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ABSTRACT

This work derives its motivations from the increasing interest towards Additive
Manufacturing and the lack of studies, mainly in the field of fatigue. The effect of build
orientation and of allowance for machining on DMLS produced Maraging Steel MS1 has
been assessed. The experimental results, properly set up by tools of Design of Experiment,
have been statistically processed and compared. The outcomes were that, probably due to
effect of the thermal treatment, machining and material properties, the aforementioned factors
do not have a significant impact on the fatigue response. This made it possible to work out a
global curve that accounts for all the results, consisting in a high amount of data points. This
can be regarded as one of the most generable and reliable fatigue models being currently
available in the literature. Fracture surfaces have been carefully studied as well, individuating
the initiation points being usually located at sub-surface porosities. Micrographies along the
stacking direction and the build plane have been performed as well.

Keywords: additive manufacturing, DMLS, maraging steel, rotating bending fatigue.

INTRODUCTION

Nowadays, Additive Manufacturing (AM) technologies are attracting a remarkable interest
from industry, civil constructions and academia, considering its great potentials and its large
applications. AM makes it possible to achieve the production of even much complicated
geometries directly from three-dimensional CAD (computer aided design) models in a short
time (Branco, 2018), thus remarkably reducing the time from conception to market.
Moreover, through a full exploitation of metal AM technique, lighter parts can be obtained:
the capability of building even highly complicated shapes, which would not be affordable by
conventional production methods, makes it possible to significantly increase the strength to
weight ratio. This technique is more and more used in many strategic fields, e.g. automotive,
aerospace, as well in the biomedical and injection molds industries (Becker, 2016; Branco,
2018).

The most widely used techniques of AM for metals are Selective Laser Melting (SLM) that
emphasizes the use of a laser as energy source, and Direct Metal Laser Sintering (DMLS) that
makes use of a laser to selectively sinter some solid areas of the cross section of the built part.
Nowadays, these two techniques can be regarded as being basically the same, according to
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(Croccolo, 2018; Herderick, 2011; Lewandowski, 2018; Nicoletto, 2018). Both have the
capability of building metal parts layer-by-layer, starting from a highly controlled metal
powder (Abe, 2001; Santos, 2006). The CAD 3D model is initially split into several slices,
individuating the cross sections corresponding to each slice. This makes it possible to convert
a 3D problem into a 2D one. Afterwards, a high power laser is used to selectively fuse
metallic powder particles, by some scans with controlled direction, which generate the solid
shape of the part. After the consolidation of one powder layer, a new powder layer is stacked,
the base plate is moved downwards, and the aforementioned processed is repeated until the
completion of the component. During this building process, a large part of metal powder is
generally unused, but can then be recycled, which makes it possible to strongly reduce the
waste of raw material.

However, AM techniques also have some drawbacks arising from their typical cast structure,
involving high surface roughness, presence of pores or sometimes oxides and thermal tensile
residual stresses. These are due to remarkably steep temperature gradients affecting the layers
and significant cooling rates. Despite these outcomes, previous studies in the literature, as
well as data sheets by powder producers, indicate that their monotonic properties can be well
comparable to those of wrought material, with an isotropic response regardless of the build
orientation during the stacking process. Anyway, a further issue with AM processed parts
arises from the lack of a sufficiently high amount of studies dealing with their fatigue
properties, considering that this is the most frequent state of load in the previously mentioned
application fields. According to the literature (Niemann, 2005) the fatigue limit is often
coarsely estimated as the 50% of the ultimate tensile strength (UTS) of the material,
considering conventional subtractive manufacturing. The determination of a correct fatigue
limit to UTS ratio for additively produced parts is still under investigation.

