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Abstract

Metal-laminated tooling provides a fast and cheap manufacturing concept. In this study, laser metal deposition (LMD)
is used for reducing and eliminating the stair step effect in a metal-laminated bending die. Preheating could decrease the
undesired residual stresses in additive manufacturing, thus a systematical analysis of the effect of preheating of the laminae
on the surface quality and mechanical properties of the bending die is performed. Ferritic steel sheets (S355 MC) with a
thickness of 2 mm are laser cut and stacked up to manufacture the laminated bending die with a radius of 6 mm. The sheets
are joined and the stair steps are filled with LMD with stainless steel powder 316L-Si. The initial temperature of the tool
sheets (substrates), beside room temperature, is elevated up to 300 °C. The effect of the preheating on the surface roughness,
shape deviation, hardness, and residual stresses of the die are investigated. The mean height of the surface increases by 59%
at elevated temperatures. However, the tensile residual stress parallel to the weld direction at the middle of the deposited
area decreases only around 25%. The functionality of the forming tools manufactured by this method is proven by bending
of DC06 and HC380LA sheets.

Keywords Additive manufacturing - Laser metal deposition - Laminated tooling - Rapid prototyping - Sheet metal

forming - Surface roughness

1 Introduction

Laminated metal tooling as a rapid tooling concept reduces
manufacturing costs and lead time. In laminated manufactur-
ing, sheets are cut by laser or waterjet and stacked to create
the final geometry of the target tool in a discretized man-
ner. Layered manufacturing offers the possibility of flexible
material selection, installation of sensors and smart tool-
ing [1]. The initial idea of laminated tooling was patented
by Hart F.V. [2] for manufacturing shoe molds. Clevenger
et al. [3] patented this method for manufacturing laminated
hydroforming tools. From the beginning of the 1980s,
metal-laminated tooling is used in the automotive industry
[4] where this method is used for manufacturing of blank-
ing tools. The application of laminated tooling for build-
ing angular or curved surfaces leads to inhomogeneous and
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serrated surfaces known as the stair step effect. This disad-
vantage is a function of the layer thickness and angle of sur-
face where a higher layer thickness means a rougher surface
roughness. Different methods are proposed for eliminating
this effect. Kunieda and Nakagawa [5] used the machining
method for eliminating the stair step effect for manufactur-
ing metal laminated deep-drawing tools. The application of
the beveled edge was patented by Weaver [6] for laminated
hydroforming tools. Yoo and Walczyk [7] established an
automatic advanced slicing model for a beveled edge lami-
nated forming tool. Walczyk and Hardt, 1998 [8] showed
a successful but complex and costly method of combining
beveling and machining of the edges of laminae for manu-
facturing stamping dies. An intermediate layer (elastomer
or soft sheet metal) among the laminated deep-drawing
tool and the blank to lower the stair step effect was used by
Kleiner and Krux [9]. The study showed that this method
can provide the required form and dimension accuracy. Gal-
vanizing of contours is another possibility of generating a
homogenous surface [10] but it needs several thermal cycles.
Yoon and Na [11] eliminated the stair step effect by laser
brazing and soldering. It is concluded that the surface has a
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low hardness and the addition of hard particles is not negli-
gible but the need for machining for improving the surface
roughness is unnecessary. Hiegemann et al. [12] used a roller
burnishing tool for smoothing the stair steps of low carbon
steel. Even though the hardness of the smoothed surfaces
due to the strain hardening increased, it is not enough for
the tooling requirements. Another solution for reducing the
stair step effect is the application of additive manufactur-
ing (AM) processes, such as laser metal deposition (LMD).
Laser cladding or LMD is a subdivision of Direct Energy
Deposition (DED) of the AM method based on the standard
DIN EN ISO/ASTM 52,900 [13]. The principle of the laser
metal deposition is illustrated in Fig. 1. In LMD, the metal
powders are introduced into the focal point of the laser beam
with the aid of inert gas (e.g. argon). In the shielded atmos-
phere (argon gas), the temperature of metal powder reaches
the melting point and the molten material is deposited on the
surface. In 1997, for the first time, Erasenthiran et al. [14]
