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Tässä tutkimuksessa tutkittiin jauhepetisulatuksella valmistettujen kappaleiden tuen tarvetta 
eri asennoissa sekä sitä, mitkä ovat tulostusasennon vaikutukset jälkikäsittelyyn.  
Materiaalina käytettiin ruostumattoman teräksen laatua 316L. Tavoitteena oli löytää 
vastauksia kysymyksiin, miten tulostusasento vaikuttaa koneistustarpeeseen sekä millä 
parametreillä tukimateriaali kannattaa poistaa. 
 
Jälkikäsittelyn mahdollinen tarve kannattaa huomioida heti tuotteen suunnittelun 
alkuvaiheessa. Ratkaisut, joita tuotteeseen tehdään, voivat nostaa tuotteen 
kokonaiskustannuksia huomattavasti jälkikäsittelytarpeen vuoksi. Suunnittelusääntönä 
kannattaisi pitää tukirakenteiden välttämistä. Tukirakenteita voidaan välttää valitsemalla 
tulostusasento viisaasti. Jos tukia ei voida välttää, ne voidaan suunnitella osaksi pysyvää 
rakennetta. Tämä on hyödyllistä silloin, kun tukea tarvitaan paikassa, josta sitä on 
jälkeenpäin vaikea poistaa. 
 
Kokeellisessa osassa jauhepetisulatus-menetelmällä valmistetut kappaleet irrotettiin, 
mitattiin ja niistä koneistettiin pois tukimateriaalia. Suorakaiteen muotoisissa kappaleissa 
tuen tarve oli suurinta 40° ja 45° valmistuskulmissa. Putken muotoisissa kappaleissa tuen 
tarve oli suurinta 45° - 90° kulmissa (vaakataso). Suorakaiteen muotoiset kappaleet voitiin 
kiinnittää ruuvipuristimeen ja koneistaa siinä tarvittavista suunnista yhdellä kiinnityksellä. 
Putkikappaleen kiinnittämistä varten valmistettiin erikoisleuat, joilla kappale saatiin 
koneistettua yhdellä kiinnityksellä. Tuen poistamiseen soveltuvat koneistusarvot olivat 
ruostumattoman teräksen viimeistelyyn tarkoitetut arvot. 
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This study examined the need for support for test pieces manufactured by metal PBF in 
different positions and examine the effects of the build angle on post-processing. The 
material used was 316L stainless steel. The aim was to find, how the manufacturing position 
affects the need for machining, and which are the parameters when the support material 
should be removed. 
 
The need for post-processing should be considered in the early stages of product design. The 
solutions that are made considering the product can significantly increase the total cost of 
the product due to the need for post-processing. The rule for designing the product should 
be to avoid support structures. Support structures can be avoided by choosing the building 
orientation wisely. Subsidies can be designed as part of a permanent structure if it is not 
possible to avoid them. This is useful if support is needed, and it will be difficult to remove 
afterwards. 
 
In the experimental part, metal PBF manufactured pieces were removed, measured and the 
support material was machined. For rectangular pieces, the need for support was biggest at 
manufacturing angles of 40 ° and 45 °. For tubular pieces, the need for support was biggest 
at angles of 45 ° to 90 ° (horizontal). The rectangular pieces were attached to the screw 
clamp, and they were machined from all directions with a single attachment. Special jaws 
were made for clamping the pipe-workpiece so that the workpiece could be machined with 
a single attachment. Finishing parameters for the stainless steel were suitable machining 
values for the support removal.   
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1 INTRODUCTION 

 

 

The subject of this thesis is removal of support structures as post-processing in additive 

manufacturing (AM). Chosen AM method in this thesis is Laser Powder Bed fusion (L-

PBF). Manufacturing time in L-PBF is not just the printing time of the workpiece, it is also 

the post processing time taken. Management of need of support structures has a big effect 

total manufacturing time (Diegel et al. 2020, p.6). The effect of workpiece clamping on 

productivity is also discussed in the study. Different fixtures and clamping methods have an 

effect on setup time and accuracy of the workpiece. these measures can improve productivity 

Although the AM method differs from the traditional method, the removal of support 

structures and the functional surfaces must be machined by using the traditional method. In 

that way requirements from fixture came to design of the AM workpiece. The choice of 

clamping system effects the surface quality, repeatability and thus productivity. Because 

machining is one of the latest phases of the manufacturing process in that case the value 

produced by the entire manufacturing process until then is lost because of error in fixturing. 

A lost part can cause delays and thus negatively affect customer satisfaction. 

 

 Objective of the study and research questions 

The research problem is related to the post-processing of the manufactured parts in metal 

PBF, especially the design of the additional support structures and removal of them after the 

AM process. The aim of this research is to find new means to simplify the postprocessing 

by optimizing the orientation of the parts and by studying the machining methods and 

parameters on the removal stage. The selected material was stainless steel AISI 316L due to 

its general applicability. 

 

How the placement of the parts and their support structures affect the need for post-

processing? 

 How does the build angle of the part affect the support structures and their machining 

need? 

 What are the suitable machining methods and parameters when parts are clamped for 

machining? 
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 Research methods 

This study consists of the literature review and the experimental part. In the literature review 

there are at first introduced used manufacturing method and material. The following topics 

are covered from point of view support structure removal. The topics to be addressed are 

productivity of AM, post-process L-PBF, clamping the workpiece and fixture design. The 

focus in these topics is to find how to support structures are affected to productivity. Support 

structures have straight effect to cost due machining and secondary effect from clamping the 

workpiece. Main source of the references is from articles and standards but also some 

handbooks are used in subject of fixturing. In the experimental part of the study basic shapes 

of workpieces are manufactured in different orientations using L-PBF method. Next step is 

to evaluate support structures and find a suitable clamping method for workpieces. The final 

step is to remove support structures and evaluate machining parameters given by tool 

manufacturer. 
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2 LITERATURE REVIEW 

 

 

Stainless steel (SS) AISI 316L which is chosen material for the thesis is widely used in many 

applications and its strengths are weldability and corrosion resistance. (Sandvik 2021a, 

Outokumpu 2021) More discussion is around of removal of support structures. Aspects of 

support removal are design for AM and for fixturing, clamping methods, post-process, and 

productivity of post-processes.  

 

Flanges, valves, pumps, and machined parts are typical applications of stainless steel 316L. 

SS 316L is widely used in medical and pharmaceutical industries and also in food and 

processing industries. (Sandvik 2021a, Outokumpu 2021.)  

According to EOS 2021a AM 316L is suitable basically for the same applications than 

conventional SS 316L. (EOS 2021a) 

 

 Introduction of L-PBF  

This thesis focuses on metal L-PBF which is one of three main process categories of single 

step processes of additive manufacturing.  

 

Metallic materials can be joined using different processes depending on material properties. 

First division takes place between single and multi-step AM processes. As the figure 1 

shows, main difference with the single-step AM processes and multi-step AM processes are, 

that in single-step processes workpiece can get fundamental material properties and basic 

geometry in single processes step while in multi-step AM processes basic shape is done in 

primary step and material properties are done in secondary step. The process flow of metal 

L-PBF is one of the single-step processes which is highlighted in the figure 1.  

(SFS-EN ISO/ASTM 52900:2017 p.17–18.) 
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Figure 1. AM process flow in case of metal L-PBF. (Modified from ISO/ASTM 
52900:2015) 

 

From the standard SFS-EN ISO/ASTM 52900:2017 it can be found that in single-step 

processes for metals there are three process categories: directed energy deposition, powder 

bed fusion and sheet lamination. As the figure 2 shows, these categories have different 

process flows that vary according to state of fusion (material can be bonded together in the 

melted state, in the melted and solid state or in the solid state depending on process category), 

material feedstock (raw material), material distribution, AM principle and source of fusion. 

In the figure 2 the process flow of metal L-PBF is highlighted, which is one of the single-

step processes. 
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Figure 2. Single step process flow for metal L-PBF. (Modified from SFS-EN ISO/ASTM 

52900:2017 p.18) 

 

Different materials need to be distributed with different methods. Feedstock distributing 

methods are used in single-step process namely powder bed, deposition nozzle or fusion of 

sheet stack. In case of L-PBF feedstock is powder which is melted with laser thus, melting 

is state of fusion and laser beam is source of fusion this is shown in the figure 2. As the figure 

3 shows, AM in action where thin layer of distributed powder is melted by laser. Melted 

solid material can be seen easily. (SFS-EN ISO/ASTM 52900:2017; Buchanan et al. 2017 

p.9.) 

 

Heat management is one of the key features in L-PBF. As the figure 4 shows, heat must be 

conducted efficiently to solidify melt pool rapidly to achieve wanted workpiece otherwise 

un-fused powder may get attached to bottom surface of the workpiece, this may reduce 

surface quality. In the figure 5 another important thing related to the L-PBF process is shown 

which is the laser beam that makes narrow heat concentration when weld pool is solidifying 

it also contracts and causes shear forces. These shear forces may break the workpiece. 

(Renishaw 2017.) 
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Figure 3.  Metal L-PBF in action. New layer of powder is applied, and laser beam is building 

the workpiece layer by layer. (Buchanan et al. 2017 p.10) 

 

 

 

Figure 4.  A) laser beam is melting the powder and welding it to underlying layer. The heat 

is being conducted a solid material and solidifying metal is cooled rapidly. B) un-fused 

powder prevents heat conduction. (Renishaw 2017) 

 

 

 

 

 

A B 
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Figure 5. Shear forces have teared the layers of the product apart. (Renishaw 2017) 

 

 Characteristics of stainless steel 316L 

Material to be used in this thesis is stainless steel 316L.  The standards define the names and 

compositions for the metals. According to US standard ASTM A240 designation number for 

chosen material is UNS (unified numbering system) S31603. Stainless steel 316L is grade 

of metal, which was originally assigned by AISI (American iron and steel institute). (ASTM 

A240/A240M p.4,7.). According to the corresponding European standard EN 10088-1 steel 

name is X2CrNiMo17–12–2 and the designation number is 1.4404 (EN 10088-1:2014 p.26). 

 

Chemical composition 

Steels are identified as stainless steels when chromium content is at least 10.5 % and content 

of carbon is a maximum of 1.2 %. Corrosion resistant steels resist well against environmental 

attacks by chromium oxide film. (EN 10088-1:2014 p.6, 42.) Stainless steels 316L and 

1.4404 have almost the same chemical composition which is shown in table 1 (EN 18001-

1:2014 p.8, ASTM A240/A240M p.4). Because of similarity of these steel grades, steel 

manufacturers for example Thyssenkrupp and Outokumpu gives same specifications for 

steel grades 316L and 1.4404 (Outokumpu 2021; Thyssenkrupp 2021).  

 

Table 1. Comparison of chemical composition of the SS 316L and 1.4404.  

 

 

Name C Si Mn P S Cr Mo Ni N Cu Fe
UNS S31603 0.030 0.75 2.00 0.045 0.030 16.0-18.0 2.00-3.00 10.0-14.0 0.10 - Balance

X2CrNiMo17–12–2 0.030 1.00 2.00 0.045 0.015 16.5-18.5 2.00-2.50 10.0-13.0 0.10 - Balance

Chemical composition, % by mass
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In stainless steel grade 316L, the L means that this stainless steel has low carbon content 

which improves weldability. According to the standard ASTM A240, content of the carbon 

for grade 316 is ≤0.08% and for grade 316L have ≤0.03%. In European standard EN 10088-

1:2014 carbon content for the 1.4401 is 0.07% (±0.01%) while for 1.4404 carbon content is 

the same 0.03% (±0.01%) as grade 316L. These vary within tolerance. (EN 10088-1:214.; 

Outokumpu 2021; ASTM A240/A240M p.4.) 

 

Comparison 316L and AM 316L 

Bevan et al. (2017) studied mechanical properties of AM 316L such as modulus of elasticity, 

yield stress, hardening rate, and elongation of the strain. In the study they concluded that the 

mechanical properties differ from properties of conventionally fabricated parts. As the table 

2 shows, Bevan et al. (2017) found that the hardness (11 HRC) and Young’s modulus (174 

Gpa) were lower than normal SS 316L, but average compressive yield stress (350M Mpa) 

was matching the values of conventional SS 316L. (Bevan et al. 2017 p.580-582.)  

 

Table 2. Comparison of results of Bevan et al. (2017) to other studies. Compressive yield 

was matching to value of the conventional SS 304 and average modulus of elasticity and 

hardness were lower than conventional steel grade 316L or 1.4404. 

  
Young's 

modulus [Gpa] 

Compressive 
0.2% proof stress 

[Mpa] 

Tensile 
0.2% proof 

stress 
[Mpa] 

Rockwell 
C [HRC]  Source 

AM 316L  
174  350     11 

Bevan et al. 
(2017) 

AM 316L  
184  487        Buchanan et al. 

(2017) 

Conventional 
grade 304 

202  360        Gardner and 
Nethercot (2004) 

AM 316L  
179     475     Buchanan et al. 

(2017) 

1.4404 / 
316L 

200    
200 / 

350(cold work 
hardened)  

16 
EN 10088‐3:2014; 
ASTM 
A240/A240M  

 

Buchanan et al. (2017) studied behavior of cross-sections of metal AM and measured 

modulus of elasticity, tensile and compression stresses of SS 316L for PBF. They fabricated 

test pieces in different positions using L-PBF for tensile and compression tests. In their tests 

they observed how 0.2% yield strength and ultimate tensile stress change when build 
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orientation angles vary. They found that ultimate tensile strength decreases as the build angle 

increases. They also found that measured strengths of AM parts were greater than 

conventionally formed material as is shown in tables 2 and 3. However, the building angle 

had no effect to modulus of elasticity which did not reach the values of conventional SS 

316L. Material chemical composition and manufacturing process have significant effect on 

mechanical properties.  (Buchanan et al. 2017 p.13-18, 26-30.) 

 

Buchanan et al. (2017) found in their study that modulus of elasticity and 0.2 % yield strength 

was 2% higher in compression than in tension which is shown in the figures 6 and 7. But 

average 1% yield strength had 7.6% higher results in compression than in tension. (Buchanan 

et al. 2017 p.13-18, 26-30.) 

 

Gardner and Nethercot (2004) made tensile and compressive tests with conventional 

fabricated SS grade 1.4301 and found that modulus of elasticity and 1% yield strength were 

higher in compression than in tension, whereas 0.2% yield strength was higher in tension 

than in compression. (Gardner and Nethercot 2004 p.1298)  

 

 

Figure 6. Measured average values of material properties of tensile coupon. Vertically 

fabricated workpieces had lower stress values than horizontal or inclined fabricated 

workpieces, but orientation had no effect on Young’s modulus. (Buchanan et al. 2017 p.18) 
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Figure 7. Measured average values of material properties of compressive coupon.  Vertically 

fabricated workpieces had lower stress values than horizontal or inclined fabricated 

workpieces, but orientation had some effect on Young’s modulus. (Buchanan et al. 2017 

p.29) 

 

Table 3. Comparison of material properties between conventional steel grade 316L and AM 

SS 316L. AM process achieves larger 0,2% yield stress and ultimate stresses. Modulus of 

elasticity is at lower level. 

 

Young's 
modulus 
[Gpa] 

Yield stress 
0.2% 
[Mpa] 

Yield stress 
1% [Mpa] 

Ultimate 
stress 
[Mpa] 

Elongation 
[%]  Source 

AM 316L 
(avg) 

179  475  522  630  34,7 
Buchanan et al. 
(2017) 

EOS ss 316L 
Vpro for AM 

   410     530  13,5 
Eos (2021) 

316L / 1.4404 
200  240     605  40 

Outokumpu 
(2021) 

1.4404 
200  200     600  40 

EN 10088‐
3:2014 

grade 316L 
200  170     485  40 

ASTM UNS 
S31603 

 

  

174,8

489

541

150,8

403

472

203,1
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3 DESIGN FOR AM  

 

 

Additively manufactured components are, in many cases, part of larger manufacturing 

process and that is why design for additive manufacturing (DFAM) can be considered as a 

part of design for manufacturing (DFM). DFM focuses on manufacturing simplification, 

e.g., by minimizing the number of components, avoiding unnecessary tolerances and the 

standardization of fastening directions during manufacturing. DFAM focuses on its own 

manufacturing process and post-processing but not forgetting the end application. AM may 

give freedom to a new kind of design, but it comes with new restrictions. Neglecting post-

processing requirements, such as fixing during machining, can increase production costs.  

