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Abstract

Today, the additive manufacturing (AM) approach has led to profound changes in part and process design, enabling previ-
ously impossible material properties. With the freedom to create the material as components are built layer by layer, AM
has permitted precise spatial control of the material properties in manufactured parts. In this work, an original approach is
proposed to locally control component and process design and create intentionally weakened regions with designed fracture,
which paves the way to tuneable mechanical properties. Tensile tests of specimens with embedded weakened area of various
geometries are used to verify the feasibility of a-priori-designed fracture modes and to characterise the variation in material
behaviour. The results show that an ad hoc design of the artificially weakened areas is effective for predictable breakage,
with load and strain being the precursor for active control of the mechanical behaviour. The attainability of a quantitative
relationship between the defect and the mechanical response is exemplified by the fact that, e.g. for a flat geometry, the
maximum stress and strain are reduced by half when the thickness of the weak region is doubled.

Keywords Electron beam powder bed fusion - Artificial defects - Powder bed fusion - Ti6Al4V - Young modulus - Tensile -

Controlled fracture

1 Introduction

The additive manufacturing (AM) approach is characterised
by the unique ability to create the material while the com-
ponent is being built [1]. The process nature of AM enables
producing parts with high material and design complexity
[2]. The 3D spatial control of the process at different length
scales introduces new additional parameters and allows
local tuning of material properties [3]. This principle finds
application in the fabrication of site-specific properties in
functionally graded materials (FGMs) [4], tailored physical
properties or material distribution in composite structures
[5], and in-situ alloying for spatial modulation of the com-
position [6]. It is well known that the concurrent design of
the component geometry and a favourable microstructure
leads to optimised component behaviour [7], generally in
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terms of superior mechanical properties [8]. AM is particu-
larly suitable for modifying part properties, e.g. mechanical
ones, by varying the process parameters or changing the
microstructure [9, 10] through subsequent post-processing,
such as heat treatments [11]. Similarly, layered manufactur-
ing enables design with complex geometric variations to
regulate component performance. Examples of using design
to control and achieve specific properties include metama-
terials [12—14], commonly referred to as lattice structures
used extensively in biomedical applications [15]. In all these
cases, the optimisation of the process aims at obtaining a
fully-densified structure in all sections of the component
[7], avoiding any defects such as lack of fusion [7] or cracks
[16]. An alternative approach is taken by Min et al. [17],
who studied the relationship between porosity and elastic-
ity in pure titanium with a view to conversion to porous
load-bearing implants. Variations in material density can
significantly alter the mechanical behaviour of a part, as
well as its thermal, electrical and magnetic properties[18].
If the non-uniform density is intentionally designed and
controlled, localised porosities can be useful to achieve a
specific behaviour [19]. A similar concept was investigated
by Pedersen [20], who calculated that, in a continuous part,
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the proper coexistence of two materials, one of which is
a weakening of the other, could significantly minimize the
internal resonances of the system. With a completely dif-
ferent goal, Maucher et al. [21] adjusted the AM process
parameters to produce a machining allowance with lower
strength and easier machinability.

In complex systems consisting of many components, con-
trol of mechanical resistance and component failure can play
a fundamental role. If the system is overloaded or operates
outside the safety load range, unpredictable failure can occur
in any part of the structure, resulting in irreparable damage
and safety hazards. Mechanisms whose deformation or rup-
ture are controlled can prevent such catastrophic failure of
the entire system. Devices that integrate controlled deforma-
tion mechanisms are already in use. Examples are the fuses
for seismic applications [22] and Cardan shafts [23]. On
the other hand, the possibility of controlling the fracture of
a product has also found more exotic applications, such as
mouthfeel control using edible mechanical metamaterials
[24]. In all these cases, the expected deformation and frac-
ture mechanisms are achieved by acting on the component
geometry.

This paper builds on an original procedure for designing
and fabricating components in which the external geometry
remains uniform, while inner portions, with ad-hoc design
are not fully densified. The innovative procedure allows a
design of the fracture areas under stress and tracing pref-
erential paths within the product for thermal and electrical
fluxes. The method was described in a recent patent appli-
cation [25]. This paper reports the experimental validation
of this method applied to the tensile behaviour and fracture
mode of Ti6Al4V specimens fabricated using the ad-hoc
design of the process, such that the material is intentionally
weakened in predetermined regions of different geometry
through incomplete densification. This allows the fracture
to be localised in priori-designed areas. The original method
is applied to achieve local control of material densification
by electron beam powder bed fusion (PBF-EB). A compara-
tive study is used to verify the feasibility of the method in
a variety of design configurations and to quantify the effect
on mechanical properties as a first step toward a tunable
mechanical response.