Maraging steels are particularly suitable to powder bed fusion manufacturing techniques, such
as DMLS or SLM (Casati, 2017). Moreover, they exhibit a high performance in terms of UTS
(close to 2,000 MPa, following aging treatment, regardless of the build orientation (EOS web
site)) and of fracture toughness, which makes them promising materials in many fields.
However, a possible issue is that a lack of studies, dealing with the fatigue response of this
material, can be still observed in the scientific literature. A previous research (Croccolo,
2016) investigated the fatigue response (in terms of both the fatigue strength in the finite life
domain and the fatigue limit) of Maraging steel MS1 (also reported as 18% Ni Maraging 300
or AISI 18Ni300). An experimental campaign was aimed at the investigation of the potential
impact of the build orientation on fatigue, following heat aging treatment and machining with
0.5 mm allowance. The outcome was that the results were consistent for the three considered
build orientation and the estimated fatigue limit was around 590 MPa, corresponding to 29%
of the UTS. Consequently, the post manufacture treatments (aging and machining) proved to
be able to remove any source of anisotropy. The determined fatigue limit to UTS ratio was
also consistent with those of the experimental campaigns described in (Karlinski, 1999;
Nagano, 2007; Wang, 2010; Chen, 2013; Schuller, 2015) that dealt with Maraging steels in
wrought conditions. A recent study (Santos, 2016) has been focused on the effect of the laser
scan speed on both static and fatigue performance, as well as on the porosities induced in the
microstructure. However, the tests were conducted under subsequent blocks with different
stress range and are therefore not comparable to the previous ones. Moreover, one build
orientation only (vertical with respect to the powder bed) has been considered. Other studies,
e.g. (Becker, 2016), are mainly focused on the static properties or on the effect of the process
parameters on the achieved microstructure of AM processed Maraging steel parts (Mutua,
2018). An interesting and particularly recent study is presented in (Berto, 2017), where AISI
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18Ni300 samples were involved in a quite extensive low-cycle fatigue campaign. However,
this study was more oriented to the elasto-plastic behaviour in the low-cycle fatigue domain,
rather than to the fatigue response in the nominally elastic field and to its dependence on build
or post-process parameters.

The subject of the present study consists in an extension of the outcomes of (Croccolo, 2016):
it aims at investigating the build orientation effect for increased allowance for machining, and
then to better investigate the potential effect of allowance on the fatigue strength of the built
and then machined components. The parts have all been produced by DMLS using a
commercial machine by EOS. These two goals have been tackled by designing a suitable
experimental campaign that completes and integrates the previous one described in (Croccolo,
2016). Regarding the study on allowance, motivations stem from some recent researches
(Zhang X, 2017; Zhang J, 2016; Van Hooreweder, 2012), which are starting to focus on the so
called “size effect”, i.e. the effect of the amount of material to be removed after sintering on
mechanical properties. The here reported results indicate a remarkably slower crack growth
rate, following machining from oversized blocks. The fatigue performance of machined Ti-
6Al-4V samples with suitable selection of allowance has also been the topic of the study
(Wycisk, 2015), which confirms the general interest in this point. A recent study (Croccolo,
2018) has studied the effect of allowance on fatigued 15-5 PH Stainless steel, reporting a
beneficial effect of the incremented allowance. This is presumably due to the removal of the
surficial layers around the contour, where the concentration of voids is statistically higher,
and to the drop of residual stresses.

EXPERIMENTAL

The experimental campaign involved Maraging steel MS1 (also reported as 18% Ni Maraging
300 or AISI 18Ni300), whose chemical composition is provided in Table 1. The material
powder was supplied by EOSGmbH - Electro Optical Systems, Krailling/Munich, Germany).
Fatigue testing was carried out under rotating bending, following the ISO 1143. Specimen
geometry was chosen accordingly, with reference to the cylindrical smooth shape with
uniform cross section at gage. The samples were manufactured with 6 mm diameter at gage
and 10 mm diameter at the heads as a good compromise to reduce production costs, while
ensuring agreement with the Standard.

Table 2 - Chemical composition of Maraging steel MS1

P S

Ni[%] | Co[%] |Mo[%]| Ti[%] | Al[%] | Cri%l | Cul%]| C%] |Mn[%]| Sil%] | |, |Fel%
0 (]

17-19 8.5-9.5 | 45-52 | 0.6-0.8 [0.05-0.15| <0.5 <0.5 <0.03 <0.1 <0.1 <0.01 <0.01 Bal.

