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Abstract:

An Al-Mg-based or Al-Mg-Si-based or Al-Zn-based or Al-Si-based starting material
in the form of a powder or wire for an additive manufacturing process, the use
thereof, and an additive manufacturing process using this starting material are dis-

closed.
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Starting Material, Use Thereof, and Additive Manufacturing Process Usinc

Said Starting Material
Technical Field

The invention relates to an additive manufacturing process and an Al-Mg-based or
Al-Mg-Si-based or Al-Zn-based or Al-Si-based starting material in the form of a

powder or wire for an additive manufacturing process.

Prior Art

In order to increase the mechanical strength of directly generated molded bodies
such as components that are manufactured using an additive powder bed-based
manufacturing process, the prior art (DE102007018123A1) has disclosed using Al-
Mg-based or Al-Mg-Sc-based (AIMg4,6Sc1,4) powder or wire as a starting material
for this additive manufacturing process. Although the grain-refining effect of scandi-
um is ’known — which grain-refining can also counteract a hot crack formation or
warm crack formation in the component —, it is not possible with such powders to
ensure a low level of solidification hot crack formation in the component - which
problem is also known in laser welding. Known powder bed-based additive manu-
facturing processes therefore result in a significant processing uncertainty, which at
this point, can only be reduced through a suitable alloy selection and narrow pro-

cess windows. In other words, these circumstances limit the application field of addi-

tive manufacturing process.

The same is also known with other starting materials such as Al-Mg-Si-based or Al-

Zn-based or Al-Si-based starting materials.
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Summary of the Invention

The object of the invention, therefore, is to provide an Al-Mg-based or Al-Mg-Si-
based or Al-Zn-based or Al-Si-based starting material in the form of a powder or
wire for an in particular powder bed-based additive manufacturing process, which
not only is édvantageous in the mechanical properties that can be achieved in the
molded body or component, but also can reduce the risk of a hot crack formation.

The invention attains the stated object with regard to the starting material according

to the features of claim 1.

High mechanical properties such as hardness and a low téndency to hot crack for-
mation can be ensured if the content of manganese (Mn) of at most 0.9 wt% and the
content of iron of at most 0.5 wt% of the Al-Mg-based or Al-Mg-Si-based or Al-Zn-
based or Al-Si-based starting material fulfills the ordering relation (wt% Mn) > A +

s TLf , | )
rers Where A = 2000« (75— 1)* and Tlice = 660 - 6.6%(Wi% Si) — 5.3*(wt%

Mg) — 3.6*(Wt% Cu) — 2*(Wt% Zn).

According to the invention, these limits in the composition of the alloy make it possi-
ble to ensure that in the structure formation during the in particular powder bed-
based additive manufacturing process, the Fe/Mn-containing phase precipitates out
before the Al matrix phase of the starting material, making it possible to achieve a
finer structure formation. This surprisingly occurs despite the comparatively high
content of iron and/or manganese — which high content according to current con-
sensus among experts, forms course intermetallic precipitation phases and thus

negatively influences the mechanical properties in the molded body or component.

It has -also been possible to determine that while maintaining the ordering relation
and taking into account the inherently high cooling speed during the in particular
powder bed-based additive manufacturing process, the alloy elements iron and/or
manganese can exhibit a particularly high recrystallization-hindering effect on the
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structure — which can significantly reduce the risk of a solidification hot crack for-

mation and can also significantly reduce pore formation in the molded body or com-

ponent.

In addition, Fe and/or Mn can also contribute to the increase in strength of the

molded body or component and thus further improve the mechanical properties.

By contrast with the prior art, with the starting material according to the invention, it
is thus possible to ensure a particularly high level of process reliability in the additive

manufacturing process — also permitting versatile use of this process.

The ordering relation can be enhanced if need be by means of the optional alloy
elements silicon (Si) and/or magnesium (Mg) and/or copper (Cu) and/or zinc (Zn). In
addition, the alloy can optionally contain 0.1 to 2 wt% scandium (Sc) and/or erbium
(Er), optionally 0.1 to 3 wt% lithium (Li), optionally 0 to 2 wt% nickel (Ni), and op-
tionally 0 to 1 wt% silver (Ag), beryllium (Be), cobalt (Co), chromium (Cr), hafnium
(Hf), molybde‘num (Mo), niobium (Nb), titanium (Ti), vanadium (V), zirconium (Zr),

tantalum (Ta), or yttrium (Y) alone or in combination.

As the residue, the starting material contains aluminum (Al) and manufacture-
dictated inevitable impurities. In general, it should be noted that the starting material

can contain impurities, each comprising at most 0.05 wt% and all together compris-

ing at most 0.15 wt%.

