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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract  

Additive manufacturing (AM) processes allow producing the complex components in a layerwise fashion. The complexity includes the design of 
lighter and stronger components by using lattice structures that can be quickly realized through AM technologies. However, the mechanical 
behaviour of lattice structures is not completely known, especially in the post-treated state. Thus, this work aims to explore the effect of post-
treatment on the compressive strength of specimens with lattice structures. The samples are produced using Ti-6Al-4V powder processed by 
Electron Beam Melting (EBM). The outcomes of this work confirm the correlation between the heat treatment and final mechanical properties. 
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1. Introduction 

Additive Manufacturing (AM) is defined as “a process of 
joining materials to make objects from 3D model data, usually 
layer upon layer, as opposed to subtractive manufacturing 
methodologies”[1, 2]. This kind of approach allows the 
production of parts with free design constrains enabling the 
construction of integrated parts, lightweight structures or 
topologically optimized [3]. At the industrial level from the 
beginning of the 21st century, there has been an increment of 
interest in AM due to the large production flexibility of this 
technologies, both on the cost and lead-times. In the last few 
years, the industrial sector interest has been significantly 
focused on metal AM techniques for aerospace, automotive 
and medical applications. For aerospace and automotive, the 
main drivers for the AM introduction as a production 
technique is the possibility to obtain lightweight components 
and integrated parts [3]. For medical, instead, the main driver 
is the possibility to obtain personalized implants which allow 
the reduction of the recovery times, due to the better 

interaction with prior tissues [4]. Among the metal AM 
techniques, a great interest has developed around the Electron 
Beam Melting (EBM) process which is today already used for 
mass production in aerospace and medical applications.  The 
EBM process is based on the selective melting of metallic 
powder using an electron beam. Arcam has developed the first 
EBM system [5] in 1987, and to date, it is still the only 
manufacturer for the EBM systems around the world. Different 
materials can be processed by EBM technology, such as 
stainless steels, tool steels, Co-based superalloys, Ni-based 
superalloys and most importantly Ti-alloys  or the 
intermetallic TiAl [6]. Among the Ti-alloys, Ti-6Al-4V alloy 
is largely used to produce parts by EBM because of its capacity 
to overcome the limitations of the traditional melting 
techniques [7] due to the need to remove high density 
inclusions (HDI) as well as low density inclusions (LDI) to 
provide composition homogeneity [8] and avoid the surface 
oxidation, especially at high temperatures. In fact, the EBM 
process works in a vacuum environment and at high 
temperatures due to the preheating step that precedes the 
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melting step [7]. In the work chamber, in fact, the achieved 
temperature is approximately the preheating temperature (650-
700°C for Ti-6Al-4V). This aspect ensures small thermal 
shrinkages and a high grade of consistency of the non-melted 
powder which acquires a certain strength [9]. For this reason, 
the EBM process requires a small amount of supports and 
allows the building of the micro-architectured materials to be 
produced easily without using support structure. Micro-
architectured materials also called cellular materials had been 
largely addressed because the possibility to achieve a unique 
combination of properties [10]. Among the cellular materials, 
foams and lattice structures randomly have proved to exhibit 
extremely excellent properties with respect to the 
corresponding bulk material [11]. Jointly to the use of Ti-6Al-
4V, these structures made by EBM showed interesting 
properties such as specific strength [12], oxidation resistance 
[12, 13] and biocompatibility with human tissues [13, 14]. 
Ashby [15] identified three main factors that influence 
properties of cellular solids; 1) material of which is made, 2) 
cell topology and shape, 3) relative density. The first factor 
affects the mechanical, the thermal and the electrical 
properties. Cell topology and shape are important for the 
behaviour distinction between bending and stretching-
dominated structures. The relative density affects the 
properties of cellular solids. The relative density [16] is 
calculated by the ratio between the density of cellular material 
ρ* and the density of the bulk material ρs. Ashby and Gibson 
[16] proposed a model for cellular solids that connects a 
generic relative property with the relative density using a 
logarithmic law. The main drive for the design of foams is 
relative density, while the design of lattice structures is driven 
even by the topology and dimensions of the unit cell. 
Differently from foams, lattice structures also called cellular, 
reticulated or truss structures are defined as structures made up 
of a large number of uniform elements and generated by 
tessellating a unit cell throughout space [10]. Since the lattice 
properties are strongly design-dependent, several studies have 
been addressed to investigate the macroscopic properties for 
different geometries. Cansizoglu et al. [17] evaluated the 
behaviour of the honeycomb lattice structures with different 
strut sizes. Heinl et al. [18] studied cross and diamond unit 
cells with interconnected macro porosity made by EBM for 
bone implants applications. Diamond lattice structures with 
graded porosity have been analyzed by van Grunsven et al. 
[19]. Jamshidinia et al. [20] studied lattice structures for 
specific dental implant applications. Three different unit cells 
(cross, honeycomb and octahedral) with different cell sizes 
were investigated with the aim to provide a dental abutment 
with specific elastic micro-motion. The compression 
behaviour of open-cell rhombic dodecahedron structure with 
two configurations of strut size ratio l/d and under different 
work temperatures has been investigated by Xiao et al [28]. 
[21]. Li et al. [22] investigated the compression fatigue 
behaviour at different load levels of rhombic dodecahedron 
unit cells lattice structures with a range of density between 
0.73 and 1.68 g/cm3. All studies analysed mechanical 
behaviour of lattice structures using compression tests.  