The specimens were manufactured by EOSINT M280 system (EOS GmbH - Electro Optical
Systems, Krailling/Munich, Germany), equipped with Ytterbium fibre laser with 200W power
and emitting 0.2032mm thickness and 1064nm wavelength infrared light beam. The process
takes place in an inert environment in a working space with 250 x 250 mm dimensions on the
horizontal plane and a maximum height of 325 mm. The layer thickness was set to 40 um and
a parallel scan strategy with alternating scan direction was adopted. This direction was rotated
by 70° at every layer, to get a better structure uniformity. Moreover, a contour line was
scanned at every layer to better define the external shape.
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The experimental campaign was arranged according to Table 2 that takes two parameters into
account: build orientation and allowance. In particular, three levels were considered for the
first factor: horizontal, vertical and slanted (45° inclined) with reference to the inclination of
the sample main axis of inertia with respect to the horizontal base plate during the deposition
process with vertical stacking direction. Regarding the allowance factor, it refers to the
allowance accounted during the machining task at every sample gage. Five levels were
considered: 0.5, 1, 2, 3 and 4 mm. For the sake of clarity, consistently with the study
(Croccolo, 2018), a double notation has been used: the sample Sets have been identified by
both their sequential number and a letter (H for horizontal, V for vertical, and S for slanted),
followed by a number indicating the entity of allowance. It is worth mentioning that this study
must be regarded as a follow-up of the previous one included in (Croccolo, 2016): in
particular, the sets with numbers 1-3 were included in that previous research. The current one
has dealt with sets #4 to #9, to investigate the effect of the build orientation at incremented (3
mm) allowance and to then deepen the study on allowance for fixed (vertical) build
orientation. The blank boxes indicate not investigated treatment combinations, due to their
reduced interest for production and design purposes.

Table 2 - Design of the experiment

Allowance [mm]
0.5 1.0 2.0 3.0 4.0

Horizontal Set #2 Set #4

(H,0.5) (H,3)
. . . Vertical Set #1 Set #7 Set #8 Set #6 Set #9
Build orientation (V.0.5) V.0) v2) v3) V.

Slanted Set #3 Set #5

(5,0.5) (53)

After the building process and before machining all the samples underwent the recommended
surface and heat treatments by the powder producer. In particular, they were treated by micro-
shot-peening, in order to close the pores that may be induced by laser sintering. Afterwards,
an aging heat treatment, consisting in age-hardening at 490°C for 6 hours (EOS Web Site)
was conducted. This treatment, which is aimed at reducing the tensile residual stresses, arising
from the stacking process, was performed with the samples being still connected to their
supports. Finally, the specimens underwent machining and refining by grinding with the aim
of accomplishing the roughness and dimensional specifications and of improving the fatigue
performance.

The fatigue testing was aimed at the determination of the S-N curves and the fatigue limits
(FLs). An abbreviated staircase method was applied to determine the FL, according to the
Dixon method (Dixon, 1983; Olmi, 2010; Olmi, 2013; Van Hooreweder, 2012). A life
duration of 107 cycles was set as run-out, as suggested by the literature and in accordance
with (Croccolo, 2016). A confidence analysis (90% confidence level) was also performed
based on the standard deviation of FL (scattering of the experimental results) and on the size
of the sequence that led to its computation. The data in the finite life domain were processed
according to the Standard ISO 12107 (ISO, 2012): both the linear and the quadratic model
have been worked out and the general linear test has then been applied, to assess the
significance of the improvements arising from the latter. Lower and upper bounds to be
wrapped around the curves have been determined, considering failure probabilities of 10%
and 90% and with a 90% confidence level. The fatigue tests were performed under rotating
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bending (load ratio R=-1, frequency, f=60Hz), so that each sample was loaded under a four
point-bending configuration with constant bending moment at gage.

