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a b s t r a c t 

To exploit the full potential of the additive layer manufacturing technique it is necessary to adapt the 

material to the process via a smart alloy design strategy. To this end, in order to derive and investi- 

gate various material concepts, the microstructural evolution of Sc-modified Al alloys was studied during 

the course of their production by laser powder bed fusion. Adding Mg as the main element (Al-4.4Mg- 

0.8Sc-0.3Zr-0.5Mn) generates an already-familiar bimodal microstructure. In contrast, if Cr is added as 

the main element (Al-2.6Cr-0.7Sc-0.3Zr), epitaxial grain growth takes place across several weld tracks, 

resulting in a distinct texture; and adding Ti as the main element (Al-1Ti-1Sc-0.4Zr) produces a uniform 

ultrafine-grained microstructure. The differences between these microstructures arise from interactions 

of the grain growth restriction factors and the solute with the primary precipitation structure. Thus, the 

precise manipulation of key metallurgical factors leads to novel materials which can be tailor-made for 

certain requirements. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Additive manufacturing (AM), especially the laser powder bed 

usion (LPBF) process of metallic materials, has attracted great 

nterest in the materials science community over the last few 

ecades. Characteristic of all powder-bed-based AM processes is 

he selective layer-by-layer melting or sintering of powder parti- 

les by an appropriate energy source, which makes complex struc- 

ures, near-net shape geometries and the integration of multi- 

le functional parts feasible [ 1 , 2 ]. Exceptional process conditions 

pply to this procedure, though: local overheating of the melt, 

igh temperature gradients which generate rapid solidification and 

hermal stresses, segregation phenomena, non-equilibrium phases, 

nisotropy and textured materials [3–7] . Currently a variety of ma- 

erial classes adapted for conventional manufacturing techniques 

uch as casting and forging are produced via LPBF [ 5 , 8–11 ]. Only a

ew of them, however, have been designed for the AM process in 

rder to take full advantage of the processing conditions. 
∗ Corresponding author. 
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To design an Al alloy suitable for structural application in the 

viation industry, balanced mechanical properties in terms of high 

trength values at a simultaneously high level of ductility are 

andatory. Accordingly, the basic metallurgical mechanisms re- 

uire accurate evaluation. 

Alloying elements with high vapour pressure (Mg and Zn) tend 

o evaporate during the LPBF process [12] . This generates an unsta- 

le weld pool which favours the formation of spatter and increases 

he probability of material discontinuities [13] . Such alloying ele- 

ents should therefore be avoided in powder-bed-based AM pro- 

esses for processibility and performance reasons, and to allow the 

echnology’s deployment in future safety-relevant applications (e.g. 

erospace). 

With regard to microstructural evolution, many studies of AM 

aterials have shown epitaxial grain growth in the material dur- 

ng the process, resulting in a textured material with anisotropic 

echanical properties and (in the worst cases) pronounced segre- 

ations and hot cracking, [14–18] . Initial approaches to control the 

icrostructure of various materials by adjusting the process pa- 

ameters of AM processes have had only limited success [ 6 , 19–21 ].

o fully exploit the process-inherent characteristics, attractive de- 

ign strategies also need to be implemented. 
c. This is an open access article under the CC BY license 
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Table 1 

Metallurgical parameters for various binary alloys according to Easton et al. [24] 

Element 

Partitioning 

coefficient 

k 

Slope of the 

liquidus line 

m [K/wt.%] m ( k − 1 ) 

Maximum 

concentration 

[wt.%] 

Si 0.11 -6.6 5.9 ≈12.6 

Cu 0.14 -3.4 2.8 33.2 

Mg 0.51 -6.2 3.0 ≈3.4 

Zr 2.5 4.5 6.8 0.11 

Cr 2.0 3.5 3.5 ≈0.4 

Ti 9.0 30.7 245.6 0.15 
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Table 2 

Chemical composition in wt.% of all Sc-modified Al alloys Scalmalloy®, Scancro- 

mal® and Scantital® investigated, and the respective values for GRF, determined 

via the initial rate of constitutional supercooling [54] . 