2 Materials and Methods
2.1 Specimens Design

The layer-by-layer production approach allows for local
process control and is used in this work to modulate the
construction in such a way [25] as to intentionally obtain
incomplete densification of the material in a specific
region of the component. Figure 1 shows an example of
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Fig. 1 Representation of the prepared samples

a representative sample where the red coloured portion
corresponds to the volume that is only partially densified.

Different geometries and positions of the weakened area
in a tensile specimen were fabricated and tested to inves-
tigate the feasibility of a predetermined fracture and the
effect on the mechanical behaviour. The tensile specimens
were designed according to UNI EN ISO 6892-1 with a
gauge length of 45 mm.

Figure 2 shows a portion of the axial section of the
axisymmetric cylindrical tensile specimens, displaying the
weakened region embodied in the specimen geometry. In
Fig. 2, G denotes half the thickness of the volume of the
weakened area, measured perpendicularly to the surfaces.
Figure 2a shows a flat geometry (F) located at the centre
of the specimen gauge length and realised with a G of
0.050 and 0.100 mm for specimens F2 and F4, respec-
tively. For this geometry, an additional set of specimens
was produced with the weakened region 9 mm from the
centre of the specimen. These samples were labelled F2.1
and F4.1, respectively. The sections from Fig. 2 b to e
consist of two parts shaped as pin and tail, respectively.
Figure 2b shows a hill-shaped (H) weakened volume. The
G value was set to 0.050 and 0.100 mm, and the configu-
rations were named H2 and H4, respectively. The shapes
in Fig. 2 ¢, d, and f are a cone (P), a truncated cone (TC)
whose top surface has a diameter of 1 mm and a plane
inclined at 45 degrees (C). The G value for these shapes
was equal to 0.050 mm.

For each shape, six replicas were fabricated using the
Arcam A2X, an PBF-EB system. Before the melting phase,
each layer was preheated at 700 °C. Standard Ti6Al4V
powder was used with a powder size distribution ranging
between 50 and 150 pm. The layer thickness was set equal to
0.050 mm, corresponding to the minimum G value. The total
number of specimens was 42, plus 5 bulk specimens with no
intentional defect used to measure the reference properties.
All specimens were constructed with the axis parallel to the
build direction. The samples were randomly positioned on
the build plate and equally spaced to avoid any bias related
to heat accumulation in specific zones of the build volume
[26]. The process parameters for the fully densified and
weakened sections are listed in Table 1.
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Fig.2 Shapes of the weakened volume embedded in tensile specimens
Table 1 Process parameters
Scan speed [mm/s] Focus Offset Beam current  Number of Line offset
[mA] [mA] contours [mm]
Bulk (solid, dense volume) Contour (mode 850 5 6 3 0.25
MultiBeam)
Hatching 1754 25 12 - 0.2

Weakened volume Hatching 10,000 45 48 - 0.5

After fabrication, a replica of specimen F2 was
inspected using computed tomography scanning (CT
-scan) (GE Phoenix vitomelx s). The scans were performed
with the following parameters: voltage of 240 kV, current
of 150 pA, and voxel size of 0.035 pum. In addition, all
specimens were sectioned, polished, and viewed with a
stereomicroscope.

The specimens were tested in the as-built condition,
without any surface treatment on the gauge length. Surface
roughness was measured using a Nikon LV 150 Confovis
microscope under the following conditions: 10x microscopy
objective, 0.5 pm vertical quantization, and scanned area of
2.4 mm X 1.0 mm. The acquired maps were processed as
prescribed in ISO 25178-603:2013 to determine the aver-
age areal roughness S, of the S-L surface after removing
the cylindrical shape and linear Gaussian filtering with a
cut-off of 0.8 mm.

Then, three replicas were tested at room temperature
under tensile load at a 0.5 mm/min speed in a Zwick Z050

machine with a 50kN load cell. The deformation was
recorded with a laser extensometer.

