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Abstract

Surface topography of additivelymanufactured components often contains 3D features, e.g. particles,

open surface pores. X-ray computed topography can capture these features, allowingmeasurement

data to be used for 3D surface texture characterisation. On the basis of the newly developed 3D surface

texture parameters, this paper investigatesmaterial ratio curves of the surfaces produced by additive

manufacturing processes, i.e. selective lasermelting and high speed sintering. Thematerial ratio

curves of these surfaces vary in their shapes, depending on the specific process and associated process

parameters, as well as surface orientations. Re-entrant topography features can result in recess shapes

on thematerial ratio curve at the surface heights where these features locate. This unique characteristic

makes thematerial ratio curve an effective analysis tool to differentiate various AM surface

topographies, allowing surface texture to be linkedwith process control and functional assessment.

Furthermore,Vvv (valley void volume) is identified as a useful volume parameter to characterise the

open surface pores of AMsurfaces. Thematerial ratio Mr2 for the determination ofVvv is discussed

with the consideration of three options to address the open surface pores. The secant scanning

approach proposed by ISO 13565-2 and themanual set ratio at the first sharp drop of thematerial

ratio curvewere found to be able to achieve reasonable results for the AMopen surface pore

characterisation.

1. Introduction

Additive manufacturing (AM) is paving its way of

shaping the paradigm ofmanufacturing technology. By

selectively adding materials layer by layer, AM brings a

variety of benefits against conventional manufacturing,

such as easy constructionof complex geometries, design

freedom, reduced manufacturing leading time, and

saving of raw materials (Attaran 2017). However, the

full commercialisation ofAMtechnology is hindered by

a couple of technical barriers, one of which is AM’s

rough surface texture, not comparable to that of the

conventional manufacturing processes, e.g. machining

and injectionmoulding.

Due to the nature of AM processes, AM surface

texture tends to be very rough, ranging from a few

micros to hundreds of micros, depending on the AM

process used. Figure 1 shows the scanning electron

microscope (SEM) micrographs of two different AM

surfaces. The surface topography of a Ti6Al4V comp-

onent made by Selective Laser Melting (SLM) is pre-

sented in figure 1(a). Plenty of unmelt/partially melt

particles with varying sizes adhere to the top of the

relatively smooth underlying surface. The surface in

figure 1(b) is a typical surface of a High Speed Sintered

(HSS) Nylon-12 part. Partially sintered particles and

voids caused by lack of fusion is plainly visible, result-

ing in a rough surface texture together with significant

open surface pores presented. Being able to measure

and characterise these topography features will not

only benefit AM process optimisation, but also facil-

itate the assessment of product performance, e.g.

mechanical strength (Strano et al 2013, Zhu et al 2020).

AM surface topography is in nature 3D, compris-

ing of undercut surfaces and re-entrant features. These

3D topography feature cannot be measured using
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conventional tactile and optical measurement techni-

ques due to the line-of-sight limit, but could be instead

captured by x-ray computed tomography (XCT)

which has no constraint on surface geometry

(Townsend et al 2016). The use of XCT for AM surface

texture, in recent years, has been a focus of the AM

metrology community (Townsend et al 2017,

Thompson et al 2017, Fox et al 2018), bringing in the

advantages that enable not only the capture of 3D

topography features, but also the non-destructive

measurement of internal surfaces. Figure 2 illustrates

the comparison of a SLM surface topography mea-

sured by a focus variation (FV) microscope and an

XCT system, as well as the comparison of selected

cross-section profiles aiming for a better visualisation

of the differences between two measurement techni-

ques. As shown in figure 2(c), XCT captured the

undercut surfaces of particle features, while FVmicro-

scope resulted in sharp flanks instead. It, however,

should be noted that although FV microscope could

resolve a finer detail of surface texture, it is unable to

fully measure the 3D topography features, e.g. open

surface pores; in comparison, XCT is capable of cap-

turing these features, which are the main concern of

this work.

