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Abstract

This study investigated the room temperature mechanical behavior of Monel K500
fabricated using laser powder bed fusion (L-PBF) and laser powder directed energy deposition
(LP-DED) technologies. The fabricated specimens underwent heat treatment involving hot
isostatic pressing, solution annealing, and aging. The mechanical properties of the test specimens
were evaluated using uniaxial tensile and fully reversed strain-controlled fatigue testing at room
temperature. L-PBF specimens showed higher strength and lower ductility compared to the LP-
DED counterparts. The LP-DED specimens showed longer fatigue life than the L-PBF
specimens. The fracture surfaces were analyzed to investigate different crack initiation and
failure mechanisms.
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Introduction

Monel K500 (UNS N05500) is a y' precipitation hardened Ni-base superalloy, and its
major alloying element, copper (at ~30 wt.%), provides solid solution strengthening and
improved corrosion resistance [1-3]. This alloy is particularly attractive for its high strength and
hardness, and finds applications in offshore and marine industries [4]. Due to their high hardness,
the conventional manufacturing and machining of Monel K500 alloy are often costly [5,6].

Additive manufacturing (AM) can be an attractive alternative for fabricating net-shaped
Monel K500 parts with little to no machining at reduced time and material wastage, owing to its
advantages of design flexibility and on-demand manufacturing [7,8]. Among different AM
technologies, laser powder bed fusion (L-PBF) and laser powder directed energy deposition (LP-
DED) are widely used [9-11]. Both processes fabricate parts in a layer-by-layer fashion, with L-
PBF using scanning laser beams to selectively melt and fuse metal powder that is uniformly
spread over a build plate, and LP-DED, which injects metal powder into a laser beam through a
nozzle [12-14]. With AM being relatively new, the mechanical properties of additively
manufactured (AM) Monel K500 parts have not been thoroughly investigated.

Due to the unique thermal characteristics of AM processes, such as rapid cooling and
solidification, the AM microstructure in the non heat treated (NHT) condition is different from
the wrought counterparts and often varies among different AM technologies due to their
difference in thermal history [15-18]. Moreover, the presence of AM process-induced
volumetric defects can be detrimental to the mechanical properties of AM parts [19,20]. This
requires post-fabrication heat treatments (HT) to make the mechanical properties of AM parts
comparable to their wrought counterparts [21-23]. This motivates investigating the effect of HT
on the mechanical properties of L-PBF and LP-DED Monel K500. HT procedures involving hot
isostatic pressing (HIP), solution annealing (SA), and aging were performed on the L-PBF and
LP-DED Monel K500, and the effects on the tensile and fatigue behavior were investigated to
evaluate the two AM technologies.

Experimental procedures

Vertical near net-shaped bars of 10 mm gage diameter and 80 mm length were fabricated
by Quadrus Corporation using a Concept Laser M2 L-PBF machine. For LP-DED, cylindrical
bars of 15 mm diameter and 100 mm length were fabricated by RPM Innovations (RPMI) Inc.
using an RPMI 557 LP-DED machine. The chemical compositions of the powder batches used
for the fabrication of L-PBF and LP-DED Monel K500 specimens are presented in Table 1 and
the process parameters are listed in Table 2.

Table 1. Chemical compositions of the two Monel K500 powder batches, used to fabricate
the L-PBF and LP-DED Monel K500 specimens.

Process FEleme Cu Al Fe Mn Ti Si C (0] Ni
nts

L-PBF wt% 284 2.88 0.43 0.75 0.60 <0.005 0.10 0.016 Bal.

LP-DED  wt.% 30 271 0.2 0.1 0.72 0.02 0.01 0.01 Bal
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Table 2. Process parameters used to fabricate the L-PBF and LP-DED Monel K500

specimens.
Process Power  Travel Spot Hatch Layer Powder Process
W) speed size spacing thickness feed rate gas
(mm/s) (mm) (mm) (mm) (g/min)
L-PBF 152 600 0.120 0.105 0.030 --- Ar
LP-DED 1070 16.93 — --- 0.381 16.5 Ar

After fabrication, the L-PBF and LP-DED Monel K500 bars underwent HIP at 1163°C
for 3 hours at a pressure of 100 MPa and furnace cooled to room temperature, followed by SA at
1100°C for 15 min, and argon quenched (AQ) to room temperature. Finally, the bars were aged
at 610°C for 8 hr followed by AQ to room temperature.

Small coupons were excised from the NHT and heat treated (HT) Monel K500 bars. The
coupons were mounted in epoxy and mirror polished. After polishing, the coupons were etched
using Chromeregia reagent to reveal the microstructure on the radial, i.e., perpendicular to the
build direction, and transverse planes, i.e., parallel to the build direction.

X-ray computed tomography (XCT) was performed on a coupon of 5 mm diameter and 5
mm height excised from the gauge section of the bars and investigated for volumetric defects.
The XCT scans were performed using a Zeiss Xradia 620 Versa using a voltage of 150 kV and
23 W power, and a 5 um voxel size. ImageJ and Dragonfly software were used to post-process
the XCT scan for volumetric reconstruction and defect analysis.

