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Figure 118 XRD spectra of SHT HX samples heat-treated at 745 °C for 3,6 and 200
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5.4.4 Microstructural investigation of SHT HX heat-treated at 788
°C for different times

The heat treatment performed at 788 °C up to 200 hours did not alter the grain
size with respect to the SHT HX state.

The heat-treated SHT HX samples at 788 °C for 3 hours exhibited a very similar
microstructure to SHT HX samples heat-treated at 745 °C for 3 hours, showing the
formation of intergranular Cr-rich pdCs carbides at the grain boundaries, as can
be seen in Figure 119a.

The FESEM images (119b, and 119c) revealed larger continuous film of Cr-
rich M23Cs carbides with a thickness around 600-800 nm with respect to 200-400
nm of SHT heat-treated samples at 745°C for the same time. However, it should be
noted that the temperature was not high enough to dissolve inter/intragrasQler M
carbides detected in the SHT state.
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Figure 119: Microstructure of SHT +788 °C 3 h HX samples showing:(a) OM image
of equiaxed grains with M13Cs carbides at grain boundaries; (b, c) FESEM images
exhibiting M»3Cs carbides along the grain boundaries.
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From the images in Figure 120a, 120b and 120c the heat-treated SHT HX
samples at 788 °C for 6 hours exhibited a similar microstructure to the previous
one, showing the precipitation of countinous film of Cr-rich M23C¢ carbides mainly
located along the grain boundaries with a thickness around 600-800 nm (the same
of the previous condition).

10 pm
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Figure 120: Microstructure of SHT +788 °C 6 h HX samples showing:(a) OM image
of equiaxed grains with M»3Cs carbides at grain boundaries; (b,c) FESEM images
exhibiting M»;Cs carbides along the grain boundaries.

The microstructure of SHT HX samples heat-treated at 788 °C for 200 hours
were similar to SHT HX sample heat-treated at 745 °C for 200 hours, revealing a
large presence of inter/intragranular precipitates as shown in Figure 121a. The
morphology of these precipitates can be observed in FESEM image (Figure 121Db),
showing micrometric size 1-2 um and elongated particles up to 5 um (the same size
of SHT + 745 °C 200 h HX samples).

Also in this case, the shape and morphology of these precipitates can be
attributed both ¢ and p phases that are both rich in Mo and Cr with a low level of
Ni and Fe as revealed by EDS results (Table 48), suggesting the formation of o
phase [6,20].
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Figure 121: (a) OM image of SHT + 788 °C 200 h HX samples showing equiaxed
grains with a significant fraction of precipitates; (b) FESEM image of SHT + 788 °C 200
h HX sample showing the precipitates morphology.

Table 48: EDS results of SHT heat-treated at 788 °C for 200 h HX samples.

vy austenitic matrix Precipitates
Element wt (%) at (%) wt (%) at (%)

Ni 46.1 46.2 35.0 38.6
Cr 22.1 25.0 18.5 23.0
Fe 19.1 20.1 15.5 18.0
Mo 8.6 5.3 18.2 12.3
Co 1.9 2.0 1.7 1.9

w 1.8 0.6 9.9 3.5

Si 0.4 0.8 1.1 2.6
Total 100.0 100.0 100 100
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5.4.5 XRD analysis of heat-treated SHT at 788 °C for different
times

Figure 122 compares the XRD spectra of SHT HX sample heat-treated at 788
°C for 3, 6 and 200 hours along the x-y plane.

Also in this case, the three samples exhibited only the presence of y phase with
a lattice parameter of 3.598 £ 0.002 A for SHT + 745 °C 3 h, 3.598 £ 0.002 A for
SHT + 745 °C 6 h and 3.593 + 0.001 A for SHT + 745 °C 200 h.

The microstructure of prolonged heat-treated samples showed a significant
number of precipitates that could take part of the solute elements such as Cr and
Mo to form o or p phases, resulting in a reduction of the lattice parameters with
respect to the SHT HX samples.

On the contrary, the HX samples heat-treated at 788 °C for short times showed
a similar lattice parameter to SHT HX samples.The presence of carbides along the
grain boundaries could not be detected by means of XRD analysis, probably due to
below the sensitivity threshold of the instrument, otherwise, due to the peaks
overlap with the y matrix.

