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Lightweight construction is important in the design of railway rolling stock. Mild steels are often
used for dynamically loaded damper brackets. This investigation was conducted to see if it is possible to redesign
such a dynamic loaded damper bracket for additive manufacturing, especially for selective laser melting (SLM)
technology, using a mild steel powder. A dynamic loaded part of a high-speed train was redesigned for SLM
manufacturing technology. The design was created and topologically optimized with computer-aided design
(CAD) tools. Validation of design and manufacturing (inner stress) was performed by simulation (Ansys) and
by physical tests (tensile test, V-notch impact test, and fatigue test). Both the results of the simulation and of
the physical tests are presented here. The design is approved by the design authority. A complete train of nine
cars was equipped with 16 pieces of the redesigned part and was in validation phase. Considerable weight
savings could be achieved. The mild steel powder that was used (short name E185) fulfilled the expectations
according to strength and ductility. The described way of working for approval process can be understood as an
example for redesign of other components. An Alstom standard for manufacturing and purchasing AM (additive

manufactured) parts has been written.

Alstom recognizes the potential of additive manufacturing
(Jurdeczka, 2023). So far, AM in metal has been used for
(1) door stoppers, in fused deposition modelling (FDM)
316L material as a series metal part on a train, (ii) cool-
ing water distributor as a spare, in selective laser melting
(SLM) aluminium material, (iii) branding plates as a series
part, in SLM aluminium and stainless steel, and (iv) vari-
ous directed energy deposition/wire arc additive manufactur-
ing (DED/WAAM) parts: axle box cover in mild steel, yaw
damper bracket also in mild steel, and spring support in alu-
minium material. Another experience from the realized use
cases was that it is difficult to manufacture parts in a given
design in a different technology, namely AM. Looking to the
design of damper brackets for casting technology, it seems
promising to save weight by redesign for AM. With the expe-

rience in metal AM, we felt motivated to redesign a damper
bracket to investigate the application of AM for a high-speed
train. The damper mounts must absorb the dynamic load.
From this, we derive the requirements for a dense material
without porosity and for a surface that is smooth enough not
to provide any starting points for crack initialization. Several
AM technologies (including material extrusion (ME) — often
named FDM, binder jetting (BJ), powder bed fusion (PBF)
— often named SLM, and directed energy deposition (DED)
with WAAM) were compared (Armstrong et al., 2022). An
investigation about effects on density, surface roughness, and
some mechanical properties in case of SLM is reported by
Mansoura et al. (2023). Also, the SLM process offers more
freedom in the design compared to metal FDM, which re-
quires a base plate. Based on the same experience in the use
of material 316L (Selmi et al., 2023), it was necessary to con-
sider that the material capacity (strength and elongation) is



not sufficient. Because of required strength and ductility, a
mild steel was chosen. When the project was started in 2019,
there was limited experience in the use of mild steel for AM
(Tan et al., 2017). So, a complete set of material testing was
performed (including fatigue test) to validate the chosen ma-
terial, Bohler E185 AMPO (Bohler Edelstahl, 2025). The de-
sign process was supported by simulation of stress inside the
parts. The Alstom standard approval process for components
in rolling stock was performed successfully.

The manufacturing involves the following process steps
sequence:

1. additive manufacturing (position and orientation of the
part on the build plate, supports design, layer height,
test specimen definition and location): the test speci-
mens were designed to represent single and overlapping
lasers — as engaged for building up the parts;

2. heat treatment heating/oil quenching and tempering;

3. electrical discharge machining (EDM) cutting part from
the building plate and support removal;

4. machining.

We aimed for the following advantages in using AM: (i) bet-
ter strength and better stiffness of the investigated damper
brackets, (ii) significantly less weight, (iii) material data for
further design tasks, and (iv) experience using the process in
other Alstom product lines and components.

Figure 1 displays the damper bracket and an example of
the mounting position at the rear wall of each car body shell
of this product; the function is to provide a damping effect in
the connection of two adjacent cars.

The middle car has this damper bracket in each corner of
one rear wall; this means two connections per middle car and
16 connections in total for a 9-middle-car train.

