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Abstract. The paper is related to the material behaviour of additively manufactured samples obtained by the direct metal laser sintering (DMLS)
method from the AlSi10Mg powder. The specimens are subjected to a quasi-static and dynamic compressive loading in a wide range of strain rates
and temperatures to investigate the influence of the manufacturing process conditions on the material mechanical properties. For completeness,
an analysis of their deformed microstructure is also performed. The obtained results prove the complexity of the material behaviour; therefore,
a phenomenological model based on the modified Johnson—Cook approach is proposed. The developed model describes the material behaviour
with much better accuracy than the classical constitutive function. The resulted experimental testing and its modelling present the potential of the

discussed material and the manufacturing technology.
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1. INTRODUCTION

Interest in additive manufacturing (AM) technology has in-
creased rapidly in recent years, contributing to a growing number
of relevant studies and published results. According to the SCO-
PUS database, in 2012, 621 articles related to this topic were
published, whereas, in 2017, this number increased to 4040,
reaching 8485 in 2020, [1]. This tendency shows that AM tech-
nology becomes increasingly attractive, not only for the scientific
world but also for industrial applications.

Among manufacturing methods in which lasers melt the metal-
lic powder to obtain the final geometry, direct metal laser sinter-
ing (DMLS), next to selective laser melting (SLM), is one of the
most frequently applied. The DMLS may be used to sinter alu-
minium, titanium, nickel alloys, steel, or stainless-steel powder.
It provides a reliable and repeatable part quality. In the case of
AM technology, choosing the metal alloy type is as important
as selecting print settings, process conditions, or post-treatment
of parts. The whole fabrication process affects the properties
of a final product, such as the roughness, strength, ductility, or
microstructure. As the technology is relatively new, compared to
casting or welding, the technical aspects of the DMLS technique
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are still analysed. A large part of the conducted studies refers to
selecting the optimal setting for the printing process, e.g. power
and track of laser, the thickness of powder layer, speed of the sin-
tering [2]. The discussion on the printing conditions during the
manufacturing using the SLM methods for aluminium powders
may be found in [3]. The papers report on different laser process-
ing conditions and their influence on the thermal behaviour of
AlSi10Mg powder during printing and the resulted microstruc-
ture. When the laser power increase, the maximum temperature
gradient and the size of the melted pools also increase. The pro-
cess parameters determine an energy density model correlated
with pores and internal defects in the manufactured part [4]. The
higher porosity was related to the insufficient energy density
obtained and an increase in the non-melted grains. In addition,
the deposition in a precise volumetric energy density (VED)
window, which is related to the laser diameter dependence, can
lead to fully dense parts [5]. Various print settings were tested
in the reference [6] to find the optimal process condition. They
proposed a relation between the laser power and the scanning
speed to the obtained porosity. The manufactured samples were
characterised by the lowest obtained porosity, below 10%, when
the laser energy varied between 50 J/mm>-75 J/mm?> and higher
than 120 J/mm?>. However, the energy density of 120 J/mm? was
correlated with the additional defects, e.g. the keyholes resulting
from higher vaporisation. The conclusions drawn by [7] are also
confirmed by [8].
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In the laser sintering methods, the authors of [9] distinguished
two main types of solidification. Typically, for pure or low-alloy
metals (e.g. Ti6AI5SV), the microstructure may be characterised
by long and columnar grains formed over the printed layers.
The solidification mechanism called epitaxial growth [9] takes
place along the direction of the maximum thermal gradients. It
requires stable planar fronts without local perturbations in the
material structure caused by an additional amount of the alloy-
ing elements. In the second case, in the structures of medium-
and high alloy metals (such as the 18Ni300 maraging steel or
AlSi10Mg aluminium), the grains are directed toward the cen-
tre of the melt pool. The solidification process is characterised
by an expulsion of hemispherical grains forming a fine cellular
structure. Different combinations of the print parameters, e.g.
a scanning strategy, can strongly influence the solidification pro-
cess of the melted powder. For certain powders, a unidirectional
scanning can lead to the strongest texture. However, it can also
generate tilts of the texture perpendicular to the scan vectors.
A rotation between printed layers results in better grains and
a more substantial texture for the structures manufactured from
pure and low-alloy metal powders. Because anisotropy charac-
terises the additively manufactured samples, the rotation and
overlapping of layers are often applied to increase the random-
ness of the adjacent tracts. Thereby, this effect improves the
homogenisation of the properties.

Understanding the effects of the structural anisotropy and the
influence of the residual stresses on mechanical properties of
the layered-built samples is another topic extensively discussed
in the literature. Segebade et al. [10] performed tension tests of
AlSi10Mg aluminium samples to define the material behaviour.
The obtained results indicate that the build direction does not
affect significantly hardening curves. However, it was observed
that the horizontally built samples reached a slightly higher strain
limit, which was attributed to the heat treatment process. This
post-process facilitates relieving stresses and leads to softening
of the material and improving ductility and creep resistance.
Entirely different conclusions on the influence of the printed
direction were drawn, see e.g. [11, 12]. The conducted research
correlates the obtained results with the position of the sample on
the build platform. Delcuse et al. [12] tested, among other effects,
the effect of the build orientation on the porosity and mechanical
properties of an auxetic structure made with the IN718 alloy.
The studies prove that the horizontally printed auxetic structures
exhibit higher yield stress, stiffness, and plastic work during
the tensile test. However, Poisson’s ratio is independent of the
sample position during additive manufacturing.