The table with the lattice parameters of y austenitic phase calculated for the
different peaks is available in Appendix A.
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Figure 122: XRD spectra of SHT HX samples heat treated at 788 °C for 3, 6 and 200
hours showing the peaks of y austenitic phase.

5.4.6 Characterisation of extracted carbides form SHT HX samples
heat-treated at 745 °C and 788 °C

The extracted carbides of SHT samples heat-treated at 745 °C for 6 hours (SHT
+ 745 °C 6 h) and heat-treated samples at 788 °C for 6 hours (SHT + 788 °C 6 h)
were filtered using a glass fiber filter and subsequently observed at SEM in Figure
123a and 123b, respectively.

The SEM images revealed the aggregation of extremely fine carbides and the
EDS analysis determined a very high enrichment of Cr inside the carbides,
indicating the formation of Cr-rich M23Cs carbides for both the samples. The EDS
results are reported in Table 49 revealed a good correlation between the two results.
It should be noted that Si was not determined since the carbides were deposited on
a glass fiber filter.
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Figure 123: SEM images of extracted carbides from: (a) SHT + 745 °C 6 h HX
samples and (b) SHT + 788 °C 6 h HX samples; the extracted carbides were deposited on
a glass fiber filter.

Table 49: EDS results on Cr-rich M33Cs carbides for extracted carbides form SHT +
745 °C 6 h and SHT + 788 °C 6 h HX samples.

Element SHT +745°C 6 h SHT + 788 °C 6 h
Cr-rich M23Cg carbides Cr-rich M23Cg carbides
wt (%) at (%) wt (%) at (%)
Ni 7.5 8.1 4.9 5.4
Cr 56.2 68.4 56.0 69.8

Fe 4.1 4.6 42 4.8
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Mo 24.8 16.3 233 15.8
Co - - 0.1 0.1
w 7.4 2.6 115 4.1
Si* - - - -
Total 100.0 100.0 100.0 100.0

*Si was not determined to avoid overstimation due to the glass fiber filter.

5.4.7 XRD spectra of extracted carbides of heat-treated SHT HX
samples

The XRD spectra of the extracted carbides of SHT HX samples heat-treated at
745 °C for 6 hours (SHT + 745 °C 6 h) and 788 °C for 6 hours (SHT + 788 °C 6
hours) are displayed in Figure 124. The extracted carbides exhibited peaks of Cr-
rich M23Cs carbide, a less marked presence of Mo-rich MsC carbides as well as
peaks attributed to residual aggregates of y matrix. All these identified phases have
a fcc crystal structure.

Using the peaks of Cr-rich M23C¢ carbides was determined a lattice parameter
of 10.709 + 0.014 A for SHT + 745 °C 6 h state and 10.721 + 0.013 A for SHT +
788 °C 6 h HX state. The Cr-rich M23Cs carbide has a characteristic lattice
parameter from 10.50 to 10.70 A, although its lattice parameter can be modified by
other elements which take part in the carbide formation such as Fe, Mo and W [3].
It was demonstrated that the M»3Cs carbide could also have a higher lattice
parameter of 10.70 A, depending on the chemical composition of the alloy, which
makes available the elements to the carbides formation. For instance, it was found
that Cr-rich M23Cs carbide enriched in W had a lattice parameter of 10.869 A[141].
The presence of Cr-rich M23Cs after ageing treatments is congruent with other
studies on HX alloy [6,20].

Furthermore, the XRD spectra highlighted some peaks of Mo-rich MsC
carbides with a lattice parameter of 11.044 £ 0.027 A (SHT + 745°C 6 h state) and
a lattice parameter of 11.042 + 0.012 A (SHT + 788 °C 6 h state), compatible with
the lattice parameter of Mo-rich MgC carbide reported in the literature [3,43,117].
The presence of Cr-rich M23Cg carbides was further supported by EDS results,



208 Results and discussion of HX produced by LPBF

whereas during the SEM investigation no Mo-rich MsC carbides were detected,
probably due to the very low number of this type of carbide. These Mo-rich MsC
carbides could be carbides formed during the solution treatments or carbides formed
during the subsequent thermal exposure at 745 °C and 788 °C. The table with the
values of all lattice parameters determined by the peaks of Cr-rich M23Cs and Mo-
rich MeC carbides is available in Appendix A.
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Figure 124: XRD spectra of extracted carbides from SHT HX samples + 745 °C 6 h
and SHT HX samples + 788 °C for 6 h.

