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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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and the heat treatment were independently changed. Though the hardness, shrinkage, and drilling thrust force showed isotropic behavior to a 
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1. Introduction 
Additive manufacturing (AM) can produce complex features 
with intricate details. AM products are used as functional 
parts in almost all high-tech industries, including the 
aerospace, automotive, tooling, and medical industries [1–
3]. In the AM process, material is typically joined layer by 
layer to make parts from three-dimensional (3D) model data 
as opposed to subtractive and formative manufacturing 
methodologies [4].  

Manufacturing defects in the form of pores [5], dross [6], 
warpage [7], high surface roughness, and anisotropy in 
mechanical properties pose some challenges at the user end. 
Volume shrinkage occurs during laser densification in metal 
powder bed fusion (m-PBF) process [8,9] and can affect as-
built (AB) part dimensional stability. Subtractive 
manufacturing techniques are thus essential for achieving 
engineering tolerances for critical components. Efforts are 
being made to combine additive and subtractive 
manufacturing in one place so as to obtain finished 
mechanical parts with the highest accuracy [10–12]. 

Maraging steel exhibits high strength and wear resistance 
properties which make it suitable for many applications in 
the aircraft and tooling industries. Additively manufactured 
maraging steel and its machining are being vastly researched 
at the moment [13–16] owing to its high strength, derived 
from martensite, and toughness, derived from the aging 
process. AM technologies allow the production of metallic 
parts, in particular 18Ni-300 maraging steel using the 
powder bed fusion (PBF) process, in which thermal energy 
is used to selectively melt the metallic powder particles for 
fusion.  

Optimization of the most crucial PBF process parameters; 
laser power, scanning speed, energy density, layer thickness, 
laser spot diameter, and melt pool overlap, can significantly 
improve dimensional stability and influence mechanical 
properties, as indicated by previous studies [17–19]. OEM 
optimizes these printing parameters in PBF machines to 
ensure repeatability. EOS GmbH has commercialized 
standard parameters that are optimized for cost, build time, 
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or performance in terms of better surface characteristics and 
uniform material properties. The aforementioned PBF 
process parameter sets are characterized with these standard 
commercial parameter names.  

Additively manufactured maraging steel shows higher 
tensile and yield strength properties in the horizontal 
direction compared to the vertical direction, implying 
anisotropy [20]. The effect of the build direction on its 
material properties is a crucial phenomenon in the PBF 
process because of the layerwise effect. For instance, the 
surface roughness measured in the vertical build direction is 
greater compared with the horizontal build direction [16].   

For maraging steel, the solution treatment process can 
reduce the anisotropic effect inherited from the PBF process 
[21]. The aging process, on the other hand, can significantly 
enhance the mechanical properties (strength and hardness) 
of AB maraging steel. Typically, AB maraging steel is 
solution-treated (ST) before aging is performed, which in 
turn imparts high strength properties. In the aging process, 
maraging steel is held below the austenitization temperature 
(~560 °C), typically for six hours, which promotes hindering 
of precipitation and imparts high strength properties [22] as 
a result of the intermetallic precipitates. Direct aging can 
also be performed on AB maraging steel components and 
has been reported to lead to strength properties comparable 
with those of ST-aged parts [23]. Horizontally built 
components have shown a higher yield and ultimate strength 
compared to vertically built components, indicating 
anisotropy [23].  

To minimize the manufacturing defects that characterize the 
PBF process, subtractive manufacturing techniques are 
adopted. The machining characteristics of additively 
manufactured maraging steel showed tensile residual 
stresses near the machined surface built up during the PBF 
process which were not present in wrought components 
[15]. Tool wear has been observed to be lower for ST 
samples compared to AB and aged additively manufactured 
maraging steel [16]. The machining of high-strength 
maraging steel can sometimes produce burrs attached to the 
surface that can affect the surface quality [24].  

PBF process capabilities are often expressed in terms of 
material properties along horizontal and vertical orientations 
to highlight the anisotropy induced by the build direction. 
There are only a few studies that explore the effect of 
various printing inclinations on part accuracy in terms of 
surface properties (flatness, surface roughness) and 
dimensional accuracy affected by dross and shrinkage for 
additively manufactured maraging steel. Internal thread 
manufacturing, flatness error in as-built plates, shrinkages, 
and the effect of pre-holes on thread quality have scarcely 
been investigated for additively manufactured maraging 
steel. In this research, these gaps are filled by examining the 
quality of threads along various printing inclinations. The 
machining allowances required for internal threads are also 
discussed. This experimental study explores the dependence 
of surface roughness, flatness, hardness, shrinkages, and 

drilling thrust forces and thread quality as a function of the 
printing inclination.  

The aim of this study is to evaluate part properties, i.e., 
flatness, surface roughness, surface hardness, pre-hole 
shrinkage, drilling thrust force, and thread profiles in a 
unified setup when the printing orientation and the heat 
treatment were independently changed. 

2. Experimental methods 

This study investigated the anisotropy in additively 
manufactured maraging steel (18% Ni Maraging 300/ 
European 1.2709/German X3NiCoMoTi [21]) using the 
unified method of evaluating part properties [25].    

