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Abstract: Additive manufacturing (AM) of metallic materials is increasingly being adopted in
numerous sectors, such as biomedicine, aerospace or automotive industries, due to its versatility
in the creation of complex geometries and the minimisation of material waste when compared to
traditional subtractive methods. In order to ensure a reliable operation of these parts, however, an
in-depth study of the effect of additive manufacturing on mechanical properties, including tensile,
fatigue and fracture resistance, is necessary. Among the vast number of methods and materials, this
project is focused in one of the most promising techniques for the industry: Selective Laser Melting
(SLM) for the production of a tools steel, in particular C300 steel components for the automotive sector.
The main objective of this paper is to optimise some of the key parameters in the printing process,
such as laser power, laser speed and hatch spacing. These variables are essential to obtain parts with
good resistance. To that purpose, tensile tests were performed in 3D printed specimens, and then
elastoplastic properties were extracted, organised and analysed through a design of experiments for
the subsequent output fitting using the response surface methodology.

Keywords: response surface; additive manufacturing; selective laser melting; C300 maraging steel

1. Introduction

Nowadays, the most widespread method for producing critical or high value parts
from powder material is Additive Manufacturing. One of the most widely used techniques
is Selective Laser Melting (SLM) due to its suitability for the production of prototypes
and medium-sized parts, but also for the increasing capacity for manufacturing short
runs. In addition, the range of metal alloys available in powder form is extensive, and the
final component shows good properties, equivalent to those of traditional manufacturing
processes [1-9].

SLM technology is based on the creation of a part by melting the material layer by
layer using a high-power laser as a source of thermal energy. The laser beam is focused with
a system of mirrors on a powder bed and follows layer by layer, while the layer thickness
is controlled, the geometry having been previously designed within a CAD software. The
powder receives the laser energy, melts and, once it solidified during subsequent cooling, is
welded to the material forming the layer immediately below, thus ensuring good adhesion
between layers.

This technology enables the production of complex three-dimensional parts with high
precision (0.1 mm in 25 mm) and high surface finish quality (5-15 um). Using the SLM
technique it is possible to produce parts with values of up to 97-99% relative density.
Therefore, this process can be used for the production of functional components and it is
economically viable. In addition, recent advances in laser technology have extended and
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generalised the process to different metallic materials, such as copper alloys, aluminium
and tungsten [10].

The microstructure generated in the material has an intrinsic characteristic morphol-
ogy, as a consequence of the superposition of successive molten layers of a few tens of
micrometres, including the likely presence of defects or pores mainly at the melting edges.
An interesting review of the mechanisms for defect formation in materials manufactured
by SLM can be found in the work of Zhang et al. [11].

In this sense, it is necessary to study in depth the printing parameters to obtain
materials with a microstructure that gives them good properties, similar to those that can
be obtained with other conventional manufacturing methods. Especially in those materials
that are newly considered for Additive Manufacturing, such as C300 steel, commonly used
in mould tooling in the automotive sector.

The printing parameters are numerous, but three critical variables can be highlighted:
laser power, laser speed and hatch spacing. These are the parameters studied in this
research, representing the base of the considered design of experiments and the corre-
sponding response surfaces. Design of experiments is a statistical technique to identify
and quantify the most important factors in an experimental study. It has been used
successfully in many fields since the early 1920s [12-15]. This technique facilitates the
optimisation of the number of experiments performed to determine the influence of some
input variables on the experimental outcome. This design is very important when tests are
costly, either in a computational or economic sense, as well for minimising the duration of
experimental campaigns.

For these reasons, the main objective of this paper is to optimise some of the key
parameters in this process, such as laser power, laser speed and hatch spacing. These
variables are essential for the production of parts with good resistance. In order to do this,
tensile tests were performed in 3D printed specimens, and then elastoplastic properties
were extracted, organised and analysed using design of experiments based on the response
surface methodology.

2. Materials

The alloy selected for this research is a C300 steel alloy, classified as maraging steel.
This steel has also other designations, such as 1.2709, M300 and tool steel. It is a low-carbon
alloy with high nickel and cobalt contents. It has a superior mechanical strength due to
intermetallic precipitates formed microscopically during the ageing treatment, such as
Ni;Ti and Fe;Mo [16]. These compounds result in a higher hardness than conventional
low-carbon martensitic steels. In addition, it has a high corrosion resistance, even at high
temperatures up to 500 °C. For this reason this steel is used as tool steel, in moulding
dies, missiles, rockets, engine casings and gears. Table 1 shows the composition of the
C300 steel provided by the powder manufacturer (Oerlikon). In addition, the expected
mechanical properties are also provided as a function of the printing orientation. For the
vertical direction (Z) the expected yield strength (¢p ) is between 900 and 1100 MPa, the
ultimate stress (0y5) between 1000 and 1200 MPa and the elongation (e,) between 6% and
14% without any ageing heat treatment. Taking these values into account, the area under
the stress—strain curve (A) is expected to be between 60 and 170 MPa.

