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Abstract
Burckhardt Compression Holding AG, based in Winterthur, is an internationally active manufacturer of reciprocating com-
pressors who uses three-piece pistons in its Laby® reciprocating compressors. Due to their design for casting, the pistons 
have a high weight, which limits the size of the piston, particularly for the large diameters. For this reason, solutions are 
being looked for to produce pistons in lightweight design using metal additive manufacturing processes to counteract these 
challenges. One of the innovative techniques for weight reduction that has been applied in various fields of science and 
industry is laser direct metal deposition (DMD). Therefore, a project was started with Burckhardt Compression to reduce the 
mass enabling higher operating speeds. This study presents a workflow to manufacture a lightweight piston from martensitic 
steel 1.4313 by direct metal deposition (DMD) with a diameter of approximately 342 mm and a height of 140 mm. The 
piston is characterized by different segments, which are conventionally and additively manufactured to overcome machine 
limitations. The piston crown was joined to the additive manufactured part and sealed by  CO2 laser welding. Reducing the 
laser power in DMD reduced the temperature, and hence, oxidation of manganese and silicium and reducing the carrier 
gas flow improved the buildup rate and reduced the turbulence induced oxidation. Alternating the feed direction per layer 
improved the geometrical accuracy and avoided material accumulation at sharp corners. A method was found to indicate 
quantitatively the geometrical accuracy of a radius in buildup direction. The welding types and seams for laser welding were 
selected to enable a good force flow; however, a clamping device was necessary. A double weld strategy was considered 
in order to reduce a notch effect at the hidden T-joints. The design enabled a 40% weight reduction resulting in a weight of 
24 kg compared to the cast piston with a weight of 40 kg. Metallographic analysis and 3D scans were performed in order to 
evaluate the material quality and geometrical accuracy. The study shows the limitations and challenges of DMD and how to 
overcome machine limitations by part segmentation.
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1 Introduction

Up to the present time, casting is the most common method 
for manufacturing large-sized metal parts in conventional 
manufacturing (CM) according to Korsmik et al. [1]. The 
parts are obtained by sand casting, centrifugal casting, 

or investment casting by using expensive casting molds. 
Besides, post processing functional surfaces is very time-
intensive and can remove costly material. Additive manufac-
turing (AM) of metals has moved into the focus of industry 
and science, not only due to its benefit of low lead time 
and manufacturing flexibility but offering a high potential 
for shape optimization to reduce weight, and costs and to 
improve the functionality of the components. According to 
Korsmik et al. [2], DMD creates precise deposition with a 
small heat-affected zone (HAZ), good density, and metal-
lurgical bonding as well as minimal effect on the workpiece 
such as distortion, and micro-cracking compared to casting. 
Furthermore, they state that large and complex parts can be 
manufactured without additional equipment within a large 
working chamber.
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Despite all the advantages derived from AM technol-
ogy, there are still a lot of unresolved obstacles that limit 
the application. The literature reveals notable differences 
regarding the suitability of DMD for large part manufactur-
ing. In contrast to Korsmik et al. [2], Thompson et al. [3] 
state that material efficiency is the key factor for large part 
manufacturing and, precisely in this, DMD is limited [3, 
4] since there is a significant waste of energy and powder 
during the process. Thompson et al. [3] recommended inves-
tigating more appropriate deposition methods to increase 
overall efficiency. Furthermore, fixed machine tables and 
large deposition heads reduce the flexibility of the process 
as shown in the study of Akbari et al. [5].

One possibility to overcome the machine limitations and 
increase efficiency is part segmentation. It describes the pro-
cess of building parts by joining smaller sub-parts accord-
ing to Zapf et al. [6]. Welding sub-parts together has been 
presented to overcome the limitations of SLM [7] and the 
geometrical limitations of wire-DMD [5].

