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34 Abstract

38 The aim of this study is to determine the most suitable post-processing sequence for additive
40 manufacturing to reach an enhanced surface integrity of components in Inconel 718
43 superalloy. These components are fabricated by Direct Laser Deposition (DLD) followed by
46 two typical post-processing methods: machining and heat treatment. The effect of post-
48 processing sequence (machining + heat treatment or heat treatment + machining) and the
51 corresponding effects on the surface integrity of these components were investigated in terms
s,  Of surface finishing, microstructure, micro-hardness and residual stresses. Finally, suitable

56 solutions in terms of additive manufacturing - post-process operations have been reported.
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1. Introduction

Additive Manufacturing (AM) offers a new technique to manufacture complicated parts. In the last
decade the AM has attracted the interest from relevant industrial areas such as aerospace, automotive
and medical thanks to its flexibility and potentiality to create near-net-shape components using an
innovative layer-by-layer manufacturing technology. [1, 2]. Among all the AM techniques, the Direct
Energy Deposition (DED) is considered the most promising in performing repairing actions on high
mechanical performance components (e.g. turbine blades or blisks) as well as producing parts with
very complex thin shape. This process uses a thermal source, usually, a laser or electron beam, to
melt the metal powder and deposit a layer on a substrate [3]. In contrast, the parts produced by DED
manifest very poor surface quality (high surface roughness) as well as the usually miss the tolerance
required. Therefore, the parts usually need subtractive manufacturing post-processes in order to match
the high accuracy and surface quality required in the standards. The Nickel-based superalloy
Inconel718 is known as a difficult-to-cut material because of its high strength at high temperature,
high reaction with tool materials and low thermal diffusivity [4]. More often, the components
produced with Inconel718 require some specific heat treatments in order to customize the mechanical
and microstructural properties, especially if produced by DED or other AM techniques [5]. This is a
further problem for the machinability of components since after the heat treatments this alloy
manifests extraordinary mechanical properties. For this reason, several works were conducted about
the study of the best combination of cutting parameters to machine the Inconel718 [4-6]. Although
many of them assessed the machinability of the material in wrought or cast condition, the one related
to the parts produced by DED or further laser metal depositions process is still not clear. Generally,
the actual manufacturing procedure applied by the industries (known also as hybrid additive
manufacturing) is to deposit the material by DED process, then the component is firstly heat treated
and after machined for achieving the final shape and the desired surface quality. The present work

aims to study and propose newly and different industrial strategies to customize and achieve the
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required quality depending on the application of the components. Three different hybrid additive
manufacturing routines combined with the heat treatments were investigated. In particular, the
machinability and the surface integrity of the as deposited and post heat treated Inconel718 were
characterized. Microstructure, micro-hardness and residual stresses induced by the manufacturing
processes were investigated in order to analyse as the entire process affects the final quality of the

produced part.

2. Material and methods

The material used was the Nickel-based superalloy Inconel718 provided as metal powder with a
particle size varying from 45 to 106 um. The cylindrical bars (120 mm length and 33 mm of diameter)
were produced with a 5 axis CNC machine equipped with a TruDisk 4002 disk laser with a
wavelength of 1030 nm (Fig. 1(a)). The process parameters were the laser power of 400 W, scan