investigated on a small extent the usage of laser cladding
for reducing the stair step effect. In this study, two methods
of Ni-powder feeding is used, replaced-powder and blown-
powder. The study noted that the blown powder parts show
a lower porosity and better surface quality. The application
of combined AM and roller burnishing as a hybrid addi-
tive manufacturing method was patented by Holker-Jéger
et al. [15]. Dardaei Joghan et al. [16] showed a successful
utilization of LMD for manufacturing of metal laminated
deep drawing tools. Therein, three different post processing
methods, namely milling, ball burnishing, and laser polish-
ing, were investigated to improve the surface roughness.
It is shown that the new process route enables the produc-
tion of rapid tooling of complex geometries with enhanced
cooling or heating channels and functional elements. Souza
et al. [17] studied the improvement of the surface roughness
by laser polishing with maximum laser power of 500 W. It
is observed that the surface roughness can be effectively
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Fig. 1 Principle of laser metal deposition
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improved by 86% with an insignificant decrease in the hard-
ness of the deposited surface. Barragan De Los Rios [18]
showed that the surface roughness of a bimetallic part depos-
ited from AISI 1045 and 316L SS can be improved by high
speed milling by a minimum of 90% in both deposited areas.
Residual stresses, surface roughness and shape accuracy
are the main challenges by using AM for laminated tooling.
Residual stresses in additively manufactured parts are not
only dependent on the process parameters such as power,
feed rate, and mass flow, they also highly depend on scan-
ning strategies, cooling times or dwell time, and the initial
temperature of the substrate [19]. Rangaswamy et al. [20]
showed that the laser rastering direction has an insignificant
effect on the magnitude of the residual stresses of 316L pow-
der. Wang et al. [21] showed that the cooling times’ effect on
residual stress depends on the deposited material. It is shown
that a longer cooling time for deposited Inconel 625 material
leads to lower residual stresses. However, for deposited Ti64
material, this happens by a shorter cooling time.
Preheating of the substrate in AM is one solution for
reducing undesired residual stresses of the produced parts
[22]. The preheating of a bulk substrate out of die steel Cr12
(1.2080) reduces the maximum residual stress of Co-based
alloy powder from 350 MPa at room temperature (RT) to
only around 280 MPa at 600 °C (around 20% reduction) in
the deposited surface. However, this value for the die steel
powder (Cr12MoV) is only 6% and for nickel-based pow-
der Ni60A, it has no significant influence [23]. Alimardani
et al. [24] showed that preheating of the bulk substrate heat-
treated steel (36CrNiMo4) leads to a uniform and dendritic
structure of deposited layers compared to a non-preheated
substrate for Co-alloy powder (Stellite®1). Ding et al. [25]
determined the increase of the ferrite content of low-alloy
steel powder (12CrNi2) by preheating the substrate and
consequently decreasing the hardness of the deposited sur-
face. The preheating also avoids crack initiations in join-
ing dissimilar materials in LMD as shown by Meng et al.
[26] for 316L and Inconel625. The study also proved that
the preheating by so-called laser synchronous can improve
the microstructure. The laser synchronous heating method
is heating of the substrate or deposition area with a laser
before the application of the initial or next deposition layer.
The literature review shows the potential of using LMD
for reducing the stair step effect of laminated tools. One of
the advantages of eliminating the stair step effect by LMD
is the high hardness, which omits the necessity of an addi-
tional hardening process. Since in conventional hardening
processes the whole tool needs to be heated, the application
of locally concentrated energy in LMD is energy-saving and
emits less CO, which is important for green manufacturing.
The preheating of the laminae during LMD influences the
mechanical properties. The literature review indicated that
there is no existing study in the field that investigates the
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effects of preheating on the surface roughness of segregated
surface sheets deposited by laser deposition. Therefore, in
the following sections, its effect on surface roughness, hard-
ness, and residual stresses of the deposited surfaces of a
bending die will be discussed. At the end, the resulting form
accuracy and surface roughness of bent sheets of two differ-
ent materials, high strength steel HC380LA and DCO06, are
discussed.