5.5 Characterisation of HIPed HX samples

5.5.1 Microstructural characterisation of HIPed HX samples

The HIP treatment performed at 1160 °C for 4 hours at 103 MPa eliminated all
the microcracks and also reduced the porosity level with respect to the as-built and
SHT conditions as visible in Figure 125a and 125b. Besides, the values of residual
porosity and cracking density are reported in Table 50.
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Figure 125: OM images of HIPed HX samples along x-y and z-y planes showing (a,
b) grain boundaries (GBs) and very small spherical pores.

Table 50: Residual porosity and cracking density of HIPed HX samples along x-y
and z-y planes.

x-y plane Residual porosity (%) 0.05+0.01
z-y plane Residual porosity (%) 0.06 = 0.02
x-y plane Cracking density (mm/mm?) 0
z-y plane Cracking density (mm/mm?) 0

The HIPed samples revealed a greater hardness than the SHT condition with a
hardness of 159 + 3 HBW and 84 = 1 HRB. These hardness values derived from a
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microstructure consisted of equiaxed grains with a large presence of
inter/intragranular carbides (Figure 126a and 126b).

The ASTM grain size number G was mainly 4.5-5.5 (grain diameters from 53.4
to 75.5 um) for both x-y and z-y planes, leading to the formation of an isotropic
material. The determined grain size of HIPed samples was similar to the optimised
SHT HX samples (1175 °C 1 h). At higher magnifications (Figure 126¢ and 126d),
it was possible to see that the globular intragranular carbides were scattered
throughout the austenitic matrix with a total carbides fraction of 7.23 + 0.80%.

£ S50 pm
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Figure 126: OM images of HIPed HX samples showing (a, b) equiaxed grains along
x-y and z-y planes respectively; (c, d) the carbides along the grain boundaries and within
the grains along x-y and z-y planes, respectively. Kalling's No.2 etchant was used.

The FESEM images (Figure 127a and 127b) revealed the morphology of these
carbides. According to the literature, the elongated shape of the intergranular
carbides (with a length up to 15 pm) could be attributed to Cr-rich M23Cs and Mo-
rich M¢C carbides formation, whereas the intragranular globular carbides (with a
size around 1.5-2.5 pm) could be associated with the formation of Mo-rich MeC
carbides [6,141]. In fact, the slow HIP cooling rate could initially promote the
formation of MsC carbides and then at a lower temperature the formation of M23Ce
carbides, as can be deducted by the T-T-T diagram of Hastelloy X [20].
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Figure 127: FESEM images of HIPed HX samples showing: (a) equiaxed grains with
carbides along the grain boundaries and inside the grains; (b) the morphology of the Mo-
rich MsC and Cr-rich M»3Cs carbides; Kalling's No.2 etchant was used.

5.5.2 Characterisation of extracted carbides from HIPed HX
samples

In order to confirm the formation of these carbides, the extracted carbides of
the HIPed samples were analysed by means of SEM+EDS and XRD analyses. The
SEM images (Figure 128a and 128b) exhibited residual aggregate particles of
austenitic matrix, together with Mo-rich MsC carbides and elongated Cr-rich M23C¢
carbides, as also supported by EDS results in Table 51. The EDS results revealed
no trace of Si and W inside the austenitic matrix due to these elements were
consumed to form the carbides.
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Figure 128: SEM images showing: (a) residual of austenitic matrix; (b) Mo-rich MsC
carbides and Cr-rich M»3Cs carbides.



214 Results and discussion of HX produced by LPBF

Table 51: EDS results of austenitic matrix, a Mo-rich M¢C carbide and a Cr-rich
M33Cs carbide.

