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Abstract

Additively manufactured lattice structures are popular due to their desirable properties, such as high specific stiffness and high

surface area, and are being explored for several applications including aerospace components, heat exchangers and biomedical

implants. The complexity of lattices challenges the fabrication limits of additive manufacturing processes and thus, lattices are

particularly prone to manufacturing defects. This paper presents a review of defects in lattice structures produced by powder bed

fusion processes. The review focuses on the effects of lattice design on dimensional inaccuracies, surface texture and porosity.

The design constraints on lattice structures are also reviewed, as these can help to discourage defect formation. Appropriate

process parameters, post-processing techniques and measurement methods are also discussed. The information presented in this

paper contributes towards a deeper understanding of defects in lattice structures, aiming to improve the quality and performance

of future designs.
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1 Introduction

Cellular solids are defined by Gibson and Ashby as ‘an

interconnected network of solid struts or plates which form

the edges and faces of cells’ [1]. Cellular solids can take

either stochastic or non-stochastic forms, depending on the

arrangement of their unit cells. A stochastic design, often

called a foam, is controlled globally, often through the

manufacturing process, for example, introduction of a gas

into a molten material [2]. Stochastic designs, therefore,

have high local variability, and the design is controlled

only at the macroscale. Non-stochastic arrangements,

however, often called lattice structures, are highly ordered;

full control over individual unit cells allows for greater

control of the structure’s properties.

Cellular solids possess a range of desirable properties, such

as high specific strength and stiffness, and high surface area to

volume ratio [3], and exist in a large number of forms.

Examples can often be observed in nature, for example the

structure of wood (Fig. 1a), cork and trabecular bone. Non-

stochastic examples include the highly ordered arrangements

in the atomic structures of crystalline materials. Macroscale

examples include truss structures in cranes, bridges (Fig. 1b)

and roofing. Between these two scales, so-called mesoscale

cellular solids have unit cell sizes ranging from approximately

0.1mm to 10 mm [4, 5] (Fig. 1c, d).

Recent developments in additive manufacturing (AM) pro-

cesses, particularly powder bed fusion (PBF), have seen the

number of applications for cellular solids rise in a number of

disciplines. Engineering applications include heat exchangers

[6–9], which exploit the high surface area to volume ratio to

maximise heat transfer, and sandwich structures for aerospace

applications, which require lightweight, high-strength mate-

rials [10, 11]. There is also significant interest from the bio-

medical field, where biocompatible materials are used to de-

velop cellular solids imitating bone tissue, thus enabling the

development of bespoke biomedical implants [12–17].
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Cellular solids produced by PBF processes are prone to

defects, due to their numerous overhanging, often

millimetre-scale features, which challenge the performance

limits of PBF systems. Support structures are required to dis-

sipate heat and support overhanging features, however, in

PBF, cellular solids prevent the use of support structures as

post-manufacture removal is impractical. Therefore, metallic

cellular solids produced by PBF are particularly plagued by

defects due to higher processing temperatures. Manufacturing

defects, that is any measurable deviations between an initial

design and the manufactured product, can significantly hinder

the desired operating performance of AM parts, for example

through the introduction of stress concentrations causing a

reduction in fatigue strength [18]. Therefore, particularly con-

sidering the load-bearing applications of AM cellular solids, a

thorough understanding of manufacturing defects is required

and is presented in this review.

1.1 Contents of the review

This review paper is focused on the literature regarding

manufacturing defects in non-stochastic, metallic, cellular

solids produced by PBF, which will hereafter only be referred

to as lattice structures. Additionally, only mesoscale lattice

structures will be reviewed. Such a scope is justified due to

the prevalence of these structures in the literature related to

stochastic and/or polymeric forms and alternative manufactur-

ing methods. Mesoscale lattice structures are well suited for

the feature resolution of PBF systems and the control afforded

to the designer yields a greater range of applications, as

reflected in the introduction. Helou and Kara [23] showed

laser melting to be the most common technique for lattice

structure manufacture, reviewing literature between 1999

and 2016, with Ti6Al4Vand 316L stainless steel the two most

common materials. Furthermore, searching keywords on

Scopus such as ‘lattice structure’, ‘stochastic’, ‘additive

manufacturing’, ‘laser melting’ and taking from the most re-

cent results in 2019 showed 85% (of 13 results) were related to

non-stochastic lattice structures. Additionally, the most cited

papers on lattice structures for additive manufacturing also

consistently focus on non-stochastic metallic forms (for exam-

ple, [24–26]).

There are existing reviews in the field of cellular solids

which focus on reporting their design, analysis and

manufacturing methods [2, 4, 23]. This paper considers defect

formation from the perspective of lattice design, as opposed to

process control, which is the focus of other AM reviews, such

as [18, 27, 28]. To refine the discussion on lattice structure

defects, several questions were posed, as shown below.

1. How do defects form in powder bed fusion processes?

2. What type of defects form in lattice structures?

Fig. 1 Examples of cellular

solids: a scanning electron

microscopy image of cork from

the bark of Quercus cerris var.

cerris [19], b a crane (upper) and a

bridge (lower) showing examples

of truss structures [20], c, d

cellular solids produced by

powder bed fusion processes: c

non-stochastic AlSi10Mg body

centred cubic structure [21], d

stochastic Ti6Al4V structure [22]
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3. How can defects be appropriately measured in lattice

structures?

4. How can defect formation in lattice structures be

minimised?

Firstly, an introduction to lattice structures is provided

in Sect. 2, and the terminology used in this review is

established. Subsequent sections aim to address the above

questions, where Sect. 3 provides a description of the PBF

process and a brief summary of some existing reviews on

general defect formation mechanisms. Section 4 discusses

the defects which have been observed specifically in lat-

tice structures, followed by measurement methods for

quality inspection and defect mitigation in Sects. 5 and

6, respectively. To close the review, a summary of the

findings is provided along with suggestions on potential

future directions. Addressing the above questions aims to

offer a well-rounded literature search by providing not

just a description of defects in lattice structures but also

detailing how the quality of lattice structures has been

improved and inspected more appropriately.

