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a b s t r a c t
The dynamic tensile response of additively manufactured Ti6Al4V shear-tension specimens
containing discrete artiﬁcial pores was investigated under quasi-static and dynamic loading. Specimens containing spherical and spheroidal pores were designed with one or three
pores, whose total volume fraction was kept equal to that of the single pore, albeit with
variable spacing between the pores. Specimens containing prolate pores were designed
with different pore orientations with respect to the shear direction. For the geometrical
conﬁgurations investigated, it was found that the very presence of the pore (or pores) reduces the displacement to failure, compared to the dense specimens, in both quasi-static
and dynamic regimes. The shape of the pore, the number of pores and their distribution, have a minor effect on results, in both loading-rate regimes. Similarly, there is no
sensitivity to the orientation of the prolate pore, for the investigated spheroid and gauge
dimensions.
© 2019 Published by Elsevier Ltd.

1. Introduction
Metal additive manufacturing (AM) processes allows the construction of 3D components according to a layer-by-layer
method. One of the common AM methods is the powder bed fusion (PBF), which creates solid parts by selective melting of
powder layers repeatedly using a thermal energy source (ISO/ASTM International, 2015). The manufacturing process begins
with a digital model ﬁle created from a CAD program. The ﬁle is converted into industry standard ﬁle format (usually STL
ﬁle) and then into machine language (G-code) using dedicated slicing software, which divide it to a stack of horizontal ﬂat
slices. Next, a high power energy source, such as laser or electron beam is used to melt a thin layer of powder according to
the regions represents solid in the ﬁrst slice of the part. Afterwards, the part is slightly lowered, a new layer of powder is
applied and the process repeats itself until the part is complete. In the last years, studies have shown that laser-based (or
electron beam) additive manufacturing processes, can fabricate dense Ti6Al4V titanium alloy with strength properties (i.e.,
yield strength or ultimate tensile strength) comparable or even superior to those of conventional wrought material (Becker,
Beck, & Scheffer, 2015; Beibei et al., 2018; Facchini et al., 2010; Hutasoit, Masood, Pogula, Shuva, & Rhamdhani, 2018; Ladani,
Razmi, & Choudhury, 2014; Machry et al., 2016; Moletsane et al., 2016; Tong, Bowen, Persson, & Plummer, 2017). Not only
dense, but even porous materials can be fabricated with an internal pores network adjusted to the desired application. For
example orthopedic or dental implants can be designed with an elastic modulus, which is closer to that of the bone, in

∗

Corresponding author.
E-mail address: fadidaraﬁ@gmail.com (R. Fadida).

https://doi.org/10.1016/j.ijengsci.2019.05.003
0020-7225/© 2019 Published by Elsevier Ltd.

