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Abstract World market competition currently boosts

trends like mass customization and open innovation which

result in a demand for highly individualized products at

costs matching or beating those of mass production. This

work focus on the resolution of the production related

dilemma between scale and scope, e.g. either the low-cost

production of high quantities or the high-end and thus cost-

intensive low-volume production of individualized goods.

One of the areas of greatest potential for the resolution of

this dilemma are rapid manufacturing (RM) technologies

due to their almost infinite geometrical variability and

freedom of design without the need for part-specific tool-

ing. Selective Laser Melting (SLM) is one of the RM

technologies that additionally provides series identical

mechanical properties without the need for downstream

sintering processes, etc. However, the state-of-the-art pro-

cess and cost efficiency is not yet suited for series pro-

duction. In order to improve this efficiency and enable

SLM to enter series production it is indispensable to

increase the build rate significantly by means of increased

laser power and larger beam diameters. To exploit this

potential, a new generation production machine including a

kW laser and an optical multi-beam system is developed

and experimental results and real life components are

shown.

Keywords Selective laser melting (SLM) �
Individualized series production � Machine design �
Laser processing

1 Introduction

Today, industrial companies are challenged by a highly

dynamic environment, which compels them to develop and

manufacture products at a high level of flexibility and

quality at low costs. The fast and global transfer of infor-

mation and open markets are, besides the economic

aspects, the main drivers of changing the global structure

of manufacturing [1].

Considering industrial production in high-wage coun-

tries today, these trends can be cut down on two dilemmas

that are closely related to each other (see Fig. 1) [2]. The

first dilemma refers to the ‘‘value-oriented versus planning-

oriented’’ production. The former approach (value orien-

tation) focuses on value adding processes without the

consideration of planning-, preparation-, handling- and

transport processes whilst the latter focuses on extensive

planning in order to optimize value-adding (i.e. modeling,

simulation, information gathering, etc.).

The second dilemma is related to the ‘‘scale-scope’’

dimension. Either the production system is designed for

high scale output without variances in the product design

(critical masses, business and manufacturing process
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decomposition, mastered processes) or it is designed for

individual products down to a production batch of a unique

product, i.e. complex and highly integrated processes. The

resolution of this production-related polylemma is the main

target of the Cluster of Excellence ‘‘Integrative Production

Technology for High Wage Countries’’ (see Fig. 1).

Especially the scale-scope dilemma is boosted by global

trends like mass customization and open innovation which

result in a highly fluctuating demand for individualized

products at costs matching or beating those of mass pro-

duction. One of the areas of greatest potential for the res-

olution of this dilemma are Additive Manufacturing (AM)

technologies due to their almost infinite geometrical vari-

ability and freedom of design without the need for part-

specific tooling. Selective Laser Melting (SLM) is one of

the AM technologies for metallic parts that additionally

provides series identical mechanical properties without the

need of downstream sintering processes, etc. which pre-

destines it for individualized manufacturing [3]. However,

the state-of-the-art process and cost efficiency is not yet

suited for series production and thus have to be improved.

2 State of the art

2.1 Selective laser melting (SLM)

The ILT-developed SLM process is an Additive Manu-

facturing process that fabricates metallic components—

layer by layer—directly from 3D-CAD data. This process

enables the production of nearly unlimited complex

geometries. The material used in the SLM process is a

metallic or ceramic powder which is deposited as a thin

layer (approx. 50 lm) on a substrate plate. The powder is

selectively melted under an inert atmosphere by a laser

beam according to the CAD model (see Fig. 2).

Subsequently, the substrate plate is lowered by one layer

thickness and a new powder layer is deposited above.

Again, this layer is selectively melted and metallurgically

bonded to the layer below. The scan direction is alternated

after each layer in order to deter imperfections, which may

occur during the melting process, from growing throughout

several layers. Hence, the final component is built of many

single layers. The use of standard metallic powders and the

complete melting enables a density of approximately 100%

which in turn assures mechanical properties that match or

even beat those of conventionally manufactured parts.

In sum the SLM process enables a single component to

combine the benefits of high geometrical freedom and func-

tional integration with series suitable mechanical properties.

