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Abstract

Powder bed fusion-laser beam (PBF-LB) is one of the additive manufacturing (AM) techniques that have grown in demand
in recent years due to the ability to produce extremely lightweight, ultra-high-strength metals necessary for the aerospace
industry. Aluminium alloys such as AlSi10Mg manufactured using PBF-LB exhibit anisotropic mechanical behaviour and
variable plastic deformation characteristics, posing challenges for broader structural applications. This paper presents a
comprehensive overview of the mechanical properties of AlSil10Mg, covering ultimate tensile stress (UTS), elongation at
fracture, yield stress (YS), work hardening, hardening capacity, toughness, and hardness. Hollomon and Voce methods are
used for approximating work hardening of PBF-LB AlSi10Mg printed at different orientations. Improved Hollomon and
Voce approximations are presented using Levenberg—Marquardt (LM) least square method, and it is shown that improved
Hollomon and Voce approximations show superior accuracy in predicting work hardening behaviour of the material com-
pared to the original Hollomon and Voce approximations. A unique method of obtaining Vickers hardness of AM materials
purely from tensile testing and use of work hardening, rather than direct hardness testing, is also presented, which potentially
reduces the time and cost of hardness testing, especially in the absence of hardness testing facilities.

Keywords Work hardening - Additive manufacturing - Printing orientation - Vickers hardness

Abbreviations 1 Introduction

AM Additive manufacturing

AB As-built Powder bed fusion-laser beam (PBF-LB) has been utilised
COD Coefficient of determination in many industries, including aerospace and automotive
DIC Digital image correlation industries, due to its ability to produce complex geometries
HT Heat-treated [1-4]. One of these alloys prominently produced via PBF-
LM Levenberg-Marquardt LB is AISi10Mg, due to its great printability and weldabil-
OAT One-at-a-time ity, as well as its high strength and lightweight structure
PBF-LB Powder bed fusion—laser beam [5]. PBF-LB AlSi10Mg is favoured over casting, due to the
SD Standard deviation greater strength and work hardening capacities achieved
SHT Solution heat-treated compared to cast Al-Si alloys [6].

UTS Ultimate tensile stress Work hardening, also known as strain hardening or cold
YS Yield stress working, is a mechanical phenomenon that occurs in materi-
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als when they are subjected to plastic deformation (perma-
nent deformation) through processes like rolling, bending,
or stretching. This deformation results in an increase in the
material’s strength and hardness. The same principles of
work hardening apply to AM metals, although the specific
behaviours can be influenced by factors unique to the AM
process.

In the following, the literature related to temperature
effects on work hardening, microstructure and anisotropy,
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work hardening models and theoretical approaches, tensile
behaviour, and toughness is reviewed, and then the research
gaps and objectives of our research are presented.

Song et al. [7] performed tensile testing on AISi10Mg at
35 °C and 200 °C build platform temperatures. The results at
200 °C showed exaggerated anisotropy in the strain harden-
ing capacity in the vertical direction in comparison to the 35
°C sample due to the fine microstructure of the 35 °C sample
compared to the 200 °C sample. Van Cauwenbergh et al. [8]
examined the multi-scale structure—property relationship of
PBF-LB-processed and heat-treated AISi10Mg. They found
that the rapid solidification inherent to PBF-LB leads to a
fine cellular microstructure, which significantly influences
the alloy’s hardening capacity.

Bao et al. [9] showed that the stress-relieved PBF-LB
AlSi10Mg has a more homogeneous microstructure, which
correlated directly to the enlargement in elongation. They
concluded that the tensile fracture of the stress-relieved
samples is less likely to propagate along the microstructure
boundaries because the applied load is perpendicular to the
building orientation. Takata et al. [10] examined the micro-
structure of Al-Si-based alloys produced by PBF-LB and
determined that nano-sized particles might restrict disloca-
tion movement, thereby improving work hardening. This
aligns with the reduced work hardening rate after annealing.
Zhao et al. [11] focused on the microstructure effect on the
mechanical performance of AlSi10Mg and found that the
shape of the Si-rich network had a significant impact on the
strain hardening. They discussed that anisotropic strength
is due to the elongated Si-rich network, while anisotropic
toughness is due to the way the melt pools are arranged.
Li et al. [12] studied the tensile behaviour of PBF-LB
AlSi10Mg alloy printed in 0°, 15°, 30°, 45°, 60°, 75°, and
90° orientations and found that the 60° sample presents a
good combination of ductility and high strength, owing to
its work hardening ability.

Zhang et al. [13] used the Kocks-Mecking model [14] and
the Voce model to predict the strain hardening behaviour of
annealed PBF-LB AlSi3.5Mg2.5. Ming et al. [15] used Hol-
lomon’s equation to compare work hardening in AlSi7Mg
with heat-treated AlSi7Mg and found work hardening expo-
nents of 0.23, 0.20, 0.20, and 0.17 for as built, direct aging,
annealing, and solution and aging, respectively. Similarly,
Konda Gokuldoss [16] used Hollomon’s equation to ana-
lyse the work hardening of PBF-LB Al-12Si alloy and found
a work hardening exponent of 0.26. The premature failure
during tensile testing negates uniform elongation associ-
ated with the structural defects. Chen et al. [6] used Hol-
lomon’s equation to analyse the work hardening behaviour
of PBF-LB AISi10Mg, and a large work hardening exponent
of 0.252 was observed. Baxter et al. [17] used an extended
Hollomon’s equation to fit the direct metal laser sintered
AlSi10Mg printed in a horizontal direction and used the
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Chang-Asaro hardening equation to fit the vertically printed
results, both with hyperbolic tangent and exponential decay
functions involved. Both theoretical models compared well
with experiments at all strain rates. Clyne and Campbell [18]
underlined the basis of tensile testing, producing an in-depth
theoretical analysis of the process of necking. The plot of
true stress against true strain provides both plasticity and
failure characteristics for the specific material of interest.
Failure is usually preceded by some degree of necking, a
phenomenon closely associated with work hardening. Insta-
bility is anticipated when an increase in local strain does
not result in a corresponding increase in load. Song et al.
[1] used the stress ratio comparison in each Al and Si phase
of PBF-LB AlSi10Mg to present the strength in the strain
hardening stage and further summarised that the strain gradi-
ent effect is anticipated to considerably postpone the onset
of damage and diminish the damage density.