2

R. Fadida, A. Shirizly and D. Rittel / International Journal of Engineering Science 141 (2019) 1–15

order to avoid stress shielding effects (Wang et al., 2016; Wauthle et al., 2015). The effect of porosity on plastic deformation, damage and rupture has been subjected to extensive studies in the literature, most of them analytical or numerical.
Since the seminal model of Gurson (1977), which analyzes plastic ﬂow in a porous medium, the well-known ductile fracture
mechanism, characterized by the growth and coalescence of voids has been successively studied (Benzerga, 2002; Gologanu,
Leblond, & Devaux, 1993; Koplik & Needleman, 1988; Li & Steinmann, 2006; Tvergaard, 1982), mostly at high triaxialities.
Barsoum and Faleskog (2007a), showed numerically that the presence of pre-existing voids has no signiﬁcant contribution
to the onset of fracture at low level of triaxiality. They suggest that shear failure can be predicted by simple criterion based
on a critical shear deformation value. An extension of Gurson model that incorporates damage growth in shear-dominated
stress state was suggested by Nahshon and Hutchinson (2008). Numerical studies deal with the behavior of voids under
shear were presented by Tvergaard (2008) for cylindrical voids, by Nielsen, Dahl, and Tvergaard (2012) for spherical voids,
and by Scheyvaerts, Onck, Tekoğlu, and Pardoen (2011) for ellipsoidal voids. The lack of appropriate technology to fabricate
3D voids has essentially favored mainly analytical and numerical studies. With additive manufacturing technology, the combination of mechanical properties, which are comparable to wrought material and the ability to fabricate artiﬁcial internal
porosity, opens a door for innovative experimental studies that can relate between the pores’ properties (e.g., geometry,
volume fraction) and the mechanical behavior of the material. Additive manufacturing can therefore enrich existing analytical models dealing with the effect of porosity on plasticity. Recently, Andreau et al. (2017) presented some key rules for the
fabrication of artiﬁcial spherical pores within additively manufactured 316 L stainless steel samples. Wilson-Heid, Novak, and
Beese (2018) investigated the effect of internal pre-existing penny-shaped pores on the tensile strength of 316 L fabricated
by L-PBF (Laser Powder Bed Fusion). They found that the presence of pore did not affect elongation to failure or strength
until the pore diameter exceeds 600 μm, which is 0.1 times the specimen gauge diameter.
It is well established that the strength of most metals and alloys increases with the strain rate (strain-rate sensitivity) (Blazynski, 1987). It is therefore, necessary to design or numerically simulate mechanical components according to the
mechanical properties at the relevant strain rates (Nicholas, 1981) particularly when those are high. While the dynamic
behavior of wrought titanium is well documented in the literature (Nicholas, 1980; Wulf, 1979) the behavior of additively
manufactured titanium at high strain rates has only been investigated by a few researchers (Jones et al., 2016; Matthes
et al., 2017). Moreover, publications concerning porous materials fabricated by additive manufacturing, and subjected to dynamic loading, are still quite scarce (Biswas, Ding, Balla, Field, & Bandyopadhyay, 2012). Fadida, Shirizly, and Rittel (2015,
2018) showed that the strength properties in compression and tension of AM Ti6AL4V, in both quasi-static and dynamic
regimes, are comparable, or even higher, than those of the wrought material. In addition, it was demonstrated consistently that the material properties are signiﬁcantly reduced due to the presence of artiﬁcial internal spherical voids. The
Ti6Al4V alloy (wrought or AM) is known to have a limited strain hardening capacity (de Formanoir et al., 2017; Fadida
et al., 2015), in this context, Sevostianov and Kachanov (2001) suggest a yield condition for porous material that reﬂect the
shape and orientation of pores for perfectly plastic material. Their study is based on experimental observation e.g., (da Silva
& Ramesh, 1991) that shows that the strain at the onset of yield is relatively insensitive to the void volume fraction up to
a level of app. 20%. Zohdi, Kachanov, and Sevostianov (2002) show numerical simulations that support these observations.
Since McClintock (1968), Rice and Tracey (1969), Hancock and Mackenzie (1976) and many others, the stress triaxiality (the
ratio of hydrostatic stress to the von Mises equivalent stress - tr ) was shown to have a signiﬁcant effect on ductility. It is
generally agreed that at high level of triaxiality the equivalent strain to fracture decreases with increasing stress triaxiality
(Danas & Ponte Castaneda, 2012). However, the stress triaxiality is insuﬃcient by itself to characterize the stress state in
ductile failure. According to Bao and Wierzbicki (2004), none of the models introducing fracture criteria gives a consistent
results over the entire triaxiality range. By contrast, the Lode parameter (the third invariant of the deviatoric stress tensor μ) plays a signiﬁcant role in ductile failure, especially at low values of stress triaxiality (Xiaosheng et al., 2011; Xiaosheng
and Jinkook, 2006). Barsoum and Faleskog (2007b), experimentally determined the ductility of several alloy steels over a
wide range of triaxialities and Lode parameter using a specimen loaded in combined tension and torsion. They showed that
the rupture mechanism changes from internal necking to shearing between voids as a function of both stress triaxiality and
Lode parameter. Therefore, the behavior of materials over a wide range of triaxialities and Lode parameter is required for
accurate simulations. Finally, one should mention the work of Molinari and Mercier (2001) who showed that micro-inertia
has a signiﬁcant role in the process of failure at high strain rate loadings combined with low strain rate sensitivity. Microinertia has been shown to delay the void volume change. The shear-tension specimen (STS) developed by Dorogoy and
Rittel (2005b,a) is quite convenient among other specimens. The unique geometry of the STS enforces a stress state within
the specimen’s gauge section between generalized tension (μ = −1) and generalized shear (μ = 0), which is approximately
−0.5. A data reduction technique specially developed allows reduce the measured load–displacement (P − d) data into the
material’s stress strain curve, i.e., average Mises stress against average equivalent plastic strain (σˆ M − εˆ p ). A detailed numerical study due to Dorogoy and Rittel (2017); Dorogoy, Rittel, and Godinger (2015, 2016) show that the calculated σˆ M − εˆ p
represents correctly the material true stress-strain curve. As mentioned above, the subject of shear loading and (artiﬁcial)
porosity has not been addressed extensively from an experimental standpoint, in both the quasi-static and dynamic loading regimes. Therefore, the present study reports on the effect of discrete artiﬁcial spherical and spheroidal pores within
additively manufactured specimens, in which a combined shear and tension stress state is imposed, at different strain rates.
This paper is organized as follows. Section 2 describes the experimental technique and specimens’ design.
Section 3 presents the experimental results. Section 4 discusses in the experimental results, followed by Section 5 for summary and conclusions.
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2. Materials and methods
2.1. Dynamic tension tests
The Split Hopkinson (Kolsky) tensile bar (SHTB) is a well-known experimental technique to characterize the tensile properties of materials at high strain rates (102 –104 s−1 ). The experimental principal and the test apparatus were ﬁrst introduced
by Kolsky (1949) for compression, and further developed by Harding, Wood, and Campbell (1960). In the tension apparatus
the specimen is threaded to be inserted into the two long bars, made of hardened C300 maraging steel. The tensile pulse
is generated by shooting a hollow striker tube against a ﬂange ending the incident bar. The stress waves are measured
by means of strain gauges cemented at mid-length of the incident and transmitted bars. The three strain pulses that are
measured are incident, reﬂected and transmitted. The forces on both sides of the specimen are calculated based on the
measured strains and veriﬁed for dynamic equilibrium. The resulting stress-strain curve is deemed to be valid if dynamic
force equilibrium is achieved (see also Rotbaum & Rittel, 2014). The forces in the incident and the transmitted bars are given
by:

