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Abstract

Additive manufacturing enables the efficient production of intricate parts and the creation of multi-material mixtures of
functionally graded materials. Such materials can demonstrate spatially variable mechanical and functional properties and
thus can be attractive for various applications. In this work, we have produced gradient materials from a mixture of 316L.
stainless steel and pure Al by direct energy deposition. It was revealed that a relatively small (5-10 wt.%) addition of Al
can turn paramagnetic steel into the ferromagnetic material with saturation magnetization up to 118 emu g~! and enhance
the wear resistance from ~ 6 x 107 to ~ 1.5 — 3.0 x 10~ mm?/N/m. The changes in properties were associated with the
transformation of the FCC structure of steel to dual-phase BCC + B2, which occurred in reasonable agreement with the
CALPHAD calculations. The obtained gradient materials can be possibly used for cost-effective shielding applications.
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1 Introduction

Additive manufacturing (AM) is a group of methods for
manufacturing of complex-shaped products using the exist-
ing 3D models through layer-by-layer deposition of selected
material(s) [1]. AM can offer considerable improvements in
productivity and cost-efficiency over traditional processes
in a variety of applications. Metallic AM typically employs
laser or electron beams to deposit the materials in a form of
powders or wires [2]. It is already widely applied in various
industries, from aerospace to medicine [3, 4].

However, current metallic AM technologies largely
focus on load-bearing applications. Meanwhile, there is a
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significant interest in other fields, such as magnetic appli-
cations [5]. Fabrication of complex-shaped parts from
magnetic alloys using traditional approaches is cost- and
time-consuming [6]. Unlike the mechanical properties [7,
8], magnetic properties of the AM materials can tend to
deteriorate. For example, soft magnetic materials such as
Fi-Ni or Fe—Co alloys produced using AM tend to exhibit
inferior magnetic properties to their conventional counter-
parts [9, 10].

Another interesting opportunity provided by AM technol-
ogies is associated with the formation of the gradient mate-
rials [11, 12]. AM techniques like direct energy deposition
(DED) allow a wide range chemical composition variation in
produced parts thus enabling the adjustment of the structure
and properties [13]. One of the best-known examples of gra-
dient materials are related to mechanical properties [14, 15].
However, there are also some examples of gradient magnetic
materials, such as high entropy alloys of Fe—Ni/Fe—Co soft
magnets [16, 17]. Moreover, the capacity to produce gra-
dient magnetic materials from non-magnetic powders, i.e.,
316L steel and Al-bronze (Cu—12Al-2Fe (in wt.%)), was
recently demonstrated [18]. In addition, it is interesting to
create multifunctional material with a set of tunable proper-
ties, i.e., magnetic and mechanical properties variable at the
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same time. For instance, wear can be a serious issue for such
applications as electric motors [19]

To this end, in this letter, we demonstrate the capacity to
simultaneously alter magnetic behavior and wear resistance
in a gradient material made of widely used commercial 316
steel and pure Al.

2 Experimental procedures

Printing was performed using direct energy deposition
(DED) technology on an Insstek MX-1000 machine. A
mixture of metal powders of 316L stainless steel and pure
aluminum in a given proportion was prepared in advance
and loaded into the first feeder of the printer. The second
feeder was loaded by 316L (Fig. 1). Round stainless steel
316L substrate with a diameter of 40 mm used for deposition
of 20x 20 mm and a thickness of 1 mm. The powder feed
rate was calibrated using the built-in balance at 3.5 g/min.
A g-code file was also prepared with a program for print-
ing a cubic sample 10X 10 x 10 mm? in size. G-code is a

316L
Al

Fig. 1 The scheme of the DED of the program specimens
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language used to control CNC (computer numerical control)
machines. It instructs the machine on how to move, what
speed to use, and other parameters necessary for manufac-
turing parts or objects. The trajectory of the nozzle move-
ment was a zig-zag, with a 90-degree turn on each layer.
The distance between tracks was set at 500 um. The speed
of print head movement was 850 mm/min, the layer height
along the Z axis was 250 pm, and a laser power was 380 W.
After each layer, a pause of 5 s was applied for cooling of
the printed layer. This set of printing parameters has been
previously tested on 316L powder and showed very good
results with low porosity and high geometrical accuracy.
Samples with Al content < 10 mass.% were selected for the
study because of the strong cracking after reaching Al con-
tent of 10 mass.%.