Alloy Al Mg Cr Ti Sc Zr Mn GRF [K] 

Al-Sc-Zr 

Base alloy 

Bal. - - - 1.0 0.4 - 0.01 

Al-Mg-Sc-Zr-Mn 

Scalmalloy®

Bal. 4.4 - - 0.8 0.3 0.5 16.3 

Al-Cr-Sc-Zr 

Scancromal®

Bal. - 2.6 - 0.7 0.3 - 2.0 

Al-Ti-Sc-Zr 

Scantital®

Bal. - - 1.0 1.0 0.4 - 18.4 
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A generally accepted instrument for effective estimation of 

rain refinement even during solidification is the grain growth re- 

triction factor Q (GRF) [ 22 , 23 ]. It should be noted that in LPBF

rain refinement can be established only during solidification, as a 

ubsequent forming and recrystallization step is not practicable in 

his near-net shape process. The GRF describes the segregation ten- 

ency ahead of the solidification front and can be directly derived 

rom the phase diagram for binary systems as follows: 

RF = m ( k − 1 ) C 0 (1) 

here m is the slope of the liquidus line in the binary phase di- 

gram, k the equilibrium partition coefficient and C 0 the compo- 

ition of the binary alloy. Table 1 gives a comparison of alloying 

lements usually used in Al alloys and their metallurgical parame- 

ers k and m in their binary system with Al. It is obvious that Ti,

n particular, has comparably high values, which according to the 

RF makes it an attractive option for grain refinement. 

It is obvious that Ti, in particular, has comparably high values of 

 ( k − 1 ) , which makes it an attractive option for grain refinement. 

evertheless, due to its limited solubility (see Table 1 ) Ti is mostly 

dded in a comparable low concentration, but not as main alloying 

lement. Commonly it is considered as an inoculant grain refiner 

n the form of T i B 2 or as TiC. Here extensive studies of the un-

erlying mechanisms during conventional processing routes have 

lready been published [25–28] . Only a few authors have investi- 

ated Ti as a main alloying element with its effect via grain growth 

estriction, mostly addressing solidification rates in conventional 

rocessing [29–34] . Recently, preliminary studies have been pub- 

ished where Ti was added to the conventional Al alloy 2024 pro- 

essed by LPBF with the aim of significantly decreasing grain size 

nd thus of suppressing hot cracking [35–37] . Adding Ti to conven- 

ional Al alloys thus appears as a promising approach in improving 

he LPBF processibility. 

Due to the high cooling rates of the LPBF process, most of 

he alloying elements are supersaturated in the as-built state, en- 

bling economically advantageous heat treatments without addi- 

ional solution annealing steps [ 38 , 39 ]. Studies on the Scalmalloy®

nd Scancromal® concepts proved Sc and/or Zr to be best suited 

or LPBF process conditions [ 3 , 40–42 ]. Even the addition of small

mounts promotes the formation of nano-sized, L 1 2 -structured, 

semi-)coherent A l 3 Sc or A l 3 ( S c x Z r 1 −x ) precipitates [43–47] . These 

ct both as solidification nuclei and, after a precisely adjusted heat 

reatment, as a hardening phase and facilitate a significant increase 

n strength [48] . 

Adding Sc and Ti to an Al alloy with various high Mg contents 

as already investigated by Wang et al. [49] to assess its very 

avourable influence on the grain size of the microstructure and 

echanical properties, but only in a diluted concentration of 0.2 

t.% Sc and 0.15 wt.% Ti. 

The aim of this work is to design a process-robust and high- 

trength Sc-modified Al-Ti alloy (Scantital®) on the basis of the 

 
st -generation Scalmalloy® [50] and 2 nd -generation Scancromal®

51] of Airbus, utilizing basic metallurgical concepts. In contrast to 

he previous studies on Ti addition to conventional Al alloys to en- 
2 
ance processibility [ 36 , 37 ], it aims to create a new alloy tailored

o the LPBF process and adapted for high strength applications by 

recipitation hardening of Sc and Zr. 