Fin = Ab Eb (εi + εr )

(2.1.1)

Fout = Ab Eb εt

(2.1.2)

Where, Ab is the cross section area of the bar, Eb is the Young’s modulus of the bar and ɛi , ɛr , ɛt are the incident, reﬂected
and transmitted strains respectively.
As mentioned, equilibrium is fulﬁlled when

Fin = Fout

(2.1.3)

Further development of equations can be found in many literature sources, see e.g., (George T. (Rusty) Gray, 20 0 0;
Weinong W. Chen, 2011).
2.2. Specimen design and manufacturing
2.2.1. Shear-tension specimen design
The shear-tension specimen (STS) geometry consists of a cylinder having an inclined gauge section created by two diametrically opposed semi-circular slots, which are machined at 45° with respect to the longitudinal axis. This unique geometry creates a narrow gauge section, within which a shear deformation mode is dominant. This design was originally developed by Rittel, Lee, and Ravichandran (2002) for testing materials under combined shear-compression (SCS) stress state.
The specimen was thoroughly investigated under quasi-static and dynamic loading by Dorogoy and Rittel (2005b,a) Later,
the specimen geometry was adjusted for shear-tension loading by adding threads on both sides of the cylinder. The sheartension design was successively investigated, experimentally and numerically by Dorogoy and Rittel (2017) and Dorogoy
et al. (2015, 2016).
2.2.2. Dense STS manufacturing
TM
The fully dense Ti6Al4V was additively manufactured using the DMLS process, which uses a high power laser source
in an argon-ﬁlled chamber to melt the powdery raw material. As described, in the end of the fabrication process a fully
dense solid part is obtained. A series of cylindrical rods were fabricated and then were lathe-machined and milled by CNC
to the ﬁnal geometry (Fig. 1). The outer surface of the cylinder was left untouched. The dimensions of the specimen’s gauge

Fig. 1. A shear-tension specimen geometry: (a) Isometric projection, (b) Front view, (c) Side view, (d) Section view (A-A) perpendicular to the gauge
inclination and (e) Section view B-B parallel to the gauge inclination, which represents the mid-section of the gauge.
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Table 1
The geometrical dimensions of the shear-tension specimen, which
are common to all types of specimen in the present study.
Dimensions
Value [mm]