Due to variations in printing direction, the accumulation
of thermal stresses in the workpiece can result in differences
in mechanical properties [19]. Fiocchi et al. [5] presented
the tensile test results of PBF-LB AlSi10Mg for horizon-
tal and vertical printing orientations in as-built and heat-
treated conditions. Annealing at 244 °C effectively stress
relieved the material while maintaining its strength due to
the presence of the continuous Si network. Takata et al. [20]
performed tensile testing in the X, Y, and Z directions of
PBF-LB AlSi10Mg and concluded that the fine Si particles
enhance the local work hardening in the a-Al matrix, leading
to crack initiation at the interfaces between the melt pools.
Dong et al. [21] discussed the trade-off between strength and
ductility and how improving the work hardening rate delays
necking, leading to increased ductility. They discussed how
toughness (area under the stress—strain curve) is an indi-
cator of both strength and ductility and showed that there
is an optimum work hardening rate that will produce the
ideal overall mechanical property. Wan et al. [22] studied
the ultimate tensile stress (UTS) and toughness of as-built
PBF-LB AlSi10Mg post-processed with three different heat-
treated conditions. They found that the overall toughness is
increased through the varying heat treatment, which cor-
responds to the major increase in the elongation at fracture.
This increase was attributed to the decrease in the number
of microvoids in the as-built samples after applying heat
treatments. Tang et al. [23] demonstrated that applying direct
aging heat treatment (160 °C for 4 h) can alleviate approxi-
mately 40% of the residual stress in the AlSil10Mg alloy,
leading to an improvement in fracture toughness.

While most of the research efforts have utilised tradi-
tional methods (original Voce and Hollomon equations) to
approximate work hardening, very few studies have pro-
posed improvements to these models or directly compared
them to identify which is superior. Furthermore, no attempts
have been made to link work hardening parameters to other
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mechanical properties, such as hardness, of AM materials.
Therefore, the objective of this study is to compare Hol-
lomon vs. Voce models for PBF-LB AlSi10Mg (including
improved fitting via Levenberg—Marquardt (LM) least square
method) and to propose a unique method to estimate Vickers
hardness of AM materials purely from tensile testing and the
use of work hardening from tensile data.

2 Background
2.1 Work hardening approximation models

The work hardening approximation methods are briefly
reviewed in this section.

2.1.1 Hollomon equation

The general form of the Hollomon equation is given by [24]:
o =Kye™ (H

where o is the mechanical true stress, € is the mechanical
true strain, Kj; is the Hollomon strength coefficient, and ny
is the Hollomon work hardening exponent.

2.1.2 Voce equation

The general form of the Voce equation is given by [25]:
o =0, — Ky X exp(nye) )

where o, is the saturation stress, Z—: is the work hardening
rate, and ny and K, are Voce equation constants. The dif-
ferential followed by the logarithmic manipulation of Eq. 2
will give:

do

-1 = ln(nVKV) + nye 3)

In

It should be noted that the logarithm of absolute values is
considered to ensure the argument remains positive, thereby
avoiding the logarithm of negative values. A plot of / n| ‘;—Z‘

against € produces a straight line of constant ny, as the slope
and In(nyKy ) as the y-intercept. From this graphical inter-
pretation, constant n;, and subsequently constant Ky, can be
obtained purely from true stress and true strain as inputs
[25]. It should be noted that sometimes Ky, is written as
(‘75 - O'Y). At large strains, all curves converge towards a
finite saturation stress. Therefore, there is a finite value that
can be achieved and utilised in the Voce equation [26]. In
most cases this saturation stress is presented at the asymp-
totic value of the top of the flow curve [26]. Southern et al.
[27] used an extended version of the Voce approximation to
approximate work hardening given by:

c=0,— (o-s - ay) X exp(—gio) )

A comparison of Eqgs. 2 and 4 shows that the constant
Ky, is the subtraction of the yield stress (YS), oy, from the
saturation stress, o, with both constant Ky, and the YS being
previously obtained. A simple rearrangement of Eq. 4 gives
the saturation stress as:

6, =Ky +0y )

From both the plot of Indo /de against € along with Eq. 5,
all inputs can therefore be obtained to formulate the Voce
approximation [25].

2.2 UTS-hardness and YS-hardness relationships

Because we aim to estimate hardness from tensile behaviour,
we summarise here empirical strength-hardness correlations
from literature (Eqgs. 6 and 7). For fine-grained and ultra-
fine-grained materials processed using constrained groove
pressing method, empirical relationships between UTS (o)
and YS (oy ) and Vickers hardness, H,, are given by Egs. 6
and 7 [28]:

H, = (%) % (0.1)~" ©)

o, 12.5 X ny |™
HV:(E>X(1_HH)X|:1——}1HH:| (7)

where ny; is the Hollomon work hardening exponent.

3 Material and methods

The EOS M280 3D printer was used to fabricate the
AlSi10Mg tensile specimens. Details of printing param-
eters, tensile sample dimensions, tensile test and hardness
measurements can be found in Ref. [29]. Vickers hardness
measurements (at a 5-kgf load) were conducted on the cross-
sections perpendicular to the specimen’s longitudinal axis
using a Duramin-500 universal hardness tester. Hardness
was evaluated in both the gauge length and the gripping
section of the specimens. Testing followed the ISO 6507-1
standard [30], with five indentations performed on each
specimen to ensure accuracy.

Figure 1 shows the six orientations of the tensile speci-
mens. The XY, XY-45 ° (in-plane) and YX are parallel to
the build plate at angles of 0 °, 45 ° and 90 °, respectively.
The XY-45 ° (out of plane) and ZX are out of plane at angles
of 45 ° and 90 °, respectively, while XZ is printed perpen-
dicular to the build plate. Five specimens of each orientation
were printed to ensure repeatability of results. All specimens
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Fig. 1 The printing orientations
of PBF-LB AlSil0Mg

underwent stress relief annealing for 2 h at 300 °C. Tensile
tests were performed, at room temperature, on an MTS 810
machine (250-kN load capacity, 80-mm stroke) at a strain
rate of 1x 107> s~ under displacement control. Further-
more, the hardening capacity and toughness were calculated
using tensile test data as follows: Hardening capacity, H.,
was calculated in relation to the UTS, o, and YS, oy, using
H, = % [31], and toughness was calculated by taking

C
numerical integration of the true stress—strain curve up to
fracture.

Voce and Hollomon approximation equations are used
to model the work hardening of AISi10Mg for all printing
orientations. To enable a comprehensive comparison of Hol-
lomon and Voce parameters for heat-treated and as-built
AlSi10Mg samples, stress—strain curve data tensile were
derived from the literature or, if not explicitly available, dig-
itised from their stress—strain graphs, and then Hollomon
and Voce equations were fit to them. Both Voce and Hol-
lomon parameter sets approximate the true stress-true strain
relationship until the onset of necking. Therefore, the plots
of Voce and Hollomon approximations are only presented
from the yield strength to the onset of necking. The LM
method, explained in the Appendix, was used to find opti-
mum parameters for both the Voce and Hollomon methods
to improve their fit to the experimental data. A local sensi-
tivity analysis using a one-at-a-time (OAT) approach [32] is
performed to determine each corresponding equation (Hollo-
mon or Voce) sensitivity to the individual parameters in the
equation. The method varies each parameter by a 5% vari-
ance to ensure isolation of its effect on the model’s response.
The method utilises the R? value as the measurement metric
to present the effect of varying the individual parameter;
the larger the change in the baseline R* value, the greater
the effect of varying that specific parameter has caused, and
the more sensitive the overall equation is to said parameter.
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4 Results and discussion

4.1 Tensile properties

Figure 2a [29] shows the engineering stress, o,,, vs. engineer-
ing strain, €, curves for AlSi10Mg alloy printed in different
orientations. They can be converted into true stress, oy, Vvs.
true strain, e, plots using the conservation of volume during
plastic deformation, namely oy =o0,(14+¢,) and
er = In(1 + &,). The true stress-true strain graphs are pre-
sented in Fig. 2b. Work hardening rate (which is the rate of
change of true stress with true strain, i.e., %) VS. true strain

for different build orientations is shown in Fig. 2c.