2.1 Test plate design for additive manufacturing 

Figure 1 shows the geometry of the additively manufactured 
test plate containing pre-holes. The rectangular flat plates 
(8-mm thick) were designed using the Creo Parametric (4.0, 
PTC, Needham, MA, USA) software. The plates contained 
pre-holes that deviated from the nominal diameter of 4.2 
mm and 6.8 mm, which are recommended for tapping M5 
and M8 threads, respectively.  

 
The pre-hole increment is determined on the basis of the 
minimum feature size in the XY-plane of the AM machine. 
The left-hand region of the plate is intended for direct 
drilling into the solid material. The thickness of all the plates 
was 8 mm.  
The machining allowances determined by the pre-hole 
increments are listed in Table 1 for the two pre-hole 
diameters, i.e., 4.2 mm and 6.8 mm.  

Table 1: Machining allowances of the 4.2-mm and 6.8-mm pre-hole 
diameters [25]  

Pre-hole 
diameter (mm) 

Machining 
allowance for 
4.2-mm drill 

Pre-hole 
diameter (mm) 

Machining 
allowance for 
6.8-mm drill 

4.3 +0.1 6.9 +0.1 
4.2 0.0 6.8 0.0 
4.1 -0.1 6.7 -0.1 
3.8 -0.4 6.4 -0.4 
3.5 -0.7 6.1 -0.7 
3.2 -1.0 5.8 -1.0 
2.0 -2.2 3.0 -3.8 

Direct drilling -4.2 mm Direct drilling -6.8 mm 

Figure 1: The schematic of the test plate in millimeters [25] 
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The test plates were additively manufactured at five printing 
inclinations (0°, 30°, 45°, 60°, & 90°), as shown in Figure 2. 
No primary heat treatment was employed for the set of as-
built (AB) plates shown in Figure 4, while for the other set, 
the plates were solution-treated (ST) for two hours at 940 °C 
followed by rapid air-cooling to a temperature below 32 °C 
with a cooling rate of 20-60 °C/min.  

Two plates were manufactured at a 90° orientation, which 
were aged (for a holding time of six hours at 490 °C, 
followed by air cooling) from the AB and ST state, in order 
also to evaluate the effect of the secondary heat treatment 
process on the hardness and thread profile. Subsequently, 
the two additional plates printed at a 90° orientation, one per 
print job (AB and ST), underwent aging as the secondary 
heat treatment process. The AB plate was directly aged (AB-
aged), and the ST plate was aged (ST-aged) after solution 
treatment. 

The global AM parameters are presented in Table 2, and the 
printing parameters are presented in Table 3.  

The printing parameters, i.e., laser power, scanning speed, 
hatch distance, and scanning strategy, are defined by the 
Performance 2.0 parameter set [26], which was uniform for 
both sets. The printing strategy included outer contours and 
a rotation of the laser scanning path through 67° for 
successive layers. The stripes were exposed against the flow 
of nitrogen gas. The manufacturing repeatability is ensured 
by the MS1 performance 2.0 parameter set. The X- and Y-
spacing between consecutive supports was 0.6 mm, and the 
rotation angle was 45°. The exposure parameters for the 
supports are different from the bulk manufacturing because 
the supports are typically exposed in single lines and are 
optimized for single walls.  

 
Figure 2: The printing inclinations [25]  

2.2 Flatness error  

The flatness error was measured on the top surface of the 
plates using the Ruby CMM model 444 (CE Johansson AB, 
Eskilstuna, Sweden), which had an accuracy of 20 µm. The 
flatness measurement consisted of 60 data points that were 
randomly selected on the top surface of the plate. Three 
measurements were recorded for each plate.  

The test plates were removed from the substrate using a 
bandsaw. The supports were removed by milling. The 
design intent ensured that the pre-holes were not supported 
with any support structures.  

2.3 Surface roughness 

The Form Talysurf i120 (Taylor Hobson, Leicester, United 
Kingdom) was used to measure the surface roughness of the 
top surface (Ra value) of the plates using a stylus-type 
measuring tool. The measurements followed the EN ISO 
4288 standard, and a cut-off length of 2.5 mm was selected. 

2.4 Hardness 

The hardness was measured on the top surface of the plates 
with the Rockwell hardness (HRC) scale using the 
SwissMax 300 (Gnehm, Thalwil, Switzerland) equipment.  
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Table 3: Additive manufacturing printing parameters 
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As-built (AB) Aged 
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2.5 Hole diameter  

The additively manufactured pre-hole diameter was measured 
for each pre-hole using a hole gauge set and a digital 
micrometer.  

2.6 Thrust force measurement  

The plates were drilled and subsequently tapped using an MX-
520 vertical machining center (Matsuura, Fukui-city, Japan). 
The axial drilling thrust force was measured using a Kistler 
9271 piezoelectric sensor. The experiments were conducted at 
room temperature. The coordinates of the printed pre-holes 
were determined manually using a centering microscope. The 
cutting parameters were selected in accordance with the 
recommendations of the tool manufacturer (Table 4), 
particularly, the Walter Titex [27] tools and machining 
parameters, for the AB and ST plates. 
 