Surface characterisation is demanded to provide

quantitative assessment of surface quality of AM parts

such that this information can be used to link with AM

process optimisation and product performance. The

AM community, particularly in the AM process field,

tends to use the simple profile surface texture para-

meters, such as Ra, Rq, to address the general surface

quality, whereas areal parameters are proving more

useful. Sidambe (2017) showed Sa and Sq have better

correlation with the surface angle than Ra and Rq.

Triantaphyllou et al (2015) found that Ssk can differ-

entiate up-skin and down-skin of as-build SLM sur-

faces. While these averaged height parameters are very

popular and useful, they can only reveal limited infor-

mation that restricts the full benefits of surface

metrology for AM process control (Fox et al 2016, Lou

et al 2019a, 2019b). Grimm et al (2015) found a strong

correlation between the surface orientation and the

areal parameters Str and Sdq. The investigation of

Lemoine et al (2016) showed that multi-scale fractal

parameters correlate well with the linear energy den-

sity of SLM process. Bespoke characterisation techni-

ques and parameters were also developed to analyse

the typical AM topography features, e.g. particle den-

sity, melt track width, total surface at different scales

(Rosa et al 2016, Quinsat et al 2018, Senin et al 2018,

Lou et al 2019a).

Apart from areal surface texture parameters based

on surface height map, 3D surface texture parameters

were recently developed by the University of Hudders-

field, which allow XCT measurement data to be used

for the assessment of 3D surface topography. These 3D

surface parameters include height parameters (Pagani

et al 2017, Abdul-Rahman et al 2016), hybrid para-

meters (Pagani et al 2017), volume parameters (Pagani

et al 2019) as well as feature parameters based on 3D

watershed segmentation (Lou et al 2019b, Lou et al

2020). Different from the traditional material ratio

curve calculated on the base of surface height map, the

material ratio curve in this research work is resulted

from the 3D surface topography (usually measured by

XCT and presented by triangularmesh). The impact of

re-entrant features is considered while calculating the

volume above the surface height.

On the base of the newly developed 3D surface tex-

ture parameters, this paper aims to investigate the

material ratio curves of 3D AM surface topographies,

which enables surface topographical features to be

linked with AM process optimisation. The volume

parameters derived from the material ratio curve will

be used to characterise open surface pores of AM sur-

faces, which is the open pores on the surface and the

near surface pores with the channels connected to the

external surface.

Figure 1. SEMmicrographs of AM surfaces (a) SLM surface, reprinted from (Chen et al 2019), Copyright (2019), with permission
fromElsevier.; (b)HSS surface.
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2.Material ratio curve and function related
parameters

2.1.Material ratio curve

The Abbott-Firestone curve, named by Abbott &

Firestone (Abbott and Firestone 1933), is a curve of the

material to air ratio of the surface as a function of

depth, from which realistic numbers could be deter-

mined depending upon the surface application. It is

the first attempt to link function to numbers simple

enough to controlmanufacture (Jiang et al 2007).

The Abbott-Firestone curve is also named as the

material ratio curve or bearing area curve.Mathemati-

cally it is the cumulative probability density function

of the surface profile’s height and can be calculated by

integrating the profile traces (Stachowiak and Batch-

elor 2013), see figure 3. The material ratio curve is

often divided into three height zones that relate to

bearing problems of the automotive industry: the peak

zone corresponds to initial running-in wear, the core

zone to wear throughout the lifetime of the comp-

onent, and the valley zone to lubricant retention under

heavywear conditions (Jiang andWhitehouse 2012).

2.2. Functional parameters

Indicative parameters relevant to the material ratio

curve were developed to characterise common func-

tional properties, such as wear and tribological related

characteristics. Rk family parameters of ISO 13565-2

(1998) are based on the profile material ratio curve.