Table 1 lists the tensile properties and hardening capac-
ity for PBF-LB AlSi10Mg with different heat-treatment and
build-orientation conditions. The YS, ¢y, was determined by
the point of interception of the true stress-true strain graph
with the 0.2% offset line.

4.1.1 Consideére’s criterion and onset of necking

The uniform elongation of the material is related to the
occurrence of plastic instability or necking which is related
to the Considere’s criterion, o > % [37]. Once a neck
starts to form in a material, there is a large increase in true
stress (flow stress) at the location of the neck, leading to
more strain which then leads to more necking. This cycle
then accelerates necking which leads to the fracture of the
sample [18]. Work hardening counters this cyclic effect how-
ever, since the higher strain experienced at the neck will
require a higher stress at that point to further increase strain
due to the nature of the stress—strain curve. Generally, work
hardening is sufficient to have uniform straining and prevent
early necking. However, work hardening rate decreases with
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Fig.2 Room temperature tensile properties for different building orientations: a engineering stress vs. engineering strain, b true stress vs. true

strain, ¢ work hardening rate vs. true strain, and d hardening capacity

increasing strain, meaning there will be a point at which
work hardening will not be sufficient to delay the cycle dis-
cussed [18]. This point is defined by Armad Considére and is
commonly known as Considere’s criterion. Considere stated
the necking is anticipated to initiate when the local strain
rises to a point where there is no corresponding increase in
the overall load. This exact point is found when work hard-
ening rate curve and the true stress curves meet for a given
sample, and hence, necking is only expected to occur after
each said curves have crossed each other’s paths. To under-
stand whether each sample achieves uniform elongation, a
plot of both work hardening rate and true stress against true
strain was obtained [16]. It should be noted that detecting
the onset of necking is a challenging task. Multi-camera DIC
systems have the potential to accurately detect the onset of
localised necking in uniaxial testing [38].

Due to the large distortion in the work hardening rate
curve caused by a large set of data recorded by the MTS-810
machine, exponential smoothing with a damping ratio of 0.9
is used to reduce noise within the data. This smoothed work
hardening rate curve was then used to determine the point
where the work hardening rate and true stress curves meet,
as shown in Fig. 3.

The two curves for XY and YX samples do not cross
which shows that there is no necking occurring for these
two samples, and this is also evident from Fig. 2b as there is
no softening after UTS and a premature fracture occurs. For
XY_45° (in-plane), the two curves meet slightly earlier than
the break strain, and this can be related to the slight soften-
ing and possible necking after UTS in Fig. 2b. For samples
XZ, XY _45° (out-of-plane), and ZX, the work hardening
rate and true stress curves meet comparatively earlier than
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Table1 YS (oy), UTS (o-u), and elongation at fracture (ef) and hard-
ening capacity (HC) for PBF-LB AlISi10Mg under different heat treat-

ments and build orientations (note: current work values are mean

+SD for 5 samples. Literature values are as reported (single measure-
ments or averages where available)

s

Building orientation Heat treatment oy(MPa) 0,(MPa) e¢(%) H, Ref

XY 300 °C/2h 243.60 £7.20  366.60 +£4.60  4.70 +0.30 0.50 +£0.12  Current work
XY_45° (in-plane) 300 °C/2h 23830 7 332.60 £4.90 2.80 0.39+£0.09  Current work
YX 300 °C/2 h 24450 £2.10 349 +7 3+0.20 0.43 +£0.08  Current work
XZ 300 °C/2h 209.3 +£2.90 327.8 +£8.60 720 £1.10 0.57 £0.12  Current work
XY_45° (out-of-plane) 300 °C/2 h 198.30 £3.60  295.80 +7.10  4.60 +0.50 0.49 +£0.12  Current work
ZX 300 °C/2 h 197.70 £3.50  306.10 £1.40  5.90 +1.50 0.55 +£0.07  Current work
X 35 °C build platform temperature 270 440 2.40 0.63 [1]

X 200 °C build platform temperature 112 340 1.80 2.04 [1]

XY 35 °C build platform temperature 230 430 9.40 0.87 [1]

XY 200 °C build platform temperature 100 290 9.20 1.90 [1]

XZ 170 °C/90 min 312 446 3.50 0.43 [5]

XZ 244 °C/180 min 227 375 4.70 0.65 [5]

XZ 290 °C/45 min 230 373 5.60 0.62 [5]

7X 170 °C/90 min 287 450 2.60 0.57 [5]

7X 244 °C/180 min 215 378 4.70 0.76 [5]

7X 290 °C/45 min 218 376 9.50 0.72 [5]

XY - 200 300 18 0.50 [9]

XY - 250 510 8 1.04 [10]

XY 300 °C/2 h 220 290 16 0.32 [10]

XY 530°C/2 h 150 280 15 0.87 [10]

XY - 279 475 7 0.70 [20]

XY 300 °C/2 h 180 285 18.60 0.58 [20]

XY 530 °C/6 h 153 269 18.30 0.76 [20]

7X - 230 480 5 1.09 [20]

7X 300 °C/2 h 175 290 14.20 0.66 [20]

7X 530 °C/6 h 139 245 18.20 0.76 [20]

X - 184 +5 292 +£3 18.10 £ 1 0.59 [33]

7X - 183 +5 301 +3 17.10 £ 1 0.64 [33]

7X - 190 +5 316 +3 16.90 +1 0.66 [33]

7X - 185 +5 330 +3 15.50 +1 0.78 [33]

7X - 195 +5 338 +3 14.50 +1 0.73 [33]

XY - 185 +6 285 +2 22.80 +0.70  0.54 [33]

XY - 184 +6 299 +2 21 +0.70 0.63 [33]

XY - 184 +6 312 +£2 2240 +0.70  0.70 [33]

XY - 185 +6 323 £2 19.60 +0.70  0.75 [33]

XY - 187 +6 331 +2 18.20 +0.70  0.77 [33]

XY - 232 415 8 0.79 [34]

ZX - 204 437 5.50 1.14 [34]

XY - 245 380 8.50 0.55 [35]

ZX - 240 350 8.20 0.46 [35]

XY - 224 +£27 486 6.90 +0.80 1.17 [36]

XY 530°C/2h 252 512 4.90 +0.60 1.03 [36]

XY 530 °C/604 h plus SHT** 195 447 4.50 +£0.30 1.29 [36]

XY SHT** 126 268 17 +1.70 1.13 [36]

XY 530 °C/5 h plus SHT** 251 341 7.10 £1.30 0.36 [36]

XY 530 °C/604 h 109 180 1990 £1.40 0.65 [36]

*Hardening capacity, H,, was calculated in relation to the UTS, o, and YS, oy, using H, = G“;—GY [31]

“*Solution heat-treated (SHT) for 5 h at 530 °C, quenched in room temperature water, and thenY aged at 170 °C [36]
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XY_45° (in-plane) sample which shows possible necking
occurs earlier, and this can be related to the more obvious
softening occurring after UTS for these three samples in
Fig. 2b. It should be noted that Considere’s criterion can
only approximate the onset of necking and cannot provide
exact strain at which necking occurs. High speed imaging of
the sample while undergoing tensile testing might be used
to find out the onset of necking.