Table 4: OEM recommended tools 

Drills   

Product 
Name f* vc ** Point 

angle 
No. of 
Flutes 

A3293TTP-
4.2 0.078 200 140° 2 

A3293TTP-
6.8 0.11 150 140° 2 

Taps  

Product 
Name 

Tapp 
material  Vc 

Tapp 
coating 

Pitch 
(mm) 

S2021305-
M5 HSS 0.063 TiN 0.8 

S2021305-
M8 HSS 0.01 TiN 1.25 

*Feed=f (mm/rev)                                          **Cutting speed =vc  (mm/min) 

 
2.6.1 Tools for aged maraging steel  
 
To compensate for the underlying microstructural morphology 
and the subsequent mechanical properties of the aging process, 
compatible tools were used for drilling and tapping, as listed in 
Table 5.  
 
Table 5: Drilling and Tapping tools used for aged maraging steel 
  Operation  Cutting tool 

(Product name) 
Cutting 
speed         

(m/min) 

Feed 
(mm/rev) 

M5 Direct 
Drilling 

Dijet 4.2-mm drill 
DZ-DHS0420 

60 0.08 

Tapping  8031106-M5 Tap  5.3 0.8 
M8 Direct 

Drilling 
Dijet 4.2-mm drill 

DZ-DHS0420 
60 0.08 

Tapping 8031106-M8 Tap  8.5 1.25 
 
All the M5 pre-holes were cut using a 2-mm milling tool 
[YONNEX Y545] to obtain a nominal diameter of 4.2 mm. In 
the case of direct drilling of solid material (no pre-hole) to 
obtain the 4.2-mm diameter, a Dijet 4.2-mm drill was used.  
In the case of directly cutting a 6.8-mm hole in aged maraging 
steel, a Dijet 4.2-mm drill was used. Then it was milled with a 
4-mm milling tool [YONNEX Y545] to obtain a diameter of 
6.8 mm.  

Finally, the nominal holes, i.e., 4.2 and 6.8 mm, whether 
directly drilled or milled, were tapped using the Walter Titex 
tools to obtain M5 and M8 respectively.  

2.7 Thread-stripping force  

ISO standard 899-2 standard guidelines were followed to 
design a custom-made thread-stripping setup [25] for the 
stripping of internal threads in maraging steel plates. An axial 
tensile force was applied to nut threads made in a horizontal 
plate, using a 12.9 bolt. The additively manufactured plate was 
clamped to the flat stationary bed with another rectangular 
plate using four bolts. The tensile machine had a capacity to 
apply a force of 50 kN. The thickness of the plates was 
reduced to 5 mm for the thread stripping to reduce the thread 
engagement length and hence requiring less stripping force 
compared to 8 mm thickness. This would allow more tensile 
force available for stripping of threads made in maraging steel. 

2.8 Thread profiles 

Following the tapping of the M5 and M8 internal threads in 
the maraging steel, a cross-section of the threads was cut as 
shown in Figure 3 using a ROBOFIL 440 (Charmilles, 
Nürtingen, Germany) EDM wire cut machine. The samples 
were mechanically prepared by first using SiC grinding paper 
with a P 2000 FEPA grit size. Then the samples were polished 
with 1-µm diamond paste. An etchant with the composition 
shown in Table 6 was used to reveal the micro-scale details of 
the surfaces. The samples were etched for two minutes. An 
objective magnification of 10X was used for observing the 
thread profiles under an optical microscope. The individual 
pictures were stitched together to show the continuous threads 
using the Adobe Photoshop (Adobe Inc., version 21.0.2, San 
Jose, California, USA) software.  

 

 
Figure 3: The sectioned internal threads for optical microscopic imaging  

Table 6: The composition of the etchant 

Material  Amount 
Water 50 ml 
Ethyl alcohol 50 ml 
Methyl alcohol 50 ml 
Hydrochloric acid 50 ml 
CuCl2 1 g 
FeCl3 2.5 g 
HN03 2.5 mL 

3.  Results and Discussion   

Figure 4 shows the additively manufactured maraging steel 
AB plates at five printing inclinations.  
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Figure 4: The additively manufactured maraging steel AB plates at five 
printing inclinations 

3.1 Flatness error 

Figure 5 shows the flatness error of the AB plates before and 
after removal from the substrate. This error occurred as a 
result of the buildup of large thermal gradients during the 
rapid melting and cooling of the melt pool in the PBF process. 
The rapid re-solidification induces large residual stresses with 
the potential of producing warped surfaces (flatness error).  
 

Figure 5: The flatness error of the AB plates 

The flatness error was at its minimum at a 90° inclination 
since a larger portion of the solid plate supported itself and 
aided efficient heat transfer to the substrate compared with the 
other printing inclinations. Comparatively, the heat transfer to 
the substrate at other printing inclinations has a higher 
dependency on support structures, which have the form of a 
square grid. Further, the maximum energy input per layer is 
minimal at a 90° inclination as a result of the smallest cross-
sectional area of the melted layer. The second-smallest flatness 
error was observed at a 0° inclination. This is because of the 
maximum cross-sectional area of the support structures, which 
enhances the heat transfer capability and anchoring of the plate 
to the substrate compared to inclinations of 30° to 60°. The 
flatness error decreases from 30° to 60° because the cross-
sectional area of the supports and maximum energy per layer 
decrease during this changeover. In this particular case, the 
reduced cross-sectional area of the supports suggests that the 

solid material of the plate has a greater capability of 
supporting itself and aiding heat sink.    