3 Results and Discussion

An example of the samples produced (a replica of specimen
F) is shown in Fig. 3. The integrity of the outer surface of
the specimen in the as-built condition can be observed in
Fig. 3a, where the flat weakened area is not visible. The con-
tinuity of the external surface is also confirmed by the 3D
reconstruction of tomography analysis (Fig. 3b). Figure 3c
shows a section from the CT scan of the weakened volume,
where the expected incomplete densification is confirmed
(Fig. 3c). An annular region can be seen at the edge where
the material appears denser than in the core. The higher den-
sification at the slice boundary could be caused by deeper
penetration of the energy beam as it melts the contour of
the layers above the defect or by a skin effect due to heat
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Fig. 3 a Picture of the as-built
specimen F2; b X-ray CT Scan

Build direction

3D reconstruction of the central
portion of as-built Specimen F2,
in which the weakened volume
is located; ¢ cross-section of

the as-built specimen F2 in the
centre of the weakened volume
extracted from CT Scan, d sur-
face map (S-L surface) meas-
ured by confocal profilometry

v

transfer from the lower and upper bulk regions which cannot
be dissipated through the surrounding material [26]. In fact,
in the upskin surfaces produced by PBF-EB, heat accumula-
tion is often observed at the edge of each slice because the
conductivity of the surrounding unmelted powder is lower
than the solidified material [26].

Figure 3d shows the S-L surface map measured by confo-
cal profilometry: S, values resulted in 39 pm, accordingly to
the literature [26].

Figure 4 shows microscopic images of polished axial
sections of weakened specimens. As can be observed, the
weakened region is well recognisable with respect to the
bulk material. Higher magnification shows segments con-
sisting of only slightly sintered particles, confirming proper
tuning of process parameters that do not cause full melting.

For completeness, the experimental values of G were
measured on the images of the cross-section of all samples
and reported in Fig. 4. As observed, the G values obtained
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are always higher than the corresponding nominal counter-
part. In particular, except for sample F4, the G value is about
double the nominal one. This is explained considering that,
to account for the consolidation of the powder during the
melting phase, the deposited amount of powder is always
greater than the established layer [27]. Since the material
in the weakened regions is not fully melted, the final layer
thickness results higher and, correspondingly, the G value.
This finding is not evident for samples F2 and F4 because a
portion of the expected powder shrinkage [28] is compen-
sated by the energy provided when melting the subsequent
layers. In fact, it can be noticed that, for a given G value,
when the geometry is horizontal or approaching horizon-
tal orientation, the weakened zone is less marked than for
inclined segments. This phenomenon is particularly evident
in sample H4 where the G value is nominally 0.1 mm, result-
ing in a fading defect at the top of the hill and the horizontal
outer regions, while the weakened portion is pronounced
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F4 0.14
H2 0.12
H4 0.20

P 0.11
TC 0.13
C 0.13

Fig.4 Stereomicroscope images of the axial section for each geometry
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Fig.5 Comparison of strain-stress curves for different geometries of
the weakened volumes

where the slope is steeper. Similar considerations explain the
result for the flat shape F4 with nominal G of 0.1 mm and the
inclined geometries in P, TC and C with G equal to 0.05 mm.

The tensile behaviour of a representative specimen for
each geometry is shown in Fig. 5. The resulting values of
the tensile properties are listed in Table 2, which gives the
average and deviation over the three tests. Table 2 also lists
the mechanical properties of the bulk specimens. Stresses

were determined using the area of the nominal cross-section
of the specimens, disregarding the presence of intentional
defects. Therefore, the maximum force is also provided for
a more precise comparison. In addition, the tensile strength
and maximum strain were normalised with respect to the
values of the bulk specimens. An example of each pin and
tail specimen geometry after the tensile test is provided in
Fig. 6. The fractured bits shown are those built closer to the
build platform. In all cases, the fracture has occurred within
the weakened area and is shaped as it was designed. Fig-
ure 7 shows SEM images of the fracture surfaces of speci-
mens F2 and F4: the bottom surfaces (Fig. 7a and c) are
those that were built as upskin surfaces during construction,
which means that the build direction Z is pointing out of the
images. The top surfaces (Fig. 7b and d), on the other hand,
are the counterparts on the side of the material built on top
of the weakened layers.