The effect of the heat treatment is often discussed in the litera-
ture concerning AM technology. Post-processing can change the
mechanical properties, like hardness and ductility, and influence
the microstructure. Zygula et al. [13] compared the mechanical
properties and microstructure of the AlSil0Mg samples as built
and after heat treatment. Then, the characteristics of the samples
printed additively were confronted with the values describing
samples made with a cast alloy. In both cases, the heat treatment
results in a reduction of the porosity. In [14], the microstructure
of samples made with the A1Si10Mg aluminium alloy as fabri-

cated and after heat treatment were discussed in detail. It was
concluded that the annealing at 300°C for 2 hours caused an
increase in precipitations of the fine Si phase within the colum-
nar o-Al matrix. The treatment at the temperature of 530°C
for 6 hours resulted in forming a stable intermetallic phase and
the microstructural equilibrium. It has been observed that each
subsequent heat treatment increases the ductility and reduces the
stress values obtained during tensile tests.

So far, many conducted studies, e.g. [15, 16], are related to the
tensile tests, therefore, to complete the conclusions presented
there, the results presented in this paper concern AISilOMg
structures manufactured by the DLSM method subjected to com-
pressive loading. The tested alloy is characterised by a good
strength-to-weight ratio and high hardness; it also offers high
corrosion resistance. Furthermore, samples printed additively
from the AlSi10Mg powder have a more refined microstructure
and improved strength and hardness comparing to structures
produced by the conventional casting methods [6].

The tests, performed under dynamic conditions through a Split
Hopkinson Pressure Bar (SHPB), allow the investigation of the
strain rate and temperature sensitivity of the AlSilOMg alu-
minium alloy. The given study is based on six different cases of
additively manufactures samples, i.e. it accounted for three print-
ing directions and the influence of the heat treatment or its lack.
The microstructural analysis of the samples before and after the
annealing allows us to observe discrepancies in the arrangement
of the silicium and aluminium phases which affects the material
behaviour. It also confirms the influence of the printing direction
on the resulted structural anisotropy. The test results are used
to identify a constitutive model and to calibrate the material
parameters. The modified Johnson—Cook model accounting for
the phenomenological observations is identified and validated in
the experimental loading cases. The provided discussion on the
microstructure and mechanical behaviour of the tested structures
can be useful for designing and manufacturing the components
from the AlSi10Mg aluminium powder.

2. SAMPLES FOR TESTING — MANUFACTURING METHOD,
GEOMETRY, MICROSTRUCTURE

The samples for the material testing are manufactured by an
EOSINT M 280 3D printer taking advantage of the direct metal
laser sintering method [17]. During printing in the argon atmo-
sphere, the laser beam melts subsequent powder layers. The
bidirectional scanning at an angle of 67°forms a so-called "bas-
ket weave" pattern of the melt pools, which can be seen on
the top surface of the printed component [18]. During the so-
lidification process, the printing technique results in forming
a fine microstructure. It also contributes to the unified macro
properties of the final part. As shown in Table 1, the processing
parameters have been selected to obtain the laser energy density
of 50 J-mm~> (based on (1)), allowing almost solid components
and neglecting the negative influence of the porosity

PLaser

Vscan s - ILayer

(D

Edensity =
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Table 1
Set of the printing parameters
Parameter of the printing process Symbol Value

Power of the laser source P aser 370 W
Scan velocity Vscan 1300 mm-s !
Hatch distance of the laser scan hy 190 um
tracks
The thickness of the powder layers
to be scanned MLayer 30 pm
Energy density Egensity 50 J-mm—3

2.1. Description of the quasi-static and dynamic tests

The manufactured samples are subjected to a compression load-
ing under quasi-static and dynamic conditions. The quasi-static
compression tests are performed using cylinders with the dimen-
sions of @ = 6 mm and 7 = 9 mm. In the dynamic compression
tests performed using the Split-Hopkinson pressure bars, the
cylindrical samples of ¢ = 5.8 mm and & = 3 mm are tested.
The proportion of the samples used for compression was cho-
sen based on the work of [19]. Additionally, according to the
standard ASTM D 4543, the ratio L/D < 2 of the cylindrical
sample should ensure that the compression process is unaffected
by buckling or shearing effects. Indeed, during the performed
experiments it was so — the observed compression proceeded
with a homogeneous deformation. It was also a result of the ap-
plication of a high-pressure grease with molybdenum disulphide
1SO140, which minimized the friction effect.

To verify the effects of material anisotropy, the specimens
for mechanical tests were printed along with three directions —
a horizontal print [0°], vertical [90°], and at the angle of 45°
to the build platform [45°], Fig. 1a. This approach follows the
assumption of transversal isotropy of the printed material.

