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INFLUENCE OF THE SUPPORT STRUCTURE ON THE BANDSAWING
PROCESS WHEN SEPARATING LPBF COMPONENTS FROM THE BUILDING
PLATFORM

The method of laser powder bed fusion (LPBF) is an additive manufacturing process andjedbtviseedom

of component geometry due to the labgrlayer structure. The LPBF components are printed on a substrate plate

and must be separated from the plate afterwards. Support structures are used to attach LPBF components to
the substrate plate do sustain overhanging parts. The cutting of the components is mainly carried out by means

of a sawing process using the support structure. The forces occurring during this process are very challenging
because the component has to be cut off without danoa deformation. The present study investigates and
discusses the resultant forces and vibrations during the sawing of LPBF components made of titanium alloy
Ti6Al4V using two different support structures. The components were arranged on the sulatraie aigles

of 0OA, 5A, 10A, 15A, 45A and 90A to the direction of

1.INTRODUCTION

In times of raw material shortages, unstable markets and the growing importance
of resourcesaving production, additive manufacturing is increasingly coming to the fore [1].
In contrast to established manufacturing processes, additive manufacturing enables an almost
infinite freedom of designable geometries due to the {aydayer dructure of a component
[2]. This enables an increase in the functional integration of components as well as their load
oriented weight optimization [3, 4]. The method of laser powder bed fusion (LPBF) is one
of the most important additive manufacturimggesses to produce metallic components made
of metal powders [5, 6]. The powder is fused into individual layers with the help of a laser
beam. Various steels, aluminium, titanium and numerous alloys are suitable as basic materials
for this process.

Many industrial applications require the use of complex, -thalled components,
especially ones with internal, complex channels for coolants or lubricants. The method
of LPBF is particularly suitable to produce such components.-Whiled structures can be
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varied by the energy applied and the focus diameter of the laser. Kranz et al. [7] recommended
a minimum wall thickness of 0.3 mm for LPBF components made of titanium alloy.

The components put up on a substrate plate. Support structures are provided as
comecting elements between the substrate plate and the components. After the printing
process, the components must be separated from the substrate plate. For that purpose, sawin
processes can be used, which are becoming increasingly popular in this aethdirecost
effectiveness. In order not to damage the components during cutting and to keep the effort for
reprocessing the substrate plate as low as possible, the aim is to carry out the saw cut only in
the area of the support structures and as cgessible to the surface of the substrate plate.

According to studies by Bhuvanesh and Sathiya [8] as well as Isaev et al [9], especially
thin-walled components can start to vibrate when the teeth act on the delicate support
structures during the sawingqgeess. This can affect the geometrical accuracy of the
components so that they may even break in the extreme case. To counter this problem,
supporting clamping systems can be used which are adapted to the individual component
contour. In earlier studiesylthe authors, additively manufactured clamping jaws for the
sawing of thiawalled LPBF components were already developed and successfully tested
[10].

An alternative approach is to increase the process stability during the separation by
means of adaptedipport structures. The very dynamic machining forces during sawing can
be strongly influenced by the design and distribution of the individual support structure
elements. Among other things, Denkena et al. investigated the feed force when milling
additively manufactured components made of Inconel 718. When support structures with
a high degree of perforation in the outer contour were used, the feed force was significantly
lower than for support structures with a comparatively low degree of perforationjhige
et al. described a great influence of the support structure design on the operation process
during milling [12]. They found a strong correlation between the material volume fraction
and the process forces during millifdaucher et al. also exanad this interaction during
the drilling process. The disadvantageous effects of the support structures on the machining
process were shown here as well. Based on these findings, Maucher et al. proposed adaptec
support structurgeometries [13hs well as dapted process parameters to selectively weaken
the material in order to improve the machining pro¢&4k

Although the separation of component and substrate plate by means of sawing has
become a common intermediate step in the additive subtractive pfBESs chain, there is
still comparatively little knowledge about the operation process in this special form of sawing.
For this reason, the presented study investigated and discussed the separation of LPBF test
components made afi6Al4V titanium alloy mwder from a substrate plate. The investi
gations were focussed on the influence of the design and the positioning of the support
structure on the machining forces and vibrations during bandsawing.