2.2 Build speed

Former research into Additive Manufacturing mostly

focused on the qualification of new materials and their

Fig. 1 The polylemma of

production

Fig. 2 Schematic representation of the SLM process

123



industrial application. However, only little, if any research

concerning SLM’s process efficiency and therefore its

build rate has been conducted yet. In order to come to a

better understanding of the SLM process efficiency, the

SLM process cycle time is divided into primary and aux-

iliary process time. The main process time only consists of

the time that is needed to melt each single layer of a

component whereas operations like substrate lowering and

powder deposition are part of the auxiliary process time.

With regard to this work the focus is on the primary pro-

cess time because for a large volume that shall be addi-

tively manufactured this part of the total manufacturing

time amounts to more than 80%. Large volumes can either

consist of one large volume part or several low volume

parts which are placed on a single substrate plate and

manufactured simultaneously. Especially the latter one

refers to the manufacturing of small or medium series

production which shall be addressed with this work.

The main influencing variables of the primary process

time are layer thickness (Ds), scanning velocity (vscan) and

scan line spacing (Dys). The process related build rate is

calculated according to the following equation:

_Vprocess ¼ Ds � vscan � Dys ð1Þ

Scanning velocity and layer thickness are limited by the

laser power available whilst scan line spacing is limited by

the focus diameter (Dys,max typically equals approx. 0.7 times

the beam diameter) [4]. Table 1 exhibits a comparison of the

above mentioned process variables and the build rates

published to date.

Yet, it was not stated in all papers mentioned in the

table above if fully dense components were fabricated.

Furthermore some authors investigated (two-component)

sintering processes while others focused on melting

processes but only investigated binding mechanisms

within single layers and compared different materials.

Hence, the depicted values of the parameters, especially

the theoretical build rate (last column), assign a kind of

limit value. By contrast, the last row depicts a set of

parameters that originates from industrial applications

and has been approved in own investigations on a series

machine tool (Trumaform LF). The materials investi-

gated are series-identical high alloyed steel (1.4404) and

hot work tool steel (1.2343) respectively. The same

materials were investigated in a benchmark conducted

by ‘‘Laserinstitut Mittelsachsen’’ in close collabora-

tion with ‘‘Fraunhofer-Allianz Prototyping’’ and ‘‘LBC

GmbH’’. This investigation points out that the build rate

of the same machine tool amounts 3–5 cm3/h, which is

approx. 0.8–1.4 mm3/s [5]. Thus, the last-row value of

the build rate is taken as benchmark for the following

investigations.

Table 1 Summary of the influencing variables and build rates with regard to additive manufacturing of metallic powders

Source Material Laser

source

Max. laser

power*

(W)

Beam diameter

(scan line)**

(mm)

Scanning

velocity

(mm/s)

Layer

thickness

(mm)

Theoretical build

rate*** (mm3/s)

[4] Stainless steel (X2CrNiMo17 12 3, X2

CrNi24 12), tool steel (1.2343),

nickel

Nd: YAG

(cw)

105 W 0.2 (0.14) \200 \0.1 \2.8

[9] Tool steel (X38 CrMoV 5-1) titanium

(TiAl6V4)

Nd: YAG

(cw)

120 W 0.2 \250 \0.1 \3.5

[10] Aluminium (AlSi25, AlSi10 Mg, etc.) Nd: YAG

(cw)

330 W \0.4 \250 \0.1 \7

[11] Stainless steel (1.4404), hot-work steel

(1.2714), ni-base alloy (IN718)

CO2 200 W 0.1 50 0.05–0.1 0.5

[12,

13]

Stainless steel (X38 CrMoV 5-1 and

X40 CrMoV 5-1)

No info No info &0.4 No info &0.4 –

[14] Titan (TiAl6V4) No info No info \0.5 No info 0.13–0.38 –

[15] Tool steel Nd: YAG

(pulsed)

550 (150) 0.9 (0.6) \10 0.4 \2.4

[16] WC–Co Nd: YAG

(cw)

60 0.8 30 0.2 2.5

[17] Cu, Ni, Fe3P CO2 60 0.3 (0.2) \100 0.2 \4

[18, 2] Stainless- and tool steel (1.4404 and

1.2343)

Nd: YAG

(cw)