The mechanical properties of the molded body or component can be further in-
creased if the starting material contains at least 0.6 wt% Fe. The structure can be
further refined while maintaining the ordering relation by using a starting material
containing 0.8 to 1.8 wt% Fe and Mn. The structure can also be further refined while
maintaining the ordering relation by using a starting material containing 0.8 to 1.2
wt% Fe — which can result in improved mechanical properties of the molded body or
component and in a structure with low porosity and a low amount of hot cracking.
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With the upper limit of in particular up to 1.5 wt% Fe, preferably up to 1.2 wt% Fe, it
IS poséible to limit the total quantity of intermetallic phases in order to be able to en-
sure a comparatively high ductility of the molded body or component. In this regard,

an optimum can be achieved if the starting material contains 1 wt% Fe.

By limiting the sum of the alloy elements Fe and Mn in the composition to 0.7 to 2.1
wt%, it is possible to further improve the refining of the grain structure, which can
further increase the mechanical properties. The latter can particularly improve by
means of the narrower limits of 0.8 to 1.6 wt% Fe and Mn.

By having the starting material contain 0.05 to 12 wt% Si, 0.1 to 8 wt% Zn, 0.1 to 7

wt% Mg, and 0.05 to 2.5 wt% Cu, it is possible to further optimize the structure with

regard to its freedom from pores or hot cracking.

The starting material can be Al-Mg-based in order to enable achievement of a com-
ponent produced by means of an additive manufacturing process that has excellent
corrosion resistance and temperature resistance with regard to mechanical proper-
ties such as fatigue strength, creeping, and yield strength. To accomplish this, a

content of 2 to 7 wt% Mg is advisable.

If the starting material contains only 3 to 5 wt% Mg, it is possible, for example, to
suppress the formation of fume particles produced during the melting process,
which reduces the risk of a negative influence on the grain structure. The starting
material according to the invention can thus also contribute to increasing the repro-
ducibility of the additive manufacturing process. A further improvement of the hot
cracking resistance can be achieved with 0.2 to 2 wt% scandium (Sc) and/or erbium
(Er) — in connection with the other limits to the composition, 0.5 to 1.5 wt% Sc

and/or Er can particularly excel for this purpose.

The starting material can be Al-Mg-Si-based, with Mg and Si as alloy elements. For
this purpose, it can prove valuable for the starting material to contain 0.3 to 2 wt%
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Mg and 0.05 to 1.5 wt% Si in order to increase mechanical properties and to reduce

the susceptibility to hot cracking.

The properties mentioned above can be further improved if the starting material con-
tains 0.3 to 1.2 wt% Mg and 0.5 to 1.2 wt% Si. In addition, due to the comparatively
low Mg content, the formation of disadvantageous fume particles that are produced

during the melting process can be further suppressed.

To embody a high-strength molded body or component, the starting material can be
Al-Zn-based, with 1 to 8 wt% Zn, 1.0 to 3 wt% Mg, and 0.05 to 1.5 wt% Si. Since the

limits of the composition according to the invention with regard to Fe/Mn suppress a
crack formation particularly well, molded bodies or components manufactured out of
such a starting material can especially excel in their tensile strength. The latter can
be particularly increased if the starting material contains 4.5 to 8 wt% Zn in order to

be able to ensure a high tensile strength of the molded body or component.

In addition to being Al-Si-based, the starting material can also contain 5 to 11 wt%
Si in order to reduce the internal stresses and cracking tendency of the molded part
or component. Preferably in this regard, the starting material contains 7 to 10 wt%

Si.

The starting material according to the invention can be particularly suitable for an

additive manufacturing process, in particular in a selective laser melting.

Another object of the invention is to improve the reproducibility of an additive manu-

facturing process.

The invention attains this stated object by means of the features of claim 13.

Because the starting material according to the invention is used in an additive
manufacturing process, it is possible to significantly reduce the risk of solidification
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hot crack formation and also pore formation in the molded body or component —

which can lead to an increased reproducibility in the additive manufacturing process.

The fo'regoing applies particularly if a molded body or component is produced layer

by layer from the starting material by locally melting it with a laser beam.

This can be the case, for example, in a powder bed-based additive manufacturing

process such as selective laser melting.

Ways to Embody the invention

To prove the achieved effects, molded bodies were manufactured form various
powdered starting materials according to Table 1 with the aid of SLM (selective la-
ser melting) as a powder bed-based additive manufacturing process - namely in the

form of a cubic die.