2 Experimental work

High-strength ferritic sheets, S355MC, with a thickness of
2.0 mm with a yield strength and tensile strength of 396 and
487 MPa respectively (chemical composition provided in
Table 1) are laser cut and stacked to build a laminated bend-
ing die with a die radius of 6 mm. The LMD is succeeded by
the Lasertec 65 3D hybrid machine by Sauer GmbH/DMG
MORI AG. It has a 2.5 kW fiber-coupled diode laser and a
coaxial powder nozzle (COAX9 — 1.6 mm) with Argon gas
for shielding. For LMD, the laser is used as energy source
and powder as the deposited material. The sheets are welded
with powder 316L-Si (1.4404) with a particle diameter of
about 45-125 pm. The composition of the powders and
the melting temperature are provided in Table 2. The weld
geometries are measured by a ZEISS AXIO IMAGER M1m
reflected light microscope with 50 X magnification. The psoft
analysis software is used for the calculation of the surface
roughness parameters in the radius direction. The profile
parameters are calculated based on the standards DIN ISO
4287 [27] and DIN ISO 25178-2 [28]. In the 2D direction
the roughness parameters R, and R,, which represent the
arithmetical mean deviation and the maximum height of the
profile respectively, are determined. The main disadvantage
of the two-dimensional profile parameters especially by
tactile measurement is a dependency of the results on the
measured position. To avoid this problem, the optical meas-
urement offers the possibility of the determination of the 2D
surface parameters along more than one line. In this paper,
for the 2D surface parameters, 50 lines are defined for the
calculation of the mean value. Since the surface topography
is inherently three-dimensional, the 2D surface parameters

provide only insufficient information regarding the real sur-
face roughness [29]. Therefore, in the 3D space, besides the
arithmetic mean of the absolute height (S,), the core rough-
ness depth (S,) are also calculated. The summation of the
maximum peak and the minimum valley in the determined
area (S,), an extension of the R, is calculated. The main
surface irregularities based on [30] are divided into three
categories: (I) roughness, (II) waviness and (III) error of the
form. Hence, W,, which is the arithmetic mean deviation of
the wave height, is also calculated. All parameters are cal-
culated with a Gaussian filter with a wavelength of 0.8 mm
in the radius direction. Vickers hardness measurement is
realized by a Wolpert Diatestor 2 RC/S hardness machine
with an indentation force of HV0.1 (load test: 980.7 mN).
Since a hardness measurement on the curved surface leads to
inhomogeneous penetration (inaccurate results), the bending
tools for the hardness measurement are cut (perpendicular to
the weld), grinded, and finally polished with 1 pm diamond
suspension. The residual stresses are measured by the G2R
model machine from Stresstech GmbH with an X-ray source
of Cr-tube with a collimator diameter of 2 mm. Based on
[31] the 20 angle 152.3° with an X-ray voltage of 30 kV
and a current of 8 mA are selected. The measurement was
performed parallel and perpendicular to the weld track. The
modified-chi measuring method with a tilt angle of 42°
with +3° tilt oscillation in 8 angles (+19.5°,+28.2°,+35.4
°,+42°) with an exposure time of 20 s is used.

The depositing of material is divided into two steps: (I)
bonding, and (II) filling (Fig. 2a). This is to avoid undesired
thermally induced deformation of the sheets. The sheets
are preheated with the help of two heating cartridges as
shown in Fig. 2b. A 1 mm cover sheet is used for providing
a homogenous heat transfer for all sheets (Fig. 2c). Besides
the room temperature, the initial temperature of the tool
sheets is elevated at 100 °C, 200 °C and 300 °C. The process
parameters for LMD in the bonding step and filling step are
presented in Table 3. In the filling step, a weld overlapping
of 0.56 mm is utilized.