The powder chemistry of the various alloys investigated in this 

ork is shown in Table 2 . The powder of the Al-Sc-Zr base alloy 

as produced via melt spinning and extrusion, and atomized by 

CKART TLS GmbH, Germany via electrode induction melting in- 

rt gas atomization (EIGA), and the Scalmalloy® and Scancromal®

lloy powders were produced via inert gas atomization (IGA) by 

oyo Aluminium K.K, Japan. To achieve the chemical composition 

f Scantital®, the Al-Sc-Zr base powder was mechanically alloyed 

ith nano-Ti-powder by Nanografi Nanotechnology AS, Germany. 

The LPBF process was conducted using an SLM®125 machine 

t Airbus Central R & T in Munich, Germany and an AconityLab®

achine at the Department of Mechatronics at the University of 

nnsbruck, Austria. A parameter study using cubic specimens of 

0 × 10 × 10 mm ³ was performed to obtain fully dense speci- 

ens. All alloys were investigated in metallographic cross-section 

y scanning electron microscopy (SEM) Zeiss Auriga 40 equipped 

ith an Oxford Nordlysnano electron back-scattered diffraction 

EBSD) detector in back-scattered electron (BSE) mode and by 

BSD. The EBSD measurements were evaluated using MTEX Tool- 

ox 5.6.1 on Matlab R2017b. For an outlook regarding mechanical 

roperties, hardness measurements according to DIN EN ISO 6506 

HBW2.5/62.5) were conducted on the parameter cubes using an 

nstron Wolpert GmbH Digi-Testor 930 [52] . The isopleth diagrams 

ere created using the Pandat TM software package for multi- com- 

onent systems, with input from the PanAl2019 [53] database. The 

RFs of the multicomponent systems ( Table 2 ) were calculated ac- 

ording to procedure described by Schmid-Fetzer and Kozlov [54] , 

aking into account the initial rate of constitutional supercooling. 

The microstructures of the various alloys are shown in 

igs. 1 and 2 . Compared to the base alloy ( Fig. 1 a), which only

ontains the grain-refining elements Sc and Zr, it is apparent 

hat changing the main alloying element from Mg ( Fig. 1 b) to Cr

 Fig. 1 c) and Ti ( Fig. 1 d) has a significant influence on the solidifi-

ation microstructure. In the base alloy ( Figs. 1 a and 2 a) a bimodal

icrostructure is observed, with irregularly shaped fine-grained ar- 

as that do not define the weld pool geometry as clearly as in Scal- 

alloy®. A low hardness value of 52 HBW2.5/62.5 was also mea- 

ured for the base Al-1Sc-0.4Zr alloy. This can be traced back to the 

s-built state and the lack of solid solution hardening elements. 

Adding Mg to the base alloys produces a microstructure with 

learly delineated fine-grained areas with grain sizes of 500 –

00nm and coarse-grained areas with columnar grains of 1 –

0μm in size ( Figs. 1 b and 2 b), which is in accordance with lit-

rature [ 3 , 40 , 41 , 48 , 50 , 55–58 ]. Within the coarse-grained areas, a

 100 > -texture reveals solidification along the highest thermal gra- 

ient towards the top of the weld pool. The overall hardness of 

16 HBW2.5/62.5 is attributed to both the partial ultrafine-grained 

UFG) microstructure and solid solution hardening by Mg. Mg is 

onsidered a very effective solid solution hardening element that 
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Fig. 1. SEM images taken in BSE mode of all alloys investigated in the as-built state with their respective hardness values: a) Al-1Sc-0.4Zr base alloy with a bimodal 

microstructure; b) Scalmalloy® with its typical bimodal microstructure; c) Scancromal® with clearly visible epitaxial grain growth across the different weld tracks; d) 

Scantital® with ultrafine-grained equiaxed microstructure. The right-hand arrow indicates the build direction (BD). 
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lso significantly increases the Hall-Petch coefficient, which in turn 

xploits the potential of the UFG microstructure [ 59 , 60 ]. Unfortu- 

ately, however, Mg shows a high vapor pressure, which reduces 

he reliability of the LPBF process due to the difficult-to-control in- 

eraction of the laser beam with the metal vapor [61] . 