The HT bars were machined to tensile and fatigue specimens (see Figure 1) according to
the ASTM E8 and ASTM E606 standards, respectively [24,25]. Uniaxial tensile testing was
performed at a strain rate of 0.005 mm/mm/min. An extensometer was attached to the specimens
during the initial stage of tensile tests up to a strain value of 0.015 (mm/mm) to accurately
measure the yield strength. Afterwards, it was removed due to the device's travel limit. Upon
removal of the extensometer, the tests continued in force-controlled mode until fracture. Uniaxial
fully reversed strain-controlled fatigue tests were performed on polished specimens at 0.005
mm/mm and 0.01 mm/mm strain amplitudes at room temperature. Following testing, the fracture
surfaces of the tensile and fatigue specimens were investigated using a Zeiss Crossbeam 550
scanning electron microscope.

510



C—— —
P ~
% — oy oz —:
— s _— bt ‘; =
) 2
A
- { :
27.10
81.28

Figure 1. Geometries of the (a) tensile and (b) fatigue specimens used in this study (dimensions
are in mm).

Results and discussion

The as-fabricated L-PBF and LP-DED bars contained more and larger defects within
them. L-PBF bars showed larger defects and lower part density compared to LP-DED. HIP
successfully closed the majority of the larger defects and increased the part density to a similar
level for L-PBF and LP-DED Monel K500 (see Figure 2).
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Figure 2. 3D XCT scan of L-PBF and LP-DED Monel K500 bars showing defects in NHT and
HT conditions.

The microstructure of the NHT and HT L-PBF and LP-DED Monel K500 was examined
(see Figure 3). The NHT condition showed long columnar grains in the longitudinal plane and
distinct melt pool boundaries on the transverse plane. Following the HT, the microstructure was
recrystallized. Melt pool and long columnar grains were no longer visible, and recrystallized
grains with annealing twins were observed in both L-PBF and LP-DED Monel K500. Comparing
the two different AM technologies, LP-DED exhibited larger grains, some on the order of 100
pm and above. While both LP-DED and L-PBF exhibited a combination of large and small
grains, the grains in L-PBF were relatively smaller, primarily at and below 100 um.
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Figure 3. Etched micrograph of L-PBF and LP-DED Monel K500 showing variations in the
grain structure in NHT and HT conditions.

The tensile properties, such as the ultimate tensile strength (UTS), yield strength (YS),
and elongation at failure (%EL) for wrought, NHT L-PBF, and HT L-PBF and LP-DED Monel
K500 are presented (see Figure 4a). HT resulted in an improved YS and UTS of L-PBF
specimens, but a reduction in %EL compared to NHT. The LP-DED specimens showed lower
YS and UTS than both NHT and HT L-PBF Monel K500 specimens but higher elongation than
HT L-PBF Monel K500. Though HT improved the YS and UTS of L-PBF and LP-DED Monel
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K500, their properties were lower than those of the wrought counterpart. Higher strength in L-
PBF specimens was attributed to their finer grains present in the microstructure compared to LP-
DED (see Figure 3). Both L-PBF and LP-DED tensile specimens showed ductile fracture with
dimples present on the fracture surfaces (see Figure 4b). However, larger dimples were observed
for the LP-DED specimens compared to the L-PBF counterparts. The higher elongation observed
in the LP-DED specimens could be correlated with the coarser grain size.
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Figure 4. (a) Bar chart showmg variations in tensile properties such as UTS, YS, and %EL of
wrought, NHT L-L-PBF, HT L-PBF, and LP-DED Monel K500, and (b) tensile fracture
surfaces.

The strain-life plot of HT L-PBF and LP-DED Monel K500 specimens is presented in
Figure 5a. All specimens failed within the low to mid-cycle fatigue regime at both strain levels.
LP-DED specimens showed longer fatigue life compared to the L-PBF ones, which was
attributed to their coarser grains. As shown in Figure 5b, both L-PBF and LP-DED specimens
showed microstructure mediated fatigue crack initiation instead of AM process induced
volumetric defects. This was attributed to the HIP process eliminating the process induced
volumetric defects from both L-PBF and LP-DED specimens (see Fig. 2). Crack propagated
from those initiation sites, coalesced, and resulted in final failure. Larger grains in LP-DED
specimens could reduce this crack propagation rate due to plasticity induced crack closure,
resulting in longer fatigue life compared to L-PBF Monel K500 [18,26].
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Figure 5. (a) Strain-life plot of L-PBF and LP-DED Monel
surfaces.

0 and (b) fatigue fracture
Conclusions

In this study, the room temperature tensile and fatigue properties of laser powder bed fused
(L-PBF) and laser powder directed energy deposited (LP-DED) Monel K500 were investigated.
The following conclusions were drawn:

1. Hot isostatic pressing increased the part density by reducing the number of defects

present in the fabricated L-PBF and LP-DED Monel K500 bars.

2. Heat treatment recrystallized the microstructure of L-PBF and LP-DED Monel K500,

where the grain size was larger in LP-DED than in L-PBF.

3. L-PBF Monel k500 specimens showed higher strength and lower elongation compared

to LP-DED ones, which was ascribed to the finer grain structure.

4. LP-DED specimens showed longer fatigue life compared to L-PBF specimens, which

was attributed to their coarser grains.

5. Microstructure mediated fatigue crack initiation was observed for both LP-DED and L-

PBF Monel K500 specimens.
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