Focusing on part segmentation with AM parts, only a few 
studies [5–11] in the scientific literature address the metallurgi-
cal and mechanical properties of AM welds. It can be expected 
that welded AM tensile specimens show lower elongations 
compared to welded CM tensile specimens based on findings 
from Tavlovich et al. [8] and Casalino et al. [11] but there is 
no literature that confirms it for stainless steel. In most cases, 
the AM parts are SLM parts. Solely Akbari et al. [5] welded a 
wire-DMD part. The grain sizes of the welds were comparable 
to the ones of wire-DMD. Until now, friction welding and laser 
welding have been considered the primary means of joining 
additive and conventional components by Tavlovich et al. [8].

This study provides a workflow to produce a fully sealed 
piston for a gas compressor with subparts that are additively 
and conventionally manufactured. It covers process-depend-
ent design adjustments and deposition strategies for thin and 
massive geometries and overcomes the limitations of the 
machine and the process by part segmentation. Moreover, 
the process parameters such as laser type, spot size, laser 
power, scan speed, and layer thickness, which play a sig-
nificant role in obtaining a part with optimum physical and 
mechanical properties [12, 13], are described in this study. In 
the following research, laser welding will be used for joining 
since DMD, and laser welding can be performed centralized 
on the Trumpf TruLaser Cell 7020.

2  Experimental procedure

2.1  Raw materials

The martensitic stainless steel EN X3CrNiMo13-4 (1.4313) 
was used as forged and as powder material. The powder was 
used for the DMD process and the forged material for the 

substrate and piston crown. The powder particles were in 
the range of 63–150 μm. The average powder diameter was 
104 µm. The powder particles seemed to be spherical and 
can be described as dense, although microscopic pores were 
occasionally observed, as shown in the scanning electron 
microscopic (SEM) image in Fig. 1.

A round plate with a diameter of 350 mm and a thickness 
of 30 mm was used as the substrate and a round plate with a 
diameter of 319 mm and a thickness of 4.7 mm was used as 
the piston crown. The chemical composition of 1.4313 can 
be found in Table 1.

2.2  Proposed workflow for DMD and laser welding

The piston was produced on a Trumpf TruLaser Cell 7020. 
The machine was originally equipped with a  CO2 laser 
source and process heads for cutting and welding. Later, it 
was upgraded with a disk laser and a deposition head. The 
disk laser Trumpf TruDisk 3001 is used for the DMD process 
and the  CO2 laser TruFlow 5000 for the laser welding pro-
cess. With appropriate process heads, the same laser could 
be used for both processes as shown in Fig. 2. However, disk 
lasers are state of the art in industrial applications due to their 
higher efficiency and lower maintenance. The  CO2 laser and 
the compatible welding head were only used because there 
was no robust laser welding head for the disk laser available.

Fig. 1  SEM of powder particles of 1.4313

Table 1  Chemical composition of 1.4313 [wt%] referring to [14]

Cr Ni Mn Mo Si N

13.07 4.04 0.72 0.51 0.44 0.03
O C S P Fe
0.02 0.01 0.006 0.002 Bal
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Building the DMD segment of the piston required several 
empirical prestudies. An overview of the proposed workflow 
and the necessary qualification tool are provided in Fig. 3. 
The workflow only shows a section of process steps. The 2D 
parameter study was provided by Dalaee et al. [15], and the 
post processing, microstructure evolution, and mechanical 
properties will be evaluated in further research.

The geometrical accuracy can be obtained by a laser scan-
ner or conventional dial gauges. To evaluate two-dimensional 
(2D) profiles, the laser scanner scanCONTROL with a resolu-
tion of 4 µm, from Micro Epsilon, was used. To evaluate three-
dimensional (3D) geometries the 3D laser scanner ATOS Core 
135 with a resolution of max. 50 µm from GOM was used.

The internal structure qualification requires, however, 
metallographic analysis. For this, the specimens were cut, 
hot-mounted, ground, and polished. Before the polishing. 
The hot-mounted specimens were ground and polished on 
a Saphir 520, in order to obtain an even surface. After the 

grinding process, the specimens were washed in an ultra-
sonic ethanol bath. For the polishing process polishing 
clots, polycrystalline diamond suspension with a grain size 
of 6 µm and 3 µm and a constant force of 10 N and 200 rpm 
was used. The cross-sectional images were taken with a light 
microscope Keyence VHX-5000. The porosity was evaluated 
in a polished state. Etching with Adler was required to evalu-
ate the weld seam geometry.