After the removal of the plates from the substrate, the flatness 
error was intensified with a similar trend. The increase in the 
amplitude of the flatness error is comparable to the residual 
stresses. When the substrate was intact, the support structures 
held the plates to the substrate against the thermal stresses. 
Their removal from the substrate further intensified the 
warpage of the top surfaces of the plates.  

Figure 6: The flatness error of the ST plates 

The flatness error reduces significantly for ST plates compared 
to AB plates, as can be seen from Figure 6. The decrease is 
caused by the stress relief resulting from the solution treatment 
process before the plates were removed from the substrate. 
Evidently, a higher level of flatness error without heat 
treatment has a greater tendency to decrease with heat 
treatment than a lower level of flatness error owing to stress 
relief.   

Overall, even though the flatness error at a 90° inclination may 
be at its minimum, the duration of the print for this individual 
plate would be the highest compared to the plates printed at 
other inclinations. The print duration would increase from a 0° 
to a 60° inclination, which would accumulate additional costs. 
Thus, trade-offs between the flatness error, duration of the 
printing, and cost should be considered when selecting the 
orientation of a part.   

3.2 Surface Roughness  

The surface roughness of the AB and ST plates is shown in 
Figure 7. Though identical printing parameters were employed 
for both the AB and ST plates, the surface roughness of the ST 
plates was higher as a result of the oxidation effect occurring 
at elevated temperatures during the solution treatment process.  

In the case of the AB plates, the surface roughness decreases 
from a 30° to a 60° inclination as a result of the staircase effect 
coupled with powder conglomeration, which is shown in 
Figure 8. When a printing inclination changes from 30° to 60°, 
the perpendicular distance from the measurement surface of 
the plate to the inner corner of the staircase decreases. Further, 
a substrate temperature of 40 °C can cause conglomeration of 
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powder particles to the skin of the plate which is in contact 
with the powder bed during the build cycle. During the 
transition from a 30° to 60° inclination, the surface area that is 
perpendicular to the build direction in Figure 8 decreases. A 
smaller surface area in contact with the powder bed enables a 
lower surface roughness as a result of a lower intensity of the 
powder conglomeration. The plate inclined at a 90° inclination 
has a slightly lower surface roughness because it is not 
affected by the staircase effect. The plate at a 0° inclination 
consists of the lowest surface roughness because it is not 
affected by the stair-case effect and it has the lowest 
susceptibility to powder conglomeration owing to an up-skin 
exposure parameter.  

 

Figure 7: The surface roughness comparison of the AB and ST plates  

 
 

 
Figure 8: Schematics of the staircase effect at a 30°, 45°, and 60° inclination 
[25] 

3.3 Surface hardness  

The AB plates were harder compared to the ST plates owing to 
the presence of fine grains resulting from the rapid melting and 
solidification. These results are in line with previous studies. 
Figures 9 and 10 present the hardness of the AB and ST plates 
as a function of the printing inclination, measured in three 
regions of the plate as indicated by Figure 2. The error bars 
represent the experimental standard deviation. In the case of 
the AB plates, the surface hardness is quite consistent, which 
indicates isotropic behavior. The average hardness of all 
measurement regions as a function of the print inclination is 
36.25 HRC ± 0.44 HRC and contains a range of 1.13 HRC. 

Following the solution treatment, the hardness reduces by 
around 20% owing to the disappearance of fine grain 
boundaries. The overall results indicate that the hardness is not 
significantly affected at different heights of the measurement 

regions from the substrate and seems to be independent of the 
print inclination. The average hardness of all measurement 
regions as a function of the print inclination is 29.00 HRC ± 
0.37 HRC and contains a range of 0.92 HRC. 

The average hardness of the AB-aged and ST-aged plates is 
53.94 ± 0.46 HRC and 54.62 ± 0.34 HRC, respectively, as a 
result of the formation of intermetallic precipitate [17]. 
Following the aging process, the hardness of the AB plate 
increases by approximately 48%. Similarly, after the aging 
process, the hardness of the ST plate increases by about 86%. 
Eventually, the hardness of both the AB and ST plates 
becomes uniform after the aging process. 

 
Figure 9: Hardness with regard to printing inclinations at three measurement   
regions in the AB plates  

 
Figure 10: Hardness variation with regard to printing inclinations in three 
measurement regions of the ST plates  

3.4 Pre-hole shrinkage                                                                                                                                                                                                                                                                                                                                                                                                                                                       

All the pre-holes had shrunk after the PBF process. Thus, the 
final diameter was smaller than the nominal diameter 
prescribed in the CAD model. The shrinkage was caused by 
the thermal contraction resulting from the large thermal 
gradients. The shrinkage measurements were affected by the 
partial melting of powder particles (size: 15-63 µm) to the 
down-skin surfaces, resulting in the formation of dross. Figure 
11 depicts the measurement method for calculating the dross 
and shrinkage. Dross is shown by the black region under the 
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down-skin surface. The difference between the measured 
diameter (d1) and nominal diameter represents the shrinkage. 
The measured diameter d2 is subtracted from d1 to calculate the 
formation of dross.  

