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Abstract

This study examines and compares the effect of different heat treatments (HT) on the microstructure
and mechanical properties of Monel K500 fabricated using laser powder bed fusion (L-PBF) and laser
powder directed energy deposition (LP-DED) technologies. The as-fabricated Monel K500 specimens
exhibited dendritic microstructure and elemental micro-segregation due to high cooling rates induced during
the fabrication process. The applicability of HT proposed in the literature for wrought Monel K500 was
investigated for L-PBF and LP-DED using four different HT procedures involving hot isostatic pressing
(HIP), solution annealing (SA), and aging. The mechanical properties of test specimens were evaluated
using uniaxial tensile testing at room temperature. The microstructural evolution of test specimens during
HT was analyzed using a scanning electron microscope. For all HT conditions investigated, L-PBF Monel
K500 specimens consistently displayed higher strength and lower ductility compared to the LP-DED
counterparts. The HT procedure involving HIP at 1160°C for 3hr at 100 MPa, SA at 1100°C for 15 min, and
three step aging at 610°C for 16 hr, 540°C for 6 hr, and 480°C for 8 hr resulted in highest strength for both
L-PBF and LP-DED fabricated Monel K500.
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Introduction

Monel K500 (UNS N05500) is a y' precipitation hardened Ni-base superalloy and its major alloying
element, copper (~30 wt.% Cu) provides solid solution strengthening and improved corrosion resistance [1—
3]. This alloy is particularly attractive for its high strength and hardness, and find applications in offshore
and marine industries [4,5]. Due to their high hardness, conventional manufacturing and machining of
Monel K500 alloy are often costly [6,7].

Additive manufacturing (AM) can be an attractive alternative for fabricating net-shaped Monel K500
parts with little to no machining at reduced cost and time owing to its offered advantage of design flexibility
and on-demand manufacturing [8,9]. Among different AM technologies, laser powder bed fusion (L-PBF)
and laser powder directed energy deposition (LP-DED) are widely used [10]. Both processes fabricate parts
in a layer-by-layer fashion with L-PBF process using scanning laser beams to selectively melt and fuse
metal powder that is uniformly spread over a build plate and LP-DED process injecting metal powder into
laser beam through a nozzle [11-13]. With AM being relatively new, the mechanical properties of additively
manufactured 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 are different from the wrought counterparts
and often varies among different AM processes due to their difference in thermal history [14—16]. Moreover,



the presence of AM process-induced volumetric defects can be detrimental to the mechanical properties of
additively manufactured (AMed) parts [17]. This requires post-fabrication heat treatments (HT) to make the
mechanical properties of AMed parts comparable to their wrought counterparts [18,19]. The existing HT
procedures for the Monel K500 alloys are established for the wrought material and might not be optimum
for L-PBF and LP-DED Monel K500. This motivates investigating the effect of different HT on the
mechanical properties of L-PBF and LP-DED Monel K500. Four different HT procedures following the
literature for the wrought Monel K500 alloy are designed and their effects on the tensile properties of L-PBF
and LP-DED Monel K500 are evaluated to establish a favorable HT procedure for the L-PBF and LP-DED
Monel K500.

Experimental procedures

The chemical compositions of the two powder batches used for the fabrication of L-PBF and LP-
DED Monel K500 specimens are presented in Table 1. For L-PBF, vertical near net-shaped specimens were
fabricated by Quadrus corporation using a Concept Laser M2 L-PBF machine and for LP-DED, vertical
cylindrical bars were fabricated by RPM Innovations Inc. using a 557 LP-DED machine. 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 Elements Cu Al Fe Mn Ti Si C O Ni

L-PBF wt.% 284 288 043 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

Table 2. Process parameters used to fabricate the L-PBF and LP-DED Monel K500 specimens.