Table 1. Composition of C300 steel in weight percent (nominal).

Alloy Ni Mo Co Ti C Fe
C300 18 5.0 9.0 0.9 <0.03 Balance

This steel has just recently started to be used for Additive Manufacturing processes,
where the presence of temperature gradients and the rapid solidification leads to a more
heterogeneous structure, resulting in better mechanical properties in terms of strength and
hardness. However, this also leads to the appearance of cracks, and it is hence necessary
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to relieve residual stresses by means of heat treatments [17]. The specimens used in this
research have not received the ageing heat treatment before testing. The metal powders
used have been atomized with argon gas, are spheroidal in morphology and particles have
an average size of 45 £ 15 um.

3. Experimental Methodology

The SLM technology printer used was the ALBA 300 model developed jointly by the
companies Samylabs and ONA. The machine has a CW fibre laser of 300 W, a wavelength
of 1080 nm and a cylindrical working volume with a diameter of 160 mm and a height of
200 mm. It operates in a protected argon atmosphere to minimise oxygen uptake during
printing. In addition, it is equipped with an oxygen sensor that monitors the chamber
conditions in real time and ensures that the printing process cannot start until the oxygen-
free conditions are met.

The main printing parameters—laser speed, laser hatching distance, layer height,
wavelength and laser power—have a decisive influence on mechanical properties of the
manufactured part, particularly on the values of yield strength (07 2), ultimate stress (),
elongation (¢,) and area under the stress—strain curve (A). This last parameter represents
the total mechanical energy per unit volume absorbed by the material. These parameters,
as mentioned above, must be optimised for each material, since the thermal properties and
the laser radiation absorption of a certain wavelength result on different energy densities
required for fusion.

In order to find these optimal parameters for C300 steel, a design of experiments using
a response surface methodology has been established. Because of the difficulty of covering
all these parameters in the response surface, it was decided to fix some of them. Thus, the
wavelength, corresponding to the laser of the ALBA 300 printer, and the layer height have
been fixed at 1080 nm and 40 pum, respectively. Therefore, the response surface of the four
studied outcome variables (092, Outs, € and A) are determined by the parameters P, S and
H. The range of variation of these parameters is shown in Table 2, where the values shown
correspond to the interval [-1, 1] in the design of experiments.

Table 2. Parameters used in the design of experiments.

Variable Parameters

Laser Power (P) [200, 2501 W
Scanning Speed (S) [500-800] mm/s
Hatching Distance (H) [0.08-0.14] mm

The relationship that exists among these three parameters and the values of the
response surfaces can be expressed as S = f(P*,5% H*), where f is postulated as a
quadratic model, as expressed in Equation (1), in which P*, S* and H* are the coded
variables for P, S and H, respectively. The real parameter values are coded so all vary
within the same interval, normalising the inputs and facilitating a precise estimation
of the coefficients that define the function f(P*,S*, H*). For any real value X; of the
input parameters, coding can be performed through the Expression (2), resulting in the
corresponding coded value x;, where X;ny, is the real value of the lowest level for the

parameter i, Xnsyp is the real value of the highest level of the parameter i and )~(i is the
mean of the real values of the highest and lowest levels of the parameter i.

f(P*,S*, H*) = bg + by - P* +by-S* 4+ by - H* + byy - P*2 + by - S*2 + byz - H* 2+ 1)
+byp - P*-S* 4+ bz P*-H* +by3 - S* - H*

2~(X,»—}~(1~)

V' YU i pr st H )
XiNsup — XiNInf

X; =
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Coefficients of the function f(P*, S*, H*) for each material property outcome (092, Tuts,
¢, and A) are determined by performing a central cubic design experiment [18-20] using
Design Expert software to estimate these coefficients. The main features of this design are:

The use of three factors, namely, the parameters P*, S* and H*.

The choice of a cubic domain.

The coding of the interval values for the three parameters listed in Table 2 using
Expression (2).

o  The cubic experiment matrix with three levels for each input parameter with two repetitions
at the domain midpoint, in order to capture the variability of the test (experiment
NUM. 15 and 16).

e  The use of Expression (1) to fit the four response surfaces for the corresponding
outcome properties.

Table 3 shows both the experiment matrix with the coded variables and with the actual
testing values proposed for determining the coefficients of the function f(P*,S*, H*). Since
all material properties (092, outs, & and A) correspond to the same range of values for
parameters P, S and H, the values in this table are valid for all cases.