They are the function related parameters designed for

highly stressed surface texture, e.g. honed cylinder

bores. This conceptwas then extended to areal surfaces

as the Sk family parameters in ISO 25178-2 (2012). As

shown in figure 4(a), the areal material ratio curve is

split into three zones by means of drawing a secant to

the region at the point of inflection corresponding to a

40% material ratio, which is then drawn to intercept

the axes. The three split zones are identified by Spk

(reduced peak height), Sk (core height), and Svk

(reduced dale height). This method was developed for

the German car industry and its variation are proving

to be useful (Whitehouse 2010).

Complimentary to Sk parameters, the material/

void volume parameters are derived from the volume

information of areal material ratio curves of the topo-

graphic surface. Similar to the determination of Sk

Figure 2. SLM surface topographymeasured by: (a) FVmicroscope; (b)XCT; (c) profile comparison of selected cross-section profiles.
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parameters, the volume parameters are obtained by

splitting the material ratio curve into three zones by

applying two material ratio thresholds Mr1 10% and

Mr2 80%, see figure 4(b). Mr1 and Mr2 are two ratio

thresholds to determine the peak zone and the valley

zone respectively, see figure 4(a). The default assump-

tion for these two ratios is that the peak materials

embraces 0%–10%of thematerial ratio whilst the core

material/void ranges cover 10%–80% and void valley

ranges from 80% to 100% of the material ratio (Blunt

and Jiang 2003). However, it should be noted that Mr1

and Mr2 can be set flexibly upon the requirement of

specific application. The volume family parameters

have enormous practical significance, which can be

used to address the material and void volume for dif-

ferent scales of roughness. A comparison study of

functional parameters was performed to verify their

capabilities in differentiating various engineering sur-

faces, e.g. ground, honed, lapped and electrical dis-

charge machined surfaces (Jiang et al 2000). Sk

parameters and volume parameters, although derived

based on different mechanisms, were found somehow

related with the link of Spk and Vmp (peak material

volume), =S S V
1

2
pk mr mp1 (Franco and Sinatora 2015).

The material ratio curve and associated function

parameters are widely adopted in automotive industry

for quality control and tribology analysis of engine

cylinder liners (Michalski and Pawlus 1992, Ander-

berg et al 2009, Lawrence et al 2014, Pawlus et al 2020).

Similar to the case of cylinder liner surfaces, which are

manufactured by two-stage processes (a combination

of plateau and honing), the material ratio curve is also

employed to analyse the wear of othermulti-processed

surfaces, such as the surface processed by combining

laser-hardening and ultrasonically peening (Lesyk et al

2018), the surface generated fromhardmachining fol-

lowed by robot assisted polishing (Friis et al 2011).

Wider applications of material ratio curve were also

found in other engineering applications, e.g. corrosion

of coil steel surfaces (Zecchino 2003), friction of clutch

plates (Michigan Metrology), as well as healthcare

applications, e.g. femoral stem wear (Whitehead et al

1997), enamel wear (Las Casas et al 2008), tooth

Figure 4. Functional parameters in ISO 25178-2 (2012): (a) Sk parameters; (b) volume parameters.

Figure 3.Material ratio curve, reproducedwith permission from (Jiang et al 2007).
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surface loss (Field et al 2010), and artificial femoral

stemwear (Blunt and Jiang 2003).

3.Material ratio curve of AMsurface
topography

Surface topographies of AM components are diverse

and influenced bymany factors, including AMprocess

and process parameters, powder material and particle

size distribution, surface orientation. Subsequently,

the characteristics of surface topographies are reflected

in theirmaterial ratio curves.

3.1.Material ratio curves ofmetal SLM surfaces

A 3mm3 stainless steel cube sample made by SLM, see

figure 5(a), was scanned by XCT to generate the 3D

surface topography (Nikon XTH 225, voxel size 3 μm,

exposure time 1000 ms, voltage 120 kV, local iterative

surface determination provided by VGStudio Max

3.2). Figures 5(b) and (c) illustrate the surface topo-

graphies measured from its top and side surfaces,

respectively. Metal SLM processes with proper process

parameters usually produce high density components

(>99.5%) comparable to conventional manufacturing

techniques. Although undercut surfaces can be found

on particle features, no open surface pores with re-

entrant features are noticed on the measured surface.