Fig. 1. The printing directions for the mechanical testing scheme:
(a) orientation of the samples versus the build platform; (b) the observed
sample surfaces for the microstructural analysis

The printed samples were lathed and subsequently cut by
electrical discharge machining (EDM) to the required dimen-
sions. The study concerns the samples as fabricated and after
heat treatment, due to which internal stresses are relieved. The
heat treatment is realised for 120 minutes at 300°C, following
indications of the powder datasheet [20]. In conclusion, the

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 4, p. e141983, 2022

experimental investigation is performed for six different types
of samples depending on the printing direction and the heat
treatment

2.2. Microstructure analysis of the as-fabricated and
heat-treated samples

The microstructure was observed using Olympus DSX 510 opti-
cal microscope, which may achieve 13.5X optical zoom and 30X
digital zoom. For the study, the samples were polished and ade-
quately etched. The surfaces aligned along the building direction
[XZ] and the transverse surface [XY] are schematically shown
in Fig. 1b. The comparison of the microstructure is based on
the specimens as-fabricated (Figs. 3a—c) and after the annealing
process (Figs. 3d—f).

The formation of the optically observed melt pools
(Figs. 2b, c) is presented schematically in Fig. 2a. The melt
pools can be related to manufacturing and the cooling process of
the melted areas [21]. Visible melt pools with distinct boundaries
characterise the observed surfaces for as-fabricated (Fig. 3a) and
annealed samples (Fig. 3d). As a result of differences in the
cooling rate, three distinct areas are formed: a fine cellular struc-
ture, coarse cellular structure, and heat-affected zone (HAZ)
(Figs. 2a, c). The first zone was created towards the melt pool
centre due to a slower solidification process. The region with the
coarse cellular structure is the intermediate zone between the
centre and the boundaries of the melt pool. The long Si particles
are formed in heat-affected zones, which contact a previously so-
lidified melt pool. The visible bright eutectic Al/Si phase of the
micrographs in Fig. 3c is precipitated during the solidification
process and included in the Al matrix of melt pools. It can be
observed in Fig. 3f that after the heat treatment, the Si particles
become greater and more visible in the fine cellular structure.
During the annealing process, the Si particles diffused from the
supersaturated Al/Si matrix. As a result, the precipitated grains

a)

Fine zone

Print Direction

S \icLTPoOLS [

P

Fig. 2. (a) The schemes of melt pool forming and (b) the optical
micrographs of the AlISi10Mg as-fabricated sample; (c) enlarged area
marked ‘A’
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of Si are similar in shape and size to the grains in the region of
the heat-affected zone (Fig. 2c). The amount and size of other
particles across the aluminium matrix can strongly influence the
behaviour of the manufactured samples.

Without Heat Treatment Heat Treatment

Surface [XZ]

EFFECT OF THE LAYERED
MANUFACTURING

Surface [XY]

-4:' "

LASER PATHS

ENLARGED
Al/Si PHASE

Fig. 3. The optical micrographs showing microstructures of the
AlSi10Mg samples without heat treatment (a, b, ¢) and annealed
(d,e, 1)

2.3. Measurement of the Vickers hardness

The hardness of the as-fabricated and annealed samples is stud-
ied with the Vickers method. The tests are performed using
a Buehler’s microhardness tester machine Wilson VH1202. First,
an indentation mapping is performed using a 0.2 kg load with
a hold time of 10 s to obtain the homogeneity along the lon-
gitudinal axes in the material. Then, to determine an average
hardness value, the tests are repeated five times.

Figure 4 shows the comparison of the values obtained in the
hardness tests for six types of the samples (three printing di-
rections [0°], [45°], [90°]; heat-treated (HT) and as-fabricated
(WHT)). The hardness of the HT samples decreases in com-

parison to the samples WHT. The vertically printed specimens
in both conditions exhibit slightly higher HV hardness values.
Moreover, the samples without heat treatment are characterised
by constant hardness values, close to 125 +3 HV. After the
heat treatment, the hardness varies from 11044 HV (for [45°]
sample) to 11542 HV (for [90°] sample).

130
s § 1256 3_125.0 :{126'3
>
= 120 ~+
4
H] .
= 115 £ 149
<
= 10 3-111-1 3’110.9
P - :
= - < WHT
£ 105
AHT
100
[0°] [45°] [90°]

Print Direction [°]

Fig. 4. The Vickers hardness results of the Al1Sil0Mg aluminium alloy
for the samples without the heat treatment (WHT) and after the heat
treatment (HT), printed at 0°, 45°, and 90° angles to the build platform

3. EXPERIMENTAL TESTING OF THE MANUFACTURED
SAMPLES

The samples described in Section 2 are subjected to quasi-static

and dynamic compression loadings to evaluate the material prop-

erties of AISi10Mg aluminium alloy in terms of strain rate and

temperature sensitivity.

3.1. Results of the quasi-static compression test

The quasi-static compression tests are performed using a hy-
draulic universal testing machine Zwick 1476 with a 100 kN
load cell. The cylindrical samples with 6 x 9 mm are inserted
between two rigid high-strength steel blocks to avoid plastic
deformation of the machine’s grips. In addition, a high-pressure
grease with molybdenum disulphide ISO140 [22, 23] facilitates
minimalising friction effects — barrelling of samples was al-
most not observed. Additionally, in the program WASP, used to
evaluate the dynamic compression results, the correction on fric-
tion was already applied. The effect of friction on the material
responses is considered negligible.

The tests are performed under three constant loading veloci-
ties at the strain rates: 0.001/s, 0.01/s, and 0.1/s. To measure the
strain of the samples, the test stand is equipped with an exten-
someter. At the same time, the load sensor provides values of
the force over time. Each test is repeated at least two times for
each sample type. The details are summarised in Table 2.

