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Abstract

Experimentation has been performed to measure the fracture behaviour of

three-dimensional lattices manufactured using a Selective Laser Melting (SLM)

technique. Specimens have been designed using a compact tension (CT) geom-

etry with different lattice orientations and fabricated from a relatively brittle

Aluminum alloy. The toughness has been measured and an increase in fracture

resistance has been observed during crack extension. The influence of lattice ori-

entation has been demonstrated, which shows that a change in orientation will

result in a different crack path, but the effect on toughness is small. Finally, the

significance of specimen size on toughness measurement has been investigated

using finite element (FE) analysis. The results show that the experimentally

measured result have overestimated the fracture toughness of the lattice speci-

mens by approximately 10% due to the insufficiently large specimen size.
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1. Introduction

The periodic lattice structures are used in a rang of engineering and medical

applications[1, 2, 3, 4]. Unique mechanical properties can be achieved with

very low density by manipulating topology and size of unit cell[5, 6, 7]. With

advanced additive manufacturing(AM) technique, complex lattice structures can5

be directly manufactured from computer designed models.

Generally lattices with high nodal connectivity such as two-dimensional tri-

angular lattices and octet-truss lattices[8] exhibit high strength to density ratio

and are more suitable for structural elements. Theoretical work has been car-

ried out to allow the prediction of macroscopic mechanical properties including10

stiffness, strength and toughness from structural properties such as nodal con-

nectivity, cell size,l, and relative density,ρ. For example fracture toughness of

lattices can be expressed as:

KIC = Dρdσf
√
l (1)

where D and d are constants dependent on lattice topology[9, 10, 11, 12].

A lattice orientation effect has also been demonstrated. It was found that15

strength and fracture toughness of two-dimensional triangular lattices vary re-

markably with orientation, although the modulus was almost isotropic[13]. The

validity of using linear elastic fracture mechanics(LEFM)technique on lattices

has been assessed for two-dimensional topologies, where a reasonable results

were achieved for lattices with sufficiently large numbers of cells and a large20

crack size [12, 13, 14].

Three-dimensional lattices are used as the core of sandwich panels due

to their superior compressive performance and energy absorbing characteristic

[15, 16, 17]. Recent studies have explored mechanical properties of octet-truss

lattices [18].25

Additive manufacturing technique is one of the most popular way for fabri-

cation of three-dimensional lattice structures. Laser-based Powder Bed Fusion

(L-PBF) for example, also known as Selective Laser Melting (SLM), has drawn
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a lot of interests due to its unique ability of manufacturing three-dimensional

complex lattices with improved efficiency compared to other methods. Qiu30

et al. [19] investigated processing conditions such as laser powder and laser

scanning speed on lattice qualities including dimensional accuracy and porosity.

Wauthle et al.[20] investigated factors in the manufacturing process including

build orientation and heat treatment which have a significant effect on mechan-

ical properties.35

In previous work, mechanical testing has been conducted on lattices pro-

duced using AM technique. The compressive behaviour and failure modes of

several periodic lattices have been measured[21, 22]. The influence of heat treat-

ment on lattice crushing behaviour and energy absorbing has been examined by

Maskery et al.[23]. Burton.et al.[24] investigated compressive and fatigue per-40

formances of lattices designed for medical implants. The failure mechanism of

gyroid lattice under uniaxial tension and three point bending load was experi-

mentally characterised by Alsalla et al.[25].

In work described in this paper, the fracture behaviour of octet-truss lattice

have been explored at different orientations, where the lattice is obtained by45

stacking up tetrahedral truss structures with interconnecting triangular lattice

in each layer. The structure configuration is shown in Fig. 1. Based on the

unit cell geometry, the relative density,ρ, of the lattice can be related to strut

dimensions as:

ρ = 6
√

2π(
r

l
)2 (2)

Where r and l are radius and length of strut. Specimens have been designed50

using compact tension geometry and manufactured by SLM technique. X-ray

computed tomography(XCT) has been conducted to assess specimen qualities

including strut dimensions and porosity. Fracture properties such as toughness,

crack path and load-displacement curves have been measured. Finally, FE anal-

ysis has been performed to demonstrate the effect of specimen size and assess55

the validity of the results measured from experiment.
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Figure 1: Structure configuration of octet-truss lattice

2. Experiment

2.1. Specimen design

Compact tension (CT) fracture specimens have been manufactured with

two different lattice orientations. These two orientations are referred to as60

orientation-y and orientation-z and are shown in Fig.2. The CT specimen ge-

ometry was based on the ASTM-E399 standard [26].