In the railway industry, we face high static and consider-
ably high dynamic loads. Instead of an integral body con-
cept, car body shells consist of a classical underframe and
erected structure. For underframes, the use of mild steel is
commonly use, manufactured by sheet metal working (Biit-
temeier and Strothmann, 2010). The additive manufactur-
ing 316L material does not provide the required material
performance. Other stainless steel grades of higher strength
are available but they are not cost efficient. Also, the 316L
material behaviour in fatigue conditions is not yet well de-
fined. So, a mild steel powder was selected. There are steels
available with strength above 1000 MPa. Other steel shows
very good ductility, which is important for tensile ductility
and to withstand amplitudes in fatigue loading according to
EN 13749 (European Committee for Standardization, 2021)
and EN 12663-1 (European Committee for Standardization,
2024).

Composition of the material powder E185; nominal values
(Bohler Edelstahl, 2025) and batch values (Bohler et al., 2022).

C Si Mn Cr Ni Mo \%

wt% 0.19 022 03 095 125 02 0.15
wt%! 016 020 0.19 1.11 125 0.17 0.15

1 Real values of the investigated heat no. CS0038 batch (Bohler et al., 2022).

Comparison between real mechanical values of E185 ver-
sus 316L.

Parameter EI85! 31612
Tensile strength R;;,, MPa 956 552
Yield strength R 0.2, MPa 901 394
Elongation A, % 15.6 28
V-notch impact toughness, J 113

1 Values from Saturne and Alstom (2022a). 2 Values from Erpro
and Alstom (2024).

The powder of mild steel, trademark Bohler E185 Ampo,
short E185 (Bohler Edelstahl, 2025), is considered a com-
promise between strength and ductility. Table 1 shows the
nominal composition and the composition of the investigated
batch. The composition is similar to case hardening steels.

The rough comparison of mechanical parameters for two
steel alloys, given in Table 2, shows higher strength for the
mild steel. Important for dynamic loads, the mild steel pro-
vides higher strength at acceptable ductility. Ductility is ex-
pressed here by elongation A in percent. V-notch impact
toughness of E185 is included for information. These val-
ues are given to illustrate why the mild steel was targeted for
materials selection in the damper bracket use case.

To develop data for the material in a certain printer ma-
chine, small samples were printed (also called coupons) to
measure the deformation of the material after printing, and
use this data to calibrate the print analysis (see Methods).

In order to obtain the data for the calibration of a set of pa-
rameters for a specific material, it is necessary to physically
print a calibration coupon. After the calibration is complete,
the calibration data will be available in the calibrations menu
when running an inherent strain analysis on a certain part.
A calibration is only valid for the specified printer type, ma-
terial, and print parameter settings (Altair, 2022). Industrial-
ization of new material starts with test plates and calibration
coupons, in order to manage the process specification for var-
ious parameters. It was necessary to perform a complete set
of material, destructive, and non-destructive tests.

Figure 2 displays several samples for mechanical tests on
a test plate. The samples of this building plate/test plate will
be used for the following.

As built condition (green samples): mechanical charac-
teristics (Rp0.2, R, A %) and metallurgical characteristics
(porosity rate)
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Figure 1. The Avelia Horizon. The position of damper bracket between the rear wall of the middle cars is circled (photo by Alstom).

Figure 2. The test plate with a set of samples for mechanical tests.
The design of test plate was agreed between SNCF, Cetim, and Al-
stom.

After stress-relieving treatment (blue): mechanical charac-
teristics (Rpo.2, R, A %)

After heat treatment oil quenching 850°/tempering 600°
(purple): mechanical characteristics (Rp0.2, R, A %, Kv).

Methods: based on some experience in the design of
brackets, manufacturing constraints were introduced in Al-
tair Hyperworks software to optimize product design. The
following parameters are assumed as key parameters.

https://doi.org/10.5194/ms-16-505-2025

Minimum radius

Part orientation

Material characteristics

Printing sequence

Number of printing supports

We adapted the Alstom development process to optimize ge-
ometries for additive manufacturing by selective laser melt-
ing (SLM).

The subject of optimization was to carry out a new de-
sign of a damper bracket oriented towards the SLM pro-
cess. Based on topological analysis, we planned to design
a damper bracket optimized in terms of mass and to support
the loads. This will lead to a new concept of damper brack-
ets with variable shape, size, and thickness of the material.
This requires a new manufacturing process allowing variable
thicknesses and new geometry. A 3D metal AM with SLM is
proven for this.

Since the design of the high-speed train was already per-
formed and completed when the AM redesign started, the
constraints and the loads were well defined, even any ge-
ometrical restrictions. With Altair Hyperworks the part ge-
ometry was generated. A recalculation of the stress in the
part during operation shows acceptably low values. The sim-
ulation of the build batch, adapted to the foreseen SLM500
machine chamber, did not show any problematic issues. Fig-
ure 3 displays a subset of factors, relevant for the result of
manufacturing operation. It is obvious that simulation (inner
stress as example) is necessary in order to control some of
the variety of parameters.