H2
50

H1
26

D
10

h
4.24

w
3

t
1.6

r
1.5

θ
45°

section, based on Dorogoy et al. (2016), and described in Table 1. The threads on of both sides of the specimen are 5/16
UNF with 12 mm length. The specimens were designed to be almost identical in their geometrical dimensions. The typical
tolerance for specimen’s gauge section dimensions (Fig. 1d) were of the order of ±0.1 mm.
2.2.3. STS with spherical pores
It was recently experienced that embedded artiﬁcial pores of almost any shape can be fabricated down to a diameter (or
other characteristic dimension) of Ø300 μm (Fadida et al., 2018). In that work, the pores were deliberately embedded into a
tensile specimen to explore their inﬂuence on the mechanical response of the specimen. It is clear that when the diameter
of the pore is relatively small compared to the specimen’s gauge the pore’s effect on the mechanical response is expected
to be negligible. It was found that the critical ratio between the pore diameter and specimen’s gauge diameter, above which
the pore existence inﬂuences the mechanical behavior, is 0.15. In fact, the smallest pore size, which has signiﬁcant effect,
was identiﬁed as Ø600 μm and the specimen’s gauge diameter was Ø4 mm. Hence in the present study, spherical pores
above 600 μm in diameter were chosen for tests. Three types of specimens with embedded spherical pores were fabricated
according to the CAD model (i.e., an inner cavity in the CAD model generates, in practice, a non-molten void in the laserprocessed part). The ﬁrst specimen type contains a single pore, 650 μm in diameter (d) located at the geometric center of
the specimen gauge. The second type contains 3 × Ø450 μm pores, lined up along the specimen’s gauge and the distance (L)
between each pore to the other is 2 mm. The ratio of the distance between the pores centers to the pore radius is nearly 9.
The total volume of the three pores was set to be equal to the volume of the single Ø650 μm pore. The third type is similar
to the second type but, the distance between each pore was set to 4 mm. Fig. 2 illustrates the pores arrangement inside the
shear-tension specimens and Table 2 summarizes the pores’ geometric properties.

Fig. 2. A cross-section view of the specimen’s CAD model at the middle of the gauge. Types of specimens, from left to right: Dense, Ø650, Ø450L2 and
Ø450L4.
Table 2
Summary of the geometrical properties of the specimens contains internal
spherical pores.
Specimen type

Dense

Ø650

Ø450L2

Ø450L4

Number of artiﬁcial pores
Pore diameter, d [μm]
Distance between pores, L [mm]
Pore total volume [mm3 ]
L / (d/2) ratio

0
–
–
–
–

1
650
–
0.143
–

3
450
2
0.143
∼9

3
450
4
0.143
∼18

R. Fadida, A. Shirizly and D. Rittel / International Journal of Engineering Science 141 (2019) 1–15

5

Fig. 3. A CT images of the specimen contains Ø650 μm pore (a) and its measured diameter (b).

Fig. 4. A CT images of the specimen contains 3 × Ø450 μm pores (a). Typical measured values of the pore diameter (b) and the distance between two
adjacent pores (c).

Fig. 3 shows CT images of two specimen types, the one that contain a single Ø650 μm pore located at the geometric
center of the specimen, and the other containing 3 × Ø450 μm pores, located 2 mm apart from each other. The CT scans
highlight the good quality of the additive manufacturing process, where all measurements of spherical pore diameter or
distance between spherical pores were kept within tolerance of ±0.05 mm, compared to the CAD model. Visual impression
of CT scans reveal that the Ø650 μm pore shape is quite similar to ideal sphere, characterized by an inner bumpy surface,
while the shape of the Ø450 μm pores seems a little less spherical. It should be noted that the surface roughness and the
geometrical accuracy of the part lies within the range of the powder grain size (EOS GmBH, 2004). In the current study, a
20 μm powder grain size was used, which expected to yield ±0.05 mm accuracy.
2.2.4. STS with prolate spheroidal pores
A set of specimens were manufactured with a prolate spheroidal pores. The ratio between the major axis (C), and the
minor axis (A) of the ellipse was set to beC/A = 3, and A = 450 μm. The prolate pore was located at the geometric center of
the gauge so its major axis was aligned with the gauge mid-section. The volume of the prolate pore was set to be equal
to the volume of the Ø650 μm spherical pore (or equal to the total volume of 3 × Ø450 μm pores). 4 types of specimens
were fabricated, in which the angle of the elongated pore was systematically rotated with respect to the mid-section of the
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Fig. 5. A cross section view of the CAD model at the middle of the gauge. Types of specimens from left to right: P0, P45, P90 and P135.
Table 3
Summary of the geometrical properties of the specimens contains
internal spheroid pore.
Specimen type

