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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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Abstract 

One of the major challenges in high-deposition rate Directed Energy Deposition processes is the resultant residual stresses generated during 
material deposition, often leading to distortion and poor material characteristics. Important part families suitable for DED process in aerospace 
sector are thin-wall components, characterized by a large base surface area with rib-like strengthening structures. Here, the substrate plate can 
be designed to be a part of the final component. The integration of substrate plate into final component results in possible deformation due to 
residual stress release during machining. This paper therefore investigates the effect of various powder-based Laser Metal Deposition process 
parameters and strategies on the residual stress state of the additively manufactured Ti-6Al-4V components and the resulting stress release 
during machining process. The analysis has been carried out during the machining process by including in-process strain measurements of the 
substrate. The embraced layer removal method allows the determination of machining zone specific stress release mapping, based on an 
analytical and FEM-model. Hence, the initial residual stress state of the builds was calculated, which revealed that although the heat treatment 
resolved most of the residual stresses, also in heat treated parts residues were identified depending on the part clamping during the treatment. 
Furthermore, the study revealed that the significant residual stresses are present in the layers close to the substrate.  
 
© 2022 The Authors. Published by ELSEVIER B.V. 
This is an open access article under the CC BY-NC-ND license (https://creativecommons.org/licenses/by-nc-nd/4.0) 
Peer-review under responsibility of the international review committee of the 12th CIRP Conference on Photonic Technologies [LANE 2022] 

 Keywords: Directed Energy Deposition; Residual Stresses; Distortion; Process Parameters; Machining Strategies. 

 
1. Introduction 

Directed Energy Deposition (DED) technique, a 
classification of Additive Manufacturing (AM) technology, is 
known for its characteristic high deposition rate and large build 
volume. Laser Metal Deposition (LMD) process, a sub-
classification of DED technology, employs focused laser beam 
as an energy source for layer-wise deposition resulting in a 
minimalistic heat affected zone, making this process one of the 
most favorable and widely employed DED technologies. In 
addition to repair applications and prototype development, 
efforts have been seen in industrialization of this technology 
for serial production of aerospace components [1]. Being a 

resource efficient manufacturing process, components with 
higher buy-to-fly ratios when manufactured conventionally, 
like machining from a block, are usually chosen for fabrication 
through LMD process. This near-net shape process, however, 
requires a mandatory final machining step to obtain a 
functional component. Thin-wall components which are 
characterized by a large base surface area with rib-like 
strengthening structures are one of the most suitable part 
families for DED technology.  

One of the major challenges in DED technique, that hinders 
wide-spread industrialization, are the resultant residual stresses 
that manifest into distortion, delamination and hot cracking, 
during or in the downstream machining process [2, 3]. Various 
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1. Introduction 

Directed Energy Deposition (DED) technique, a 
classification of Additive Manufacturing (AM) technology, is 
known for its characteristic high deposition rate and large build 
volume. Laser Metal Deposition (LMD) process, a sub-
classification of DED technology, employs focused laser beam 
as an energy source for layer-wise deposition resulting in a 
minimalistic heat affected zone, making this process one of the 
most favorable and widely employed DED technologies. In 
addition to repair applications and prototype development, 
efforts have been seen in industrialization of this technology 
for serial production of aerospace components [1]. Being a 

resource efficient manufacturing process, components with 
higher buy-to-fly ratios when manufactured conventionally, 
like machining from a block, are usually chosen for fabrication 
through LMD process. This near-net shape process, however, 
requires a mandatory final machining step to obtain a 
functional component. Thin-wall components which are 
characterized by a large base surface area with rib-like 
strengthening structures are one of the most suitable part 
families for DED technology.  

One of the major challenges in DED technique, that hinders 
wide-spread industrialization, are the resultant residual stresses 
that manifest into distortion, delamination and hot cracking, 
during or in the downstream machining process [2, 3]. Various 
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machine setup along with a shielding gas process chamber used 
for fabrication of reactive materials like Ti-6Al-4V, as in this 
case. The system setup consists of a three-nozzle deposition 
head with a powder feeder system attached to a 6-axis industrial 
robot. The laser source is a 6 kW multi-mode continuous Yb-
YAG disk laser with a wavelength of 1.03 µm. The in-house 
developed shielding chamber was flooded with Ar gas at 60 
lpm during deposition to achieve O2 level <150 ppm. The 
material chosen was Ti-6Al-4V Grade 5 in powder form with a 
particle distribution of 45 - 105 µm. The substrate procured had 
the same material composition. 