The common rule of thumb in DFM is that most of the costs will be locked in at design 

phase. Not much cannot be done afterwards because main lines of the product have been 

chosen. The designer can influence the manufacturing costs, considering the manufacturing 

time used, the amount of material needed, and the requirements of machining needed. 

 

Product improvement project was studied by Cao et al. (2020) where weight reduction was 

needed for hydraulic manifold block. To have all the needed functionality into the new part, 

the result may be that the exact copy cannot be made by AM efficiently. (Diegel et al. 2020 

p.2-4.) 

 

As the figure 8 shows, the optimized manifold block would look very different than original 

part. The evolution of the manifold block is shown in figure 8. In figure 8 D is shown the 

first version of the manifold and in figure E is shown the final version of it. The support 

structures have been almost completely removed by changing the printing direction and 

converting some of the additional supports into permanent supports. The manifold block has 

changed significantly from conventional way manufactured to final version of AM block. 

Minimizing the amount of the supports should be one of the main points when designing 

parts for metal L-PBF process. The best way would be to design the workpiece in a way that 

it does not need support structures. However, supports between the build platform and the 

workpiece is still required. One good way to avoid the additional supports is to join them 

into part’s structure. This way the build material and time was not wasted in vain but 

transformed into a usable structure. (Diegel et al. 2020 p.2-4.) 
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Figure 8. Evolution of the manifold block. A) conventional way manufactured manifold 

block. That was the starting point of the development. B) and C) demonstrates inner structure 

of the manifold. Manifold blocks D) and E) are manufactured with L-PBF.  (Diegel et al. 

2020 p.2-3.) 

 

Common rules of thumb for DFAM   

Orientation affects build time and cost. Orientation may have tradeoff between surface 

quality, build time, cost, and support structures. (Renishaw 2021.) 

Visually important surface of the workpiece is to be considered to oriented upward, because 

these surfaces have better finish and have more accurate corners than down-faced surfaces 

(3D Hubs 2021). 

Additional support structures affect the geometry and surface quality of the product. The 

support structures directly affect the need for post-processing and the time for 

manufacturing. (3D Hubs 2021). Proven habits help to achieve a good result fast and easy.  

Build platform Support structures 

Development of the manifold block 

A B C 

D E 
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Some general guidelines for designing AM products are listed here. The values given here 

for guidance only for they are affected by printing parameters, used material, and printing 

orientation.  

 

Wall thickness and Pin diameter 

The thinnest wall should be for 0.4 mm to have a good result. Protolabs (2021b) gives more 

precise advice related to the wall thickness. According to them, when the wall thickness is 

under 1 mm then the ratio between height and thickness must be lesser than 40:1. Whereas 

according to 3D Hubs (2021) weight to height ratio should be 8:1 for keeping workpiece 

stable during fabricating. One should consider lattice or similar structures inside between 

thin walls if thicker walls are needed. This way light and ridged structures can be achieved. 

(3D Hubs 2021; EOS 2021a; Utley 2017; Protolabs 2021b.) Pins which diameter is larger 

than Ø1 mm ensures adequate contour sharpness (3D Hubs 2021). 

 

Hole size 

As the figure 9 shows, small holes Ø0.5 mm to 6 mm do not need additional supports. but 

bigger holes up to Ø10 mm may need some support structures. Protolabs (2021b) 

recommends using holes under Ø8 mm or else supports may be needed.  

 

Figure 9. Different sizes of the internal channels and holes. When hole sizes grow, quality 

of the down facing surfaces are reduced.  (Protolabs 2021b) 

 

As the figures 10 and 11 show, larger horizontal channels require additional supports or self-

supporting structures like drop or diamond shape. As the figure 12 shows, the self-supporting 

diamond shaped hole can be machined to being round afterwards (Renishaw 2021; Protolabs 

2021b; 3D Hubs 2021.) Additional supports are needed to transfer heat away from the melt 
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pool because slow cooling of the melt pool reduces quality of down faced surfaces 

(Renishaw 2021). In case of hollow part, at least one Ø2 to 5 mm hole for removal excess 

powder is advised (3D Hubs 2021). 

 

 

Figure 10. Holes over diameter Ø8 - 10 mm need additional supports or self-supporting 

geometry like drop or diamond shape. Additional supports increase support removal time. 

(Materflow 2021; Renishaw 2021) 

 

Support removal from channels and holes can be difficult, therefore self-supporting shape is 

preferable. Thin wall thickness is recommended in metal AM that may give a challenge for 

removing supports if workpiece cannot withstand machining forces.  There are a couple of 

ways if accurate holes are meant to machine, one is diamond shape hole which can be used 

as pilot hole due it’s symmetrical. Another way is to fill in the entire hole and then machine 

the solid surface to match round shape. Pilot hole and solid surfaces are much better choices 

than teardrop or distorted holes which may affect to accuracy of the machined hole. 

(Renishaw 2021.) 
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Figure 11. Additional supports can be avoided using diamond shape holes which may reduce 

post-processing time. (Modified from Renishaw 2021) 

 

 

Figure 12. Diamond shaped hole can be is milled round afterwards. Workpiece is clamped 

to special fixture and that is attached to rotation table. This way is possible machine all 

diamond shapes with one fastening. (Modified from Renishaw 2021)  

Self-supporting diamond 

shape hole. 

Large round holes required 

support structure. 
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Self-Supporting Angles 

Self-supporting angles are a good way to reduce the need for support structures, as 

mentioned earlier. Upward facing surfaces have overall higher surface quality and edges are 

shaper than in down-facing surfaces. Downward facing surfaces should be as vertical as 

possible to have best possible surface finish. Angle of the ramp surfaces should be more than 

20º to have smooth starting point of the ramp. As the figure 13 shows quality of the 

downfaced surfaces is dramatically reduced when feature angle is lower than 45° against to 

build plate. (Protolabs 2021b; Materflow 2021.; 3D Hubs 2021; Diegel et al. 2020 p.4.) 

 

 

Figure 13.  Quality of the downfacing surface is reducing dramatically when feature angle 

is lower than 45°. (Protolabs 2021b) 

 

Overhangs 

Overhangs are unsupported horizontal features like T-shape or cantilever. As the figure 14 

shows overhangs need supports or usage of self-supporting angles or shapes. The maximum 

overhang without supporting is 0.5 mm. (Protolabs 2021b; 3D Hubs 2021; Materflow 2021; 

Renishaw 2021.) 
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Figure 14. A) different lengths of overhangs. Over 0.5 mm overhang needs additional 

supporting or self-supporting geometry. B) using chamfer or rounded edges is good way to 

avoid additional support structures. (Protolabs 2021b; Renishaw 2021) 

 

Horizontal unsupported overhang can be longer when it is between two columns like a 

bridge. According to 3D Hubs (2021) and Protolabs (2021b) length of unsupported bridges 

be used up to 2 mm. As the figure 15 shows, when the bridge gets longer, they are losing 

structural shape and the pillars bend at the same time. That is why bridges over 2 mm are 

not recommended. Quality of the down facing surface is decreased due to slow cooling. This 

is a similar phenomenon that occurs with large holes. (3D Hubs 2021; Protolabs 2021b.) 

 

 

Figure 15. The downward facing surface is getting worse in longer bridges and there is 

danger that geometry may warped. (Protolabs 2021b) 

 

 

Residual stress 

Residual stress is formed due to rapid heating and cooling during printing. Large melting 

areas and changes in cross-sections should be avoided as they increase residual stresses and 

risk of failure. As the figure 16 shows, residual stress may tear workpiece off from building 

platform or workpiece itself may cracked. Post-processing heat treatment is used to relieve 

Bent geometry 
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residual stresses, but it will not help if the workpiece is distorted in manufacturing. One 

remedy to ease the situation is by changing scan strategies (direction of laser movement) to 

use different kind of hatching. Rotating scan direction helps prevent residual stress. 

(Renishaw 2021.) According to Renishaw (2021) typical rotation of each layer is 67º.  

 

 

 

Figure 16. A) the residual stresses have heavily distorted the workpiece and then cracked it. 

Cracks are parallel to the layers. B) L-PBF manufactured workpiece is cracked due to large 

cross-sections. (Renishaw 2021) 

 

Surface quality in the AM workpiece  

According to Khan et al. (2021, p.122-130), in manufacturing metal L-PBF it seems that 

working parameters can be found in the middle path when looking at the listed parameters 

and affects to surface roughness. 

 

 

 

 

A 

B 
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Table 4. List of the parameters affecting surface roughness (Khan et al. 2021 p.122-123):  

Parameter Description 

Laser Power  Too high or too low laser power increases surface 
roughness  

Scan Speed 
 Too fast or too slow speed increases surface 
roughness 

Layer thickness 
 Thick layers may increase delamination and thin 
layers may increase balling. Both increases 
roughness. 

Scan space 
 Large scan space may increase incomplete melting 
and small space may increase balling. Both increases 
roughness. 

Scanning pattern  Scan track and island should keep small to reduce 
roughness. 

Build direction  Parallel face and build direction have better surface 
finish than perpendicular face and build direction. 

Surface type  Horizontal flat face surfaces tend to have better 
surface finish than vertical, inclined, or round faces.   

Part position on the build platform  In the center of the build platform tend to have better 
surface finish than on the edges.  

Support volume  Large support structure volume tends to lead to high 
roughness but decreases warping. 

Powder size  Surface roughness is increased with significantly 
large or small powder size. 

 

Example case with some rules 

A practical example can be found from the study of Diegel et al. (2020) where they were 

redesigning hydraulic manifold with DFAM (design for additive manufacturing). The 

material of the original manifold block was SS 316 and the material of the new redesigned 

manifold was same. This was further research from the previous master’s study where the 

goal was to reduce weight of the hydraulic manifold. The reason for further research was 

long post-processing time which was almost 8 hours. Diegel et al. (2020) redesigned AM 

manifold by using DFAM approach to lower post-processing time to 30 minutes and to add 

new feature to hydraulic manifold like built-in hydraulic fittings for hydraulic hoses. The 

key features to be optimized, were reducing the need of post-processing, minimizing support 

material, and lowering the weight. Weight of the original manifold block was 16.2 kg, which 

was made in a conventional way by machining and ended up to AM printed part which 

weight was 1.4 kg. At the same time, they managed to improve functionality by reducing 

Manhattan distance (travel distance of the fluid) from 2346 mm to 1744 mm. (Diegel et al. 

2020 p.2-8.) 
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It is not sensible to just copy the product as is to AM if product is designed to be 

manufactured by conventional way using CNC-machine, because AM have different 

possibilities and restrictions when compared to the CNC-machine. That leads to unwanted 

support structures which causes additional post-processing. That is why DFAM is needed 

when designing products to AM.  

 

Diegel et al. (2020) used four steps method to redesign the hydraulic manifold which are 

listed below (Diegel et al. 2020 p.3-8). 

Step 1: Remove features and material which are not needed.  

Step 2: Redesign the workpiece to enhance functionality. 

Step 3: Consider build orientation and need of additional supports.  

Step 4: Change the design of the workpiece to remove need of additional supports and post-

processing.  

 

At first, in step 1 all unnecessary ports and material were removed. This is analogous to Lean 

principle, get rid of the waste, where the goal is to remove all things and processes that do 

not give value to the end-product. In step 2 the idea is to give value to the product by 

designing new functionalities or modifying existing. In the manifold case they designed 

hydraulic fittings so that hydraulic pipes can be screwed straight into manifold without 

separate pipe fittings. This may be beneficial as there may not be a need to purchase and 

store pipe fittings. In step 3 the goal is to find the best printing orientation to have best surface 

finish where it is needed and to minimize support structures as well as printing time. Diegel 

et al. (2020) used internal pipes whose diameter was 6 mm because rule of thumb is under 6 

mm diameter horizontal holes are self-supporting. This is common design rule in metal PBF. 

Another thing research group made was that they converted over diameter 6 mm pipe-lines 

from horizontal to 45º - 90º which is commonly known as the self-supporting angle. 

(Renishaw 2021; Protolabs 2021b; 3D Hubs 2021.) 

 

However, supporting angles are material dependent. The target with self-supporting 

structures is to avoid support structures. If support structures cannot be avoided, they can be 

made into solid structures which are part of product. In the study Diegel et al. (2020) 

recommended that wall thickness of solid supports should be ¾th of the functional wall 
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thickness. Steps 2 and 3 have affect to each other, so it is likely that some iterations are 

needed to have good solution at the end. Additionally, weight was reduced by designing 

additional holes in solid support structures. Diameter of the additional holes were 8 mm 

which were self-supporting. Other suitable self-supporting hole shapes would be diamond, 

teardrop and elliptical. (Renishaw 2021; Protolabs 2021b; 3D Hubs 2021.) Self-supporting 

pipe can be made in horizontal orientation. End of the pipe need to be machined if round end 

of the pipe is required. Cleaning perpendicular holes with shallow depth is relatively easy 

by milling or drilling. Diegel et al. (2020) introduced fourth step in their conclusion which 

was “Modifying the design to eliminate the need for support material and other post-

processing”. From this we can see that managing removal of support structures are big issue. 

Designing the anchor points for post-processing, should not be forgotten from these steps. 

That could be a fifth step or be included in the step 4 itself. (Diegel et al. 2020 p. 3-8.)  
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4 PRODUCTIVITY OF AM POST-PROCESS  

 

 

It would be a good idea to keep the geometry as simple as possible in terms of productivity. 

It might be better to make product with two parts without post-machining that can be bolted 

together than one complex part with massive post-machining. (Protilab3 2021) 

 

Cost 

Flores et al. (2020) researched the cost effectiveness of L-PBF. They studied economical 

aspect of the lattice structure by evaluating outsourcing and inhouse costs. The aim was to 

find how parameters of the lattice structure are affecting the cost effectiveness between in-

housing and outsourcing. Costs were properly addressed in this study and post-processing 

was not overlooked. Quotations for the outsourcing analysis were from materials and 

analysis for inhouse analysis from AMDSP (additive manufacturing digital spare parts). 

(Flores et al. 2020 p.8-14.)  

 

Flores et al. (2020, p.14) concluded that “The decrease of the unit cost of production and 

manufacturing time are often crucial factors for the feasibility of metal PBF systems in 

industrial manufacturing scenarios.” This means total AM process time which include 

manufacturing and post processing time, should be reduced (Flores et al. 2020 p.8-14).  

AM will be a more attractive and innovative option to conventional manufacturing if AM 

costs are brought closer to conventional manufacturing cost and thus will be a genuinely 

alternative way of manufacturing. AM cannot compete against conventional manufacturing 

in the traditional way with a price and volume. AM should be able to compete more on its 

own terms, with more sophisticated and efficient solutions. According to case study of 

Diegel et al. (2020) manufacturing time of the CNC machined hydraulic manifold block was 

12 hours and cost was 1200$. Fabrication time of the L-PBF manufactured manifold block 

was 24 hours and cost were 1580$. New L-PBF manufactured part was more expensive and 

took more time to fabricate but it was 91% lighter and more efficient than CNC machined 

manifold block. The benefits achieved by AM outweighed the increase in the price of the 

part. (Diegel et al. 2020 p.8.) 
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Clamping and productivity 

According to research of Fleisher et al. (2006) the comprehensive control of the tool and 

workpiece can be considered as the cornerstone of efficient machining production. By 

control, they meant that the selection and management of clamps and tools should be made 

from the point of view of machining efficiency. Considering the requirements for clamping 

the workpiece, it is beneficial for reducing harmful vibrations during machining and to get 

faster and more accurate workpiece change between machining phases. Proper clamping of 

the workpiece also helps in reducing machining errors, which is beneficial to productivity. 

Production volume must be taken account when managing the workpiece and choosing tools. 

(Fleisher et al. 2006 p.817-821.)  

 

With DFAM, production time can be reduced during the whole manufacturing process. The 

manufacturing and post-processing time can be reduced by considering the product geometry 

and the printing orientation from L-PBF perspective. Designing rules for AM, helps the 

designer to choose the right solutions in challenging situations. Planning the removal of 

additional support structures in advance can save time and effort later. Reducing need for 

supports also decreases the removal time of support structures.  