2.3  DMD

2.3.1  Design

According to the requirements of Burckhardt Compression, 
the piston presented in this study is designed in one sealed 
part to better exploit the advantages of additive manufac-
turing processes. For this purpose, the two piston crowns 
and the piston skirt as well as a section of the piston rod are 

Fig. 2  Trumpf TruLaser Cell 
7020 with its process heads
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combined into one component as shown in Fig. 4b. This 
allows correspondingly low wall thicknesses of the piston 
crowns, as no screw connection forces have to be transmit-
ted. The weight reduction reduces the inertial forces, which 
allows for higher speeds of the compressor. The outer wall 
of the piston skirt had a thickness of 12 mm to ensure suf-
ficient material for milling the labyrinth structure.

2.3.2  Geometrical parameter study

The process parameters of single tracks were determined by 
Dalaee et al. [15]. The tool path is characterized by a closed 
tool path with the same start and ending point of the laser to 

lower the impact of the energy peaks by switching the laser 
on and off. An overlap of 71% was used to keep the wall 
thickness small. The used parameters are listed in Table 2.

The piston combines massive and thin-walled sections in 
one layer. Due to the higher catchment efficiency in massive 
parts, using the same parameters for both sections would 
change the deposition rate and endanger the process sta-
bility and geometrical accuracy [16]. The goal was to find 
a parameter set with the same deposition rate of the thin 
walls of approximately 5 g/min. This could be achieved by 
reducing the overlap to 50% and reducing the feed rate by 
3% while ensuring process stability as shown in Table 3. The 
catchment efficiency η was calculated by

Fig. 3  Workflow to manufacture 
a large part with DMD and laser 
welding

Fig. 4  Design of the piston a 
joined with bolt b integrated 
by AM
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where ṁd is the mass deposition rate and ṁp is the powder 
flow rate. The deposition rate is calculated by

where At is the average cross section per track, vf  is the feed 
rate of the deposition head, and � is the density including 
the porosity. The average cross section per track is calculated 
by dividing the cross section A of the part by the number of 
tracks n.

The number of fusion defects can be reduced by increas-
ing the laser power [17–19]. In this study, the metallurgical 
structure was improved by increasing the laser power by 
100 W steps according to Table 4. Blocks with a dimension 
of approximately 10 mm × 40 mm × 8 mm were built and cut 
twice perpendicular to the feed direction in three equal long 
parts, and the cross section afterward ground and polished. 
The metallographic cross section was inspected visually.

T-joints in feed (horizontal) and buildup (vertical) direc-
tions were produced. The parameters for the thin wall were 
used for both. The horizontal T-joint can be defined within 
one layer. However, a lack of bonding in the middle of the 
T-joint could be expected due to the hatch distance. There-
fore, twelve T-joints were built based on the tool path shown 
in Fig. 5 and the metallographic cross section was analyzed.

(1)𝜂 =
ṁd

ṁp

(2)ṁd = At ⋅ vf ∗ 𝜌

A radius was implemented for the vertical T-joint since a 
sharp corner in the moving direction of the piston could pro-
voke crack initiation. However, the radius in buildup direc-
tion is produced with limited accuracy as it is represented by 
multiple seams as shown in Fig. 6. A DoE was designed, as 
shown in Table 5, to enable near-net shape for the radius on 
the vertical T-joint. The samples were produced according to 
Fig. 6, and the received parts were scanned by the 2D laser 
scanner. A contour-based function was determined to iden-
tify quantitatively the most geometrically accurate sample.