250 0.2 (0.15) 160 0.05 1.2

* If pulsed laser radiation was used, the 2nd number denotes the average laser power

** If no scan line spacing is given, the relation scan line spacing 0.7 9 beam diameter is used

*** According to formula 1
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2.3 Increasing the build speed

The experiments conducted to date indicate that there is

only limited scope to increase the build rate based on

higher laser power and a corresponding increase in the

scanning velocity at a constant beam diameter. Increasing

the laser power while maintaining a constant beam diam-

eter has the effect of increasing the intensity at the point of

processing. This in turn leads to a higher evaporation rate

resulting in a higher incidence of spattering which has a

negative effect on the process as a whole. To avoid this, the

beam diameter has to be enlarged. Schleifenbaum et al. [6]

showed that satisfactorily results can be achieved with

regard to Selective Laser Melting of series-identical

metallic powders by means of increased laser power (up to

500 W) and the correspondent adaption of the beam

diameter to approximately 0.8 mm. Yet, the accuracy and

detail resolution of additive manufactured parts are nega-

tively influenced by larger melt pools which, as a general

rule, grow with larger beam diameters and layer thick-

nesses [4].

In order to avoid this negative influence of larger melt

pool geometries the so-called skin–core strategy has to be

taken into consideration. According to this strategy the part

to be built needs to be divided into an inner core and a skin

which forms the outer contour of the part (see Fig. 3).

Thus, different parameters for the outer skin and the inner

core of a component can be chosen. Both, skin and core

must have a density of approximately 100% to assure the

same mechanical properties as conventionally manufac-

tured components. However, the core does not have strict

limitations and/or requirements concerning accuracy and

detail resolution. Hence, the core can be fast manufactured

with a large beam diameter whilst the skin is manufactured

with a small beam diameter in order to assure the part’s

accuracy and detail resolution. Figure 3 depicts the skin–

core concept with different focus diameters.

3 Machine setup

As discussed above an increase of the build rate by means

of increasing the beam diameter and layer thicknesses

needs to be supported by higher laser power. Besides that,

the new prototype plant must be equipped with a variable

focus diameter in order to assure the accuracy of additively

manufactured components.

To realize this new concept a Trumaform LF250 was

completely rebuilt, both in terms of hardware and software. In

order to increase the process related build rate beyond [6] the

maximum laser power should be extended to more than

500 W. To date, the maximum laser power in commercially

available SLM machines is limited to some 200 W [5].

Therefore, the integration of a new laser source (1 kW) is

combined with the redesign of the optical system.

3.1 Optics

3.1.1 Power density distribution

Own investigations have shown that there is only limited

scope to increase the build rate by means of high power

lasers with a (single mode) Gaussian beam profile that

causes an extremely high intensity in the beam centre. This

again leads to an increased evaporation rate and thus in a

higher incidence of spattering which may cause a process

failure. Furthermore, the Gaussian beam profile shows less

steep flanks which can limit the maximum possible scan

line spacing since each powder grain needs a certain

amount of energy to melt completely. Hence, the desired

intensity distribution (i.e. uniformly or top hat shaped as it

will be shown beneath) has to be taken into consideration

when designing the new optical system. The amount of

energy which is thermalized in a single powder grain is

determined by the following equation.

E ¼ A �
ZZZ

Iðr;uÞ � r dr du dt ð2Þ

where »A« is the absorption coefficient, »I« the intensity

distribution, »r« the radius and »u« the plane angle.

laser beam

scanner

beam diameter
ds1 = 1mm

beam diameter
ds2 = 0.2mm

building platform

skin

core

powdermachining
plane

z-axis
substrate
plate z-axis
substrate
plate

Fig. 3 Schematic representation of the skin–core concept
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Considering a rotationally symmetric Gaussian Intensity

distribution in any distance »z« along the propagation direc-

tion the intensity distribution can be written as follows:

Iðr; zÞ ¼ I0ðzÞ � e
2r2

wðzÞ2 ð3Þ

where »I0« is the maximum intensity and »w« is the full

beam radius. This causes the powder grains that are ‘‘far’’

away from the beam centre, and thus from I0, to absorb less

energy than the powder grains located in the beam centre.