Aggregate of y Mo-rich M¢C Cr-rich M23Cs

austenitic matrix carbide carbide

Element  wt (%) at (%) wt (%) at (%) wt (%) at (%)

Ni 46.9 37.9 14.8 19.6 9.2 9.3
Cr 232 21.1 11.6 17.4 56.1 64.6
Fe 18.9 16.0 5.0 6.9 6.3 6.7
Mo 3.1 1.5 50.0 40.4 21.8 13.7
Co 24 1.9 0.7 0.9 0.3 0.4
4 - - 14.7 0.9 4.4 1.4
Si - - 3.1 8.5 1.9 4.0

Total 100.0 100.0 100.0 100.0 100.0 100.0

5.5.3 XRD spectra of HIPed HX samples and extracted carbides

The XRD spectra of HIPed HX sample (along the x-y plane) and extracted
carbides are displayed in Figure 129. The XRD spectrum of the HIPed sample
revealed the y phase with a lattice parameter of 3.608 + 0.003 A and a peak of Mo-
rich MsC carbide.

The XRD spectrum of extracted carbides showed the presence of Mo-rich MeC
carbides with a lattice parameter of 11.049 £ 0.011 A and Cr-rich M23Cs carbides
with a lattice parameter of 10.748 + 0.025 A, revealing a good correlation with the
literature [3,43,117,141]. The table with the values of lattice parameters of M23Ce
is available in Appendix A.

As observed before, the extracted carbides were attacked to aggregated
particles of y phase, so some peaks could be associated with the presence both of
carbides and y phase, as indicated in the spectrum. The XRD analysis confirmed
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the presence of both Mo-rich MgC and Cr-rich M23Cs carbides found during the
SEM investigation of extracted carbides.

The table with the values of all lattice parameters determined by the peaks of
Cr-rich M23Cg and Mo-rich MsC carbides is available in Appendix A.
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Figure 129: XRD diffraction patterns of HIPed HX sample (along x-y plane) and
extracted carbides from HIPed samples.

5.5.4 TMA of HIPed HX state

Figure 130 shows the CTE as function of the temperature for the HIPed HX
state. The CTE did not exhibit relevant deflections as previously observed for as-
built and SHT HX samples.

A possible explanation for this phenomenon is that the HIPed samples showing
a large number of carbides have lower C inside the matrix and along the grain
boundaries with respect to the as-built and SHT condition, avoiding the formation
of a large number of carbides during thermal exposure at high temperature.
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The average CTE of HIPed HX sample was determined 15.8 107 °C"! (at 538
°C)and 17.6 10° °C-! (at 871 °C), whereas traditional sheets of HX have a value of
15.1 10%°C! (at 538 °C) and 16.2 107 °C! (at 871 °C) [3].

The higher mean CTE of HIPed HX samples with respect to all the other
conditions and traditional sheets of HX alloy may be explained by means of the
microstructure of HIPed samples. In fact, these samples exhibited a large presence
of Mo-rich MeC and Cr-rich M23Cs carbides, involved a depletion of Mo, W, Cr in
the austenitic matrix, leading to a CTE improvement. This hypothesis is supported
by other work that studied the effect of Mo and W in solid solution on CTE [142].
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Figure 130: Coefficient of thermal expansion (CTE) vs temperature of HIPed HX sample.

5.6 HIPed+SHT HX samples

5.6.1 Solutionizing treatment optimisation on HIPed HX samples

In order to reduce the number of carbides, it was performed a solution treatment
at 1175 °C for different times obtaining a hardness reduction as can be seen in
Figure 131.
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The HIPed HX samples revealed a hardness of 159 = 3 HBW, whereas after a
solutioning performed at 1175 °C for 15 minutes the hardness slightly decreased at
155 £ 4 HBW, essentially due to the carbides dissolution.

For prolonged solutioning at 1175 °C for 30, 60 and 120 minutes the hardness
remained almost unchanged with a value of 154 + 4 HBW, 154 + 3 HBW and 153
+ 3 HBW, respectively.
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Figure 131: Brinell hardness values of HIPed and HIPed+SHT samples at 1175 °C
for 15, 30, 60 and 120 minutes.

From the hardness measuraments, it was chosen as optimised condition the
HIPed samples followed by solutioning at 1175 °C for 30 minutes. This optimised
HIPed+SHT condition revealed a HRB of 81 + 1.

5.6.2 Microstructural investigation of optimised HIPed+SHT HX
samples

The HIPed+SHT HX samples are crack-free as can be seen in Figure 132a and
132b. The values of residual porosity and cracking density for different planes are
reported in Table 52, showing values similar to the HIPed HX state.

After etching with kalling’s No.2 the microstructure exhibited equiaxed grains
with ASTM grain size G mainly between 4.5 and 5.5 (corresponding to a grain
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diameter from 53.4 to 75.5 um) for both x-y and z-y planes as can be observed in
Figure 132c and 132d.