2. DESCRIPTION OF THE PBF COMPONENT

For the investigations of the sawing process, test components were prepared using
the method of laser powder bed fusion (LPBF). For this purpose, a total of seven cubes with
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the same dimensions of 10 mm x 7 mm x 3 mm were distributed on a circular teublstie

with a diameter of d = 100 mm. A linearly arranged support structure was selected for six
of the cubes (Fig. 1a top). The support structure of the seventh cube was designed in the form
of a grid (Fig. 1a bottom). Fige 1b shows the distributioand orientation of the individual

cubes on the substrate plate. The material volume of the liresaaiyged support structure

wasM= 99 mmj , wh er shapgedduppartstructfire wagré 1g9r8i dnm |

Feed direction

b)

| iyl

#100

Fig. 1. Cubes witha linearly arranged support structure (a top) and agirégped support structurglfottom) as well as
substrate plate with distribution and orientation of the individual cubes (b)
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Depending on the position of the cubes or their structural orientation on the substrate
plate, different pressure angles were realized in relation to the direction afyprimotion in
the sawing process: OA (cubes 1 and 7), 5£
90 A ( c ulre2 shdys.schémiatically the contact conditions of the bandsawing process
resulting from the orientations as well as the motioprionary cutting and the feed direction.

The Ti6AI4V test components were produced using a TruPrint 2000 AM system made
by Trumpf [15]. The system is a laser metal fusion (LFM) 3D printer that builds components
layer by layer (additively) by melting metabwder with a laser. The manufacturing process
carried out by this system is called LPBF (laser powder bed fusion). The integrated laser
of the 3D printer has a maximum laser power of 200 watts. The maximum volume that can
be produced is a cylinder withheight of 100 mm and a diameter of 200 mm. The printing
process was carried out in the absence of oxygen in an inert argon atmosphere to avoid
oxidation processes. The printing process of the test component was carried out with
the following parameterettings (Tables 1 and 2):

Table 1. Configuration settings.

Hatching offset Hatching distance Pattern
0.030 mm 0.11 mm chequerboard

Table 2. Scan settings.

Parameters Hatching Edge contour
Laser beam diameter 0.030 mm 0.030 mm

Laser speed 1,200 mm/s 1,000 mm/s

Laser power 155 W 75 W

3. SAWING PROCESS

The cubes were separated from the substrate plate using a Kastowin amc band saw by
Kasto, which was specifically developed for cutting operations in the area of additively
manufactured components. Forh@ wi ng process, the base pl
in such a way that the components were cut off upside down and fell downwards into
a collecting container @l. The distance between the machine table and the LPBF substrate
plate could be set imnddually between 12 50 mm, depending on the height of the substrate
plate. The band sablade used had a dimension %1 341 1.1 mm.

In order to be able to determine the machining forces in the sawing process,-a piezo
electric threecomponent fore measuring platform of the type MiniDyn 9119AA1 by Kistler
was mounted between the machine table and the substrate plate. The measuring platform car
absorb forces up to a maximum of 4 kN in each of the three directiony ahdz[17]. In
addition, thesawing process was monitored with an acoustic emission system by Quass using
a sensor of the type Optimiser4dD and the measuring mode offremgiency impulse
measurement (HFIM). The system enables a timand frequencyesolved evaluation
of structureborne sound signals during the saw c@[The measuring setp described is
shown in Fig. 3.
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Fig. 3. a) Experimental setup force measurementndasuring platform, 2) LPBF substrate platemm@gchine bench,
4) 8pole connection cable, Beasuring sensor Optimizer4D; ttting process

4. TEST RESULTS AND DISCUSSION

The test cubes were cut off at a cutting speed ef 12.5 m/min, a feed rate of =
25.4mm/min and a feed per tooth f= 0.015 mm in a dry cut without using cutting fluid
The length of the saw band wlas- 5,090 mm, the tooth pitch was= 7 mm and the number
of teeth wasZgand = 1,786. The saw cut was guided only through the support structure.
The distance between the saw blade and the surface of the substrate plat$ofimm.
The process was divided into seven individual steps in order to be able to determine
the machining forces and vibrations for each cube separately.