 

To achieve the best compromise on cost-effectiveness, the efficiency of the build chamber 

must be designed together with support removal and clamping. If optimizing just usage of 

chamber volume and workpieces are closely positioned, detaching workpieces may get 

harder because there may not be enough space for tools. It must be remembered that the time 

spent attaching a piece is not the value adding work that the customer wants to pay for. 

According to Lean, this unprocessed product time is a waste that reduces production 

efficiency. 

 

Production can be improved in different ways. One way to develop productivity is to count 

how many times the product being manufactured is touched during the manufacturing 

process. Touching the product means that something is done to the product or product is 

moved. Fewer touches to the product mean that the manufacturing process is more 

streamlined. Fleisher et al. (2006) also raised this same aspect in their study. They presented 

that productivity can be enhanced if all machining can be done with a single clamping. This 

way risk of locating errors is reduced. As the figure 17 shows, combination machines can 
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use the same clamping of the workpiece for turning and grinding. (Fleisher et al. 2006 p.817-

820, 824.) 

 

 

Figure 17. Combination machine can use grinding and turning tools with single chucking. 

(Modified from Vogel Business Media). 

 

Fast and smooth setting and changeover time of the workpiece and fixture with automation 

may help productivity massively. According to Fleisher et al. a multi-axis machine that can 

machine up to 6-10 workpieces simultaneously, combined with automatic loading, can 

achieve high productivity. Generally, automation should be considered when production 

volumes are high. (Fleisher et al. 2006 p.820.)  

 

On the other hand, automation is not a good answer to every situation. Usually, a small 

volume and a large product range are not good for automation because that increases 

complexity and long payback time of the system. New products need to be programmed in 

the automation system and that may be time consuming and may require special skills. 
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Smaller companies are good for being agile and therefore cell production system may be 

more suitable. 

 

Nelaturi et al. (2019) found out it was possible to automate support removal with suitable 

machine tools by using an algorithm. This is important because support structures cannot be 

always avoided. The goal in this technique, when it is ready, is to be able to detach parts 

from each other by multi axis machining when printed together. The main thing in this 

method is to find the best order of detaching parts. This can be good step towards mass 

production in powder bed fusion in AM. (Nelaturi et al. 2019 p.135-137, 144.) 

 

 Direct machining 

Höller et al. (2019) discussed the interesting idea of direct machining in their study. They 

tested the possibility to machine AM workpieces straight away using build platform itself as 

a fixture. Workpieces are detached from the build platform after machining. The idea of 

direct machining is attractive when looking for productivity. The build platform with 

workpieces is mounted directly on the table of the 5-axis machining center and desired 

features are machined on the workpieces. The first layer of workpieces needs to still detach 

in a conventional way such as sawing. Toolpaths for machining could be programmed with 

CAM as is normally the case in material removal manufacturing. In direct machining the 

additional bottom support structures may not be able to resist the machining forces and this 

may ruin the workpiece. (Höller et al. 2019 p.375-381.) As the figure 18 shows, the support 

structures beneath the workpiece are bent under machining forces. In their study, Höller et 

al. (2019) find out that test parts didn’t hold the forces of machining. Face milling with 

cutting depth of 0.1mm causes the failure of support structures. They thought that the reason 

for the failure was a tool which first contact is hitting to the test part with tooth, not cutting 

smoothly. (Höller et al. 2019 p.379-380.) Another reason for failure might be that the depth 

of the cut was not deep enough or in that case was sharper cutter needed. As the figure 18 

shows, tool was unable to cut the material but by pushing it forward it forms a burr at the 

edge of the workpiece. This increases machining forces which may be one reason for the 

collapse of the support structure. The cutting parameters and a geometry of the cutting tool 

together have a significantly affect the cutting results. Tool manufacturers provide cutting 

speeds for the corresponding tools and materials that would be a good starting point for 
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finding the right parameters for the case. Common examples can be found for example, on 

Sandvik’s tool guide website (Sandvik Coromant 2021b). 

 

 

Figure 18. Broken support structures under machining forces from (Modified from Höller et 

al. 2019 p.380). 

 

One solution to prevent collapse of the support structures could be that support structures 

should be manufactured strong enough, maybe near solid to withstand the machining forces 

when machining the workpiece. But then removing these more massive support structures 

will be more harder and time consuming. This will raise the machining and material cost and 

therefore benefits of the idea of direct machining may remain low. Removing workpieces 

from nested chamber will need good access for cutting machine. Fully nested chamber may 

be difficult to machine because it may not be rigid enough and that causes vibrations, 

inaccuracy and even collapse of the structure. Direct machining may not be ready to use as 

a common method.  

  

Burr 
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5 POST-PROCESSING OF L-PBF  

 

 

After L-PBF fabrication, the workpiece always requires post-processing. The workpiece 

goes through many thermal cycles during manufacturing which generates residual stress. As 

the figure 19 shows, stress relief is first post-processing phases. Additional support structures 

must also be removed before workpiece is ready. Additional machining may be needed for 

better surfaces finishes and lastly heat treatment for improving material properties. 

(Protolabs 2021a.) 

 

 

Figure 19. Workflow of AM process. Post-process covers a large part of the work steps. 

(Modified from Protolabs 2021a)  

 

As the figure 20 shows, it is difficult to see that handwork would be completely eliminated 

in the case of metal L-PBF, especially when the entire building chamber is effectively 

utilized. Band saw and wire EDM are common method for detaching workpiece from the 

build platform but also oscillating hand saw can be used. From a machining perspective, 

nested prints can be challenging and time consuming to separate. Post-process machining is 

needed for better surface quality for example when mating AM parts together or tight 

tolerances are needed for assembly.  (Protolabs 2021a.)   

 

Post-process steps 
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Figure 20. Detaching nested parts from building chamber. Parts are detached using 

oscillating hand saw. (SAE 2021)  

 

 Post-processing methods 

There are several post-processing methods to enhance quality of the workpiece in L-PBF 

manufacturing. 

 

Stress relief 

Stress relief is for avoiding distortions and cracks due to heat cycles of the manufacturing 

process. Every workpiece manufactured with metal L-PBF should have stress relief 

treatment in accordance with standard ASTM 3301. (Protolabs 2021a.) 

Stress relief is done by holding the temperature at 900 °C and the holding time should be at 

least 2 h to heated thoroughly. After that the workpiece is quenched to the water. (EOS 

2021a.) 

 

Additional Heat Treatment  

According to AMS 2759 heat treatment is optional for improving mechanical properties like 

fatigue strength, ductility, and hardness, where stress relief is required to workpiece. (EOS 

2021a; Protolabs 2021a.)  

For annealing SS 316L, workpiece should be heated to 1150°C and hold it 1.5 hours after 

heated thoroughly workpiece is quenched to water (EOS 2021a). 
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Another way to anneal workpiece is to use solution annealing where workpiece is heated to 

high temperature and rapidly cooled. This method improves ductility, and it is usually used 

for workpieces of aluminum. (Protolabs 2021a.) 

 

Hot isostatic pressing (HIP) is heat treatment process which uses heat and pressure to the 

workpiece to improve density and reduce porousness. With HIP process near full density 

can be reached with DMLS. As the figure 21 shows, workpiece is heated in the chamber 

where inert gas is pressurized and compresses the workpiece. (Protolabs 2021b; Khan et al. 

2021 p.140, 159.) 

 

Figure 21. In HIP heat and pressure reduces porousness from the workpiece. (Protolabs 

2021a)  

 

Support removal 

Support removal can be done in general three ways using power hand tools like saw and 

grinder, using machining center or using dissolving. These methods are discussed later in 

this thesis. 

 

Finishing  

In the metal L-PBF process, surface roughness is higher than in milling or turning. 

According to Denti and Sola (2019), in as-build workpieces the surface roughness is 

generally in range of 25 – 35 µm. As the figure 22 shows, shot peening increases surface 
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quality but when manufacturing angle becomes vertical, as-build surface roughness gets 

better and shot peening does not produce significant improvement. One should aim for high 

surface quality it improves resistance against to corrosion and mechanical strength against 

cracks under a load. (Khan et al. 2021 p.119-123, 151-156; Denti and Sola 2019 p.2, 8; EOS 

2021a.) 

  

 

Figure 22. In the figure is presented surface roughness up and down oriented faces with 

different manufacturing angles. The layer thickness was 20µm. Shot peening improves 

surface quality at low manufacturing angles. (EOS 2021a) 

 

Finishing post-processing phase is needed when as-build surface is not adequate. With 

machining high surface finish and high accurate surface can be achieved. Shot peening is 

used to smoothen the surface, reducing the stresses on the surface, and modifying the 

mechanical properties of the workpiece. Media particles can be metal or ceramic in shot 

peening metal L-PBF. (Denti and Sola 2019 p.2; Khan et al. 2021 p.118-121.) 

 

Quality Inspections 

When accurate parts are needed, coordinate measurement machines (CMM) can be used to 

verify dimensions are within tolerances. With CMM can be found geometrical imperfections 
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of the workpiece. Microstructure of the material may also need evaluation. (Protolabs 2021a; 

Protolabs 2021b.) 

Computed tomography (CT) scanning is a non-destructive method to inspect and validate 

the workpiece. CT is used to inspect internal channels and hollowed-out features by 

measuring differences in wall thickness, finding distortions, cracking or remains of residual 

powder. (Protolabs 2021a.) 
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6 REMOVAL OF SUPPORT STRUCTURES 

 

 

In metal L-PBF the workpiece needs additional support structures for anchoring the 

workpiece, supporting overhangs, preventing warping, reducing residual stresses, and 

conducting heat away to avoid heat concentration. As the un-melted powder in the build 

chamber is an insulator, additional supports are needed as heat sinks. Supports are needed in 

the L-PBF process, but additional supports also need to be removed.  Support removal time 

can be minimized by design, build orientation or transforming additional support to 

permanent structure of the workpiece.  (Renishaw 2021; Diegel et al. 2020 p.4.) According 

to Fleisher et al. (2006, p. 818), avoiding the defect product during machining, the tools, 

cutting parameters and fixturing systems must be chosen so that workpiece can hold the 

cutting forces. 

 

Interesting experiment on removability of support structures was made by Cao et al. (2020), 

in which tool wear, chip formation and hardness were studied. Hardness has a negative effect 

on tool wear and that was found in this study. Size of tested pieces were 30 x 10 x 10 mm 

and printing orientation was horizontal. Used support structures were cone and block, which 

are widely used in metal 3D printing. In the study the workpieces were detached from build 

platform by wire EDM (Electrical discharge machining) and there were 2 mm supports left 

for removability tests. At first hardness test was made on supports, after that the supports 

were cut off with a new tool one layer at time. Hardness measurement was performed with 

a SHIMADZU HMV-2 Micro Vickers Hardness Tester and used measurement force was 

9807 mN and dwelling time was 15 s. This method was used after each layer was machined, 

during the test to all test pieces. Machining was done without cutting fluid by CNC milling 

machine Makino V55. The cutting tool was Sandvik model no. R390-11T3 08M-PM 1025 

with carbide insert which had PVD TICN+TIN coating. This carbide is designed for 

universal use, so it is suitable for machining stainless steels (Sandvik Coromat 2021a). The 

machining was done with table feed 500 mm/min, spindle speed was 3900 rpm and depth of 

the cut was 0.2 mm. Depth was kept constant during experiment. The machining values for 

stainless steel from manufacturer data sheet are for feed per tooth fz 0.12 mm/rev and for 

machining speed vc 265 m/min (270-255). Table feed f can be calculated by multiplying 

number of tooth z and feed per tooth fz and spindle speed n together 1 * 0.12 mm/rev * 3900 
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rev/min = 468 mm/min. Table feed was higher than recommendation, but when calculating 

fz from used parameters from experiment, 500 mm/min / 3900 rpm = 0.128 mm/rev we can 

see that feed of tooth was in manufacturer’s specification (fz 0.08 – 0.2 mm/rev). (Ca o et al. 

2020 p.1-4; Sandvik Coromat 2021a.) 

 

One of the key findings in Cao et al. (2020) study was that microhardness was highest near 

supports and then decreased when going deeper into part. Eventually hardness stabilizes in 

depth 2.5 mm (whole height was 10 mm) from the edge of supports. According to the study, 

the reason why hardness was highest near the supports was because of the appearance of a 

small molten pool near supports and a larger molten pool was present in the deeper part. 

Hardness correlates strongly with formation of molten pool and porosity in the process. 

There was also some minor difference of hardness between cone and block supports. Cones 

were harder than block supports. Reason for that can be found from volume difference of 

supports. The cone supports had 8.4% larger volume than block supports. That makes heat 

dissipation to be greater on cone supports, which leads to smaller grain sizes. When the part 

is exposed unevenly to the thermal cycle, internal stresses are generated. Without annealing 

these internal stresses can cause distortions or even cracks when machining the part. (Cao et 

al. 2020 p.5-6.) 

 

Cao et al. (2020) find out, when removing support structures by milling, block supports were 

more stable and easier to remove than cone support. The height of the milled supports was 

2 mm and cut depth 0.2 mm. Cone structures did not withstand milling forces and therefore 

bent and collapsed. Block structures kept their shape better as only some shearing was found 

on the edge of the block support. Lack of stiffness of cone supports increases tool wear and 

milling forces and it also reduces quality of surface finish. Milling of cone supports should 

be done more gently than normally to make clean cut. Quality of the surface finish in both 

cone and block supports were equalized when cut depth was 0.4 mm in the workpiece. In 

that depth the surface roughness Ra was 0.22 μm (Form profilometer Talysurf-120). Work 

allowance should be 0.5 - 2 mm to avoid surface problems. With printing parameters can be 

affected to removability of the support structures. (Cao et al. 2020 p.13.)   

As Järvinen et al. (2014, p. 77-81) showed in their research with the geometry of the support 

material and the way it is attached to the workpiece, the quality of the surface and the ease 

of removal can be affected. 



40 

 

 

 

 Dissolving support structures in L-PBF 

In some cases, it would be more appropriate to use dissolving method to remove support 

structures. As the figure 23 shows, dissolving is beneficial when the workpiece is a very 

complex and machining is very challenging, for example interlocking rings. The figure 23 

shows the development of dissolving over time. 

 

 

Figure 23. Dissolved support structures of the interlocking rings. Fastening this kind of 

product for machining would be challenging. (Lefky et al. 2017 p.9)  

 

In their study, Lefky et al. (2017) explains how they used dissolving method for L-PBF 

fabricated interlocking rings. First, rings were fabricated whose dimensions were 60 mm 

outer diameter, 50 mm inner diameter and height 28 mm. The used stainless-steel powder 

was Praxair Fe-271-3 and according to powder manufacturer the composition was: Cr: 17.0 

wt.%; Ni: 12.0 wt.%; Mo: 2.5 wt.%; and Fe: balance. Direct dissolution experiment was 

done by using electrolyte solution which was made by blending nitric acid (HNO3), 

hydrochloric acid (HCl) and deionized water. Potassium chloride (KCl) was used for the 

breakdown of the passivation by increasing the conductivity in the electrolyte solution. The 

hydrochloric acid (HCl) was used to raise the dissolution rate of the untreated SS 316. An 
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electrolyte solution of nitric acid and potassium chloride was used for the self-terminating 

sensitized surface experiments. The selectivity of the dissolution between base material and 

above sensitized area should work better without HCl. Before dipping the workpiece into 

electrolyte solution, cleaning was made by rinsing the workpiece in methanol, acetone, and 

isopropyl alcohol. The workpiece was dried with compressed N2 after cleaning. Lefky et al. 

(2017) measured the open circuit potential, cyclic voltammetry and made 

chronoamperometry tests. KCl salt bridge was used to connect the reference Ag/AgCl 

electrode ionically and electrically to the electrolyte solution. Potential measurements were 

made relative to reference electrode with +195 mV offset to have results relative to the 

standard hydrogen electrode. The diameter of the workpiece was measured, and the 

workpiece was imaged while black powder was detected from the supports. The powder 

interfered the etching process by reducing etching rate but did not stop it. As a remedy of 

issue, the workpiece was cleaned by brushing with stainless-steel and rinsing with 

isopropanol and deionized water. Etching of the Direct dissolution was at anodic potentials 

between +47 to +97 mVSHE (standard hydrogen electrode) to make anodic currents between 

+60 to +80 mA. It took for 7h 42 min to detach supports from the workpiece using direct 

solution. While in self-terminating anodic potentials were at +47 to +177mVSHE and anodic 

current was below 100mA. Etching time was 7 hours with the self-terminating sensitized 

workpiece. (Lefky et al. 2017 p.3-6.) 