In Fig.2, the X, Y , Z axes represent the global coordinates of the specimen

geometry, while the x, y, z axes represent the local coordinates of the lattice

unit cell. Each local coordinate is specified with a Miller indices, which is given65

based on the coordinate system illustrated from the previous work [27]. For

orientation-y specimens, the y-axis in the local coordinate system is parallel to

the loading direction, which is along the Y -axis of the global coordinate system.

For orientation-z specimens, the cell orientation was rotated 90◦ about the x-

axis so that the z-axis in the local coordinate system is parallel to the loading70

direction.

The nominal strut length,l, and diameter,d, were equal to 5 mm, and 0.5

mm. The specimen sizes shown in Fig.3 were chosen to achieve a high enough
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ratio of W to l to allow analysis using the techniques of fracture mechanics

[13]. Two solid rings were built around the pin holes to strengthen the local75

structure. Two thin plates with knife edges were bonded to each specimen to

allow measurement of crack mouth opening displacement(CMOD).

Figure 2: Definition of specimen orientations

2.2. Specimen manufacturing

Fig.4 shows the specimens which are manufactured using a SLM solution

Gmbh SLM500HL L-PBF machine equipped with 2 sets of 1000W laser, 2 sets80

of 400W laser and 2 sets of scanning lens systems. The 400W laser was chosen for

the lattice manufacturing to ensure a better geometry accuracy due to its small

spot size of about 90µm in diameter. A205 aluminium alloy metal powder was

used for specimen production[28]. The metal powder was produced by EIGA

(Electrode induction melting gas atomiser) by the TLS Company with particle85

sizes ranging from 15µm to 53µm.
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(a) (b)

(c) (d)

Figure 3: Designed specimens geometry with a
W

= 0.38: (a)(b) are side and front view of

orientation-y specimen;(c)(d) are that for orientation-z specimen
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Specimens were produced at a constant laser scanning speed of 1650mm/s

with laser power of 350W. 150◦C preheating was used to reduce residual stress

during manufacturing and achieve good density[29]. The substrate and build

chamber were preheated to 150◦C for 3 hours and maintained at the same90

temperature during the building process to reduce residual stress developed in

the specimens. The oxygen level was controlled up to lower than 0.17% by

flooding Argon into the chamber so as to avoid formation of oxides.

After manufacturing, specimens were removed from the substrate and sub-

jected to heat treatment. Specimens were solution treated at 521◦C for 17 hours95

followed by water quenching which aimed to homogenise the micro-structure

and chemical composition, especially for copper and magnesium elements. Ag-

ing treatment was then conducted for 22 hours at 170◦C to allow precipitation

of Ω and θ strengthening phases [30]. Finally, a pre-crack was introduced into

each specimen using wire Electrical Discharge Machining (EDM). The EDM100

technique was found to be able to produce a smooth and clean cut into the

specimens without damage or deformation of struts in the vicinity of the cut-

ting path. A wire of a diameter of 0.1mm was chosen to enable accurate crack

location.

2.3. X-ray computed tomography105

X-ray computed tomography has been conducted to measure the strut di-

mensions. The size of the specimen was found to be too large to allow images to

be constructed of with a reasonable resolution. Therefore, a scan was performed

on a small lattice cube with edge length 26.5mm, shown in Fig.5(a), designed

with identical strut dimensions and manufactured in the same chamber as the110

CT specimens.

X-ray computed tomography was performed using a Zeiss X-Radia 520 Versa

scanner. Both low and high magnification scans were performed to measure the

strut length,l, and diameter,d, shown in Fig.5 and evaluate the porosity shown

in Fig. 6 respectively. The resolution of the low magnification scan was 25.22115

µm/pixel, while the corresponding one for the high magnification scan was 3.57
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Figure 4: Specimen manufactured by SLM technique

µm/pixel.