Process efficiency The consumption of gas and powder 
should be kept as low as possible. Both of the parameters 
cannot be changed during the process at the Trumpf TruLaser 
Cell 7020. In order to evaluate the process efficiency, samples 
with different powder mass and carrier gas flow were built. 
The powder-gas mixture was described by its specific volume

where V̇  is the volumetric gas flow and ṁp the powder 
mass flow. The lower the required specific volume, the 
more efficient the process is. The height of single tracks 
for different specific volumes, according to Table 6, was 
measured by the 2D laser scanner. Afterward, two blocks 
(10 mm × 40 mm × 7.3 mm) were built with the most effi-
cient parameters, and hot gas extraction was performed to 
measure the absolute  O2 content and to analyze the metal-
lographic cross section.

2.3.3  Demo parts

Quarter angular sections were built to check the process sta-
bility and geometrical accuracy. The demo parts were built 
with alternating feed direction per layer. The geometrical 
accuracy was measured by the 3D laser scanner to evaluate 
the geometrical accuracy.

Afterward, a demo part with a height of 8 mm with the 
parameters shown in Table 7 and the tool path shown in 
Fig. 7 was built.

(3)𝜐 =
V̇

ṁp

[
m3

kg
]

Table 2  Process parameters for thin walls with DMD

Process parameter DMD

Wavelength 1.064 μm
Laser power 1000 W
Laser spot diameter 2.3 mm
Welding speed 905 mm/min
Powder flow 16 g/min
Hatch distance 0.5 mm
Carrier gas Argon 7.5 l/min
Shielding gas Argon 15 l/min
Deposition rate 5 g/min

Table 3  Geometry-dependent parameters

Parameter Thin wall Massive part

Feed rate 905 mm/min 880 mm/min
Hatch distance 0.5 mm 1.05 mm
Laser spot diameter 2.1 mm 2.1 mm
Powder flow ca. 16 g/min ca. 16 g/min
Shielding 15.0 l/min 15.0 l/min
Carrier gas 7.5 l/min 7.5 l/min

Table 4  Process parameters for laser power adjustment

Sample Feed rate [mm/min] Laser power

A1 880 1000
A2 880 1100
A3 880 1200
A4 880 1300
A5 880 1400
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2.3.4  Final prototype

The final prototype was built and measured by the 3D laser 
scanner in order to evaluate the geometrical accuracy.

Fig. 5  Toolpath for T-joint in 
feed direction

Fig. 6  Multilayer radius for ver-
tical T-joint in buildup direction

Table 5  Multilayer adjustment for a radius at the vertical T-joint

Sample Number of tracks

1st layer 2nd layer 3rd layer 4th layer

B1 8 8 6 2
B2 8 8 4 2
B3 8 6 6 2
B4 8 6 4 2
B5 8 4 4 2
B6 8 4 2 2
B7 6 6 4 2
B8 6 6 2 2
B9 6 4 4 2
B10 6 4 2 2
B11 6 2 2 2
B12 4 2 2 2

Table 6  Parameters for the powder efficiency improvement

Sample Specific volume 
 [m3/kg]

Carrier gas [l/
min]

Powder mass 
flow [g/min]

C1 0.33 5 15
C2 0.34 5 14.5
C3 0.32 5 15.5
C4 0.27 4 15
C5 0.28 4 14.5
C6 0.26 4 15.5
C7 0.40 6 15
C8 0.41 6 14.5
C9 0.39 6 15.5
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2.4  Laser welding

2.4.1  Design

In order not to disturb the piston skirt with its lubrication, 
the welding seams were placed on the piston crown. The 
type of seams and joints were chosen according to common 
design rules that enable a good flow of forces and therefore 
increase the longevity of the welding seams. Square butt-
welds on the outer diameter (corner joints) and square welds 
on the ribs (T-joint) were selected. To machine an even and 
straight piston crown after welding, the nominal thickness 
of the piston crown was increased by 0.7 mm which cor-
responds to the sagging of the welds.

2.4.2  Geometrical parameter study

In order to achieve the required depth for the hidden 
T-joints, a parameter analysis of 1.4313 was conducted. A 
full factorial design of experiments was used and evaluated. 
The width at 4 mm depth was measured in order to pre-
dict whether the full width of the rib could be joined. The 
laser power was set to the maximum power of 5000 W and 
the feed rate and depth of focal plane varied according to 

Table 8. The cross sections were evaluated according to DIN 
EN ISO 13919–1.