At the room temperature, nominal stress-strain curves of 
lattice structures under uniaxial compression show three 

distinguishing parts: 1) the elastic behaviour of the lattice 
structure, 2) a progressive collapse of the layers up to the 
structure has 3) the same behaviour of the bulk material — the 
failure of the specimens typical at 45° by brittle fracture. 
Larger cell size showed worse performances than smaller cell 
size, in terms of both elastic modulus and collapse strength. As 
far as the microstructure is concerned, in contrast with bulk 
material, the microstructure of the mesh arrays is ’-martensite 
phase. The microstructure developments and differences 
between the bulk material and the cellular materials have been 
investigated by Murr et al. [23]  While acicular -phase and -
phase were presented in the bulk material, the microstructure 
of a cellular material with a strut size of 1.1 mm was a fine 
mixture of , ’-martensite and -phase grains. Increasing the 
strut size, an increase in Widmanstatten + phases was found 
[24]. The difference between the microstructure of bulk and 
any cellular materials is due to the different cooling rates in the 
air gaps [12]. As well known, the microstructure of the 
material as well as its mechanical performance can be 
modified by subsequent heat treatments. For Ti-6Al-4V parts 
produced by EBM technology, heat treatments are very 
common, but in parts that could contain micro porosity, 
treatments such as annealing could cause a growth of the pores 
[25]. For such small structures as in the case of lattice 
structures, an internal defect due to residual porosity in the 
powder bed or high surface roughness plays a key role in the 
mechanical resistance [26]. However, only one study in 
literature addressed this aspect evaluating the effect of defects 
on the mechanical response of Ti-6Al-4V cubic lattice 
structure [27]. Two annealing treatments were run at a lower 
temperature than β-transus (960°C) and a higher one than β-
transus (1200°C), respectively. Both were conducted for a total 
time of 120 minutes, and air pressure. For the as-built 
condition the microstructure of the struts perpendicular to the 
start plate showed a combination of α and β phases, according 
to previous studies on the bulk material [23, 28, 29]. For the 
temperature lower than β-transus annealing, no consistent 
differences were found with respect to the as-built 
microstructure. For the temperature condition higher than β -
transus annealing, a coarsening of the microstructure was 
detected. For that, the mechanical tests showed a lower 
compressive yield stress by approximately 11%. To fill that 
gap, the presented work addressed the effect of design and heat 
treatment on the compression behavior of lattice structure. A 
lattice structure was designed and produced in different sizes 
by using an Arcam A2X. An annealing heat treatment was run 
at a temperature higher than β-transus (1050°C) for 60 min 
with subsequent furnace cooling. As-built and treated 
specimens were tested under compression. Three replications 
for each test have been carried out. 

2. Experiments 

2.1. Lattice Design 

The elementary cell chosen for this study is a dodecahedral 
cell (Fig.1a). The lattice structure was designed using Magics 
21.11. The cell was repeated in a cylindrical volume of 
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diameter 20 mm and height 26 mm. The cell was used in three 
different sizes equal to 4 mm (Fig.1b), 7 mm (Fig.1c) and 10 
mm (Fig. 1d), respectively. The minimum cross-section area 
depends on the cell size and it was about 4.85 mm2, 3.85 mm2 
and 2.61 mm2, respectively, for the cell size of 4 mm, 7 mm 
and 10 mm. The average area was calculated to be 12.326 
mm2, 12.562 mm2 and 12.0418 mm2 respectively for the cell 
size of 4 mm, 7 mm and 10 mm.  