The experimentation was preceded by dimensional checks and roughness measurements that
involved every sample. For this purpose, a micrometer screw gage, a digital caliper (both with
the resolution of 0.01mm) and a portable surface roughness tester (with the resolution of 0.01
pm, Handysurf E-30A; Carl Zeiss AG, Oberkochen, Germany) were used. Measurements
were carried out with 4 replications at each head and with 6 replications at gage. The sample
diameter was measured along 90° angled direction. As for roughness, Ra was retrieved
considering again 90° angled spots, averaging the roughness profiles over a 4 mm tester shift.
Measurements related to the Set #6 are collected in Table 3. Some roughness measurements at
the gage are missing, when the related sample survived the fatigue testing: in this cases Ra at
heads only was retrieved, due to the impossibility to correctly align the roughness tester at the
gage for unbroken samples. At the end of the fatigue testing, crack surfaces were carefully
analysed for the individuation of the crack nucleation point and of internal defects, oxides or
porosities. For this purpose, a Stemi 305 stereo-microscope (by ZEISS, Oberkochen,
Germany) as well as an Optiphot-100 optical microscope (by Nikon, Melville, NY, United
States) have been utilized. Micrographies have also been performed, performing cuts of the
samples along the cross section and along their longitudinal direction, thus individuating the
microstructure along the build direction and on the deposition plane. After proper surface
texturing, chemical etching (for 1 min 20 s at room temperature) has been performed,
according to the following recipe: 150ml H,O, 50ml HCI, 25ml HNO;, 1g CuCl,. The
samples have then been observed by the aforementioned optical microscope.

Table 3 - Dimensional and roughness (Ra) measurements with regard to the samples of Set #6

Speci Gage diameter Head diameter (left side) Head diameter (right side)
peIcll)men Mean St. dev. | Roughness | Mean | St. dev. Roughness | Mean | St. dev. Roughness
[mm] [mm] Ra[um] | [mm] [mm] Ra[um] | [mm] [mm] Ra [um]
6.1 6.00 0.008 0.819 10.02 0.001 0.315 10.01 0.001 0.275
6.2 6.00 0.008 0.785 10.01 0.002 0.295 10.02 0.001 0.269
6.3 6.00 0.008 0.758 10.01 0.002 0.294 10.02 0.000 0.293
6.4 5.99 0.010 -—- 10.02 0.001 0.304 10.02 0.001 0.271
6.5 6.00 0.007 0.779 10.01 0.002 0.336 10.02 0.002 0.305
6.6 6.00 0.013 0.738 10.01 0.002 0.388 10.02 0.002 0.286
6.7 5.99 0.009 -—- 10.01 0.002 0.294 10.02 0.000 0.309
6.8 5.99 0.006 0.748 10.02 0.002 0.331 10.02 0.001 0.330
6.9 5.99 0.007 0.736 10.01 0.002 0.320 10.02 0.001 0.286
6.10 6.00 0.007 0.733 10.01 0.002 0.346 10.01 0.002 0.286
6.11 6.00 0.007 0.733 10.01 0.003 0.313 10.02 0.001 0.261
6.12 5.99 0.007 0.745 10.02 0.001 0.353 10.01 0.000 0.270
6.13 6.00 0.008 0.769 10.02 0.002 0.404 10.01 0.001 0.308
RESULTS

The results of the fatigue tests for samples Sets #4 to #9 are collected in Tables 4-9: in
particular, sample identifier, the applied load (in terms of stress at the gage) and the observed
life are provided. As mentioned above, the fatigue curve in the finite lifespan domain were
processed according to ISO 12107 (ISO, 2012) through the determination of both the linear
and the quadratic models. The general linear test always led to the outcome that the
improvements yielded by the latter were not significant. Therefore, the linear model proved to
be the most suitable to process all the results. The fatigue curves can be expressed as in Eq.
(1) or Eq. (2), the related coefficients are expressed in Table 10 for each sample Set.
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Table 4 - Results of the fatigue tests on the samples of Set #4