The qualification criteria in penetration depth were at 
least 5.5 mm but not more than 7 mm and in width at least 
2 mm. The porosity was determined by visual inspection of 
50 cross sections along the complete track length of 80 mm. 
The weld seams should be as dense as possible since pores 
provoke crack initiation, which could reduce the functional-
ity of the final prototype.

2.4.3  Test geometries

A test geometry for the hidden T-joint was designed in order 
to qualify the DMD/CM welds. The top was conventionally 
manufactured by forging and the thin wall was additively 
manufactured by DMD. The parameters are derived from the 
previous experiment. A double weld strategy was considered 
since the widths of the welds were not sufficient to bond the 
complete width of the thin walls. However, this is required 
to avoid a lack of bonding and resulting crack initiation. 
Two different seam distances were investigated according 
to Table 9. The qualification was done by metallographic 
analysis in order to check the geometry of the welds.

2.5  Demo parts

In order to ensure positioning and hinder the piston 
crown from moving during welding, a clamping concept 
was developed. The piston crown is pressed between the 
clamping device and the piston body with five bolt con-
nections as shown in Fig. 8. Afterward, the piston crown 
was fixed and welded to the piston body with a series of 
spot welds and continuous welds. The welding parameters 
are shown in Table 10 and the welding sequence in Fig. 9. 
Once all the spot welds were done, the clamping device 
could be removed.

Based on prestudies, the position of the spot welds was 
determined by the following rules:

Table 7  Geometry dependent process parameters

Parameter Thin wall Massive part

Power 1000 W 1200 W
Feed rate 905 mm/min 880 mm/min
Hatch distance 0.5 mm 1.05 mm
Laser spot diameter 2.1 mm 2.1 mm
Powder flow ca. 16 g/min ca. 16 g/min
Shielding gas 15.0 l/min 15.0 l/min
Carrier gas 4.0 l/min 4.0 l/min

Fig. 7  Tool path of the demo part

Table 8  Parameter study for 
laser welding 1.4313

No Feed rate 
[mm/min]

Depth of 
focal plane 
[mm]

D1 1200 0
D2 800 0
D3 400 0
D4 1200 -3
D5 800 -3
D6 400 -3
D7 1200 -6
D8 800 -6
D9 400 -6
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• The spot welds are placed on the outer diameter of the 
piston crown between two ribs.

• For each rib, three spot welds are placed first at a distance 
of 50 mm, second at 150 mm, and last at 100 mm from 
the middle axis. This sequence minimizes the distortion.

• To ensure sufficient cooling time between the spot welds 
and to reduce the temperature gradient, after placing one, 
the most distant spot on the opposite side of the piston 
was welded.

Four ribs could be fixed within one clamping. Afterward, 
the clamping device was rotated by 30°. For each clamping, 
the points were welded with an indicated sequence.

After clamping and spot welding, the piston cover 
is laser welded to the piston body using the following 
sequence:

• Ribs, following the sequence shown in Fig. 9b
• Outer diameter
• Inner diameter

2.5.1  Final prototype

The prototype was welded and measured by the 3D laser 
scanner in order to evaluate the geometrical accuracy.

3  Results and discussion

3.1  DMD

3.1.1  Design

The simple geometries such as the substrate and the pis-
ton crown were manufactured conventionally whereas 
the complex main part with integrated ribs, piston skirt, 
and the rod were manufactured additively as shown in 
Fig. 10. The piston crown was joined by laser welding to 
the additively manufactured part. This design proposal 
enabled a weight saving of approximately 40%. The dis-
tortion compensation was not part of this study.

3.1.2  Geometrical parameter study

The massive part built with a feed rate of 880 mm/min and 
a hatch distance of 1.05 (50%) achieved a layer height of 
0.747 mm which is comparable to the layer height of the thin 
wall according to Fig. 11.

The calculated deposition rate ṁd for a massive part is 
approximately 6 g/min and the catchment efficiency � is 
approximately 40% according to Table 11.