As for the mechanical properties, the low deviation for all
measured quantities proves the repeatability of the process in
all cases, even in the presence of such macroscopic defects
as the designed weakened volumes. Within the deviation
values, the Young modulus of the weakened structures is
comparable to that of the bulk material, especially for the
flat shape. As desired, the tensile strength and the maximum
strain differ significantly from the bulk material and among
the geometries. Remarkably, the flat shapes with the lowest
G had the highest strength value, with a maximum corre-
sponding to about 70% of the bulk material. The other geom-
etries exhibited much lower strength, especially geometries

@ Springer
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Table 2 Comparison of tensile properties. The superscript n indicates the normalised value with respect to the bulk properties. E is the Young’s

modulus, R, the tensile strength, F,,, the maximum load, €,

the strain at break

E(St.dev) [MPa] R, (St.dev)[MPa] R, "(St.dev)[MPa]  F,, (St.dev)[kN] e, (St.dev)[%] &, (St dev)
[%]

Bulk 110 (5) 887 (55) - 59.10 (3.66) 5.2(0.5) -
F2 110 (3) 606 (74) 0.683 (0.083) 38.86 (4.08) 0.6 (0.1) 0.106 (0.014)
F4 110 (6) 338 (24) 0.381 (0.027) 21.54 (1.45) 0.4 (0.1) 0.083 (0.011)
F2.1 112 (1) 626 (32) 0.705 (0.036) 40.14 (1.39) 0.6 (0.0) 0.115 (0.000)
F4.1 88 (0) 331 (1) 0.373 (0.002) 21.13 (0.28) 0.4 (0.0) 0.077 (0.000)
H2 104 (3) 452 (27) 0.510 (0.031) 29.74 (1.54) 0.7 (0.1) 0.131 (0.016)
H4 97 (3) 363 (7) 0.409 (0.008) 23.69 (0.42) 0.5 (0.0) 0.105 (0.001)
C 109 (2) 328 (99) 0.369 (0.112) 21.63 (6.49) 0.3(0.1) 0.064 (0.015)
P 101 (1) 271 (10) 0.305 (0.011) 17.54 (0.48) 0.3 (0.0) 0.064 (0.003)
TC 103 (5) 314 (33) 0.354 (0.037) 20.59 (2.22) 0.4 (0.0) 0.068 (0.006)
Fig.6 Surface fracture profiles (a) C (b) P (C) TC

of the samples: a flat tilted of 45
degrees, C, b conical shape, P, ¢
truncated cone, TC, d and e hill-
shapes, H2 and H4, respectively

s (DH2

Build direction

C, TC, and P. This behaviour can be explained by consider-
ing the fracture mechanisms in the weakened volume, which
are related to the connections formed between the upper and
lower bulk volumes through the weakened volume.

Figure 8 shows SEM images of the fracture surfaces to
help interpret the results. It is important to remember that the
method of obtaining the weakened volume involves the crea-
tion of an agglomeration of powder particles. Therefore, the
flat weakened volume is formed by overlapping horizontal
layers where the whole layer, or a portion, is only sintered.
Practically, the sintering creates a connection, called neck,
between the particles [29]. In addition to the energy provided
to process the weakened layers, the melting of subsequent
layers out of the weakened regions provides a supplementary
heat flux. This extra energy strengthens the necks formed,
especially along the build direction (which corresponds to
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(e) H4

the loading direction) and may also be responsible for the
formation of the annular region, whose thickness is approxi-
mately 550 pm (Fig. 8f). However, likely, the annular, denser
rim (Fig. 8f) and the necks formed between the particles in
the core region contribute separately to the tensile behaviour.
In fact, each neck between two particles [29] could behave
like a separate micro tensile specimen with a very short
gauge length. However, owing to the large number of pores
in the weakened volume, fracture occurs suddenly without
plastic deformation. Fracture proceeds through the necks
(Fig. 8c), which explains why powder particles adhere to
the surfaces after rupture (Fig. 7). At higher magnification,
the boundary between the dense outer rim and the weakened
centre (Fig. 8b) shows the co-presence of the ductile fail-
ure by micro-voids coalescence of the fully-dense material
(Fig. 8d), and smooth areas that were detached even before
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(a)

Fig.7 SEM images of fracture surfaces of F samples: bottom surface (build direction Z points out of the images) of specimen a F2 and ¢ F4; and
top surface (build direction Z points into the images) of specimen b F2 and d F4

the test. Fracture in the stress-bearing areas has the same
morphology as in the bulk specimen (Fig. 8a vs. d).