3.2. DED process parameters, process strategies and 
experimental plan  

Table 1. Description and experimental conditions for build jobs  

Build 
job  

Substrate 
pre-

heating 

Deposition 
strategy 

Dwell 
time 

Heat treatment  
(condition) 

B1 No Length-wise 0 No 

B2 Yes Length-wise 0 Yes (not clamped) 

B3 No Length-wise 0 Yes (clamped) 

B4 Yes Length-wise 0 Yes (clamped) 

B5 No Length-wise 0 Yes (clamped) 

B6 No Length-wise 0 Yes (clamped) 

B7 No Length-wise 0 Yes (not clamped) 

B8 No 
Cross-wise 

(45˚) 
0 Yes (not clamped) 

B9 No Length-wise 10 s Yes (not clamped) 

B10 No 
Geometry 

change 
0 Yes (not clamped) 

 
Primary process parameters employed in laser metal 

deposition process are laser power, deposition velocity and 
material flow rate. Several research works have focused on 
optimization of these parameters and studied their effect on 
residual stress states and distortion. Hence, in this paper, an 
optimized primary process parameter set has been taken and 
the effects of some of the secondary process parameters or 
strategies have been studied. These include deposition   

• with or without substrate pre-heating of the substrate up to 
300 ˚C 

• with deposition strategy variation (length-, cross-wise) 
• with or without inter-layer dwell time 
• with or without heat treatment as per AMS 2801 
• with or without clamping tool during heat treatment 

The experimental plan can be seen in Table 1. The fabricated 
wall geometry had a build dimension of 
100 mm x 35 mm x 9.5 mm (l x h x d) built over a 130 mm x 
46 mm x 10 mm (ls x b x t) substrate plate. The samples were 
fabricated with 1450 W laser power, at 0.01 m/s and at a 
deposition rate of about 120 cm3/h. Some of the fabricated test 
geometries are shown in Fig. 2.  

3.3. Machining of the structures, in-process strain 
measurement and post-process deformation detection 

The geometrical properties of the builds, the removed 
material layers i with the induced stress shift and the measured 
deformation in the yz-Plane are summarized in Fig. 3. The 
middle longitudinal stress Ϭm,i in layer i before its removal and 
the stress shift (characterized by S1,i and S2,i) are oriented on the 
nomenclature derived in [16]. As the dominant residual stresses 
are assumed in the length direction of the build (y-axis) [6 – 
10], the main deformation is measured in the yz-plane by the 
angle α and the distance w. The effect of cutting operations, 
which are necessary to produce a functional structure, was 
investigated as follows. The additively generated titanium 
walls on their substrate were clamped in an EROWA vice, 
which was mounted on a Kistler 9257B dynamometer, see Fig. 
4. The builds were clamped replicable by using a limit stop 
above the middle axes of the dynamometer. On the centre point 
of the substrate’s underside, a linear strain gauge 1-LY47-6/120 
(HBM) was applied. Its measuring direction corresponds to the 
y-axis in order to detect strain εi and resulting stress relief S2,i 
in build length direction. The setup was assembled in a 4-axis 
machining centre Heller MC12.  

The generated walls were stepwise milled to reveal the 
fundamental influence on the total workpiece deformation and 
stress release depending on the milling position and the varying 
DED-process. The tool parameters, tool path and cutting 
parameters are described in Fig. 4. Each material layer i was 
milled in four work interventions ae in order to avoid severe 
tool wear. Due to the wavy surface of the deposit the contact 
conditions of the 1st and 4th ae vary slightly in each layer. The 

Fig. 2. Fabricated test samples. α/2
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Fig. 3. Geometrical properties, removed material layer i, stress shift and 
deformation of the builds. 