The lack of fusion defects, such as unmelted particles, 
decreases with increasing laser power according to Laeng 
et al. [20], which could be supported by Fig. 12a and b. 
However, when the laser power gets too high, small spheri-
cal oxides were found according to Fig. 12c. The presence 
of these spherical oxides is presumably the product of a 
reoxidation of manganese and silicium which can also be 
observed when casting steels containing highly manganese 
and silicium [21–23].

The metallographic cross-section of the horizontal 
T-joint in feed direction did not show any lack of fusion 
defects. A hatch distance of 0.5 mm did not cause any 
lack of bonding as shown in Fig. 13. The wall thickness 
of the ribs was approximately 2 mm.

Table 9  Welding hidden T-joints

No Laser Power [W] Feed rate 
[mm/min]

Depth of focal 
plane [mm]

Hatch 
distance 
[mm]

E1 5000 1200 0 1
E2 5000 1200 0 2
E3 5000 800 -3 1
E4 5000 800 -3 2
E5 5000 400 -6 1
E6 5000 400 -6 2

Fig. 8  Clamping device for the demo part and final prototype

Table 10  Laser weld parameters for spot welds and

Laser power [W] Feed rate 
[mm/min]

Depth of 
focal plane 
[mm]

Continuous weld 4000 800 -3
Spot weld 5000 200 -3



The International Journal of Advanced Manufacturing Technology 

1 3

To identify the most geometrically accurate sample 
that comes closest to the net shape of the radius in buildup 
direction, 2D profile scans and a self-written Matlab code 
were used. The deviation was described by the area

(4)Ad =

i

∫
−i

|
|fa(x) − fr(x)

|
|dx

where fr is the nominal radius and fa is the actual radius as 
shown in Fig. 14. The sample B6 had the smallest area Ad , 
which means that it deviated the least from the net shape.

3.1.3  Test geometries

By alternating the direction of each layer, the material accumu-
lation before the sharp corners could be reduced in height as 
shown in Fig. 15. The 3D laser scan showed that the maximum 

Fig. 9  a Welding strategy for 
fixing with spot welds and 
b welding sequence for continu-
ous welds

Fig. 10  Final design of the 
DMD part

Fig. 11  Geometry dependent 
parameters for a thin and a mas-
sive part
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peak of the part, without alternating feed direction, was 
53.1 mm, compared to 50.8 mm, with alternating feed direction. 
Due to the deceleration in sharp corners, the laser line energy 
and powder deposition rise, which is causing a higher buildup 
rate. This effect can be reduced by alternating feed direction 
since the starting point of deceleration varies per layer. The 
material equally accumulated on both ends of the sharp corner. 
The minimal target height of 50 mm was achieved everywhere.

Process efficiency The height of the single tracks C1–C9 
varied according to the used powder mass flow and the car-
rier gas. The more powder was used, the higher the single 
tracks hence more deposition. On the contrary, the more 
carrier gas was used, the lower the single tracks which con-
firmed the findings of Wirth et al. [24]. They showed that 
coaxial carrier gas causes turbulences, which disturb the 
shielding gas bell. Therefore, reducing the carrier gas flow 
decreases oxidation while saving Argon.

The target height of the single tracks C1–C9 was set 
between 0.9 and 0.95 mm. This could be achieved by four 
parameters according to Fig. 16. However, the lowest spe-
cific volume among these was achieved by sample C5. 
Reducing the carrier gas flow from 7.5 to 4 l/min ensured 
the same track height by using less powder. The powder 
consumption could be reduced from 16 to 14.5 g/min.