4.2 Work hardening approximations
4.2.1 Original Voce and Hollomon approximations

Figure 4 shows original Voce and Hollomon approxima-
tions compared with the experimental true stress-true strain
curves for different build orientations, and the coefficient of
determination (COD), R?, up to three decimal places, is also
presented to show the goodness of fit. The small difference
shown in the R? value for the XY, XY_45° (in-plane), and
the YX orientation shows slight magnitudes of difference
between the Voce and Hollomon approximations, with all
showing the Hollomon approximation being slightly more
accurate. For the XZ, XY_45° (out-of-plane), and ZX orien-
tations, the Voce approximation showed superior accuracy
over the Hollomon approximation, with much larger differ-
ences in the magnitude of the R? values.

Zhao et al. [29] showed that the Hollomon equation
tended to overestimate stress at greater deformations,
whereas the Voce equation provided a more accurate fit
across the entire flow curve. This is shown throughout the
majority of orientations in Fig. 4 and is especially promi-
nent in the ZX orientation, with the experimental Hollomon
curve value ending at 343.3 MPa in comparison to the actual
experimental value of 325.5 MPa, giving the endpoint of the
Hollomon approximation off by 17.6 MPa. The YX orienta-
tion Hollomon curve differs from this pattern; however, it
shows an almost exact approximation of the experimental
true stress—strain curve, producing a value of 377.1 MPa,
while the experimental endpoint is 376.1 MPa, showing only
a difference of 1 MPa. This phenomenon, known as satura-
tion, is the work hardening curve’s ability to plateau with
increasing strain. The YX orientation stress—strain curve
presents this saturation noticeably less than all other orien-
tations, with little of a plateau and more of a comparatively
steep gradient to finish the curve. The Voce equation gives a
more accurate approximation when the curve shows a clear
saturation [36]. Since the YX graph presents little saturation,
the Voce equation for this direction does not show better
accuracy over the Hollomon equation. The Voce equation
provides a more accurate representation of the flow curve
compared to the Hollomon equation, as shown by the overall
improved R? value, along with the Hollomon approxima-
tions, producing overestimations of the flow curves.

@ Springer

The original Hollomon and Voce parameters extracted
from the analysis of the digitised stress—strain data gath-
ered from the literature for PBF-LB AlSil0Mg with dif-
ferent heat-treatment and build-orientation conditions are
provided in Table 2.

Table 3 lists the range of original Voce and Hollomon
parameters as well as hardening capacity ranges for as-built
(AB) and heat-treated (HT) conditions. Comparing AB and
HT AISi10Mg, both 7y oieins a0 Kijoiiny €Xhibits consist-
ent ranges, with the AB range encompassing the HT range
for ny and a major overlap for the HT and AB range for

Horiginal- Recent studies have also presented 1y yjgin, t0 be
in the range of 0.18-0.25, aligning inside with the range
presented for the AB AlSi10Mg in [39]. The Voce saturation
stress parameters, ogqi,,» for HT samples show larger
upper and lower limits with large overlap compared to AB
samples. Similar conclusions are drawn with Ky ..., but
for Y, na? the HT samples show a larger upper limit only,
still with a large overlap in ranges. The high variability in
some ranges for HT samples can be due to the diverse heat-
treatments applied across the literature. These variations
produce significantly different stress—strain curves, conse-
quently affecting Voce and Hollomon parameters.

In summary, this section compared Voce and Hollomon
approximations against experimental true stress—strain
curves for different build orientations, showing that Hol-
lomon provides a slightly better fit for in-plane orientations,
while Voce is more accurate for out-of-plane orientations
due to its ability to capture saturation effects. Additionally,
Voce parameters exhibit higher variability in heat-treated
samples, likely due to diverse heat-treatment processes,
influencing the material’s hardening behaviour.

4.2.2 Improved Voce and Hollomon approximations using
LM method

Figure 5 shows the Voce and Hollomon approximations
obtained from the LM method (see Appendix) compared with
the true stress-true strain curves for different build orientations.
Comparing the parameters predicted from the previous analysis
to the LM method shows an increase in the corresponding R>
values for both the Voce and Hollomon approximations, clearly
presenting the margin of error for the previous methods for both
the Voce and Hollomon. The R? values for the Voce approxima-
tion using the LM method (Voce_LM) show close to perfect R
values of 0.999, a large increase from the previously predicted
approximations. The Hollomon approximations using the LM
method (Hollomon_LLM) also show an increase in R? values,
but only marginally, with the maximum difference in R* value
from the original prediction to the LM method prediction being
0.002 (for the XZ direction). With such improved R? values
for the Voce_LLM method, it clearly shows the superiority in
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Fig.4 Original Voce and Hollomon approximations compared with the true stress-true strain curves for a XY, b XY_45° (in-plane), ¢ YX, d
XZ, e XY_45° (out-of-plane), and f ZX build orientations. Coefficient of determination (COD), R?, is also presented to show the goodness of fit
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Table2 The original Hollomon parameters (work hardening expo-
NENt, Nyyopiginy AN strength constant, Kyygoiny) and Voce parameters
(saturation Stress, 0gqin,» WOrk hardening exponent, ny_ —and

riginal

strength constant, Ky i) Used for work hardening approximation

for PBF-LB AlSi10Mg with different heat-treatment and build-orien-

tation conditions (nOte: 7y gyiging> My,

less)

s
original

and Ky ;s are dimension-

Orientation Heat treatment Mhoriginal KHoriginal(MP2)  05iging (MPa) Y, Ky origina Ref

XY 300 °C/2h 0.22 778.50 394.06 63.95 220 Current work
XY_45° (in-plane) 300 °C/2h 0.23 792.30 358.12 87.78 200.23  Current work
YX 300 °C/2h 0.24 831.50 409.38 66.39 267.28  Current work
X7 300 °C/2h 0.19 615.50 371.66 42.13 172.88  Current work
XY_45° (out-of-plane) 300 °C/2 h 0.23 660.40 321.56 50.11 189.70  Current work
zX 300 °C/2h 0.22 647.80 320.48 73.74 186.36  Current work
zX 35 °C build platform temperature  0.24 1310 823.51 25.63 444.46  [1]

zX 200 °C build platform temperature 0.19 820.40 523.33 36.27 24947  [1]

XY 35 °C build platform temperature  0.24 1256 799.01 24.53 42841 [1]

XY 200 °C build platform temperature 0.17 696.50 496.93 29.06 22544 [1]