The strut dimensions were selectively measured on a proportion of the 2D

images (Orthoslices) used to stack the 3D volume of the probed material (the

low magnification scan). Image processing software Avizo[31] was used for pro-120

cessing. A significant surface roughness was noticed on the upper surface of the

strut, as shown in Fig.6, caused by the non-melted particles loosely attached to

the strut. The orthoslices image of X −Z plane was used for determining strut

dimensions to minimise the influence of surface condition. Twenty different lo-

cations were investigated per each 2D image to extract the mean values for the125

strut length and diameter.

It was found that good accuracy was achieved by the lattice manufacturing

process for the strut length,l, however the measured strut diameter d ranged

from 0.79mm to 0.82mm, significantly higher than the original design, see Tab.1.

The porosity was evaluated by isolating the pore areas within the matrix, shown130

in Fig.6(b). The volume of the pore area and the scanned matrix were both

evaluated to calculate a sample porosity which was equal to 2.2%.
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(a) (b)

Figure 5: Result of X-ray computed tomography with low magnification:(a) volume of the

entire sample probed; (b) typical 2D orthoslice image (X-Z plane) of the sample across its

height (Y -axis)

(a) (b)

Figure 6: 3D volume of the sample being probed using high magnification:(a) entire probed

volume illustrating the exterior surface (pores and matrix shown in yellow and red colour

respectively; (b) pore network within the scanned area

diameter,d Strut length,l Relative density, ρ Porosity

Nominal 0.5mm 5mm 0.067
2.2%

Measured 0.79-0.82mm 5mm 0.17

Table 1: Measured strut dimensions and porosity
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2.4. Tensile test

A solid round bar specimen was chosen for the tensile test to determine the

material stress-strain response. Measuring the response of a single strut cut135

from the specimen was discounted because the surface roughness of the strut

would result in significant uncertainty of the cross-sectional area. The round

bar was manufactured using the same process parameter as the CT specimens

to a standard dog-bone geometry with gauge length of 25mm and diameter

of 6mm.The sample was built vertically along the build direction. The strain140

was measured by 25mm Instron extensometer[32] and the stress-strain curve is

shown in Fig.7. The modulus and ultimate tensile strength were measured to

be 63 GPa and 320 MPa. It was found that the modulus was lower than would

be expected for an aluminium alloy, likely to be caused by porosity within the

specimen[33, 34] and the built orientation[35].145
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Figure 7: stress-strain curve of parent material measured from round bar tensile test
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2.5. Fracture test

Fracture tests were carried out using the apparatus shown in Fig.8. A peri-

odic loading pattern was used so that the specimen compliance could be mea-

sured as the crack extended. In each cycle, loading was applied so that the crack

mouth opening displacement (CMOD) increased by 0.5mm followed by unload-150

ing to reduce the CMOD by 0.25mm. This pattern of loading allowed small

increment of displacement to be applied to the specimen, aiming to capture as

many as possible analysis points on the Load-CMOD curve[36]. The rate of

loading and unloading were set to 0.2mm/min, to maintain a static deforma-

tion rate[37]. Instron 2670-132 extensometer[38] with gauge length 10 mm was155

installed at the specimen knife edges to measure crack mouth opening displace-

ment (CMOD). The crack extension was tracked by an iMETRUM video gauge

system [39].

Figure 8: Experiment set up
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3. Results

Fracture tests have been conducted using two orientation-y specimens and160

three orientation-z specimens. The load-displacement responses are shown in

Fig.9 and 10. There is reasonably good repeatability, particularly for the

peak load. Fig.11 compares load-displacement curves for different orientations:

orientation-y (specimen 2) and orientation-z (specimen 3). An increase in criti-

cal load can be observed for both orientations with crack extension. The point165

a in Fig.11 indicates the initial critical load where failure was observed at struts

ahead of the initial crack tip, while point b indicates the peak load. Struts

A and B in Fig.12 shows the location of failed struts corresponding to points

a and point b in Fig 11. For the orientation-y specimen, the angled strut at

location A failed first without a noticeable drop in load. A significant drop in170

load was observed when vertical struts at location B failed. A similar behaviour

occurred for orientation-z specimens. Despite the significant surface roughness

observed from the images of X-ray computed tomography which could result in

variation of strength along the strut, the failure location of each strut was found

to be almost consistent. Most failures occurred at the location near to the joint175

caused by the influence of strut bending and local stress concentration shown

in Fig.16 and 17.