speed of 275 mm/min and powder flow rate 9.8 g/min, while the scan strategy is showed in Fig. 1(b).
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Fig. 1. (a) DLD set-up; (b) schematic representation of the scan strategy used to build by DLD; (c) turning
set-up, microstructural features (cross section) of the samples as deposited (AD), after heat treatment (HT).
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The powder was spread into the melt pool by a three-beam nozzle while the argon was shielding the
pool to avoid oxidation phenomena. The focus of the laser was set to get a beam spot of approximately
1 mm while the stand-off distance was set equal to 10 mm. With this configuration, the auto
compensation of the material deposited was triggered and this allowed to have a good deposition rate
and high geometrical accuracy [7]. Since the DLD process produces parts with low surface quality
(surface roughness commonly higher than 30 um [8]) as well as poor mechanical properties (missing
the strengthening phases), post-processes treatment such as machining (to improve the surface
quality) and heat treatment (to enhance the mechanical properties) were carried out. The cylindrical
specimens were turned on 2 axis CNC lathe under dry cutting condition as the most representative
case for the hybrid additive manufacturing. The cutting speed was based on three levels (70, 90 and
120 m/min), the feed rate was based on two levels (0.1 and 0.2 mm/rev) while the depth of cut was
kept constant (0.5 mm). The mentioned cutting parameters are usually recommended for machining
Nickel-based superalloys as suggested by the tool maker when a tool holder DDJNR 2525M 15 and
tool DNMG 15 06 12-SMR SO5F are used. The heat treatments selected for the Inconel718 were
suggested by the SAE AMS 5583D [9]. The heat treatment consists of three steps: (i) the
homogenization treatment to transform the dendritic in an equiaxed microstructure (1093+14°C for
2h and air cooling); (ii) solution treatment to dissolve (mostly) the Laves phase (968+14°C for 1h and
air cooling); (iii) double aging treatment, to form the y' and the y" phases, responsible of the
strengthening of the material (718+8°C for 8 h, cool it down to 621+8°C and hold for 8h, air cooling
to room temperature). In order to understand the effect of the different post-processes on the overall
final quality of the produced parts, a combination of heat-treatment and machining steps and vice
versa was investigated. In detail, the case studies are identified as: as deposited (AD), heat treated
(HT) that considered the material after the 3-steps heat treatment, double aged (DA) that consider the
material after only double aging step. The machining (M) operation is also identified as another
manufacturing step. Therefore, the three manufacturing routes studied are: AD+M, AD+HT+M,

AD+M+DA. The case AD+M+HT was not considered since the HT induced oxidation phenomena.
4
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The machinability was assessed in terms of the cutting forces (cutting and thrust components) while
the thermal gradient (frontal surface of the chip) was evaluated by an infrared (IR) camera.
Preliminary calibration of the IR camera emissivity (0.5) was carried out by matching the temperature

registered via thermocouple on a small sample heated on a hot surface.

Cutting Direction

Fig. 2. Schematization of cross section of the sample for (2) microstructural and (b) residual stress analysis.

The surface quality after the post-processes has been evaluated in terms of surface roughness (Sa) by
a non-contact 3D confocal profilometer. The micro-hardness (HV0.025) on surface and beneath the
machined part was measured on the polished cross section of the samples. Subsequently, the samples
were etched through electrolytic etching (H3PO4 voltage of 6V and 20s) to reveal the microstructure.
The microstructural features and the alterations were assessed by means of the Scanning Electron
Microscopy (SEM) and Electron Backscatter Diffraction (EBSD), as represented in Fig. 2(a). Finally,
the residual stresses (RS) were analysed in the surface and subsurface of the samples by X-ray
diffraction technique [10]. X-ray Mn-K, radiation was used to determine the elastic strains in the
{311} diffraction planes (26~152°) of the crystallographic structure of the Inconel718 alloy, using
22° y angles in the range £44°. Residual stresses were determined in the direction of the primary

motion (hoop) and in the direction of the feed motion (axial), as reported in Fig. 2(b).
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3. Results and Discussion

3.1 Forces and temperatures in machining

Fig. 3 reports the measured cutting and thrust forces as well as the chip temperature during the cutting
process. As expected, the machinability of the AD+HT+M material was lower than the AD+M since
the precipitation strengthening phases made the material harder. In general, both the cutting and thrust
forces decreased when the cutting speed increased while higher feed rate led to higher forces when
the AD+HT+M material was machined. In contrast, the AD+M showed lower cutting force when the
cutting speed of 70 and 90 m/min (f=0.1mm/rev) are used while with 120m/min the wear started to
affect the tool tip resulting in higher force. More significant differences are denoted when the feed
was set to 0.2mm/rev. In this case, the AD+M parts showed a better machinability compared to
AD+HT+M (the cutting forces lower than 40%-50% while the thrust force lower than 80%). In
addition, the maximum chip temperature is lower when machining the AD+M samples compared to
machining AD+HT. As consequence, the tool life expected by machining of AD+M samples is

expected to be higher than that of machining AD+HT+M.
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Fig. 3. Main variables of machining process. (a) cutting force; (b) thrust force; (¢) maximum temperature.