4.1.INFLUENCE OF THE SUPPORT STRUCTURE ON THE PROCESS FORCES

Figuresb to 8 show the course of the machining forces when sawing through the support
structures of the cubes. Thi@ection of primary motiomuns not only parallelto but also
perpendicular and at varying angles to the orientation of the elemethis linearsupport
structure. This lé to greatfluctuatiors in machining forces during the sawing process. In
comparison to cubeg %, significantly higheresultant force were generated when sawing
off cubes 6 and 7. Thisald be explained by the interrupted @itthe sawing processnce
thefirst tooth engagement. It was of interest to take a closer look at the sawing process and
thedecliningresultant forcewith regard tahe orientation of the linear support structuies
thedirection of primary motionFor that purposethe maximumlength d the toothengage
mentand the time required for this were calculated theoretically and extrapolated to the course
of the forcesdetermined by experimenthe maximumnength ofthe tooth engagemeninax
was reached a depth of cutmin and remaiedconstant fosometime until thedeph of cut
hmaxWas reached (Fig. 4Both depthsof cuthmin andhmaxdepen@don the positioning of the
support structure andbald be calculatedogetherwith the length and timef engagement
according tahe following formulae (115).
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where:h i depth of cuthmin I minimum depth ofcut at maximum length of engagement
hmax T maximum depth otut atmaximum length of engagememnt i positioning of the
support structure to thairection of primary motionlmax© maximumlength ofengagement

Fig. 4. Schematic representation of the length of the temthengagemerin the support structure.
A-length and Bwidth of the support beams
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Table 3 shows the calculated depti cut and timewhen the length of the saw
r dtheamaensum i
length of engagemenmtith Imax= 10 mm already within the first tooth pagegardingcube
6 ( 9he thgthpasse®3 beams of the support structure. The tetagth of cutvas 6.5mm,
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t he

support

including a 3.3 mmlength ofbeam contact

Because théength of the saw tootengagement increagérom the beginning of the
sawing procest up to he calculatedin, thisperiod oftime wasapplied tathe course of the
machining forces and anabd. Cube 1 hdhan averageutting forceof Fc = 65 N and
an average feed force Bf = 30 N after 4855 ms (Fig. 5a). For cube$2 a proportional
increase incutting and feed force auld be seerbetweenty and tmin (Fig. 5b, Fig. 6and

structure

W
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a = 90

(1)
(2)

3)

(4)
(5)

Fig. 7).
Table 3.Depth of cutlength ofengagement and timfer sawing the support structure

a hmin [mm] hmax [mm] Imax [m m] tmin [S] tmax [S]
0 A (C - 7.000 10.000 - 17.647
5 A (C 0.872 6.973 10.020 2.055 17.571
10A (Cu 1.736 6.893 10.174 4.110 17.369
15A (Cu 2.588 6.761 10.360 6.118 17.042
45A (Cu 4,949 7.071 9.900 11.692 17.823
90A (Cu - 10.000 3.300 - 25.210

t s
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This effect was limited to sawingith a continuous cut (cube$d ) . For

Whentmin Was projectednto the force curve (Fig. 7), a slow constant increasetting force

Fc from O to 108 N andin feed force Ffrom 0 to 87 N ould be seen. Compared to cubes

1i 4, these forcewereapproximately 1040 N (k) and 3050 N (F) higher. This ould be
attributed to the temperature rise in the component gvitving time/depthof cut
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Fig. 5. Forces during sawing: Cube 1 (a): linear support structure, the position of the support structwlgeotibe
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According to theHtieoretical analysi$maxshouldbe constant foa depth of cut between

hmin @nd hmax (tmin -tmay) @nd should decrea after reachingmax (tmay) (Fig. 4). ltwasto be
expected that theesultant force would also decreaseorrespondingly after thente of tmax
(Table 3). Thisassumptioncould not befound because the test componemtsre not
completelysawn off. The final separation of the cubes from the substratequeteredoy
breaking off the remaining support structures Seapter 4.3 below).