 

One notable issue using dissolving is that it removes material all over the product, not just 

the support structures. Support structures will be removed first just because they have less 

material than actual product. It would be challenging to remove support structures from the 

interlocking rings by milling or turning because the workpiece may not withstand the 

machining or clamping forces. Designing metal L-PBF manufacturing the method of support 

removal should be considered. Some clamping areas should be designed if machining is 

chosen method for support removal. In the interlocking ring case, Lefky et al. (2017) were 

estimated that it would take to 32 - 40 hours to machine support structures and by dissolving 

supports away it would take 32.5 hours. It took about same time to remove support structures 

in both methods. But there is the difference in the work, machining is a manual work and/or 

programming work when using CNC-machines, but dissolving is basically waiting 

electrochemical etching to remove support structures.  In the study of Lefky et al. (2017) a 

sensitizing agent was used during annealing to accelerate actual etching process. They find 
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that with this method surface roughness decreased but only about 100 µm of material was 

removed from surface of the product.  Surface roughness before etching was Rq (root mean 

square deviation of the profile) 0.97 µm, Rp (the maximum measured profile peak) 1.65 µm, 

Rv (maximum measured valley depth) 1,90 µm and after etching roughness was Rq 0.6 µm, 

Rp 1.23 µm and Rp 1.34 µm. (Lefky et al. 2017 p.8, 10.)  
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7 CLAMPING THE WORKPIECE IN POST-PROCESSING 

 

 

In the case of AM, the building material, shielding gas and long production time make the 

method expensive and post-processing mandatory even though it increases the costs. Careful 

post-processing, such as the removal of support structures, is critical for AM to be considered 

as a productive method. It is unforgivable if the product is damaged by a poor clamping 

method when removing the support structures. This can happen if workpiece doesn’t 

withstand the clamping forces. Possible damage can be deflection, burr, or breakage. As the 

figure 24 shows, workpieces can be clamped with different methods like using permanent 

fixture, modular fixture which can easily be modified or using vises and chucks. (Carr Lane 

Manufacturing 2016 p.9.) Modular systems are versatile and can be used again for different 

workpieces. Permanent special fixtures can be more accurate than modular systems but reuse 

for different workpieces can be challenging. General purpose vise and chucks are accurate 

and easy to when workpiece have suitable geometry. (Carr Lane Manufacturing 2016 p.4-

15.)  

Clamping of the workpiece has great impact on the quality of machining support structures, 

that is why it must be considered as a part of manufacturing process. Fixture must locate 

workpiece accurately and firmly to provide enough support to avoid movements and 

vibrations during machining. 
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Figure 24. Basic holding options for the workpiece. (Carr Lane Manufacturing 2016 p.9) 

 

Quality costs were discussed in the study of Fleisher et al. (2006) They pointed out that poor 

quality raises production costs, in terms of lost labor time and material. Inaccuracy in 

clamping or usage of unsuitable clamping method may cause location and geometrical 

errors. (Fleisher et al. 2006 p.819-821; Ramesh et al. 2000 p.1236-1241.)  

 

Excessive compressive force may cause marks on the workpiece, but too little compressive 

force allows the workpiece to move during machining. Inadequate support allows the 

workpiece to move and vibrate due to machining forces. These cause a geometric error in 

the result, which can lead to workpiece rejection. (Fleisher et al. 2006 p.819-820; Ramesh et 

al. 2000 p.1238-1241.) 

 

Fastening knowledge is one of the key features in productive machining (Nguyen and 

Mohring 2017 p.299-300; Fleischer et al. 2006). Productivity is difficult to achieve if quality 

of clamping process is not understood. With good knowledge, errors of clamping and 

machining can be avoided. Clamping may be challenging when machining support structures 

from workpiece made with L-PBF. Workpieces may have rigid clamping areas in geometry 
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itself or clamping areas need to be designed. More complex objects may need more complex 

fastener and clamping must design together with features of the workpiece.  

 

The functions of the fastener are to keep workpiece in a defined position (locate and hold) 

and to support it against deflections and vibrations during machining (Nguyen and Mohring 

2017 p.299-300; Carr Lane Manufacturing 2016 p.18,33-34). 

 

Advises for clamping challenges can be sought from the good practices of machine shops 

that make large series. To make a profitable business, they have had to develop reliable and 

dimensionally accurate fixture for many different shapes of products. In order to make metal 

3-D printing productive, the fastening methods must be suitable for both small and large 

manufacturing batches.  

 

It would be best to machine the part with a single setup to achieve good accuracy and 

efficiency when machining a batch of workpieces. The possibility of a setting error is 

reduced at the same time. One way to manage accurate positioning in varying manufacturing 

is to use zero-point referencing system (see figure 25). The zero-point system is accurate and 

fast way to clamp fixtures to the cutting measuring machines. In this system, there is one 

plate mounted on the machine table which is base plate with holes. On that base plate, a 

fixture plate is attached with locating pins. Fixture plate is locked in with air pressure. Zero-

point system simplifies fixturing and clamping system and makes production faster. For all 

different workpieces using modular or custom clamping system, own fixtures are made. 

These fixtures are positioned always same way to the machine. Positioning and determining 

the zero points can be done fast. The key feature of this system is repeatable accuracy with 

all kinds of fixtures. With Zero-point system for locating repeatable accuracy is 0.005mm, 

but according to Zero clamp GmpH (2021) repeatable accuracy is 0.0025 mm. (Roehm 

(2021); Amf (2021); Vischer&Bolli (2018); Zero Point GmbH 2021.) 

 

When flat-surface machining is needed, the workpiece can be attached to machine using 

milling, surface-grinding, planning, or sharpening fixtures. For cylindrical-surface 

machining the workpiece can be clamped with lathe or cylindrical grinding fixtures.  (Carr 

Lane Manufacturing 2016 p.11-17.) 
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Figure 25. Zero-point system for repeatable positioning. (Fleisher et al. 2006 p.824)  

 
 Clamp systems 

Fixtures are needed to position workpieces consistently and accurately to the cutting 

machine. In this way repeatable and accurate machining is possible achieved. (Carr Lane 

Manufacturing 2016 p.18-32.) The fixtures are assembled on the base plate using locators 

and fasteners where locators are fixed parts and clamps are moving parts of the fixture 

(Fleischer 2006 p.823-824; Carr Lane Manufacturing 2016 p.32-33). The basic requirements 

for fixtures are stability, stiffness, locating accuracy and supporting the workpiece. 

Additional requirements are loading and unloading workpieces efficiently. (Wang et al. 2010 

p.1088; Fleischer 2006 p.820.) 

 

If fastening has not been considered and yet precise machining is required in the L-PBF 

workpiece, then the responsibility for the quality of the workpiece is transferred from the 

designer to the machinist. The designer can influence the quality of the workpiece, 

considering the clamping needs for post-processing the workpiece. 

 

Standard setup clamp system consists of the basic parts like clamp, support block and 

clamping bolt with nut and washer. As the figure 26 shows, with clamps like these a 

workpiece can be pressed down firmly for machining. Standard setup clamps are very 

versatile tools but are more time consuming than using a vise or dedicated fixture for the 
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workpiece. For using standard clamps, the workpiece must have flat surfaces, rectangular 

shapes, or lips from which the workpiece is pressed down against the machining. This system 

can be used straight on the machine or with modular clamping system. Standard clamp 

system is suitable for low volume production, if any more than ten products are needed, it 

would be wise to consider using modular clamping system which can be made more accurate 

and faster to use than standard clamp system. 

 

 
Figure 26. Standard clamp system for attaching workpiece against to machine table.   
(Modified from www.mcmaster.com) 
 

 Vise and chuck for milling 

As the figure 27 shows, there are many different holders for milling. Workpiece is clamped 

between jaws of a vise. This means that two parallel surfaces are required on opposite sides 

of the workpiece to secure workpiece during machining. Rectangular geometries are good 

for this kind of fixture, because flat surfaces are easy to clamp fast and firmly. In the case of 

round shapes, it is a good idea to use jaws for round objects to hold the workpiece firmly.  

As the figures 27 C-E shows, chucks with three or four jaws, can be used for turning or 

milling. Three jaw chuck is suitable for round objects and four jaw chuck is for round and 

prismatic objects. Repeatability of the vises and chuck varies from 0.01 mm to 0.03 mm. 

(Roehm 2021.) 

 

 

 

Clamp 

Bolt, nut and washer 

Support block 
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Figure 27. A) a vise for machining, B) a chuck for pipes, C) a three jaws chuck for round 
objects, D) a four jaws chuck for rectangular objects and E) a stationary chuck for milling. 
(Roehm 2021) 
 

 Hydraulic clamping system 

Hydraulic clamping systems have many different styles available, and these clamps can be 

used in general purpose fixturing systems. As the figure 28 shows, can be automated and 

clamping force can be adjusted with hydraulic clamping systems clamping. According to 

Amf (2021), repetition accuracy of the hydraulic clamping system is 0.02 - 0.03 mm, 

therefore this method is suitable for clamping but not for positioning workpieces. (Carr Lane 

manufacturing 2016 p.295; Amf 2021.) 

 
Figure 28. In the figure delicate workpiece is clamped gently using reduced pressure. 
(Carr Lane manufacturing 2016 p.295) 
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 Magnetic clamping 

Magnetic clamping system is for ferromagnetic materials. Holding force is directly 

proportional to the contact area and it is evenly distributed so it does not make deformations 

to workpieces like a vise may do. As the figure 29 shows, the accessibility for the machining 

is good, but if workpiece is lifted with movable pole extensions, the holding force is reduced. 

Also, if there is an air gap between workpiece and magnetic clamping plate the surface 

quality may be reduced. Repeatability of magnetic clamping is 0.01 mm. (Amf 2021.) 

 

 
Figure 29. Magnetic clamping for ferromagnetic materials. Cutting tools demonstrates 
accessibility to workpiece and spacers are for protection of the magnetic plate. (Amf 2021) 
 

 Suction table 

Suction table is fast to use but requires a flat, smooth and a large enough surface area. Curved 

or rough surfaces which are tight enough allow the vacuum to escape and thus to lose the 

holding force. As the figure 30 shows, the suction table is suitable for pieces with sheet types 

and workpieces which have relative low height.  The benefit is that the holding force comes 

evenly to the workpiece and that prevents it from bending during machining. Accuracy for 

locating fixture on vacuum plate is 0.01 mm. (Datron 2021; Amf 2021.)  

 

It might be possible to shape sacrificial plate to match and support shapes of the workpiece. 

This can be beneficial when machining AM products. 

Cutting tool 

Spacer 

Magnetic 
clamping plate 

Workpiece 
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Figure 30. Vacuum table system consists of a vacuum pump which generates the holding 
force, sub-plate where system is mounted on the machine, vacuum chuck which holds the 
workpiece in place, air-permeable sacrificial layer which protects vacuum chuck from 
machining and flat shaped workpiece on top of the sacrificial layer. (Datron 2021). 
 
 

 General purpose fixtures and Specific design fixtures for the workpiece 

If only a few pieces of a certain shape are made, they can be clamped with a special fastener 

which is designed just for that shape of the workpiece. As the figures 32 shows, modular 

fixtures can be dismantled and assembly for the different workpiece whereas permanent 

specific fixture is just for the current workpiece (see figure 31). In the figures 12 and 31 are 

shown, the specific fixture for clamping the workpiece. Specific fixtures can be optimized 

for different needs. Complex parts can also clamp using a modular general purpose clamping 

system in which can be used T-slot system for flexibility. As the figure 32 shows, the 

transmission housing is clamp using general purpose fixture. Similar shapes can be 

manufactured with L-PBF. (Ok-vise 2021; Halder 2021; Carr Lane manufacturing 2016 

p.45-62.) 
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Figure 31. A special fixture made for a certain workpiece. (Ok-vise 2021) 
 

 

 
Figure 32. Clamping for complex part using modular general purpose fixturing system. 
(Halder 2021) 
 

 

As the figure 33 shows, curved objects can be clamped with special fixture. There is in 

middle of the fixture additional multi-pin support to prevent deflections against gravity and 

machining forces. Support pins are in low melting temperature alloy and when heated the 

Workpiece 

Minivise 

Special fixture 
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alloy melts and pins move to support the shape of the workpiece. When cooling down the 

support pins are rigidly in place. (Fleisher et al. 2006 p.824-830.) 

 

 

Figure 33. Additional multi-pin support prevents deflections against gravity and machining 

forces. (Fleisher et al. 2006 p.830)  

 
 Other clamping systems  

As the figure 34 shows, electrorheological liquids can be used for clamping. In this method 

the electric field increases the viscosity of the electrorheological liquid and electric flux lines 

causes the electrorheological particles to arrange in parallel. This method is not suitable for 

normal machining in the industry because the applied forces are small. According to Fleisher 

et al. (2006) electrorheological liquids method is used in small segment of the industrial 

applications. (Fleisher et al. 2006 p.830.)  

 

Other interesting clamping method is light activated adhesive gripper technology where 

photo-curable structural adhesives are used to attach the workpiece to the fixture while ice 

gripping is method in which adhesion force is ice.   
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Figure 34. Compliant part is oriented in direction of the electric field. (Fleisher et al. 2006 

p.829) 

 

Soft water is sprayed on the contact areas of the fixture and workpiece and after that fixture 

is cooled to freeze water between the workpiece and fixture. This method is suitable for 

delicate machining of textiles and micro-objects, and it is used in the aircraft industry. 

(Fleisher et al. 2006 p.830, 835.) 

 

 Geometries that are easy to clamp for post-processing 

The easiest basic geometries for machining would be rectangular and round bar. AM parts 

designed for machinery and equipment are likely to have surfaces from which the workpiece 

can be securely clamped to remove support materials. Clamping the piping components may 

be difficult for supports removal if fixturing for post-processing has not been specifically 

considered. Example for this is hydraulic manifold that can be found in the figure 8. 

Designed anchor points may not be necessary for the operation of the part, but they are 

important for the support removal. This issue can be challenging, for example, decorative 

products may have sensitive surfaces which cannot be damaged due to fixturing. For 

aesthetic reason auxiliary anchor points may not be an option. In that case dissolution can 

be the best way to remove support materials. In the manifold case in the figure 8, fixturing 

issue was dodged by removing the need of support removal. There were still flat aligning 

surfaces for fixturing. As the figure 35 shows, there are many different geometries and there 

can be found anchoring surfaces for support removal.  
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Figure 35. In the figure is shown full build plate. In points A and B is build rigid cube and 

solid round bar which can be easily clamped to a vise or chuck for support removal. In point 

C there are parallel flat surfaces where part can be clamped for machining. In point D part 

have thin walls and it may be difficult to clamp firmly for support removing. (Renishaw 

2021.) 

 

The designer must remember to design the necessary attachment points for post-processing 

needs. A good shape for machining needs is a rectangle, because it is easy to attach to the 

vise in three main orientations. A round shaped object, such as a pipe, is a quite good shape 

to fastened with a vise relatively easily to also three main orientations and rotation in axial 

direction. The flat shaped objects are good to clamp down against to the table for machining 

using standard setup clamps. Another way is to use vacuum table to fasten flat shaped 

objects. More difficult cases in terms of attachment are spherical or double-curved shapes. 

With such cases, special fasteners are needed and designed specifically for that part. If only 

a few such pieces are needed, doing the post-processing by hand would be considered. This 

saves time and money from unnecessary fixturing designing. As the figure 36 shows, if the 

workpiece has challenging geometry, it should be considered to modify the shape of the 

A 
B C 

D 
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workpiece so that a vise or a standard clamp can be used for fastening. Opposite straight 

surfaces should be considered in the geometry of the workpiece, from which the workpiece 

could be clamped with a vise or standard setup clamps. 

 

 
Figure 36. Example how ball shape object can be clamped for machining. Opposite 
parallel surfaces can be used for fixturing. Sometimes cavity or lip are good way to clamp 
the workpiece on to the worktable. 
 