This literature review was performed using the main scien-

tific databases (Scopus, Google Scholar) with publication

dates ranging from 1994 to 2019. Papers were selected if the

contents of the study contributed towards answering any of

the above questions.

2 Lattice structures

Lattice structure designs are defined by their unit cell, which

often falls into one of two categories: strut and surface based

(Fig. 2). Strut-based unit cells consist of a network of often pris-

matic struts (i.e. constant cross section) connected at nodes, sim-

ilar to truss structures. Surface-based unit cells are mathematical-

ly defined as the surface connecting set of points for which a

given function has a constant value, that is, an isosurface.

Unit cell design holds large influence over the mechanical

properties of a lattice structure. In strut-based unit cells, the

connectivity of the struts, that is the number of struts connect-

ed at a given node, greatly controls the structure’s behaviour

under compressive load. For low or high connectivity, unit

cells exhibit what is known as bending- or stretch-dominated

behaviour, respectively. Bending-dominated structures are

desired for applications where mechanical energy absorption

is required. Stretch-dominated unit cells are preferred for

structural applications, due to greater stiffness and yield

strength [29]. Common examples of strut-based lattices are the

body- (BCC) and face-centred cubic (FCC) structures (Fig.

2a, b) which are bending and stretch dominated, respectively.

The most common types of surface-based unit cells are the

triply periodic minimal surfaces (TPMS), which have a mean

curvature of zero. An example of a surface-based unit cell is

the gyroid, developed by Schoen [30] (Fig. 2c, d). The gyroid

is defined by the isosurface ϕ in three dimensions (x, y, z):

ϕ ¼ cos xð Þsin yð Þ þ cos yð Þsin zð Þ þ cos zð Þsin xð Þ ¼ 0: ð1Þ

TPMS unit cells can be further distinguished between those

with isosurfaces that have been thickened (sheet/matrix-TPMS),

or their enclosed volume solidified (skeletal/network-TPMS), as

shown in Fig. 2c, d. Some skeletal/network TPMS designs ap-

pear to possess strut-like features, as is the case for the skeletal

gyroid (Fig. 2c). The user has less design control with TPMSunit

cells, however they are currently studied for applications such as

biomedical implants [12]. Additionally, there are custom designs

outside of strut-based and surface-based forms, for example those

produced using topology optimisation [31] and with internal res-

onators for vibration isolation [32].

A key property of a unit cell is its relative density, which is

defined as the ratio of the density of the unit cell to that of the

comprising material [1]. Therefore, the density of the unit cell,

often called volume fraction (see Table 1), is a design feature

of key importance, largely controlling the mechanical proper-

ties of the structure. Additional terms for lattice design fea-

tures are listed in Table 1. Some definitions are described in

the literature using different terms, for example volume frac-

tion can be referred to as ‘porosity’, particularly in biomedical

applications where the designed void space in a unit cell is

required for bone ingrowth. Therefore, for consistency in this

review, the terms in Table 1 will be adhered to. Note that

Table 1 is not an exhaustive list, and the references serve only

as examples of where such terms can be found within the

papers in this review.

Strut-based Surface-based 

(a) (b) (c) (d) 

Fig. 2 Types of unit cells: a body-

centred cubic, b face-centred

cubic, c gyroid (skeletal/network)

and d double gyroid (sheet/

matrix) [33]
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3 Powder bed fusion

PBF operates by using focused thermal energy to selec-

tively fuse regions of a powder bed [44], with potential

to create highly intricate geometries, with millimetre

scale features. Figure 3 is a schema of the PBF process,

which can be summarised in the following steps. A

layer of powder (typically of thickness 20 μm to

150 μm) is spread across the build bed. A thermal en-

ergy source is focused onto the powder bed and fuses

the predefined regions. The part is then lowered by one-

layer thickness and the process repeats until completion.

Within PBF, there are three main processes which share

this operating procedure: laser sintering (LS), laser melt-

ing (LM) and electron beam melting (EBM). Laser

sintering is used to process polymer powders while laser

melting and electron beam melting process metal pow-

der. The main difference between polymer and metal

processing is in the input energy, where higher energies

are required to produce full melting for metal powders.

LM and EBM differ fundamentally in energy source,

and this difference yields several effects, such as a re-

duced feature resolution in EBM due to defocusing of

the beam to prevent a build-up of negative charge

[45]. Within metal PBF processes, support structures are

often required to attach the part to the build bed in

order to prevent distortion from residual stresses in-

duced through high thermal gradients and to support

overhanging features that would otherwise distort under

gravity [45].

PBF process parameters can be grouped into four cat-

egories [45]: thermal source parameters, scan parameters,

powder parameters and temperature-related parameters.

The thermal source parameters, such as laser power, most

directly control the fusing of powder material and, in the

case of full melting, directly affect the melt pool charac-

teristics. Scan parameters control the manner in which

material is fused, for example scan speed and scanning

patterns which can control surface finish. Powder param-

eters such as powder size and layer thickness can control

the absorption characteristics of the powder bed and the

thickness of each layer. Temperature related parameters,

such as powder bed temperature, have a strong influence

on the repeatability of the manufacturing process, where

constant temperatures encourage uniformity throughout

the build bed and between batches of production.

The term energy density ED defines the relationship be-

tween primary process parameters and provides a useful

means for selecting optimal processing parameters. ED is de-

fined as:

Table 1 Lattice terminology

Terminology in this paper Definition Alternative terms in literature

Lattice structure Mesoscale, non-stochastic, cellular solid Porous structure [34, 35], microlattice [5, 9], scaffold

[16, 36]

Periodicity Unit cell tessellations in (x, y, z) Staggering [37]

Node The intersection of multiple struts (or strut-like

features, in the case of some surface-based cells)

Strut junction [38, 39], truss corners [40]

Volume fraction Ratio between the volume of material in the unit cell

and its bounding box (often expressed as a percentage)

Porosity [41, 42], solid fraction [43]

Pore/porosity Unintentional void within the lattice structure/ratio of pore

volume to material volume

n/aa

Designed pore/designed

porosity

Void space included in the unit cell design/ratio of designed

pore volume tomaterial volume (i.e. the complement of volume

fraction)

Pore/porosity [36, 42]

aNo alternative terms found from the papers in this review

Fig. 3 Schema of the powder bed

fusion process
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ED ¼
P

vht
; ð2Þ

where P is laser power, v is scan speed, h is hatch spacing (the

spacing between scanning paths) and t is layer thickness [46].