If the amount of energy is less than the thermal energy

content of a powder grain, the grain is not (completely)

molten. Thus, the solidified layer may show imperfections

between single scan lines.

By contrast an ideally uniform intensity distribution is

described by the following equation:

Iðr; zÞ � I0ðzÞ ð4Þ

which is no longer dependant on the beam radius »r«. This

can enable melting the powder grains nearly over the

complete beam diameter. Hence, the scan line spacing can

be enlarged in comparison to the possible scan line spacing

of a Gaussian beam profile. This contributes to an increased

build rate as shown by Eq. (1) while reducing the amount

of spattering at the time due to the reduction of the max-

imum intensity in the beam centre.1

In summary a uniform top-hat beam profile seems to be

more suitable for additive manufacturing techniques espe-

cially in the case of large beam diameters and thus

increased build rates. As a general rule, a top hat intensity

distribution is boosted by the superposition of many

transversal electromagnetic modes during the propagation

through an optical multimode fiber. Hence, a fiber coupled

high-power laser (1 kW) is opted for the integration into

the SLM machine.

Yet, with this optical setup a top hat beam profile is not

achievable when defocusing the laser beam, since the

intensity distribution of non-fundamental modes change

along the propagation direction. Thus, for the variation of

the beam diameter, an optical system needs to be designed

that enables the focused imaging of the optical fiber end at

the machining plane.

3.1.2 Optical system layout

The product of the refractive index, the object and image

height respectively and the angles of light rays within the

paraxial object and image space is a conserved quantity of

any optical system (see Eq. 6) [7]. In case of a small

aperture angle of the optical system the sine of the angle

can be approximated as follows:

sinðr0Þ � r0 ð5Þ

Hence, the so-called Helmholtz-Lagrange invariant is

written as follows:

n � y � r ¼ n0 � y0 � r0 ð6Þ

where »n« and »n0« are refractive indexes, »r« and »r0«
are angles of light rays, and »y« and »y0« are object and

image heights respectively. This relationship is always

established between two zones on both sides of an optical

surface (e.g. lens). Thus, an optical system that fulfils the

Helmholtz-Lagrange invariant maps any point in the object

space to a point in the image space (see Fig. 4).

The geometrical relationship between collimation and

optical focusing (see Fig. 5) in combination with identical

refractive indices before and after the optical system leads

to Eq. (7).

dfocus ¼
wl � f 0
w0l � f

� dfibre ð7Þ

where »w« and »w0« are beam radii on the focusing and

collimating lens, »f« and »f0« are collimation- and focusing

focal length, »dfocus« is the focus diameter and »dfibre« the

fiber diameter.

The variation of the beam diameters for the processing

of skin and core is done by an automated fiber change

(variation of dfibre). The focus diameters realized with the

setup depicted below (see Fig. 6) can be changed between

193 lm and 1,050 lm.

Since the optical fibers should not be exposed to

mechanical forces like distortion, sharp bending, etc. the

fiber switch is realized by a movable tilted mirror. This

mirror can be moved into the course of the beam by means

O‘
σ σ ′

opticalsystemoptical systemO

Fig. 4 Mapping of an arbitrary optical system

(a) (b) collimationfocussing

Fig. 5 Geometrical relationship for a focusing and b collimation

1 Considering a constant beam diameter and constant laser power, the

average intensity of all (round) beam profiles is equal. In the case of

an ideally top hat shaped beam profile the average intensity

corresponds to the maximum intensity I0 whereas in the case of a

Gaussian beam profile I0 is much higher than the average intensity

[see Eq. (3)].
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of a linear axis. The tilted mirror has to be moved parallel to

the mirror plane in order to assure concentricity of the dif-

ferent beams in both end positions of the slide. By contrast

the positional tolerance of the end positions themselves is

noncritical for the concentricity. The laser beam is guided

into a scanner system and focused to the machining plane by

means of an f-theta lens. Additionally, this objective enables

a sealed optical system, which prevents the deposition of dust

particles on the scanner mirrors. The focus diameters in the

depicted setup can be varied between 193 and 1,050 lm.

Over and above these values the focus diameter at the

machining plane can be varied between 100 lm and several

millimeters by varying the collimating focal length, the fiber

core diameters and by changing the focal length of the f-theta

objective, see Eq. (7). Thus, a maximum flexibility of the

setup can be assured.