For the simulation of normal plastic strain (after building
up, before release from base plate) an example is given in

Mech. Sci., 16, 505-514, 2025
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Figure 3. Ishikawa diagram displaying various input parameters of the SLM process (Saturne and Alstom, 2022b).
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Figure 4. The nominal plastic strain in the part at height (z direction) of 8 mm. The colour scale indicates the normal plastic strain between

0.0 % and 6 %.

Fig. 4 for one layer of the build process (50 um per layer,
D50 of the powder equal to 29-35 pum).

Figure 4 shows values for normal plastic strain, obtained
from the simulation, between 0 % and 4 %. Since the elon-
gation at break is assumed at 15 £ 1 %, the plastic strain dur-
ing build-up is considered uncritical. The risk of a recoater-
crash in the build chamber, caused by deformation of the part,
could be ruled out also in this way.

Values for normal plastic strain in the yz plane are shown
in Fig. 5. The values, obtained from the simulation, differ be-
tween 0 % and 4 % again. Calculations concluded that there

Mech. Sci., 16, 505-514, 2025

was no risk of cracks or critical deformation. Of course, the
correct calibration is a prerequisite, according to the above-
mentioned procedure with test coupons.

For mechanical characterization, tensile tests were done
according to EN 6892-1 at a temperature of 21 °C. Impact
tests were performed after the heating process. The parame-
ters for the heat treatment (quenching temperature and tem-
pering temperature) were investigated in a set of pretests. V-
impact test sample type was 10 x 10 x 55 mm, and the impact
test conditions: —20 °C.

https://doi.org/10.5194/ms-16-505-2025
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Figure 5. The nominal plastic strain in the part in the yz plane.
The colour scale indicates the normal plastic strain. Same scale as
in Fig. 4.

—_—

Z cut for Vertical inspection
of the top of the sample

Z cut for Vertical inspection
@ of the bottom of the sample

Figure 6. Cross section plan for the two inspected areas for each
sample tower.

For metallurgical characteristics, porosity was investi-
gated. In addition, some investigations about the congruency
of the four installed laser sources were performed. Here, we
are focused on material results. Seven cylinders/towers were
built (CVH) on a qualification plate: one tower per laser (L1;
L2; 1L3; L4) and on some towers, two overlapping lasers were
engaged (1/2; 2/3; 3/4). The state ““as built” was without any
heat treatment. Figure 6 illustrates the two inspected areas
for each sample tower.

Further samples treatment included polishing up to 3 pm
and macro inspection with magnification x 10 to assess the
porosity distribution for a surface field of about 30 mm?. This
inspection enables the inspector to detect potential cumulated
defects or contour porosities. Later micro inspection was un-
dertaken with magnification of x 100 to assess the porosity
rate according to Alstom purchasing standard, which was
0.5 % max for class H in area of 1 mm? (Alstom, 2022). Class
H means that the item is relevant to safety.

https://doi.org/10.5194/ms-16-505-2025

Table 3. Overview fatigue load stagesl.

Sequence Load cycles Amplitude (kN) Load factor
1 7500000 +18 1

2500000 +21.6 1.2
3 2500000 +25.2 1.4

! Values from IMA Dresden and Alstom (2022).

Figure 7. The damper bracket in the test rig.

For validation of material properties at the part level and
of the design, a fatigue test was performed. Figure 7 shows
the part in the test rig. Static load cases in preparation of the
fatigue test are defined as —31 and +31kN in the vehicle’s
X direction.

Fatigue load cases are defined. The load stages are given
in Table 3.

3 Results

A damper bracket was designed (left-hand and right-hand
sides) for the technology of additive manufacturing. This
adapted design could be successfully validated.

Figure 8 displays the two variants of the redesigned part
(left-hand and right-hand sides). Figure 9 compares (a) the
conventional design after machining before coating with
(b) the design, adapted for additive manufacturing, after ma-
chining and coating. Since the load paths are optimized, there
is no surplus material in the design of the part. The weight
could be reduced significantly from 25 to 12 kg.

The common service life of rolling stock is approx.
30 years (PDSCPD, 2023). Detailed cost calculations were
presented by Fassbinder (2019) and Frensch (2005). Across
the energy mix and some further simplifications, the costs for

1 kg of rolling stock can be assumed to be EUR 1yrkg™!.

