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Abstract. Additive manufacturing and, in particular, Laser Powder Bed Fusion Processes (LPBF),
are known to generate non-equilibrium microstructures having a strong impact on the mechanical
properties such as tensile of fatigue ones. To better control this impact, optimized lasing strategies
can be employed. Among them, relasing or remelting ones have been proved to reduce the porosity
and the surface roughness as well as to increase the ductility [1,2]. This particular manufacturing
strategy seems, hence, to be a promising tool to modify the microstructure and mechanical
properties of LPBF alloys and to optimize the mechanical properties. The objective of this study
is to assess the influence of such relasing and its characteristics on the fracture toughness of
Hastelloy X superalloys.

Introduction

Laser powder bed-based processes are nowadays well employed in industry to generate parts with
high degree of geometrical complexity. Those processes are then a powerful tool to generate
lightweight structures and to limit the use of primary material in relation to the necessary reduction
of greenhouse gaz emission. Nevertheless, due to its intrinsic characteristics, those processes
generate thermal gradients and cooling rates as far as millions of K/m and K/s, respectively [1].
Consequently, the produced alloys exhibit complex microstructures from morphological and
crystallographical texture to dendrite structures and nano-oxides [2]. Other defects such as lack-
of-fusion, keyholes, residual stresses or high surface roughness are also observed for AM materials
[3].

The mechanical properties of those LPBF materials are generally modified compared to their
conventionally produced counterparts (forging, casting, rolling) [3]. In tension, if the process
parameters are correctly set up, mechanical properties of many alloy families are generally higher
than for others manufacturing processes [4]. In fatigue, even after surface roughness removal and
residual stresses relieve, the endurance limit is still lower for AM compared to cast [5].

In order to optimize the microstructure and reduce material defects, remelting strategies have
been proposed in literature. Using such remelting, a many folds microstructure modification has
been observed. Such modification affects the grain size distribution [6], the surface roughness [7],
the porosity [7] as well as the dendrite size [8]. Consequently, an increase in mechanical properties
in tension affecting the yield stress [8, 9], the ultimate tensile strength [8, 9] and the ductility has
been reported [8]. Those results reveal the great potential for such on-line treatments which can be
applied in the entire part or only locally where improved microstructure and mechanical properties
are needed.
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Nevertheless, those remelting strategies have not been extensively characterized for fatigue or
fracture toughness improvements which are key properties for an industrial use of many LPBF
parts. The objective of this study is, hence, to focus on the effect of remelting on fracture toughness
of superalloy Hastelloy X (HX) produced by laser powder bed fusion. This study is based on two
previous works made by the authors: one the capacity of remelting/relasing to improve the
mechanical properties in tension [8] and the second one on the fracture toughness of Hastelloy X
produced by LPBF without remelting [10].

Experimental procedures

Laser powder bed fusion manufacturing was carried out using a M400 EOS machine located in
the Volum-e company in France. Hastelloy X powder was provided by Auber and Duval and is
characterized by an average particle diameter of about 30 pm. The chemical composition followed
the standard for this material. To investigate the role played by the laser remelting on the fracture
toughness of HX, three manufacturing strategies were considered to produce mechanical samples.
A first conventional strategy without remelting was employed to generate reference data on
mechanical properties. This strategy is called HX ref in the following paragraphs and parameters
related to this production are summarized in table 1. Two others manufacturing strategies with
remelting/relasing (a first laser scan melts the powder and a second scan interacts with the
solidified material) were also employed based on a previous work [8]. The first one, denoted
HX R100 corresponds to a remelting with the exact same parameters as the reference one, in
particular the laser power which is kept as 100% of the nominal value. The second one - HX R60
- is similar with, nevertheless, a laser power set up to 60% of the nominal value employed for the
two previous strategies. This 60% relasing power was found to provide the best compromise
between yield stress and ductility in tension for vertical samples [8]. For the two relasing/remelting
strategies the laser follows the exact same path for the two scans.

Table 1: Laser Power Bed Fusion manufacturing parameters (SLM EOS M400-4)

Laser power [W] Laser scanning speed Hatch distance Powder layer Layer to layer angle
[mm/s] [mm] thickness [pum] misorientation [°]
288 960 0.11 40 67

To estimate the material fracture toughness, ASTM E1820 standard was applied [11]. It consists
in investigating the crack propagation in Single Edge Notched samples submitted to bending
(SENB tests). The fracture toughness is then estimated by means of the critical strain energy
release J;. which is computed from the crack tip opening displacement as well as from mechanical
properties in tension. Consequently, in order to estimate fracture toughness values as accurately as
possible, both bending samples and tensile tests ones were produced using the three manufacturing
strategies described above. As the mechanical behavior of this material produced by LPBF has
been proved to be anisotropic, two sample configurations, vertical (V) and horizontal (H) were
manufactured. In the specific case of fracture toughness samples, the crack is initially oriented
parallel and perpedicular to the lasing plane for the V and H configuration, in the order given. For
the tensile samples, they were extracted from a 20x20x80 mm block using EDM. Each test was
repeated three times. Figure 1 illustrates the sample geometry for the two mechanical tests. Sample
thickness for tension is about 1 mm.
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Figure 1: Illustration of the sample geometry for: (a) single edge notched bending tests and (b)
tensile tests. All dimensions are in mm.

Tensile tests were conducted in strain rate control (10* s') mode using a conventional
extensometer whereas the SENB tests were carried out in displacement-controlled mode (1
mm/min). The digital image monitoring of the crack propagation and the data analysis method for
computing J;. are described in a previous work [10]. Digital images were binarized and analyzed
using a Scilab script enabling the crack length to be measured as well as the Crack Tip Opening
Displacement (CTOD) at any time of the loading [10].