Figure 7 depicts the new designed optical system that

enables the automated change of optical fibers for the

realization of different focus diameters at the machining

plane. The principle shown is patent by Fraunhofer-ILT.

Since powder-polluted environment is not suitable for

optical components, the beam switch is integrated into a

solid housing. Thus, the optical system, i.e. scanner, beam

switch, deflecting mirrors and collimation are completely

sealed against powder and dust pollution. The complete

optical setup realized is depicted in Fig. 8.

3.1.3 Fiber optics

As described above, a top hat beam profile is eligible for

additive manufacturing techniques especially for a large

scan line spacing which are inevitable for an increased

build rate. Yet, a uniform intensity distribution requires the

superposition of several modes over the running length of

the fiber core. Furthermore not all rays that enter the fiber

core are allowed to propagate (see Fig. 9) [7].

Considering a free wave the phase of the wave front

C’A’ concur in all single points. Hence, only waves whose

phases concur in each point on the wave front AC can

propagate through the waveguide [7]. Since this wave only

consists of the incoming and the reflected wave, this con-

straint is fulfilled only if the phases of two rays differ in a

multiple of 2p. Due to the incident-angle-dependant phase

Fig. 6 Schematic

representation of an automated

fiber change

Fig. 7 3-D CAD volume model of the optical system for high power

skin–core SLM applications, lower fiber active
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shift X the constraint for constructive interference becomes

the following transcendent eigenvalue equation:

2 � ncd cosðukmÞ
k

¼ mþ X
p

ð8Þ

where »nc« is the refractive index of the core, »d« is the

fiber core diameter, »k« is the wavelength and »m« is the

mode number. With regard to multi-mode fibers the second

summand on the right side of the equation can be neglected

since its maximum value is 1. Hence; the maximum

number of modes mmax occurs for the smallest possible

angle—the critical angle for total reflection ug—which is

calculated according to:

ug ¼ arcsin
nc

ncl

� �
ð9Þ

where »ncl« is the refractive index of the fiber cladding.

The numerical aperture NA is calculated according to:

NA ¼ nc � cosðugÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

c � n2
cl

q
ð10Þ

The combination of Eqs. (8–10) leads to the

characteristic V-parameter for optical fibers:

V ¼ pd �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2

c � n2
cl

p
k

ð11Þ

The number of modes for cylindrical fibers, N, is finally

calculated according to:

N ¼ 4

p2
V2 ð12Þ

The probability to achieve a uniformly top hat shaped

beam profile increases with the number of modes

overlaying in an optical fiber. With regard to the optical

setup used for the described prototype machine tool

(NA = 0.11, k = 1030 nm) the mode number of the

50 lm fiber is calculated to 114, whereas the mode

number of the 200 lm fiber is calculated to 1,825.

Although the absolute values do not indicate whether the

resulting intensity profile is a top hat one or not, it becomes

quite obvious that in the case of the smaller fiber core

diameter (50 lm) the resulting intensity profile is more

likely to be a Gaussian type than the intensity profile of the

200 lm fiber, whereas for the top hat intensity distribution

it is vice versa.

In summary it can be estimated, that the intensity dis-

tribution for the manufacturing of the large volume core

(where large build rates needs to be achieved) which is

done with the 200 lm fiber, is likely to be a top hat one. In

contrast, the outer skin is manufactured with the 50 lm

fiber, whose intensity profile is more likely to be in

between top hat and Gaussian shaped.

4 Findings

4.1 Beam caustic and power density distribution

As discussed above the shape of the beam profile largely

depends on the number of modes exited throughout the

optical fiber. Yet, the real shape also depends on other

factors, especially the beam quality (determined by the

resonator) and the geometrical setup at the incoupling end

of the fiber. Since these specs are not accessible the caustic

and the real beam shape have to be measured at the

working plane to assure that the desired intensity distri-

bution is achieved. Figure 10 exhibits the measurement

results of the 50 lm fiber.