Sawing the linear support structure with interrupted cut (cubed@d la more unstable

sawing proces and caused an increaser@sultant force of approximately 120 percent

compared to cubed & (Fig. 8a).
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Regarding theawing through a gridhaped support structure (cube 7),dbiing force
as well as the feed force reached the higtlestrmined values d¢ic = 140 N and~ = 95 N
(Fig. 8b). This ouldb e
the interrupted cut.
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Fig. 7. Forces during sawing: Cube 5: linear support structure, the position of the stppure to thelirection of
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All in all, agreaterincrease irresultant force was observed when sawing the support
structurewith an interrupted cut from thigeginningof the process. Thisoeld be explained

by the increasingnaterial removal ratender more and mordifficult conditions of chip
removal
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It should be notethat there was decrease in forces approximatélgtweenl.7i 1.8 s
in all curves of the sawing process. This veagsult of the abrasile worn-out tooth tips
of the bandsaw, which could not engaga fted rate ofx = 25.4 mm/minFor that reasgn

thematerial removal @lumeincreasedor thenextteeth, resulting in a significant increase in
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cutting and feed force$n addition, manymoreregular/irregulaincreases ifiorce ould be
seen in the cutting force curvels could be assumed thatebe increasewere due to
the adhesive wear of some te€flhe unstable sawing process caused the local inhemoge
neities of the cut surface atedl to the decrease in flathess of sawn support structure areas.

4.2.VIBRATIONS DURING SAWING OF THE SUPPORT STRUCTURES

The sawing process was monitored with the acoustic emission system described above,
which was positioned on the base plate of the lsamd(200 mm behind theubstrate plaje
The sensor enabled a timand frequencyesolved evaluation of structub®rne sound
signals during the sawing off of the test cubes from the support plate. The signals were
analysed using the Fourier transformoat{FFT) and presented in the form of FFT cascade
diagrams (Fig. 9 and Fig. 10)

In the evaluation of the structub®rne sound signals obtained when sawing off the
cubes with a linear support structure (cubes 1, 2, 3, 4), only slight differences bdtaveen t
respective cascade diagrams could be detected. In contrast, there were clear differences
between the structwigorne sound signals when sawing off the cubes 1, 5, 6 and 7, which
were therefore considered in particular.

Figure 9 shows the FFT cascadexgiams of the process frequencies for cube 1 and 5.

In both diagrams, there are low frequencieso#-5 kHz before the first tooth engagement

in the support structure. These frequencies can be attributed to natural frequencies of the
idling process andccur also after the saw band exit and during the entire sawing process, yet
at comparatively higher signal amplitudes. Other significant frequencies #re nanges

of 10/ 20 kHz 50-70kHz, 125140 kHz, 196210kHz and 24kHz. Although the frequency
ranges are essentially the same for both sawing processes, the respective signal amplitudes
differ. In cube 1, for example, the signal amplitudes are relatively uniform f@fralljuency

ranges. In cube 5, however, the sigaaiplitudes are significantly higher and, above all,
abruptly changing after half of the machining time. This indicated a greater instability of the
sawing process when the support structure
angle against the diction of primary motion

Signal amplitude [mV]
Signal amplitude [mV]

50 100

150 200 250 300/ " &'§’

Frequency [kHz] Frequency [kHz)

Fig. 9. FFT cascade diagrams of the process frequencies for cube 1(a) and gube 5 (b
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Fig. 10. FFT cascade diagrams of the process frequencies for cube 6(a) and cube 7 (b)