The structure of the obtained samples was characterized
by the scanning electron microscopy (SEM, FEI Quanta
600 FEG), electron-backscattered diffraction (EBSD, FEI
Nova NanoSEM with EDAX Hikari detector) analysis,
transmission electron microscopy (TEM, JEOL JEM-2100),
and X-ray diffraction (XRD, Rigaku Ultima IV) analysis.
Microstructure analysis was performed in the direction per-
pendicular to the build direction. Slabs with a mass of about
0.1 g were cut by electric discharge machine and used for
magnetic properties measurements. The magnetic properties
have been measured at 300 K with a Quantum Design PPMS
vibrating sample magnetometer (VSM Option) in a range of
fields from -2 Tto 2 T.

Tribological characterization was performed at room
temperature conditions using an Anton Paar high-temper-
ature tribometer. A ceramic Al,O5 ball with a diameter of
6 mm was used as the counterbody. The friction coefficient
was measured under a load of 2 N, at a movement speed
of 5 cm/s, with a friction radius of 6 mm and a total length
of 1000 m. The material wear was subsequently measured
using a Nainovea PB 1000-point profilometer, and the wear
parameters of the material were determined. Microhardness
was measured using a Metrotest ITV-1-AM instrument.
The load during the measurement was 3 N, and measure-
ments were taken at five points, with the data subsequently
averaged.

The equilibrium phase diagrams were constructed
using CALPHAD approach (ThermoCalc 2022a software,
TCFe7.0 and TCHEA4 databases).

3 Results and discussion

The addition of Al had a significant impact on the mag-
netic properties of 316L steel. The measured magnetiza-
tion curves are shown in Fig. 2a. The “pure” 316L steel did
not exhibit ferromagnetic properties, however, the addition
of Al resulted in ferromagnetic behavior of the steel. The
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Fig.2 The effect of Al content on properties of the gradient materials: a magnetization curves; b the respective values of Mg; ¢ the dependence

of wear rate on Al content

saturated magnetizations (M) values were of 100, 118, and
78 emu g~! for the samples with the Al content of 3, 5,
and 10 mass.%, respectively (Fig. 2b). It is noteworthy the
maximum of Mg was observed at the Al content of 5%. The
wear resistance shows a different trend (Fig. 2¢). Increasing
the Al content from O to 5-10% leads to a decrease in the
wear rate from ~ 6 X 107#to ~ 1.5 — 3.0 x 107 mm?2/N/m.
It should be noted that the wear was inversely proportional
to variations in hardness, which aligns with the well-known
relationship [20, 21].

Such changes in properties can be associated with vari-
ations in the phase composition. The XRD results clearly
demonstrate the pronounced effect of the variations of the
chemistry in the mixture of Al and 316L steel (Fig. 3b). The
“pure” 316L steel has a single FCC phase structure with the
lattice parameters of 0.360 nm. However, even slight addi-
tions of Al (5 and 10%) to the steel resulted in the formation

of a BCC-based structure. Moreover, splitting of BCC peaks
and appearance of the superlattice reflections can be associ-
ated with the formation of a dual-phase BCC + B2 structure.
Both phases have similar lattice parameters in the range of
0.288-0.289 nm.

Furthermore, the microstructure of the alloys was exam-
ined using the EBSD method (Fig. 3a). It should be noted
that the phase maps (not shown here) confirmed XRD
data and revealed the FCC structure of the “pure” steel
and BCC structure of 5 wt.% and wt.10% Al samples. The
316L sample presented a coarse-grained microstructure
with irregularly shaped grains measuring approximately
~280 um (Fig. 3al). A similar structure with somewhat finer
grains (~220 um) was found in the sample with 5 wt.% Al
(Fig. 2a2). Significantly finer (~90 um) grains with polygo-
nal shape were observed in the 10 wt.% Al sample (Fig. 3a2).
Note that local chemical analysis by energy-dispersive
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Fig. 3 Structure of the obtained
gradient materials; a EBSD IPF
maps: a, 316L steel; a, 5% Al;
a3 10% Al; b—XRD patterns; ¢
TEM investigations of the 5%
Al specimens: ¢; TEM bright-
field image; c, and c; selected
area electron diffraction patterns
from structural constituents
identified with arrows in

Fig. 3cl

spectrometry (data not shown) have revealed good chemi-
cal homogeneity of 5 wt.% and wt.10% Al samples.