As it was estimated in chapter 3.1.1 the beam profile is

somewhat in between Gaussian fundamental mode and top

hat shaped. The flanks of the beam profile are steeper than

those of a fundamental mode, whereas the top intensity is

Fig. 8 Rear view of the optical system for high power skin–core

SLM applications

nk wave front

A

B

C

A’

d

C’

d
wave front

nm

A

B

nm

Fig. 9 Section of a planar wave guide. Rays are reflected at core-

cladding interface. Allowed modes emerge in case of constructive

interference
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less complanate than a top hat beam profile. The focus

radius measures 97.7 lm and M2 is calculated to 6.17.

By contrast, the 200 lm fiber shows a M2 of 30.6. As

calculated in chapter 3.1.1 more modes can be exited

throughout the 200 lm fiber which results in an homoge-

nization of the intensity distribution and thus in a higher

M2. Hence, in comparison to the beam profile of the 50 lm

fiber, the beam profile at the working plane is more top hat

shaped with steep flanks and a uniform intensity distribu-

tion (see Fig. 11).

The focus radius measures 532 lm which is slightly above

the value calculated in the preceding chapter (525 lm).

4.2 Experimental results

The crucial factors for increasing the build rate are scan

line spacing, scanning velocity and layer thickness.

Whereas the former is limited by the beam diameter

(approximately 0.7 times the spot diameter regarding

1.4404) [4] investigations by Schleifenbaum et al. [8] gave

evidence that there is only limited scope in increasing the

build rate by means of increasing the scanning velocity.

Hence, the main driver for increasing of the build rate can

be found in the increase of the layer thickness. Therefore

the scanning velocity was kept fix during the investigations

discussed below.

In order to cope with the problem of incoupling the

‘‘right’’ amount of energy (space and time resolved) it is

possible to vary the scan vector length. A short scan vector

length causes the laser beam to alter its direction more often.

I.e. the number of reversal points is increasing with a

decreasing scan vector length. Within the area of those

reversal points an increase of temperature can be observed

since the energy source ‘‘rests’’ much longer on the reversal

area than on a conventional hatch area. This superheating

causes more powder particles to evaporate which result in the

process instabilities described above. Therefore, decreasing

the number of reversal points (i.e. increasing the scan vector

length) decreases evaporation, spattering and process insta-

bilities which is favourable for thinner layer thicknesses.

Figure 12 exemplifies the density as a function of the layer

thickness and different scan vector lengths.

Fig. 10 Caustic and intensity

distribution (upper part:

isometric view) 50 lm fibre



Regarding the black graph (600 W, 5 mm scan vector

length) the density increases from approximately 94% at

100 lm layer thickness to approximately 97% at 150 lm

due to higher amount of energy that is needed to melt the

powder mass per scan line. Consequently superheating,

evaporation and spattering decrease and the process becomes

more stable. Yet, even with higher layer thicknesses, the

amount of evaporation and process instabilities (especially in

reversal points) is too big to assure the manufacture of dense

components. The density of the manufactured specimen

remains at approximately 97% up to 250 lm layer thickness.

Regarding the same process parameters, only varying

the scan vector length from 5 mm to 10 mm, a significant

advancement can be observed. Almost independent from

the layer thickness (100–250 lm) the density of the spec-

imen investigated remains unchanged. At a layer thickness

of 100 lm the gap between 5 mm and 10 mm scan vector

length amounts to approximately 5%. Due to the stabil-

ization of the process with an increasing layer thickness

this gap decreases down to approximately 2% at layer

thicknesses between 150 lm and 250 lm. Hence a sig-

nificant rise of the process stability and thus the part’s

density can be achieved by the implementation of longer

scan vectors.

Fig. 11 Caustic and intensity

distribution (upper part:

isometric view) 200 lm fibre

Layer thickness [µm]

92

94

96

98

100

100 150 200 250
90

D
en

si
ty

 [%
]

PL=600W; ys=0.5mm; L=5mm

PL=600W; ys=0.5mm; L=10mm

1mm 1mm

Δ

Δ

Fig. 12 Density versus layer thickness, comparison of scan vector

length, beam diameter: 1.05 mm
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Summing up, the experiments discussed above give

evidence that an increase of the build rate by means of

higher laser power and larger beam diameters needs to be

backed by the implementation of longer scan vectors,

especially if the layer thickness is comparable ‘‘thin’’, i.e.

less than 150 lm. The maximum build rate achieved within

these experiments reaches up to 20 mm3/s. Considering the

current state of the art (see ‘‘State of the Art’’) the build

rate can be increased by more than 1500% while main-

taining a density superior to 99%. Yet, accuracy, detail

resolution and surface roughness are not tolerable for the

manufacture of near net shape components. In order to

avoid these disadvantages of an increased build rate by

means of larger beam diameters and layer thicknesses, the

outer part of the specimen can be manufactured by a

smaller beam diameter (0.2 mm) at layer thicknesses

inferior to 100 lm, e.g. 50 lm or 30 lm.