A vise, standard clamps and a modular general-purpose fixture are the most convenient and 

versatile for removing support structures and these clamping systems are widely used in 

workshops. According to Carr Lane Manufacturing (2016) a drawback with modular fixtures 

may be that they are relatively slow to use. Usually only 1-4 workpieces can be clamped in, 

so this method is not suitable for mass production. Specially for mass production designed 

fixture, which can hold 8-16 parts may lower production cost significantly. (Carr Lane 

manufacturing 2016 p.348-367.) In many cases, modular fixture is still suitable for small-

scale production. Another drawback might be that optimal support and quality may not be 

achieved. It should be considered to design a dedicated fixture for the product if key features 

are location accuracy, mass production, stability, supports or precision. (Wang et al. 2010 

p.1088.) Management of stability and vibration is crucial for machining thin wall structures 

to have successful surface finish.   

 

 Fixture designing 

Proper fixture enhances the machining performance by improving stability and accuracy. 

The common rule of thumb is for the fastening which should be done only in one way, which 

eliminates the alignment error. These measures reduce variance in the machining process 

and thus improve quality. In other words, the workpiece should be shaped, or fixture should 



56 

 

 

be designed so that it can be fastened reliably, accurately and in only one way. All the 

necessary surfaces should be machined at the same time to achieve best accuracy. The 

surfaces for clamping of the workpiece should be large enough to keep the workpiece in 

place during machining. With sufficiently large support surfaces, the surface pressure 

remains lower, which reduces the risk of deformations and burrs due to clamping. If good 

mounting surfaces cannot be designed, the requirements of the fastener will increase, at the 

same time the mounting will become more complicated, and the repeatability may suffer. 

Complexity usually increases the price due to more expensive special fasteners and increased 

set-up time. Profitability is affected by the size of the batch to be manufactured and the 

fixturing method. As the figure 37 shows, a vise is the most economical solution in low 

volumes but soon when volume increases modular and mechanical fixtures become more 

profitable solutions. Modular mounting is a good choice when production volume is 

relatively small and machined products vary. (Attila 2013; Fleisher et al. 2006 p.818-820, 

835; Carr Lane Manufacturing 2016 p.18-62, 355-367.) According to Carr Lane 

Manufacturing (2016, p 355-367), explanation of the chart is that fixtures can hold different 

amounts of workpieces. Calculation is made so that a vise can hold one workpiece only, 

modular fixture can hold four, mechanical fixture holds eight and power fixture can hold 16 

workpieces.  In case of AM products modular and mechanical fixtures may be good methods 

for fixturing workpieces. Modular fixtures are versatile where can be added automated 

clamping systems. (Attila 2013; Fleisher et al. 2006 p.818-820, 835; Carr Lane 

Manufacturing 2016 p.18-62, 355-367.) 
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Figure 37. In the charts A and B are shown relationship between total cost of the produced 

parts and number of manufactured parts with different clamping systems. A vise is cost 

efficient in low volume production but when production volume rises other solution become 

better. (Carr Lane Manufacturing 2016 p.365) 
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There are fixture design programs which can propose suitable clamp for the workpiece. The 

program may consider in accordance with the attributes given, the geometry, locating, 

clamping, and the required holding force. As the figure 38 shows, fixture design process is 

divided to four steps.  

 

Figure 38. In the figure is shown fixture design process. (Wang et al 2010 p.1088) 

 

The first step is setup planning where the number of setups, orientation and position of the 

workpiece and machining datum and locating surfaces are determined. The second step is 

fixture planning where is clamping surfaces and clamping and locating positions are 

determined. The third step is fixture unit design in which actual fixture component are 

chosen like baseplate, locating and clamping units. Last step of the fixture design process is 

verification where locating accuracy and stiffness is verified and other defined properties are 

also verified. The fixture design should be considered again if correction is needed. 

Automated reasoning can be implemented in different methods like case based reasoning, or 

genetic algorithm. As the figure 39 shows, computer aided fixture design can be very 

accurate to real solution. Computer aided fixture design program can propose to the designer 

suitable clamps from the parts library. Program can also propose where to put clamps to have 

optimal holding force. (Wang et al. 2010 p.1088-1090.) 
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Figure 39. Modeled fixtures and completed implementation. Fixture design program can 

propose automatically suitable clamp type and where to put clamps to have optimal holding 

force. (Wang et al. 2010 p.1087)  
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8 POSSIBLE MACHINING ERRORS IN SUPPORT REMOVAL 

 

 

Manufacturing time in L-PBF is relatively long, so it is critical to reduce all risks to damage 

the workpiece. Possibilities of human related errors like manual adjustments should be 

reduced to minimum. Also, over tightening is a problem which may cause deformation like 

burr on clamping surfaces, or the workpiece could bend which causes a machining error.  

 
Errors in machining have been discussed in the study of Ramesh et al. (2000) where error 

measurements and error compensation from various sources are considered. Although the 

study of is twenty years old, the subject is still relevant. (Ramesh et al. 2000 p.1235-1241.)  

Fixturing principles remain unchanged. Software development has contributed to the 

development of fixture design and machining error handling. (Wang et al. 2010 p.1091-

1092; Attila et al. 2013 p.229-233.)  

 

If AM workpiece has a complex geometry, then tolerance chains can be longer than with 

simple geometry. Complex geometry may require complex fixtures to clamp which makes 

accuracy and repeatably more difficult. Then the inspection may reveal that the dimensions 

are not within tolerances after machining. Reasons for that can be setup error, machining 

error, poor surface quality, residual stresses in workpiece, insufficient clamping, 

deformation in geometry by clamping force or machining forces. (Wang et al. 2010 p.1085, 

1087 1091-1092; Ramesh et al. 2000 p.1238-1242.)  

 

Type of the errors can be divided in two categories quasi-static and dynamic errors where 

quasi-static error is approximately 70% of the total error of machine tool. Quasi-static errors 

are affected by time and are related to machine’s structure. The sources of quasi-static errors 

are kinematic and geometric errors, and these can be found between the workpiece and the 

cutting tool. Cause for geometric errors is e.g., surface roughness and straightness which 

affects to e.g., positioning accuracy and flatness. Kinematic errors are machines moving 

components that are relative to each other such as machine axels. Errors can be found for 

example, when machined, a large circle has oval shape or has a jump in circle line. Dynamic 

errors are affected by operating conditions and error sources can be for example spindle, 

vibrations of the machine or motion controller. (Ramesh et al. 2000 p.1237-1240.) 
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Ramesh et al. (2000) have introduced a list of errors which contribute to total error.  Error in 

the workpiece can be due to different error sources such as thermal error, cutting force related 

error, fixture depended on error, geometric and kinematic errors. Geometric and kinematic 

error are machine errors which cause inaccuracy to the workpiece. Causes for these errors 

are basic design, components, relative motion between machine parts. Fixture depended on 

errors are setup, positioning, surface contact between fixture and workpiece and clamping 

errors. Cutting force errors are caused by deflection of the machine structure, workpiece and 

cutting tool material and deformations due to heat. Thermal error is caused by friction of the 

machine components and heat transferred from cutting action. Thermal error affects the 

cutting performance, structures of the machine and fixture and the workpiece. According to 

Ramesh et al. (2000) the heat is affecting 40-70 % of the total dimensional errors. (Ramesh 

et al. 2000 p.1238-1241.)  

 

Managing the fixturing errors has a big role to machine the workpiece accurately. First the 

fixture needs to be located and fastened accurately to machine and then the workpiece needs 

to be positioned and attached accurately to fixture. Zero-point system is one good way to 

attach fixture to the machine and spherical clamps and locator are good for attaching the 

workpiece to the fixture. Fixture must be ridged enough to hold the workpiece for machining 

otherwise, shear forces can cause vibration or lift the workpiece out of place. This can make 

the workpiece defective. According to Ramesh et al. (2000), reasons for the displacement of 

the workpiece are machining parameters, tool path, clamping sequence, clamp actuation 

intensity, locator and clamp placement, locator, and clamp geometry. Workpiece 

displacement analysis was made using machining fixture in which clamps and locators had 

spherical tip contact faces.  As the figure 40 A shows, first the workpiece was put in fixture 

in contact to locators. Then the workpiece was clamped in place and machining started. 

During machining the workpiece was displaced which is shown in the figure 40 B. The 

reason of the displacement was slip, lift-off and deformation on the contact points due to 

gravitational and cutting forces. Clamping could have a major role in displacement of the 

workpiece. (Ramesh et al. 2000 p.1252-1254; Fleisher et al. 2006.)  
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Figure 40. A) the workpiece before clamp actuation. B) the workpiece after clamp actuation. 

(Ramesh et al. 2000 p.1253)  

 

From AM point of view the most relevant errors are geometric, material instability, fixturing 

and cutting force errors. Kinematic and geometric errors mainly cause the inaccuracies to 

the machine tool. (Ramesh et al. 2000 p.1237-1239.) 

 

 Error management 

In order to have accurate workpiece the error management should be considered. There are 

few methods of error managements such as error avoidance, error compensation and error 

budget. Error avoidance as its name implies, is the method in which errors are avoided by 

choosing precise and expensive components. When cost management comes into account, 

error compensation may be better choice. Error compensation is a less expensive method to 

achieve accurate machining. In error compensation error is defined, measured, and 

compensated with pre-calibrated or active error compensation method. In pre-calibrated 

method machine is calibrated after or before machining. In active error compensation, error 

is compensated during machining by measuring the error. According to Fleisher et al. (2000) 

compensation can be done with actuators which are integrated into machine. This method 

achieves high accuracy with relatively low cost. Active error compensation can be divided 

into two methods which are dynamic and static error compensation. In static error 

compensation basic errors are identified and corrected. Whereas in dynamic error 

compensation (known as real-time compensation) cutting force related errors and thermal 

errors are compensated. Force sensor can be used to compensate cutting forces. (Ramesh et 

al. 2000 p.1241-1242; Fleisher et al. 2006 p.819.) 
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One way to handle errors is to use error budget method. The error budget is a tool to control 

the total error of the system. (Ramesh et al. 2000 p1238-1239; Fleischer et al. 2006 p.819.) 

In error budget method the first task is to identify all error sources which affects the 

machining accuracy. The next task is determining acceptable error levels against to the 

chosen criteria like a cost. In this way error source is optimized to the specific criteria. 

(Ramesh et el. 2000 p.1238.) 

 

 Accuracy of the clamping systems 

Absolute accuracy of the workpiece is a chain of tolerances. To have better absolute accuracy 

the tolerance chain must be shortened, this means shorter tools or fewer components. When 

a certain accuracy of the workpiece is needed, then fixture must have greater accuracy than 

workpiece and cutting machine needs to be the most accurate in the tolerance chain. (Carr 

Lane Manufacturing 2016 p.6-33.) Repeatable accuracy is easier to achieve because 

systematic error can be compensated unlike absolute accuracy. This is why the application 

will define the repeat accuracy in every case. (Fleisher et al. 2006 p.819-820.) 

Overall cost will raise significantly If the needed tolerances are lower than common 

machinery tools can be achieved. According to the Carr Lane Manufacturing (2016, p32), 

production costs increase exponentially, up to fivefold if the tolerance is tightened to twice 

the original workpiece.  

Accuracies of the clamping systems vary slightly. According to findings from Fleisher et al. 

(2006) standard machine tools can achieve 0.001mm repeatable accuracy and special 

machines even below that. Absolute accuracies commonly are between 0.002 to 0.008mm. 

(Fleischer 2006 p. 819; Protolabs 2021a.) Repeat accuracies of the standard clamping 

systems varies from 0.01 to 0.03mm (Fleischer 2006 p. 819, Amf 2021;  Roehm 2021; 

Vischer&Bolli 2018). Fleisher et al. (2006) were found 0.002 – 0.003 mm values to 

repeatable accuracy for precision chucks and according to product data from Vischer & Bolli 

(2018), repeatability for vise is 0.005 mm. Accuracy of the chuck and vise is better than in 

standard clamp system. (Roehm 2021; Fleischer 2006 p.819-824; Vischer&Bolli 2018.) The 

accuracy of the workpiece can be improved using probing system, but this also slows down 

the manufacturing process (Fleischer 2006 p.819). 
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9 AIM AND PURPOSE OF EXPERIMENTAL PART  

 
  
The experimental part of the thesis had four phases. In the first phase SS 316L workpieces 

were fabricated in different orientation angles using L-PBF process. In the second phase, the 

need for additional support structures at different build angles was visually observed. The 

aim was to find out how need of support increases relatively to build angle. In the third phase 

the workpieces were detached, and the effectiveness of the detachment was considered. In 

the last phase support structures were removed by milling. The aim was to find the best way 

to clamp a rectangular bar and a pipe to remove support and test suitability of the tool 

manufacturer's general machining parameters for support removal. 
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10 EXPERIMENTAL SETUP 

 

 

Additive manufacturing was done with EOS M290 which is shown in the figure 41. The 

main specifications of the machine are as follows (EOS 2021b.): 

 

Construction Volume: 250 x 250 x 325 mm (9.85 x 9.85 x 12.8 in) (height incl. build plate) 

Laser Type: Yb-fiber laser; 400 W 

Precision Optics: F-theta lens; high-speed scanner 

Scan Speed: up to 7.0 m/s (23 ft./sec) 

Focus Diameter: 100 μm (0.004 in) 

Power Supply: 32 A / 400 V 

Power Consumption: max. 8.5 kW/ average 2.4 kW/with platform heating up to 3.2 kW 

Compressed air supply: 7.000 hPa; 20 m³/h (102 psi; 706 ft³/h) 

Machine Dimensions (W x D x H): 2.500 x 1.300 x 2.190 mm (98.4 x 51.2 x 86.2 in) 

Recommended Installation Space: min. 4,800 x 3,600 x 2,900 mm (189 x 142 x 114 in) 

Weight: approx. 1,250 kg (2,756 lb) 

Software: EOSPRINT incl. EOS ParameterEditor, EOSTATE Everywhere, EOSCONNECT 

Core, EOSCONNECT MachinePark, Materialise Magics Metal Package and modules 

 

 

Figure 41. Eos M290 was used to manufacture workpieces. (EOS 2021b) 
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Modeling and preliminary AM design were done by Siemens NX software in this thesis. 

Siemens NX is a comprehensive design software that can be used to e.g., 3D modeling, 

simulation, finite element modeling (FEM), manufacturing (transferring 3D-model to 

machining program via post-processor) and additive manufacturing. Variety of industries 

are using Siemens NX e.g. Aerospace & Defense, Automotive & Transportation, Industrial 

Machinery & Heavy Equipment, Marine, Electronics & Semiconductors and also Software 

Development, Medical Devices & Pharmaceuticals, Consumer Products & Retail. (PLM 

Automation 2021.)  

 

Workpieces were manufactured using L-PBF process and build angles were 0°, 15°, 30°, 

40°, 45°, 50°, 60°, 75° and 90°. As the figure 42 shows, the dimension of the test part was 

as follows: 

Test part 1: Rectangle 50 x 30 x 20 mm.  

Test part 2: Hollow pipe Outer diameter 30mm, length 50mm, wall thickness 2 mm. 

 

 

     

Figure 42. Drawings of the test parts. 

 

Manufactured workpieces were measured with a digital caliber (Wurth 501009257), a 

micrometer (Mitutoyo 103-130) and FARO measuring arm (model T08-02). Measured 

results are presented in the section 11.3. 

 

General purpose vise (Vertex) was used for clamping the workpieces.  In addition, special 

made jaws were needed for the pipe-workpieces.  

Machining was done by using three axis DAH-LIH MCV-510 machining center. Machine 

center uses Fanuc M0 controller. It is relative old, but only a little used. Main specifications 

of the milling machine are as follows: table size 360 x 700 mm, maximum table load 300 

kg, power 5.6 kW and spindle speeds 60-6000 rpm.  

Test part 1 Test part 2 



67 

 

 

 

The cutting tools used in machining were Ø8 mm (item nr. 82003) and Ø12 mm (item nr. 

46031) solid carbide end mills. The tools were manufactured by Tool Factory Cutting Tool 

Solutions GmbH. They have recommended machining values for different base materials. 