Repeatable crack paths were observed for each specimen, as shown in Fig

13. The crack of orientation-y specimens deviated after initiation and the entire

crack plane was rotated by 30◦ about the Z-axis. The crack path for orientation-180

z specimens was almost horizontal.
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Figure 9: Load-displacement response of orientation-y specimen
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Figure 10: Load-displacement response of orientation-z specimen
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Figure 11: Load-displacement response of lattice specimens for two orientations: the results

are compared between specimen 2 from orientation-y and specimen 3 from orientation-z
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Figure 12: Details of crack growth of orientation-y specimen

14



(a)

(b)

Figure 13: Crack path observed for (a) orientation-y and (b) orientation-z
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The compliance of each specimen was calculated using the slope of each un-

loading during crack extension (the dashed lines in Fig.9 and 10). The effective

crack length, a/W , can be calculated from the compliance using the ASTM

E399 standard [26]:

a

W
= 1.000− 4.500U + 13.157U2− 172.551U3 + 879.944U4− 1514.6711U5 (3)

and:

U =
1

1 +
√

(EBVm

P )
(4)

where Vm is the crack mouth opening displacement, P the applied force,

B is the specimen thickness and E is the equivalent Young’s modulus of the

lattice which was calculated based on the measured relative density,ρ, using the185

expression given in [40]. The effective crack length matched adequately with

visual observations for orientation-z specimens. For the orientation-y specimens,

the observed crack length was found to be significantly longer than the effective

crack length. When the crack significantly deviated from the horizontal plane,

the compliance method was inappropriate for the prediction of the crack length190

due to the assumption made in the ASTM standard. Fig.14 shows fracture

resistance, KR, with increasing normalised effective crack length. The fracture

resistance is calculated as:

KR =
Pm

B
√
W
f(

a

W
) (5)

with:

f(
a

W
) =

(2 + a
W )[0.886 + 4.64( aW )2 − 13.32( aW )3 − 5.6( aW )4]

(1− a
W )3/2

(6)

195

where Pm is the maximum applied load in each load cycle. The fracture

resistance for crack onset was found to be similar for the two orientations of

specimen. An increase in KR with crack growth was also observed for both

orientations after crack initiation, as shown in Fig.14.
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Figure 14: Fracture resistance,KR, of lattices with (a)orientation-y and (b)orientation-z
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4. FE evaluation200

FE analysis was performed using Abaqus 6.14 to predict fracture proper-

ties of the lattice. Each strut was modelled using 5 Euler-Bernoulli beam ele-

ments (Abaqus element type B33), which was found to be sufficient to achieve

a converged solution. Models created for both orientation-y and orientation-z

specimens contained approximately 270, 000 nodes and 150, 000 elements. The205

material behaviour was described by the Ramberg-Osgood relationship:

ε =
σ

E
+ 0.002

σ

E
(
σ

σy
)n−1 (7)

The Young’s modulus E = 63GPa. The yield strength,σy, and hardening

coefficient,n, are chosen to be 245 MPa and 20 to approximate the stress-strain

curve measured from the tensile test shown in the Fig.7. The cell dimensions

were defined based on the results of the X-ray computed tomography presented210

in Sec.2. The significance of build orientation on the mechanical properties

have been investigated previously [20]. However, strut properties assumed to be

identical in this study for the ease of modelling. The motion of nodes around

each pin hole was firstly coupled to a controlling point defined at the hole center.

A fixed displacement was then applied at the controlling point to replicate the215

experiment arrangement.