 
Figure 11: The pre-hole schematic depicting dross and shrinkage [25] 

Figures 12 and 13 compare the shrinkage measured in the AB 
and ST plates for the 4.2- and 6.8-mm pre-holes as a function 
of the printing inclination.  

Figure 12: The shrinkage with respect to the printing inclination of the 4.2-mm 
pre-hole 

 

Figure 13: The shrinkage with respect to the printing inclination of the 6.8-mm 
pre-hole 

The shrinkage does not appear to be affected significantly by 
the solution treatment, and hence, the pre-holes have retained 

their diameters. It can be implied that despite the stress-
relieving effect caused by the solution treatment, the geometric 
dimension of the pre-holes remains unaltered, with an average 
difference of 8% after heat treatment. An average 13% 
increase in the shrinkage was observed for the 6.8-mm pre-
hole compared to the 4.2-mm pre-hole.  

On the other hand, the dross increases significantly as the 
printing inclination angle increases. As the slope of the down-
skin surface of the pre-hole increases with an increase in 
printing inclination, the lack of support structures hinders the 
heat transfer capability at the down-skin surface. As a result, 
dross starts to grow at the down-skin surfaces. The ST plates 
follow a similar trend to that of the AB plates. An identical 
formation of dross was observed for the 6.8-mm pre-hole.  

 
Figure 14: Dross as a function of the printing inclination for the 4.2-mm pre-
hole 

3.5 Thrust force measurement  

Figure 15 and 16 show 3D contour graphs of the axial drilling 
thrust force of the 4.2-mm and 6.8-mm drills with color codes 
as a function of the pre-hole sizes and printing inclinations of 
the AB plates.  

  
Figure 15: The drilling thrust force of the 4.2-mm drill with respect to the pre-
hole diameter and printing inclination of the AB plates  

The drilling thrust force does not fluctuate significantly when 
the printing inclination changes, as shown by the uniform 
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down-skin surface. The difference between the measured 
diameter (d1) and nominal diameter represents the shrinkage. 
The measured diameter d2 is subtracted from d1 to calculate the 
formation of dross.  

 
Figure 11: The pre-hole schematic depicting dross and shrinkage [25] 

Figures 12 and 13 compare the shrinkage measured in the AB 
and ST plates for the 4.2- and 6.8-mm pre-holes as a function 
of the printing inclination.  

Figure 12: The shrinkage with respect to the printing inclination of the 4.2-mm 
pre-hole 

 

Figure 13: The shrinkage with respect to the printing inclination of the 6.8-mm 
pre-hole 

The shrinkage does not appear to be affected significantly by 
the solution treatment, and hence, the pre-holes have retained 

their diameters. It can be implied that despite the stress-
relieving effect caused by the solution treatment, the geometric 
dimension of the pre-holes remains unaltered, with an average 
difference of 8% after heat treatment. An average 13% 
increase in the shrinkage was observed for the 6.8-mm pre-
hole compared to the 4.2-mm pre-hole.  

On the other hand, the dross increases significantly as the 
printing inclination angle increases. As the slope of the down-
skin surface of the pre-hole increases with an increase in 
printing inclination, the lack of support structures hinders the 
heat transfer capability at the down-skin surface. As a result, 
dross starts to grow at the down-skin surfaces. The ST plates 
follow a similar trend to that of the AB plates. An identical 
formation of dross was observed for the 6.8-mm pre-hole.  

 
Figure 14: Dross as a function of the printing inclination for the 4.2-mm pre-
hole 

3.5 Thrust force measurement  

Figure 15 and 16 show 3D contour graphs of the axial drilling 
thrust force of the 4.2-mm and 6.8-mm drills with color codes 
as a function of the pre-hole sizes and printing inclinations of 
the AB plates.  

  
Figure 15: The drilling thrust force of the 4.2-mm drill with respect to the pre-
hole diameter and printing inclination of the AB plates  

The drilling thrust force does not fluctuate significantly when 
the printing inclination changes, as shown by the uniform 
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mesh boundaries. The insignificant variation in the drilling 
thrust force is most probably due to the alignment error and 
drill wandering [28]. Further, the thrust force decreases 
significantly with an increase in the diameter of the pre-hole 
owing to the lower amount of material removed. Since the 
drilling parameters (cutting speed, feed) were constant, the 
drilling thrust force largely depended on the diameter of the 
pre-hole. 

 
Figure 16: The drilling thrust force of the 6.8-mm drill with respect to the pre-
hole diameter and printing inclination of the AB plate  

Figure 16 shows that a pre-hole diameter from 3 mm to 6.4 
mm (machining allowance of 3.8 mm and 0.4 mm) for a 6.8-
mm drill can cut down the drilling thrust force by 54% to 92% 
compared to direct drilling. Similarly, the drilling force can be 
reduced by from 59% to 90% with a pre-hole diameter from 2 
mm to 3.8 mm (machining allowance of 2.4 mm and 0.4 mm) 
for the 4.2-mm drill. To this end, introducing pre-holes can 
significantly reduce the axial drilling thrust force, which 
otherwise can be critical for the structural integrity of the 
additively manufactured parts. Particularly, in the case of high-
strength maraging steel, the reaction forces are expected to be 
significantly higher.   