In this case, the material was stainless steel 316L and the cutting speed was 45 m/min for 

the roughing. This is shown in the figures 42 A and B. As the figure 43 A shows, the 

recommended tooth feed is between 0.032 – 0.052 mm/z for the Ø8 mm end mill. and as the 

figure 43 B shows, for the Ø12 mm end mill it is recommended that the mill tooth feed is 

between 0.062 – 0.092 mm/z. The recommended milling depth (Ap) for full slot milling for 

Ø8 mm end mill was up to 2 mm and for Ø12 mm end mill the milling depth was up to 12 

mm. It is not possible to use depths like that in all materials. Good starting point for cutting 

depth for stainless steel is around 1 mm. Basically, when the tool is shorter and thicker, it is 

more stable and then bigger machining parameters can be used. (Tool Factory Cutting Tool 

Solutions GmbH 2021.) 

 

 

Figure 43. Used cutting tools were solid carbide end mills to machine the additional support 

structures. Tool diameter were 8 mm and 12 mm. (Tool Factory Cutting Tool Solutions 

GmbH 2021) 
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11 EXPERIMENTAL PROCEDURE 

 

 

The first phase in this experimental part of the thesis was modeling the workpieces with 

Siemens NX software. Next step was to optimize the orientation and additive support 

structures. After the building process, the task was to observe support structures of the 

manufactured workpieces. The last step was support removal. 

 

 Modelling of the test parts 

Designed models of workpieces need to be convert to suitable file format to match to the 

chosen AM machine before producing model to the real product. Conversion was made by 

3D printing software which adds needed support structures to the 3D-model and slices model 

to printable layers. Parameters of the used AM machine have been suitable for the 

workpieces to get good results. 

 

In this thesis 3D-modeling and preliminary AM design was done with Siemens NX.  As the 

figure 43 shows, model of the EOS M290 metal L-PBF printer was missing from Siemens 

NX software. The preliminary orientation of the models on build platform and shapes of the 

support structures were optimized to EOS M290 machine before fabrication. Optimizing 

was done with Materialise Magic software which is dedicated 3D printing software. Build 

angles for the workpieces were 0, 15°, 30°, 40°, 45°, 50°, 60°, 75° and 90°. Near 45° the 

change of the angle was 5°, and near vertical and horizontal orientation the change was 15°. 

The following describes how modeling was done with Siemens NX. First the workpiece 

models were designed in modeling section, and then the models were added in the additive 

manufacturing section. As the figure 44 shows, because the correct postprocessor for the 

manufacturing machine could not be found in the software, “Empty Build Tray” was 

selected. This selection has general setup for STL-file printer. 
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Figure 44. Opening “Additive Manufacturing” application in Siemens NX. General build 

tray option was used to model additive support structures and build orientation. 

  

It is described in the following text, how modeling was done with Siemens NX. Firstly, the 

workpiece models were designed in modeling section and after that the models were added 

in the additive manufacturing section. As the figure 44 shows, because of the correct 

postprocessor for the manufacturing machine could not be found in the software, “Empty 

Build Tray” was selected. This selection had general setup for STL-file printer. Next chosen 

parts were placed and oriented on the building platform. This is shown in the figure 45. 

Finally, support structures were added by using the automatic function of the Siemens NX 

software.  
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Figure 45. Workpiece orientation on the build platform in Siemens NX software. Build 

angle for the workpieces were 0, 15°, 30°, 40°, 45°, 50°, 60°, 75° and 90°. 

 

 Observing the workpieces. 

The observation was carried out by visual inspection and by measuring the main dimensions 

to determine the accuracy of the workpieces produced. Observation was made before and 

after removing the workpieces. As the figure 46 shows, the main dimensions, 

perpendicularity, parallelism and cylindricity were checked. Faro measuring arm, digital 

caliper, and micrometer were tools used for measurements. The micrometer was used for 

checking measurements of the Faro Arm. The Digital caliper was used to have quickly 

overview of the dimensions.   

   

Figure 46. Checked dimensions of the workpiece. 

 

 Detaching the workpieces from the build platform. 

Workpieces were firmly attached to the build platform and detaching without tools was not 

possible. The detaching was to be done with a band saw, but that saw was out of order. As 

A B 
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an alternative, it was attempted to remove the workpieces with an oscillating hand saw. 

However, the blade did not cut the support material. Eventually, the workpieces were 

detached with a chisel and hammer. This was a quite brutal method, and it was not part of 

the original plan. 

 

 Clamping the workpieces  

A vise and three jaw chuck were main candidates for clamping the workpieces. The vise was 

an obvious tool for attaching rectangular workpieces. The rectangular workpiece can be 

easily machined with a single attachment. The three jaws chuck can be used to fasten the 

pipe-workpiece and then machine it with single attachment. However, three jaw chuck could 

not be used due to lack of machining space. Therefore, special jaws for clamping the 

workpiece to the vise was made. 

 

 Machining the additional support structures. 

In this study, machining was made in X-Y-plane. It is easier to get smooth surface finish 

when both cutting tool and workpiece are cylindrical. Machining was done by Dah-Lih 510 

3-axis machining center. The 5-axis machine tool is also well suited for PBF post-processing. 

It is possible to machine more cumbersome shapes than with a 3-axis machine. Pipe-

workpiece can be machined in three phases. First phase is to mill the face of the pipe, then 

removing supports outside of the workpiece. In the last phase is to mill the rest support 

material inside the pipe. As the figure 47 shows, toolpaths and post-processing were made 

into G-code for Fanuc 0M with NX software. The G code was sent to the machining center 

via the RS-232C data cable. Dial gauge was used to align cutting tool to workpiece. 

 

 

Figure 47. Modeled workpiece, support structures and toolpaths with Siemens NX software. 
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 Cutting parameters 

The cutting tool manufacturer provides cutting parameters such as cutting speed and feed in 

a specific range. As table 5 shows, cutting speed is constant and there is a range for choosing 

the suitable value for feed per tooth. The decision of suitable values is based on the material, 

tool, machine, and geometry. 

 

Table 5. Machining parameters for the tool given by tool manufacturer. (Tool Factory 

Cutting Tool Solutions GmbH 2021)  

      Cutting speed Vc 
Feed per tooth fz 
[mm/rev]    

Tool 
diameter d 
[mm] 

Type of 
the tool  Roughing  Finishing  Roughing  Finishing  Teeth z 

8  End mill  45  65  0.032–0.052  0.030–0.050  3 

12  End mill  45  65  0.062–0.092  0.060–0.090  3 

 

Rest of the needed machining parameters can be calculated from tool manufacturer’s data 

by following equations:  

 

    𝑛 ∗

∗
    (1) 

    𝑓 𝑛 ∗ 𝑓 ∗ 𝑧  (2) 

 

where n is spindle speed, Vc is cutting speed, d is diameter of the tool, f is machine center’s 

table feed, fz is feed per teeth and z is amount of tooth of the tool. Results of the calculated 

spindle speed and table feed is shown in table 6.  (Sandvik 2021b.)   

Table 6. Calculated machining parameters from tool manufacturer data. 

      Spindle speed n [RPM]  Feed f [mm/min] 
Tool 
diameter d 
[mm] 

Type of 
the tool  Roughing  Finishing  Roughing  Finishing 

8  End mill  1790  2586  172–279  248–403 

12  End mill  1194  1724  222–329  321–476 
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12 RESULTS AND DISCUSSION 

 

 

Observations and results of this study are presented here. This section answers to the research 

question. The answers have been obtained by observation as well as in an experimental 

study.  

The main points are observing, detaching, measuring, clamping, and machining the 

workpieces. 

 

 Observing the workpieces  

In metal PBF the workpieces are attached to build platform with support structures. As the 

figures 48 A and B show, workpieces were fabricated in variating orientations angles.  

 

 

Figure 48. Metal PBF fabricated workpieces on the build platform. 

 

Need of the additional support structures varied with build angle. For some reason, one of 

the rectangular workpieces was missing. However, it did not cause harm in this study, 

because the build angle for it would have been 15° from vertical and that could have been 

built without any problems. More interesting angles are around 45°, which commonly is a 

boundary angle for self-supporting. In overall, the rectangular workpieces were built 

successfully. Most of the workpieces had massive support structures below, so the surface 

quality of the down faced surfaces could not be observed. One of the rectangular workpieces 

was built in angle of 30° from vertical orientation. From this workpiece it was possible to 
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study the down faced surface quality. Additional support structures were massive, which 

was good for the heat dissipation, but also time consuming for fabrication and post-

processing. When the workpieces were visually inspected against a straight plate, the 

rectangular workpieces were straight. The horizontal surfaces were brighter than the vertical 

ones. 

 

The pipe-workpieces were fabricated with same build angles than rectangular workpieces. 

A rectangular workpiece´s support structure was the size of the entire base area.  The area 

of the support structure for pipe-workpieces was smaller due to the self-supporting structure 

of the pipe. The inner support structure affected the straightness of the pipe-workpieces. This 

will be discussed later. 

 

The fabrication of one pipe was suspended. The reason for the that was likely the lack of the 

support and workpiece was starting to collapse. As the figures 49 A and B show, the edge of 

the down facing surface was melted and warped. The build angle of 40° from vertical was 

too much for the material SS 316L. At the build angle of 45° and above, there was support 

structure under and inside the workpiece, but in build angles of 15°, 30° and 40° there were 

not any additional supports.  

 

 

Figure 49. Fabrication of the workpiece was failed in the 40° build angle. 

 

The geometry of the support structures may vary as required. In this case, support structures 

were blocks (see the figure 50 A). According to Cao et al. 2020 and Höller et al. 2019 a 
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block type support structure is more ridged than cone or heartcell supports (Cao et al. 2020, 

p.13-14; Höller et al. 2019, p.379-380). Cao et al. 2020 found that machinability of the 

support structure is better in the block type than in the conical support structure (Cao et al. 

2020 p.13-14). One block contains 49 small hollow tubes that give the structure rigidity and 

lightness. The size of the block was 5.8 x5.8 mm and the size of the pipe inside the block 

was approx. 0.7 x 0.7 mm. Support structures of this kind are rigid, but material and 

fabrication time can also be saved. This type of support structure has a firm grip on the 

workpiece. As the figure 50 B shows, at build angle of 50° there were small conical support 

structures at the edge of the workpiece.  

 

 

Figure 50. A) support structures were mainly rectangular shaped tubes which together 

makes larger support segments. B) there were conical supports at the edge of the workpiece.  

 

As the figures 51-57 show, color changes occurred in all workpieces at the same height. The 

color change is easily visible in the workpieces, but not in the additional support structures. 

The reason for this remained unclear. Could this phenomenon occur due to heat cycles or 

due to a different batch of building materials? It feels strange, if the reason was different 

materials because the materials mix with each other, making the boundary less clear.  

 

A B 



76 

 

 

 

Figure 51. Color changes occurred in all workpieces at the same height but not in the 

additional support structures. 

 

As the figure 51 A shows, the thermal cycle as a reason also sounds odd because a massive 

support structure conducting heat to the build platform. On the other hand, burn marks were 

found on the pipe-workpieces. As the figure 52 shows, heat was concentrated at the edges 

near the support structures, possibly due to lack of heat flow. 

 

 

Figure 52. There are traces of heat concentration at the edges of the pipe-workpieces near 

the support structures. 

 

Support structures from an angle of 40° were required inside the pipe. As the figure 51-57 

show, the number of additional support structures inside the pipe was proportional to the 

A B 

A 

B 



77 

 

 

build angle. Figures 51-55 show workpieces manufactured at angles of 45°, 50°, 60°, 75° 

and 90°. The closer the build orientation is to the horizontal, the more support structures are 

needed inside. As the figure 53 shows, at the build angle of 45° the support structures inside 

the pipe were mainly on the upper surface. Removing the support for tilted workpieces is 

challenging for mounting and machining. 

 

  

Figure 53. There were few support structures inside the pipe at the build angle of 45°.  

 

As the figure 54 shows, the support structure inside the pipe was over halfway when the 

build angle was of 50°. The support structure inside the pipe covered the entire upper surface 

and half of the lower surface. The amount of support structure required was significantly 

bigger at angle of 50° than at angle of 45°. This change in angle had a major impact on the 

support removal. On the other hand, it did not significantly affect the removal from the build 

platform. 

 

A B 
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Figure 53. Manufactured surpport structures at the build angle of 50° from vertical 

orientation. The A) and B) show, manufactured support structure inside the pipe covered the 

entire upper surface. 

 

As the figure 55 shows, the support structure inside the pipe covered the entire upper surface 

and 2/3 of the lower surface, when the build angle was of 60°. At the same time the support 

structure under the pipe was the narrowest. It was measured to be 14 mm wide, while the 

width of the build angles of 45°, 50°, 75° and 90° was 19-22 mm. 

 

 

Figure 55. The manufactured support structures at the build angle of 60°. A) the support 

structure under the product was the narrowest when the build angle was 60°. B) the support 

structure comes out of the pipe. 

 

As the figure 56 A shows,  the support structure inside the pipe covers almost the entire pipe 

at build angle of 75° from the vertical orientation. As the figure 56 B shows, the support 

structure in the back of the workpiece was smaller when compared to building angles of 60°, 

A C B 

A C B 
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50° and 45°. As the figure 57 shows, massive support structures were needed to hold upper 

surface in form when the horizontal build angle was 90°. On the other hand, there were no 

additional supports at either ends and this is why they can be used for clamping to the vise. 

As the figures 56 and 57 show, pipes were not round but polygonal which makes it 

challenging to measure.   

 

 

Figure 56. Manufactured surpport structures manufactured at the build angle of 75° from 

vertical orientation. The additional support structure covers the inner surfaces almost 

completely. 

 

 

Figure 57. Manufactured surpport structure at the build angle of 90° from vertical 

orientation. 
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As the figure 58 shows, support structures were needed for the two downward surfaces in 

the rectangular work pieces at build angles of 40° and of 45°.  As the figure 59 shows, support 

structures were needed at build angles of 0° (vertical), of 15° and of 30°. The need was for 

a small downward surface with an area of 20 x 30 mm. In addition, only one support structure 

(large area 30 x 50 mm) was needed at the 50°, 60°, 75° and, 90° (horizontal) build angles. 

As the figure 56 shows, the color of the downward-facing surfaces darkened with the build 

angle. At the same time the quality of the downward surfaces were getting poorer. Similar 

results can be found in the figure 13 at build angle near 45° (Protolabs 2021b). As the figures 

58 and 59 show, when the build angle was 0°, the need for support material was the smallest. 

The volume to be machined changes as the angle changes. In cases where machining is 

needed, it would be good to have angles on only one surface. This would make fastening 

and machining easier. 

 

 

Figure 58. Need of support structures at build angles of 40° - 90°. Support structures were 

needed on either side of the workpiece at a build angle of 40° or 45°.  

 

 

90° 75° 60° 50° 45° 40° 
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Figure 59. Rectangular workpieces manufactured in different angles. At build angles of 0-

30° down facing surface was smaller than build angles 40°- 90°.  

 

As the figure 60 shows, amount of support structures varies according to the build angles. 

The amount of external support structures for both rectangular and tubular workpieces was 

quite similar. The support structures were on two sides at build angles of 40° and of 45° in 

rectangular workpieces. In the pipe-workpieces the support structures were needed on two 

sides at build angles of 45°, of 50°, of 60° and of 75°. The reason for the difference was that 

the pipe needed internal support and it came out. The hollow internal structure increases the 

need for support and at the same time need for removal of that support. The support structure 

was more difficult to remove from a round surface than a straight one. Workpieces can be 

made without inside support structures when build angles were from vertical to 30°. This 

makes support removal easier.  

 

One way to eliminate massive support structures is to use self-supporting tear drop or 

diamond geometries inside the pipe. This is shown in the figure 10 (Materflow 2021). As 

the figure 11 shows, when using diamond geometry inside the tube, the diamond shape can 

be easily machined into a round where it is needed (Renishaw 2021).  

 

9075° 6050° 4540° 

0° 30° 
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Figure 60. Massive support structures at different build angles. 

 

As the figure 61 shows, at angle 50°, there were small conical support structures at the edge 

of the workpiece. At angle of 60°, conical supports were also found, but they did not reach 

the edge of the workpiece. 

 

 

Figure 61. At build angle of 50° there were small conical support structures at the edge of 

the workpiece. At build angle of 60° conical support structures did not reach the edge of the 

workpiece.  