The failure condition used in this study depends on the magnitude of axial

stress: the element is considered to have failed when the maximum axial stress

across the element section reaches the tensile strength measured in the tensile

test described in Sec.2.4. This failure condition was chosen due to the relative220

brittle behaviour exhibited by the aluminium alloy. The critical load on the

model was evaluated when the failure condition was met at the most heavily

loaded strut. It was found the strut at the crack tip was subjected to both tensile

and bending stresses. A significant bending stress was found in the orientation-z

models due to the large angle between the strut and the loading directions, which225

causes the lower critical load compared to that of the orientation-y model. The

FE predicted critical load is plotted in Fig.11 and compared to the experimental

18



measurements with good agreement.

The failed elements were then removed from the model, and the same bound-

ary conditions applied to predict the locations of the next failed elements and230

the corresponding critical loads. In this way, the crack paths for orientation-y

and orientation-z specimens were predicted, as shown in Fig. 15. There is close

agreement with the experiment results shown in Fig.13.

(a) (b)

(c) (d)

Figure 15: Crack path predicted from FE analysis: (a)for orientation-y and (b) for orientation-

z show a side view of the models after failed elements have been removed;(c)for orientation-y

and (d) for orientation-z show the elements that have failed in a perspective view.
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(a) CMOD=1.5mm

(b) CMOD=2.0mm

(c) CMOD=2.3mm

(d) CMOD=2.7mm

Figure 16: Details of crack growth of orientation-y specimen
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(a) CMOD=1.4mm

(b) CMOD=2.0mm

(c) CMOD=2.5mm

(d) CMOD=2.8mm

Figure 17: Details of crack growth of orientation-z specimen
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Fig.16 and 17 compare the FE predicted crack path with the experimental

observation. The labels in Fig.16(a) and 17(a) indicate the first and second235

location of element failure in the models. The critical loads were found to

increase by 3% after struts failed at the first location for the orientation-y model

and 7% for orientation-z model. This was similar to the experiment observations

described in Sec.3 and Fig.11. In the orientation-y model, the angled struts

failed first and the peak load was not reached until the vertical struts at the240

second location reached their maximum loading capacity. Hence, the peak load

is controlled mainly by the strength of vertical struts ahead of the crack front.

For the orientation-z model, there are no struts parallel to the loading di-

rection. However, it was found that the maximum axial stress in the model

reduces as failed elements are removed in front of the initial crack front. This,245

indicates that a stronger tip configuration is formed after crack initiation and

thus a higher load is required to re-initiate the crack.

The stress intensity at initiation, KI , was calculated by substituting the

predicted initial critical load into Eqn.(4), and the results were shown in Ta-

ble.2. It was found that a very similar result was calculated for both lattice250

orientations.

orientation-y orientation-z

Measured results

0.35 0.34

0.36 0.35

0.36

FE prediction 0.34 0.32

Table 2: Comparison of normalised stress intensity, KI

ρσf
√
l

, at crack initiation between experimental measurements and FE predictions

A set of FE analyses were performed on 5 different sized models with W

ranging from 8.5l to 42l (shown in Fig.18) to demonstrate the effect of specimen

size on the stress intensity at failure. The critical load and KI for crack initiation

was evaluated for each model. Fig.19 plots the normalised stress intensity, KI ,255

22



at failure against normalised model size. It was found that KI reduces with

increasing model size for both lattice orientations. This can be attributed to

the increase in constraint at the crack tip, which causes a triaxial state of stress

leading to an increase in the axial stress in the most heavily loaded strut. It

was found that the orientation-y model exhibited a significantly higher size260

dependency compared that to that of the orientation-z model. This is because

the load is predominantly carried by the layers of triangular lattices in the

orientation-y model shown in the Fig.1. The number of the equally spaced layer

increases with model size, leading to the reduction of effective strength of the

overall structure. However, it was noticed that the two sets of results were265

asymptotic to almost the same value with increasing model size.

The largest model was created with W = 42l, which contained about 2.5

million nodes and 1.4 million elements. About 29 gigabytes of memory was

required for the analysis. No attempt was made to analyse a larger model.