To have a uniform distribution of the load during the 
compression test, two discs of the same diameter of the lattice 
part and 2 mm thick are added at the bottom and the top of the 
lattice structure. The discs are a part of the specimen.  

2.2. Design of Experiment and Production 

To have a robust experimental analysis, for each size three 
replicas were produced. Therefore, 18 samples were realized 
to investigate the mechanical behavior of both as-built and 
treated lattice samples. The build job was designed using 
Magics 21.11. Moreover, bulk specimens were designed to 
evaluate the actual density of the Ti-6Al-4V made by EBM 
process. The standard themes provided by Arcam were used 
for the lattice volume and full melted parts (discs and bulk 
specimens). To avoid microstructure modifications, all 
specimens were produced unattached to the start plate. Fragile 
and think support structures with 20 mm height were used at 
the bottom of specimens to support them during their building 
on the powder layer. Additionally, to have a uniform 
temperature distribution during the process, the specimens 
were opportunely distributed along the building axis to have 
an almost constant melting area for each layer. The build job 
was processed by EBM build processor 5.0. The specimens 
were produced using an Arcam A2X system and standard Ti-
6Al-4V powder (Fig. 2). As can be seen in Fig. 2, the starting 
powder is completely spherical, and no internal porosity was 
found in the cross-section of this powder. At the end of the 
process, the entire build was cooled down within the EBM 
chamber up to the environment temperature. Thereafter, the 
specimens were cleaned using a sandblasting process with the 
same powder used during the process and an air pressure equal 
to 4 bar. The cleaning procedure has been aimed to remove all 
residual powder. 

 

2.3. Heat treatment and compression test 

Nine specimens of the 18 produced were treated. The heat 
treatment experiment conducted in this study is a super β-
transus treatment. In fact, during the heat treatment, the 
samples were heated to a peak temperature (1050 °C) with a 
heating rate of 5 °C/min and then soaked at temperature for 60 
min and cooled at a constant rate in the furnace. The heat 
treatments were performed in a Vacuum furnace (Pro.Ba.) 
which can attain vacuum levels of 1e-5 mbar for annealing. 
Axial compression tests were carried out using Easydur Aura 
machine for both as-built and heat treated setting a strain rate 
equal to 2mm/min. The tests were run up to the failure of the 
specimens. Similar loads/displacements trends have been ob- 

 

 

Fig.1 (a) Elementary cell; Specimen with elementary cell of size (b) 4 mm, 
(c) 7 mm and (d) 10 mm.  

 
Fig. 2. (a) SEM image, (b) cross-section of starting Ti-6Al-4V powder.  

 

served for the replicas with the same cell size. The stress/strain 
curves were evaluated from the load/displacement curves 
considering the area corresponding to the cross section of the 
cylinder specimen. 

2.4. Characterization 

The relative densities for the lattice structures were 
calculated to 27.33%, 20.87% and 18.18%, respectively, for 
the cell size of 4 mm, 7 mm and 10 mm. 

For microstructure observation, the samples were cut, 
mount ground, fine polished and then etched using Kroll’s 
reagent (2%HF, 4% HNO3 in water). Images were taken using 
the Leica optical microscope for the cross-section of powders 
and Phenom table-top Scanning Electron Microscope (SEM) 
for the microstructure of printed samples and morphology of 
powder. 

3. Results and Discussion 

3.1. Effect of the cell size 

Fig. 3 shows a representative result of the compression tests 
carried out on the three replicas. As can be seen in this Figure, 
the general trend for all the trials for the cell size of 10 mm are 
rather similar and all the results were consistent.  

As mentioned earlier, to evaluate the effect of cell size, 
three compression tests per each cell size were carried out. 
Fig. 4 shows the experimental stress-strain curves for the 
lattice specimens with three different cell sizes equal to 4 mm, 
7 mm and 10 mm. From this figure, it is evident that by 
increasing the cell size the compressive strength of lattice 
samples decreases significantly. This significant difference in 
the compression behaviour of lattice is attributed to the 
increase of the relative density with the reduction of the unit 
cell size.  