Each experiment is repeated three times, giving a total
of 12 runs. A unidirectional strategy is used for the filling
step. During the preheating, the temperature of the sheets
is monitored by a thermometer. Due to safety and technical

Table ! Chen.lical compositiop C Mn Si P S Nb v Ti Melting temperature
in % and melting temperature in
°C of the tool sheet S355MC (1.0976) 0.12 1.5 05 0025 002 009 02 015 1480-1526°C
Table 2 Chemical comp ositiop C Ni Cr Mo Si Mn Fe Melting temperature
in % and melting temperature in
°C of the 316L-Si powder 316L-Si 0.03 12.0 17.0 2.50 2.30 1.00 rest 1400 °C

(1.4404)
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Fig.2 (a) Sheet combination (a)
and deposition strategies, (b)
preheating setup, (c) laminated
bending die positioning, (d)
laminated bending die after
LMD

Heating
cartridges

6 mm
(3 x2mm)

.14
Step I: Bonding

Cover sheet

Table 3 Process parameters for LMD

Power (P) in W Feed rate fin Powder mass
mm/min flow 7z in g/
min
Bonding step 1400 1000 7
Filling step 1000 1400 4

issues, the preheating is ended just before the LMD process.
During LMD, the temperature and size of the melt pool are
recorded. During the deposition, the stair steps are divided
in two areas Al and A2. Each area has its corresponding
bonding area (B) and filling area (F). Thus, the whole stair
step is divided in 4 sections named as Ag,, Ap;, Ag, and Ap,
as shown in Fig. 2a. An embedded camera on the laser head
allows the measurement of the melt pool size and tempera-
ture using image processing. The E-AqS (melt pool tempera-
ture measurement system) is developed by the Frauenhofer
Institut IWS Dresden. The acquired data is directly post-
processed with DMG MORI’s AMAnalyser software.
Electron backscatter diffraction (EBSD) measurements
are performed with a Mira-3 device from the company Tes-
can GmbH. For the measurements, the voltage of 15 kV
and a magnification of 1000 is used. Air bending experi-
ments (unsymmetric, with one side fixed) are performed in a
Zwick250 universal testing machine. The test setup is shown
in Fig. 3a. HC380LA and DCO06 blanks with a thickness of
1 mm are used for the bending experiments. For characteri-
zation purposes, tensile experiments for both blanks based
on the standard DIN EN ISO 6892-1 [32] are performed.

@ Springer
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The tensile specimens are laser cut according to the standard
DIN 50,125 [33]. For the bending experiments, the sheets
are laser cut in the rolling direction with a width of 40 mm.
The sheets are bent with a bending angle of 90° with a punch
velocity of v=>5 mm/s (see Fig. 3b). The blanks are clamped
between the laminated bending die and the blank holder,
where the blank holder force realized by screws. The clear-
ance between the non-laminated punch and the laminated
bending die was 1 mm.

3 Results and discussion
3.1 Effect of preheating on surface roughness

The final surface roughness of the formed parts is directly
influenced by the surface roughness of the forming tool
which are directly in contact with the specimen. In order to
investigate the influence of preheating on the quality of the
manufactured tool surfaces, various roughness parameters of
laminated tools are measured. Normally, rather low values of
R/S; etc. (Fig. 4a) are desired for a forming tool, which can
be adjusted in the conventional case by machining. There-
fore, for the proposed tool concept, the surface roughness
values resulting from the LMD process are considered. Fig-
ure 4b shows the results of the surface roughness parameters
in the 2D direction, where the preheating temperature has
no significant effect on the R, values. However, a decrease
in the maximum height of the profile (R,) by around 30% at
300 °C is observed. Considering the 3D areal surface param-
eters shows that S, increases by 31% (Fig. 4c). The decrease
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in §, is the same as R, in 2D. So, the preheating temperature
leads to fewer peaks on the surface due to a low cooling rate
and a further semi-solid state in the melt pool. The long
time semi-solid state also causes the waviness of the surface
(Fig. 4c). The waviness of the surface increases up to 100%
by elevating the preheating temperature. Figure 5 illustrates
the mean profile height (%,,) of the surface of the deposited
areas along the radius at different preheating temperatures.
The profile length is cut for all profiles at the same place for
the length of 6 mm. By elevating the preheating temperature,
the height of the wave domains is increasing. At elevated
preheating temperatures, the mean profiles are smoother
with a longer length and higher wave domain compared to
the profiles at RT. At RT, there are more small and sharp
picks because of the fast cooling rate.