P0

P45

P90

P135

Number of artiﬁcial pores
Pore minor diameter, A [μm]
Pore major diameter, C [μm]
Pore orientation
Pore total volume [mm3 ]

1
450
1350
0°
0.143

1
450
1350
45°
0.143

1
450
1350
90°
0.143

1
450
1350
135°
0.143

specimen gauge, by an angle of 0°, 45°, 90° and 135°, as illustrated in Fig. 5 and summarized in Table 3. Fig. 6 shows CT
images of specimen containing a single prolate pore located at the geometric center of the specimen.
2.2.5. Void volume fraction
All the pore containing specimens were set to be with the same void volume fraction. The following calculations show
the volume of the pore (or pores) and the volume of the specimen gauge.
The volume of single spherical pore, where d = 650 μm:

V1 =

4π
3

 3
d
2

= 0.143 [mm3 ]

The total volume of three spherical pores, where d = 450 μm:

V2 = 0.143 [mm3 ]
The volume of prolate pore, where A = 450 and C = 1350 μm:

V3 =

4π
3

 2  
A
C
2

2

= 0.143 [mm3 ]

The volume of the gauge section:

Vgauge = [(2r + t ) · w ) − (π · r 2 )] · (D/ cos(θ )) ∼
= 95.2 [mm3 ]
All pore conﬁgurations have the same volume:

V1 = V2 = V3 = Vvoid
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Fig. 6. A CT images of the specimen contains prolate pore (450 × 1350 μm) at angle of 0 deg. (a). Typical measured values of the pore dimensions (b and
c).

The void volume fraction:

f =

Vvoid
= 0.0015 = 0.15%
Vgauge

3. Results
3.1. Quasi-static tension of STS with spherical pores
Consistent with our previous work (Fadida et al., 2018), we will report here macroscopic load-displacement characteristics
of geometrically identical specimens, in order to avoid complications related to the stress concentration around the voids
that precludes reporting homogeneous stress-strain values (Bourcier, Koss, Smelser, & Richmond, 1986). Quasi-static tensile
testing was performed to measure the load-displacement of the fully dense additively manufactured STS and compare it
to the pore-containing specimens. A set of 4 specimens of each type, labelled as Dense, Ø650, Ø450L2 and Ø450L4, were
tested in tension on a servo-hydraulic MTS machine at a nominal strain rate of 1 × 10−4 s − 1 . The vertical displacements
were recorded using an optical laser extensometer, while force values were obtained from the machine load cell. Fig. 7 (a–d)
shows the load-displacement results of the 4 specimen types. The red thick line represents the mean curve of 4 specimens
and the black dotted lines represent the minimum and maximum curves to illustrate the level of experimental dispersion
of the results. Fig. 8 summarizes the load-displacement results of all mean curves of all specimen types that presented in
Fig. 7 (a–d). A slight reduction in the displacement to failure can be observed in specimens containing pores compared to
the dense specimens, while changes in load can barely be observed. Note that up to displacement of approx. 0.2 mm the
mechanical response of all specimen types is quite similar.

3.2. Dynamic tension of STS with spherical pores
The geometry of the specimens and pores arrangements in the dynamic tests is identical to that used for the quasistatic tests. A set of 5 specimens of each specimen type were tested using the split Hopkinson tensile bar (SHTB). Fig. 9
(a–d) shows the load-displacement results of the fully dense specimens (i.e., Dense) and the specimens containing pores
(i.e., Ø650, Ø450L2 and Ø450L4). Fig. 10 summarizes the load-displacement results of all mean curves of all specimen types
that presented in Fig. 9 (a–d). Similar to the quasi-static results, the displacement to failure of the specimens containing
spherical pores is smaller than that of the dense specimens while the differences in load are again quite minor. It can be
observed that the mechanical response of the specimen types containing pore (or pores) is quite similar. The strain rate
was determined according to the average equivalent plastic strain on the mid-section of the gauge versus time and it is
approximately 1 × 104 s − 1 . For further information on the calculation procedure of the strain rate, the reader is referred to
the appendix section.
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Fig. 7. Load-displacement curves of all specimens contains spherical pores (i.e., Ø650, Ø450L2 and Ø450L4), compared to dense specimens (i.e., without
artiﬁciual pores). The red thick line represents the mean curve and the black dotted line represents the min/max curves.