 

(a) 
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structure, 2) a progressive collapse of the layers up to the 
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failure of the specimens typical at 45° by brittle fracture. 
Larger cell size showed worse performances than smaller cell 
size, in terms of both elastic modulus and collapse strength. As 
far as the microstructure is concerned, in contrast with bulk 
material, the microstructure of the mesh arrays is ’-martensite 
phase. The microstructure developments and differences 
between the bulk material and the cellular materials have been 
investigated by Murr et al. [23]  While acicular -phase and -
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strut size, an increase in Widmanstatten + phases was found 
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any cellular materials is due to the different cooling rates in the 
air gaps [12]. As well known, the microstructure of the 
material as well as its mechanical performance can be 
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treatments such as annealing could cause a growth of the pores 
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powder bed or high surface roughness plays a key role in the 
mechanical resistance [26]. However, only one study in 
literature addressed this aspect evaluating the effect of defects 
on the mechanical response of Ti-6Al-4V cubic lattice 
structure [27]. Two annealing treatments were run at a lower 
temperature than β-transus (960°C) and a higher one than β-
transus (1200°C), respectively. Both were conducted for a total 
time of 120 minutes, and air pressure. For the as-built 
condition the microstructure of the struts perpendicular to the 
start plate showed a combination of α and β phases, according 
to previous studies on the bulk material [23, 28, 29]. For the 
temperature lower than β-transus annealing, no consistent 
differences were found with respect to the as-built 
microstructure. For the temperature condition higher than β -
transus annealing, a coarsening of the microstructure was 
detected. For that, the mechanical tests showed a lower 
compressive yield stress by approximately 11%. To fill that 
gap, the presented work addressed the effect of design and heat 
treatment on the compression behavior of lattice structure. A 
lattice structure was designed and produced in different sizes 
by using an Arcam A2X. An annealing heat treatment was run 
at a temperature higher than β-transus (1050°C) for 60 min 
with subsequent furnace cooling. As-built and treated 
specimens were tested under compression. Three replications 
for each test have been carried out. 

2. Experiments 

2.1. Lattice Design 

The elementary cell chosen for this study is a dodecahedral 
cell (Fig.1a). The lattice structure was designed using Magics 
21.11. The cell was repeated in a cylindrical volume of 
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diameter 20 mm and height 26 mm. The cell was used in three 
different sizes equal to 4 mm (Fig.1b), 7 mm (Fig.1c) and 10 
mm (Fig. 1d), respectively. The minimum cross-section area 
depends on the cell size and it was about 4.85 mm2, 3.85 mm2 
and 2.61 mm2, respectively, for the cell size of 4 mm, 7 mm 
and 10 mm. The average area was calculated to be 12.326 
mm2, 12.562 mm2 and 12.0418 mm2 respectively for the cell 
size of 4 mm, 7 mm and 10 mm.  

To have a uniform distribution of the load during the 
compression test, two discs of the same diameter of the lattice 
part and 2 mm thick are added at the bottom and the top of the 
lattice structure. The discs are a part of the specimen.  

2.2. Design of Experiment and Production 

To have a robust experimental analysis, for each size three 
replicas were produced. Therefore, 18 samples were realized 
to investigate the mechanical behavior of both as-built and 
treated lattice samples. The build job was designed using 
Magics 21.11. Moreover, bulk specimens were designed to 
evaluate the actual density of the Ti-6Al-4V made by EBM 
process. The standard themes provided by Arcam were used 
for the lattice volume and full melted parts (discs and bulk 
specimens). To avoid microstructure modifications, all 
specimens were produced unattached to the start plate. Fragile 
and think support structures with 20 mm height were used at 
the bottom of specimens to support them during their building 
on the powder layer. Additionally, to have a uniform 
temperature distribution during the process, the specimens 
were opportunely distributed along the building axis to have 
an almost constant melting area for each layer. The build job 
was processed by EBM build processor 5.0. The specimens 
were produced using an Arcam A2X system and standard Ti-
6Al-4V powder (Fig. 2). As can be seen in Fig. 2, the starting 
powder is completely spherical, and no internal porosity was 
found in the cross-section of this powder. At the end of the 
process, the entire build was cooled down within the EBM 
chamber up to the environment temperature. Thereafter, the 
specimens were cleaned using a sandblasting process with the 
same powder used during the process and an air pressure equal 
to 4 bar. The cleaning procedure has been aimed to remove all 
residual powder. 