Besides, the OM images (Figure 132e and 132f) exhibited the presence of small
inter/intragranular Mo-rich MeC carbides, whereas the solution treatment would
seem almost completely to dissolve the elongated Cr-rich M23Cs carbides. A
carbides fraction of 0.65 + 0.15 % was determined.
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Figure 132: OM images of HIPed+SHT samples (at 1175 °C for 30 minutes) at
different magnifications showing (a, b) the very few pores along x-y and z-y planes, with
inset of a spherical pore; (c,d) the equiaxed grains and carbides along x-y and z-y planes;
(e, f) the formation of carbides inside the materials; the samples was etched with
Kalling’n No.2 reagent.

Table 52: Residual porosity and cracking density of HIPed+SHT HX samples along
x-y and z-y planes.

x-y plane Residual porosity (%) 0.04 +0.01
z-y plane Residual porosity (%) 0.06 = 0.02
x-y plane Cracking density (mm/mm?) 0
z-y plane Cracking density (mm/mm?) 0

The size of the inter/intragranuler Mo-rich MC carbides was generally around
1.0 with the largest ones around 2.0-2.5 um, as can be observed in Figure 133a and
133b. The results of EDS analysis performed on the austenitic matrix and on the
Mo-rich MgC carbides are reported in Table 53.
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Figure 133: FESEM images of optimised HIPed+SHT samples at (1175 °C for 30
min) showing (a, b) very fine inter/intragranular Mo-rich MsC carbides, where a
intragranular Mo-rich MsC carbides is indicated by the yellow arrow 1; Kalling's No.2
reagent was used.

Table 53: EDS results of y austenitic matrix and Mo-rich Mgc carbide for optimised
HIPed+SHT HX sample.
Element vy austenitic matrix Mo-rich MsC carbide

wt (%) at (%) wt (%) at (%)

Ni 45.6 45.8 28.0 32.1
Cr 22.3 25.2 19.6 253
Fe 19.2 20.2 11.4 13.7

Mo 9.2 5.6 32.6 22.8
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Co 2.1 2.1 1.4 1.6
Y 1.3 0.4 6.0 2.2
Si 0.3 0.7 1.0 23
Total 100.0 100.0 100 100

This microstructure has a less supersaturation of C with respect to the as-built
and SHT samples as can be assumed by a higher fraction of micrometric (1.0-2.5
um) MeC carbides. Therefore, the microstructural evolution of these heat-treated
samples is expected to be similar to traditional SHT HX alloys [6,20,43,44]

5.6.3 XRD spectrum of optimised HIPed+SHT HX state

Figure 134 reveals the XRD spectrum of optimised HIPed+SHT HX samples
exhibited the peaks of y phase with a lattice parameter of 3.608 + 0.005 A together
with a peak associated with the presence of Cr-rich M23Cs carbides, suggesting that
after the solution treatment a small fraction of this type of carbide remained along
the grain boundaries.

However, the microstructure of HIPed+SHT samples did not reveal elongated
or film of Cr-rich M23Cs carbides, so only a discrete number of fine Cr-rich M23Cg
did not degenerate the ductility. The table with the lattice parameters of y austenitic
phase and Cr-rich M23Cs carbides calculated for the different peaks is available in
Appendix A.
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Figure 134: XRD spectrum of optimised HIPed+SHT HX samples.

5.6.4 TMA of optimised HIPed+SHT HX state

Figure 135 shows the CTE as function of the temperature for the HIPed+SHT
HX state. The CTE curve presented two deflections around 600 °C and 780 °C as
previously observed for the SHT HX samples.

These deflections may be associated with the precipitation of carbides. The
average CTE of HIPed+SHT HX samples was determined 15.1 10 °C! (at 538
°C)and 16.1 10%°C-! (at 871 °C), whereas traditional sheets of HX have a value of
15.1 10% °C! (at 538 °C) and 16.2 10 °C"! (at 871 °C) [3]. The average CTE of
HIPed+SHT HX and traditional SHT HX alloy are similar to each other since they
have a similar grain size and microstructure.
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Figure 135: Coefficient of thermal expansion (CTE) vs temperature of HIPed+SHT
HX sample.