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

Post fabrication, four different HT procedures, as listed in Table 3, were applied to the L-PBF and
LP-DED Monel K500 specimens. All specimens underwent hot isostatic pressing (HIP) at 1163°C for 3
hours at a pressure of 100 MPa and furnace cooled (FC) to room temperature, followed by solution
annealing (SA) at 1100°C for 15 min, and argon quenched (AQ) to room temperature. Finally, the hot
isostatic pressed and annealed specimens were divided into four different groups and subjected to single and
multi-step aging cycle, as listed in Table 3.

Table 3. Thermal treatments applied for the Monel K500 specimens in this study, designated as HT1,
HT2, HT3, and HT4.

Designations HIP SA Aging: Aging: Aging:
Step 1 Step 2 Step 3
610°C/8hr
HT1 AQ
o .| 610°C/16hr
HT2 1163°C/100MPa/3hr | 100 XSS”"” AQ
HT3 FC 610°C/16hr | 480°C/8hr
FC AQ
HT4 610°C/16hr | 540°C/6hr | 480°C/8hr
FC FC AQ

Small coupons were excised from the NHT and heat treated Monel K500 specimens and
microstructural characterizations were performed on the transverse plane, i.e., parallel to the build direction.
The coupons were mounted on cold epoxy resin and the top surface were mirror polished to remove any
surface scratches according to the ASTM-E3 standard [20]. A Zeiss Crossbeam 550 scanning electron



microscope, equipped with electron backscatter diffraction (EBSD), backscattered electron (BSE), and
energy dispersive X-ray spectroscopy (EDS) detectors, was used for microstructure characterization.

The heat treated specimens were machined to final geometry (see Figure 1) and polished to remove
any surface roughness prior to the uniaxial tensile testing at room temperature according to the ASTM E8
standard [21]. Uniaxial tensile testing was performed at a strain rate of 0.005 mm/mm/min. Due to the travel
limit, the extensometer was attached to the specimens during the initial stage of tensile tests up to a strain
value of 0.015 (mm/mm) to calculate the yield strength. Upon removal of the extensometer, the tests were
continued in force-controlled mode till complete fracture. For all HT conditions, at least three specimens
were tested and their average values were reported.
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Figure 1. (a) Small coupon for microstructural characterization (plane parallel to the build direction was
characterized) and (b) the geometry of the tensile specimens used in this study (Dimensions are in mm).

Results and discission

BSE micrographs obtained on the transverse plane of the L-PBF and LP-DED fabricated Monel
K500 samples are presented in Figure 2 for the NHT and heat treated conditions. The NHT condition
showed dendritic microstructure for both L-PBF and LP-DED Monel K500 (see Figure 2(a) & (b)) and
elemental micro-segregation (see Figure 3 for LP-DED Monel K500), which are typical for the AMed
metallic parts due to high cooling rates during fabrication. Upon full HT, the dendritic microstructure was
dissolved into the matrix as solid solution for all HT conditions (see Figure 2(c) - (j)).
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Figure 2. BSE micrographs taken from the transverse plane of L-PBF and LP-DED samples: in (a) & (b)
NHT, in (¢) & (d) HT1,in (e) & (f) HT2,in (g) & (h) HT3, and in (i) & (j) HT4 conditions. The arrow
indicates the build direction.



(b)

Elements
Ni
Cu
Al
Ti

Fe
Mn

‘Weight %

66.5
29.4
2.7
0.7
0.2
0.2
0.2

Figure 3. (a) Elemental maps and (b) X-ray spectrum obtained by EDS from the transverse plane of NHT
LP-DED Monel K500.

The inverse pole figure (IPF) maps obtained from the EBSD analysis on the transverse plane of the
L-PBF and LP-DED samples are presented in Figure 4 for the NHT and heat treated conditions. For NHT
and heat treated conditions, the LP-DED samples showed coarser grains compared to the L-PBF ones. In the
NHT and heat treated LP-DED samples, the majority of the grains had sizes above 100 um, while in L-PBF
samples, finer microstructure with below 100 pm grain sizes were observed. For all HT conditions, both L-
PBF and LP-DED samples exhibited recrystallization and subsequent grain growth with presence of
annealing twins in the microstructure (see Figure 4).
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Figure 4. IPF maps taken from the transverse plane of L-PBF and LP-DED samples: in (a) & (b) NHT, in (c)
& (d) HT1,in(e) & (f) HT2,in (g) & (h) HT3, and in (i) & (j) HT4 conditions. Material points are
colored according to the normal direction of the TD plane. Arrow indicates the build direction.