Modification with Cr in Scancromal® causes clearly epitaxial 

rain growth across various weld tracks ( Figs. 1 c and 2 c); this

as already reported by Palm et al. [51] .The layers themselves 

re indicated clearly by a seam of precipitates, probably A l 11 C r 2 or 

 l 13 C r 2 / A l 7 Cr , as seen in Fig. 1 . The EBSD image in Fig. 1 c also

hows a distinct, preferred growth orientation, which results in a 

trongly pronounced < 100 > -texture in the fcc Al matrix along the 

uild direction (BD). Due to this coarse microstructure the average 

ardness of Scancromal®, 71 HBW2.5/62.5, is comparatively low. 

In contrast to Scancromal®, and as expected from the high 

alue of the GRF, the microstructure of Scantital® shows a UFG 

quiaxed microstructure with no preferred solidification orienta- 

ion with an average grain size of approximately 500 nm ( Figs. 1 d

nd 2 d). Because of the monomodal UFG structure, the hardness 

alue yields 85 HBW2.5/62.5. Compared to Scalmalloy®, the lack 

f approximately 30 hardness points may stem from missing solid 

olution hardening of Mg and Mn [62] . 

A basic understanding of the grain formation mechanism dur- 

ng solidification was already detailed by Easton and StJohn in the 

ontext of the Interdependence Theory [ 24 , 63–65 ]. This theory de- 

cribes the influence of the segregation tendency of the main al- 

oying elements in the remaining melt during solidification, which 

enerates more or less pronounced constitutional supercooling (CS) 

epending on the GRF and the initial concentration. In [64] , the 

istance between two nucleation events x gs , which basically deter- 

ines the grain size d gs , can be divided into three different parts: 

 cs , the distance a grain has to grow to establish sufficient CS; x ′ 
dl 
;

he distance from the solid-liquid (S/L) interface to the position 
3 
here sufficient CS is established to activate a potent nuclei; and 

 sd , the distance from where sufficient CS is established up to the 

ext most potent nuclei in the melt: 

 gs = x cs + x ′ dl + x sd (2) 

For a full mathematical description of the various terms, see 

 24 , 63–65 ]. Recently this concept was also studied by various au- 

hors with respect to the special process conditions of AM [66–

8] . At higher cooling rates and higher thermal gradients thermal 

upercooling becomes more important, but the basic principles of 

lloy-specific constitutional supercooling remain unaffected. 

We will now consider the nucleation and supercooling con- 

itions for the different alloy variants. Starting with the base 

lloy, the melt itself is inoculated with highly potent primary 

 l 3 ( S c x Z r 1 −x ) precipitates, which act as nucleation sites for the α- 

l [3] . A very similar situation is demonstrated by Scalmalloy®. 

omparing the microstructures of the base alloy and Scalmalloy®, 

t becomes apparent that fewer nuclei have been activated in the 

ase alloy. Thus it can be assumed that thermal undercooling alone 

s not sufficient to activate a major portion of these nucleation 

ites, causing a minor volume fraction of fine-grained areas (also 

rregularly shaped) to form. On the contrary, by adding 4.4 wt.% 

g according to the Scalmalloy® concept, a GRF of 16.3 K can 

e assessed ( Table 2 ). This additional contribution of supercool- 

ng seems to be sufficient to activate a major portion of primary 

 l 3 ( S c x Z r 1 −x ) precipitates, producing a regular bimodal microstruc- 

ure. Whether this additional contribution by the solute stems 

rom the GRF (constitutional) or from the influence of the surface 

nergy and the S/L growth rate (thermal) needs further investiga- 

ions. 