Figure 17: A comparison of the drilling thrust force without pre-holes 

Figure 17 presents a comparison of the average axial thrust 
force for direct drilling in the AB plates, ST plates, AB-aged 
plate, and ST-aged plate. The drilling thrust force reduces by 
approximately 5% for the 4.2-mm drill and 8% for the 6.8-mm 
drill after solution treatment. The decrease in the thrust force 

can be associated with the reduced hardness of the ST plates, 
resulting in lower reaction forces.  

The drilling thrust force increases by approximately 51% for 
the AB-aged plate compared to the AB plates. Similarly, it 
increases by around 58% for the ST-aged plate compared to 
the ST plates. Both plates yielded a similar average drilling 
thrust force after the aging process. This implies that the aging 
treatment produces identical mechanical properties for the AB-
aged and ST-aged plates, which was also indicated by the 
similar hardness results.  

A large drilling force can increase tool wear and defects. To 
avoid large thrust forces, it is recommended to print a pre-hole 
and possibly reduce the penetration rate (cutting speed and 
feed). Additionally, a reduction in the thrust force can ensure 
that the features, i.e., thin walls with low strength capability 
remain intact.  

3.6 Thread stripping  

The attempt to evaluate the thread-stripping force was 
unsuccessful owing to the high strength of the maraging steel 
and the fracture of the stripping bolts of class 12.9 defined by 
the ASTM F568M-07 standard. Figure 18 shows the broken 
bolts when the internal threads made in the maraging steel 
were stripped. The bolts broke at a force of 46 kN, indicating 
high thread strength.   

 
Figure 18: Thread-stripping results with 12.9 bolts 

3.7 Thread profiles  

All the M5 and M8 internal threads, regardless of printing 
orientation and heat treatment, were successfully tapped in 
maraging steel. The tapping process was followed by the 
removal of burrs from the threads, after which the threads 
passed the go/no go testing.   

In the case of pre-hole diameters that were smaller than the 
nominal diameter, i.e., 4.2 mm and 6.8 mm, the thread profile 
was free of porosity and had fine sharp edges. 

In order to depict the worst-case scenario, this study focuses 
on the M5 thread profiles of the largest pre-hole diameter, i.e., 
4.3 mm. The results of the M8 thread profiles were in line with 
those of the M5. Further, the investigation focuses on the 
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plates printed at 0° and 90° inclinations to represent the 
highest or minimum impact of the inclination range. The effect 
of dross, which undermines the thread strength/profile, would 
be the highest for the largest pre-holes as a result of a lack of 
adequate drilling. In this case, the down-skin thread had a loss 
of material and a lack of sharp edges. This is due to the 
formation of dross at the down-skin surfaces. Though the 
dross was removed through drilling, its porosity remained in 
the bulk of the material. Figure 19 shows the M5 and M8 
internal threads cut in one of the ST plates.  

 
Figure 19: M5 and M8 threads in ST maraging steel plate  

In the case of the AB plate (Figure 20), the thread profiles, 
including the crest, flank, and root, are sharp because they do 
not include either the down-skin or up-skin surfaces at a 0° 
inclination. The exposure parameters of the down-skin and up-
skin differ from each other, as well as the bulk of the material, 
because of the gravitational forces acting on the melt pool on 
the down-skin and on the un-melted powder above the up-skin 
surfaces. However, these measures only mitigate the 
occurrence of defects which are likely to occur, even if they 
are insignificant.  

At a 90° inclination, the up-skin and down-skin thread 
profiles, shown in Figures 21 and 22, lack sharpness compared 
to a 0° inclination. The intensity in the lack of sharpness is 
greater for down-skin threads than the up-skin thread. The 
down-skin thread profile is predominantly affected by the 
formation of dross. The up-skin thread can be affected by 
several factors, i.e., inadequate removal of the material from 
the crest through drilling and tapping as a result of a larger 
pre-hole than the nominal diameter coupled with non-uniform 
shrinkage and the deformation of the crest caused by the 
weight of the powder on top acting as an insulator. 
Additionally, the flank of the up-skin thread can be affected by 
brittle fractures in some cases, which remove excessive 
material through cracking.   

Figure 23 shows a good-quality thread with a sharp profile in 
the case of an ST plate at a 0° inclination. At a 90° inclination, 
the up-skin (Figure 24) and down-skin (Figure 25) threads 
yield inferior-quality threads in the worse cases.  

The flank of the up-skin thread is probably affected by 
excessive brittle fractures, and the crest is affected by 
inadequate removal of the material through drilling and 
tapping. Further, the deformation caused by the weight of the 
un-melted powder on top can also have an impact on the crest 
through further deformation during the solution treatment. The 
down-skin thread profile is mainly affected by the lack of 

material resulting from the formation of dross, which 
worsened after the solution treatment.     

This can be avoided by introducing smaller pre-holes 
compared to the nominal diameter, which would allow the 
removal of unwanted effects of dross at the down-skin and 
deformation effects at the up-skin through the drilling process. 
Ullah et al. [25] have recommended a machining allowance of 
0.3 mm, mainly due to the presence of outer contours in the 
scan strategy, to ensure the removal of such defects for 
additively manufactured aluminum. As a result of this study, 
the 0.3-mm machining allowance can also be applied to 
additively manufactured maraging steel.   