Fig. 10 shows the FFT cascade diagrams for cubes 6. &whnpared to cubes 1 and 5,
even higher signal amplitudes were determined for both cubes in the frequency range between
f=70i 140 kHz. It could be seen that the gsigaped support structure of cube 7 was the only
one with a high signal amplitude of matean 5 10* mV. In the case of a perpendicular
arrangement of the linear support structure (cube 6) and the resulting interrupted cut, signal
peaks in the range of up to 150 kHz were clearly more frequent than in comparison to all other
cubes with a linar support structure.

It can be concluded that the support structures which were predominantly sawed off in
an interrupted cut were subject to an increased process inst&mlitthe thinwalled LPBF
components, the linear support structures ttearefore be preferred. The linear support
structures of the LPBF components should be positioneddt80A angl e agai nst
of the primary motion of the saw blade.

4.3.QUALITY OF THE BANDSAWING PROCESS

Looking at the LPBF cubes after the siagvprocess revealed that the support structure
was not completely sawn off for any of the cubes. The remaining support elements (cubes
1i 7, Fig. 11) indicated that the cubes were finally teared off from the substrate platform. Due
to their thin walls, itis possible to manually remove the remaining linear support structures
of cubes 14.

Regarding cube 5 (45A angle to the dire
remained in an area corresponding to approximately 50% of the area to be cut (Fig 11.).
The support structure was sawn only in the first 6 s of the sawing procegsvahdte, the
support beams were partly sawn, partly torn off, but not separated from the support platform.
This was reflected in an increase in the resultant forces of the sawing process (Fig. 7), as the
material volume to be machined became larger anerdatge to the remaining structure.
Before the cube was torn off, the resultant forces reached a maximum vaw®of 0 0 N
and kO 150 N. Removing the more massive su
significantly more effort compared with the individual support beams of cubéds 1
Approximately 70 % of the support structure of cube 6 was cut off from the cube surface. Out
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of 33 support beams, eleven beams were completely sawn off and five beams were partially
sawed off. The remaining 17 beams were partially or completely torn off the support platform.
The support structure adhering to cube 7 melted away due to theshgpeéd
arrangement and the high mechanical load during the sawing process. Fig. 11 shows the
separation surface with the fused support structure as well as the remaining fused support
grids. Due to the higher density of the fused structure, more effort was nmgdessamove
it from the cube. It is recommended to remove the support structure adhering to the cubes 5,
6 and 7 by machine.

c re (0A

tu
(0A)

Fig. 11. Support structure after sawing off. Cubé1* | i near suppo
Cube7:Gridis haped support st

rt stru
ructur e
Compared to manual removal, machine finishing is much moredomsuming and
costly. In addition, the risk of damaging the component increases during mackimirige
thin-walled LPBF components, the linear support striecsinould therefore be preferred with
regard to the removal of the support structures. During the sawing process, the support
structure should be positioned at a small
should be noted that the machinedinng process cannot be avoided for components with

great demands on the surface quality of the cut area.
5. CONCLUSION

The investigations carried out showed a strong influence of the support structure on
the separation of the LPBF test components from the substrate plate by means of the
bandsawing process. It was found out that the arrangement on the substrate plate as well as
the material volume of the support structure had a great influence on thesgarces and
vibrations acting on the component. The lowest forces and thus the lowest mechanical load
on the component was achieved by a linear support structure arranged parallel to the direction
of primary motion. In contrast, the grghaped support rsicture generated significantly
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higher mechanical loads due to the higher material volume and the interrupted cut. This is
of great importance when sawing off thwalled LPBF components, in order to avoid high
mechanical loads and vibrations as far asspade. In future investigations, the process forces
during the sawing of LPBF components will be further reduced. For that purpose, the use
of cutting fluid in the sawing process and the process parameters will be optitnized.
addition, band saw bladesth different/variable tooth angles will be used and tested.
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