XZ 170 °C/90 min 0.20 857.40 527.98 44.03 247.81  [5]

X7 244 °C/180 min 0.22 731.80 406.03 58.44 198.03  [5]

XZ 290 °C/45 min 0.20 624 360.78 56.93 16531 [5]

7zX 170 °C/90 min 0.26 1039.90 498.40 63.15 283.10  [5]

zX 244 °C/180 min 0.29 949.70 413.60 65.82 250.13  [5]

zX 290 °C/45 min 0.27 832.20 443.13 67.24 288.49  [5]

XY - 0.25 959.50 572.22 29.717 315.02  [10]

XY 300°C/2h 0.15 441.90 371.34 38.88 179.02  [10]

XY 530°C/2h 0.19 431.70 305.12 21.05 153.85 [10]

XY - 0.42 358.70 286.83 18.58 9.19 [20]

XY 300°C/2h 0.19 532.30 330.18 56.37 330.18  [20]

XY 530°C/6 h 0.21 450.60 301.06 21.92 162.25  [20]

zX - 0.36 1434.30 648.92 27.93 415.55  [20]

zX 300°C/2h 0.19 532.30 346.20 52.94 15330  [20]

zX 530°C/6 h 0.21 428.70 301.45 8.038 162.99  [20]

zX - 0.17 482 £12 402.37 28.68 217.28  [33]

zX - 0.19 542 +12 295.02 48.84 11722 [33]

zX - 0.20 586 +12 299.58 65.51 150.84  [33]

zX - 0.21 610 +12 315.37 50.86 149.27  [33]

zX - 0.26 673 +12 330.45 49.83 163.08  [33]

XY - 0.16 453 £10 338.15 52.48 170.10  [33]

XY - 0.18 511 +10 284.38 44.81 97.91 [33]

XY - 0.19 550 +£10 297.62 47.71 117.17  [33]

XY - 0.20 590 £10 310.96 46.09 135.83  [33]

XY - 0.22 633 +10 323.99 49.86 14947  [33]

XY - 0.23 903.20 573.21 26.28 301.87  [34]

zX - 0.27 1001.80 561.13 33.44 333777  [34]

XY - 0.145 281.46 447.77 39.04 217.85  [35]

zX - 0.206  281.12 421.20 32.55 196.26  [35]

XY - - - 573 +4 3370 £1.30 329 [36]

XY 530°C/2h - - 583 +7 50.1 £2.60 332 [36]

XY 530 °C/604 h plus SHT* - - 511 +6 52.2+1.90 280 [36]

XY SHT* - - 297 +7 29.2 +2.20 149 [36]

XY 530 °C/5 h plus SHT* - - 356 +7 96.90 +12.40 85 [36]

XY 530 °C/604 h - - 194 +4 5470 £2.40 77 [36]

“Solution heat treated (SHT) for 5 h at 530 °C, quenched in room temperature water, and then immediately transitioned for aging at 170 °C

extracted [36]
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Table 3 Range of original Hollomon parameters (work hardening
€XPONeNt, Ny, ;0> AN strength constant, Ky ,,,0,,,) and Voce param-
eters (saturation stress, o,,;.;,,; Work hardening exponent, ny,

s
original

and strength constant, Ky,;.,,,)» as well as hardening capacity ranges
for as-built (AB) and heat-treated (HT) conditions

Condition MY original KHoriginal(MPa) Os original(Mpa) T piginal KVoriginal H,
AB 0.145-0.42 281.10-1434.30 284.38-648.92 18.58-65.51 9.19-415.55 0.46-1.31
HT 0.15-0.29 428.70-1310 301.06-823.51 8.04-109.30 77-444.46 0.36-1.29

approximating the work hardening curve compared to the Hol-
lomon_IM approximation. Similar overestimations of the flow
curve from the previous method for the Hollomon approxima-
tions are shown in Fig. 5, further signifying the superiority of
the Voce equation. The superiority is also shown with the LM
method, in comparison to the original methods discussed in
Sect. 4.2.1, used to achieve both the Voce and Hollomon equa-
tions, supported by the increase in the R* value. The Hollomon_
LM and Voce_LM parameters for PBF-LB AlSi10Mg with dif-
ferent build-orientation conditions are provided in Table 4.

To determine which parameters have the greatest impact
on the accuracy of the improved Voce and Hollomon model
predictions, a sensitivity analysis was performed, which will
be discussed in the next section.

4.2.2.1 Sensitivity analysis For the sensitivity analysis,
one parameter was varied by +5%, from the original val-
ues presented in Table 4, while keeping other(s) constant
and observing the changes in the R* values from the ones
obtained from the Hollomon_LM and Voce_LM as baseline
values (baseline values are presented in Fig. 5). The sensi-
tivity analysis results, for the Hollomon_LM and Voce_LM
methods, including parameter percentage change, associ-
ated R? value, and deviation from the original R? value for
different printing orientations, are presented in Tables 5 and
6, respectively. Figure 6 shows the representative sensitivity
analyses of the Hollomon_LM and Voce_LM methods for
the sample of XY_45° (out-of-plane) orientation.

For the Hollomon_LM method, sensitivity analyses
showed that for all the sample orientations, except the YX
orientation, varying Ky, ,, resulted in a larger deviation from
the baseline R? value over the ry; ; parameter. The largest
deviation recorded was observed for the decrease in Ky
by 5% Ky — 5%), for the XY_45° (in-plane) orienta-
tion producing a variance of 0.2234 and a corresponding R>
value of 0.7746. The largest deviation for varying the ny;
parameter was found with the YX orientation producing a
variance of 0.2152 and a corresponding R? value reduced to
0.7828. The overall trend for the sensitivity analysis is that
the Holloman equation is the most sensitive to Ky, and
less sensitive to nyy -

For the Voce_LLM method, the results showed that for all
the printing orientations, the most sensitive parameter out
of og .ny, . and Ky isog . This can be seen in Fig. 6:

as og increased or decreased by 5%, the model predictions
move up or down along the Y-axis (stress axis) while for the
other two parameters, the change in model predictions is
comparatively less significant. The largest deviation from the
baseline R” value through varying os,,, Was 0.3728 reducing
the R? value to 0.6252. The largest deviation from the base-
line R? value through varying Ky, , was 0.0494 reducing the
R? value to 0.9496. The largest deviation from the baseline
R? value through varying ny, ., was 0.0468 reducing the R?
value to 0.9522. For the Hollomon_LM method, sensitivity
analyses showed that for all the sample orientations, og _ is
the most sensitive parameter showing higher deviations from
baseline compared to the other two parameters. For all the
sample orientations, except the XZ orientation, KVLM +5%
showed higher deviations compared to ny,_ =+ 5%, meaning
that Ky, was the second most sensitive followed by ny, .
For the XZ orientation, ny, ., + 5% deviation is larger than
that of the KV],M — 5% deviation; however KV]M still holds
the largest deviation (comparing only Ky, orny ) with the
“Ky, +5 % result producing a deviation of 0.0494 which is
greater than the largest deviation of all other Ky and ny,
results for the XZ orientation.