Figurs 26-29 show superior-quality thread profiles for the aged 
plates regardless of their initial condition, i.e., AB and ST, and 
location of the thread, i.e., up-skin and down-skin. The results 
confirm that sharp threads can be manufacuted in high-
strength maraging steel in a hardened state. No significant tool 
wear was observed in the machining of the aged plates.   

Figure 20: AB plate, M5, pre-hole diameter 4.3 mm, objective 10 X, 0° 
printing inclination 

 
Figure 21: AB plate, M5, pre-hole diameter 4.3 mm, up-skin thread, objective 
10 X, 90° printing inclination 

 
Figure 22: AB plate, M5, pre-hole diameter 4.3 mm, down-skin thread, 
objective 10 X, 90° printing inclination 

 
Figure 23: ST plate, M5, pre-hole diameter 4.3 mm, objective 10 X, 0° 
printing inclination 

Figure 24: ST plate, M5, pre-hole diameter 4.3 mm, up-skin thread, objective 
10 X, 90° printing inclination 
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plates printed at 0° and 90° inclinations to represent the 
highest or minimum impact of the inclination range. The effect 
of dross, which undermines the thread strength/profile, would 
be the highest for the largest pre-holes as a result of a lack of 
adequate drilling. In this case, the down-skin thread had a loss 
of material and a lack of sharp edges. This is due to the 
formation of dross at the down-skin surfaces. Though the 
dross was removed through drilling, its porosity remained in 
the bulk of the material. Figure 19 shows the M5 and M8 
internal threads cut in one of the ST plates.  

 
Figure 19: M5 and M8 threads in ST maraging steel plate  

In the case of the AB plate (Figure 20), the thread profiles, 
including the crest, flank, and root, are sharp because they do 
not include either the down-skin or up-skin surfaces at a 0° 
inclination. The exposure parameters of the down-skin and up-
skin differ from each other, as well as the bulk of the material, 
because of the gravitational forces acting on the melt pool on 
the down-skin and on the un-melted powder above the up-skin 
surfaces. However, these measures only mitigate the 
occurrence of defects which are likely to occur, even if they 
are insignificant.  

At a 90° inclination, the up-skin and down-skin thread 
profiles, shown in Figures 21 and 22, lack sharpness compared 
to a 0° inclination. The intensity in the lack of sharpness is 
greater for down-skin threads than the up-skin thread. The 
down-skin thread profile is predominantly affected by the 
formation of dross. The up-skin thread can be affected by 
several factors, i.e., inadequate removal of the material from 
the crest through drilling and tapping as a result of a larger 
pre-hole than the nominal diameter coupled with non-uniform 
shrinkage and the deformation of the crest caused by the 
weight of the powder on top acting as an insulator. 
Additionally, the flank of the up-skin thread can be affected by 
brittle fractures in some cases, which remove excessive 
material through cracking.   

Figure 23 shows a good-quality thread with a sharp profile in 
the case of an ST plate at a 0° inclination. At a 90° inclination, 
the up-skin (Figure 24) and down-skin (Figure 25) threads 
yield inferior-quality threads in the worse cases.  

The flank of the up-skin thread is probably affected by 
excessive brittle fractures, and the crest is affected by 
inadequate removal of the material through drilling and 
tapping. Further, the deformation caused by the weight of the 
un-melted powder on top can also have an impact on the crest 
through further deformation during the solution treatment. The 
down-skin thread profile is mainly affected by the lack of 

material resulting from the formation of dross, which 
worsened after the solution treatment.     

This can be avoided by introducing smaller pre-holes 
compared to the nominal diameter, which would allow the 
removal of unwanted effects of dross at the down-skin and 
deformation effects at the up-skin through the drilling process. 
Ullah et al. [25] have recommended a machining allowance of 
0.3 mm, mainly due to the presence of outer contours in the 
scan strategy, to ensure the removal of such defects for 
additively manufactured aluminum. As a result of this study, 
the 0.3-mm machining allowance can also be applied to 
additively manufactured maraging steel.   

Figurs 26-29 show superior-quality thread profiles for the aged 
plates regardless of their initial condition, i.e., AB and ST, and 
location of the thread, i.e., up-skin and down-skin. The results 
confirm that sharp threads can be manufacuted in high-
strength maraging steel in a hardened state. No significant tool 
wear was observed in the machining of the aged plates.   

Figure 20: AB plate, M5, pre-hole diameter 4.3 mm, objective 10 X, 0° 
printing inclination 

 
Figure 21: AB plate, M5, pre-hole diameter 4.3 mm, up-skin thread, objective 
10 X, 90° printing inclination 

 
Figure 22: AB plate, M5, pre-hole diameter 4.3 mm, down-skin thread, 
objective 10 X, 90° printing inclination 

 
Figure 23: ST plate, M5, pre-hole diameter 4.3 mm, objective 10 X, 0° 
printing inclination 

Figure 24: ST plate, M5, pre-hole diameter 4.3 mm, up-skin thread, objective 
10 X, 90° printing inclination 
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Figure 25: Figure 25: ST plate, M5, pre-hole diameter 4.3 mm, down-skin 
thread, objective 10 X, 90° printing inclination 