The multicomponent system Scancromal® with Cr as the main 

lloying element exhibits a GRF of only 2.0. Thus, in terms of con- 

titutional supercooling, Scancromal® is comparable to the base 
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Fig. 2. Results of the overview EBSD mappings (200 × 200 μm ² for a, b, c and 15 × 15 μm ² for d) showing the inverse pole figure maps in z direction (IPFz) aligned parallel 

to the build direction (BD)(white areas are not indicated regions) and the calculated (100), (110) and (111) pole figures (PF), respectively: a) Al-1Sc-0.4Zr base alloy, with 

irregular-shaped bimodal microstructure and a weak pronounced favoured < 100 > growth direction along the build direction; b) Scalmalloy®, with its typical regular bimodal 

microstructure and a distinct < 100 > -texture along the build direction due to the coarse grained area; c) Scancromal®, showing clearly epitaxial grain growth across the weld 

tracks and a strongly pronounced < 100 > texture along the build direction (note the adapted scale of the PF); and d) Scantital, showing a randomly oriented ultrafine-grained 

microstructure with no noticeable texture (note the different magnification for the mapping). All alloys were investigated in the as-built state. 
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lloy. In contrast to the base alloy, however, primary A l 11 C r 2 or 

 l 13 C r 2 / A l 7 Cr are formed in the Cr variant ( Figs. 3 and 4 ). Both

he A l 11 C r 2 phase and the A l 7 Cr phase exhibit a monoclinic crystal 

tructure [69–72] , with significant mismatch to the fcc Al-matrix. 

onsequently they also do not act as potent nuclei. Rather, ini- 

ial studies indicate that Sc and Zr are incorporated into the Cr 

hases, and thus the number density of the A l 3 ( S c x Z r 1 −x ) precipi- 

ates decreases (note: Details of this cannibalisation effect will be 

ublished in a future work). The lack of suitable nuclei and the 

ow GRF consequently generate a microstructure characterised by 

pitaxial grain growth. 
4 
Adding Ti as the main alloying element, on the other hand, re- 

ults in a GRF value of 18.4 K. Because the GRF of Scantital® is 

omparable to that of Scalmalloy®, one would assume a similar 

icrostructure. However, next to the CS, Ti leads to the forma- 

ion of A l 3 T i precipitates ( Figs. 3 and 4 ). This phase is known to

orm in a high-temperature cubic type L 1 2 structure and in low- 

emperature tetragonal type D O 22 , although it has not been defini- 

ively clarified as to which type predominates in rapid solidifi- 

ation at LPBF [73–75] . Based on the UFG microstructure, it can 

e assumed that in our case potent L 1 2 A l 3 T i precipitates were 

ormed. It is also known that Ti can replace Sc in A l 3 Sc while 
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Fig. 3. Isopleths of Scancromal and Scantital; phase compositions of Scancromal® and Scantital® are indicated with the red dashed line and their liquidus temperature. 

Fig. 4. Higher magnification SEM images taken in BSE mode of a) Scancromal®, with comparable coarse Al-Cr precipitates and b) Scantital®, with finely dispersed Al-Ti 

precipitates indicated by red arrows. The right-hand arrow indicates the build direction (BD). 
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etaining the L1 2 structure [ 76 , 77 ], which suggests an increased 

umber density of A l 3 ( Sc, Zr, T i ) . Thus, both A l 3 T i and A l 3 ( Sc, Zr, T i )

resumably contribute to a decrease in the x sd value in Eq. (2) . 

ence, Ti contributes to grain refinement through both a high GRF 

alue and the precipitates inherent in its alloy system. 

In summary, adding various main alloying elements (Mg, Cr 

nd Ti) to the base alloy Al-1Sc-0.4 Zr has a major impact on mi- 

rostructural evolution during the rapid solidification of the LPBF 

rocess. If Mg is added in a hypo-eutectic concentration of 4.4 wt.% 

 bimodal microstructure is obtained; whereas adding Cr and Ti in 

 hyper-peritectic concentration generates epitaxial grain growth 

cross various weld tracks, with a pronounced texture in the case 

f Cr, and a very desirable UFG microstructure in case of Ti. Consti- 

utional supercooling and thus GRF, and the introduction of potent 

eterogeneous nucleation sites, both prove to be helpful adjust- 

ent tools for adapting the microstructure of Al alloys to specific 

pplications. 
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