5.6.5 HIPed and subsequent solutionizing treatment at 1066 °C for
1 hour

The HIPed samples were solutionized at 1066 °C for 1 hour in order to study
the microstructure for a lower solution temperature with respect to 1175 °C
(temperature recommended for HX alloy), resulting in a microstructure similar to
HIPed samples, as can be seen in Figure 136a and 136b. The size of intragranular
Mo-rich Mg¢C carbides was around 1.5 um with elongated intergranular Cr-rich
M23Cs carbides up to 15 um (Figure 136¢ and 136d).

It could be concluded that a heat treatment performed at 1066 °C for 1 hour was
not sufficient to dissolve the Cr-rich M23Cg carbides, although this type of carbides
exhibited a starting size reduction. Furthermore, the negligible impact of this
solution treatment was also proved by hardness test that revealed Brinell hardness
value of 160 = 3 HBW, very similar to HIPed samples with a value of 159 + 3
HBW.
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Figure 136: (a, b) OM images of HIPed+SHT samples at 1066 °C for 1 hour
exhibiting equiaxed grains and carbides along x-y plane; (¢, d) FESEM images of
HIPed+SHT samples at 1066 °C for 1 hour showing the morphology and size of Mo-rich
M;sC carbides. Kalling's No.2 etchant was used.

The Table 54 reported the EDS values of austenitic matrix and Mo-rich M¢C
carbides.

Table 54: EDS results of y austenitic matrix and Mo-rich M¢C carbides for
HIPed+SHT HX sample at 1066 °C for 1 hour.

Element vy austenitic matrix Mo-rich MeC carbide

wt(%)  at(%) wt(%)  at(%)

Ni 46.1 46.5 26.8 31.0
Cr 21.8 24.8 16.9 222
Fe 18.5 19.5 11.6 14.2
Mo 9.8 6.1 37.2 26.4
Co 24 24 1.6 1.8
Y 1.3 0.4 4.8 1.7
Si 0.1 0.3 1.1 2.7

Total 100.0 100.0 100 100
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5.7 Conclusions

Overall, at the beginning, the HX powder was characterised to identify its
shape, morphology, chemical composition as well as the flowability.

Afterward, the study of as-built HX samples revealed a microstructure made up
of columnar grains along the building direction and randomly orientated grains
perpendicular to the building direction, exhibiting throughout all the material a
significant number of microcracks mainly located along the grain boundaries.

A theory has been proposed to explain the solidification of the as-built HX
samples and the formation of the microcracks. Besides, some hypotheses to reduce
the cracking density were given.

In order to obtain a microstructure with equiaxed grains different solution
treatments were performed, leading to a microstructure with equiaxed grains and
small Mo-rich MgC carbides. In this way, it was possible to choose a tailored
temperature and time as optimised SHT condition.

Afterward, the microstructure evolution of SHT HX samples was studied under
thermal exposures at 745 °C and 788 °C for short and prolonged times, using
temperature, in which HX components may be subjected as the cross ducts in the
high-temperature gas-cooled reactor (HTGR).

The thermal exposures promoted the formation of Cr-rich M23C¢ carbide films
along the grain boundaries of the equiaxed grains due to a high supersaturation of
C. These Cr-rich M23Cs carbide films have a harmful effect on the ductility and
creep resistance. Besides, prolonged aged HX samples revealed micrometric phases
that may be identified as ¢ and p phases.

The second part of this work instead was focused on reducing the cracking
density of as-built HX samples using the HIP treatment. The microstructure of the
HIPed HX samples was studied demonstrating the presence both of Mo-rich MsC
carbides and Cr-rich M23Ce.

Finally, different solution treatments were carried out on the HIPed HX
samples, allowing the determination of an optimised solution treatment
(HIPed+SHT condition), resulting in a microstructure without microcracks similar
to the traditional SHT HX alloys.

These results proved that LPBF-built HX alloy after a HIP treatment combined
with a solution treatment could generate crack-free components with grain size and
inter/intracarbides similar to traditional commercially available SHT HX alloys.
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Chapter 6

Overall Conclusions and future
works

In this thesis, two Ni-based superalloys were built by LAM processes. IN625
alloy fabricated by LPBF and DED and HX alloy produced by LPBF.