 

Deformations and distortions, such as, ovals, and barrel shapes were also observed in the 

pipe- workpieces. As the figures 62 A-D show, lip-shaped distortions were observed in the 

pipe and in the rectangular workpieces when the build angle was 30°. Without an external 

support structure, the edge of the workpiece bent and did not remain in shape. As the figure 

62 E shows, there was warpage on the corner of the workpiece at build angle of 90°.  

 

 

50 6045

40° 60° 
50° 
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Figure 62. As A and D show, lip-shaped distortions were observed from a structural angle 

of 30° in the tube and in the rectangular workpieces. There was warpage on the corner of the 

workpiece at build angle of 90°.  

 

As the figures 63 A and B show, the barrel-shaped distortion occur at build angle of 90°. 

The diameter was 30.07 mm in the middle and 29.40 mm at the top of the workpiece. The 

difference in diameters was 0.67 mm. As the figure 63 C shows, the same workpiece was 

also oval-shape where the circular shape is depressed by about 1 mm. Reason for that could 

be that the thin-walled pipe can be bent due to the cooling of the massive support structure. 

Support inside the pipe kept the top surface straight, but when support structure cooled down 

it shunks length wise more that pipe itself. This bent both ends of the pipe inwards, turned 

the round shape to oval and barrel-shaped. As the figures 63 A and B show, surface was 

smoother from the side of the workpiece than the top. Distorsions and warpages could lead 

increasing manufacturing costs as a defect piece and losen labor and material. 
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Figure 63. A) barrel-shape distortion occurs at build angle of 90°. The differences in 

diameters were measured to be 0.67 mm. B) workpiece also was oval shaped where the 

circular shape is depressed by approximately 1 mm.  

 

The quality of the vertical surfaces in the rectangular workpieces was good. In all cases in 

this study, the vertical surface quality was better than other oriented surfaces. As the figure 

64 shows, the down-facing surface quality was only slightly rougher at build angle of 30° 

than quality on the vertical surfaces.  
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Figure 64. Surface quality was better on vertical surfaces than other oriented surfaces. 

 

At the build angles of 30°, 40°, 45°, and 50° the upward surfaces had slightly worse surface 

quality than at the other build angles, but the difference was not significant. As the figure 65 

shows, the workpiece had a line pattern on the upward surface when it was made vertically. 

Similar lines can be found on the top surface of a horizontally made workpiece. 

 

 

Figure 65. Line pattern and some lines can be found on the horizontal surfaces. The build 

angles were 0° in workpiece A and 90° in workpiece B. 

 

As the figure 66 shows, the surface quality is rough if the support structure is torn off. Down-

facing surface with no support structure was rough at the build angle of 60°. It would not be 

a recommended decision to use that kind of surface as an assembly reference. If it had any 

vertical surface  

Down-facing 

surface  

A 
B 
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visual value, it would not be satisfying. Surface quality, which is like the quality in 

downward surfaces and without additional support structure, could be good enough in many 

cases.  

 

 

Figure 66. A) at build angle of 60°, surface quality under the support structure was rough. 

B) surface quality on rectangular workpiece at build angle of 60° was a little better. Down-

facing surface without support structure had better quality than surface under the support 

structure. 

 

Järvinen found in their research, that the quality of the surface and the ease of removal can 

be affected by the geometry of the support material and by the way it is attached to the 

workpiece, (Järvinen 2014 p.77-81). In this study, block geometry was used as the support 

geometry. It is commonly known that block geometry is a very stable structure. 

 

 Detaching test pieces from the build plate. 

The workpieces were firmly attached to the build platform and detaching without tools was 

not possible. Attempts were made to remove the workpieces with an oscillating hand saw, 

but the blade in use did not cut the support material. As the figure 21 shows, the oscillating 

hand saw can be used to remove workpieces from the build platform (SAE 2021). In the 

figure 21, the material looks like aluminum which is softer and easier to cut than stainless 

steel 316L. Eventually, the workpieces were detached with a chisel and hammer. The method 

was quite brutal, and the support materials came off the workpieces. This was not intended. 



87 

 

 

As the figure 67 shows, the structure of the additional support could not be cut with the 

chisel. It only pushed the support structure forward until it finally collapsed. The distance 

between the building platform and the workpiece was too small to prevent the chisel from 

touching the workpiece.  

 

 

Figure 67. Detaching workpiece from the build platform with chisel and hammer. Chisel 

does not cut support structure.  

 

As the figures 68 A and B show, the support structures for the rectangular workpieces were 

too rigid to be sensible detached with a chisel and a hammer from the interface of the 

building platform. This was because the chisel could not cut the support structure. Therefore, 

support structures were detached near the workpieces. Based on this experience a band saw 

would be more effective and a gentler method than a hammer and a chisel. Using a band saw 

to remove support structures would be a faster and more accurate method. In this case it 

would also be a more productive and economical way due to the working time. Considering 

the detachment process, the less support area is needed, the faster the detachment. In many 

cases considering rectangular workpieces, the support material tore off neatly and there was 

only a rough surface to machine. It might be possible to make a small and agile hydraulic 

scissor or pinching device, which would tear off support structures more gently than a 

hammer and a chisel. 
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Figure 68. The most difficult workpiece to detached from build platform. Build angle of the 

workpiece was 40° from vertical orientation.  

 

Detaching pipe-workpieces was easier due to smaller amount of the support structure. As 

the figure 69 shows, it was impossible to detach the support structure from the build platform 

instead of the workpiece without proper cutting tool. The workpiece tore off from support 

structure. As the figure 70 A and B show, the same thing happened also with larger support 

structures. The support structures tore apart instead of cutting. 

 

 

Figure 69. Chisel does not cut support structure but just forms it until rips off. Build angle 

was 30°. 

 

A B 
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Figure 70. A) the support structure was ridig. B) after removing the underside support 

structure, the internal structure still holds the workpiece firmly in place.  

 

 Measuring dimensions 

Measuring the supports was impossible with existing tools inside the pipe.  Only external 

dimensions were measured. The first workpieces were measured with a caliber and a 

micrometer. This was to obtain an overview of the produced workpieces. After that, the 

workpieces were measured more precisely with FARO measuring arm. It was found with 

visual inspection that pipes were not round but polygonal. That made measuring challenging, 

because of the high and low spots of the polygonal edges. Measured dimension were 

diameter, length, width, height, cylindricity, circularity, parallelism, and perpendicularity. 

Cylindricity is a variation of the radius of the surface of the cylinder. Perpendicularity is a 

variation of the perpendicularity between surfaces A and B, which is shown in the figure 71. 

The measured results are shown in the tables 5 and 6 and the figure 71 shows the measuring 

points of the workpieces.  

 

   

Figure 70. Measuring points of the workpieces. 

 

A B 

A B 
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As the table 5 shows, the diameters of the pipe-workpieces were on average 0.2 mm ng 

below the nominal diameter of 30 mm. Variation of average diameters was 0.22 mm. 

Average length of the pipes was exactly nominal 50 mm, but difference between the 

maximum and minimum length was 0.78 mm. The large variation is due to the rough surface 

quality caused by the support structures. The diameters were more accurate than lengths 

because it was possible to avoid bad surface points. Measured diameters at build angles of 

75° and 90° had the biggest difference between largest and smallest diameters 0.270 mm and 

0.673 mm. The largest diameters were found in the center of the tube in five of the eight 

cases. The circularity was also worse at angles 75° and 90° than at the other angles. At these 

angles workpieces had the most support material inside the pipe. 

 

Table 5: Measured dimensions of the pipe-workpiece from FARO measuring arm. Blue 

represents the smallest diameter values and red the largest values. Build angle 0° is a 

vertical. Fabrication was suspended at the build angle of 40°. 

 

 

As the table 6 shows, the rectangular workpieces had the average length 50.10 mm, the 

average width 29.95 mm, and the average height 20.10 mm. Average parallelism and 

perpendicularity were 0.18 and 0.10 mm. 

 

Workpiece manufactured at build angle of 45° had the largest parallelism deviation 0.288 

mm. It also was the widest and the second longest of the rectangular workpieces. The surface 

quality at the support structure was rougher than elsewhere which affected height and length 

but not width. At build angle of 90° (horizontal) perpendicularity was the largest 0.164 mm 

but parallelism was the smallest 0.099 mm. The results show that parallelism was best at 

Bottom Middle Top

Pipe 1 0 50.216 0.158 0.148 29.816 29.85 29.875 29.847 0.059

Pipe 2 15 50.520 0.114 0.277 29.829 29.884 29.854 29.856 0.055

Pipe 3 30 50.454 0.062 0.395 29.811 29.887 29.858 29.852 0.076

Pipe 4 40

Pipe 5 45 49.826 0.088 0.278 29.815 29.817 29.981 29.871 0.166

Pipe 6 50 49.736 0.135 0.270 29.847 29.836 29.889 29.857 0.053

Pipe 7 60 49.778 0.131 0.483 29.773 29.881 29.789 29.814 0.108

Pipe 8 75 49.866 0.414 0.785 29.756 29.974 29.704 29.811 0.270

Pipe 9 90 49.869 0.359 0.528 29.483 30.069 29.396 29.649 0.673

Average 50.03 0.18 0.40 29.77 29.90 29.79 29.82

Median 49.87 0.13 0.13 29.81 29.88 29.86 29.85

Difference max‐min 0.78 0.35 0.35 0.36 0.25 0.59 0.22

Build angle

Length 

[mm]

Circularity 

[mm]

Cylindricity 

[mm]

Diameter [mm]

Diameter 

difference 

max‐min 

Diameter 

AVG 

[mm]
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build angles of 75° and 90°. Perpendicularity was the smallest 0.094 mm and 0.058 mm at 

build angles of 0° and 15°. The results varied irregularly according to the angle, so no proper 

conclusions can be drawn. The surface quality under the torn support was rough and affected 

the measurement results. The sample was also small. 

 

Table 6: Measured dimensions of the rectangular workpiece from FARO ARM. Build angle 

0° is vertical. 

  

 

 Clamping the workpiece 

Pipe-workpieces are more difficult to fasten for removing support material than rectangular 

workpieces for couple of reasons. The round shape does not have a clear shape to align it. In 

this case it was more challenging to clamp a pipe-workpiece than a rectangular workpiece. 

As a starting point, the workpiece should be clamped perpendicular or parallel to the machine 

table. Excessive tightening should be avoided as the shape of the part to be compressed may 

change. As the figure 72 shows, a vise was used for clamping the rectangular workpieces. 

Clamping the pipe-workpieces was done by using special jaws for the vise. Tree jaw chuck 

could not be used because there was not enough machining space. It would be beneficial if 

machining could always be done with a single fastening. It would reduce the setup time and 

give better accuracy due to reduced alignment error. Rectangular workpieces can be 

machined with a single fastening using the vise. 

As the figure 37 shows, a special multi-place fastener can be used for machining if the 

workpieces are similar. This makes machining more efficient: while setting time is reduced, 

Workpiece Build angle

Length 

[mm]

Width 

[mm]

Height 

[mm]

Parallelism 

[mm]

Perpendicularity 

[mm]

Rectangular 1 0 50.154 29.996 19.907 0.175 0.094

Rectangular 2 15

Rectangular 3 30 50.362 29.998 19.846 0.189 0.058

Rectangular 4 40 50.236 29.96 20.147 0.204 0.173

Rectangular 5 45 50.359 30.037 19.979 0.288 0.071

Rectangular 6 50 49.804 29.972 20.123 0.185 0.041

Rectangular 7 60 49.986 29.957 20.198 0.182 0.102

Rectangular 8 75 50.028 29.813 20.376 0.108 0.132

Rectangular 9 90 49.868 29.899 20.252 0.099 0.164

Average 50.10 29.95 20.10 0.18 0.10

Median 50.09 29.97 20.14 0.18 0.10

Difference max‐min 0.56 0.22 0.53 0.19 0.13



92 

 

 

it might allow the operator allocate time for other activities. (Jig and fixture handbook 2016 

p.355-367.) 

 

 

Figure 72. A) special jaws were used to clamp the pipe-workpieces. All machining can be 

done with single fastening. B) rectangular workpiece can be fastened directly to the vise. 

 

 Support removal  

The support removal was done by 3 axis CNC-machining center. Unfortunately, support 

structures were torn off when the workpieces were detached from the build platform. On the 

other hand, if the workpieces can be detached directly from the support structures and the 

support structures left on the build platform, the need to remove the support disappears.  

Machining and clamping rectangular workpieces would be straightforward but machining 

the pipe-workpieces would be more interesting due to the round shape.  Two different sizes 

of cutting tools were used. Cutting tools were solid carbide end mills which diameters were 

8 mm and 12 mm. As the table 7 shows, the maximum depths and chip thickness are large. 

Maximum values cannot be used in all situations. Three tests were made: the first test with 

the 8 mm cutting tools and following two tests with the 12 mm cutting tool. In the second 

test the aim was to find suitable cutting parameters and the third test was a performance test. 

In the third test, the possibility of using a more aggressive cutting parameter was investigated 

to the support structures that are hollow and less dense than the workpiece itself. The more 

support material there is, the longer the machining takes. If the support material is on several 

different surfaces, the position of the workpiece will have to be changed in between. This 

will increase the working time and may expose to the alignment errors. 

 

A B 
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Table 7. Cutting tools used and their maximum depths, and chip thickness from the tool 

manufacturer. 

         Profile mill  Full slot milling 

Tool 
diameter d 
[mm] 

Total 
length 
[mm] 

Cut 
length 
[mm] 

max depth 
ap [mm] 

max chip 
thickness ae 

[mm] 
max depth ap 

[mm] 

8  100  45  24  1,6  2 

12  83  22  24  6  8 

 

Test 1 

The first machining test was profile milling with 8 mm full carbide end mill. As table 8 

shows, cutting speed was 45 m/min, spindle speed was 1790 rev/min, feed per tooth was 

0.032 mm/rev and table feed was 172 mm/min.  

 

Table 8. Calculated machining parameters.  

            Roughing 

Test 

Tool 
diamete
r d [mm] 

Type of 
the tool 

Total 
length 
[mm] 

Cutting 
speed Vc 
[m/min] 

Spindle speed 
n [RPM] 

Tooth feed fz 
[mm/rev] 

Feed f 
[mm/min] 

1  8  End mill  100  45  1790  0,032  172 

2  12  End mill  83  60  1592  0,05  239 

3  12  End mill  83  45  1194  0,062  222 

 

As the table 9 shows, the milling depth was 3 mm, and the chip thickness was 0.75 mm. The 

machining result was not good at the minimum values listed by the manufacturer. The cutting 

tool used began to vibrate during machining, which reduces the surface quality and puts 

extra strain on the blade.  

 

Table 9. Used cutting depths and chip thicknesses. 

      Profile mill     Full slot milling 

Test 

Tool 
diameter d 
[mm] 

Depth ap 
[mm] 

Chip 
thickness ae 

[mm] 
Depth ap 
[mm] 

1  8  3  0,75  ‐ 

2  12  4  1  1 

3  12  4  3  3 
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The main reason was that the cutting tool was too long and relatively thin, so the list values 

given by manufacturerwere not suitable for this case. The remaining tests were done with a 

more stiffer 12 mm solid carbide cutting tool. 

 

Test 2 

The second test was performed with 12 mm end mill with cutting. Cutting was divided in 

three phases: face milling, profile milling and pocketing. All phases were performed with 

same cutting parameters. As the table 8 shows, cutting speed was 60 m/min, spindle speed 

was 1592 rev/min, feed per tooth was 0.05 mm/rev and table feed was 239 mm/min. Milling 

depth was 4 mm and chip thickness was 0.75 mm (see table 9).  

At the face milling and profile milling, the overall machining result was good. There was no 

vibration, and the support structure was cut well. As the figure 73 A shows, during the face 

milling big chunks of support material were shearing off. 

 

 

Figure 73. The overall cutting result was good. As the B and C show, only minor 

deformation and shearing were observed in the support structures. A) face milling in 

progress and large pieces of support material are tearing. C) the result of profile milling. 

 

As the figure 73 B and C show, the quality of the cut was good, only small deformations and 

shearing were observed in the cut support structures. Cao et al. found in their study, that 

there were shearing in the block supports. Although they had a different cutting tool and 

parameters the result was similar. They had a changeable carbide milling insert which was a 

more rigid cutting tool than used in this study. The feed per tooth of the tool used by Cao et 

A B C 
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al. was between 0.08 – 0.2 mm/rev and compared to 12 mm end mill used in this study, feed 

per tooth is 0.062 – 0.092 mm/rev. (Cao et al. 2020 p.10-16.) 