Furthermore, it could be observed that the carrier gas 
stream influences the annealing colors of the process as 
shown in Fig. 17a. Reducing the carrier gas flow resulted 

Table 11  Calculation of the deposition rate and catchment efficiency

Parameter Value

Average area per track  At 0.8  mm2

Feed rate  vf 880 mm/min
Deposition rate  Qd  ~ 727.1  mm3/min
Density 1.4313 ρ  ~ 0.007 g/mm3

Powder mass flow ṁp  ~ 14.5 g/min
Catchment efficiency η  ~ 38.6%
Deposition rate ṁd  ~ 5.6 g/min

Fig. 12  Metallographic 
structure of blocks built with 
different laser power a 1000 W, 
b 1200 W, and c 1400 W
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in better shielding and therefore less oxidation. Two 
blocks were built and hot gas extraction was performed 
with the parameters of sample C5 which were the most 
efficient ones within the target zone. The blocks revealed 
a 0.034% oxygen content (340 parts per million). This 

amount implies good mechanical properties especially in 
regard to impact toughness since oxidation deteriorates 
the mechanical performance [25]. The cross sections of 
the blocks revealed a good metallurgical structure with-
out any defects.

Fig. 13  a Demo part and b cross section of the horizontal T-joint

Fig. 14  a Laser scan profile of 
the radius at the vertical T-joint 
fa and the nominal radius fr

Fig. 15  Demo part a without 
alternating feed direction per 
layer b with alternating feed 
direction per layer
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3.1.4  Demo parts

The demo part achieved the target height of 8 mm while 
keeping the process stable.

3.1.5  Final prototype

The prototype was built with the previously mentioned 
parameters of the demo part and the target height of 140 mm 
as shown in Fig. 18. The buildup took 87 h. The final dimen-
sions of the part were Ø340 × 140 mm. The oxidation varied 
between the massive outer wall and the thin-walled ribs. 
Possible reasons are the higher temperature and the reduced 
local shielding at the thin walls, as the shielding gas passes 
the thin walls. The temperature in thin walls is higher due to 
the lower conduction. As a consequence, high temperature 
oxidation might occur as described by Young [26].

3.2  Laser welding

3.2.1  Design

The final design integrated three subparts as shown in 
Fig. 19. The piston crown was joined by laser welding to 
the DMD subpart.

3.2.2  Geometrical parameter study

The penetration p, the width w, and the width at a penetra-
tion depth of 4 mm  w4 have been measured for samples 
D1–D9 and are shown in Fig. 20. The most suitable param-
eters which achieve a minimum depth of 5.5 mm but not 
exceeding 7 mm are D3, D5, D7, and D8. However, the 
width at a 4 mm depth of 2.3 mm was not achieved by the 
mentioned parameters.

One parameter out of each spot size within the target zone 
(D3, D5, D7) was chosen for the visual inspection of pores. 
Pores with a size > 200 um could be detected by the bare eye. 
Those to whom this applied were indicated as porous cross 
section and the code 1. Those without any visible pores were 
indicated as not porous and the code 0. The number of cross 
sections with a visible pore was counted across 50 samples 
for each laser power and each parameter. The laser power 
was set to 5000 W in order to benefit from the maximum 
available laser power. The power was reduced to 4000 W to 
improve the porosity (Table 12). This can be explained by 
the prevention of keyhole instability and therefore reduc-
tion of keyhole porosity [27]. The difference between the 
variables (laser power and parameter) was examined by a 
Poisson Regression model using the statistical software R. 
A Poisson regression model is a generalized linear model 
that is used to model count data and contingency tables. The 
differences across the three parameters (p = 0.00656) and 
across the laser power (p = 4.64·10–6) were significant. How-
ever, the welding depth was reduced which was measured six 
times. The best result has been achieved by a depth of focal 
plane of 0 mm, feed rate of 1200 mm/min, and laser power 
of 4000 W with a welding depth of approximately 4 mm.

3.2.3  Test geometries

Sample E1 and E2 burnt through which is not permitted accord-
ing to No. 1.13 DIN EN ISO 13919–1. Sample E4 and E6 suf-
fered a lack of bonding and E3 achieved the best results as shown 
in Fig. 21. The sagging of sample E3 meets the requirements 
of No.1.12 of DIN EN ISO 13919–1 evaluation group C. It is 
visible that the welds still contain pores. The maximum dimen-
sion for single pores in sample E3 meets the requirements of 
No.2.4 of DIN EN ISO 13919–1 evaluation group A. However, 
this does not apply necessarily to all cross-sections of the weld.