These parameters are often used to investigate the effects of

process parameters on print quality (for example, [47, 48]).

3.1 Defect formation mechanisms

This section provides a brief background on the defects com-

monly formed in PBF processes, providing useful context to

the following sections which discuss defects found specifical-

ly in lattice structures. The heating, melting and coolingmech-

anisms within the powder bed are at the core of the final

quality of the parts produced by PBF and are discussed within

several review papers on defects in PBF processes. From [18,

27, 49], three main categories of defects were identified:

porosity/incomplete fusion, residual stresses and surface

defects.

Porosity is defined by Zhang et al. [27] as approximately

spherical voids with diameter typically less than 100 μm (Fig.

4a). Pores can form when gases within the melt pool are

entrapped due to high cooling rates (up to 108 K/s). The

entrapped gases initially form either from gaps within the

powder bed or through evaporation of lower melting point

constituents within the powder material. Pores can also form

through the use of hollow powder particles and through ridges

formed in previous layers which impede the flow of the melt

pool. Incomplete fusion defects are explained by Zhang et al.

[27] to occur mainly due to insufficient input energy and thus

often form as irregular voids containing un-melted powders

(Fig. 4b). Incomplete fusion defects can form through consec-

utive layers, again as melt pool flow is impeded. For easily

oxidised materials, (for example AlSi10Mg) the formation of

oxide layers reduces wettability, which also impedes melt pool

flow and causes additional incomplete fusion.

Residual stresses are formed through PBF processes due

to the high thermal gradients and cooling rates within the

powder bed subjecting the part to rapid expansion and

contraction. Residual stresses can cause cracks to form

[27], delamination between layers [18] (Fig. 4c) and di-

mensional inaccuracies through shrinkage or warping

[18]. Cracking is more likely to occur in materials such

as stainless steels and nickel-based superalloys, due to

their low thermal conductivity and high coefficient of ther-

mal expansion [27]. Mercelis and Kruth [50] define two

mechanisms through which residual stresses are induced.

Firstly, the temperature gradient mechanism, where upon

heating the part, expansion is hindered by the solidified

material beneath, creating compressive residual stresses.

Secondly, upon cooling of molten layers, contraction is

hindered, creating tensile residual stresses. Mercelis and

Kruth note that the temperature gradient mechanism does

not require the material to be molten and can, therefore,

occur in both LS and LM, whereas the cooling mechanism

within the melt pool only occurs in LM.

Highly complex surfaces are produced in PBF processes

where the interaction between the powder material and

energy source forms a number of surface irregularities.

Unstable melt pools can cause balling and spatter. Balling

occurs when the melt pool solidifies into a sphere instead

of wetting the underlying substrate to form a layer—

mainly controlled by the length-to-width ratio of the melt

pool, where a ratio less than 2.1 is desirable [49] (Fig. 4d).

Spatter occurs at higher energy densities, where molten

material is expulsed by the recoil pressure generated by

evaporation within the melt pool (Fig. 4e). Inter-layer sur-

face defects are also present, where discontinuities form

between successive layers, i.e. stair stepping. The orienta-

tion of a surface further affects the quality. Surfaces whose

normal is directed towards the build bed (called down-skin

surfaces) produce significantly more irregular surfaces

than those whose normal faces away (i.e. up-skin). This

discrepancy is due to the support powder, which is a poor

conductor of heat. Therefore, down-skin surfaces experi-

ence excess heating and poor cooling through support

powder, whereas up-skin surfaces cool faster via conduc-

tion through the solidified part underneath [18].

4 Lattice structure defects

This section follows on from the previous discussion of defect

formation and aims to establish the types of defects that form

specifically in lattice structures, with a focus on how design

features influence defect formation. In the literature, lattice

structure defects are frequently categorised into the following

groups: dimensional inaccuracies, surface texture and porosi-

ty. Dimensional inaccuracies occur on the same scale as the

lattice features, for example a deviation in the length or overall

volume. Surface defects refer to any deviation from the ideal

surface and are often quantified using surface texture param-

eters, providing a quantitative description of surface texture.

Porosity denotes the absence of material, where a pore de-

scribes a closed void within the part, or a surface void.

When necessary, measurement methods will be mentioned

to provide context, and will be covered in more detail in

Sect. 5.1.

4.1 Dimensional inaccuracies

It is often helpful to first globally assess a lattice structure’s

general conformity to CAD data, as performed by [31, 36,

56–58], where the results generally show a reasonable adher-

ence to CAD data. However, dimensional inaccuracies can be
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better understood via a local analysis of specific lattice fea-

tures, such as struts, nodes, designed pores and wall thick-

nesses. Struts have been observed to deviate from circular

cross-sections to ellipsoidal in references [59–62]. Ataee

et al. [61] particularly note the effect to be strongest at the

ends of the struts. Arabnejad et al. [59] observe ellipsoidal

deviations to a greater degree in horizontal struts, due to

overmelting.

The average diameter of lattice struts has been observed to

significantly deviate from the initial design, as shown in

Table 2, where both over- and under-sizing have been

observed. Cuadrado et al. [63] and Arabnejad et al. [59] show

strut diameter to be significantly affected by strut orientation,

where vertically oriented struts were under-sized by up to

45%, and horizontal struts were over-sized by over 100%.

Cuadrado et al. [63] linked deviations in strut diameter to the

overall volume fraction of lattice structures, observing a vol-

ume fraction less than designed in lattice structures consisting

of a significant portion of vertical struts, with the opposite

occurring in designs with more horizontal struts. Zhang et al.

observed similar orientation-dependent thickness variations in

sheet TPMS unit cells (primitive, diamond, gyroid) [60].