Fig. 8. Load-dispalcement mean curves of all specimens contains spherical pores compared to dense specimens, at nominal strain rate of 1 × 10−4 s−1 .

3.3. Quasi-static tension of STS with prolate pores
Quasi-static tensile testing was performed to measure the load-displacement of specimen containing single prolate (elongated) spheroid. A set of 4 specimens of each type were tested in the same conditions as previously described for the quasistatic tests. Each specimen type contains prolate pore, which its major axis oriented at 4 different angles with respect to
the mid-section of the inclined gauge i.e., 0°, 45°, 90° and 135° labelled as P0, 945, P90 and P135 respectively. Fig. 11 (a–d)
shows the load-displacement results of the four specimen types. Fig. 12 summarizes the load-displacement results of the
mean curves of all specimen types that presented in Fig 11 (a–d), compared to the dense specimens mean curve. It can
be observed that the pore orientation in the gauge section has no visible effect on the measured load-displacement curve.
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Fig. 9. Load-displacement curves of all specimens contains spherical pores (i.e., Ø650, Ø450L2 and Ø450L4), compared to dense specimens (i.e., without
artiﬁciual porrs). The red thick line represents the mean curve and the black dotted line represents the min/max curves.

Fig. 10. Load-dispalcement mean curves of all specimens contains spherical pores compared to dense specimens, at nominal strain rate of approximately
1 × 104 s−1 .

Again, the displacement to failure of the specimens containing prolate pore is smaller than that of the dense specimens
while the differences in load are quite minor.
3.4. Dynamic tension of STS with prolate pores
The geometry of the specimens and pores arrangements in the dynamic tests is the same as for the quasi-static tests. A
set of 5 specimens of each type were tested in the same conditions as previously described for the dynamic tests. Fig. 13
(a–d) shows the load-displacement results of the specimens containing prolate pore (i.e., P0, P45, P90 and P135). Fig. 14
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Fig. 11. Load-displacement curves of all specimens contains prolate pore (i.e., P0, P45, P90 and P135). The red thick line represents the mean curve and
the black dotted line represents the min/max curves.

Fig. 12. Load-dispalcement mean curves of all specimens contains prolate pore compared to dense specimens, at nominal strain rate of 1 × 10−4 s−1 .

summarizes the load-displacement results of the mean curves of all specimen types that presented in Fig. 13 (a–d), compared to the dense specimens mean curve. In the dynamic loading case too, one can observe that the orientation of the pore
has no signiﬁcant effect on the measured load-displacement curve. However, a reduction in the displacement to failure and
load can be observed in specimens containing prolate pores compared to the dense specimens. Fig. 15 (a–b) shows a comparison between the results of specimens containing spherical and prolate pore at different strain rates. For the quasi-static
tests, each curve represents the mean curve of all specimens containing spherical or prolate pore, 11 and 16 respectively. For
the dynamic tests, each curve represents the mean curve of all specimens containing spherical or prolate pore, 14 and 19
respectively. Fig. 15 shows that at a ﬁxed pore volume fraction, the shape of the pore (spherical or prolate) has no signiﬁcant
inﬂuence on the mechanical response, in both strain-rate regimes.
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Fig. 13. Load-displacement curves of all specimens contains prolate pore (i.e., P0, P45, P90 and P135). The red thick line represents the mean curve and
the black dotted line represents the min/max curves.

Fig. 14. Load-dispalcement mean curves of all specimens contains prolate pore compared to dense specimens, at nominal strain rate of approximetly
1 × 104 s−1 .

4. Discussion
The originality of this study lies on the investigation of embedded artiﬁcial voids in shear-tension specimens at different strain rates. For this purpose, this technology was found to be suitable, as it was demonstrated in previous studies for compression (Fadida et al., 2015) and tension (Fadida et al., 2018) of spherical voids. The experimental results
are based on speciﬁc conﬁgurations of internal pores and under speciﬁc loading conditions. The volume fraction of the
pores was kept constant in order to allow for comparison between the different conﬁgurations. However, the results are
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Fig. 15. A comparison between sphere and prolate pore embedded in shear-tension specimens at the geometric center of the gauge at different strain
rates: 1 × 10−4 s−1 (a) and ∼1 × 104 s−1 (b).

