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ABSTRACT 
 

The mechanical properties of additively manufactured (AM) dense and porous Ti6Al4V specimens 

were investigated under static and dynamic compression.  The fully dense specimens were fabricated 

using laser melting process.  The porous specimens contained spherical pores with full control on the 

geometry and location of the pores.  The laser processed dense material exhibited superior strength in 

the static and dynamic tests, compared to the same conventional material, but the ductility of the two 

was comparable.  Single-pore specimens exhibited a linear relationship between the load and the pore 

volume fraction.  The comparison between single and double-pore specimens, at identical volume 

fractions, revealed the importance of the pores’ orientation with respect to the applied load.   
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1 INTRODUCTION 

Titanium and its alloys are used in numerous applications due to their superior 

properties, such as high strength to weight ratio, and corrosion resistance.  The most 

common applications include aerospace, military, chemical, biomedical, industrial 

processes and so on.  Veiga et al. [1] presented a review on titanium alloys with 

emphasis on Ti6Al4V and its applications.  According to these authors, the tensile 

strength of titanium alloys varies normally from about 200 MPa for pure titanium to 

about 1400 MPa for near-β alloys, while for Ti6Al4V the values range between 900 

to 1200 MPa.  The mechanical behavior of titanium has been extensively addressed, 

statically and dynamically in many researches.  Nicholas [2] reported the stress-strain 

curves of several titanium alloys, including Ti6Al4V at different strain rates.   

According to Nicholas [2], all the titanium alloys show an increase in flow stress 

with strain rate, with the degree of rate sensitivity apparently increasing slightly at 

the higher strain rates.  A similar behavior was reported by Wulf [3].  Today’s 

technology makes it possible to produce metal parts in print-like method.  The raw 

material is powder, and processes, such as Direct Metal Laser Sintering (DMLS™) 

are usually utilized to solidify the part.  In general, the full-melt powder bed fusion, 

describes processes, which are used to manufacture of fully dense metallic parts.  It 

specifications for Ti6Al4V are covered in detail at ASTM F2924-14 [4].  The idea of 

full melting is supported by the continuously improved laser processing conditions in 

recent years, such as higher power lasers, smaller focused spot size, and smaller layer 

thickness, all leading to significantly improved microstructural and mechanical 

properties [5, 6].  The 3D-Printing or Additive Manufacturing (AM) technology 

represents a variety of processes in which any geometry, complex as it may be, can 
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be processed from a 3D computer model (CAD).  AM enables production of custom-

made geometries, which are often impossible or too costly to manufacture using 

conventional methods.  Optimization of parts for a maximum strength-to-weight ratio 

is one application of AM technology that has a major importance in the design of 

aircrafts.  Many types of metals are suitable and available for printing such as 

titanium, aluminium and their alloys.  The main drawbacks of the technology are its 

high price, surface finish and part’s size (limited by machine size).  In this 

technology the part is elaborated by adding ultra-thin layers (hence the name AM) of 

molten material one by one.  A high-power laser melts the pattern in each layer, then 

the part is slightly lowered, a new layer of powder is applied, and so on until 

completion.  Dense areas are fully melted, while others (i.e. voids) remain in 

powdery state.  From a materials mechanics perspective, it is interesting consider 

these inner voids as 'pores' of controlled dimensions and location.  Controlled 

porosity is a unique feature of this technology, which allows the study of pore 

behaviour under loadings.  Such a study has not yet been carried out due to the lack 

of adequate technology to produce fully enclosed pores.  Many researches have 

addressed the static and dynamic behaviour of porous materials, both experimentally 

and theoretically.  Constitutive equations for porous ductile solids were developed 

based on homogenization theory [7].  Gurson [8] developed in the mid-seventies, a 

seminal model for porous ductile materials, which suggests an approximate yield 

criteria and flow rules regarding spherical and cylindrical voids.  Gurson’s criterion 

was based on a single variable, which is the volume fraction of the voids denoted as f   

