed with a notch to mark the direction 
of gas flow in the chamber. More details about the sample design 
are provided in Fig. S2 in online resource. All the samples were 
cut with a cold saw after printing from the build plate.

The relative densities of the samples were determined 
from optical microscopy of cross sections. The sections 
investigated were taken along three planes (XY, XZ, YZ). To 
identify and retrieve the porosity, results were then obtained 
for all three planes and averaged for each sample in order 

TABLE 2:  Summary of processing 
parameters for design of 
experiments (DOE) for all four Al 
alloys.

Layer thickness was kept constant at 0.03 mm for all the samples.

Alloy Laser power (W) Hatch distance (mm) Laser speed (mm/s)

Total 
number of 

samples

Alloy A 170 0.1–0.15 500–1500 13

Alloy B 170 0.1–0.15 500–1500 13

Alloy C 100–170 0.1–0.15 500–2000 46
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to minimise effect of orientation for the overall porosity val-
ues reported. The image analysis was done by using ImageJ 
software and sections of each sample having approximately 
100–150  mm2 total scanned area per sample.

Microstructure evaluation and mechanical testing

All the samples were prepared by cutting them close to the 
centre of all three followed by mounting them in an epoxy-
based thermoset resin, called Polyfast (from Struers). This was 
followed by grinding the samples with 200, 500, 800, 1000 and 
4000 foils followed by polishing the samples with 1 µm dia-
mond-based polish and final step with OP-S silica suspension 
on a Struers TegraPol 31 machine. Samples were etched using 
standard Keller’s reagent for making the melt pool boundaries 
visible in some cases. Light optical microscopy was done on a 
ZEISS Axioscope 7 instrument with an automated scale which 
enabled stitching of images of cross sections up 100  mm2 at × 
10 optical zoom. Microstructure evaluation was done on as-
polished samples on a Leo Gemini 1550 SEM equipped with 
field-emission gun. Imaging was done with secondary electron 
(SE) and backscattered electron (BSE) receivers, depending on 
the type of image contrast required. X-ray energy dispersive 
spectroscopy (EDS) for microanalysis was done with the sec-
ondary electron receiver coupled with INCA X-sight software 
for composition analysis. Some samples were also analysed 
in as-polished state using a Zeiss Gemini SEM 450 scanning 
electron microscope (SEM) with field-emission gun source for 
microanalysis. The microscope was fitted with a Bruker Quan-
tax FlatQuad Energy Dispersive X-Ray Spectroscopy (EDX) 
detector which enables elemental mapping of microstructure 
at sub-micron resolutions. The X-ray diffraction (XRD) of 
samples was done on a finely grinded sample (till 2000 grit 
size) using a Bragg–BrentanoHD X-ray machine equipped 
with a Cu source (Kα = 1.5406Å) with 40 mA and 45 kV as 
the generator settings, scanned between 20 and 100° 2θ with 
a step size of 0.007° and scan step time as 1 s. The XRD pat-
terns were analysed using DIFFRAC.SUITE EVA software by 
Bruker and the database used for pattern identification was 
PDF-4+ 2020 database. Heat treatment of some of the samples 
was conducted in pre-heated resistance furnace with a sec-
ondary thermocouple to verify the temperature close to the 
sample and keep temperature control within ±2°C followed 
by quenching in cold water. The Vickers hardness testing was 
done as per ASTM standards E92, E384 on the as-printed and 
potentially peak-aged specimens on a DuraScan system (from 
Struers) keeping a load of 0.3 kg, hold time of 10 s and spaced 
at least five times the indentation dimensions. 16 points (4 × 

4 grids) were taken along both XZ plane and XY plane of each 
sample and averaged to get the range of hardness values.
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