Specimen ID Stress [MPa] Life [N] Failure
4.1 759 554,382 Y
4.2 700 3,435,461 Y
4.3 670 387,562 Y
4.4 640 5,642,058 Y
4.6 580 - N
4.7 610 8,255,277 Y
4.8 580 9,289,822 Y
4.9 550 9,472,904 Y
4.10 550 - N

Table 5 - Results of the fatigue tests on the samples of Set #5

Specimen ID Stress [MPa] Life [N] Failure
5.1 700 3,499,346 Y
5.2 670 6,092,545 Y
5.3 639 4,554,231 Y
5.4 610 --- N
5.5 639 8,214,794 Y
5.6 610 9,367,065 Y
5.7 580 9,612,600 Y
5.8 550 --- N
5.9 760 1,807,539 Y
5.10 820 503,537 Y

Table 6 - Results of the fatigue tests on the samples of Set #6

Specimen ID Stress [MPa] Life [N] Failure
6.1 759 3,411,585 Y
6.2 700 5,499,068 Y
6.3 640 7,468,459 Y
6.4 610 --- N
6.5 640 8,456,821 Y
6.6 610 7,982,955 Y
6.7 579 --- N
6.8 610 8,247,250 Y
6.9 881 445,085 Y
6.10 881 243,461 Y
6.11 821 1,265,354 Y
6.12 821 1,591,045 Y
6.13 579 6,547,376 Y

Table 7 - Results of the fatigue tests on the samples of Set #7

Specimen ID Stress [MPa] Life [N] Failure
7.1 759 1,664,344 Y
7.2 699 2,716,753 Y
7.3 639 4,854,824 Y
7.4 610 2,733,629 Y
7.5 579 4,263,093 Y
7.6 550 8,086,316 Y
7.7 520 -—- N
7.8 550 8,308,210 Y
7.9 520 -—- N
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Table 8 - Results of the fatigue tests on the samples of Set #8

Specimen ID Stress [MPa] Life [N] Failure
8.1 759 2,173,992 Y
8.2 699 3,681,461 Y
8.3 639 7,003,462 Y
8.4 580 9,426,902 Y
8.5 550 --- N
8.6 580 9,074,564 Y
8.7 550 - N
8.8 580 9,901,534 Y
8.9 610 5,153,485 Y
8.10 821 1,609,415 Y

Table 9 - Results of the fatigue tests on the samples of Set #9

Specimen ID Stress [MPa] Life [N] Failure
9.1 759 2,643,707 Y
9.2 699 3,483,595 Y
9.3 639 5,671,878 Y
9.4 579 - N
9.5 610 5,586,420 Y
9.6 579 - N
9.8 610 7,388,578 Y
9.9 579 - N
9,10 821 1,171,227 Y

1000

900
800

700

N
[
[}

W
(=]
(=]

N
[
(=]

300

LN

1.0B+05

Maximum bending stress [MPa]

100

A Exp. Res
A Exp. Res
A Exp. Res
A Exp. Res
A Exp. Res

A Exp. Res

1.0E+06

Life Cycles
- Set #2 (H,0.5) —S-NSet #2 (H,0.5)
_Set #1 (V,0.5) —S-NSet #1 (V,0.5)
_Set #3 (5,0.5) S-N Set #3 (S,0.5)
. Set #4 (H,3) —S-N Set #4 (H,3)
. Set #6 (V.3) —S-NSet #6 (V,3)
- Set#5 (S,3) S-N Set #5 (S,3)

1.0B+07

Fig. 1 - S-N curves in the finite life domain for Sets #1 to #6
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Table 10 - Coefficients of the determined S-N curves, according to the linear model of (ISO, 2012), with
reference to Eq.s (1-2)

Set # bo bl 10'b0/b1 1/b1
4 29.87 -8.28 4,038 -0.121
5 30.17 -8.33 4,172 -0.120
6 27.46 -7.36 5,383 -0.136
7 18.97 -4.42 19,417 -0.226
8 20.93 -5.06 13,806 -0.198
9 21.66 -5.32 11,735 -0.188
Log(N):b0+bl-L0g(S) (1)
L.
— b by
§=10"-N 2)