4.3 Hardening capacity

oy

Since hardening capacity (HC = 6”6_Y
UTS, o,, and YS, oy, it directly represents to the height of
the work hardening section of the stress—strain curve. Hard-
ening capacity for different build orientations are shown in
Fig. 2d. Regarding current work only, the hardening capaci-
ties have large overlapping variance between each orienta-
tion with on average the XZ orientation having the largest
hardening capacity and XY_45° (in-plane) having the lowest
hardening capacity.

The current H, values along with additional literature
hardening capacity values are presented in Table 1 and the
corresponding range of the discovered H, values are split
into heat-treated (HT) and as-built (AB) ranges shown in
Table 3. Both ranges present a large overlap with HT and
AB samples, with the AB range showing a marginally larger
upper and lower limit (0.46—1.31) than that of the HT range
(0.36-1.29). The large similarity in the H_ ranges could be
caused by the large variance of printing parameters for both
AB and HT samples. Wang et al. [40] presents a similarity

) is reliant on the
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Fig.5 The Voce and Hollomon approximations obtained from the
LM method (Voce_LM and Hollomon_LM) compared with the true
stress-true strain curves for a XY, b XY_45° (in-plane), ¢ YX, d XZ,
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e XY_45° (out-of-plane), and f ZX build orientations. The coefficient
of determination (COD), R?, is also presented to show the goodness
of fit
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Table4 The Hollomon_LM

parameters (15,1, Ky 17 Orientation Heat treatment  ny;y Ky y(MPa) o (MPa) ny, Ky =~ Ref
and Voce_LM parameters XY 300 °C/2 h 0.23 7954 22490 6395 394  Current work
i‘v’g;ﬁ’}:’avr:géggg;;‘;fgxf‘l’;mon XY_45° (in-plane)  300°C/2h 024 806.9 20440 5534 390.10 Current work
for PBF-LB AISi10Mg with YX 300 °C/2 h 0.26 937.0 25750  40.08 453.40 Current work
different heat-treatment and XZ 300 °C/2 h 0.17 5594 177.40 55.23 348.10 Current work
build-orientation conditions XY_45° (out-of-plane) 300 °C/2 h 023 6374 17930  57.78 323.60 Current work

zX 300 °C/2 h 020 593 188.80  61.94 34530 Current work

Xz 170°C/90 min  0.20 861.44 502.98 24971 37.85 [5]

XZ 244°C/180 min 022 732.16 38459 20137 52.04 [5]

XZ 290 °C/45min 020 615.27 34131 176.16 5620 [5]

zX 170°C/90 min  0.27 1038.55 46790  279.81 5151 [5]

zX 244°C/180 min 029 929.73 39149 25649 56 [5]

zX 290 °C/45min 026 800.36 36220 23402 60.73 [5]

XY - 0.25 966.33 54922 320.17 2693 [10]

XY 300 °C/2 h 0.14 427.95 301.89  135.83 48.04 [10]

XY 530°C/2h 0.19 42821 296.04 14858 21.86 [10]

XY - 044 271040 - - - [20]

XY 300 °C/2 h 0.18 519.31 30675 15437 61.167 [20]

XY 530 °C/6 h 021 446.88 290.13 155.72 25.044 [20]

zX - 036 1448.41 619.03 44432 25.126 [20]

zX 300 °C/2 h 0.18 518.40 31345  160.81 5747 [20]

zX 530 °C/6 h 020 423 28130  149.62 2261 [20]

XY - 0.23  904.10 552.88  309.92 2426 [34]

ZX - 0.26 964.07 536.12 35254 3136 [34]

in ranges for both H_ ranges of AB and HT samples for PBF-
LB AlSi10Mg alloy testes at different strain rates, showing
ranges of 0.434-0.641 for AB samples and 0.721-0.876 for
HT. Comparing this to the current paper’s ranges, the cur-
rent works ranges engulf ranges found in [40]. This could be
due to the much larger sample size and variation in printing
parameters (such as building orientation, layer height, laser
power intensity, scanning speed, hatch spacing, powder type,
and particle size) for both AB and HT samples, with Ref.
[40] only producing 6 samples of varying strain rate for AB
and HT ranges.

4.4 Toughness

The toughness, defined as the area under the true stress-true
strain curve, was found by solving the integral of the true
stress-true strain curve. This integral was solved using the
Python code based on a cubic spline interpolation function
and then subsequently solved using Simpson’s rule [41]. In
doing so, upper and lower values of true strain as inputs,
along with the full arrays of both true stress and true strain,
are used to produce the full integrated approximation as an
output representing the toughness. The toughness was used
as a good indicator of the work hardening rate since tough-
ness considers both strength and ductility. Therefore, to have

high toughness, there is a requirement to have both high
strength and high ductility. Both properties of strength and
ductility are known to be mutually exclusive, meaning that
increasing one factor, such as strength, will in turn sacrifice
(reduce) the ductility; this is well known as the strength-
ductility trade-off [21]. An optimum value of work harden-
ing, therefore, must exist to reach the maximum toughness
value [21].

UTS and elongations at fracture are the two parameters
involved in determining toughness. Figure 7 shows UTS,
elongation at fracture and toughness for different build
orientations. The toughness values are 14.2 MJ - m™, 7.7
MJI-m™>,9.0MJ-m> 214 MJ - m™>, 11.9MJ - m™>
and 18.1 MJ - m~ for XY, XY_45° (in-plane), YX, XZ,
XY_45° (out-of-plane) and ZX, respectively. As reported
in Table 1, the UTS values for XY, XY_45° (in-plane),
YX, XZ, XY_45° (out-of-plane), and ZX orientation are
366.60 +4.60, 332.60 +4.90, 349 +7, 327.8 +8.60, 295.80
+7.10, and 306.10 + 1.40, respectively. Also, the fracture
strain values for XY, XY_45° (in-plane), YX, XZ, XY_45°
(out-of-plane), and ZX orientation are 4.70 +0.30, 2.80, 3 +
0.20, 0.57 +0.12, 4.60 +0.50, and 5.90 + 1.50, respectively.
There is a much larger variation in the elongation at frac-
ture than there is with the UTS between each orientation
of AlSi10Mg, meaning that the variation in the toughness
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Table 5 Sensitivity analysis
results for the Hollomon_LM
method showing parameter

Orientation

Parameter change

R after applying
parameter change

Deviation from
baseline R?

percentage change, associated XY
R2 value, and deviation from

the original R* value for each

printing orientation

XY_45° (in-plane)

YX

XZ

XY_45° (out-of-plane)

7zX

Ky + 5% 0.8192 0.1772
Kyuw — 5% 0.8172 0.1792
My + 5% 0.8746 0.1218
My — 5% 0.8653 0.1311
Ky + 5% 0.7789 02191
Ky — 5% 0.7746 0.2234
N + 5% 0.7973 0.2007
N — 5% 0.7810 02170
Ky + 5% 0.8137 0.1843
Ky — 5% 0.8137 0.1843
N + 5% 0.8047 0.1933
N — 5% 0.7828 02152
Ky + 5% 0.7697 0.1940
Ky — 5% 0.7884 0.1753
N + 5% 0.9087 0.0550
N — 5% 0.8943 0.0694
Ky + 5% 0.7920 0.198