 

2.3. Heat treatment and compression test 

Nine specimens of the 18 produced were treated. The heat 
treatment experiment conducted in this study is a super β-
transus treatment. In fact, during the heat treatment, the 
samples were heated to a peak temperature (1050 °C) with a 
heating rate of 5 °C/min and then soaked at temperature for 60 
min and cooled at a constant rate in the furnace. The heat 
treatments were performed in a Vacuum furnace (Pro.Ba.) 
which can attain vacuum levels of 1e-5 mbar for annealing. 
Axial compression tests were carried out using Easydur Aura 
machine for both as-built and heat treated setting a strain rate 
equal to 2mm/min. The tests were run up to the failure of the 
specimens. Similar loads/displacements trends have been ob- 

 

 

Fig.1 (a) Elementary cell; Specimen with elementary cell of size (b) 4 mm, 
(c) 7 mm and (d) 10 mm.  

 
Fig. 2. (a) SEM image, (b) cross-section of starting Ti-6Al-4V powder.  

 

served for the replicas with the same cell size. The stress/strain 
curves were evaluated from the load/displacement curves 
considering the area corresponding to the cross section of the 
cylinder specimen. 

2.4. Characterization 

The relative densities for the lattice structures were 
calculated to 27.33%, 20.87% and 18.18%, respectively, for 
the cell size of 4 mm, 7 mm and 10 mm. 

For microstructure observation, the samples were cut, 
mount ground, fine polished and then etched using Kroll’s 
reagent (2%HF, 4% HNO3 in water). Images were taken using 
the Leica optical microscope for the cross-section of powders 
and Phenom table-top Scanning Electron Microscope (SEM) 
for the microstructure of printed samples and morphology of 
powder. 

3. Results and Discussion 

3.1. Effect of the cell size 

Fig. 3 shows a representative result of the compression tests 
carried out on the three replicas. As can be seen in this Figure, 
the general trend for all the trials for the cell size of 10 mm are 
rather similar and all the results were consistent.  

As mentioned earlier, to evaluate the effect of cell size, 
three compression tests per each cell size were carried out. 
Fig. 4 shows the experimental stress-strain curves for the 
lattice specimens with three different cell sizes equal to 4 mm, 
7 mm and 10 mm. From this figure, it is evident that by 
increasing the cell size the compressive strength of lattice 
samples decreases significantly. This significant difference in 
the compression behaviour of lattice is attributed to the 
increase of the relative density with the reduction of the unit 
cell size.  

 

(a) 
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Fig. 3. Compressive deformation behavior of Ti-6Al-4V cellular structures 

in the as-built condition (size of the lattice 10 mm). 

 
Fig. 4. Experimental stress-strain curves for the lattice specimens with 

three different cell sizes of 4 mm, 7 mm and 10 mm. 

3.2. Effect of heat treatment 

Fig. 5(a) shows the as-built microstructure of Ti-6Al-4V 
alloy produced by EBM which is lamellar, with fine α platelets 
oriented in various directions. Although some α colonies can 
be revealed that is indicative of a relatively fast cooling rate 
during the β to α phase transformation. Moreover, Figure 5 
shows clearly that the microstructure of Ti-6Al-4V alloy is 
typical of any (α+β) alloy, i.e. the Widmanstätten α platelets 
of different sizes and orientations.  

As mentioned earlier, the microstructure of Ti-6Al-4V 
alloy is typical of any (α+β) alloy and heat treatment induces 
coarser α lamellae (Fig. 5 (b)). Indeed, for the super β-transus 
heat treatments, the α phase is completely dissolved, and the 
final α morphology depended primarily on the cooling rate, 
which was constant for the furnace cooled tests in the current 
study. The impact of the microstructural condition on the 
mechanical performance can be revealed for all loading 
conditions. The compressive force-deformation behavior of 
as-built and as-heat treated samples are compared in Fig. 6. 
The graph of as-built lattice shows the typical behavior of 
brittle cellular materials at low degrees of deformation. From 
this figure, it can be noticed that, in general, the compressive 
behaviour of the heat-treated lattice seems to be similar to the 
as-built trend. However, the profile of each curve is different: 
it is possible to see a progressive trend approaching the 
ultimate compressive strength (UCS) and then an almost trend 
and then an almost constant trend, not characterized by the 
continuous drops and rises of the as-built sample. The trend 
seems to be smoother overall in the case of heat-treated 
samples. There is no significant variation in Young’s modulus 
(E), as it is possible to see from the curves, but a slightly 
reduction of UCS is observable. Nonetheless, it is found that 
the compressive behaviour of the heat-treated sample seems to  