The fatigue curves for Sets #1 to 6, considering also the results in (Croccolo, 2016) are
depicted in Figure 1. The comparison of these curves makes it possible to account for the
potential joint effect of build orientation and of allowance. The fatigue curves for Sets #1, 6,
7, 8, 9 are conversely plotted in Figure 2. The analysis of this graph makes it possible to
compare the fatigue responses at different allowance levels.
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Fig. 2 - S-N curves in the finite life domain for Sets #1, 6, 7, 8 and 9
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DISCUSSION

The results have been statistically processed, to assess if the differences among the curves
were significant with respect to the observed scattering affecting the experimental data. For
this purpose, the ANOVA-based methodology introduced and described in (Olmi, 2012;
Croccolo, 2018) was applied. The S-N curves related to the sets #1 to 6 were compared,
regarding the related plan as a two-factor design. Conversely, the fatigue curves with regard
to Sets #1, 6, 7, 8, 9 have been compared, considering a one-factor design, to evaluate the
impact of allowance for machining. The first analysis was conducted as in (Croccolo, 2018),
through the calculation of mean fatigue curves and of a grand mean fatigue curve. Then an
“SSBR” term, i.e. a “Sum of squares between rows” related to the differences among the
responses for different build orientation was computed. At the same way an “SSBC” term, i.e.
a “Sum of squares between Columns” related to the effect of allowance has then estimated, to
assess the difference between the fatigue responses for 0.5 and 3 mm allowance. Then, “SSI”
term, related to the interaction between the two factors was determined. All the values were
converted into scalars, by calculating their integral mean over the reference life span. The
error-related term was finally determined as the sum of the squares of the residuals between
the actual experimental data and the predicted ones based on the interpolating S-N curves. All
the determined yields were subsequently processed in a conventional two-factor ANOVA,
provided that the aforementioned squared terms were scaled and made comparable one
another by division by the related degrees of freedom. The analysis was conducted,
considering both an interval between 10° and 10’ cycles and a more reduced span between 10°
and 107. The results in both cases were that all the differences are negligible, meaning that the
two factors are not significant and that no interaction occurs. The ANOVA table regarding the
first one is reported in Table 11.

Table 11 - ANOVA Table for the two-factor design (lifespan between 10° and 107)

Sum of Degrees of freedom | Failure Flsh.er s p-value
squares ratio
SSBR: Effect of the build 0.0005 2 0.0003 0.44 0.65
orientation
SSBC: Effect ofthel thlckness of 0.0028 | 0.0028 4.84 0.04
allowance for machining
SSI: Interaction 0.0016 2 0.0008 1.35 0.28
SSE: Error 0.0135 23 0.0006

The one-factor ANOVA was developed as in (Olmi, 2012), however, considering that in this
reference the analysis had been applied to a Low Cycle Fatigue study, some details are

provided below for the sake of clarity. A grand mean curve S_ has initially been computed as

in Eq. (3), where S indicates the 10-base logarithm of the stress corresponding to a generic
fatigue life and the subscript refers to the Set number.

S—le+S6+S7+S8+S9
. 5

G)

Then, an “SSBC” term, being related to the effect of allowance, has been determined as in Eq.
(4). This takes the differences among the fatigue curves for different allowance levels into
account.

SSBC = [(S1 —S F (S-S F (s, -5 F+(s,-5 +(s, —ETJ (4)
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As above, the error was estimated as the sum of the squares of the residuals between the
experimental yields and the predicted ones, according to the interpolating fatigue curves.
Scalar terms were the worked out by the integral means of the aforementioned terms. The
analysis proceeded as a conventional one-factor ANOVA, provided the scalar terms were
made comparable, rationalizing them by their degrees of freedom. The study was repeated for
the same intervals that have been mentioned above with regard to the analysis with two
factors. The outcome for the interval between 10° and 10 is provided in Table 12, in both
cases the statistical test proved that the allowance does not have any effect.