[8].  A few years later, Tvergaard [9] suggested an adjustment of Gurson’s 

constitutive relations.  Many studies have extended and modified the classical 
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Gurson’s model [e.g. 10, 11], and a detailed review of up to date models can be 

found in Benzerga and Leblond [7].  While all the above-mentioned references (and 

many un-mentioned here for the sake of brevity) address essentially quasi-static 

regimes, much less is known about the high strain rate plastic response of porous 

materials.  Silva and Ramesh [12] showed ~20% decrease in the yield strength (in 

compression) for a sintered porous Ti6Al4V with a porosity of 7.6%.  Publications 

concerning porous materials fabricated by additive manufacturing, and subjected to 

dynamic loading, are still quite scarce.  Biswas et al [13] investigated the 

deformation of Ti6Al4V alloy processed by the Laser Engineered Net Shaping 

(LENS™) system.  This technology is based on sprayed particles that pass through a 

laser source and then solidify on a substrate.  The porous material created by varying 

the process's parameters such as laser power, laser scanning speed, and the powder 

feed rate.  According to these authors, 20% porous Ti6Al4V showed lower strength, 

but higher ductility compared to 10% material, but 10% porous material had both 

less strength and ductility then dense material (0% porosity).  In a continuation of 

this study, Biswas and Ding [14] carried out a numerical investigation of the 

dynamic behaviour of Ti6Al4V for discrete cases of porosity.  Their study indicates 

that pore can serve as both failure initiator and inhibitor namely, lower strength due 

to higher stress concentration, but higher apparent ductility due to slower failure 

propagation.  From the above literature survey, it appears that an adequate technique 

of controlled fabrication of voids is still desirable to describe well the behavior of 

pores experimentally, and to support numerical and theoretical studies. 
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2 EXPERIMENTAL SETUP    

2.1 Dynamic Compression Tests 

The experimental method used in this present research is the Split Hopkinson 

Pressure Bar (SHPB), which is a standard test for high strain rate materials 

characterization in compression [15, 16].  Table 1 summarizes the nominal ratios of 

the SHPB apparatus, which are acceptable for dynamic compression tests [17].  L 

and D, indicate the length and the diameter of the bars, respectively.  l0 and d0, 

indicate the initial length and diameter of the specimen, respectively. 

 

2.2 Dynamic Compression Specimens 

2.2.1 Manufacturing 

In Additive Manufacturing process, the part is built on metal platform that supports it 

during localized surface melting by a scanning laser.  A 30 micron layer of Ti6Al4V 

powder is spread on the platform, which is melted by the laser according to the part’s 

design.  The process is repeated layer by layer until the final part’s height is 

achieved.  The unexposed powder is then discarded, and the manufactured part is 

then disconnected mechanically from its supporting basis.  Figure 1a shows an 

example of a batch of specimens at the end of the manufacturing process.  Wire 

erosion was used to separate the specimens from the substrate.  The specimens were 

marked in order to distinguish between series of specimens in the wire erosion 

process.  Each specimen was cut a few millimeters far from the material edges as 

shown in Figure 1b to ensure no edge effect.  The cylindrical face was left 

untouched, but the cylinder’s flat surfaces were lathe machined to achieve high 

surface quality and parallelism, which are all necessary for high accuracy and 
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repeatability of the results [16].  A set of five cylindrical specimens Ø7x7 mm were 

compressed.  The specimens were designed to be almost identical in their 

geometrical dimensions.  The typical tolerance for specimen’s length and diameter 

was of the order of ±0.02 mm.  A set of five specimens Ø7x3.5 were used only to 

achieve the highest reported strain rate (7000 s-1).  Figure 1c shows a typical 

compression specimen by the end of all manufacturing stages.  The specimens for the 

dynamic tests were used also for the quasi-static tests.  The quasi-static test was 

carried out using a servo-hydraulic machine (MTS 810).  The displacements were 

measured using an optical extensometer. 