For the application of this skin–core strategy the spec-

imen is subdivided into an inner and outer shell (see

Fig. 13, left). The outer shell (skin), which is in this case

2 mm thick, is manufactured with the small beam diameter

(0.2 mm) and a layer thickness of 50 lm. By contrast, the

inner core is manufactured with a beam diameter of 1 mm.

The core layer thickness can only be sized in multiples of

the skin layer thickness, i.e. considering a skin layer

thickness of 50 lm the core layer thickness can only be

100, 150, 200 lm, etc. (see Fig. 13, right).

A crucial factor for the metallurgical bonding is the

overlap, i.e. the interface area that is scanned twice, of skin

and core (see Fig. 14, left). This overlap has to be[0 mm.

Figure 14 (right) exemplifies the manufacture of such a

skin–core specimen. In this case, the core was manufac-

tured with a spot size of 1 mm at a layer thickness of

200 lm, whereas the skin was manufactured with the small

spot (0.2 mm) at a layer thickness of 50 lm.

In order to assure the metallurgical bonding of skin and

core the overlap is varied depending on the skin–core layer

thickness proportion (see Fig. 15).

For both investigated layer thickness ratios (1:2 and 1:4)

the number and size of defects and thus the porosity is

decreasing with an increasing overlap. Considering a skin–

core layer thickness ratio of 1:2, i.e. in this case 50 lm skin

layer thickness and 100 lm core layer thickness, a dense

metallurgical bonding (density[99%) can be assured with

an overlap [0.5 mm. With regard to a skin–core layer

skin

core

1. Layer wise scanning of the skin area

2. Scanning of the core area

Substrate

Substrate

50
 

m
20

0 m

skin

coreoverlap

Fig. 13 Schematic

representation of the skin core

principle (left) and procedure of

skin and core melting (right)

Fig. 14 Schematic

representation of skin–core

overlap (left), Skin–core

specimen, top view (right)

Overlap [mm]

D
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si
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]
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Skin-core ratio 1:2

Skin-core ratio 1:4

Fig. 15 Density of skin–core interface versus overlap, skin–core

layer thickness ratios of 1:2 and 1:4
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thickness ratio of 1:4, i.e. in this case 50 lm skin layer

thickness and 200 lm core layer thickness, a dense met-

allurgical bonding (density [99%) can be assured with an

overlap [0.75 mm. Figure 16 depicts the cross sections of

such skin–core specimen with a layer thickness proportion

of skin and core of 1:2 (left) 1:4 (right).

Though there is still some porosity detectable in the core

part, the bonding of skin and core shows a density of

approximately 100% for an overlap of 0.5 mm (layer

thickness ratio 1:2) and 0.75 mm (layer thickness ratio 1:4)

respectively. Hence, the manufacture of at least simple

cubic skin core specimen with a layer thickness ratio of 1:4

(skin: 50 lm, core: 200 lm) is possible.

In order to demonstrate the potential of the skin–core

strategy for the additive manufacture of complex real-life

components with an increased build rate a demonstrator is

built as shown in Fig. 17, left.

The part shown is a tooling insert for injection mould-

ing. Due to the internal cooling channels the tool insert

cannot be built conventionally. Figure 17, right exemplifies

the skin–core model of the tooling insert. In order to

maximize the build rate while maintaining detail resolution

and surface roughness the core layer thickness is chosen to

200 lm and the skin layer thickness to 50 lm. The

resulting layer thickness ratio of 1:4 determinates the

overlap to 0.75 mm (see chapter ‘‘Experimental Results—

Skin–Core’’). The additively manufactured skin–core tool

insert is shown in Fig. 18, left. In order to evaluate the

density of skin, core and especially the bonding of skin and

core, several cross sections are made (see Fig. 18, right).