(a) (b)

(c) (d)

(e)

Build 

direc�on

Spherical porosi�es

200 µm

500 µm 500 µm

100 µm

2mm

20 50 150 200 250 300 350 400 450 500 (mm/s)

Fig. 4 Examples of the defects which form in PBF processes: a porosity [51] (annotations from [18]), b incomplete fusion [52], c severe cracking

causing delamination [53], d balling occurring at higher scanning speeds [54] and e spatter [55]
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Melanconetal. [42]andLiuetal. [64]observeddeviations in the

position of struts’ axes, defining this deviation as 'strut waviness'

(Fig. 5a). As with variations in diameter, strut waviness was ob-

served to occur to a greater degree in horizontal struts. Liu et al.

calculated an increase in strut waviness from approximately 8% to

17%indiagonallyoriented struts andhorizontal struts, respectively.

Melanconet al. alsocalculatedan increase, to a lesser degree, of7%

to 9% in diagonal and horizontal struts, respectively. Similar obser-

vations on strut orientation dependency are also observed in refer-

ences [60, 65–67].

The effects of strut orientation dependency are highlighted by

Sercombe et al. [43], who found horizontal struts to cause lattice

structures to fail under compression, as the horizontal struts carried

tensile loads (Fig. 5b).

Several defectshavebeenobservedaround latticenodes.Excess

material accumulationatnodeshasbeenobservedbyGümrüket al.

[68].Similar resultswereseenbyLietal. [69],wherestrutdiameters

increasedbyapproximately30%aroundthenodes (from0.3mmto

amaximumof2mm).Al-Ketanetal.[70]comparedseveralunitcell

designs and foundnodes to be smoother in surface-basedunit cells.

Additional comments on nodal distortions are made in references

[71, 72].

Regardingdesignedpores,Hollanderetal.[73]andLinetal.[31]

both observed material accumulation called ‘surface protrusions’

(Fig. 5c)—the most severe of these extended across 0.3 mm

(30%) of the designed pore diameter [73]. Obstructions within de-

signed pores can impede bone ingrowth in lattice structures for

biomedical applications.

4.2 Surface defects

As previously discussed, highly complex surfaces are pro-

duced in PBF processes and surface defects are often formed

due to melt pool instabilities. The most prevalent surface de-

fects in lattice structures can be observed when comparing

down-skin and up-skin surfaces. Local over-heating in

down-skin surfaces is often observed due to the many over-

hanging features in lattice structures [16, 43, 56, 69, 70, 76,

77]. Surface texture parameters, as defined by ISO 4287 [78],

have been used by Pyka et al. [79] and Leary et al. [72] to

quantitatively analyse up-skin and down-skin lattice structure

surfaces, as shown in Table 3. Pyka et al. found the Ra value of

down-skin surfaces to be approximately twice that of the up-

skin surface. Leary et al. calculated Ra and Rz values for down-

skin and up-skin surfaces in BCC and FCC struts, which have

Table 2 Deviation in strut diameter

Designed strut

diameter (mm)

Strut deviation (mm)

Sing et al. [74] 0.6 to 0.8 − 0.5 to − 0.2; up to ~ 60%

Tancogne-Dejean

et al. [71]

0.534 Average strut deviation,

− 0.01 (~ 2%)

Choy et al. [75] 0.4 to 1.2 − 0.138 to + 0.156 (− 10% to + 40%)

Cuadrado et al.

[63]

0.65 Vertical, 0.46 (− 30%)

sloped, 0.36 (− 45%)

horizontal, 1 (+ 54%)

Arabnejad et al.

[59]

0.2 Vertical, 0.11 (− 45%)

sloped, 0.26 (+ 30%)

horizontal, 0.45 (+ 128%)

Fig. 5 Examples of dimensional inaccuracies in lattice structures. a An

example of strut waviness. SEM micrograph provided by ref. [42]. Varying

strut diameter can also be observed. b Example of strut orientation-

dependency. Top, CAD representation of unit cell. Bottom, 3D rendering of

an X-ray computed tomography model. Horizontal struts are shown to be

highly irregular [43]. c Example of surface protrusions in designed pores [31]

Int J Adv Manuf Technol (2020) 106:2649–2668 2655



inclination angles to the build bed of approximately 35° and

45°, respectively. Leary et al. calculated an Ra value of down-

skin BCC struts to be almost three times that of FCC. The Rz

values for BCC down-skin surfaces was also significantly larg-

er than for BCC. The Ra values for up-skin and side surfaces

showed little variation upon changing orientation.

Al-Ketan [70] compared the surfaces of strut- and surface-

based unit cells, and observed the stair-stepping effect to be

less pronounced in surface-based unit cell—an example is

shown in Fig. 6. A reduced stair-stepping effect has been

attributed to the continuous change in inclination angle in

surface-based designs (further discussed in Sect. 6.1). Other

supporting comments on the texture of lattice surfaces can be

found elsewhere [11, 36, 37, 41, 57, 58, 68, 71, 73, 80–87].

4.3 Porosity

Pores are typically referred to as enclosed voids beneath the

part’s surface, however, more regular, hemispherical voids can

be identified as surface pores. Under load, pores form stress

concentrations which can have a significant effect on fatigue

properties.

Low levels of porosity (approximately 1%) are achievable

in AM processes, as in [88, 89], and as expected, similar

results are found among lattice structures [24, 56, 57, 71, 75,

87, 90–92]. Process parameters are often the focus of the cause

of porosity, as in references [89, 93, 94]. In lattice design,

however, Yan et al. [24] observed porosity to increase up to

approximately 10% upon increasing the size of gyroid unit

cells (2 mm to 8mm). This was attributed to the longer scanning

paths required for larger unit cells which allows a greater period

of time for pores to form in between adjacent scanning tracks—

as constant process parameters were used for the different cell

sizes. Yan et al. highlight that further optimisation of the param-

eters depending on unit cell size should alleviate any increase in

porosity. Amani et al. [95] also attribute scan strategy to an

increase in porosity, where pore size was observed to increase

at the nodes of lattices (Fig. 7).