 

2.2.2 Single and double pore specimens 

As mentioned before, the additive manufacturing technology allows the fabrication 

of a porous material in a controlled manner.  Usually, when porous material is 

considered, it is meant that, the material contains a large amount of randomly 

distributed voids.  Controlled porosity here relates to the ability to create voids inside 

the material, of an arbitrary shape, dimensions, location and pattern, all that with a 

relatively high geometrical accuracy.  This study seeks to examine simple cases of 

porosity that can serve as a tool for predicting the behaviour of a pattern.  Each 

specimen defined as a unit cell that theoretically can represent a part of multi-pore 

case.  Spherical void was chosen to represent a pore for practical reasons.  The 

porous specimens were designed using CAD software.  The spherical voids were 

modeled inside the specimen, with the desired dimensions and locations.  Porous and 

fully dense specimens had similar dimensions (Ø7x7mm).  Two main types of 

porous specimen were manufactured and tested.  The first type is a single pore 
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specimen where the pore is located at the geometric center of the specimen as shown 

in Figure 2.  The second type is a double pore specimen where the pores are located 

in three different orientations as shown in Figure 3.  The main point in manufacturing 

a single pore specimen was to explore the change in strength as a function of pore 

size or as a function of its volume fraction.  The volume fraction is a dimensionless 

number and a well-known parameter in studies dealing with porous materials [8].  

The single pore specimens were manufactured with an internal pore in varying 

diameter in the range of Ø1 - Ø3 mm.  The corresponding volume fraction was 0.2% 

- 5.2%, respectively.  Table 2 summarizes the parameters of the porous specimens.  

The manufacturing process leaves inner closed volume untouched (i.e. not melted by 

the laser), which means that powder (i.e. the raw material) remains trapped inside the 

pore as shown in Figure 4a.  This residual powder was assumed to have negligible 

effect on tests results.  The basis to this assumption is that powder transmits stress 

waves in a very poor manner compared to solids [18].  Moreover, it was assumed 

that fracture due to the existence of inner pore happens before the powder 

compression.  Figure 4b shows a cross-section of a single pore specimen in which the 

residual powder inside the pore was manually removed.  Since the (inner) pores are 

not visible, a verification of pores existence was done using X-ray imaging as shown 

on Figure 5. 

Three types of double pore specimen were manufactured, namely, along the 

symmetry axis - axial, along radial direction - lateral, and at 450 with respect to the 

longitudinal axis - diagonal.  The double pore specimens were designed in a manner 

that the volume fraction of both pores is identical to the volume fraction of a single 

pore.  A dimensionless ratio was set to describe the pore size in relation to the 

Journal of Applied Mechanics. Received November 25, 2014;
Accepted manuscript posted February 09, 2015. doi:10.1115/1.4029745
Copyright (c) 2015 by ASME

Downloaded From: http://appliedmechanics.asmedigitalcollection.asme.org/ on 02/09/2015 Terms of Use: http://asme.org/terms



Ac
ce

pt
ed

 M
an

us
cr

ip
t N

ot
 C

op
ye

di
te

d

Fadida, JAM-14-1539 
 

8 

 

distance between pores named as d/B ratio.  The pore diameter was kept constant 

(d=Ø1.6 mm), while several values of distance between pores (B) were chosen, 

namely d, d/2 and d/4.  A low d/B ratio means pores are quite ‘far’ from each other, 

while high ratio means that the pores are quite ‘close’ to each other.  Figure 6 shows 

an X-ray image of the axial double pore specimen, at various d/B ratios.  The volume 

fraction of all double pores specimen types was equal to 1.6%, which is the same as 

the average volume fraction of a single pore set.  Each type of specimen was tested 3 

to 5 times, to certain repeatability in the measured results. 

 

2.2.3 Data reduction 

For a homogeneous specimen, the stress is linearly related to the cross-section when 

the latter is constant.  However, stress and strain variations are caused by a presence 

of pores.  Therefore, the results cannot be shown in terms of stress-strain curves, and 

throughout this work we consistently report measured forces and displacements for 

the porous specimens, which do not depend on the specimen’s geometry.  Given the 

fact that all specimens have almost identical dimensions, comparisons between 

various pore contents can be established without any ambiguity related to the 

inhomogeneous cross-section of specimens.  An example of dynamic force 

equilibrium is given in Figure 7.  Such state of equilibrium was ascertained for each 

dynamic test.  It should be noted that whereas the forces are in equilibrium, this does 

not necessarily imply stress uniformity in the specimen, as a result of the stress wave 

loading of the specimen.  However, as mentioned before, we will not characterize 

stresses throughout this work so that we will not further deal with this issue.  Based 
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on force equilibrium considerations, the applied load will be identified as F-out from 

thereon. 