The tooling insert shows a density of approximately

100%, i.e. the detectable porosity can be found in the range

of conventionally SLM-manufactured specimen. The pores

and sinkholes cannot be correlated to special area, neither

skin and core nor skin–core interface. Hence, the manu-

facture of complex shaped skin–core parts with a layer

thickness ratio of 1:4 (skin: 50 lm, core: 200 lm) is pos-

sible. The core build rate amounts to 16.8 mm3/s, the skin

Fig. 16 Cross section of skin

core specimen

Fig. 17 3D-model of the

complex tooling insert (left) and

skin–core model (right)
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build rate amounts to 3 mm3/s. Hence, the overall process

related build rate of the tooling insert amounts to

10.2 mm3/s.

5 Summary and outlook

One of the key research targets in the Cluster of Excellence

‘‘Integrative Production Technology for High-Wage

Countries’’ concerns solving this dilemma that opposes

economies of scale and scope, e.g. either the low-cost

production of high quantities or the high end and thus cost

intensive low volume production of individualized goods.

Selective Laser Melting represents one of the areas of

greatest potential to reach this target. However, the state-

of-the-art process and cost efficiency is not yet suited for

series production.

In order to improve this efficiency and enable SLM to

enter series production a new prototype machine tool was

designed and built. For the first time a kW laser system was

integrated into a SLM machine. In order to transform laser

power into process efficiency, i.e. build rate, an optical

system is designed that enables the additive manufacturing

of components with an increased build rate. In order to

maintain accuracy and detail resolution of additively

manufactured components while increasing the build rate

at the same time the optical system includes a new multi-

beam concept that enables the processing with different

focus diameters, layer thicknesses, etc. dependant on the

part’s specifications (skin–core strategy). The experiments

show that, with a spot diameter of 1 mm the core build rate

of cubic geometries can be increased by more than 1,000%

regarding the present state of the art. However, accuracy,

detail resolution and surface roughness are not tolerable for

the manufacture of near net shape components. Thus, the

skin–core concept is firstly applied to cubic specimen and

consequently to real-life parts, in this case a complex

tooling insert with internal cooling channels. With regard

to a layer thickness ratio of 1:4 the density of all areas of

the part—skin, core and skin–core interface—reach

approximately 100%. The process combined related build

rate of the tooling insert amounts to 10.2 mm3/s which

represents a more than 8-fold increase with regard to the

current state of the art.

Consequently, future research has to focus on develop-

ing a process conduct for even higher build rates as well in

the core- as in the skin area. Furthermore it needs to be

investigated if complex parts can be built with a layer

thickness ratios \1:4. This will enable at least small lot

series fabrication at costs matching or beating those of

mass production, while retaining the ability to satisfy

market demand for individualized products at the same

time and finally help to SLM to break into new markets.
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ktrowärme Int 55(B3):B80–B85

14. Kobyrn PA, Semiatin SL (2001) Mechanical properties of laser-

deposited Ti-6Al-4 V solid freeform fabrication symposium,

Austin, USA

15. Su W-N et al (2003) Investigation of fully dense laser sintering of

tool steel powder using a pulsed Nd: YAG (neodymium-doped

yttrium aluminium garnet) laser. In: Proceedings of the institution

of mechanical engineers, vol 217, Part C. J Mech Eng Sci,

pp 127–138

16. Wang XC et al (2002) Direct selective laser sintering of hard

metal powders: experimental study and simulation. Int J Adv

Manufact Technol 42:351–357

17. Kruth J-P et al (2005) Statistical analysis of experimental

parameters in selective laser sintering. Adv Eng Mat 7(8):

750–755

18. Meiners W (2007) Personal communication, Fraunhofer-ILT

123


	Direct photonic production: towards high speed additive manufacturing of individualized goods
	Abstract
	Introduction
	State of the art
	Selective laser melting (SLM)
	Build speed
	Increasing the build speed

	Machine setup
	Optics
	Power density distribution
	Optical system layout
	Fiber optics


	Findings
	Beam caustic and power density distribution
	Experimental results

	Summary and outlook
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