 D. Romanenko et al. / Procedia CIRP 00 (2022) 000–000 

process parameters and strategies are tailored during the 
deposition process to minimize distortion and to eliminate 
defects. These process parameters and strategies, however, can 
have adverse or useful effects in the mandatory downstream 
machining process. This paper, therefore, investigates the 
effects of such tailored process parameters and strategies on the 
residual stress state and distortion of additively manufactured 
Ti-6Al-4V components during machining. For this, the 
generated layers are machined while detecting in-process strain 
and post-process deflection of the builds. The results are used 
as input for analytical and FEM-based reversed calculation of 
the initial residual stresses. In contrast to most of the papers, 
where the residual stresses are obtained through contour, hole 
drilling and x-ray/neutron diffraction [4], here the link between 
DED-process, through the machining induced part deflection 
and the initial residual stress state is made. 

 
Nomenclature 

ae work intervention at milling   [mm] 
ap depth of cut    [mm] 
Bk Build number k    [-] 
b substrate width     [mm] 
d deposit thickness    [mm] 
e1.i span build top/neutral plane   [mm] 
e2.i span substrate bottom/neutral plane  [mm] 
Fi,eq equivalent forces at stress release  [N] 
Ff feed force     [N] 
FfN feed normal force    [N] 
FP passive force    [N] 
h initial height deposit   [mm] 
hi deposit height after removal of layer i [mm] 
hm middle deposit height in layer i  [mm] 
Ixx  second moment of area   [mm4] 
i  number of removed layer   [-] 
j number of considered layer   [-] 
l initial length deposit   [mm] 
ls substrate length    [mm] 
si height of layer i    [mm] 
t substrate thickness     [mm] 
w deflection indicator in the yz-plane  [mm] 
x, y, z   cartesian coordinates   [mm] 
S1,i stress build top after removing layer i  [MPa] 
S2,i stress substrate bottom after removing layer i [MPa] 
Sy,i,j additionally induced avg. stress in layer j after  
             removal of layer i    [MPa] 
α deflection indicator in the yz-plane  [°] 
εi strain at build bottom after removal of layer i  [-] 
Ϭm,i mean residual stress in layer i before removal [MPa] 
Ϭx,y,z stress in x/y/z-direction   [MPa] 
Ϭy,j avg. residual stress in y-direction in layer j [MPa] 
Ϭy,i,j  avg. Ϭy  in layer j after removal of layer i [MPa] 

2. Residual stresses and its mitigation in DED  

Any DED process undergoes rapid heating of substrate and 
material (powder or wire) during deposition, followed by rapid 
cooling of the deposited layer. The rapid heating-cooling 
thermal cycle of top-layers and partial re-melting of underlying 

pre-built layers in a layer-wise manner leads to formation of 
residual stresses in the component [2, 5].  

Several research works have focused on mitigation of 
adverse effects of residual stresses through optimization of 
process parameters like laser power, deposition velocity, 
deposition strategy and inter-layer waiting time to achieve a 
controlled thermal gradient [6, 7]. Other process strategies to 
minimize residual stresses in DED processes include substrate 
design, build geometry change, substrate pre-heating, laser 
shock peening and heat treatment including intermittent stress-
relief heat treatment [8, 9, 10]. 

Unlike Powder Bed Fusion process, in DED process, the 
substrate is in many cases integrated into the final design of the 
component. This eliminates the intermediate wire-cut EDM 
process that is employed to remove additively fabricated 
component from the substrate plate. During this process, the 
resultant residual stresses will be released, but induce 
additional part deformation. However, when substrate is 
integrated into final geometry, this process step will be 
eliminated, and the resultant residual stresses will be mitigated 
during the machining process.  

Thermo-mechanical simulation-based and analytical 
modelling of the induced residual stresses during the generative 
and subtractive process is the subject of current research [11 - 
16]. However, the link between the variation of DED process 
parameters, the machining of the builds and the reversed 
determination of the residual stress state of the parts is not 
sufficiently investigated so far. The required experimental 
work has been conducted in this paper and supported through 
analytical and simulation-based models.  