3.2 Surface Roughness

The surface roughness in terms of S, is showed in Fig. 4. The average value of the as deposited

samples depends on the DLD process parameters; it decreases with increasing of laser power and

increases with increasing of scan speed.
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Fig. 4. S, with different post-process parameters and heat treatments.

The average Sa of 56 um was measured on the bars after the AD due to the DLD process parameters
set. The combination of the feed rate (higher value) and the heat treatment played an important role
on the surface quality. While the lower feed rate allowed to achieve low value of S,, on the contrary,
the HT and the higher feed rate led to a critical change on the surface quality. This effect is also
amplified when higher cutting speed are used during the AD+HT+M. Similar observation with
different value of feed rate are highlighted in [11]. Although the surface roughness is much lower
than the initial state (56 um), the Sa of the AD+M is better than the AD+HT+M. The AD material
(not heat treated) showed better ductility (as also confirmed by the cutting forces) and this allowed to
reduce the wear phenomena of the tool leading to a better surface quality. Moreover, under dry
machining the surface roughness has the tendency to decrease with increasing of cutting speed [12].
However, when the AD+HT+M, higher speeds seriously triggered wear phenomena compromising

the S, value.

3.3 Microstructure
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Fig. 5 shows the microstructure of the cross section near the machined surface when the most critical
cutting parameters were used. It is clearly visible the impact of the combination between machining
and heat treatment on the microstructural state of the material. Indeed, the deformation behaviour as

well as the affected layer (AL) are different (Fig. 5(a), (b) and (c)).

Fig. 5. Cross section of the machined bars (120m/min - 0.2mm/rev). (a) AD+M+DA; (b) AD+HT+M; (c)
AD+M; (d), (e) and (f) EBSD and KAM map of the affected layer.

The AD+HT+M samples always showed the slip bands formation while smeared material (suggesting
more ductility) due to the tool action was observed in AD+M samples. Moreover, the Laves phases
are somewhere trapped into the deformed material (Fig. 5(c)). Consequently, it is clear that the
material behaviour during the machining process is changing between ductile and strain hardened.
Although, the micrographs of the other samples are missing, the thickness of AL increased when the
cutting speed and feed rate increased and the grains (dendritic in AD+M, AD+M+DA and equiaxed
in AD+HT+M) are mainly deformed following the cutting direction. Due to the heat treatments, the

AL of the AD+HT+M was deeper than the AD+M as also showed by the hardness measurements
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(Fig. 6), while no dissimilarities were expected between AD+M and AD+M+DA. The intense plastic
deformation induced by 90 and 120m/min (f=0.2mm/rev), led to the formation of a thin plastically
deformed band and similar results were also observed by [13, 14]. Further investigations by EBSD
(Fig. 5(d), (e) and (f)) showed that no significant phenomena of dynamic recrystallization occurred
on the machined parts within this band but there was a high accumulation of plastic deformation that
caused a lower indexing during the EBSD analysis as showed in Fig. 5(f). On the top surface the
grains are mostly separated by high angle boundaries [13]. The Kernel average misorientation (KAM)
maps were also defined since they represented a qualitative indicator of the dislocations density and
they also showed the local misorientation maps and the strain among the grains within the AL [15].
In all the samples analysed the accumulated strain was uniformly distributed, therefore no
accumulation regions (cracks, or grain boundaries) were highlighted. Moreover, The KAM map
related to the AD+M sample showed a clear green\yellow (high residual strains area) to blue transition
suggesting a gradual reduction of residual strains and dislocation densities induced by machining.
Higher accumulation of residual strain is suggested by the AD+HT+M samples while on the contrary
the high residual strain content within the AL of AD+M+DA is mainly due to the DA treatment post

machining.

