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A B S T R A C T

This study investigates the effectiveness of heat treatment (HT) to homogenize the microstructural and me
chanical asymmetry between the bulk and the downskin regions of support-free IN718 walls fabricated at angles 
of 30◦, 20◦, 15◦, and 10◦ In the as-built condition, the microhardness ranged from 340 ± 5 HV to 351 ± 4 HV for 
the bulk and from 315 ± 4 HV to 323 ± 10 HV for the downskin region, resulting in a maximum difference range 
of 35 HV. The HT eliminated this difference where microhardness values of 482 ± 3 HV in the bulk and 478 ± 4 
HV in the downskin were measured. The HT induced γ″ precipitation with volume fraction and mean precipitate 
size in the bulk of 16.6 % and 24.7 ± 7.3 nm. These values are statistically comparable to those in the downskin: 
15.8 % and 26.5 ± 7.9 nm. The similarity in the γ″ characteristics explains the recovery of the mismatch in 
hardness as γ″ contributes approximately 85 % of the strengthening in the HT condition.

1. Introduction

Laser Powder Bed Fusion (LPBF) uses a laser as the primary energy 
source to selectively melt metal powders, creating a meltpool that so
lidifies into discrete tracks, layers, and eventually into complex three- 
dimensional structures [1]. Over the past decade, advancements in 
LPBF have prompted a sustained demand for support-free, low-overhang 
geometries [2]. This demand is driven by the significant benefits of 
minimized labor requirements for post-processing and support structure 
removal, leading to reduced manufacturing costs and time by up to 29 % 
[3]. Recent studies highlight the feasibility of fabricating support-free 
low-overhang features with angles below 30 degrees and even as low 
as 0◦ [4–8]. However, due to differences in cooling rates between the 
bulk material and the downskin (DS) region, distinct microstructures 
develop. Kumar at al., [9] reported for unsupported IN625 walls, the 
bulk region exhibited a cellular structure with a primary dendrite arm 
spacing (PDAS) of 0.7 ± 0.2 µm, corresponding to a cooling rate of 2.3 ×
10⁵ K/s, while the DS region showed a coarser dendritic microstructure 
with a PDAS of 4.7 ± 2.1 µm, reflecting a lower cooling rate of 8.2 × 10³ 
K/s. This disparity leads to a mismatch in microhardness, measured at 
322 ± 17 HV for the bulk and 278 ± 18 HV for the DS [9]. Kumar et al. 
[9] reported that heat treatment (HT) at 1150 ◦C inverted this micro
hardness mismatch. Under a HT condition, the microhardness measured 
were 252 ± 15 HV for the bulk and 271 ± 10 HV for the DS. This effect is 

attributed to variations in recrystallization and grain growth between 
the bulk and DS regions. They also noted that HT at temperatures below 
1150 ◦C can lead to the nucleation of the detrimental delta (δ) phase.

The current study investigates if HT would be effective to eliminate 
the bulk/downskin microstructure mismatch in IN718, a precipitation 
hardened alloy. IN718 support-free walls with overhang angles of 30◦, 
20◦,15◦, and 10◦ were fabricated using LPBF process. These samples 
were subjected to a solution treatment and double aging HT. Micro
hardness measurements were conducted on four regions of interest 
(ROIs): AB-Bulk, AB-DS, HT-Bulk, and HT-DS, to assess and compare 
their mechanical performance. A theoretical flow stress approach was 
used to clarify the contributions of various strengthening mechanisms 
known for IN718. The respective strengthening contributions were 
documented by microstructural analyses using Scanning Electron Mi
croscopy (SEM) in conjunction with Electron Backscatter Diffraction 
(EBSD), Energy Dispersive Spectroscopy (EDS), and image analysis.