3. Experimental procedure 

3.1. DED manufacturing setup and material 

Test samples for analysis of distortion and residual stress 
state were manufactured using a Laser Metal Deposition 
system from TRUMPF SE + Co. KG.  Fig.  1 shows the 

Laser head

KR60 -HA 
Robot

Process
chamber

O2 sensorAr inlets

Fig. 1. Experimental setup for fabrication of test samples. 
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machine setup along with a shielding gas process chamber used 
for fabrication of reactive materials like Ti-6Al-4V, as in this 
case. The system setup consists of a three-nozzle deposition 
head with a powder feeder system attached to a 6-axis industrial 
robot. The laser source is a 6 kW multi-mode continuous Yb-
YAG disk laser with a wavelength of 1.03 µm. The in-house 
developed shielding chamber was flooded with Ar gas at 60 
lpm during deposition to achieve O2 level <150 ppm. The 
material chosen was Ti-6Al-4V Grade 5 in powder form with a 
particle distribution of 45 - 105 µm. The substrate procured had 
the same material composition. 
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experimental plan  

Table 1. Description and experimental conditions for build jobs  
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heating 

Deposition 
strategy 

Dwell 
time 

Heat treatment  
(condition) 

B1 No Length-wise 0 No 

B2 Yes Length-wise 0 Yes (not clamped) 

B3 No Length-wise 0 Yes (clamped) 

B4 Yes Length-wise 0 Yes (clamped) 

B5 No Length-wise 0 Yes (clamped) 

B6 No Length-wise 0 Yes (clamped) 

B7 No Length-wise 0 Yes (not clamped) 

B8 No 
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0 Yes (not clamped) 

B9 No Length-wise 10 s Yes (not clamped) 

B10 No 
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0 Yes (not clamped) 
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process parameters and strategies are tailored during the 
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Any DED process undergoes rapid heating of substrate and 
material (powder or wire) during deposition, followed by rapid 
cooling of the deposited layer. The rapid heating-cooling 
thermal cycle of top-layers and partial re-melting of underlying 

pre-built layers in a layer-wise manner leads to formation of 
residual stresses in the component [2, 5].  

Several research works have focused on mitigation of 
adverse effects of residual stresses through optimization of 
process parameters like laser power, deposition velocity, 
deposition strategy and inter-layer waiting time to achieve a 
controlled thermal gradient [6, 7]. Other process strategies to 
minimize residual stresses in DED processes include substrate 
design, build geometry change, substrate pre-heating, laser 
shock peening and heat treatment including intermittent stress-
relief heat treatment [8, 9, 10]. 

Unlike Powder Bed Fusion process, in DED process, the 
substrate is in many cases integrated into the final design of the 
component. This eliminates the intermediate wire-cut EDM 
process that is employed to remove additively fabricated 
component from the substrate plate. During this process, the 
resultant residual stresses will be released, but induce 
additional part deformation. However, when substrate is 
integrated into final geometry, this process step will be 
eliminated, and the resultant residual stresses will be mitigated 
during the machining process.  

Thermo-mechanical simulation-based and analytical 
modelling of the induced residual stresses during the generative 
and subtractive process is the subject of current research [11 - 
16]. However, the link between the variation of DED process 
parameters, the machining of the builds and the reversed 
determination of the residual stress state of the parts is not 
sufficiently investigated so far. The required experimental 
work has been conducted in this paper and supported through 
analytical and simulation-based models.  

3. Experimental procedure 

3.1. DED manufacturing setup and material 

Test samples for analysis of distortion and residual stress 
state were manufactured using a Laser Metal Deposition 
system from TRUMPF SE + Co. KG.  Fig.  1 shows the 

Laser head

KR60 -HA 
Robot

Process
chamber

O2 sensorAr inlets

Fig. 1. Experimental setup for fabrication of test samples. 
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as this effect influences only the surface zone of the build. 
Hence, no significant effect is expected on the entire build 
deformation. The essential equations (Eq.2/3/4/5) are stated in 
this study, for a deeper description we refer to the literature 
[16]. In Eq. 2/3 the relation between the average longitudinal 
residual stress Ϭm,i  in the removed material layer and the 
evaluated S2,i is incorporated (Fig. 3). Here, the example for the 
case that the neutral axis (Fig. 3) lies at the substrate top is 
shown, otherwise a case-by-case analysis was made. Eq. 4/5 
state that the avg. stress Ϭy,i,j, which is present in layer j after 
removal of layer i, consists of the initial avg. residual stress Ϭy,,j 
in layer j and the superposition of induced stresses Sy,i,j in layer 
j resulting from stress release after removal of layers i. 