Figure 26: ST+Aged, M5, pre-hole diameter 4.3 mm, up-skin thread, objective  
10 X, 90° printing inclination 

 

Figure 27: ST+Aged, M5, pre-hole diameter 4.3 mm, down-skin thread, 
objective 10 X, 90° printing inclination 

 
Figure 28: AB+Aged, M5, pre-hole diameter 4.3 mm, up-skin thread, 
objective 10 X, 90° printing inclination 

 

Figure 29: AB+Aged, M5, pre-hole diameter 4.3 mm, down-skin thread, 
objective 10 X, 90° printing inclination 

Conclusions 

This study evaluated anisotropy in the part properties of 
additively manufactured maraging steel. The design of the test 
plate enabled a unified method of analyzing flatness, surface 
roughness, surface hardness, pre-hole shrinkage, drilling thrust 
force, and thread profiles. The test plates were additively 
manufactured using the EOS Performance 2.0 parameter set. 
The effect of AB plates and ST plates was investigated for the 
printing orientations at five inclinations. The effect of aged 
plates was also evaluated for the worst-case scenario.     

On the basis of the results, we draw the following conclusions.  

i. The flatness error increases in the following inclination 
order: 90°, 0°, 60°, 45°, and 30°, owing to the heat 
transfer capability in terms of the maximum energy input 
per layer and the cross-sectional area of support 
structures that also anchors the part to the substrate. The 

solution treatment can significantly reduce the flatness 
error.  

ii. The surface roughness decreases from a 30° to a 60° 
inclination as a result of the staircase effect coupled with 
the powder conglomeration. It was slightly smaller at a 
90° inclination because of the absence of a stair-case 
geometry leading to a lessened degree of powder 
conglomeration. It was at its minimum at a 0° inclination 
owing to the immunity from the staircase effect and due 
to the relatively lowest degree of powder 
conglomeration. The solution treatment can increase the 
surface roughness compared to as-built parts because of 
the oxidation effect occurring at elevated temperatures.  

iii. The EOS Performance 2.0 parameter set enabled quite 
uniform surface hardness as a function of the printing 
inclination indicating isotropic behavior for the as-built 
(within a range of 1.13 HRC with a STD of 0.44 HRC) 
and solution-treated (within a range of 0.92 HRC with a 
STD of 0.37 HRC) parts. The solution treatment can 
reduce the hardness by approximately 20% in contrast to 
the as-built parts owing to the coarseness in the 
morphology of the microstructure. The aging process can 
increase the hardness of the as-built parts by around 48% 
and solution-treated parts by around 86% to yield 
uniform hardness for both initial phases.      

iv. All the additively manufactured pre-holes underwent an 
average shrinkage of 150 µm for the 4.2-mm pre-hole, 
whereas an increase of 13% was observed in the 6.8-mm 
pre-hole. No significant difference in the shrinkage was 
observed when the printing inclination was changed and 
when solution treatment was applied. All the down-skin 
surfaces of the pre-holes contained dross, which 
increased from a 0° to a 90° inclination.  

v. No significant fluctuation in the drilling thrust force was 
observed when the printing inclination was changed. The 
drilling thrust force largely depends on the pre-hole 
diameter. A machining allowance of 0.4 mm to 3.8 mm 
can reduce the thrust force by around 92% and 59% for 
the 4.2-mm drill. Similarly, a machining allowance of 0.4 
mm to 2.4 mm can reduce it by around 90% and 54% for 
the 6.8-mm drill. The solution treatment can reduce the 
drilling thrust force by approximately 5% for a 4.2-mm 
drill and 8% for a 6.8-mm drill. The aging treatment 
increases the drilling thrust force by 51% compared to an 
as-built part and 58% compared to a solution-treated part. 
A large drilling thrust force can be critical for the 
structural integrity of weak features of a part, and it can 
potentially cause tool wear that can contribute to 
accumulating costs.  

vi. All the M5 and M8 internal threads, regardless of 
printing orientation and heat treatment, were successfully 
tapped and passed the go/no-go testing. Because of the 
high strength of the maraging steel, the custom-made 
setup was unable to strip the threads and resulted in 
fractured taps. In the case of pre-hole diameters that were 
smaller than the nominal diameter, the thread profile had 
good quality and was free of porosity. A pre-hole 
diameter that was larger than the nominal diameter 
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enabled the evaluation of possible defects that were 
observed only in several sections of the down-skin and 
up-skin surfaces of the threads. The down-skin profile of 
the as-built thread is predominantly affected by the lack 
of material resulting from the formation of dross, which 
worsened for the threads tapped in the solution-treated 
parts. Comparatively, the up-skin is affected to a lower 
degree as a result of several factors, i.e., inadequate 
removal of the material through drilling and tapping, 
non-uniform shrinkage, deformation caused by the 
weight of the powder on top, and brittle fractures during 
tapping. In the case of the aged parts, the thread profile 
had good quality and was free of porosity and 
deformations for even the down- and up-skin surfaces. 
Designers should consider implementing a machining 
allowance of 0.3 mm to ensure the removal of the 
unwanted effects of dross at the down-skin and 
deformation effects at the up-skin through the drilling 
process.  
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