Ky — 5% 0.8002 0.1898
Ny + 5% 0.8617 0.1283
Ny — 5% 0.8473 0.1427
Ky + 5% 0.7930 0.1720
Ky — 5% 0.7879 0.1771
Ry + 5% 0.8778 0.0872
N — 5% 0.8765 0.0885

values will be dominated by the difference in elongation at
fracture. This aligns with the toughness values, with the XZ
orientation achieving the highest toughness value as well as
the largest elongation at fracture value yet the orientation
fails to achieve the highest UTS value out of all the samples.
Dong et al. [21] presented a similar trend with the elongation
at fracture being the deciding factor for adequate toughness
for A1Si10Mg but showed drastically larger toughness value
due to the higher ductility imposed by the heat-treatment.
They showed that the AB samples producing a toughness
value of 24.13 MJ - m~>, a slightly higher toughness value
than the current work deriving mainly from the higher asso-
ciated elongation shown in the paper.

Although the samples showing the highest strength value
may be considered more optimal for a given use case, the
decrease in ductility may be undesirable, and therefore, con-
sidering toughness will be the most vital property to use
when both strength and ductility is necessary. In the case of
AlSi10Mg, the orientation in the XZ direction would there-
fore be the most desirable for achieving the highest tough-
ness value.

@ Springer

Comparing the UTS of the XZ and XY_45° (in-plane)
(327.80 + 8.6 MPa and 332.60 +4.9 MPa respectively),
both samples show similar UTS values yet have an elon-
gation at fracture value of 7.20 +1.1% and 2.8% leading
to the large difference in toughness values of 21.4 MJ e
m~> and 7.7 MJ « m~3, respectively. Additionally compar-
ing YX samples (UTS of 349.0 + 7.0 MPa and elongation
at fracture of 3.00 £0.2%) gives a slightly higher tough-
ness value than the XY_45° (in-plane) sample due to the
increase in the UTS value. XZ samples (UTS of 327.8
+ 8.6 MPa and elongation at fracture of 7.20 + 1.1%) show
a large increase in toughness of all three of the previously
mentioned orientations due to the drastic increase in the
elongation at fracture. XY_45 (out-of-plane) samples
(UTS of 295.80 +7.1 MPa and elongation at fracture of
4.60 +0.5%) shows a decrease in toughness in compari-
son to XZ due to the large decrease in the elongation at
fracture value. ZX sample (UTS of 306.10 + 1.4 MPa and
elongation at fracture of 5.90 +1.5%) shows the second
highest toughness value of all orientations due to the cor-
responding second highest elongation at fracture value.
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Table 6 Sensitivity analysis
results for the Voce LM method
showing parameter percentage

Orientation

Parameter change

R after applying
parameter change

Deviation from
baseline R?

change, associated R? value, XY

and deviation from the original

R? value for each printing

orientation
XY_45° (in-plane)
YX
XZ

XY_45° (out-of-plane)

7zX

o5, + 5% 0.8088 0.1902
o5, — 5% 0.6973 0.3017
Ky, +5% 0.9775 0.0215
Ky, — 5% 0.9904 0.0086
ny,, + 5% 0.9917 0.0073
ny,, — 5% 0.9772 0.0218
o5, + 5% 0.6313 0.3682
o5, — 5% 0.6357 0.3638
Ky, + 5% 0.9793 0.0202
Ky, —5% 0.9776 0.0219
ny,,, +5% 0.9884 0.0111
ny,, —5% 0.9877 0.0118
o5, +5% 0.6401 0.3597
o5, — 5% 0.6400 0.3598
Ky, +5% 0.9675 0.0323
Ky, —5% 0.9675 0.0323
ny,, +5% 0.9879 0.0119
ny,, —5% 0.9869 0.0129
o5, +5% 0.8499 0.1491
o5, — 5% 0.6262 0.3728
Ky, +5% 0.9496 0.0494
Ky, —5% 0.9887 0.0103
ny,, +5% 0.9902 0.0088
ny,, — 5% 0.9522 0.0468
o5, +5% 0.7417 0.2581
o5, — 5% 0.7336 0.2662
Ky, +5% 0.9903 0.0095
Ky, = 5% 0.9918 0.0080
ny,, +5% 0.9935 0.0063
ny,, = 5% 0.9908 0.009

o5, + 5% 0.7786 0.2209
o5, — 5% 0.7798 0.2197
Ky, +5% 0.9939 0.0056
Ky, — 5% 0.9935 0.0060
ny,, +5% 0.9945 0.0050
ny,, — 5% 0.9940 0.0055

Overall, this comparison shows the significant effect that
elongation at fracture has on the toughness value.

In summary, this section investigated the effect of build
orientation on the toughness of AISi10Mg, showing that
toughness is primarily influenced by elongation at fracture
rather than UTS. The XZ orientation exhibited the highest
toughness (21.4 MJem™) due to its superior elongation at
fracture, highlighting the importance of balancing strength
and ductility for optimal material performance.

4.5 Estimating Vickers hardness using tensile
testing, without performing hardness test

Utilising Eq. 6, with knowledge of H, and oy, an estimation
of the work hardening exponent ny can be obtained. Alter-
natively, utilising ny; from the Hollomon approximation and
oy, an estimation of H, can be achieved. This is extremely
beneficial as it allows one to only perform tensile testing
to determine the Vickers hardness of a given AM material,
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without a need for performing hardness testing specially in
the absence of hardness testing facilities. Using Eq. 7 with
o, and ny as inputs will also allow to find an estimation of
H, purely through tensile testing. Table 7 gives the Vick-
ers hardness, obtained from experimental measurements,
and Egs. 6 and 7, for samples printed at different orienta-
tions. The ny form original Hollomon method, 71,4, (S€€
Table 2), and ny form Hollomon_LM method, ny; , (see
Table 4), were used in Egs. 6 and 7 to estimate the Vickers
hardness. The errors in Table 7 for values obtained using
Egs. 6 and 7 were calculated using upper and lower ranges
for UTS and YS (from Table 1), respectively. The results
are also compared in Fig. 8.

Equations 6 and 7 with ny e, and nyyy as an input
to estimate hardness values for samples printed at different

@ Springer

orientations provided different levels of accuracy. For exam-
ple, Eq. 6 with ny; ; as the input, overestimated the hardness
values for XY, XY_45° (in-plane), and YX specimens. For
the XZ specimen, Eq. 6 with ny ,, underestimated hardness
value slightly more than Eq. 6 using nyyi,- Equation 7 with
Ny v s an input provided a slightly more accurate estima-
tion of the experimental hardness values for XY, XY_45°
(in-plane), and YX samples compared to Eq. 7 with 7 01,1
as an input. Equation 7 with ny ;.:.,, as an input gave slightly
more accurate estimation of hardness values for the XZ,
XY_45° (out-of-plane), and ZX orientations in comparison
to Eq. 7 with ny; , as an input.