The obtained true stress over true strain curves at the room
temperature for different quasi-static strain rates is reported in
Fig. 5. For each presented case, the influence of the printing
direction is observed. The vertically printed samples [90°] are
characterised by increased stress and smaller strains to fracture.
The vertical samples and those printed at the angle of 45° to the
build platform show a similar behaviour during the compression
process, which is confirmed by the shape of the resulting true

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 4, p. e141983, 2022



W\-\'\‘\’.CZ}.{SU].)ihl'l'li{.llilll.pl P
=

N www.journals.pan.pl

POLSKA AKADEMIA NAUK

Influence of strain rate and temperature on the mechanical behaviour of additively manufactured Al1Si10Mg alloy ...

Table 2
Summary of the conditions of the quasi-static compression tests
Printing Strain Temperature Stress relieve
direction rate
o -3
[0 O] 107 2/ s Without heat treatment
[45°] 107%/s Troom With heat treatment
[90°] 10~

stress — true strain curves. The material softening may be ob-
served after the deformation reached the value of the true strain
of 0.15 for the samples without heat treatment and 0.1 for the
samples after stress-relieving.

1 2
Strain rate: 0.001 /s
a) 700 00—
600{ e etitutue st | 0o
= | # T |
S s 5000 et =y
= | & |
z 400 . = 400 *
Z 300 - £ 300/
@ i 1 1
2 2000 ?Jn&:lic Tost - [OTWHT % 2000 ?:n::mt Teat * - [0°]HT
= L:x'mnu.oow. o MSTWHT |4 = ¥ Strain Rate 0.00%/s v [45°]HT .
100] All Printed Direction . [90°]WHT | | 1] AW Printed Dirsction »— [80°] HT
‘Without Heat-Treatment. | Heat-Treatment
oo m 0.2 03 04 LU 02 03 04
True Strain [-] True Strain [-]
Strain rate: 0.01 /s
b) 700 700
— PR T e 1
é: 600 P - 1= 600
= 5001, | & 500 T
% 1&
@ ¢ v 400
£ 400 1%, |z
0,: 300 | & 300
= Quasi-Static Test Quasi-Static Te o
B 200)Treom woorwer || 8 2000 T o [T HT
Strain Rate 0.01/s 4 [MSTWHT || = Strain Rate 0.01/s v [45°]HT
100 | An Printed Direction o 0 wWHT || 1007 ai printed Direction & [90° HT
Without Heat-Treatment Heat-Treatment
0.0 0.1 0.2 0.3 0.4 0.0 01 0.2 0.3 0.4
True Strain [-] True Strain [-]
Strain rate: 0.1 /s
c) 700 700
6004 A a it 600
= | /5 = .o
= 5001 & & 500 v——
= ‘ e
z 400 2 400
H | 4 L]
F 300% Z 300
@ ' Quasi-Static Tost @ | Quasi-Stat
E 20""1_|m [0 WHT 22004 ¢ m‘:[’": Tost % [0 HT
Strain Rate 0.V/s. & [45TTWHT = Strain Rate 0.1/s v [45HT
1007 All Printed Direction .
| Mo esman | BOTWNT | | 100} AuprnwsOvecsen | fo0r T
s )
00 01 02 LT o S
True Strain [-] True Strain [-]

Fig. 5. Summary of the quasi-static compression test of the A1Sil0Mg
aluminium alloy given in the true stress over true strain curves

The strain rate dependency is more visible using the samples
after the heat treatment. However, increasing the strain rate in the
quasi-static range does not increase the stress level significantly.
Therefore, the studied A1Si10Mg aluminium alloy is considered
not strain rate sensitive in the quasi-static range. Comparing the
results obtained for samples without heat treatment (Fig. 5(1))
and after that (Fig. 5(2)), compressed at the same strain rate, it
can be observed that the annealing process causes a decrease in
the obtained stress values by an average of 100 MPa and a longer
deformation process. Moreover, softening in the plastic range is
much more noticeable.

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 4, p. e141983, 2022

3.2. Results of the dynamic compression tests

The dynamic response of the studied material is investigated us-
ing a Split Hopkinson pressure bar (SHPB) test stand, presented
in Fig. 6. The projectile impacts a 1.5 m long input bar, which
generates an elastic incident wave & (¢). When the incident wave
reaches the bar-specimen interface, it is split into a reflected
wave €g(z) and a transmitted wave &(¢). The first one goes back
through the incident bar, and the second one propagates through
the tested sample and then through the output bar. A full-bridge
of four strain gauges and a Vishay conditioner are used to mea-
sure the response of the propagated waves. Further analysis is
performed using the Waves Analysis and Study Program (WASP)
based on the characteristics of the registered waves.

Output Bar

=

b) '?51.({)1015 Specimen (),
Projectile :—> Input bar | = Output bar -
R Rt ~E '/'P" ..-.-.-.-‘I._[_A-.-.-.-.-,/.‘_A-..,-‘-..,-|_._,)
ﬁ ' - ‘
VP =0 gage 1 gage?2
:',lg(f) ET“)

Fig. 6. (a) Split Hopkinson pressure bar experimental stand at the LEM
3 at the Lorraine University and (b) a schematic illustration showing its
working principles [23]

The physical principles of the SHPB are based on the one-
dimensional approach towards the uniaxial plane wave propaga-
tion modelling, characterised by equation (2):

2 2
al - 587(] )
or? dx?