 

3 EXPERIMENTAL RESULTS 

3.1 Quasi-Static Compression of Fully Dense Ti6Al4V 

The quasi-static compression experiments were carried out to measure the 

mechanical properties of the printed material and compare them to the conventional 

material.  The strain rate for this test was set to 1 × 10-3 s-1, which is typical of quasi-

static experiments [3].  An 18 mm thick, cold rolled annealed plate of premium-

quality Ti6Al4V, was chosen to represent the conventionally processed material, to 

be later compared with the printed material.  Figure 8 shows the comparison between 

printed (AM) and conventional Ti6Al4V. 

As can be seen, the printed material’s compressive strength is much higher than that 

of the conventionally processed material.  The measured difference exceeds 35% for 

the printed material at ε=0.1.  A slight difference in elastic moduli can be noticed, 

but is deemed to be more related to the test accuracy than to the actual material 

property.  The printed specimens failed by shear as shown in Figure 9 at ε=0.17, 

while the conventionally processed specimens did not fail at the same strain.  The 

printed material reaches its full strength sooner than the conventional material, which 

indicates a limited strain hardening capacity.  The compressive strength of the 

printed material was found to be of almost 1400 MPa at ε=0.1 as compared to about 

1000 MPa at the same strain rate for the conventional material. 
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3.2 Dynamic Compression of Fully Dense Ti6Al4V 

A set of 30 fully dense cylindrical specimens were tested at several strain rates in the 

range of 2 × 103 - 7 × 103 s-1.  At each strain rate, 3 to 5 specimens were tested, to 

ensure repeatability.  A set of 3 specimens made of conventionally processed 

material were tested for comparison at the same strain rate.  Figure 10 shows the 

typical stress strain curves of several specimens tested at a nominal strain rate of 2 × 

103 s-1.   

Just like for the quasi-static results, the dynamic behavior of the printed material 

exhibits better performance in strength as compared to the conventionally processed 

material.  The measured difference exceeds 20% in favor of the printed material at 

ε=0.1.  Both conventional and printed specimens failed by shear at approximately 

ε=0.2, as shown in Figure 10.  Here, one must note that the concept of a failure strain 

in compression usually has a limited meaning, as compared to the better accepted 

notion of tensile failure strain.  Tensile tests always end up in fracture, whereas 

compression tests, which involve extensive barreling at some stage, may not always 

end up by clear specimen fracture.  However, in the present case, fracture of the 

additively manufactured compression specimens, whether static or dynamic, was 

associated with a well-defined state of shear localization.  The printed material 

reaches to its flow strength sooner than the conventional material with hardly 

noticeable strain hardening compared to the conventionally processed material.  The 

compressive strength of the printed material found to exceed 1500 MPa at ε=0.1.  

Both materials failed by (adiabatic) shear at 450 to the applied load, as shown in 

Figure 11.  Ti6Al4V is well known to be prone to the formation of adiabatic shear 
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bands and subsequent failure [19]. Fractographic analysis of failed specimens, to be 

reported later, confirms this observation. 

The fracture surfaces of selected specimens were examined using the scanning 

electron microscope (SEM), as shown in Figure 12.  The observation of elongated 

dimples confirms beyond any doubt the operation of a dynamic shear failure 

mechanism for the additively manufactured material. 

Most specimens were designed with an aspect ratio of 1 as mentioned previously.  

Higher strain rates were achieved using specimens with a lower aspect ratio.  For 

l0/d0 ratio of 0.5, a maximum strain rate of 7 × 103 s-1 was reached.  Figure 13 shows 

that at those high strain rates, no further elevation of the material’s flow strength is 

observed, in accord with Nicholas’ observations [2].  Yet, the previously mentioned 

lack of strain hardening becomes even more evident at 7 × 103 s-1.  Interestingly, the 

failure strain was found to be comparable at all strain rates, an observation that 

matches well the operation of an adiabatic shear failure mechanism.  Indeed, once set 

in, this mechanism develops rapidly, independently of the strain rate, as reported by 

Osovski et al [20].  It should be noted that the strain rate sensitivity of printed 

Ti6Al4V was not further investigated in this research, and remains to be studied in 

further work. 