Dong et al. [65] investigated the influence of strut orientation on

porosity forAlSi10Mg lattices. Strutswere printed at varying incli-

nation angles from the build bed and each strutwas partitioned into

anupper and lower region (AandBas shown inFig. 8).The results

(Fig. 8) showed overall porosity to increase as inclination angle

decreased. Furthermore, pore distributionwas significantly skewed

as themajority of the poreswere located in the lower regions of the

struts, with this effect increasing upon decreasing inclination angle.

These observations were attributed to the cooling mechanisms,

where inclined struts are subject to lower cooling rates due to direct

contactwith support powder,whichyields higher temperatures and

thus increases the formation of hydrogen pores. The differences in

porosity were reflected in the tensile mechanical properties of the

struts, for example a 22% increase in ultimate tensile strength was

observed between struts printed at 35.5° and 90°. Similar observa-

tionsweremade byDelroisse et al. [96], also forAlSi10Mg struts.

5 Quality inspection of lattice structures

This section will cover the methods used to inspect the quality

of lattice structures. This will be followed by a discussion on

the limitations of these methods and additional considerations

to enable more reliable results.

5.1 Measurement methods

Table 4 summarises the methods that have been used in the

studies discussed in this review to inspect defects in lattice

structures. Only quantitative methods will be discussed in

Table 3 Ra values for up-skin and down-skin lattice surfaces

Surface roughness parameter

Up-skin (μm) Down-skin Ra (μm)

Pyka et al. [79] Ra = 8 Ra = 15

Leary et al. [72] 45°: Ra = 8.9,

Rz = 60.5; 35°:

Ra = 8.8, Rz = 53

45°: Ra = 43.5 Rz = 235.5;

35°: Ra = 120.2,

Rz = 456.5

Fig. 6 Left to right, SEM

micrograph of two unit cells,

skeletal gyroid (surface-based)

and Kelvin structure (strut-based).

A more pronounced stair-

stepping effect can be seen in the

Kelvin structure [70]
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the following section. For additional measurement techniques,

a thorough summary is provided by Banhart et al. [2].

5.1.1 Dimensional inaccuracies

X-ray computed tomography (XCT) data can be aligned to

the original CAD model for comparison against the nominal

values. This alignment can be used to calculate the maximum

or average deviation of the XCT data points [36, 56, 57].

Other methods using XCT include measuring the volume or

surface area of the lattice structure, as demonstrated by Van

Bael et al. [97, 98] and Parthasarathy et al. [58]. For local

strut measurements, Qiu et al. [87] and Melancon et al. [42]

calculated strut diameter as the largest circle that could be

inscribed, using the two-dimensinal data from individual

XCT slice images. Pyka et al. [79] and Heinl et al. [82] ex-

pand this into three dimensions by using sphere-fitting algo-

rithms to measure the diameters of struts and designed pores.

Hrabe et al. [83] suggest that using the median value of

inscribed sphere diameter is a more appropriate representa-

tion of the strut diameter. Hildebrand and Rüegsegger [99]

highlight additional parameters useful for characterising lat-

tice structures with XCT, for example the ratio of surface area

to volume which could allow for a comparison of attached

particles in multiple samples.

Dimensional measurements have been performed using

XCT [98, 100], SEM [11, 13, 68, 69, 73, 85–87, 101–103]

and optical microscopy [25, 36, 63, 75, 76, 104–106]. It is also

relatively common to use Vernier callipers for the measure-

ment of outer dimensions (for example, lattice diameter,

length, width) [74, 103, 104, 107]. The lattice’s mass has been

used to calculate volume fraction, as performed by Al-Ketan

et al. [70] and Wieding et al. [108].

5.1.2 Surface texture

Ra values from profiles of strut surfaces have been calculated

using XCT, by Kerckhofs et al. [77], Pyka et al. [79], and de

Formanoir et al. [109], and using optical microscopy by Leary

et al. [72]. Similarly, Ra was determined using the variation in

strut cross-sectional area using XCT by Tancogne-Dejean

et al. [71].

5.1.3 Porosity

Archimedes’ principle is often used to calculate porosity by

comparing the mass of a lattice in two different fluids [24, 57,

75, 92]. XCT has been used to calculate porosity [56, 65, 95,

96]. Amani et al. [95] employ a stitching method with XCT,

whereby small portions of the lattice are imaged at higher

magnification and are stitched together. This enabled smaller

voxel sizes to be achieved and a greater proportion of pores

were detected. Optical microscopy was used by Qiu et al. [87]

and Köhnen et al. [90] to calculate an average porosity from a

Fig. 7 XCT results from [95] showing increased porosity in the nodes of

a lattice

Fig. 8 Results from Dong et al.

[65] showing the effects of strut

inclination on porosity in

AlSi10Mg lattice struts. (This

graph was developed from the

tabulated results and is not from

the original paper. Inset

illustration of strut partitioning

(top right) was taken directly from

the paper)
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select number of cross-sections. SEM has also been used by

Tancogne-Dejean et al. [71] to view surface porosity.

5.2 Discussion of measurement methods

Optical microscopy and SEM offer established, high resolu-

tion imaging methods, however, using these imaging methods

to measure structures is challenging, as highlighted by Van

Bael et al. [98] who found large differences between optical

microscopy and XCT results for the diameter of designed

pores, particularly for non-spherical designed pores.

Additionally, in order to work within the smaller measurement

volume, sample preparation will often require destroying the

sample. Furthermore, to obtain porosity measurements, the

sample is destroyed upon sectioning to view the pores and

pore morphology may be modified. Pores can easily be unde-

tected as only those exposed upon sectioning contribute to-

wards the calculation.