However, a previous study on two-dimensional triangular lattices [13] showed270

that a lattice model with W = 42l is large enough to provide a prediction of the

fracture toughness. The stress intensity at fracture for the lattice model with

W = 42l shown in Fig.19 can therefore be taken to be equal to the fracture

toughness, KIC . The results also indicate that for the specimen size used in

the experiment (W = 17l), the measured KI at initiation is approximately 10%275

higher than the fracture toughness,KIC .

The scaling relationship between the relative density,ρ, and fracture tough-

ness, KIC is illustrated in Fig.20. The results were evaluated from a set of

orientation-y models created with W = 42l, sufficiently large to eliminate

the influence of model size. The strut length,l, remained constant, while the280

radius,r, was varied from 0.1mm to 0.6mm. Fig.20 confirms the fracture tough-

ness of the lattice scales linearly with the relative density,ρ. Hence, the fracture

toughness,KIC , of both orientation-y and orientation-z lattices scale as:

KIC = 0.3ρσf
√
l (8)
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Figure 18: Lattice models created in different sizes
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Figure 19: Effect of specimen size on toughness measurement
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5. Discussion

The current results show that the orientation-y and orientation-z lattices285

exhibit almost identical fracture toughness,KIC . By using the same numeri-

cal approach, we investigated the fracture toughness of the octet-truss lattices

in two different orientations referred to as orientation-x and orientation-FCC

shown in Fig 21. In the orientation-x model, the unit cell was rotated by 90◦

about the y-axis relative to the unit cell of the orientation-z model. The x-290

axis of the local coordinate system is aligned with the loading direction. The

orientation-FCC is a face-centred cubic structure, and the loading is applied

along the [1 0 0] direction according to the coordinate system defined by Dong

et al.[27].

The models were created with W = 42l in order to achieve the asymp-295

totic toughness value. Tab.3 compared the evaluated fracture toughness for

each lattice orientation. It was found the toughness of the orientation-x and

25



orientation-FCC were very similar compared to that of the orientation-y and

orientation-z models. A small discrepancy between the evaluated toughness

was associated with the different level of strut bending exhibited at the crack300

tip. The bending stress at crack tip was relatively large in the orientation-FCC

model compared to other orientations due to the large angle between the strut

and loading directions. This causes a higher axial stress and results in the

reduction in its toughness.

Figure 21: Compact tension models for orientation-x and orientation-FCC

orientation-x orientation-y orientation-z orientation-FCC

KIC

ρσf

√
l

0.31 0.3 0.3 0.29

Table 3: Evaluated fracture toughness of octet-truss lattice for different orientations.

The fracture toughness of the orientation-FCC structure fabricated using305

Ti-6Al-4V alloy was experimentally measured by M.O’Masta et.al.[18] through a

three-point bending fracture test. Compared to the single edge notch bend(SENB)

specimen, compact tension(CT) specimen allows crack to grow in a stable man-

ner which enables monitoring of the change of fracture resistance,KR, during

26



crack extension[26]. However, the CT specimen used in this study involves310

both solid and lattice regimes which causes stress concentration at the inter-

faces. This could be a potential concern for conducting test using a specimen

with small a/W , where the strut in vicinity to the pin might fail prior to crack

initiation.

Fig.22 illustrates the fracture toughness measured in the present study and315

the results reported by M.O’Masta et.al in the material property chart. It shows

that the A205 aluminium octet-truss lattice reached to a comparable toughness

value to the Titanium lattices, which is superior compared to that of foams and

nature materials at this density.

Figure 22: Material property chart of the fracture toughness,KIC , against density. The

property values were sourced from [41], and the fracture toughness of Ti octet-truss lattice

was based on the measurement from M.O’Masta et.al.[18].
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6. Conclusion320

The fracture behaviour of octet-truss lattices has been investigated exper-

imentally for two orientations of the lattice relative to the loading direction.

The fracture resistance, crack path and load-displacement curves have been

measured. For both orientations, the fracture resistance increases with crack

extension. A change in lattice orientation resulted in significant effect on the325

crack path, but little effect on the fracture resistance. Finally, the results of nu-

merical study on the size effect indicated that the fracture resistance measured

in this study was about 10% larger than would be measured in a sufficiently

large specimen.
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