2. Experimental methodologies

IN718 powder sourced from Carpenter with the chemical composi
tion detailed in Table 1, was utilized to fabricate a series of support-free 
walls. The dimensions of the walls were maintained constant with an 
overhang length of 60 mm, a width of 10 mm, and a thickness of 7 mm, 
while the overhang angle (θ) was varied at 30◦, 20◦,15◦, and 10◦ The 
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fabrication was performed using the Renishaw AM500E LPBF system 
equipped with a 500 W Nd: YAG laser fiber laser. The process parame
ters optimization methodology that is based on bulk sections parameters 
(power: 200 W, exposure time: 70 µs, point distance: 70 µm, hatch dis
tance: 90 µm, and layer thickness: 30 µm) can be found in [10].

The HT was performed using a Carbolite STF 15–450 tube furnace in 
accordance with the AMS 5664 standard [12]. The homogenization 
treatment of the AB samples was conducted at 1065 ◦C for 1 hour, fol
lowed by air cooling to a room temperature. The samples were main
tained at 750 ◦C for 10 h as the first aging stage, followed by furnace 
cooling to 620 ◦C. The final aging stage was performed at 650 ◦C for a 
duration of 8 h, after which the samples were air-cooled to ambient 
temperature. The cross-sections of both AB and HT samples were pre
pared by grinding up to 800 grit using SiC abrasive paper. Subsequent 
polishing was performed using cloths with diamond suspensions of 9 
µm, 3 µm, and 1 µm, respectively. Electrolytic etching was performed on 
the polished sample using a solution of 12 ml H3PO4, 40 ml HNO3, and 
48 ml H2SO4 at 5 V for approximately 5 s. The optical micrographs of the 
etched samples were obtained using an optical Keyence VHX-5000 
digital light microscope. Downskin thicknesses were quantified by 
conducting 100 individual measurements from 5 different micrographs 
using ImageJ software. Vickers microhardness measurements were 
performed using a Clark CM-100AT microhardness indenter with a 200 
gf load, repeated 15 times for each ROIs. Microhardness was also 
measured at incremental distances of 250 µm from the downskin region 
to evaluate changes in hardness as a function of distance from the DS. 
Reported values represent averages, and error bars indicate the standard 
deviation of the measurements. To investigate the grain morphology, 
EBSD mapping was conducted over an area of 1.0 mm x 1.5 mm, 
extending from the bottom edge of the sample to encompass both bulk 
and DS regions. Grain size was determined based on the equivalent circle 
diameter of high-angle grain boundaries (misorientation >15◦) using 
HKL Channel 5 software. Kernel Average Misorientation (KAM) maps 
were also generated using the HKL Channel 5 software. The geometri
cally necessary dislocation (GND) density, ρGND, was calculated from the 
KAM data using the relation ρGND = θ

bl., where θ is the local misorien
tation angle, b is the Burgers vector, valued at 0.25 nm for IN718 [13], 
and l is the step size of 0.9 µm. EDS mappings were acquired using a SEM 
Hitachi SU3500 to determine the elemental distribution of Ni, Nb, Mo, 
Cr, C, Ti, Al, and Fe. SEM micrographs of the precipitates (γ′ and γ″) in 
the HT-Bulk and HT-DS were captured using a SEM Hitachi SU8000. 
ImageJ software was employed to measure the PDAS of the AB samples 
and to quantify the size of γ′ and γ″ from the SEM micrographs. X-ray 
Diffraction (XRD) analysis was conducted using a Bruker D8 DISCOVER 
system with CuKα₁ radiation (wavelength of 0.154056 nm) to determine 
the volume fractions of γ, γ′, and γ″ phases through peak fitting [14–16]. 
Analysis of Variance (ANOVA) tests were conducted to evaluate differ
ences within the data sets. In this study, a p-value threshold was set 
whereby values greater than 0.01 were considered to indicate no sig
nificant difference. Profilometry-based indentation plastometry (PIP) 
[17,18] was performed to acquire the stress–strain curves for the four 
regions of interest using the PLX-Benchtop system. The analysis used a 
0.5 mm diameter indenter tip. The indentation was conducted in the 
normal direction to the surface for the four regions. Prior to testing, the 
surfaces were prepared to a minimum finish of 1200 grit paper using 
standard metallographic procedures.