Consequently, the resulted material ratio curves flow

smoothly, see figure 5(d). The top surface topography

features a few large particles and wide troughs (the

gaps betweenmelt tracks). In contrast, the side surface

is dominated by a number of particles with no sign of

melt tracks. These distinct surface topography char-

acteristics are also recognisable from their material

ratio curves. The curve of the top surface drops down

rapidly in the peak zone because of the presence of a

few isolated large particles; this curve goes down

slower in the core and valley zones and is deeper than

those of the side surface, which is due to the gradually

changing topography of underlyingmelt tracks.

3.2.Material ratio curves ofNylonHSS surfaces

In comparison to metal SLM components, re-entrant

features/open surface pores are more popular on the

surfaces of Nylon HSS samples. Seven sets of samples

developed in Zhu et al (2020) were measured by XCT

(NikonCustomBay 225/320, voxel size 10μm, exposure

time 500ms, voltage 100 kV,Otsu surface determination

provided by FEI Avizo 9), from which the 3D surface

topographies were extracted. Set 1 indicates the sample

Figure 5. SLM surface topographies and theirmaterial ratio curves: (a) SLMcube sample; (b) top surface topography; (c) side surface
topography; (d)material ratio curves.
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produced using industrial established HSS process para-

meters, while Set 2 and Set 3 are two sets of samples

produced from inappropriate parameters i.e. reduced

amount of energy input (Set 1, Set 2, and Set 3 in this

work are identical to Set 2, Set 6 and Set 7 in Zhu et al

2020 respectively). All these surfaces present open surface

pores, despite different levels, see figures 6–8. Table 1 lists

Figure 6. 3D surface topography of Set 1 top surface: (a) top view; (b) bottom view.

Figure 7. 3D surface topography of Set 2 top surface: (a) top view; (b) bottom view.

Figure 8. 3D surface topography of Set 3 top surface: (a) top view; (b) bottom view.

Table 1. Surface roughness and porosity of
three sets ofHSS samples.

Set No. Set 1 Set 2 Set 3

Sa (μm) 10.5 16.0 18.6

Porosity 6.9% 15.3% 34.5%
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their surface roughness Sa measured by FV microscope

and theoverall porosity byXCT.

The surface topography of Set 1 is smooth with only

a few visible surface pores, see figure 6(b). Surface topo-

graphies of Set 2 and Set 3 are rougher than that of Set 1.

Although Sa of Set 2 and Set 3 measured by FV micro-

scope are close (difference less than 3 μm), their 3D sur-

face topographies show that Set 3 has a much higher

density of open surface pores than Set 2, see figures 7(b)

and 8(b). The material ratio curves of the three surfaces

are illustrated in figure 9. Recesses are found on the

curves of Set 2 and 3 (more significant on Set 3). In the

valley zone, the void volume shows big differences

among three sets: the curve of Set 1 drops down sharply

when approaching to the end, i.e. at the ratio of 98%; Set

2 starts decreasing intensively at the ratio of 90%; the

dramatic drop of Set 3 starts even earlier, at around the

ratio of 78%. This indicates thatmaterial ratio curve can

provide rich information of the development of open

surface pores,while Sa is very limited in this aspect.

3.3. Comparison ofmaterial ratio curves of 3D and

areal surface topography

Open surface pores of HSS surfaces can be captured by

XCT, whereas optical techniques are not viable in this

case as they can only measure part of features which

are within line-of-sight. Consequently, 3D surface

topography generated by XCT scans and areal surface

topography captured by optical techniques will lead to

a difference in their corresponding material ratio

curves. A primary example is illustrated by comparing

the material ratio curves of the 3D HSS surface

topography displayed in figure 8 and a simulated areal

surface shown in figure 10. This simulated areal

Figure 9.Comparison ofmaterial ratio curves of Set 1–3.