 The reverse-iterative  FEM-simulation of the initial residual 
stress state after the material removal is described in Fig. 9. The 
measured strain Δεi was used as input for the analytical 
calculation of equivalent forces Fi,eq which induce the strain Δεi  

regarding the geometric properties and assuming the elastic 
material model. In the next step, Fi,eq were applied on the FE-
structure of the remaining build. The simulated stresses in the 
nodes ns,j were used to calculate the mean residual stress in the 
length direction σFEM,y,j by superposition after each iteration and 
averaging the result, see Fig. 9. For the analytical and the FEM-

model the unloaded, symmetrical build with a fixed bearing at 
the substrate bottom line at y = 0 was assumed, as only the 
difference values are relevant in the iterative workflow. The 
FEM-simulation was carried out with the software Inventor 
2022 using 3D-tetrahedral elements.  

5.2. Results 

The summarized results of the analytical and FEM-based 
initial residual stresses are presented in Fig. 10, where the 
initial residual stress of each build, averaged for each removed 
material layer, is plotted versus hm. Fig 10a reveals that in 
several heat-treated parts only a rest of residual stresses remain 
in the first deposited layers, close to the substrate. By the 
majority this occurs in parts, which were not clamped during 
the heat treatment. The not-heat-treated build shows significant 
residual stresses, especially in the layers near the substrate, Fig. 
10b. 
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deposit was completely removed. Each build had a slightly 
different number of removed layers depending on its 
fractionally variating height h. 

The strain gauge and dynamometer integration allowed for 
in-process measurement during milling. The strain εi was 
measured through the detection of the voltage drop in the strain 
gauges using a Wheatstone quarter bridge of a NI-9235 
(National Instruments) measurement module. The strain εi was 
measured in the clamped state to detect stress releases and 
because clamping forces are assumed significantly lower than 
stress release deformation forces. The dominant residual 
stresses of the builds were assumed in deposit length direction 
(y) and through flood lubrication, no significant material 
heating was expected. Thus, Hooke’s law was applied to 
calculate the yielding stress S2,i at substrate bottom after each 
material layer removal with ETi64 as Young’s modulus of the Ti-
6Al-4V alloy with the value of 110 GPa in Eq. 1  [17]. 

𝑆𝑆𝑆𝑆2,𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖64 ⋅ ϵ𝑖𝑖𝑖𝑖  (1) 

The tool path went along the coordinate system of the build 
and the dynamometer, which offered a direct extraction of the 
cutting forces Ff, FfN and FP. All in-process signals were 
edited with the software DIAdem and MATLAB.  

Additionally, after each removed layer, a post-process 
deflection measurement was carried out in order to determine 
the angle α and distance w. They were obtained in optical 
measurements with the Olympus SZX10 microscope. The 
values were used for the later described evaluation of the initial 
residual stress state, shown in Fig. 5. 

4. Results of the machining process 

Fig. 6 presents the stress release at the substrate bottom for 
each build depending on the wall height hi. A clear dependence 

on heat treatment and wall height is evident. The not heat-
treated build shows very high stress releases, which validated 
the necessity of the current state-of-art heat treatment 
requirements. The final sharp bend at the curve of B1 is due to 
a lower si (and the corresponding ap) of the final removed 
deposit layer. The scale-up in 6b displays that the heat-treated 
builds also induce (low) residual stresses after material removal 
near the substrate. Here, a tendency is visible that heat 
treatment in clamped condition leads to lower stress release 
after material removal and hence lower residual stresses. Each 
build shows the same behaviour of higher stress release after 
machining close to substrate.  

Fig. 7 confirms the above-described results. Values of the 
deflection w of the substrate change significantly for the not 
heat-treated build B1. Additionally, cutting forces analysis is 
presented in Fig. 8. Cutting forces at material removals at 
similar geometric cutting conditions in close distance from the 
substrate were compared to minimise material stiffness and 
hence deflection influence of the measurement. It must be 
noted that the temporal order of the machining differs from the 
build number order, which permits the evaluation of the tool 
wear influence. The result is proved to be significantly 
influenced by tool wear, as only one tool was used during the 
experiments and a distinct rise in the resulting cutting force 
from Ff, FfN and FP is visible. 