One of the main strengths of XCT is its ability to image

complex AM parts and assess dimensional inaccuracies; surface

texture and porosity can all be assessed from the same measure-

ment data. In this regard, XCT is superior to optical instruments

which rely on line of sight and consistent reflective properties—

both of which are hindered by AM surfaces through features

such as high slopes and variable aspect-ratios [112]. A drawback

of XCTmeasurements can be found in its long acquisition times

and the current limited understanding of its range of influence

factors (i.e. sources of variation within the measurement output

[113]. Depending on the measurement task, influence factors can

significantly alter results. For example, surface determination,

which defines the material boundary, has been shown to cause

greater errors in edge-to-edge length measurements over sphere-

centre distances [113]. These errors may cause strut diameter

measurement to have less accuracy than when measuring the

position of strut centres and node centres. Additionally, the align-

ment of XCTand CAD data is effective for analysing the overall

geometry of a lattice. However, segmentation of individual fea-

tures is a more informative approach for analysing local devia-

tions. Furthermore, large-scale deviations, such as shrinkage and

warping, present a challenge during alignment of significantly

dissimilar geometries. For porosity measurement, employing a

stitching method [95] enables detection of smaller pores through

the smaller voxel size, however, errors may form at the bound-

aries of reconstructed volumes [113]. Lastly, an additional dis-

cussion on XCT is provided by Ho et al. [114], focusing on its

suitability for the characterisation of lattices for biomedical

applications.

The remaining approaches i.e. Vernier callipers, weighing

and Archimedes’method all provide useful initial assessments

of lattice quality but present repeatability challenges. For ex-

ample, it may be unreliable to determine porosity with the

Archimedes’ method as its accuracy can be reduced due to

surface pores and cracks which can cause infiltration of the

soaking fluid [115].

Sample preparation can further effect measurement results,

through procedures such as the removal of parts from the build

bed. Sing et al. [74] found lattice height was reduced upon re-

moval via electrical discharge machining. Data processing also

has a strong influence overmeasurement results, for example, the

selection of surface texture parameters. The parameterRa is often

used to describe surface texture, and has been useful for assessing

lattice surfaces, however, it may inadequately capture complex

Table 4 Defect measurement methods

Defect Method Reference Quantitative characterising techniques

Dimensional

inaccuracies

XCT [31, 36, 42, 43, 56–59, 62, 64, 71, 72,

79, 82, 83, 87, 95, 97, 98, 100, 110, 111]

• Comparison with CAD. Maximum or average

deviation

• Calculate total volume

• Measure strut diameter (largest circle/sphere inscribed)

• Elliptical strut cross-section

SEM [11, 13, 68, 69, 73, 85–87, 101–103] Dimensional measurements (length, diameter etc.)

Optical microscopy [25, 36, 63, 75, 76, 104–106]

Vernier callipers [74, 103, 104, 107]

Weighing [70, 108] Infer volume fraction

Surface texture XCT [31, 56, 71, 77, 79, 87, 109] Calculate Ra value from strut profile

or cross-sectional area

Optical microscopy [58, 72, 81, 105] Ra value from strut profile

SEM [11, 25, 41, 57, 68, 69, 79, 80, 82–85, 106] Qualitative analysis

Porosity Archimedes’

method

[24, 57, 75, 92] Infer porosity from weight in two fluids

XCT [56, 65, 95, 96] Calculate total porosity

Optical microscopy [87, 90] Average porosity determined from select cross-sections

SEM [71] Surface porosity
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information on AM surfaces [116]. There are investigations into

employing areal parameters, which aim to more adequately cap-

ture AM surface information, such as Sa, the areal counterpart of

Ra [117]. Regarding instrumentation, XCT has been used to

extract areal parameters from AM surfaces, however, only from

planar surfaces, as in references [118–120].

6 Methods for minimising defects

This section details the methods used in the literature for im-

proving the quality of lattice structures produced by PBF. The

methods are categorised in chronological order, firstly design

constraints, followed by process parameter optimisation and

post-processing methods, thus considering all the stages at

which the quality of the lattice can be influenced.

6.1 Design constraints

As previously discussed, the design of strut-based unit cells

can be accuractely controlled through the dimensions of indi-

vidual members. Therefore, there is more investigation in the

literature into the design constraints on strut-based unit cells as

opposed to surface-based, which are mathematically defined.

Several studies in the literature have investigated lattice design

constraints by considering strut diameter, strut overhang an-

gle, designed pore size and volume fraction.

Regarding strut diameter, designed pore size and volume frac-

tion, Melancon et al. [42] provide a thorough consideration of

design constraints for Ti6Al4V tetrahedron and octet-truss unit

cells produced by LM. The authors define an admissible design

space by selecting a range of designed pore sizes and amaximum

volume fraction required for bone ingrowth, that is 50 μm to

650 μm and 50%, respectively. A minimum strut diameter of

0.2 mm is also defined, yielding a triangular design space as

shown in Fig. 9. Arabnejad et al. [59] also use a similar design

space for tetrahedron unit cells, however, with designed pore size

ranging from 50 μm to 800 μm. Melancon et al. assess the

manufacturability of tetrahedron and octet-truss unit cells by pro-

ducing several samples within this design space. For each unit

cell, the strut diameter, designed pore diameter and volume frac-

tionwere eachmeasured, calculating the relative error from nom-

inal for strut diameter, volume fraction and designed pore size.

The arithmetic mean of the relative errors was used to obtain an

overall manufacturing error for each design. One of several re-

sults are shown in Fig. 9 which displays the overall manufactur-

ing error for tetrahedral unit cells. The contour plot shows

manufacturing error to increase to approximately 10% at the

minimum strut diameter. Other observations included a maxi-

mum designed pore error of 18% at lowest strut diameter and a

maximum error of 15% strut diameter upon decreasing volume

fractions.

The minimum strut diameter constraint of 0.2 mm used by

Melancon et al. is further supported by other studies. Further

reduction in strut diameter is generally hindered by process

limitations, particularly melt pool size. Van Bael et al. [97]

found LM 0.1 mm diameter Ti6Al4V struts unachievable due

to a melt pool size of approximately 0.18 mm, yielding a strut

diameter of approximately twice the designed value. Strut

oversizing due to the minimum melt pool size was also ob-

served by Pyka et al. [79] and Sing et al. [104] who attempted

strut diameters of 0.1 mm and 0.08 mm, respectively.

Volume fraction has also been assessed by Al-Ketan et al.