 

3.3 Dynamic Compression of Single Pore Specimen 

As mentioned before, porous specimens’ results will be deliberately presented as 

load versus displacement curves, instead of stress versus strain, keeping in mind that 

all the specimens have identical dimensions.  Figure 14 summarizes the results of 

five single pore specimens, each of them containing a centered inner pore of a 
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varying diameter.  Results for a fully dense specimen are also included for 

comparison.  The fully dense and the Ø1 mm single pore specimens exhibit a similar 

behavior.  The fully dense specimen’s displacement is higher, but the force is 

surprisingly almost identical to that measured for the single pore specimen.  It can be 

assumed that the reason for that is due to small differences between manufacturing 

batches.  This can also indicate that the system is not sensitive enough for pore 

diameters smaller than Ø1 mm, or stated in terms of volume fraction, when the latter 

is of the order of 0.2%.  However a clear decline in the measured force can be seen, 

as the pore size increases.  Since all the specimens failed in those tests, the reported 

displacement is the displacement to failure.  The displacement decreases similarly, 

but more rapidly, as a function of the pore size.  Figure 15 presents the results of 

Figure 14, plotted this time as a function of pore volume fraction.  The force was 

measured at 0.4 mm displacement, such as to allow for comparison. 

From Figure 15, it appears that the force and pore volume fraction are linearly 

related.  The linear fit line, predicts a force for the 0% pore volume fraction which is 

quite similar to the results of the fully dense material.  The error bars, show a high 

repeatability of the results.  Figure 16 shows the shear failure mechanism of single 

pore specimens.  Figure 17 shows a SEM image of one of the failed specimens that 

were shown in Figure 16.  As mentioned earlier, it was assumed that failure of 

specimen occurs before the residual powder is compressed and begins to affect the 

results.  Figure 18 shows the boundary between the fully dense area and the single 

pore area.  It is clear that the fully dense side was subjected to shear as indicated by 

elongated dimples, while the other side shows no shear signs.  This finding is 
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evidence that the trapped powder inside the pore has a negligible influence (if any) 

on the deformation of the specimen. 

3.4 Dynamic Compression of Double Pore Specimen 

The behavior of a single pore was performed using a specimen in which the pore is 

located at its geometric center.  It was shown that the output force (F-out) is linearly 

related with the volume fraction of one centered spherical void.  To assess the 

validity of these results for more than one pore, a set of double pored specimens was 

tested.  As mentioned before, the volume fraction of the double pored specimens was 

kept equal to the volume fraction of single pored specimens.  Three kinds of double 

pored specimens were tested, in which pores were oriented axial, lateral and 

diagonal.  For each orientation, three kinds of d/B ratio were tested.  Figure 19 (a-c) 

describes the measured load-displacement curves at all orientations for a fixed d/B 

ratio of 1, 2 and 4, respectively.  Significant differences related to the orientations of 

the pores are clearly noticeable at each d/B ratio.  While the axial direction exhibits 

the highest values of load and elongation, the diagonal direction has the lowest 

values.  This trend remains constant regardless of d/B ratio.  The values of the lateral 

pored specimens fall between the axial and the diagonal values.  For high d/B ratio 

(pores are quite ‘close’) the lateral and the diagonal tend to behave similarly, while at 

low d/B ratio (pores are quite ‘far’), the differences between specimen’s types is 

most significant, especially regarding their elongation to fracture.  Figure 20 (a-c) 

describes measured load-displacement curves at all d/B ratio, each direction 

separately. For the axial direction, the differences in strength and elongation are 

minor.  A similar behavior is observed for the diagonal direction, but significantly 

lower values of load and displacement were observed in this ratio.  Unlike the results 
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of those directions, the lateral direction shows noticeable differences in both 

parameters, depending on the d/B ratio.  Figure 21 shows a summary of Figure 19-

20, as it describes the output force as a function of the volume fraction.  The single 

pore results for specific volume fraction f=1.6%, are compared to the double pore 

results for all orientations and ratios. 