5. Evaluation of part deformation and derivation of initial 
residual stress state 

5.1. Methodology 

The calculation of the initial residual stress state is based 
upon stress shift model introduced in [16], assuming a 
simplified elastic material behavior. Here, the link between 
residual stress state of the build, material removal in layers, part 
deformation, stiffness change and stress shift are presented. 
The stresses induced through the cutting process are neglected, 
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as this effect influences only the surface zone of the build. 
Hence, no significant effect is expected on the entire build 
deformation. The essential equations (Eq.2/3/4/5) are stated in 
this study, for a deeper description we refer to the literature 
[16]. In Eq. 2/3 the relation between the average longitudinal 
residual stress Ϭm,i  in the removed material layer and the 
evaluated S2,i is incorporated (Fig. 3). Here, the example for the 
case that the neutral axis (Fig. 3) lies at the substrate top is 
shown, otherwise a case-by-case analysis was made. Eq. 4/5 
state that the avg. stress Ϭy,i,j, which is present in layer j after 
removal of layer i, consists of the initial avg. residual stress Ϭy,,j 
in layer j and the superposition of induced stresses Sy,i,j in layer 
j resulting from stress release after removal of layers i. 

 The reverse-iterative  FEM-simulation of the initial residual 
stress state after the material removal is described in Fig. 9. The 
measured strain Δεi was used as input for the analytical 
calculation of equivalent forces Fi,eq which induce the strain Δεi  

regarding the geometric properties and assuming the elastic 
material model. In the next step, Fi,eq were applied on the FE-
structure of the remaining build. The simulated stresses in the 
nodes ns,j were used to calculate the mean residual stress in the 
length direction σFEM,y,j by superposition after each iteration and 
averaging the result, see Fig. 9. For the analytical and the FEM-

model the unloaded, symmetrical build with a fixed bearing at 
the substrate bottom line at y = 0 was assumed, as only the 
difference values are relevant in the iterative workflow. The 
FEM-simulation was carried out with the software Inventor 
2022 using 3D-tetrahedral elements.  

5.2. Results 

The summarized results of the analytical and FEM-based 
initial residual stresses are presented in Fig. 10, where the 
initial residual stress of each build, averaged for each removed 
material layer, is plotted versus hm. Fig 10a reveals that in 
several heat-treated parts only a rest of residual stresses remain 
in the first deposited layers, close to the substrate. By the 
majority this occurs in parts, which were not clamped during 
the heat treatment. The not-heat-treated build shows significant 
residual stresses, especially in the layers near the substrate, Fig. 
10b. 

 𝜎𝜎𝜎𝜎𝑚𝑚𝑚𝑚,𝑖𝑖𝑖𝑖 ⋅ 𝑠𝑠𝑠𝑠𝑖𝑖𝑖𝑖 ⋅ 𝑑𝑑𝑑𝑑 −  
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deposit was completely removed. Each build had a slightly 
different number of removed layers depending on its 
fractionally variating height h. 

The strain gauge and dynamometer integration allowed for 
in-process measurement during milling. The strain εi was 
measured through the detection of the voltage drop in the strain 
gauges using a Wheatstone quarter bridge of a NI-9235 
(National Instruments) measurement module. The strain εi was 
measured in the clamped state to detect stress releases and 
because clamping forces are assumed significantly lower than 
stress release deformation forces. The dominant residual 
stresses of the builds were assumed in deposit length direction 
(y) and through flood lubrication, no significant material 
heating was expected. Thus, Hooke’s law was applied to 
calculate the yielding stress S2,i at substrate bottom after each 
material layer removal with ETi64 as Young’s modulus of the Ti-
6Al-4V alloy with the value of 110 GPa in Eq. 1  [17]. 