not suﬃcient for straightforward generalization to any other conﬁgurations of pores or loading conditions. The results of
shear-tension specimens containing discrete artiﬁcial pore (or pores) subjected to quasi-static and dynamic loading, shows
that the presence of the pore has a noticeable effect on the mechanical response of the specimen. In both regimes, the
displacement to failure of specimens containing pore (or pores) was smaller than that of the dense specimens, while
a slight reduction in load was observed. Yet, the mechanical response of pore-containing specimens is quite similar to
that of the dense specimens and the differences between their curves can only be observed at the ﬁnal stage before
rupture. These ﬁndings are quite consistent with those of Barsoum and Faleskog (2007a), that showed that the contribution of pre-existing voids to the onset of failure, under combined tension and shear loading, is quite minor. In both
regimes, changing the distance between the spherical pores (i.e., 2 mm or 4 mm) did not result in a signiﬁcant change
of the load-displacement curves. Sevostianov, Kachanov, and Drach, (2014) showed that the effect of interactions on the
elastic properties are quite weak. For instance, they found that shielding interaction effects remain noticeable at spacing between spheres of the order of three radii, which is relatively smaller than the ratio in the current study. Similarly,
changes in the number of pores (i.e., one pore or three pores, whose total volume equals to the volume of the single
pore), was not reﬂected in the tests results. The results of specimens containing prolate pore, shows that there is no sensitivity to the orientation of the pore in both regimes, for the speciﬁed spheroid and gauge dimensions. Spherical pore
compared to prolate pore, which both has the same volume (but very differ in geometry), seem to cause a similar mechanical response, for both strain rates. The results shows that, the shape of the pore, the number of pores and their
distribution do not play a signiﬁcant role in dictating the failure in shear-dominated stress states. However, the presence
of the pore (or pores), characterized solely by the predetermined value of void volume fraction (i.e., 0.15%), has a noticeable effect on the ductility to failure, but minor effect on load. The following Table 4 summarizes the key results of this
study.
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Table 4
A summary of the quasi-static and dynamic tests results. The symbols indicate the level of impact on the mechanical
response, i.e., "+" for noticeable impact and "−" for minor impact.
Quasi-static

Dynamic

Parameters

Load

Disp.

Load

Disp.

Presence of artiﬁcial pores
Distance between pores
Number of pores
Pore orientation
Pore shape

–
–
–
–
–

+
–
–
–
–

–
–
–
–
–

+
–
–
–
–

5. Conclusions
In this study, artiﬁcial discrete pores were embedded in shear-tension specimens to explore the mechanical response in
shear-dominated stress states, keeping the pore volume fraction constant. The conclusions are relevant to the speciﬁc void
volume fraction of 0.15% and the conﬁgurations of pores that were predeﬁned.
For both loading-rate regimes,
• The quantity of pores (one or three pores, whose total volume is equal to the volume of the single pore) seems to only
have a minnor effect on the overall mechanical response.
• The distance between spherical pores did not result in a signiﬁcant change in mechanical response.
• The mechanical response of prolate-containing specimens is insensitive to the orientation of the pore.
• The shape of the pore, i.e., spherical or prolate does not seem to affect the mechanical response.
• Finally, the presence of the pores reduces the displacement to failure, compared to the dense specimens.
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Appendix
Numerical analyses were conducted using commercial ﬁnite element software Abaqus explicit 6.14-2 (ABAQUS 6.14,
2014). The aim of the analyses was to determine the strain rate of the STS within the gauge, which can be evaluated by a
numerical-experimental procedure according to Dorogoy et al. (2016). The whole physical model of the shear-tension specimen, incident and transmitted bars was included in the numerical (ﬁnite element) model. The model was meshed with

Fig. A1. The equivalent plastic strain at the mid-section versus time, which obtained from the numerical analysis.
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linear hexahedral elements of type C3D8R with approximate size of 0.3 mm within the specimen’s gauge and 3 mm along
the bars. The initial input to describe the STS plastic behavior is according to a power law hardening material model (constitutive model), which its parameters were presented lately by Fadida et al. (2018). The strain rate was obtained by derivation
of the numerical results for the equivalent plastic strain within the specimen’s gauge, with respect to time. Fig. A.1 shows
the average strain rate that was calculated by linear regression and found to be 1.1 × 104 s−1 .
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