[70] ('relative density', in their paper), who highlight surface

area as a useful indicator for determining deviation in volume

fraction for several lattice structure designs. The error between

designed and manufactured relative densities increased in unit

cells with higher surface area, as a greater amount of powder

can remain attached to the part. Deviations of 1% to 10% in

volume fraction were found in the unit cells of lowest and

highest surface area, respectively—the skeletal gyroid and

sheet diamond (Fig. 10).

Fig. 9 Left, admissible design space for a tetrahedron-based unit cell. Here, ‘pore size’ refers to the designed pore size and ‘porosity’ to volume fraction.

Right, the results contour map showing the overall manufacturing error for each sample [42]
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The overhang angle of struts (the angle between the

struts and the build bed) is a key feature of lattice design,

as support structures cannot be incorporated into designs.

As mentioned in Sect. 4.2, horizontal struts have been

successfully printed, albeit with significant deviations

from their designed cylindrical shape. Yan et al. [24] com-

ment on the importance of small overhang lengths for

successfully achieving horizontal struts, as demonstrated

with unit cells approximately 3 × 3 × 3 mm in size. Yan

et al. [25] used the skeletal gyroid unit cell to demonstrate

that manufacturing horizontal struts is more achievable

when non-prismatic struts are used. The struts in the skel-

etal gyroid unit cell exhibit a continuous change in incli-

nation angle, allowing for horizontal struts to be success-

fully printed. These observations from Yan et al. may also

explain the previously discussed observations by Al-

Ketan [70] in Sect. 4.2, regarding a less pronounced stair

stepping effect in surface-based unit cells in comparison

with strut based. Similarly, Li et al. [69] manufactured

horizontal struts by linearly increasing strut diameter.

Regarding prismatic struts, Calignano defined the mini-

mum angle for overhanging struts to be 30° from the build

bed, for LM of AlSi10Mg and Ti6Al4V [76], which prevents

aggravation of the stair stepping effect. Mazur et al. [121, 122]

found a minimum strut angle and diameter of 20° and 0.3 mm

respectively for LM of Ti6Al4V and H13 tool steel struts.

Wang et al. [81] provides a comprehensive study on the man-

ufacturability of the octahedral unit cell using 316 L stainless

steel. A ‘critical fabrication zone’ of 35° to 40° was found for

the strut overhang angle. Angles above this range were

regarded as safe to print and those belowwere prone to failure.

For EBM of Ti6Al4V, Cansizoglu et al. [123] states a mini-

mum strut diameter of 0.7 mm and overhang angle of 20°.

There have been several studies optimising lattice de-

signs by considering the inherent defects which form.

Simple approaches to design optimisation have proven

effective, for example Bagheri et al. [124] altered strut

diameters to compensate for orientation-dependent over-

or under-sizing (Fig. 11). The results included a reduc-

tion in strut diameter deviation from 60% to 3% and

additional compression tests on compensated lattices

showed better agreement with simulations. Li et al.

[107] increased the diameter of designed pores to accom-

modate for later shrinkage due to excess consolidation of

material. Similarly, irregular, material accumulation was

combated by Li et al. [69], by increasing strut diameters

near the nodes.

6.2 Processing parameters

Recalling Eq. (2) from Sect. 3, the process parameters

governing energy density are often investigated to optimise

part quality. Laser power has been investigated in several stud-

ies. Sing et al. [104] compared the effects of laser power, layer

thickness and scanning speed on strut diameter and concluded

that struts were most sensitive to laser power. An increase of

laser power from 120 W to 240 W caused strut diameters to

increase more than twofold. Qiu et al. [87] found strut diam-

eters to increase by over 60% upon increasing laser power

from 150 W to 400 W, with the amount of attached particles

Fig. 10 Plot showing the

deviation in volume fraction

(here, termed 'relative density') for

several unit cells. Inset table

illustrates the relationship

between surface area and

deviation in volume fraction [70]
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also increasing (Fig. 12). Shen et al. [11] also observed, over a

smaller range (80 W to 120 W) increasing diameter at higher

laser powers. Using SEM,Hrabe et al. [83] observed smoother

surfaces at higher energy input. Additional tests by Qiu et al.

[87], across the same power range (150 W to 400 W), saw a

peak porosity content of 2% at a laser power of 200 W.

Scanspeedshavealsobeeninvestigated.Thelength-to-widthratio

of the melt pool is greatly controlled by scanning speed, where at

higher speeds the ratio increases and in severe cases the melt pool

can become unstable and separate [54]. Qiu et al. [87] observed that

increasing thescanningspeedfrom3000mm/s to7000mm/scaused

an initial decrease in strut diameter, followed by no effect at speeds

above 4000 mm/s. Sing et al. [74] also found increasing scanning

speed to cause a reduction in strut diameter. Han et al. highlighted

effectsof scanstrategyonstrut size, citingreference [101], explaining

thatcontinuousscanpathsthatmakeau-turnattheendsofprofileswill

cause strut oversizing [36].

6.3 Post-processing

Post-processing techniques have proven effective for reducing the

remaining defects. This section discusses post-processing methods

for improving surface texture and porosity.

To reduce the surface texture of AM parts, mechanical sur-

face treatment methods, such as sandblasting, are commonly

used [57, 73], however, limited access to the internal features in

lattice structures may prove difficult to treat, as highlighted by

Hollander et al. [73]. Xuanyong et al. [125] provide a thorough

review of procedures for surface modification of titanium and

its alloys, focusing on chemical and physical methods, such as

chemical etching and thermal spraying, respectively.

Chemical etching has been used in several studies to investi-

gate its effect on Ti6Al4V lattice structures [77, 79, 109, 126].

Taking an illustrative example, de Formanoir [109] investigated

the effect of hydrofluoric acid and nitric acid solutions on the

Fig. 12 An example of the effects of laser power on strut diameter, provided by [87]

Fig. 11 XCT image of

uncompensated unit cell (left) and

the compensated unit cell (right).

Red-dashed lines show the initial

unit cell design [124]
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surface texture of Ti6Al4V octet lattice structures. A clear de-

crease in attached particles was observed, as shown in Fig. 13,

with supporting Ra and Rt values, determined from XCT data.