With the same G, the like pin and tails geometries
showed lower strength. The result is consistent with the
effective gap being almost half the nominal value for
flat weakened regions, while it is just slightly below the
expected value for inclined shapes (Fig. 4). This can be
explained by considering that, in the non-flat shapes, the
3D development of the weakened regions may have facili-
tated heat dissipation [26], preventing the formation of
stronger connections as in the case of flat shapes and lead-
ing to a result more in line with the design. Figure 9 shows
a schematic diagram of the heat transfer occurring during
the process at a specified layer. When the electron beam
impacts the powder, and the kinetic energy is transformed
into heat, the heat flows in all directions, but preferentially
towards the material at lower heat resistance (higher con-
ductivity). All the geometries are surrounded by powder
that was weakly sintered by the preheating phase of the
PBF-EB process. This powder has extremely poor con-
ductivity with respect to the bulk material and therefore
represents a barrier against heat transfer and a point of
heat accumulation. As mentioned above, this explains the

observed annular region in Fig. 3c. In the case of the flat
surface, the heat flows from the top surface of the weak-
ened area through the weakened area toward the bulk sub-
strate. Since the PBF-EB process occurs at a high tempera-
ture, above the sintering point of the powder material, and
the weakened area has a low conductivity, the heat transfer
occurs slowly, giving the time to reach stronger sintering,
obtaining stronger connections between the particles. In
the case of a 3D shape, one side of the weakened material
is adjacent to the bulk material, and therefore the heat is
rapidly transferred to the adjacent region toward the bulk
material, which has higher conductivity. This fast transfer
provokes a lower sintering degree and, therefore, a weaker
connection between the particles. At a given layer, the
larger the slide portion covered by the weakened area is,
the slower the heat transfer and, therefore, stronger are the
connection with the particles. This finding is also consist-
ent with the fact that the smoother volumes (more gradual
cross-sectional variation of the weakened volume) showed
higher strength and higher strain when compared to more
drastic shapes (e.g., H2 vs. P in Table 2). Specimens
TC and C showed similar maximum strength and strain
(Table 2). The H sample is more ductile and shows some,
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Fig.8 SEM images: a fracture
surface of an as-built bulk

specimen; b fracture surface

of specimen F2 at the bound-
ary between the weakened area
and the dense annular region; ¢
fracture surface at the centre of
specimen F2 with the presence
of unmelted particles attached
to the surface; d magnification
of detail in b; e fracture surface
in a neck, f fracture surface of
specimen F2 at the perimeter of
the weakened volume

"“‘~'¢~ -
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but very limited, plastic deformation. This could be due to
the wider extension of the surface that is generated as the
specimen break. In this case, defects with such a geometry
promote fracture growth through the coalescence of micro-
voids in the sintered volume and along the defect surfaces.

Comparing defects with the same shape but different vol-
umes (i.e., different G values), a thicker volume will result
in a weaker connection and, thus, lower maximum stress
and strain (e.g., H2 versus H4 or F2 versus F4). In the case

@ Springer

of a flat shape, doubling the G-value (specimens F2 vs. F4)
reduces the maximum stress by half.

4 Conclusions
In this work, the achievability of a controlled fracture

was studied experimentally by designing the production
process and the part accordingly. Intentionally weakened
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Fig.9 Heat trasfer mechanisms
when producing a flat and b 3D
weakned areas

(a) Flat shape

Beam

movement
—_—

Heat transfer

portions were embedded into specimens for designing
a specific zone of fracture. Regions with lower density
respect to the bulk material were considered as modifi-
ers of the part properties. In this framework, weakened
regions with specific geometries were embedded in a ten-
sile specimen that serves as a dummy. Different geom-
etries of the weakened volume were tested. The results
confirmed the feasibility of the innovative method for pre-
determining the fracture surface and showed a preliminary
qualitative correlation between the tensile response and
the design of the weakened volume. Under the same pro-
cess parameters, the fracture mode and the load response
of the specimen can be related to the designed weakness.
With the same thickness of the weakened volume, the 3D
development of the weakened geometries turned into vary-
ing resistance due to heat transfer and accumulation during
the PBF-EB process. The results also showed that with
a proper geometry definition, it is possible to vary the
extent of deformation before rupture for a given strength.
The rapid evolution of the fracture could be exploited for
devices that need to respond immediately to any overload.
Shapes enabling a plastic behaviour, such as sample H, can
instead be applied where it is useful to monitor the load
achieved. Such programmable response of the component
paves the way to devices that connect two or more parts
of a complex system in compliant engagement and allows
their separation when the load/strain is unsafe for the sys-
tem (exceeds a predetermined value) without causing the
system to fail. Similarly, this methodology could easily
be extended to crack propagation control. In addition to
mechanical properties, this concept can also be used to
locally modify other material properties, such as electrical
and thermal.
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