The output force values of the axial double pored specimens are similar to those of 

the centered single-pore, which both have the same volume fraction.  Unlike that, the 

diagonal double pore specimens exhibits lower force values, compared to the single 

pored specimens, by about 10%.  In the lateral double pored specimens, the matching 

to the single pored specimen’s results (of force), seems to be related to the d/B ratio.  

It should be noted that the linear fit line of the single pored specimen, intersects the 

force axis (at 0% volume fraction), almost at the same point that indicates the fully 

dense specimens results.  Figure 22 shows a SEM image of a diagonal double pore 

specimen failure. 

 

4 DISCUSSION 

The compressive strength of Additively Manufactured Ti6Al4V is found to be 

significantly higher compared to same material processed by conventional 

fabrication.  While this result cannot be generalized to other additively manufactured 

materials, it is nevertheless a positive indication about the quality of the 

manufactured products.  The originality of this work lies in the investigation of 

specimens with controlled closed porosity content.  For this purpose, the additive 

manufacturing technology was found to be ideal too.  It should be noted that only 
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discrete cases of porosity were examined assuming they describe a single unit cell in 

an array of pores, such as centered spherical pore inside a cylindrical specimen.  A 

similar idea has been suggested before by Tvergaard [9], who describes a model of 

ductile material containing centered spherical voids in array of hexagonal cell.  The 

results of the single pored specimens reveal a strong linear relationship between 

force and volume fraction.  As the volume fraction increases, the force declines 

moderately while ductility diminishes quite drastically.  A comparison between 

single and double pored specimen, both with the same overall volume fraction, was 

found to be orientation dependent.  Two axial pores, behaves similar to a centered 

single-pore, almost without dependency of the distance between the pores.  On the 

contrary, two diagonal pores, are apparently promoting the shear failure much more 

than a centered single pore.  Biswas and Ding [14] compared numerically a single-

pore and arrays of pores, and found that more pores will result in faster failure 

propagation due to rapid void coalescence.  The behavior of two pores in the lateral 

direction (compared to a single pore) is found to be dependent on the distance 

between pores.  This dependency needs further investigation, as it does not appear 

explicitly in the above-mentioned failure criteria for porous materials.  Indeed, in 

Gurson’s model [8], the volume fraction of pores is the only microstructural variable 

[7, 8].  Extensions of this model suggested adding parameters, such as void 

interaction effects [9], strain hardening effects [21], kinematic hardening [22], void 

nucleation and coalescence [23, 24].  The current research clearly suggests that the 

pores’ orientation with respect to the load direction should also be considered as an 

important parameter to be included in the models of porous materials, as summarized 

in Table 3. 
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5 CONCLUSIONS 

The mechanical properties of Additively Manufactured dense and porous Ti6Al4V 

specimens were investigated under static and dynamic compression. 

• The compressive strength of Additively Manufactured Ti6Al4V is found to be 

significantly higher compared to same material processed by conventional 

fabrication.  

• The dynamic behavior of the Additively Manufactured Ti6Al4V exhibits better 

performance in strength as compared to the conventionally processed material. 

• The Additive Manufacturing technology was found to be ideal for the 

investigation of specimens with controlled closed porosity content. 

• The results of the single pored specimens reveal a strong linear relationship 

between force and pore volume fraction. 

• A comparison between single pored and double pored specimen, both with the 

same overall volume fraction, was found to be strongly orientation dependent.  