In Fig. 4d, the S, course for different preheating tem-
peratures is presented. S, represents the core surface rough-
ness of the bearing area (the area of contact between tool
and blank) after the primary operating cycle such as bend-
ing experiments. The preheating temperature rises the S,
depth which leads to higher friction forces during forming
operations between tool surface and blank surface after the
primary operating cycle and consequently leads to higher
process forces during the forming operation.

3.2 Effect of preheating on residual stress

The residual stresses induced by manufacturing processes
play an important role in the operating life of tools or
parts. Almost all manufacturing processes cause different
states of residual stresses in the parts. In metal forming

tools, compressive residual stress is mainly desired since it
increases the fatigue life of the tool by stopping crack growth
[34]. Rapid heating, cooling, and remelting with simultane-
ous melting of the previous solidified deposited materials
lead to particular thermal cycles in AM-metal parts. Such
a severe thermal cycle could lead to sharp compressive or
tensile residual stress gradients, which could result in local
failures in the manufactured parts [22]. In the present work,
the residual stress is measured in two directions, one par-
allel to the weld line (o(.) and perpendicular to the weld
line (69.) in both the weld and heat affected zone (HAZ).
The measurement for each point is repeated for three sam-
ples for each temperature, and the standard deviation for
three measurements is calculated. In the deposited area, the
residual stresses under 90° are all positive (tensile stresses)
as demonstrated in Fig. 6a. The residual stresses along the
weld line (o) at RT and 300 °C are negligible but at 100 °C
and 200 °C, the values are positive but still lower than the
residual stresses at 90°. The preheating temperature can
reduce the tensile residual stress by a maximum of 25%
at 100 °C compared to RT perpendicular to the weld track
(09¢.)- The tensile strength and ultimate strength of the 316L
tensile samples manufactured by DED methods are 486 and
676 MPa respectively [35]. Considering the tensile strength
of the deposited material, elevating the initial temperature
of the tool sheets during LMD can reduce the negative effect
of the tensile residual stresses on the tool surface, but only
by max. 25% at 100 °C.

The positive residual stresses perpendicular to the weld
line (6*?'Y) could be explained by the rapid thermal cycles

90°
which consist of two phases of heating and cooling as
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mentioned. In the heating phase, the laser (energy source)
heats both the powder material and substrate, which leads
to an expansion in the molten material. But this expansion
is limited by the deposited or substrate material around
the heated zone, resulting in the formation of compres-
sive stresses. Directly after removal of the laser, the cool-
ing phase begins, where the material and the heated zone
cool down and the deposited material starts to shrink. This
shrinkage is gradually reduced by plastic deformation devel-
oped during the heating phase. During the resolidification
of the deposited material, it tends to shrink but is partially
retained by the previously deposited material, resulting in
tensile residual stresses [22].

In the HAZ (Fig. 6b), the residual stress at RT is almost
zero in both directions. By increasing the temperature from
100 °C on, the residual stresses increase at 90° (o-?oiz) and
reduce at 0° (ag{az). Since the HAZ is subjected to much
lower thermal cycling and has a free length (beginning and
finishing points of the weld tracks) on both sides for ther-
mal expansion, the residual stresses are comparatively low
and negligible. The same is valid for residual stresses in the

deposited area parallel to the weld tracks (o).