Accurate determination ny; is critical in the proposed
method. A potential source of error with this method is
the utilisation of ny from the work hardening curve as
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Table 7 Vickers hardness, obtained from experimental measurements, and Eqs. 6 and 7 using YS, UTS, ny form original Hollomon method
nHmigiml> and ny form Hollomon_LM method (nHLM) for samples printed at different orientations

Orientation Hardness
HV(N.mm_Z) H‘,(N.mm_z) using HV(N.mm_Z) using HV(N.mm_Z) using HV(N.mm_Z) using
from experiment  ny yy;4;0, and YS in nym and YSin Eq. 6 nyggin and UTS in ny v and UTS in
Eq. 6 Eq.7 Eq. 7
XY 125.60 +2.03 134.80 +3.98 136.30 +4.03 120.90 +1.52 121.30 +1.52
XY_45° (in-plane) 123.10 +2.36 134.90 +3.96 136.50 +4.01 110.5 +1.63 110.80 +1.63
YX 125.20 +3.65 141.60 +1.21 148.50 +1.28 116.70 +2.34 118.50 +2.34
X7 116.90 +1.2 108.10 +2.01 103.50 +1.43 106.20 +2.79 105.20 +2.79
XY_45° (out-of-plane)  110.90 +1.25 112.30 +2.04 111.10 +2.02 98.20 +2.36 97.90 +£2.36
7X 113 +4.50 109.40 +1.94 104.50 +1.85 100.90 +0.46 99.80 +0.46
Fig.8 Comparison of Vickers Experi
hardness experimental measure- R Expzrlrr}teﬁ t f ioinal Holl thod and YS
ments [7] with those obtained 160 . 4.0 with ny, form original Hollomon method an
using Egs. 6 and 7 i . N\ Eq. 7 with n,, form original Hollomon method and UTS
140 4 = |=—= Eq. 6 with n, form Hollomon_LM method and YS
i o = |BEEH Eq. 7 with n,, form Hollomon_LM method and UTS
o 1& = & = =
: S =
g 120 |lkss=d [k S =
\=2 s
: ] "§= §§'\ §i§ ..
€ 100- § % §
> SN X R %
N [N S = I NS
NN e %% Yod! %
S TIENEE (BN N K
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well as using YS and UTS values and each one of these
parameters, once found experimentally from tensile tests,
have their own error (standard deviation (SD)). There-
fore, using these parameters to estimate another parameter
(in this case Vickers hardness) will magnify errors, and
hence, it should be noted that Eqgs. 6 and 7 are proposed for
materials processed through constrained groove pressing
method [28] and not for AM materials with anisotropic
properties. Nonetheless, using these equations here for AM
materials were investigated, and it was shown that, given
their limitations, they gave close estimation of hardness
measurements.

5 Conclusions and future work

This paper investigates various mechanical properties
derived from tensile testing, including toughness, harden-
ing capacity, yield strength, UTS, and elongation at frac-
ture for each alloy and for multiple printing orientations.
The key findings are as follows:

() Toughness and UTS variation:

e Toughness values for AlISi10Mg showed a similar
trend to UTS across multiple printing orientations.
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e The significant variation in toughness values was
primarily attributed to the large differences in elon-
gation at fracture observed in different orientations.

(II) Hardening capacity in as-built (AB) and heat-treated
(HT) samples:

e The hardening capacity ranges for as-built (AB) and
heat-treated (HT) samples showed a close resem-
blance, which can be attributed to the wide variation
in printing parameters used for both conditions.

(IIT) Comparison of Voce and Hollomon parameters:

e A comprehensive comparison of the original Voce
and Hollomon parameter ranges for AB and HT sam-
ples revealed that the high variability in HT samples
was due to the diverse thermal treatments reported
in the literature.

e These variances in thermal treatments significantly
impacted the stress—strain curves and, consequently,
the Voce and Hollomon parameters.

(IV) Levenberg—Marquardt (LM) method for improved accu-
racy:

e One of the novelties of the current paper is present-
ing the underlying superiority in the LM least spare
method over the original method.

e The LM method used to find parameters for Hol-
lomon or Voce approximations is found to provide
superior approximation accuracy compared to the
original Hollomon and Voce methods, giving higher
R2 values for all building orientations.

e Voce_LM is shown to be the superior approximation
method in terms of accuracy over the Hollomon_
LM. This is likely due to the Hollomon approxima-
tion providing an overestimation of the experimental
data at higher strains.

(V) New Vickers hardness estimation method:

e This study proposes a novel approach for estimating
the Vickers hardness for a given AM metal, utilising
UTS or YS coupled with work hardening exponent,
ny, from original Hollomon or Hollomon_LM meth-
ods.

e This method enables hardness estimation purely from
tensile testing, potentially reducing both the time
and cost associated with hardness testing, especially
when hardness testing facilities are unavailable.

Although the method of estimating Vickers hardness

from parameters derived from the stress—strain curve
showed potential in estimating Vickers hardness, however,

@ Springer

Egs. 6 and 7 were not tailored to PBF-LB alloys. The
parameters of 3 and 2.9 from Eqgs. 6 and 7 are tailored to
casting alloys originally. Therefore, future work should
explore new such parameters for both equations. Addition-
ally, due to the complex printing method of PBF-LB, each
sample produces different results based on many factors
such as heat treatment, applied loading strain rate, and
temperature. Modifying Eqgs. 6 and 7 to account for these
parameters could also increase the accuracy of the approxi-
mation. Furthermore, the applicability of this hardness pre-
diction model to other material systems depends on their
deformation mechanisms and microstructural characteris-
tics. Future work should focus on extending this model by
incorporating material-specific correction factors or devel-
oping alternative formulations better suited to anisotropic
AM materials. Furthermore, since this paper focused only
on a comparison between Voce and Hollomon equations, a
comprehensive comparison between other approximations
such as Kock-Mecking [42] or Swift [43] equations with
application for estimating work hardening of AM materials
should be explored in future work.

Appendix. Levenberg-Marquardt (LM)
algorithm

The Levenberg—Marquardt (LM) algorithm is used for solv-
ing nonlinear least square problems. The algorithm consists
of defining the function, initializing parameters in the func-
tion, and creating an iteration loop that actively adjusts the
parameters to minimise the objective function. The formula
used combines the aspects of the Gauss—Newton method
and the steepest descent method. The general form of the
LM algorithm is as follows [44]:
(JTT+ D)6 =J"[y - £(B)] (A1)
where J is the Jacobian matrix, with row i being J; and f(),
and y is a vector with f(X;, ) f(Xi, ﬂ) and y; as much as /,
and ¢ is the value that gives the change in direction in the
calculation of the vector parameter. Derived from the gradi-
ent descent method, A serves as the damping parameter. It
is always a positive value and is adjusted for each iteration.
Shastry et al. [24] used the LM algorithm to predict the work
hardening proportion of the stress—strain curve for 2.25 Cr-
1Mo steel and has success in presenting the validity of the
method for the Voce equation.
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