• The current research suggests that the pores’ orientation with respect to the load 

direction should also be considered as an important parameter to be included in 

analytical failure models of porous materials.  
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Figure 19 Dynamic compression of double pored specimen in all orientations. (a) 

d/B=1, (b) d/B=2, (c) d/B=4. ................................................................................... 35 

Figure 20 Dynamic compression of double pore specimen in all d/B ratios. (a) Axial, 
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Parameter Value Units 

L  2000 mm 

D 19.3 mm 

l0 7.0 mm 

d0 7.0 mm 

L/D 104 - 

D/d0 2.75 - 

l0/d0 1 - 

Table 1 Experimental parameters 
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Parameter Value Units 

Single pore specimen 

l0 7.0 mm 

d0 7.0 mm 

d Ø1.0, Ø1.5, Ø2.0, Ø2.5, Ø3.0 mm 

Double pore specimen 

l0 7.0 mm 

d0 7.0 mm 

d Ø1.6 mm 

B 1.6, 0.8, 0.4 mm 

d/B 1, 2, 4 - 

f 0.2, 0.7, 1.6, 3.0, 5.2 % 

Table 2 Parameters of porous specimens. 
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Variables Load Elongation 

Orientation of pores 

(axial, lateral, diagonal) 

Diagonal (+) 

Lateral (+/-) 

Axial (-) 

Diagonal (+) 

Lateral (+/-) 

Axial (-) 

d/B ratio 

(Pore diameter divided by the 

distance between the pores) 

Lateral (+) 

Axial (-) 

Diagonal (-) 

Lateral (+) 

Axial (-) 

Diagonal (-) 

Table 3 A summary of the results for the double pore specimens.  (+) indicates a strong effect of 
the variable on load and elongation, compared to the results of the single pore specimens. 
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Figure 1 An example of a batch of specimens.  (b) Wire cutting of specimen.  (c) Compression 
specimen. 

 

 
Figure 2 Single pore specimen. 

 
Figure 3 Double pore specimen: axial, lateral and diagonal, respectively from left to right. 
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Figure 4 A cross-section of a single pore specimen. (a) An example of residual powder inside a 
pore, (b) A Ø2mm pore, after the powder removal.  Note the relatively accurate geometry of the 
spherical pore. 

 

 
Figure 5 A set of single pore specimens in X-ray image. 

 
 

 
Figure 6 X-ray image of axial double pore specimen with varying d/B ratio. 
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Figure 7 Typical force equilibrium of printed Ti6Al 4V specimen, in dynamic compression.  F-in 
and F-out stand for incident and transmitted force, respectively. 

 

 
Figure 8 Fully dense printed Ti6Al4V compared to conventional material in quasi-static 
compression at nominal strain rate of 1 × 10-3 s-1. 
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Figure 9 Failure of printed Ti6Al4V specimen in quasi-static compression.  Note the shear 
failure pattern. 

 

 
Figure 10 Fully dense printed Ti6Al4V in dynamic compression compared to conventional 
material at nominal strain rate of 2 × 103 s-1. 
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Figure 11 Typical dynamic fracture of fully dense printed Ti6Al4V specimen.  Note the shear 
fracture pattern. 

 

 
Figure 12 SEM image of printed Ti6Al4V failure.  Note the elongated dimples. 
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Figure 13 Typical true stress-strain curve of printed Ti6Al4V at different strain rates.  Note that 
once in the dynamic regime, the influence of the strain rate becomes minor.  Note also the lack 
of strain hardening in the high rate regime. 

 
Figure 14 Force as a function of displacement for different pore size.  Note the decrease in load 
and displacement to failure as the pore diameter increases. 
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Figure 15 Force as a function of volume fraction for a single pore specimen.  The displacement 
is arbitrarily fixed to 0.4 mm. 

 

 
Figure 16 Failure of a single pore specimen.  (a) Pore Ø1 mm, (b) Pore Ø2 mm. 
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Figure 17 SEM image of a single pore specimen failure at Ø2 mm pore size. 

 

 
Figure 18 SEM image of a single pore specimen failure. 
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Figure 19 Dynamic compression of double pored specimen in all orientations. (a) d/B=1, (b) 
d/B=2, (c) d/B=4. 
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Figure 20 Dynamic compression of double pore specimen in all d/B ratios. (a) Axial, (b) Lateral, 
(c) Diagonal. 
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Figure 21 Dynamic compression of single pore compared to double pore with 1.6% volume 
fraction at 0.4 mm elongation. 

 
Figure 22 SEM image of a diagonal double pore specimen failure.  Note the remained powder, 
which can be related to the rapid failure. 
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