Table 3. Proposed design of experiments.

Experiment Experiment Matrix Experimentation Plan
NUM Power Speed Hatching Power (W) Speed (mm/s) Hatching (mm)
1 -1 -1 -1 200 500 0.08
2 1 -1 -1 250 500 0.08
3 -1 1 -1 200 800 0.08
4 1 1 -1 250 800 0.08
5 -1 -1 1 200 500 0.14
6 1 -1 1 250 500 0.14
7 -1 1 1 200 800 0.14
8 1 1 1 250 800 0.14
9 -1 0 0 200 650 0.11
10 1 0 0 250 650 0.11
11 0 -1 0 225 500 0.11
12 0 1 0 225 800 0.11
13 0 0 -1 225 650 0.08
14 0 0 1 225 650 0.14
15 0 0 0 225 650 0.11
16 0 0 0 225 650 0.11

4. Result and Discussion

To carry out this experimental plan, a round tensile specimen (4 mm of diameter) was
printed for each of the matrix point; these conditions were subsequently tested in accor-
dance with the ASTM E8M standard [21]. The printer software allows all the specimens to
be manufactured together, assigning their corresponding parameters (P, S and H) to each
one of them. Figure 1 shows the newly manufactured tensile specimens, as well as their
final appearance (SLM condition without finishing treatment) before testing.
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Figure 1. Tensile specimens manufactured using SLM.

After the test of each specimen, force-displacement data are processed in order to
obtain the mechanical behaviour of each parameter combination. In this sense, Figure 2
shows some of the typical stress—strain curves obtained. Two types of behaviour can be
clearly differentiated: one more brittle (specimens 7 and 8) and the other more ductile
(specimens 1 and 15) where necking occurs in the specimen. In order to better compare
this different behaviour, Figures 3 and 4 show the optical micrographs of all the specimens
tested. The degree of ductility in each of them is directly related to the reduction in area
that occurs in the failure zone. SEM micrographs have also been carried out. Figures 5
and 6 show those of specimens 1 and 15 with a ductile behaviour, dominated by the growth
and coalescence of microvoids. In contrast, Figures 7 and 8 show the brittle behaviour of
specimens 7 and 8. In the latter, it can be seen that the laser beam has not had enough
energy to completely melt the net area of the specimen, which causes brittle failure.
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Figure 2. Stress—strain curves of the tested specimens.
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Figure 3. Optical micrographs of specimens 1 to 8.
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Figure 4. Optical micrographs of specimens 9 to 16.
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Figure 5. SEM micrographs (25x, 50x and 200x) of specimen 1.
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Figure 6. SEM micrographs (25x, 50x and 200x ) of specimen 15.
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Figure 7. SEM micrographs (25x, 50x and 200 x) of specimen 7.
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Figure 8. SEM micrographs (25x, 50x and 200 x ) of specimen 8.
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For each of the stress—strain curves, the values of yield strength, ultimate stress,
elongation and area under the curve have been obtained and can be found in Table 4.
By introducing these values in the Design Expert software, it is possible to calculate the
coefficients of the function f(P*, $*, H*) that defines the response surfaces of 0y 2, Tuts, €
and A, shown in expressions 3 to 6, respectively. The coefficients of determination (RZ)
have been included for the corresponding fitted response surface.

f(P*,8*, H*), , = 1144.93 + 25.81 - P* —34.24 - §* —45.70- H* —9.77 - p*2_
—31.92-§*2 —17.52 - H*2 4+ 26.37 - P* - §* +39.85 - P* - H* — 56.87 - §* - H* (3)
R% = 0.946

f(P*,8*, H*), ~=1258.44+26.72-P* —40.49 - S* —47.28- H* +2.96 - P*?—
—29.81-5*2 —14.63 - H*2 +18.63 - P* - S* +-40.90 - P* - H* — 40.74 - S* - H* )
R? = 0.867

f(P*,8*, H*), =12.53+1.08 - P* —1.62-S§* —2.75- H* 4+ 0.57 - P*2—
—1.65-5*2 —-1.16 - H*24+0.39 - P* - S* +1.10- P* - H* — 1.46 - S* - H* 5)
R% =0.951

f(P*,S*, H*) , = 133.65 + 11.64 - P* — 18.37 - S* —29.00 - H* + 7.86 - P*2—
—17.37-8*2 —12.81 - H*2 +3.29 - P* . §* +13.00 - P* - H* — 14.84 - §* - H* (6)
R% = 0.948

Table 4. Values of the outcome variables of the experimental plan.