Table 12 - ANOVA Table for the one-factor design (lifespan between 10° and 107)

Sum of Degrees of freedom | Failure FlSh?r s p-value
squares ratio
SSBC: Effect of the thlc_kl_aess of 0.0048 4 0.0012 1.66 019
allowance for machining
SSE: Error 0.0189 26 0.0007

This outcome is also confirmed by the computation of the fatigue limits for infinite life,
considering the aforementioned run-out of 10’ cycles. The nominal values along with their
confidence intervals at the 95.5% confidence level are displayed in the bar graph in Figure 3.
They are all quite close, with overlapped bands, except for that for Set # 7 that is a bit lower.
The average value of the fatigue limit, involving the nine sets, is 581 MPa, corresponding to
38% the UTS of the studied material, following the aging treatment.

600 I | I I } |

300

Fatigue limit [MPa]

200
100

0 I — — — — — — — —
Type #1 Type #2 Type #3 Type #4 Type #5 Type #6 Type #7 Type #8 Type #9
(V,0.5) (H,0.5) (S,0.5) (H,3) (S,3) Vv,3) V,1) V,2) (V.,4)

Fig. 3 - Fatigue limits for 10 million cycle run-out with regard to samples #4 to 9. The
results for Sets #1 to 3 (Croccolo, 2016) are also appended for comparison purposes.

This result indicates that Maraging Steel has an isotropic behaviour, moreover its response
does not exhibit variation for incremented allowance. In other words, this material has a
particularly robust response that yields all consistent results even in different production
conditions. This outcome also confirms the remarks in (Croccolo, 2018). The build process of
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a Maraging Steel is performed with a doubled layer thickness (40um instead of 20um) with
respect to the manufacturing of a Stainless steel. Moreover, it leads to a much more reduced
tensile residual stress field, due to the lower coefficient of thermal expansion (CTE). In
particular, the CTE of Maraging steel is approximately 10% lower than that for Stainless steel
and the lower CTE, the lower the induced residual stresses (Fergani, 2017; Croccolo, 2018).
The doubled value of layer thickness also affects the induced residual stress. In fact, with
approximately one-half stacked layers, the state of heating/cooling is made more uniform
along the part height, and the thermal gradient, as well as the residual stress state, are reduced.

Incremented allowance proved to have a beneficial effect for Stainless Steel, as machining
was able to remove the external surface layers, thus promoting a remarkable drop of the
detrimental residual stresses. For Maraging steels, residual stresses already keep a much more
reduced value; therefore this beneficial effect turns to be negligible.

Moreover, due to the higher number of layers, Stainless Steel proved to be sensitive to the
notch effect in case of missing scans and to the number of defects per layer due to the limited
perpendicularity between the laser path and the surface. Slanted orientation proved to be the
best for that material as a good compromise between a not high notch effect and a not too
extended build area, which made it possible to get a good perpendicularity with the laser path.
Maraging Steel, with one-half layers, is less sensitive to the described effects; therefore, the
build orientation is also completely ineffective. Moreover, like in (Croccolo, 2016), the
present results confirm that the post-manufacture heat treatment and machining are able
remove any possible cause of anisotropy.

1000 =

©
o
=
: + Exp. Data Set 9
8 m Exp. Data Set 8
= & Exp. Data Set 7
g Ao Exp. Data Set 6
< - Exp. Data Set 5
-8 m Exp. Data Set 4
O} & Exp. Data Set 3
< A Exp. Data Set 2
g Plain material ® Exp. Data Set 1
e Tests under rotating bending O Run outs
é f=_6-C}Hz ——S-N curve
s — = Lower limit

= = Upper limit

100
1.00E+05 1.00E+06 1.00E+07
Life cycles

Fig. 4 - Global S-N curve in the finite life domain accounting for all the 56 data