BSE micrographs obtained from the transverse plane of L-PBF and LP-DED samples are presented
in Figure 5 for different HT conditions. The nano-sized y' precipitates appeared to form in all the HT
conditions (see Figure 5). Samples that undergo additional aging steps such as HT3 and HT4, formed
coarser y' precipitates. This is mainly due to longer soaking time during aging, which promotes growth of
the precipitates [22,23]. In particular, the size of y' precipitates in HT4 is larger than those in HT3 due to
longer soaking time (6 hr longer) associated with an additional aging step.
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Figure 5. BSE micrographs taken from the transverse plane of L-PBF and LP-DED specimens: in (a) & (b)
NHT, in (¢) & (d) HT1,in(e) & (f) HT2,in (g) & (h) HT3,and in (i) & (j) HT4 conditions. Red
arrowheads point to y' precipitates. Black arrow indicates the build direction.

Engineering stress-strain curves and the corresponding ultimate tensile strength (UTS), yield strength
(YS), and elongation at failure (%EL) for the different heat treated L-PBF and LP-DED fabricated Monel
K500 tensile specimens are presented in Figure 6. From HT1 to HT4, increasing trends in YS and UTS
were observed for both L-PBF and LP-DED specimens, while decreasing trends were observed for ductility.
The highest strength for HT4 could be attributed to larger y' precipitates at higher volume fractions. For all
HT conditions, L-PBF specimens showed higher strength and lower ductility compared to LP-DED
counterparts. For instance, HT1 L-PBF Monel K500 specimens showed 37% and 19% higher YS and UTS
respectively, and 12% lower %EL than HT1 LP-DED. Higher strength in L-PBF specimens can be
attributed to the finer gain structures present in the microstructure compared to LP-DED process (see Figure
4).
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Figure 6. Tensile behavior of HT L-PBF and LP-DED Monel K500 (a) Engineering stress-strain curves (b)
bar chart showing variations in tensile properties such as UTS, YS, and %EL.

Both L-PBF and LP-DED Monel K500 tensile specimens showed ductile fracture with dimples
present on the tensile fracture surfaces (see Figure 7). However, larger sized dimples were observed for the
LP-DED specimens compared to L-PBF counterparts. The higher elongation observed in the LP-DED
specimens can be attributed to the coarser grain size (see Figure 4). In such cases, the increase in elongation
comes at the expense of strength (see Figure 6).
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Figure 7. Tensile fracture surfaces of heat treated L-PBF and LP-DED Monel K500 specimens: in (a) & (b)
HT1,in(c) & (d) HT2,in (e) & (f) HT3, in (g) & (h) HT4 conditions.
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Conclusions

In this study, the effect of different heat treatments (HT) procedures was investigated on the
microstructure and tensile properties of laser powder bed fused (L-PBF) and laser powder directed energy
deposited (LP-DED) Monel K500. The following conclusions were drawn:

1. Dendritic microstructure was observed for both L-PBF and LP-DED Monel K500 samples in the

non-heat treated conditions, which resolved after HT.

2. Heat treated L-PBF samples exhibited finer grain structure compared to LP-DED counterparts.

3. HT condition with longer soaking time during aging showed higher strength in both L-PBF and LP-

DED Monel K500 , which was ascribed to the growth of the y' precipitates during aging.

4. L-PBF Monel k500 specimens showed higher strength compared to LP-DED ones, which was

ascribed to the finer grain structure.

5. HT4 offered the highest strength for both L-PBF and LP-DED Monel K500 specimens.
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