𝑆𝑆𝑆𝑆2,𝑖𝑖𝑖𝑖 = 𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖64 ⋅ ϵ𝑖𝑖𝑖𝑖  (1) 

The tool path went along the coordinate system of the build 
and the dynamometer, which offered a direct extraction of the 
cutting forces Ff, FfN and FP. All in-process signals were 
edited with the software DIAdem and MATLAB.  

Additionally, after each removed layer, a post-process 
deflection measurement was carried out in order to determine 
the angle α and distance w. They were obtained in optical 
measurements with the Olympus SZX10 microscope. The 
values were used for the later described evaluation of the initial 
residual stress state, shown in Fig. 5. 

4. Results of the machining process 

Fig. 6 presents the stress release at the substrate bottom for 
each build depending on the wall height hi. A clear dependence 

on heat treatment and wall height is evident. The not heat-
treated build shows very high stress releases, which validated 
the necessity of the current state-of-art heat treatment 
requirements. The final sharp bend at the curve of B1 is due to 
a lower si (and the corresponding ap) of the final removed 
deposit layer. The scale-up in 6b displays that the heat-treated 
builds also induce (low) residual stresses after material removal 
near the substrate. Here, a tendency is visible that heat 
treatment in clamped condition leads to lower stress release 
after material removal and hence lower residual stresses. Each 
build shows the same behaviour of higher stress release after 
machining close to substrate.  

Fig. 7 confirms the above-described results. Values of the 
deflection w of the substrate change significantly for the not 
heat-treated build B1. Additionally, cutting forces analysis is 
presented in Fig. 8. Cutting forces at material removals at 
similar geometric cutting conditions in close distance from the 
substrate were compared to minimise material stiffness and 
hence deflection influence of the measurement. It must be 
noted that the temporal order of the machining differs from the 
build number order, which permits the evaluation of the tool 
wear influence. The result is proved to be significantly 
influenced by tool wear, as only one tool was used during the 
experiments and a distinct rise in the resulting cutting force 
from Ff, FfN and FP is visible. 

5. Evaluation of part deformation and derivation of initial 
residual stress state 

5.1. Methodology 

The calculation of the initial residual stress state is based 
upon stress shift model introduced in [16], assuming a 
simplified elastic material behavior. Here, the link between 
residual stress state of the build, material removal in layers, part 
deformation, stiffness change and stress shift are presented. 
The stresses induced through the cutting process are neglected, 
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The applied analytical and simulation-based initial stress 
calculation show mostly identical results, only in the last 
iteration step these differ. This is supposedly due to numerical 
inaccuracy and the limitation of the used elastic material model. 
The results suggest that the predominant residual stresses occur 
close to the substrate, which indicates that material removal 
close to the substrate plate must be carefully considered with 
regard to the precision and stress state of the finished part.  

6. Conclusion and outlook  

In this experimental work, various Ti-6Al-4V wall 
geometries, each fabricated with different DED-process 
strategies were investigated for their residual stress state. For 
this, the generated structures were machined, and the induced 
strains were measured during the process with strain gauges. 
The part deflections were identified through optical 
measurement after the machining process. The results were 
then used for a reversed analytical and FEM-based initial 
residual stress calculation. Both approaches showed similar 
results and revealed the presence of high residual stresses in the 
non-heat-treated build and remaining stresses in heat-treated 
builds. The use of a clamping system during heat treatment 
tends to induce the lowest residual stresses in the builds. The 
variation of substrate pre-heating, deposition strategy and 
dwell-time did not show significant influence on the residual 
stresses and cutting forces. The calculated initial residual 
stresses are mainly present in the material layers close to the 
substrate. This implies that the machining of DED-parts closer 
to the substrate requires adapted cutting strategies, whereas in 
distant regions from the substrate, conventional machining 
strategies are sufficient. 

As an extension of this work, effects of variation of build 
geometry and heat treatment conditions on residual stress states 
must be studied. Optimized cutting strategies must be identified 
to achieve a distortion- and residual stress-state -free additive 

and subtractive process chain for the resource efficient 
production of lightweight titanium parts. 
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(a) Analytically calc. stress of heat-treated builds
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(b) Stress of non-heat-treated build

B1: analytical calculation B1: FEM simulation

solid: not clamped at heat treatm.
dashed: clamped at heat treatm.

Fig. 10. Initial residual stress states of the builds. 