 

Pocketing phase was done with same cutting parameters than face and profile milling which 

are shown in tables 8 and 9. As the figure 74 shows, first the cut was good, but after cutting 

the top surface of the support structure, it no longer provided support to the block structure, 

and it began to collapse. When a support structure loses its strength, it is more difficult to 

cut because it yields. As Cao et al. found in their study, this phenomenon wears the cutting 

edge of the tool (Cao et al. 2020 p.10-16). The risk of tool damage increases if large pieces 

are bouncing between the cutting tool and the pocket walls. Overall test 2 was successful. 

 

 

Figure 74. A) pocking in progress and cutting quality is good. B) cutting quality in getting 

poorer and tearing started to occur.  

 

Test 3 

The purpose of the third milling test was to determine whether it is more efficient to use a 

larger chip thickness. Cutting parameters used in phase 2 were suitable for solid stainless 

steel. However, the support material is hollow and therefore there was less material to be 

machined. As in test 2, the test was divided in three: face milling, profile milling and 

pocketing.  

As the table 8 shows, cutting speed was 45 m/min, spindle speed was 1194 rev/min, feed per 

tooth was 0,062 mm/rev and table feed was 222 mm/min. As the table 9 shows, milling depth 

and chip thickness were 3 mm.  

A B 
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Figure 75. In addition to cutting, peeling can be observed with more aggressive cutting 

parameters.  

 

First phase was face milling and cut quality was little poorer than in test number 2. As the 

figure 75 shows, cutting performance was quite good but the upper surface of the support 

structure peeled instead of shearing.  

Tool wear was high with these cutting parameters. Although the support material is hollow, 

it is still a hard material to cut. The cutting performance is not as stable in the support 

material as in the solid material.  

The hollowness causes shocks to the cutting tool which is bad for carbide tools. As the figure 

76 shows, after the face and profile milling, pieces were missing from the tool edge. 

 

 

Figure 76. After a short period of use, pieces were missing from the tool edge. 

 

Next phase was pocketing. It causes the most strain on the cutting edge. As the figure 77 

shows, support material collapsed in middle of the workpiece and cutting was not perfect. 

A B 
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The ramp of the tool path was steep because helical approach was used and The radius of 

the workpiece was quite small . The helical approach with steep ramp was too hard to the 

tool. The tool was not able to cut all the material as rabidly as needed but pushed the part of 

it aside. The support material tends to yield and it made the situation worse. Pocketing was 

done succesfully. 

 

 

Figure 77. Support material was not cut perfectly. Support material was yielded under the 

cutting tool.  

 

There were more marks of wearing in the cutting tool. At that point it was obvious that 

cutting tool would break soon. The next step was to try pocketing new workpiece. As the 

figure 78 A shows, after a while of machining, a dark colored chips appeared which indicates 

that heat was rising due to maching forces. As the figure 78 B shows, the tool ran out and 

broke due to excessive chip thickness and depth of cut.  

 

When Cao et al. observed cutting cone supports, they noticed that they collapsed easier than 

block supports and that cone supports were rougher to the cutting edge thus increasing wear 

(Cao et al. 2020 p.10-16). They used a different cutting tool, but their result was like the 

result of test 3 in this study, where cutting parameters were badly chosen. In both cases 

cutting performance was reduced, and tool wear increased. 

 

There are differences in cutting quality if comparing the test 2 with the test 3. Cutting quality 

from test 3 is shown in the figures 79 A and B and the cutting quality from test 2 is shown 

in the figures 79 C and D. 
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Figure 78.  A) a dark colored chips appeared. This indicates significant tool wear in this 

case. B) a broken tool. 

 

 

Figure 79. The cutting qualities from the tests 2 and 3 are shown in A-D. In the A and B, 

the cutting quality from the test 3 is shown. In the C and D is shown the cutting quality from 

test 2.  

 

A B 

A B 

C D 
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As the figures 79 A-D show, cutting quality is similar in both tests.  The quality is better in 

the figures 78 C and B than in the figures A and B. In the figure 79 A-D, cutting was done 

with new a tool. Machining time of the tool in both cases was about the same. As the figures 

79 A and B show, there were shearing and deformations over a wide area in the support 

structures. Blocks of the support structures were also removed during machining. There are 

spaces between the block supports. As the figures 79 C and D show, shearing and 

deformations were relatively small. Surface quality on solid metal were good in both tests. 

One aspect that came up was alignment of the workpieces to the fixture for machining. 

According to the tables 5 and 6, dimenstions of the rectangular worpieces were more 

accurate than in pipe-workpieces. There would not be problems in aligning the rectangular 

workpiece with the fixture, but there were problems with the pipe-workpieces.  As the 

figures 62 and 63 show, there were distorsions with pipe-workpieces. If the  workpiece is 

distorted to oval shape, the alignment could not be accurate. This was seen, when the inside 

was machined to the correct measure. As the figure 80 shows, the wall thickness was uneven 

if  the oval shaped pipe was machined to round shape. This may be a problem with high 

pressure hydraulics. Other problems might occur, if the pipe is connected to to another part. 

Then  oval shaped pipe will leak easily. 

 

 

Figure 80. Pipe-workpiece was distorted to oval shape. After machining the wall thickness 

varies. Sides of the pipe were thinner where the the arrows point. 

 

As the figure 81 shows, there were three different surface types: L-PBF manufactured 

surface, surface under the support structure and machined surface. In this case, the support 

structures could be removed with an single attachment, but other milling might  be necessary. 

The outside surface was polygonal, and it limits  the use. Next questions affect to the next 

step of post-processing. Is a gray rough surface sufficient for the intended use? Which 
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surfaces need to be machined? If additional machining is required, another fastening method 

or fastening design may be necessary. Tubular parts can be machined with lathes or a milling 

machine. Rectangular parts are likely to be machined with a milling center.  

 

 

Figure 81. Surface qualities in workpiece. A) is manufactured surface, B) is surface under 

support structure and C) is support removed by milling. 

 

  

  

A 

B 

C 
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13 CONCLUSION 

 

 

The aim of this study was to determine how the build angle affects the need for additional 

supports and post-processing. 

 

According to this study, it all starts with design. The build angle affects the entire 

manufacturing chain extensively. It affects to the manufacturing time of L-PBF, the material 

used, detachment from the build platform, the removal time of the support, and the surface 

quality. If the design is done lightly, the total cost of manufacturing can go up significantly. 

This is because post-processing is mostly time-consuming labor work, and it makes L-PBF 

process more expensive.   

 

According to this study, the build angles of pipe-workpieces should be below 30° from the 

vertical orientation for minimizing post-processing need. At build angles above 30°, the need 

for additional support structure and the risk of distortion increases. Even at the build angle 

of 30°, a significant deformation had formed at the bottom of the pipe, as can be seen in the 

figures 61 A-C. As a general rule of thumb, using a build angle of 45 degrees can avoid an 

additional support structure. However, in this study, the thin wall pipe-workpiece could not 

withstand the gravity at an angle of 40 degrees but collapsed. The probable cause of the 

deformation and collapse was the too small a base area of the workpieces. In this case, 

increasing the wall thickness could help keep the pipe in shape. This method can give new 

forms and insights to the design. 

 

As Diegel et al. presented in their study, additional supports can be designed as an integral 

part of the workpiece if additional support needs to be avoided. Their goal was to avoid 

support removal and it was very challenging in their case. ey managed to reduce post-

processing time from 8 hour to 30 minutes by design. (Diegel et al. 2020 p.6-9.)  

 

The amount of additional support structures inside the pipe is proportional to the build angle. 

The amount of support structure required is significantly greater at angle of 50° than at angle 

of 45°. The collapsed pipe could have been saved with a small amount of support structure. 
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Pipes with a build angle of 60 degrees and more fill almost the entire inside of the pipe. The 

closer the build orientation is to the horizontal, the more support structures are needed inside. 

For rectangular workpieces support structures were needed in only for two downward 

surfaces at build angles of 40° and 45° while pipes needed support structures at build angles 

of 45°-90°. This indicates that the pipes should be manufactured vertically whenever 

possible but there are more manufacturing positions for rectangular pieces. It is generally 

advisable to manufacture the workpieces in a position where the smallest surface area is 

relative to the build platform. The more support structures there are, the more time 

consuming it is to remove the workpieces from the build platform. A saw would be a 

preferred method and a more gentle and faster than hammer and chisel to remove workpieces 

from build platform. But with a chisel and a hammer, the workpieces came off the support 

structure relatively neatly and there was only a little left to machine. The chisel and hammer 

sparked the idea of hydraulic scissors, which could gently squeeze the workpiece off the 

support structure. Then the need for machining reduces.  

 

Change in angle has a major impact on the support removal. A larger support structure needs 

more support removal. On the other hand, it has no significant effect on removal from the 

build platform, because area of the support structure was about the same. A large amount of 

support structures can make it difficult to fasten for machining. Increase in support structures 

increases post-processing time which has a direct effect to the total cost of the product. 

However, support structures are also needed to dissipate heat away from the workpiece. 

 

There are couple of ways to make support removal, such as dissolving, machining, or using 

hand tools. The method in this study was machining. In their study, Järvinen et al. tested 

how well the pliers can detach the support structure (Järvinen et al. 2014 p.78-81). In their 

study, the support structures were weaker than the support structures in this study. That is 

why pliers were not the right solution in this study.  

 

Another interesting support removing method is dissolving which would be a good solution 

when support structures are relatively small and difficult to access. Dissolving time depends 

on the area of the support structure and dissolving takes hours to complete. (Lefky et al. 2017 

p.8-10) Another benefit in this method is that when a workpiece is dissolving, no labor work 

is needed. This sets the operator free for another work. 
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In this study, the support removal was done by 3-axis machining center.  The 5-axis machine 

tool is also well suited for PBF post-processing. It is possible to machine more cumbersome 

shapes than with a 3-axis machine. The workpieces were clamped in the vise. The vise is 

versatile and useful for one-piece production, but not the best choice for multi-piece 

production. As the figure 36 shows, a special multi-place fastener can be used for machining 

when the workpieces are similar. This makes machining more efficient (Jig and fixture 

handbook 2016 p.355-367). In this study a standard vise was used to clamp workpieces to 

the machining center. As the figure 71 shows, a rectangular workpiece can be clamped 

directly to the vise, but pipe-workpieces need special jaws for better support and alignment. 

Both rectangular and pipe-workpieces could be machined with a single fastening. This is 

beneficial for setting time, accuracy and may lower the machining costs. If the piece to be 

machined has a difficult shaped, it might be a good idea to have 3D manufacture special 

jaws for fastening. A lathe could also be used for machining the pipe. 

 

A reliable attachment can be difficult due to distortions. In this study at build angle of 30°, 

both pipe and rectangular workpieces had a similar distortion. It depends on the situation 

whether it is serious or not. However, distortions in the pipe-workpieces at build angles of 

75° and 90° were problematic. Both were oval and not round. In addition to that, the 

workpiece at build angle of 90° was barrel-shaped. The main reason for this was support 

structures. In practice, parts like that cannot be used. If such problems occur, they can be 

avoided by increasing the wall thickness so that the part can be machined to the correct 

measure. Distortions are bad for several reasons, e.g., they may cause an alignment error 

which can lead to measurement error and to defective products. This results in longer 

production time and in material being lost. This might cause leaks in hydraulics applications.  

For example, in case of hydraulic manifold where fittings were designed into the manifold 

and fittings were used without need of machining. Distortion of fittings would negatively 

affect production costs, as the price of the manifold is $ 1,500 (Diegel et al. 2020 p.8).  

 

Massive support structures are harder to remove, and they take more time to machine. 

Support structures should be avoided, because it speeds up the overall working time, but the 

quality of the product should not be affected. It is more difficult to remove the support 

structure from a round surface than from a straight one. This is affected by the attachment 

of the part and the position of the round surface. In this study pipe-workpieces were clamped 
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to the vise in vertical position. In this orientation round shape of the cutter meets round shape 

of the workpiece. This is one way to get a smooth surface finish. Straight surfaces can be 

machined easily with tip of the cutting tool. Machining parameters can affect massively to 

tool’s life cycle. Although the support structure is hollow, reasonable machining values 

should still be used for stainless steel. The low cutting speed and large chip thickness 

together were a poor choice, which became evident in this study. According to Teräskonttori 

Oy and Työkalupalvelu Oy prices for used cutting tool is around 50-70 euros. Machining 

values should be kept moderate due to the price of cutting tools. Breakages quickly increase 

the production costs. The machining parameters, used in this study are shown in the table 

10. The machining values used are closer to finishing than roughing. If the machining values 

used in this study are compared to the values Cao et al. used, there is one thing in common. 

The chip thickness of the feed is moderate in both studies (Cao et al. 2020). 

 

Table 10. Approved machining values for the workpieces in this study. 

Tool 
diamete
r d [mm] 

Type of 
the tool 

Cutting 
speed Vc 
[m/min] 

Spindle 
speed n 
[RPM] 

Tooth 
feed fz 

[mm/rev
] 

Feed f 
[mm/min

] 

Profile 
mill 

Depth ap 
[mm] 

Chip 
thicknes
s ae 
[mm] 

Full slot 
mill 

Depth ap  
[mm] 

12  End mill  60  1592  0.05  239  4  1  1 

 

Measurement was done with the Faro measuring arm. Rectangular workpieces were easier 

to measure than pipe-workpieces because of the geometry. This true polygonal shape had 

low and high spots on outer surface. That made inaccuracy to measurements. Another aspect 

was an oval shape at build angles of 75° and 90°. And in addition, at build angle of 90° the 

workpiece had a barrel shape. One reason for the oval shape may have been that the support 

structure on the bottom side of the pipe was reduced at the build angles of 75° and 90°. 

Therefore, the massive support structure inside the pipe was able to act on the pipe alone. 

The shape of the barrel may appear since the support structure on the inside shrank more 

longitudinally than the pipe, thereby pulling both ends of the pipe inwards. 

 

Key findings: 

 The limit for the need for support in rectangular workpieces was 45°. 

 The limit for the need for support on the pipe-workpieces was under 30°. 
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 The amount of support for rectangular workpieces was highest at angles of 40° and 

45°. 

 Tubular workpieces should be manufactured vertically to avoid additional support 

structures and distortion. In this study, pipe-workpieces at build angles of 0° 

(vertical) and 15° were manufactured without any problems. 

 The rule of thumb “if the build angle is 45° or steeper, additional support is not 

needed” did not work. The pipe-workpiece collapsed at build angle of 40°. The rule 

is case-specific. 

 The pipe-workpieces had the smallest average diameters and the worst circularity at 

build angles of 75° and 90°. 

 The average outer diameter of the pipe-workpieces was 29.82 mm. This was less than 

the nominal 30 mm.  

 The largest diameters were found in the center of the tube in five of the eight cases. 

 The rectangular-workpieces were more dimensionally accurate than the pipe-

workpieces 

 Normal finishing parameters for stainless steel are suitable for the removal of 

supports. 

 The support material may be harmful even to the geometric shape and dimensional 

accuracy of the part itself. 

 

Laser PBF manufacturing gives more freedom in design but also brings new limitations. The 

designer must consider the effects of the orientation the product, support need, detaching, 

support removal and other post-processing needs. The build angle can cause deformation or 

distortion, poor surface quality and difficult removal of the support structure.  

 

There are couple of ways to reduce the need of the supports. One is a found optimum build 

orientation and use of self-supporting geometries like a diamond or a tear drop. As the figures 

10 and 11 show, especially a diamond shape one is good one as it can be quite easily 

machined to round. (Renishaw 2021; Materflow 2021.) It is good to remember that design 

can have positive or negative effects on the result. 
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14 FURTHER STUDIES 

 

This study revealed that the support material might even be harmful even to the geometric 

shape and the dimensional accuracy of the part itself. In addition to that, it is inconvenient, 

costly, and time consuming to use and remove unnecessary support material. Therefore, the 

geometry of the support material, which is easier to machine, should be investigated. This 

also includes algorithms of support creation and their development in terms of removal. 

 

As well another idea occurred in this study. The idea of hydraulic scissors was sparked by 

removing support structures with a chisel and a hammer. The scissors can gently squeeze 

the support structure off from the workpiece. After that, there is only a rough surface left, 

which needs machining. In this way of working, the need for machining reduces.  
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