Mech. Sci., 16, 505-514, 2025



Values of mechanical tests!, mean, and o of seven samples.

Direction Mean and o of test results Test results of additional validation
campaign, mean, and o
State (degree against base plate)  Rp02 (MPa) Rm (MPa) A % ‘ Rpo.2 (MPa)  Rm (MPa) A %
vertical (90°) 914 (16) 977 (16) 12 (1) 925 (9) 985 (14) 12 (1)
As built horizontal (0°) 935 (15) 980 (18) 11(2)
diagonal (45°) 919 (25) 990 (14) 9(1)
After stress  vertical (90°) 931 (13) 990 (11) 15(3) 910 (14) 970 (17) 15(1)
Relieving horizontal (0°) 930 (10) 990 (10) 16 (2)
Treatment diagonal (45°) 972 (14) 1035 (14) 16 (1)
vertical (90°) 935 (15) 980 (12) 14 (1) 950 (5) 980 (4) 14 (1)
After heat horizontal (0°) 941 (7) 980(9) 14(2) 945 (17) 985 (14) 12 (1)
Treatment diagonal (45°) 946 (11) 980(9) 14(2) 940 (7) 980 (4) 14 (1)
specification > 640 > 950 > 8 ‘ > 640 > 950 > 8

1 Values from Saturne and Alstom (2022a).

The damper bracket (a, b), coated (Primer 2K-EP/Thick
varnish 2K-EP), ready for assembly in a high-speed train.

12 kg
@ (b)

The damper bracket: (a) as conventional part, designed
for casting or sheet metal welding; (b) as designed for the possibil-
ities of additive manufacturing.

Assuming the possibility of saving the operating costs
(mostly energy for the drive) of 1kg of a rail vehicle dur-
ing its service life of up to 30 years. Then, this means cost
improvements of EUR 30kg~! over 30 years. It can be dis-
counted to EUR 15kg~! on the day of commissioning. With
the newly designed damper bracket, a weight saving of 13 kg

per unit was achieved. This means a discounted operating
cost saving of EUR 195 per unit (please note that the ac-
tual values may differ from this assumption). As there are 16
brackets on a train, the lightweight component saves 208 kg
per train (nine middle cars). That is EUR 3000 per train.

Dimensional/geometrical inspection was done with a
Hexagon Romer Absolute Arm. The applied tolerances for
the scanning are =1 mm (green segments). With the measur-
ing device, a point cloud of the surface of the damper brack-
ets is captured. This point cloud is in superposition with the
CAD model. Figure 10 displays the difference figure after
superposition. The distances between point cloud and CAD
model are colour coded. The scale, used here, displays in
green, when the difference is less than 1.0 mm. The grey ar-
eas indicate an incompletely scanned surface. However, these
are only small areas next to the well-scanned areas. There is
therefore no risk of unexpectedly large deviations from the
model. The captured surface fits well the CAD model inside
the specified tolerances.

The results of dimensional inspection of the damper brack-
ets met the specification. This is important to prevent that
deviations in geometry influence the results of further tests.

Table 4 displays the values of mechanical tests. Some vari-
ations in the print direction (vertical (90°), horizontal (0°),
diagonal (45°), degree against base plate), and state (as built,
after stress-relieving treatment, after heat treatment) were
permitted. The quantity of each state and direction in the first
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o

Figure 10. Colour coded is the difference between the CAD file and the real part.

Table 5. Comparison of two test runs, impact values of E185, test
run no. 1 includes three samples, test run no. 2 was performed with
six samples.

Sample E185testrun  E185 test run
no. 1 no. 2

Ky 96]

Kyy 667

Ky3 1007

Mean and o of Ky 877 (181)) 110J (35))

Ky max 14017

Ky min 65]

o 357

campaign is seven samples. It is worth mentioning that each
single value and the mean value are above the specification.
Since the safety level is high, some values were validated by
another test campaign, in addition to the samples in the first
test campaign.

Impact tests were performed after heat treatment at impact
test conditions of —20°C. The sample size was 10 x 10 x
55 mm. The sample condition was heat treated, quenched,
and tempered. The results of two test campaigns are shown
in Table 5 with values from Saturne and Alstom (2022a). Im-
pact values vary significantly but nevertheless meet the spec-
ification of > 27J.

https://doi.org/10.5194/ms-16-505-2025
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Figure 11. Dynamic measurement. Situation at time point 4 million
load cycles; test frequency was 8 Hz (IMA Dresden and Alstom,
2022).