The results showed that IN625 had wide process window parameters to obtain
dense IN625 samples for both processes. Therefore, it was possible to select
appropriate process parameters in order to have a high build-up rate.

Afterwards, it was shown the microstructural evolution of the LPBF IN625
alloy under different heat treatments, showing the tensile properties of as-built and
selected heat-treated IN625 conditions. All the tensile properties resulted to be
superior to the minimum required values in the ASTM standard for wrought IN625
alloy, indicating their possible application for industrial production.

However, the only exception was the direct aged state revealed slightly lower
ductility but also remarkable higher tensile strengths than data reported in the
ASTM standard, due to the presence of " phases and carbides, coupled with very
fine dendritic microstructures.

Finally, for LPBF HX alloys, both the chemical composition and process
parameters must be carefully designed, in order to avoid the formation of
microcracks during the LPBF process. However, the work presented in this thesis
demonstrated that whether microcracks occur during the process, a HIP treatment
could be used to close them. Besides, a subsequent tailored solutioning treatment
could generate a microstructure similar to SHT wrought HX alloys used for high-
temperature applications. In this way, it is possible to recover the components
reducing the number of defective parts for industrial applications.

The results showed that LAM techniques can be widely used to produce Ni-
based superalloys, after appropriate post-processing. Therefore, the research should
investigate more in details new post-processing tailored for LPBF materials.
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Finally, future works should also focus on the mechanical properties at high
temperature as well as study fatigue properties of Ni-based superalloys produced
by LAM techniques.
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Table Al. As-built HX sample (y phase)
2theta d(A) h k 1 a (A)
43.480 2.079 1 1 1 3.596
50.494 1.808 2 0 0 3.611
74.334 1.275 2 2 0 3.607
90.083 1.088 3 1 1 3.613
Average a (A) 3.607 £ 0.007
Table A2. Optimised SHT (1175 °C 1 h) HX sample (y phase)
2theta d(A) h k 1 a (A)
43.592 2.075 1 1 1 3.593
50.708 1.799 2 0 0 3.598
74.467 1.273 2 2 0 3.601
90.339 1.086 3 1 1 3.602
Average a (A) 3.599 + 0.004
Table A3. SHT + 745 °C 3 h HX sample (y phase)
2theta d (A) h k 1 a (A)
43.486 2.079 1 1 1 3.600
50.622 1.801 2 0 0 3.602
74.491 1.272 2 2 0 3.598
90.355 1.086 3 1 1 3.600
Average a (A) 3.600 £ 0.001
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Table A4. SHT + 745 °C 6 h HX sample (y phase)

2theta dA) h k 1 a (A)
43.442 2.075 1 1 1 3.604
50.572 1.798 2 0 0 3.605
74.388 1.271 2 2 0 3.603
90.300 1.085 3 1 1 3.602
Average a (A) 3.603 £ 0.002
Table AS. SHT + 745 °C 200 h sample (y phase)
2theta dA) h k 1 a (A)
43.715 2.068 1 1 1 3.582
50.872 1.793 2 0 0 3.586
74.745 1.269 2 2 0 3.588
90.696 1.082 3 1 1 3.590
Average a (A) 3.586 + 0.003
Table A6. SHT + 788 °C 3 h sample (y phase)
2theta d (A) h k 1 a(A)
43.548 2.076 1 1 1 3.595
50.680 1.799 2 0 0 3.598
74.484 1.272 2 2 0 3.599
90.384 1.085 3 1 1 3.600
Average a (A) 3.598 £ 0.002
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Table A7. SHT + 788 °C 6 h sample (y phase)
2theta dA) h Kk 1 a (A)
43.546 2.076 1 1 1 3.595
50.683 1.799 2 0 0 3.598
74.503 1.272 2 2 0 3.598
90.382 1.085 3 1 1 3.600
Average a (A) 3.598 + 0.002
Table A8. SHT + 788 °C 200 h sample (y phase)
2theta d (A) h k 1 a (&)
43.573 2.075 1 1 1 3.593
50.736 1.797 2 0 0 3.595
74.640 1.270 2 2 0 3.592
90.605 1.083 3 1 1 3.593
Average a (A) 3.593 + 0.001
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Table A9. Extracted M¢C carbides (in blue) and M23Cs carbides (in red) of
SHT + 745 °C 6 h HX sample