Fig. 16  Height of the single 
tracks over the specific volume 
of the powder/gas mixture
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3.2.4  Demo parts

It was assumed that the surface pressure is equally distrib-
uted by using the clamping device. No welding failures 
occurred during the first welding round. After the second 
welding set, burn throughs were created at the end of the 
tracks which are not permitted according to DIN EN ISO 
13919–1.

3.2.5  Final prototype

The welding steps of the final piston took approximately 1 h. 
In order to avoid burn through at the start and end points, 
lead-in and lead-out plates were placed on the prototype. 
However, the final part still showed burn through along the 

Fig. 17  Results of the powder 
efficiency a single tracks with a 
different carrier gas and powder 
mass flow b built blocks with 
the parameters of sample C5

Fig. 18  Final additively manufactured part of the piston
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complete length of the tracks. The reason was found after 
completing the study. The laser beam quality was not repro-
ducible since not enough nitrogen was provided for the  CO2 
resonator and the guiding for the shielding gas had a leakage. 
However, the welding defects could be repaired by milling 

the undercuts and afterward filling the gaps with DMD. The 
final prototype is shown in the as-built condition in Fig. 22.

The flatness of the welded piston crown was approxi-
mately 0.6 mm as shown in the 3D laser scan of the final 
prototype in Fig. 23. The white spots mark shiny areas in 
which the reflectivity of the surface was too high, which 
interfered with the data acquisition. The cylindricity is vary-
ing by approximately 2 mm above the nominal surface.

4  Conclusion

A workflow was developed successfully to manufacture a pis-
ton for a gas compressor with a diameter of 342 mm and a 
height of 140 mm by direct metal deposition and laser welding. 
The as-built piston was measured by a 3D laser scanner and 
met the required tolerances of the technical drawing. The study 
showed limitations and countermeasures of the DMD process 
which includes an approach from a 2D parameter study to an 
as-built prototype. The following conclusion could be drawn.

Fig. 19  Final design of the 
piston

Fig. 20  Parameter study for 
laser welding 1.4313

Table 12  Cross sections with pores and depth of each parameter

Laser power Parameter 3 
FL =  − 6
400 mm/min

Parameter 5 
FL =  − 3
800 mm/min

Parameter 7 
FL = 0
1200 mm/min

5000 W Frequency of 
cross sections 
with visible 
pores

33 29 22

Depth 6.7mm 6.1mm 6.2mm
4000 W Frequency of 

cross sec-
tions with 
visible pores

9 20 3

Depth 6.6mm 4.9mm 4.3mm
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Fig. 21  Cross section of the 
double weld strategy of thin 
walls

Fig. 22  As-built DMD/ laser welded final piston Fig. 23  3D laser scan of the final prototype
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• The novel design enabled a weight reduction of 40%.
• Part segmentation allowed to overcome machine limita-

tions with a fixed machine table. The piston contained 
subparts that are additively and conventionally manu-
factured and joined by laser welding. However, there is 
a residual risk of process induced porosity.

• Reducing the laser power reduced the temperature, and 
hence, oxidation of manganese and silicium and reduc-
ing the carrier gas flow improved the buildup rate and 
reduced the turbulence induced oxidation.

• Alternating the feed direction per layer improved the geo-
metrical accuracy and avoided material accumulation at 
sharp corners.

• The geometrical accuracy of different samples represent-
ing a radius in buildup direction could be identified quan-
titatively by 2D laser scans and a deviation function.

• A corner joint and a hidden T-joint were chosen as 
weld types, however complicating the positioning. 
Therefore, a clamping device was designed and manu-
factured.

• Since the laser welds were not wide enough at 4 mm 
depth, a double-weld strategy was considered in order to 
reduce a notch effect at the hidden T-joints.

• Imperfections along the length of the tracks could be 
repaired by the DMD process.

Usually, the as-built condition will be heat-treated and 
surface-finished which is not in the scope of this study. 
Moreover, investigating post processing including mechan-
ical properties, microstructure, and distortion will be the 
subject of further research.
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