3.2.2 Porosity

Macro inspection with magnification x10: no defect >
600 um. There were no contour porosities and some isolated
small porosities.

Micro inspection with magnification of x10: the average
porosity in the rated fields is 0.3 %. This average porosity
and the worst porosity in the rated field show a size below
the maximum specified, so the specification was met.

3.3 Part properties

To show that the behaviour of the complete part is according
to expectations and specifications, a static test and a dynamic

Mech. Sci., 16, 505-514, 2025
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Figure 12. Avelia-Horizon on track and a sketch to show the bracket position between middle cars (photo by Alstom).

test were performed (IMA Dresden and Alstom, 2022) at a
lab accredited according to ISO/IEC 17025.

The result of the static load of the complete part in the test
rig, equipped with the strain gauges can be summarized with
the maximum value of 388.34umm™!. The strains at each
measuring point always behaved linearly.

Figure 11 illustrates the dynamic measurement. The sit-
uation after 4 million load cycles is presented. The test fre-
quency was 8 Hz. The strain gauge signals follow the exciting
force (described as Fx_1 in the legend). The individual load
cycles were each completed in sinusoidal form with the am-
plitude given in Table 3. During the entire test campaign, a
total of six magnetic inspections according to ISO 9934 were
performed. No changes in the sample part could be detected.

In total, two static load cases and three fatigue load stages
were performed. The sample successfully completed the test
campaign, and the inspections did not reveal any negative
findings.

4 Discussion

The investigated part is a damper bracket component of a
high-speed train (up to 350 kmh~"). One train usually con-
sists of two end cars and nine middle cars (so 16 brack-
ets, since two brackets are placed between two middle cars).

Mech. Sci., 16, 505-514, 2025

The lightweight part (13 kg weight saving per part) will save
208 kg per train. Figure 12 shows the train on a track.

With the test results obtained, the design authority was
able to confirm approval for serial use of the damper bracket.
A train was fully equipped with the redesigned and additive
manufactured damper bracket. Concerns about the maturity
of additive manufacturing parts used with dynamic loading
have be addressed by this project.

5 Conclusions

The ambition to save weight, even for dynamically loaded
metallic components on railway vehicles, could be satisfied
by the adaptation of SLM technology. A mild steel pow-
der was validated for high-speed train dynamically loaded
damper bracket application. For specified mechanical values,
the conformity could be confirmed. Since the components are
dynamically loaded, a fatigue test was performed. The results
of inspections (mechanical and dimensional) of the products
meet the requirements. Conformity with specification could
be confirmed even for the dynamic load cases. Meanwhile,
the trains with new design for AM were in operation for some
thousands of kilometres without any problems. To meet the
expectations in static and dynamic load cases, Alstom has
used mature software tools for design and optimization. This

https://doi.org/10.5194/ms-16-505-2025



single use case defines the design path and the validation path
for more use cases in the railway industry, at least for rolling
stock. Further analyses will provide explanations for the sig-
nificant variety of values in Table 5.

Resuming the cost structure of SLM manufactured compo-
nents, the base plate cost is a considerable factor. When we
started thinking about different materials used for the build
plate, Alstom took material costs into account. The obliga-
tion to provide base plates of the same material type unfortu-
nately increased the project cost. The ambition to save costs
leads to a base plate made of standard mild steel. The mate-
rial of the same type of further additive manufacturing is ap-
plied by friction stir welding (German Patent and Trade Mark
Office, 2020). The advanced base plate for additive manufac-
turing, corresponding device and process are described there
in DE102019115770A1 and DE202019005706U1.

The investigated friction stirring welding technology was
later used for description of a method for processing wheels
of railway vehicles (European Patent Office, 2019). In short,
add a protective layer to prevent or to repair any wear. Please
find the details in EP3695933B1.

2K-EP  two components epoxy polymer

o deviation

A Elongation

AM additive manufacturing

CVH complete volume hatched

D50 diameter 50 % of powder particles are smaller

DED direct energy deposition

FDM fused deposition modelling;

EDM electrical discharge machining

Hz Hertz

J Joule

kN Kilonewton

Ky Charpy impact v notch sample

Rpo.2 yield strength

Rm tensile strength

SLM selective laser melting

WAAM  wire arc additive manufacturing
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