Results and discussion

Figure 2 illustrates the tensile behavior of the H and V samples manufactured using the three LPBF
strategies. Different trends can be observed. On the one hand, despite different lasing strategies,
for each direction (H or V), the tensile curves remain similar, in particular in the vertical direction.
It can be also observed that the HX R100 samples exhibit lower strain hardening, as already
reported for cylindrical samples in a previous study [8]. On the other hand, regardless the lasing
strategy, samples manufactured horizontally exhibit larger flow stress than the vertical direction.
Nevertheless, this anisotropy seems to be lower for the samples manufactured with relasing,
especially the HX R100 strategy. Due to the low thickness of the tensile samples, fracture occurs
without necking when maximal stress is reached.
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Figure 2. Engineering tensile curves of Hastelloy X samples manufactured with or without
relasing in the horizontal or vertical configurations.
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The bending curves representing the flexural force versus displacement are depicted in figure
3(a) and figure 3(b) for the vertical and horizontal configuration, respectively. The different curves
are similar with a first stage characterized by an increasing force related to the elastoplastic
behavior and further hardening of the material. The second stage characterizes the crack
propagation associated with a significant decrease in the flexural force. The crack initiation is
expected to occur during the end of stage I but not necessarily at the maximal force. As for tensile
conditions, the mechanical behavior in bending is more anisotropic for the horizontal direction
compared to the vertical one. It can be also observed that plasticity in the HX R60appears for
lower forces than for the other two configurations.
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Figure 3: Bending curves for the single edged notch Hastelloy samples manufactured with the
three LPBF configurations with or without relasing: (a) vertical and (b) horizontal
configurations.

In order to precisely estimate the fracture toughness at initiation, the Crack Tip Opening
Displacement § was computed during the test by means of a CCD camera allowing the crack
propagation to be monitored. This parameter is computed according to eq. 1 [10]:

K2(1-v?) | rp(W-ag)V,
6 = beiastic + 5plastic = £ -
200E rp(W—a0)+a0

(D

In this equation K is the stress intensity factor relative to the specimen, the initial crack
geometry and load at initiation, v is the Poisson ratio, E is the Young modulus, and 7, is the plastic
rotational factor (1, sgyp = 0.44) whereas W and a correspond to the sample width and the initial
crack length, respectively. o, represents the yield stress and V), the crack mouth displacement at
initiation measured by image analysis.

The critical strain energy release can be hence computed from the value § at initiation as well
as the yield stress and ultimate tensile stress provided by the tensile tests for all manufacturing
conditions as detailed in eq. 2:

Jie = m (225) 5 @)

2
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In that equation, o, and oy s represent the yield stress and ultimate tensile strength, respectively
and m is a parameter depending on the crack geometry and on the material’s strain hardening which
can be empirically estimated using ASTM E1290 [12] and eq. 3:

m = 1.221 + 0.793(ay /W) + 2.751n — 1.418(a,/W)n 3)

n is, in that case, the strain hardening exponent which can be computed using eq. 4 following
ASTM E1290 standard. R represents R = ayrs/0, computed using tensile data.

n = 1.724 — 6.098/R + 8.326 /R 2 — 3.965/R3 (4)

Using the actual values of the bending sample geometry, the tensile data as well as the Crack
Tip Opening Displacement at initiation, the fracture toughness Jic can be estimated in all
configurations (vertical and horizontal), and for the three manufacturing strategies. Figure 4
illustrates the fracture toughness values for all configurations tested in this study. From these
values, it turns that, considering the experimental scattering, the manufacturing strategy does not
seem to significantly affect the fracture toughness at initiation in the vertical configuration.
Besides, a slightly improved value of fracture toughness is exhibited for the relasing configuration
with 60% of the nominal power in agreement with the increase in ductility already observed for
the vertical configuration [8]. For the horizontal configuration, the relasing strategy has a major
effect with a maximal value of Jic of about 1300 kJ.m™ for the standard manufacturing strategy.
The value obtained for relasing strategies are about 1000 kJ.m™ which are lower than for the
vertical configuration but still widely larger than for the cast (230 kJ.m™ [13]). One can also
observed that the fracture toughness anisotropy almost disappeared for the HX R100
configuration as also observed in figure 2 for tensile conditions.
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Figure 4: Fracture toughness estimation for Hastelloy X samples manufactured with different
LPBF strategies and building directions (vertical and horizontal).

Following the conclusions of previous works conducted on Inconel 718 [14] and 316L [15]
printed by LPBF, the horizontal configuration is generally detrimental to the fracture toughness
when the crack propagates alongside the building direction due to the preferential intergranular
mode involved by the elongation of the grains with respect to this direction. Similar mechanisms
could be operating in the case of the Hastelloy X for the relasing strategies. Microstructural
observation must be performed to understand the origin of the lower fracture toughness in the
horizontal configuration for both relasing strategies compared to the reference case.
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Conclusions
Based on the characterization of tensile and fracture behavior, results from this study show that
remelting affects the overall mechanical properties with, in particular:

e A decrease in the flow stress with remelting in the horizontal configuration.

e A detrimental effect on fracture toughness for horizontal configuration (crack propagating
perpendicularly to the lasing planes) independently of the relasing strategy. Values are
nevertheless five times larger than the one reported for cast.

e A slightly beneficial effect on fracture toughness for low relasing power (60%) in the
vertical configuration (crack lying in the lasing planes).

A detailed analysis on the microstructure is then needed to better understand the origin of such
effect of the remelting strategy.
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