The force equilibrium on the two end faces of the specimen is
necessary to validate the performed tests. Based on Hooke’s law,
Ravichandran and Subhash proposed the R(¢) parameter [24].
R(t) should obtain a value close to zero to achieve the force
equilibrium during the test. Equation (2) allows for evaluating
the difference of the two acting forces (Fj (¢) and F;(¢)) on the
end faces of the specimen AF (¢) to the average forces Fyyg(?).
The example of the R parameter evolution, presented in Fig. 7,
shows that the R parameter is almost equal to zero beyond the
beginning of the performed test:

_|AF(@) | S |A@) - FR()
0= he| TR0 RO @
F](I)ZE;,A;,(S](I)—I—ER(Z‘)), “4)
F (l) = EbAbST(I), )

where Ej;, and A, are the Young modulus and a cross-sectional
area of the bars.
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Fig. 7. Evolution of the force input (F}), output (F>) and force
equilibrium coefficient (R) over time

In addition, the energy balance Wy, (equation (6)) and the
quantity of movement Qeyp, (equation (7)) must be achieved. The
obtained values for the signal of incident waves in (6) and (7)
are compared with the initial energy and momentum values for
the projectile equations (8) and (9):

t

Wep = A0pC; [ €(£)*dé, (©)
0
t
Oexp = AoE / e(£)dé, )
0
2
wp= 1210 ®)
Op = MpVp, €))

where M, and V;) are mass and initial velocity of the projectile.
If the force equilibrium, energy balance, and quantity of move-
ment are achieved, the nominal stress Oyom (¢), the nominal strain
€1om () and the nominal strain rate &,om(¢) can be calculated us-
ing the registered forces imposed on the samples and the resulted
displacements of the bars in equations (10)—(12):

Grom(f) = %ST(’) (10)
t

Enom (1) = 2ch er(t)dt, (11)
S 0

Enom(1) = M%R(” (12)

where Ay and L are a cross-section and length of specimens.
The elastic wave speed Cp, in a bar with the Young’s modulus
E}, and the density p, can be described by (13):

[Ep
Cpr=4]—.
b P»

The SHPB tests are conducted for strain rates between 1300/s
and 3300/s at room temperature. The tests in each loading con-
dition (at a specific strain rate and temperature) are repeated
twice.

(13)

3.3. Adiabatic-isothermal correction
The performed tests confirmed that the deformation of the
AlSi10Mg aluminium alloy is sensitive to temperature changes.
Therefore, the adiabatic heating effect on the strains softening
for the large deformation in the dynamic region is included.
Knowing the temperature sensitivity v, the true stress under adi-
abatic conditions O giapatic are corrected to achieve the required
isothermal results Ojsothermal, according to (14):
Ofsothermal = OAdiabatic 1 |V|AT- (14)
The temperature increment AT during the plastic work concern-
ing the initial temperature 7y can be estimated based on the
following equations:

T =Ty+AT, (15)

AT (g,) = pﬁ/c(e,,,é,,,T) de,, (16)
P

where B3, p, C,, are the Taylor—Quinney coefficient, the density,
and the specific heat at a constant pressure of the material. The
B coefficient corresponds to the plastic work converted into
heat and depends on the strain rate of a deformation process.
It is worth noticing that the estimation of this coefficient is
a challenge and different methods exist to determine it correctly.
In this paper, 3 is assumed as equal to 0.9, as it is usually used
for metals [25,26].

The temperature sensitivity parameter v = dc/dT is deter-
mined based on the quasi-static tensile tests at different tem-
peratures for horizontally printed samples. Figure 8a shows the
linear curve slopes of the true stress over temperature at 6%,
8%, and 10% of deformation. The performed analysis allows
determining the average temperature sensitivity parameter equal
to v = —1.004 MPa/K. Then, the experimental curves of the
true stress at the high strain rate ranges are corrected based on
(14). The example of the adiabatic-isothermal correction of the
equivalent stress-equivalent strain at the different strain rates is
shown in Fig. 8b.

The results in terms of material behaviour for different strain
rates are reported in Fig. 9. It can be observed that in dynamic
range and quasi-static regime, the Al1Si10Mg aluminium alloy
exhibits only a slight strain rate dependence. In addition, in the
first stage of deformation (up to ~ 0.15 of strain), the horizon-
tally printed samples [0°] obtain the lowest results in terms of
the stress level, then [45°] and the vertically printed [90°] are
characterised as the highest obtained values. The stress values
for [45°] samples without heat treatment are similar to vertical
ones and, after heat treatment, closer to horizontally printed sam-
ples. The high hardening increase characterises the [45°] and
[90°] samples after crossing the references strain. Moreover, it is
observed that after the compression, the cross-sections for [0°]
and [45°] samples are more oval than for the vertically printed
samples [90°], in which cross-sections remain circular. It is an
effect of anisotropy resulting from the specificity of layered
manufacturing. In the case of [90°] samples, the load is applied
along with the melt pools arrangement and perpendicular to the
longitudinal tracks (see Fig. 3).
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at 1300/s—3300/s strain rates and room temperature
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3.4. Strain-rate sensitivity of the AlISi10Mg manufactured
additively