In addition, TEM studies were conducted of the 5 wt.%
Al sample (Fig. 3c). The alloy consisted predominantly
of the mixture of the bcc and B2 phases (shown with #1
in Fig. 2c1), with fine cuboidal B2 particles (~60-80 nm)
dispersed in the bce matrix. In addition, some coarser (#2
in Fig. 3c1) particles with hexagonal structure were found
mostly adjacent to the BCC grains. Local chemical analysis
(results are not shown) suggested that these particles are
most likely the FesSij silicide which is typical for AM mate-
rials [22].

To provide a rationalization for the obtained findings, a
CALPHAD analysis (i.e., calculation of equilibrium phase
composition) was conducted to assess the anticipated effect
of Al on the phase composition of 316L steel (Fig. 4).
While some amount of the BCC phase is expected to form
during solidification, the steel is characterized by a stable
austenitic (FCC) phase structure with small fraction of sec-
ondary phases (carbides and sigma) (Fig. 3a). Addition of
relatively small amount of Al (5 mass.%) results in drastic
changes in anticipated structure (Fig. 3b). A fully ferritic
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(BCC) structure is anticipated with no signs of the FCC
phase. In addition to carbides and sigma phases, significant
amount of FeAl-type B2 phase is anticipated in precipitates
at T< 1000 °C. The experimental structure of the alloys
(Fig. 3) agree reasonably with the predictions; note also that
the BCC + B2 structure is found in Al-doped ferritic steels
[23, 24], as well as in some high entropy alloys [25].

The variations in properties with different Al content
(Fig. 2) are evidently linked with the changes in the struc-
ture (Fig. 3). In terms of magnetic properties, it is well
known that austenitic (FCC) steels like 316L are para-
magnetic, while the ferritic (BCC) steels exhibit ferromag-
netic behavior below the Curie temperatures. Thus, the
changes in the magnetic properties of the gradient material
are associated with the change in the crystal structure,
similarly to many reported magnetic high entropy alloys
[17]. In addition, the precipitation of the B2 particles can
also have an impact on magnetic properties since inter-
phase boundaries can also be pinning sites for the mag-
netic domains [17]. The variations in the fraction/size of
B2 particles can be the reason for the formation of dif-
ferent magnetic properties with 5 and 10 mass.% of Al.
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Fig.4 The calculated equilibrium temperature dependencies of the phase composition (“phase diagrams”) of the: a 316L steel, b 316L steel with

5% Al

In addition to the B2 particles side, the changes in the
chemical composition of the material itself can have strong
impact on the mechanical properties [26-28].

In terms of wear resistance, the observed changes can
also be explained in relation to the phase structure. Auste-
nitic steels usually have poor wear resistance due to their
mechanical “softness” [29]. However, the formation of
intrinsically harder BCC matrix with numerous nanoscale
B2 precipitates which act as effective strengthening agents
[23] enhances the hardness and thus the wear resistance of
the gradient material produced.

To sum up, in the present study, we have demonstrated
the capacity of DED to produce gradient materials with
adjustable magnetic and wear properties by addition of
Al to 316L steel (an example is shown in Fig. 5, where
the Al content in the transition layer gradually increases
from O to 10%). Both “starting” materials are non-mag-
netic and mechanically soft, but addition of 5-10 wt.% of
Al to steel leads to the formation of a material with fer-
romagnetic behavior and relatively high wear resistance.
This finding can open new routes for efficient production
of multifunctional gradient materials for various appli-
cations. For example, one of the possible applications is
associated with the creation of complex-shaped shielding
from (electro)magnetic fields with spatially variable mag-
netic characteristics [30-33]. The use of cheap steel and Al
for creation of such shielding may be attractive from eco-
nomical point of view also. However, further studies are
required to understand in more details the physical nature
of the properties variation with composition and structure.
In addition, the other ways of adjusting the properties, i.e.,
annealing treatment, might be explored.

Fig. 5 The appearance of the as-printed gradient material

4 Conclusions

In this work, we have demonstrated the capability of the
DED technique to fabricate gradient materials from a mix-
ture of 316L stainless steel and Al. It has been revealed
that even a relatively small addition of Al (5-10 wt.%) can:

— Change the structure from fully FCC to dual-phase
BCC+B2;

— Turn paramagnetic steel into the ferromagnetic material
with saturation magnetization of ~ 118 emu g~ ';

@ Springer
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Enhance the wear resistance from ~ 6x 107 to
~1.5-3.0% 107> mm?/N/m.

The observed variations in the properties of the gradi-

ent materials can allow efficient and cost-effective fabrica-
tion of the electromagnetic shielding for different electronic
applications.
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