Test oo (MPa) outs (MPa) &r (%) A (MPa)
01 1145.7 1280.37 14.18 153.44
02 1089.5 1276.85 12.77 143.48
03 1162.2 1287.07 12.64 138.03
04 1160.1 1260.37 13.79 144.10
05 1096.1 1209.76 8.62 92.27
06 1147.9 1272.16 12.64 137.16
07 833.7 955.80 2.26 20.36
08 1042.4 1190.41 6.82 75.56
09 1111.3 1252.63 11.17 124.51
10 1167.2 1273.04 13.66 144.75
11 1147.9 1259.76 11.95 127.12
12 1086.3 1200.37 8.45 91.69
13 1141.3 1243.41 12.89 132.13
14 1121.7 1247.09 8.49 95.80
15 1151.3 127291 13.94 149.79
16 1122.2 1238.22 13.86 145.01

Figures 9-12 show the graphical representation of the response surfaces for all the
analysed material properties (02, outs, €& and A) as a function of the coded variable
parameters (P*, S* and H*). Since the response surfaces depend on three input parameters,
it is necessary to fix one of them for a 3D representation. To that purpose, the H* value has
been fixed with the three coded values (—1, 0 and 1). In the figures the solid dots represent
the obtained experimental values.
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Figure 9. Response surfaces for 0y, (a) H* = —1 (b) H* =0 (c) H*
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Once the above response surfaces have been fitted and represented, it is possible to
obtain independently the maximum or minimum for each experimental outcome variable.
However, in order to optimise the printing parameters (P, S and H), it is necessary that
all of the mechanical properties are optimal, that is, that the values of 0y, 0uts, € and A
are maximised. This simultaneous maximisation would imply that the SLM C300 steel
would have optimal mechanical properties. Consequently, the optimum combination has
been considered as the point, within the established range, that maximises one or more
responses. The nature of quadratic functions implies that they might have a critical point
at which the partial derivatives are zero, but these points could be outside the domain of
the experimental plan or be a minimum, which would invalidate them as feasible optimal
combinations. To carry out this optimisation, a numerical algorithm in Matlab software
has been used to localise the relative maximum point of each response surface within
the experiment matrix. The procedure for finding the optimum point is based on the
following steps:

1.  Creation of a three-dimensional matrix n3 with the values of P*, S* and H*, within
the range ([-1, 1], [-1, 1], [-1, 1]).

2. Calculation of the response to be optimised for each point by means of expressions
3 to 6 and the corresponding output matrix.

3.  Obtaining the maximum response within the experiment matrix and its corresponding

coded parameters [Py .., Smaxs Hmax]-

Once the code has been implemented, the optimal parameters for each response are
shown in Table 5. It can be seen that the optimal points do not agree between different
responses and thus it is required to establish a tolerance value (fol) in order to identify
an optimal value for the four responses simultaneously. In this sense, the valid points
within the established tolerance value have been obtained from Expression (7). Figure 13
shows the clouds of valid points for each response for a tolerance of 1%. All of them have
been grouped in Figure 14 where an optimum zone around the coded point [-1, —0.2, —1]
can be observed for the point clouds. Therefore, this point corresponding to the printing
parameters P = 200 W, S = 620mm /s and H = 0.08 mm can be considered as optimal for
SLM fabrication of C300 steel.

Table 5. Optimal parameters for coded values [Pj.y, Siaxs Hmax]-

002 Outs Er A
[—0.54,0.13, —1] [-1,-0.31, —1] [1, —0.08, —0.66] [-1,—0.19, —1]

b)

Figure 13. Cont.
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c) d)
B
Figure 14. P, S» ;, H’ ; grouped with a tolerance of 1%.
(100 — tol)
f( ;al' ;ul’ H:;al) > 100 . f(Pr;axr S;knaXI H;'lax) (7)

5. Conclusions

Response surfaces were obtained for the mechanical parameters analysed as experi-
mental output variables (002, 0uts, € and A) and the effect of the printing parameters (P, S
and H) has been established. For the prediction of ¢g 2, 0yts, € and A for any combination
of parameters P, S and H, the mathematical methodology employed in this paper can be
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considered as a valid theoretical tool for this purpose. For this, it is necessary to establish a
codification of the variable parameters and an appropriate experimentation plan.

Since each of the response surfaces had a different theoretical optimum point, it was
necessary to set a tolerance of 1% around the optimum value to find a possible optimum
zone. In this way, the following values: P = 200W, S = 620mm/s and H = 0.08 mm
could be taken as possible optimal printing parameters. No doubt there will be other sets
of parameter combinations for a suitable SLM production of C300 steel. In each case it will
be up to the production engineers to decide which parameters to use.

The use of statistical methods, mechanical testing and data processing can be gener-
alised and extended to other materials or range of parameters, so the process for determin-
ing the response surfaces would be analogous to the presented here.
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