The SHPB dynamic compression tests prove the slights strain
rate sensitivity of the AlSil0Mg aluminium alloy. The com-
parison of the quasi-static and dynamic results presented in the
values of the true stress read for the true strain of 0.1 is presented
in Fig. 10. The strain rate dependence for the tested alloy differs
between the quasi-static and dynamic regions, which can be seen
on the slopes of the true stress-strain rate curves (Table 3). The
AISI10Mg aluminium becomes more susceptible to the strain
rate in the dynamic regimes. Figures 5 and 10 show that the print
direction and the performed post-processing affecting the mate-
rial behaviour. Stress-relieving causes an about 80 MPa decrease
in the obtained stress level. The strain rate sensitivity is more
distinctly seen for the heat-treated samples in the quasi-static
region (Table 3). It can be related to an arrangement of grains in

Quasi-Static and Dynamic Results
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Fig. 10. Summary of the true stress values at 0.1 true strain for
different printing directions, before heat treatment (WHT) and
after stress relieving (HT)
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the microstructure after the annealing process. In the dynamic
regime, the heat treatment slightly affects the slope curves of the
strain rate sensitivity. The highest susceptibility characterises
the samples printed at the angle of 45° to the build platform to
the strain rate.

Table 3
The slope of the true stress-strain rate curves a) at the static range;
b) at the dynamic range

a) Equations of the slope curves in the static region
y=alog(x)+b

dinection WHT HT
[0°] y=—1.06x+571 y=9.67x+534
[45°] y=0.13x+599 y=10.18x+541
[90°] y=3.67x+625 y=13.21x+586

b) Equations of the slope curves in the dynamic region
y=alog(x)+b

dirction WHT HT
[0°] y=61.7x+422 y=43.8x+413
[45°] y=150.9x+ 132 y=137.4x+92
[90°] y=T73.1x+427 y=623x+414

3.5. Temperature sensitivity of the AlSi10Mg manufactured
additively

The SHPB dynamic compression tests are performed at 100°C,
150°C, and 200°C. The constant temperature level during the
test is assured by a mounted heat chamber (Fig. 6). The sensor
is connected to a controller regulating the temperature in the
chamber so that the sample reached the initial temperature. The
compression tests are performed with an average strain rate of
29007/s.

Figure 11 presents the obtained results after adiabatic-iso-
thermal correction (see Section 3.3). It is shown that with the
temperature increases, the hardening stage takes place at lower
stress values. However, the [0°] HT and [45°] HT samples be-
come an exception as the obtained curves of true stress are
similar for the highest temperature. This effect may be explained
by a too low temperature obtained during the tests at 200°C. The
highest temperature sensitivity is noticed for the horizontally
printed samples [0°], whereas the lowest is registered for the
samples printed at an angle of 45°. Separately for each printed
direction, the values of true stress at the true strain of 0.1 are
collected in Fig. 12. The graphs summarise all the results ob-
tained from the compression tests, accounting for both strain
rate and temperature influence. It is worth noticing that at dy-
namic rates, an increase in the temperature to 100°C causes
decreasing in the stress level to those observed during quasi-
static tests.
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4. MATERIAL MODEL - IDENTIFICATION AND VALIDATION

The aim of the conducted tests is to describe the behaviour of
AlSi10Mg aluminium alloy at different strain rates and temper-
atures. Based on these experimental observations, a proposed
constitutive model of the tested material describes the flow stress
in the plastic range.

Among other phenomenological models, the Johnson—Cook
(JC) model is one of the most often used. The individual expres-
sions in three brackets in equation (17) represent strain harden-
ing, strain rate hardening, and thermal softening. It is calibrated
separately using experimental data presented as stress-strain
curves at different strain rates and temperatures, [27]

o = [A+Be)] [1+Cln (:0)] {1— (;f:gﬁ;)m] (17)

The flow stress ¢ at the strain rate € and at temperature 7 is
calculated based on the equivalent plastic strain €, and A, B, n, m
are the material constants. &y, 7r and T are the reference strain
rate, the melting temperature, and the reference temperature,
respectively. The user imposed the reference values referring
to the lowest strain rate and temperature values at which tests
were performed. The constants above are used to approximate
the thermo-visco-plastic behaviour of AlSi10Mg alloy for each
direction. Additionally, the presented material parameters in
Table 4 distinguish between two sets, based on the samples with
and without heat treatment.

Table 4
The material parameters of the Johnson—Cook model for AlSil0Mg
aluminium alloy developed for the samples 1) without heat treatment
and 2) after heat treatment (2h at 300°C)

DWHT | (o | ey | 01| €61 [ i | MERE
0° 220 1184 0.437 | 0.0001 1.26 14.4
45° 235 1231 0.424 0.007 1.52 21.06
90° 267 1455 0.466 | 0.0002 1.40 23.17
DHT | oo e | PE | €E | me | YT
0° 189 801 0.304 | 0.0009 1.33 12.92
45° 237 639 0.284 | 0.0001 1.34 17.56
90° 263 824 0.341 | 0.0018 1.31 10.49

Due to the limitations of the JC model, the constitutive model
is often modified to fit the registered material behaviour or to
minimise material constants, e.g. necessary in the simulation
approach [28-30]. The verified parameters of the JC material
modelling. Table 4 facilitates describing the Al1Si10Mg material
behaviour with the mean absolute percentage error (MAPE)
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between 10%—-23% (18):