~ Powder starting materials / contents in [wt%]

B [Wo[Wn [ S [ & [Fe 5 [CGulZnG
T A |47 [ose o0 [aas oo |
O R L I I I
n Al-Si | 0.36 0.11 | 10.1 -
5 | A-Si [0.36] 0.3 ] 1 10.1 ---
6 AI-Mg-Si 0.65 0.22 | 0.75 | 0.35 m
7 0.65 B 0.95 | 0.79 | 0.38 -
8

T N N I L
| AT (2] 03 i [ oT [ T8 [ ss[ox

Table 1: Powder starting materials 1 to 9
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Powder starting materials 1 to 9, in addition to the alloy elements listed in Table 1,
contain residual Al and manufacture-dictated inevitable impurities, each comprising

at most 0.05 wt% and all together comprising at most 0.15 wt%. The respective up-
per limit of at most 0.05 wt% also applies to the alloy elements listed in Table 1

whose‘ contents are not indicated.

According to the ordering relation shown in claim 1, for powdered starting materials
1 to 9, the parameters A and TLfcc and the minimum content of Mn are calculated

Powder starting ma- | TLfcc A Mn [wt%] >
terials |

as follows:

—
0.26 0.51

l—_ﬁ4 ) 5'9'1 0.001 1.36

B 5 591 [0.001 0.15

° 647
m

=

Table 2: Parameter A, TLfcc, and minimum content of Mn

Al-Mg-based starting material:
According to Table 2, with regard to the Al-Mg-based starting materials 1, 2, and 3,

it is clear that only powdered starting material 3, which contains 0.55 wt% Mn, fulfills
the ordering relation according to claim 1 because its Mn content is higher than the

Mn content stipulated by Tabile 2.
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The individual powdered starting materials 1, 2, and 3 were each completely melted
using selective laser melting with an energy density (ED) of 200 J/mm3. An Nd:YAG
laser with a laser power of 200 to 400 W, a beam diameter of less than 1 mm, a
sampling rate/scanning speed of 250 mm/s, and a powder layer thickness (Az) of
30 um were used for this. The moilded bodies were each produced layer by layer
through local melting of the powdered starting material 1, 2, and 3 according to Ta-
ble 1 with a grain of approx. 30-45 um. The scan spacing (also referred to as hatch

distance) (Ays) of 135 um was selected for each layer.

Al-Si-based starting material:
According to the Al-Si-based powdered starting materials 4 and 5 listed in Table 2,

only the powdered starting materials 5 that contain 0.3 wt% Mn fulfill the ordering
relation according to claim 1 because their Mn content is higher than the Mn content

stipulated by Table 2.

The individual powdered starting materials 4 and 5 were each produced with selec-
tive laser melting using a Yb:YAG laser with a laser power of 200 W and a sampling
rate/scanning speed of 500 mm/s. The molded bodies 4 and 5 were each produced
layer by layer through local melting of the powdered starting material according to

Table 1 with a grain of approx. 20-45 um.

Al-Mg-Si-based starting material:
According to Table 2, with regard to the Al-Mg-Si-based starting materials 6 and 7, it

is clear that only the powdered starting material 7 that contains 0.65 wt% Mn fuffills
the ordering relation according to claim 1 because its Mn content is higher than the

Mn content stipulated by Table 2.

‘The individual powdered starting materials 6 and 7 were each produced with selec-
tive laser melting using a Yb:YAG laser with a laser power of 200 W and a sampling
rate/scanning speed of 500 mm/s. The molded bodies 6 and 7 were each produced
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layer by layer through local melting of the powdered starting material according to

Table 1 with a grain of approx. 20-45 um.

Al-Zn-based starting material:
According to Table 2, with regard to the Al-Zn-based starting materials 8 and 9, it is

clear that only the powdered starting material 9 that contains 0.3 wt% Mn fulfills the
ordering relation according to claim 1 because its Mn content is higher than the Mn

content stipulated by Table 2.

The individual powdered starting materials 8 and 9 were each produced with selec-
tive laser melting using a Yb:YAG laser with a laser power of 200 W and a sampling
rate/scanning speed of 500 mm/s. The molded bodies 8 and 9 were each produced
layer by layer through local melting of the powdered starting material according to

Table 1 with a grain of approx. 20-45 um.

The powdered starting materials 3, 5, 7, and 9 therefore constitute embodiments

according to the invention.

The properties of the molded bodies thus achieved are listed in Table 2 below.

Molded bodies Hardness Rm A Porosity | Hot cracks |
made of powdered | HV3 [IMPa] | [%] [%]
starting material

3 105 370 19.5 <2 " <30 um

4 116 430 | 7 > 0.5 > 50 pm
I

5 130 480 14 <0.5 < 30 ym

6 108 | 315 17.5 > 350 um
7 116 340 | 235 | <15 <100 pym
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8 | 173 | 570 m > 4.5 > 500 um
% ] e ] %8s [ M| <3 [ <180um

Table 3: Characteristic values of molded bodies manufactured from the powdered

starting materials

According to the invention Table 3, the molded bodies made of the powdered start-
ing materials 1 and 2 had a significantly lower hardness compared to the molded
body made of the powdered starting material 3 according to the invention — which is
also reflected in a reduced tensile strength Rm and reduced ultimate elongation A. It
was also possible to prove that molded bodies made of powdered starting material 3
can be manufactured by means of the selective laser melting method without hot
cracking. These molded bodies also exhibited a lower porosity.