3.3 Effect of preheating on shape accuracy
and hardness

The accuracy of the formed blanks’ geometry is directly
affected by the tool shape accuracy. Conventional

Fig. 7 Preheating temperature
effect on shape accuracy of the
die radius of 6 mm

T,=200 °C

manufacturing processes such as milling, due to the accurate
moving of the cutting tool and material-removing process,
deliver a high geometry accuracy which is not the case in
most common AM processes. In laser metal deposition, the
geometry accuracy is dependent on the geometries of depos-
ited tracks. Heat transfer and solidification are two impor-
tant physical phenomena affecting the size and geometry of
the deposited tracks. Figure 7 shows metallographic image
results for the manufactured bending dies. It can be seen
that in all investigated cases, there is an inaccuracy in the
die radius. At RT, the deposited material is not completely
covered over the whole radius. This problem decreases by
increasing the preheating temperature, and for 300 °C, there
is even excess-deposited material.

This phenomenon can be explained by studying the melt
pool size shown in Fig. 8a and b. The influence of the pre-
heating temperature on the melt pool size is significant and
increases by rising the preheating temperature. The size of
the melt pool (see Fig. 1) in the bonding step increases by
elevating the preheating temperature for Ay, and Ag, around
48% and 62% respectively (Fig. 8a). The small difference
in the size of the melt pool in the areas Ay, and A, is due
to the temperature elevating in the tool sheets (substrate)
during the welding of Ay;. The effect is more significant for
the melt pool size in the filling step (Fig. 8b) where the melt
pool size of A, is higher than Ag,. The size of the melt pool
of Ag, is more than twice as high at the same preheating
temperature compared to Ag,. The melt pool size deviation
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at RT varies around 34 to 40% in the filling step. However,
this deviation is reduced to a maximum of 27% at elevated
temperatures, which shows a more stabilized melt pool size
at elevated temperatures. The melt pool size in Ap, increases
by a maximum of 90% at 300 °C compared to RT (Fig. 8b),
which for Ag, is 55%. The mean melt pool temperature (7)
is ca. 1642 + 2 °C for all temperatures (Fig. 8c). Overall, the
elevated preheating temperature has no significant effect on
the melt pool temperature but the melt pool size increases,
which then leads to over dimensioning at 300 °C.

Forming tools manufactured by conventional methods
need to be hardened due to high process forces during the
forming process. Metal-AM parts, due to thermal cycles
and alloying elements, can offer a high hardness. The
value of the hardness depends on the AM process param-
eters and chemical composition of the weld and substrate
material. Figure 9 shows evaluation of the hardness of the
manufactured bending dies along the x-direction that goes
from the deposited area to the tool sheets. The hardness
profile is quantitatively in agreement with results for LMD

for single weld tracks [36] and multi-weld tracks [37]. In
the deposited area, by elevating the temperature, the hard-
ness decreases due to the gradual cooling rate of the melt
pool in the deposited area, which leads to the formation
of bigger grain sizes (see Fig. 10a). The results of EBSD
(see Fig. 10a) confirm that the grain size of the deposited
area for all temperatures is coarser than in the HAZ and
transition zone. It can be seen that for all temperatures, the
grain size at HAZ and transition zone is on average around
33% of the grain size of the deposited area (see Fig. 10b).
There is no significant hardness difference between 100
and 200 °C however, at 300 °C the hardness decreases ca.
19% compared to RT.

According to Ya et al. [36] and Hao et al. [37], the
reason for such a high hardness course in the transition
zone also could be a formation of the alloying elements
in this area. The results of EDX of 316 SS powder shows
that after the transition zone the percentage of alloying
elements (nickel and chromium) decreases sharply which
leads to a lower hardness as reported by [18].
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3.4 Effect of preheating on bending radius bending equivalent plastic strain (£p,,,.). The equivalent
plastic strain at the inner radius of the bent sheet, by consid-
Bending experiments are conducted to analyze the effect ering the plane strain state, is equal to
of the various achieved tool surface roughnesses due to the E prusiic = 2 ln(l _ 05 )‘ = 0.095. The flow curves for the
preheating temperatures on the bending result of the two dif- V3 >3 ) )
ferent blank materials. For calculating the radius right at the tWO used blanks from the tensile tests are presented in
end of the bending process (before unloading), the spring- Fig. 11.
back effect is omitted, i.e. subtracted from the measured _ The flow s.tress (o7) of DCO6 and HC380LA for
part radius after unloading. Since the width (h=40 mm) to  &Plasiic =_0'095 18 310 and 491 MPa respéctlvely. The cal-
thickness (=1 mm) ratio of the blank is high, a plane strain culated inner radius (r;) before unloading for different
state is considered. By using a Poisson’s ratio of 0.3 and