Considering the aforementioned outcomes and the statistical evidence of not significant
differences among the fatigue responses of the nine sets (also including those tested in
Croccolo, 2016)), a global fatigue curve was determined. This curve has been yielded by the
regression of all the data for all the studied sets and can be regarded as the most general and
reliable description of the response of the studied Maraging Steel in the current state of the
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art. This model is likely to have many applications in the field of machine design, as it
simultaneously accounts for the issues of build orientation and machining and related
allowance. The fatigue curve was worked out, based on ISO 12107 (ISO, 2012), by the linear
model, like for all the sample sets. The confidence band at the 90% confidence level, with
lower and upper bounds respectively corresponding to 10% and 90% failure probabilities, has
been determined as well. The curve and the related band, along with dots corresponding the
56 experimental data that were involved in the interpolation, is plotted in Figure 4. The
analytical equations of the nominal curve at the 50% failure probability, to be used for life
prediction, are provided in Eq.s (5-6).

Log(N)=23.91+6.31- Log(S) (5)
S =7940- N (6)

Fig. 5 - Fractographic analysis of the fracture surface of sample 8.4: detail at the right side
with crack initiation from a sub-surface porosity

£ "
S 5 Bgorrze >3 Y ; A

Fig. 6 - Micrographies on samples of Set #4 (H,3): (a) stacked layers with highlighted build
direction: (b) laser scans with emphasized inclusions by red circles

The study was finally completed by fractography. Some fracture surfaces along with details of
the crack initiation points are shown in Figure 5. It can be remarked that almost the totality of
failures was triggered by sub-surface porosities or voids with average dimension (diameter)
and distance from the edge of respectively 50um and 80um. The area of initial propagation is
also clearly visible due to its bright aspect. The outcomes of the carried out micrographies are
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shown in the pictures in Figure 6 with reference to samples of Set #4 that were horizontally
stacked with a 3 mm allowance. The deposited layers are visible in Figure 6(a): this image
was recorded, considering a cut along the sample cross section. The laser scans along the
build plane are then visible in Figure 6(b): this picture was taken, following a cut along a
plane containing the sample longitudinal axis, i.e. along the deposition plane.

CONCLUSIONS

The motivations for this study arose from the lack of a sufficient amount of data regarding the
fatigue response of Maraging steel MS1 (also reported as 18% Ni Maraging 300 or AISI
18Ni300). Moreover, a further interest has been addressed to the possible effect of build
orientation (even in presence of post-manufacture heat treatment and machining) and of the
allowance for machining. Regarding this point, previous studies in the literature and by the
same research group had indicated the possibility of a size effect (for parts machined from
oversized blocks) in some conditions.

The aforementioned goals have been tackled experimentally, running fatigue tests under
rotating bending, involving aged Maraging steel MS1 (also reported as 18% Ni Maraging 300
or AISI 18Ni300). Six sample sets have been tested in the present campaign, thus
investigating the effects of build orientation and of allowance, according to an extensive
experimental plan. The results, statically processed, have indicated that the two mentioned
factors do not have any impact on the fatigue response, including both the behaviour in the
finite life domain and that for infinite life. In particular, the averaged fatigue limit, including
all the performed tests, is 581 MPa, corresponding to 38% of the Ultimate Tensile Strength.
This completely isotropic response is due to the beneficial effect of aging and machining, to
the higher layer thickness (with respect, for instance to Stainless Steels) and to material
properties, especially a not high coefficient of thermal expansion, which lead to a quite small
residual stress field arising from the stacking process.

The analysis has been completed by the determination of a global fatigue curve that can be
regarded as one of the most general and reliable models for fatigue life prediction being
currently available in the literature. The curve, along with its confidence band (for 10% and
90% failure provability, 90% confidence level) has been determined through the interpolation
of 56 experimental data, retrieved for different build orientations and different allowances, but
all well consistent one another.

Finally, fractographic analyses have been conducted and have indicated that cracks usually
start from sub-surface porosities having dimensions and distance from the edge of
respectively 50um and 80um. Some inclusions have also been highlighted by micrographies
conducted on the build plane and along the perpendicular build direction.
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