1 N
MAPE = — )
Ni=0

Oexp — Omod

-100%, (18)

Oexp

where Oeyp is the experimental stress values, Opoq is the pre-
dicted stress value, and N is the number of the fitted points.
Due to the complexity of the obtained experimental character-
istics of the printed alloy, the JC model has allowed determining
with good accuracy only at the first stage of the plastic work.
However, the tested alloy is characterised by the softening in
the second plastic range at the quasi-static condition (Fig. 5). To
take this phenomenon into account, the JC constitutive model
has been modified, and softening parameter P is introduced
(equation (19)) to agree with experimental observation (Fig. 5).
fr(gp) =1—Pe,. (19)
Figure 10 shows that the AISi10Mg alloy is characterised by
two ranges of strain rate sensitivity for the quasi-static and dy-
namic regions. However, the classic JC model does not consider
a nonlinear strain rate sensitivity. Therefore, the nonlinearity of
the strain rate influence is extended by the following equation:

. .\ k
F(&)=1+CIn (;) +Chn (;) .

As the dynamic process is related to converting the part of the
plastic work into heat and cannot be dissipated along with the
specimen, the isothermal-adiabatic corrections are introduced
(see Section 3.3). Therefore, the softening visible in the quasi-
static range is not observed in the dynamic results. However,
this phenomenon is also not neglected, and the developed model
allows us to distinguish the material behaviour at different strain
rates. Equation (21) presents the final constitutive model for the
AlSi10Mg aluminium alloy, in which the flow stress is a sum of
the two ranges of the equivalent stress: o7 (up to the reference
strain under a visible softening) and o7 (in which the hardening
in the dynamic region occurs)

(20)

0
O =01+ 011 (€ — &) (21)

where €, is the equivalent plastic strain and &g is the reference
strain for which the softening does not occur in the dynamic
region. The Macaulay notation is defined by using equation (22)

(y=0, -

(y=1, ->0.
Then the first part of (21) can be described as the relations
presented by equations (23)—(26)

(22)

or = fi(ey)-f(&)-f(T), (23)
fi (&) = (A+Br")(1— Pe,), (24)
A . k
FE) =1+Cn (;) +Cn (;) , 25)
9
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The material parameters of the proposed material model developed fc-)l;a:lleesgmples 1) without heat treatment 2) after heat treatment (2h at 300°C)
1) WHT A [MPa] B [MPa] B, [MPa] n[-] Ci[-] G -] k[-] m [-] P[] MAPE [%]
0° 220 1184 2109 0.437 0.0001 0.0005 2.164 1.26 1.23 2.34
45° 235 1231 2505 0.424 0.007 0.0001 2.006 1.52 1.40 3.20
90° 267 1455 2854 0.466 0.0002 0.0003 2.247 1.40 1.61 2.67
2)HT A [MPa] B [MPa] B, [MPa] n[-] Ci[-] G [-] k[-] m [-] P[] MAPE [%]
0° 189 801 1728 0.304 0.0009 0.0007 1.906 1.33 1.12 2.94
45° 236 639 1594 0.284 0.0001 0.0067 1.510 1.34 1.04 2.70
90° 263 824 2209 0.341 0.0017 0.0176 0.898 1.31 1.51 3.11
f(T)Zl—(T_T°>m, (26) Table 6
Ty —To Comparison of the MAPE between the JC Model and the modified JC

where A, By, Ci, C,, P, n, m, k are material constants, € — the
strain rate, & — the reference strain rate, Ty — the melting tem-
perature and T is the reference temperature.

After exceeding the value of the reference strain, the second
part of (21) describes the equivalent flow stress as presented by
(27) and (28). The material constant B, determines the second
hardening stage, visible at the dynamic conditions. The func-
tion tanh(€) allows not to consider the effect of the material
hardening in the quasi-static region

011(€p, &) = fir (&) - f(€) - (&) — &) - tanh(£), @27)

f]] (8p) = BQEP . (28)

The final equation describing the characteristics of the
AlSi10Mg aluminium alloy can be presented by (29):

or = fi(g) f(&)-f(T)
+ fu (&) - (&) - tanh(€) - (€ — Eer) - (29)
The obtained material constants are presented in Table 5,
which have been gathered due to comparing the forecast val-
ues with the experimental stress values using the root mean
square error (RMSE) approach. Figs. 13a, b present the curves
modelled using the JC model and the curves obtained after the
correction due to the proposed model. The modified JC model
allows for ten times lower error between the model and the
experimental data (Table 6). To determine the material model
parameters that characterised AlSi10Mg alloy, the observation
that the aluminium exhibits different mechanical properties de-
pendent on the post-processing must be considered. In addition,
the melt pools arrangement influences the obtained stress results.
Therefore, the constitutive parameters must be distinguished for
each print direction. For a simplification, it is assumed that the
reference strain &e¢ is equal to 0.15 for the structures without
heat treatment and 0.1 for the heat-treated structures.
Consequently, the new material model describes the material
behaviour with an average error of 3% compared to the exper-