replacing the width and thickness values, the mean radius s 600
change (Ar,,) due to springback is calculated from the clas- % " ‘
. . . HC380LA
sical bending theory as: £ 7
< 400 {~ ;
-—-—“.\
1 1o M, o, @ —
Al =)==—-==0273- — with M,;=——oc bt o 7 DCOo6
[ v, rm E 2\/5 b 200 ¥
O 3
where r}'n is the bending radius after unloading, M, the bend- =0
0 005 01 015 02 025 03 035

ing moment, E the Young’s modulus of the blank equal to
210 GPa, and o; is the flow stress of the blank material. Equivalent plastic strain g,
Since the bending leads to strain hardening, the correspond-

ing flow stress is determined with the calculation of the  Fig.11 Flow stress results for DC06 and HC380LA blanks in rolling
direction at room temperature
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preheating temperatures is presented in Fig. 12a. At RT, the
calculated inner radius shows a maximum deviation from the
(theoretically) desired value of 10% and 8% for HC380LA
and DCO06 accordingly. At 300 °C, the maximum inner
radius deviation is only 2%. The reason for this deviation
at RT is a smaller die radius because of missing deposited
material (Fig. 7).

Figure 12b and c presents the surface roughness of the
bent sheets for dies with different preheating temperatures.
By considering the spread of the maximum mean surface
roughness (R,) and of the maximum height of the profile
(R,) of the bent sheets along the radius direction for both
DCO06 and HC380LA sheets, it could be concluded that the
preheating temperature has not a significant effect on the
surface roughness of bent sheets (Fig. 12b and c).

4 Conclusion

The surface quality and mechanical properties of lami-
nated bending dies at different preheating temperatures of
the laminae during the connecting laser metal deposition

(LMD) are investigated. The stair step effect of laminated
bending dies is successfully reduced by LMD with 316L
powder. Besides the room temperature (RT), the lami-
nae are preheated up to 100 °C, 200 °C, and 300 °C. The
preheating leads to a reduction of the arithmetical mean
deviation (R,) and the maximum height of the profile (R,)
but simultaneously increases the waviness of the die sur-
face. The residual stresses at the middle of the weld track
in perpendicular direction at all temperatures are tensile
(positive) and they are reduced only by 25% at 100 °C.
The preheating also reduces the hardness of the depos-
ited surface by 19%. At RT, more weld tracks are required
for the complete filling of the die radius since the melt-
ing pool size is smaller than at elevated temperature. The
bending experiments for two different sheet types, DC06
and HC380LA, show a maximum deviation of 8% (DCO06)
of the resultant inner radius of the bent sheet from the
nominal radius. Consequently, without further knowledge
about the wear of the tools in mass production for the dif-
ferent preheating temperatures, even the introduced tool
without preheating suffices at least in efficient prototyping
applications.

Fig. 12 Preheating tempera- (a) Nominal radius ».= 6 mm
ture effect on (a) inner radius 6.1 !
of bent sheets, (b) maximum
mean surface roughness, R,, (¢) ql-J £ 6.0 1
maximum height of the profile, ug S 59 ——== ¢ Fu‘**r* — {
R, of bend sheets o c =" - 1 ]
g = 58 - -= !
g < DC|06 ,k - Bent sheet
S o 57 PR i
c l, ’
o é 5.6 7 .
22 55 Fe——Hc3goLA ]
£5 545 -
53 | ‘
RT 100 200 300
Preheating temperature 7, in °C
() 3.0 (c) 16
25 2000 14 DCOo6 _
S - 12 l
g 20— ?ﬁ%, Emf-ﬂr\_‘-- ’,T
3 » = x
£ 15 / £ 8T
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HC380LA 4 HC380LA—
0.5 2
0 0
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