Figure 10.Areal surface topography of Set 3 simulated by numerical interpolation: (a) top view; (b) bottom view.
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surface topography is generated by uniformly inter-

polating points perpendicularly on the 3D surface

topography. In the case of multiple intersection points

are encountered in a single interpolation position,

only the highest point is recorded. By doing so, the

interpolation generates a surface height map similar to

optical measurement, which results a sharp flank at

the edge of re-entrant features, see the highlighted

areas of figure 2(c). Thus, all re-entrant features on the

3D surface topography are trimmed off in this

simulated areal surface heightmap.

As figure 11 shows, the material ratio curve of the

3D surface topography features two significant recess

portions at the heights of −0.2 mm and −0.33 mm.

These are the surface heights where open surface pores

go recessively. In comparison, the material curve of

the areal surface topography progresses smoothly,

without any recess presented, due to the loss of re-

entrant features. It is also noticed that the areal mat-

erial ratio curve locates above that of the simulated 3D

surface topography and in general drops down much

slower in the valley zone. This is attributed to the val-

leys on the areal surface topography is shallower than

its 3D counterpart, again because of the loss of re-

entrant features.

4. Linkmaterial ratio curvewithAMopen
surface pores

4.1. Surface roughness, open surface pores relating

toAMprocess andmechanical properties

AM process and associated process variables have

direct impacts on the quality of produced parts,

including surface roughness, open surface pores and

internal porosity, and the resultant mechanical prop-

erties. For a SLMprocess, laser powder, scan speed and

hatch distance are identified as the threemajor process

variables that have significant impact on the part

quality. For example, a high laser power and a low scan

speed increase the melt pool size, reducing the balling

effect of particles surrounding the laser scan track. As a

result, surface roughness of the top surface reduces

(Whip et al 2019). Hatching is another factor con-

tributing to volume energy density. Decreasing hatch

distance effectively increases volume energy density,

promoting larger and deeper melt pools to form. This

allows for remelting of inter-layer porosity, which is

beneficial to a dense bulk density and a smooth surface

roughness (Koutiri et al 2018). However, an excess

laser power could cause ‘keyhole’ porosity, leading to a

high level of sub-surface porosity and thus reduced

mechanical properties such as fatigue strength (Gockel

et al 2019). There is also an increased possibility that

particles are ejected from the keyhole, which then fall

and embed onto the surface, resulting in the increased

surface roughness (Koutiri et al 2018). In the HSS

process, lamp powder and speed, and the ink grey level

are the dominant process variables that have a

substantial influence the surface quality and porosity

of printed components. In principle, a greater amount

of energy that is input into and/or absorbed by the

part on the powder bed leads to a more complete

melting of particles and subsequently particle coales-

cence and solidification, resulting in reduced voids.

Given that the volume of Nylonmaterial increases as it

is melted from a solid to a liquid state, the melted

particles flow outwards, generating a smoother sur-

face. As the layer-by-layer melting process continues,

the excess heat dissipates downwards and penetrates

through the current layer, whereby the previous layer

is remelted. This further closes down the voids

between particles, leading to a reduced level of open

surface pores on the layer surface. The reduced

porosity enhances the bonding strength between

particles, as a result, reduces the tendency of crack

initiation and propagation between melted particles,

Figure 11.Comparison ofmaterial ratio curves of the 3D and areal surface topography of Set 3.
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which consequently improves mechanical properties

of the printed part. A good correlation was found

between surface texture parameters (e.g. Sa, Sq, Sv)

and the internal porosity as well as the tensile strength

(Zhu et al 2020). AM’s rough surface texture, particu-

larly surface notches, some of which are open surface

pores, could lead to a shortened fatigue life (Nasab et al

2020, McMillan and Jones 2020, Du Plessis and

Beretta 2020).