2theta dA) h k 1 a(A)

33.371 2.682 4 0 0 10.727
37.556 2.392 4 2 0 10.697
39.909 2.256 4 2 2 11.053
41.199 2.189 4 2 2 10.721
42.400 2.129 5 1 1 11.064
43.956 2.057 5 1 1 10.691
46.537 1.949 4 4 0 11.026
48.085 1.890 4 4 0 10.691
50.358 1.810 5 3 1 10.707
54.059 1.694 6 2 0 10.716
56.183 1.615 5 3 3 10.711
64.559 1.442 7 3 1 11.075
70.250 1.338 8 0 0 10.706
72.704 1.299 8 2 0 10.712
75.214 1.262 6 6 0 10.707
76.830 1.239 7 5 1 10.732
81.670 1.178 9 1 1 10.728
88.300 1.105 7 7 1 10.999

M23Cs average value (A) 10.709 + 0.014
MeC average value (A) 11.044 + 0.027

Table A10. Extracted M¢C carbides (in blue) and M23Cs carbides (in red) of
SHT +788 °C 6 h HX sample

2theta d() h k 1 a(A)
33.371 2.682 4 0 0 10.727
37.414 2.401 4 2 0 10.737
39.980 2.252 4 2 2 11.035
41.199 2.189 4 2 2 10.721
42.400 2.121 5 1 1 11.064
43.790 2.065 5 1 1 10.729
46.430 1.953 4 4 0 11.050
47.925 1.896 4 4 0 10.725
50.331 1.811 5 3 1 10.713
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51.191 1.782 6 0 0 10.694
54.137 1.692 6 2 0 10.702
56.214 1.634 5 3 3 10.718
57.000 1.614 6 2 2 10.704
64.859 1.436 7 3 1 11.029
70.044 1.342 8 0 0 10.734
72.565 1.301 8 2 0 10.730
75.052 1.264 6 6 0 10.726
76.770 1.240 7 5 1 10.739
81.828 1.176 9 1 1 10.711
87.806 1.110 7 7 1 11.048

M23Cs average value (A) 10.721 £ 0.013

MeC average value (A)

11.042 £ 0.015

Table A11. HIPed HX samples, y phase in black and MeC carbides in blue

2theta d (&) h K I a (A)
42.434 2.127 5 1 1 11.054
43.366 2.084 1 1 1 3.610
50.471 1.806 2 0 0 3.612
74.311 1.275 2 2 0 3.606
90.183 1.087 3 1 1 3.606
Average a (A) for y phase 3.608 + 0.003

Table A12 Extracted M¢C carbides (in blue) and M23Cs carbides (in red) of

HIPed HX sample
2theta dA) h k 1 a (A)
32.347 2.764 4 0 0 11.057
35.346 2.536 3 3 1 11.056
37.363 2.404 4 2 0 10.751
39.903 2.257 4 2 2 11.055
41.128 2.192 4 2 2 10.739
42.4340 2.127 5 1 1 11.054
43.516 2.077 5 1 1 10.794
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46.410 1.954 4 4 0 11.055
49.454 1.841 6 0 0 11.045
50.175 1.816 5 3 1 10.744
54.939 1.669 6 2 2 11.073
59.699 1.547 7 1 1 11.048
64.731 1.438 7 3 1 11.049
64.901 1.435 6 4 2 10.739
69.569 1.350 7 3 3 11.048
69.763 1.346 8 0 0 10.771
72.505 1.302 8 2 0 10.738
72.705 1.299 8 2 0 10.712
74.287 1.275 7 5 1 11.044
78.837 1.213 9 1 1 11.048
87.806 1.110 7 7 1 11.048
88.117 1.107 9 3 3 11.017
90.680 1.083 8 6 2 11.040
MeC average value (A) 11.049 + 0.011
M23Cs average value (A) 10.748 + 0.025

Table A13. Optimised HIPed+SHT (1175 °C 30 min) condition, y phase in
black and M23Ce carbides in red.

2theta dA) h k 1 a(Ad)
43.424 2.081 1 1 1 3.615
43.800 2.064 5 1 1 10.727
50.531 1.804 2 0 0 3.608
74.335 1.275 2 2 0 3.605
90.180 1.087 3 1 1 3.606

Average a (A) 3.608 £ 0.005
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