10

Model based on the experimental data obtained for [0°] WHT samples

Strain Rate | 0.001/s | 0.01/s 0.1/s 1300/s | 2900/s | 3300/s
MAPE -
JC Model 9.65% | 11.56% | 10.79% | 33.28% | 17.33% | 10.56%
MAPE —
Modified | 1.62% | 2.04% | 1.76% | 5.46% | 1.79% | 1.35%
JC Model
[0°) WHT
a) 1400 + Strain Rate: 0,001/s and 3300/s
1200 | | JC Model 3300/s
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Fig. 13. Comparison of the experimental data for the horizontally
printed samples with the curves resulted from a) JC modelling and b)
modified JC modelling
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imental data (Table 5). The mean absolute percentage error is
about one order of magnitude lower than that obtained based
on the JC modelling. Figure 14 presents the development of the
equivalent stress surfaces depending on the equivalent strain and
strain rates for the horizontally printing direction.
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Fig. 14. Effects of strain rate on the equivalent stress over plastic strain

at the room temperature based on the modified JC model parameters

obtained for the horizontally printed samples a) without the heat treat-
ment and b) with the heat treatment

As it is presented in Section 3, the tested A1Si10Mg aluminum
manufactured additively is characterized by a certain anisotropy —
in three tested print directions [0°], [45°], and [90°], its behavior
differs slightly (cf. Fig. 10). Furthermore, the discussion in Sec-
tion 4 showed that conventional approach proposed by Johnson
and Cook does not describe correctly the material behavior, due
to which modifications of the original function were necessary.

There are several models suited particularly to describe
anisotropic materials (like Hill’48 for orthotropic materials [31]
or Barlat 89 [32]]). Nevertheless, the choice of the JC model was
based on its popularity (especially in numerical modelling) and
a well-understood method of incorporating phenomenological
effects, like strain rate and temperature, in the function describ-
ing the material plasticity. This model is by definition suitable
for isotropic materials, which led to the identification of three
sets of parameters separately for each print direction. At the mo-
ment, the proposed modified JC plasticity model was validated

Bull. Pol. Acad. Sci. Tech. Sci., vol. 70, no. 4, p. e141983, 2022

only based on the discussed material. However, examples found
in the literature may prove that other metallic alloys printed ad-
ditively may demonstrate behavior eluding the classical model
approximation, e.g. [33, 34]. In further steps, it may be a po-
tentially interesting option to couple differences resulting from
the anisotropy in one constitutive function. Further, a numerical
simulation of the tested structures is a clear continuation of the
initiated research program and as it is hereby discussed, conven-
tional modeling is not sufficient to describe correctly the tested
aluminum alloy, its modified version may be of use.

5. CONCLUSIONS

The present article analyses the mechanical behaviour of the
AlSi10Mg aluminium alloy intended for components manu-
factured additively. The performed quasi-static and dynamic
compression tests at different temperatures concern the sam-
ples printed by the DMLS method. The compression tests are
conducted at the strain rate from 0.001/s to 3300/s and the tem-
peratures up to 200°C. The experimental investigation evaluates
the influence of the printed direction and the applied heat treat-
ment on the material behaviour. Based on the obtained results,
the following conclusions may be drawn:

1. The orientation of the sample to the built platform influences
the stress-strain results significantly. The obtained stress dur-
ing compression increases together with the slope of the
printed sample to the build platform. Moreover, the anneal-
ing process (2h at 300°C) causes a significant decrease in
stress level (up to 100 MPa) compared to the as-fabricated
samples.

2. It is noticeable that the heat treatment causes a decrease
in the obtained stress-strain results. It can be the effect of
the observed changes in the microstructure after the stress
relaxation due to the precipitation of the Si-phase within
the Al/Si matrix. Before the annealing, the Al matrix su-
persaturated by Si particles contributes to a higher strength
of the aluminium alloy. The Vickers hardness tests have
confirmed the decreased hardness. It was verified that the
as-fabricated samples are characterised by 125 HV, whereas
the hardness of the samples decreased to 110 HV after the
annealing process. What is more, after reaching the reference
strain, the samples exhibit a change in the hardening (from
softening in the quasi-static regime to a stronger hardening
in the dynamic region).

3. The experimental approach to the behaviour of the
AlSi10Mg aluminium under compression has proved that
the material properties differ with the print direction and
the chosen post-processing. These phenomena have been
considered by the proposed modified JC constitutive model.
Furthermore, the approach towards modelling considers the
distinction between hardening and softening phenomena,
two ranges of strain rate and temperature dependence. Con-
sequently, the average error between the experiments and
analytical results was minimised to an average error of 3%.
However, much worse modelling results were obtained when
the classical JC plasticity model was used, in which MAPE
reaches about 15%.
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The performed tests prove the complexity of the behaviour
of the AlSi10Mg alloy manufactured additively. Based on the
compression testing and its modelling, the obtained results com-
plement a gap in the research on this alloy applied to the additive
techniques. Indicating the best printing direction is a complex
issue. The answer cannot be clearly stated because it may be
chosen not only based on the type of load, but also on the fi-
nal application of the printed component. It should be noted
that a change of the print direction of the sample to the build
platform resulted in an increase in the stress and stiffness of
the material, but it was also observed that material ductility
decreased. The presented study analyses the effects observed
experimentally, providing a detailed discussion on the material
performance, which can be useful for industrial applications and
further optimisation of the manufactured parts.
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