4.2. Valley void volume forAMopen surface pore

characterisation

The material ratio curve is often divided into three

zones, i.e. the peak zone, the core zone, and the valley

zone, to match three tribology stage of automotive

engineering surfaces, e.g. cylinder liner surfaces. To

adopt this concept into the context of AM, the valley

zone is where open surface pores happen. Therefore, it

is natural to employ the valley void volume Vvv

parameter among the volume parameter family, which

is used to indicate the void volume per unit area, to

characterise open surface pores. As mentioned in

section 2.2, ISO 25178-2 assumes that void valley

ranges from 80% to 100% of the material ratio. This

80% Mr2 ratio, however, is to a large extent proposed

based on the experience of automotive industry, and

might not be directly applicable to AM. Figure 9

illustrates the valley void areas of three HSS samples. It

is evident on the material ratio curve of Set 3 that the

surface height corresponding to Mr2 80% is below the

first recess position (−0.2 mm), and thus its valley void

area only covers part of open surface pores, leading to

an inadequate assessment of these pores.

To determine a reasonable value of Mr2 for open

surface pores, alternative methods must be explored

instead of fixing it to 80%. This complies with the

statement in section 2.2 that Mr1 and Mr2 can be set

flexibly upon specific application. A feasible way to

target a suitable Mr2 is to use the methodology speci-

fied in ISO 13565-2, where a secant of 40% length is

iteratively scanned over thematerial ratio curve to find

the smallest line gradient. This approach results in the

valley voids as shown in figure 12. The corresponding

Mr2 ratios and Vvv values are listed in table 2. It is evi-

dent that the valley voids generated from this

approach are more reasonable in comparison to fixing

to 80%, having all recesses on the material ratio curve

covered.

With a careful observation of 3D surface topo-

graphy of Set 3, a large portion of open surface pores

starts to develop near the surface height on the mat-

erial ratio curve where it experiences the first dramatic

fall. Therefore, setting Mr2 ratios on the first sharp

drop of material ratio curves yields a good covering of

Figure 12.Determination of Mr2 using the 40% secant of ISO 13565-2.

Table 2. Mr2 ratios and Vvv values of theHSSmaterial ratio curves in
figure 12.

Set No. Set 1 Set 2 Set 3

Mr2 (%) 90.1% 90.2% 77.4%

Vvv (mm3 mm−1) 2.172×10−7 3.79×10−6 7.491×10−5
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open surface pores, see figure 13. The Mr2 ratios and

their corresponding Vvv values of the material ratio

curves of HSS surfaces using this approach are listed in

table 3. It is interesting to find that these manually

selected Mr2 ratios are very close to those auto-

matically generated by the secant scanning method

(table 2).

5. Conclusion and futurework

The material ratio curve has been proven to provide

rich information that the height parameters cannot

offer. AM surfaces with similar Sa may have different

material ratio curves. The shape of AM material ratio

curve is dependent on its 3D surface topography,

which is generated by the AM process together with

process parameters and surface orientation. The

recesses of 3D material ratio curves are caused by re-

entrant features, e.g. open surface pores. These unique

characteristics make the material ratio curve an

effective analysis tool to differentiate various AM

surface topography and to provide useful information

to link surface texture with AM process optimisation

and AM product functional assessment. Vvv is identi-

fied as a useful parameter to characterise AM open

surface pores. Vvv is determined by Mr2 ratio, which

is critically important for the identification of the

height position where open surface pores start to

develop. Three options of determining Mr2 ratio are

compared, i.e. 80% as the default values in ISO 25178-

2, the secant scanning approach proposed by ISO

13565-2, and the ratio at the first dramatic drop of the

material ratio curve. It is found that the secant

approach and the ratio at the first dramatic drop could

lead to more reasonable results, with which the valley

void areas cover all open surface pores, while fixing

Mr2 at the default value 80% could result inaccurate

estimate of these pores.

More experiments are required to verify these two

methods for an accurate characterisation of AM open

surface pores. Another future work is to investigate the

impact of XCTmeasurement parameters on open sur-

face pores and porosity measurement, and to examine

the response of 3Dmaterial ratio curve and Vvv to the

XCT configuration changes.
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