 
Fig. 5. SEM images of (a) as-built, (b) heat treated Ti-6Al-4V alloy. 

be ductile instead of rather brittle behaviour in as-build 
condition. This discrepancy in the compression behaviour of 
heat treated and not-heat treated could be attributed to the α'-
microstructure of as-built lattice that leads to a higher 
sensitivity to local defects.  

Moreover, it is revealed that in comparison with the heat-
treated samples, the as-built samples bear higher maximum 
stresses before a steep drop occurs at strains of about 6-7%. 
This drop is attributed to failure of struts along an entire plane 
of the cube and is deeper in case of the as-built sample 
revealing an inferior ductility. After this collapse both samples 
bear load again with higher maximum stresses present in the 
heat-treated sample. 

Through the evaluating of Young’s modulus and UCS from 
the curves and dividing them by E0 and UCS0, respectively, it 
is possible to evaluate relative properties. As shown by Ashby 
and Gibson, there is a relationship between relative properties 
of cellular solids and their relative density. Fig. 7 shows the 
relative mechanical characteristics of lattice before and after 
the heat treatment and their comparison with the Ashby-
Gibson model. 

Fig.7 depicts that only for higher relative density the as-
built samples bear higher maximum relative stresses with 
respect to the heat-treated lattice while for the Young’s 
modulus a higher value was obtained for heat-treated sample. 
Furthermore, it should be noticed that the general trend in the 
relative properties in the as-built and heat-treated samples are 
almost in line with the Ashby-Gibson model, with lower 
values for relative Young’s modulus and higher values for the 
relative UCS of as-built and heat treated lattice than Ashby-
Gibson model.  

 

 
Fig. 6. Compressive deformation behavior of Ti-6Al-4V cellular before 

and after the heat treatment (cell size 4 mm). 

a b 
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Fig. 7.  
Fig. 7 Relative Young’s Modulus vs. relative density, and relative UCS 

vs. relative density. 

4. Conclusion 

In this research, the effect of the cell size and heat treatment 
on the compressive strength of the Ti-6Al-4V cellular 
structures manufactured by EBM was studied. With as-built as 
well as heat treated samples, two different microstructural 
conditions were considered. 

The main results can be summarized as follows: 
1. The as-built microstructure of Ti-6Al-4V alloy which is 

produced by EBM which is lamellar, with fine α platelets 
oriented in various directions and heat treatment induces 
coarser α lamellae. 

2. The compressive behavior of the heat-treated sample 
seems to be rather ductile instead of brittle behavior in 
as-build condition. 

3. In comparison with the heat-treated lattice, the as-built 
samples bear higher maximum stresses before a steep 
drop occurs at strains of about 6-7%. 

4. In all conditions, by increasing the cell size, the 
compressive strength of the Ti-6Al-4V cellular 
structures manufactured by EBM decreases 
significantly. 

5. The trend of relative Young’s modulus and relative UCS 
vs relative density of lattice structures before and after 
the heat treatment are similar to the Ashby-Gibson 
model. 
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Fig. 3. Compressive deformation behavior of Ti-6Al-4V cellular structures 

in the as-built condition (size of the lattice 10 mm). 

 
Fig. 4. Experimental stress-strain curves for the lattice specimens with 

three different cell sizes of 4 mm, 7 mm and 10 mm. 

3.2. Effect of heat treatment 

Fig. 5(a) shows the as-built microstructure of Ti-6Al-4V 
alloy produced by EBM which is lamellar, with fine α platelets 
oriented in various directions. Although some α colonies can 
be revealed that is indicative of a relatively fast cooling rate 
during the β to α phase transformation. Moreover, Figure 5 
shows clearly that the microstructure of Ti-6Al-4V alloy is 
typical of any (α+β) alloy, i.e. the Widmanstätten α platelets 
of different sizes and orientations.  