3.4 Hardness and residual stress

In materials such as Inconel718 due to its applications the hardness and residual stresses are two
important factors to consider [16]. Fig. 6 shows the plots of the micro-hardness measured from 10
pm beneath the machined surface through the radial direction inside the samples. The hardness near
the surface reached high values and it rapidly decrease to the values measured very far from the AL
(AD=260HVo.025, HT=430HV0.025, DA=428HV0.025). As reported in Fig. 5(a) and (d), higher cutting
speed and feed rate enhance the hardness due to the accumulation of residual strain and dislocation

density. Moreover, increasing the cutting speed and the feed rate the AL thickness increased (Fig. 6)

10
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as also confirmed by the SEM analysis. However, the AL thickness obtained by the hardness profile
is higher due to the hardening induced by the machining in the grains beneath the plastically deformed
region. The deepest AL thickness was obtained after the manufacturing route AD+HT+M (Fig. 6(b)).
In this case, the cutting parameters did not show significant effects in hardness changes as observed
in the AD+M samples. The unmachined material showed higher hardness due to the strengthening
phase produced by the HT and the highest variation induced by the machining process is
approximately 63HVo.025. The most interesting results are represented in Fig. 6(c) (AD+M+DA).
Indeed, the hardness measured is comparable to the AD+HT+M and the variation beneath the
machine surface is still evident. The DA treatment enhanced the hardness at high values regardless

the cutting parameters used.
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Fig. 6. Micro-hardness distribution. (a) AD+M; (b) AD+HT+M and (c) AD+M+DA.

Fig. 7 shows the residual stress measured on the machined surface. The residual stresses in the hoop
direction are generally higher to those in the axial direction due to the stronger deformation condition

induced by the tool. The AD+M always showed higher and tensile residual stresses due to the absence

11
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of the heat treatment that usually contribute to relax the stress state. Although, some compressive
stresses are observed when the AD+HT+M routes are performed, the AD+M+DA shows almost in
each case very low tensile or even compressive stresses. This result is mainly due to the benefit to

perform the heat treatment at the end of the manufacturing process.
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Fig. 7. Residual stresses measured on the samples surface.

Concerning the most critical cutting process (120m/min and 0.2mm/rev) the RS were analysed also
in depth (Fig. 8). These profiles shows that the thickness of the layer affected by tensile stresses is
greater for the AD+M (about 70um in the hoop direction and 20pum in the axial direction) compared
to the AD+HT-+M (about 40um in the hoop direction and absent in the axial direction). It is interesting
to note that the AD+HT+M led to significant compressive stresses (almost -600MPa in the axial
direction showed in Fig. 8a) although the AD+M+DA allowed to achieve compressive or absent
residual stresses after the machining operation (Fig. 8a and Fig. 8b). Although, the fatigue life is not

investigated, it is clear that RS and hardness distribution induced by the manufacturing route

12
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AD+M+AD can potentially produce benefit effects in terms of fatigue life [17] as well as fatigue

crack propagation threshold due to the high degree of work hardening [18].
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4. Conclusions

The experimental outcomes reported in this paper show the influence of the three hybrid
manufacturing routes adopted on the Inconel718. The AD+M led to low surface roughness and high
surface hardness although the RS are predominantly tensile (especially in surface). On the contrary
the AD+HT+M led to increase the final surface hardness and induce more compressive RS although
the machinability is worst because the strengthening face negatively affect the tool life. Finally, the

AD+M+DA represented a better manufacturing strategy since the material was machined was

13
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machined prior DA (better machinability) that subsequently allowed to preserve the compressive RS

as well as high surface roughness.
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