The etching process also caused the volume fraction to decrease

by approximately 7%. Compression tests revealed a reduction in

stiffness upon etching, with this reduction being proportional to

the change in volume fraction. Chemical etching was also ob-

served to reduce the discrepancies between experimentally deter-

mined and simulated stiffness values. This better agreement with

simulation datawas attributed to the removal of attached particles

which allowed for a better representation of ideal, cylindrical

struts.

To reduce the porosity in AM parts, hot isostatic pressing is

commonly used, where porous parts are subjected to high pres-

sure and temperature [127–129]. Wu et al. [130] observed a

significant improvement in fatigue properties upon hot isostatic

pressing of Ti6Al4V lattice structures, quantified by an increased

endurance ratio of approximately 80%. The improved fatigue

properties were attributed to a phase change from brittle α′-mar-

tensite to tough α + β mixed phases causing an increase in

toughness—the key material property for resisting crack propa-

gation. A 20% and 30% reduction in hardness and yield strength

respectively was also recorded. Hot isostatic pressing was also

performed by Dutton et al. [131] on EBM and LM parts. It was

observed that for LMparts, the high pressure caused the gas filled

pores to compress into sharp edges. However, EBM parts were

unaffected due to the evacuated chamber preventing gas filled

pores from forming.

Van Hooreweder et al. [132] compared the effects of stress

relieving, hot isostatic pressing and chemical etching on the

fatigue properties of Ti6Al4V lattice structures. The results

showed chemical etching as significantly superior, due to the

removal of attached powder yielding smoother surfaces.

7 Summary and conclusions

This review aims to serve as a resource on manufactur-

ing defects in lattice structures produced by PBF. A

review of defects in lattice structures manufactured by

powder bed fusion processes has been presented,

discussing how dimensional inaccuracies, surface defects

and porosity have been observed in different designs.

Additional topics of general defect formation mecha-

nisms in PBF processes, quality inspection and defect

minimisation methods have been included as supporting

sections. To summarise, the questions from Sect. 1.1 are

readdressed.

1. How do defects form in powder bed fusion processes?

There are numerous studies investigating defect formation

mechanisms in PBF processes. It is often documented that

melt pool instabilities and the heating/cooling mechanisms

give rise to pores, dimensional inaccuracies and surface de-

fects, where pores are often formed through entrapped gases

and unmelted powders, dimensional inaccuracies through re-

sidual stresses and surface defects through melt pool

instabilities.

2. What type of defects form in lattice structures?

Defects in strut-based lattices were found to be consider-

ably more documented in the literature in comparison with

those found in surface-based lattices. Dimensional inaccura-

cies are often documented for strut-based designs, with defects

such as varying diameter, strut waviness, material accumula-

tion and severe orientation dependency in the struts.

Fig. 13 Example of the effects of chemical etching. XCT reconstruction

of Ti6Al4V struts before and after chemical etching, with accompanying

volume fraction (here, termed 'relative density'), Ra and Rt values. BD,

build direction; etched, ext./int, chemically etched struts in exterior/

interior locations within the lattice [109]

Int J Adv Manuf Technol (2020) 106:2649–26682662



Surface defects have been observed to be highly dependent

on orientation, as is the case in general for PBF parts, with

down-skin surfaces yielding rougher surfaces, supported by

extracted surface texture parameters. The stair stepping effect

was seen to be less severe in surface-based designs, due to the

continuously varying inclination angles on the surfaces.

Porosity has been particularly documented in several strut-

based designs, where larger pores have been observed in nodal

areas. Strut orientation has also been documented to influence

porosity, where lower inclination angles yield higher porosity,

with the pore distribution grouping towards the lower region

of the struts.

3. How can defects be appropriately measured in lattice

structures?

From the literature in this review, XCT is often used to

inspect the quality of lattice structures, which enables dimen-

sional inaccuracies, surface texture and porosity to be assessed

from the same data set. Limitations include long acquisition

times and a limited understanding of the effect on measure-

ment uncertainty of various influence factors. It has been

shown that XCT voxel size limits the detectable porosity—

stitching methods can improve this but introduce new errors

when combining multiple scanning data sets. Additional

established methods such as optical microscopy and SEM

remain effective for inspecting defects within significantly

smaller measurement volumes. Inexpensive techniques and

apparatus such as Archimedes’ method, and Vernier callipers

remain as useful tools for porosity and dimensional measure-

ments, respectively.

4. How can defect formation be minimised?

There are several methods employed to minimise defect

formation in lattice structures; this has been attempted through

development of design maps, design constraints, process pa-

rameters and post-processing. Dimensional inaccuracies can

also be significantly reduced by accounting for orientation

dependent errors measured from test samples.

Energy density calculations continue as an appropriate

method for assessing primary process parameters. Expected

results have been observed: increased laser/electron beam

power increases strut size, increase scanning strategy reduces

strut size. Scanning profiles can further influence strut size,

particularly at the ends of scanning paths.

Post-processing methods have been documented as partic-

ularly useful for reducing surface irregularities, however, lim-

ited access to the lattice geometry inhibits the performance of

mechanical processes such as sandblasting. Chemical etching,

which circumvents problems due to limited access, provides

no control over specific regions of interest and alters mechan-

ical properties of the lattice, for example causing a reduction

in stiffness. Chemical etching has been observed as signifi-

cantly superior for improving fatigue properties than stress

relieving and hot isostatic pressing.

Looking forward, further research opportunities include

more in-depth characterisation of manufacturing defects in

surface-based lattice structures, as the literature found for the

review was heavily skewed towards strut based. Continued

development of design maps for individual unit cells will help

increase understanding of their manufacturability.

Additionally, incorporating defects into existing lattice struc-

ture models will be useful for quantifying the influence of

defects on the desired function of the lattice [133]. From a

metrology perspective, process monitoring methods will aid

in increasing understanding of defect formation, particularly

regarding the influence of process parameters. Furthermore,

the popularity of XCT must be met with establishing trace-

ability, providing confidence to the measurement of defects.

Overall, this content, and subsequent work in the field, will

contribute towards a better understanding of defects in PBF

lattice structures, accelerating the application of functional

lattice structures into various industries.
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