As mentioned earlier, the microstructure of Ti-6Al-4V 
alloy is typical of any (α+β) alloy and heat treatment induces 
coarser α lamellae (Fig. 5 (b)). Indeed, for the super β-transus 
heat treatments, the α phase is completely dissolved, and the 
final α morphology depended primarily on the cooling rate, 
which was constant for the furnace cooled tests in the current 
study. The impact of the microstructural condition on the 
mechanical performance can be revealed for all loading 
conditions. The compressive force-deformation behavior of 
as-built and as-heat treated samples are compared in Fig. 6. 
The graph of as-built lattice shows the typical behavior of 
brittle cellular materials at low degrees of deformation. From 
this figure, it can be noticed that, in general, the compressive 
behaviour of the heat-treated lattice seems to be similar to the 
as-built trend. However, the profile of each curve is different: 
it is possible to see a progressive trend approaching the 
ultimate compressive strength (UCS) and then an almost trend 
and then an almost constant trend, not characterized by the 
continuous drops and rises of the as-built sample. The trend 
seems to be smoother overall in the case of heat-treated 
samples. There is no significant variation in Young’s modulus 
(E), as it is possible to see from the curves, but a slightly 
reduction of UCS is observable. Nonetheless, it is found that 
the compressive behaviour of the heat-treated sample seems to  

 
Fig. 5. SEM images of (a) as-built, (b) heat treated Ti-6Al-4V alloy. 

be ductile instead of rather brittle behaviour in as-build 
condition. This discrepancy in the compression behaviour of 
heat treated and not-heat treated could be attributed to the α'-
microstructure of as-built lattice that leads to a higher 
sensitivity to local defects.  

Moreover, it is revealed that in comparison with the heat-
treated samples, the as-built samples bear higher maximum 
stresses before a steep drop occurs at strains of about 6-7%. 
This drop is attributed to failure of struts along an entire plane 
of the cube and is deeper in case of the as-built sample 
revealing an inferior ductility. After this collapse both samples 
bear load again with higher maximum stresses present in the 
heat-treated sample. 

Through the evaluating of Young’s modulus and UCS from 
the curves and dividing them by E0 and UCS0, respectively, it 
is possible to evaluate relative properties. As shown by Ashby 
and Gibson, there is a relationship between relative properties 
of cellular solids and their relative density. Fig. 7 shows the 
relative mechanical characteristics of lattice before and after 
the heat treatment and their comparison with the Ashby-
Gibson model. 

Fig.7 depicts that only for higher relative density the as-
built samples bear higher maximum relative stresses with 
respect to the heat-treated lattice while for the Young’s 
modulus a higher value was obtained for heat-treated sample. 
Furthermore, it should be noticed that the general trend in the 
relative properties in the as-built and heat-treated samples are 
almost in line with the Ashby-Gibson model, with lower 
values for relative Young’s modulus and higher values for the 
relative UCS of as-built and heat treated lattice than Ashby-
Gibson model.  

 

 
Fig. 6. Compressive deformation behavior of Ti-6Al-4V cellular before 

and after the heat treatment (cell size 4 mm). 
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Fig. 7.  
Fig. 7 Relative Young’s Modulus vs. relative density, and relative UCS 

vs. relative density. 

4. Conclusion 

In this research, the effect of the cell size and heat treatment 
on the compressive strength of the Ti-6Al-4V cellular 
structures manufactured by EBM was studied. With as-built as 
well as heat treated samples, two different microstructural 
conditions were considered. 

The main results can be summarized as follows: 
1. The as-built microstructure of Ti-6Al-4V alloy which is 

produced by EBM which is lamellar, with fine α platelets 
oriented in various directions and heat treatment induces 
coarser α lamellae. 

2. The compressive behavior of the heat-treated sample 
seems to be rather ductile instead of brittle behavior in 
as-build condition. 

3. In comparison with the heat-treated lattice, the as-built 
samples bear higher maximum stresses before a steep 
drop occurs at strains of about 6-7%. 

4. In all conditions, by increasing the cell size, the 
compressive strength of the Ti-6Al-4V cellular 
structures manufactured by EBM decreases 
significantly. 

5. The trend of relative Young’s modulus and relative UCS 
vs relative density of lattice structures before and after 
the heat treatment are similar to the Ashby-Gibson 
model. 
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