The porosity of the molded bodies was determined according to Archimedes’ princi-

ple (hydrostatic scale).

- A comparable result can also be observed with regard to the molded bodies made
of the powdered starting materials 4 and 5; the powdered starting materials 7 and 8:
and the powdered starting materials 8 and 9. Here, too, the same improved charac-
teristic values of the molded body made of the powdered starting material 5, 8. and

9, respectively, with regard to tensile strength Rm, ultimate elongation A, freedom

from hot cracking, and porosity.

Suitable lasers for the additive manufacturing process, depending on the radiation-
absorbing properties of the powder used, also include CO2 lasers, diode lasers, etc.
In general, it should be noted that "in particular” is to be understood as an example.
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Claims:

1. An Al-Mg-based or Al-Mg-Si-based or Al-Zn-based or Al-Si-based starting
material in the form of a powder or wire for an additive manufacturing process,
having

from 0.5 to 1.5 wt% iron (Fe),

at most 0.9 M% manganese (Mn),

.optionally silicon (Si), optionally magnesium (Mg), optionally copper (Cu), op-

tionally zinc (Zn),

wherein the content of manganese (Mn) and iron (Fe) fulfills the ordering rela-

tion

0.15

(W% Mn) > A + et

with
TLfcc
575

TLfcc = 660 — 6.6*(wt% Si) — 5.3*(wt% Mg) — 3.6*(wt% Cu) -
2*(Wt% Zn),

A = 2000 * ( - 1)*

and optional having
0.1t0 2 wt% scandium (Sc) and/or erbium (Er),

0.1t0 3 wt% lithium (Li),

0to 2 wt% nickel (Ni),

0to 1 wt% silver (Ag), beryllium (Be), cobalt (Co), chromium (Cr), haf-
nium (Hf), molybdenum (Mo), niobium (Nb), titanium (Ti), vana-
dium (V), zirconium (Zr), tantalum (Ta), yttrium (Y) individually
or in a combination

and residual aluminum (Al) and inevitable manufacturing induced impurities.



CA 03059286 2015-10-07

\’

-12-

2. The starting material according to claim 1, characterized in that the starting
- material has
at least 0.6 wt% Fe,
in particular 0.8 to 1.2 wt% Fe,
in particular 1 wt% Fe.
3. The starting material according to claim 1 or 2, characterized in that the start-

ing material has
0.7 to 2.1 wt% Fe and Mn,

in particular 0.8 to 1.8 wt% Fe and Mn,
in particular 0.8 to 1.6 wt% Fe and Mn.

4. The starting material according to claim 1, 2, or 3, characterized in that the

starting material has
0.05to 12 wt% S,
0.1t0 8 wt% Zn,
0.1t07 wt% Mg, and

0.05t02.5 wt% Cu.

. The starting material according to one of claims 1 to 4, characterized in that
the stérting material is Al-Mg-based, with

2t07 wt% Mg.
6.  The starting material according to claim 5, characterized in that the starting

material contains
3to5 wt% Mg and
0.2to 2 wt% Sc and/or Er,
in particular 0.5 to 1.5 wt% Sc and/or Er.
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7. The starting material according to one of claims 1 to 4, characterized in that

the starting material is Al-Mg-Si-based, with
0.3t02 wt% Mg and
0.05t0 1.5 wt% Si.

8. The starting material according to claim 7, characterized in that the starting

material contains
03to1.2 wit% Mgand

0.56to1.2 wt% Si.

0. The starting material according to one of claims 1 to 4, characterized in that

the starting material is Al-Zn-based, with
1t0 8 wt% Zn,
1.0to 3 wt% Mg, and
0.05t01.5 wt% Si.

10. ' The starting material according to claim 9, characterized in that the starting

material contains
4.5 to 8 wt% Zn.

11.  The starting material according to one of claims 1 to 4, characterized in that

the starting material is Al-Si-based, with
5to 11 wt% Si,

in particular 7 to 10 wt% Si.

12. A use of the starting material according to one of claims 1 to 11 in an additive

manufacturing process, in particular with a selective laser melting.

13.  An additive manufacturing process with a starting material according to one

of claims 1 to 11.
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14. The additive manufacturing process according to claim 13, characterized in
that a molded body or component is produced layer by layer from the starting mate-
rial by locally melting it with a laser beam.

15. The additive manufacturing process according to claim 13 or 14, namely se-

lective laser melting.
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