3. Results and discussion

3.1. DS thickness analysis of AB and HT samples

Fig. 1 (a-d) presents the etched optical micrographs of the AB sam
ples, revealing the two distinct regions, bulk and DS. As depicted in 
Fig. 1, the DS thickness increases from 128±32 µm to 297±55 µm as the 
overhang angle decreases from 30◦ to 10◦ This increase in thickness is 
geometrically-driven and corresponds to the increase in overhang length 
and DS area, as described by eq.1 [19] : 

S = H × cot(θ) (1) 

where H represents the layer thickness, and θ is defined as the angle 
between the horizontal plane and the tangent line of a given surface.

Following HT, the distinction between the bulk and DS regions is no 
longer evident in the optical micrographs, as illustrated in Fig. 1 (e-h). 
This observation suggests a potential homogenization of the micro
structure. To delineate the boundary between these regions, the DS 
thickness of the AB samples was used as a point of reference.

3.2. Vickers microhardness analysis of AB and HT samples

Table 2 summarizes the Vickers microhardness measurements for the 
sample at a 10–30◦ overhang. AB-Bulk values ranged from 340 ± 5 HV 
to 351 ± 4 HV, which are in close agreement with the literature- 
reported value of 339 HV [11]. On the other hand, the AB-DS ranged 
from 315 ± 4 HV to 323 ± 10 HV, yielding a distinct hardness difference 
of 25–35 HV between the bulk and the DS regions. After heat treatment, 
microhardness values ranged from 482 ± 3 HV to 484 ± 6 HV for bulk 
and 478 ± 4 HV to 481 ± 4 HV for DS, aligning with the AMS 5664 
standard for HT-IN718 (459–511 HV) [20]. ANOVA analysis (p > 0.03 
for all angles) indicates no statistically significant difference between 
bulk and DS regions for all angles, confirming effective homogenization 
of microhardness and suggesting concurrent microstructural uniformity 
in the precipitation-hardened IN718 alloy within the 10–30◦ range. For 
clarity and focus, only the 15◦ overhang data—where the AB condition 
exhibited the maximum microhardness difference of 35 HV—is dis
cussed in detail in this work.

IN718, a precipitation-hardened alloy, demonstrates uniform 
microhardness across both bulk and DS regions after HT as shown in 
Fig. 2a. In contrast, IN625, a solid solution-strengthened alloy, exhibits 
the typical response where microhardness homogenization is not 
achievable through HT. As reported by Kumar et al. [9], IN625 shows a 
decreasing microhardness gradient in the as-built condition—from 322 
± 17 HV in the bulk to 278 ± 18 HV in the DS, as shown in Fig. 2b The 
solution treatment reverses this gradient, increasing microhardness 
from 252 ± 15 HV (bulk) to 271 ± 10 HV (DS). This contrast highlights 
the significance of the present work, where precipitation hardening in 
IN718 enables effective mechanical property homogenization in 
support-free low overhang structures.

3.3. Strengthening mechanisms of AB and HT samples

Microhardness is influenced by various strengthening mechanisms, 
including friction stresses, Hall-Petch strengthening, and precipitation 
strengthening [21]. While empirical relationships can approximate 
these hardening contributions, the theoretical flow stress (σflow) 
approach to understand the current results was taken as it provides a 
more accurate measure of the combined strengthening effects [22]. The 

Table 1 
The starting IN718 powder feedstock chemical composition as per the certificate of conformity of the supplier [11].

Element Ni Nb Mo Cr C Ti Al Fe Si Mn

Wt. (%) 52.37 5.25 3.07 19.19 0.04 0.93 0.64 18.22 0.15 0.14
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flow stress equation is defined as follow: 

σflow = σo + Δσss + ΔσHP + Δσd + Δσpre (2) 

Where σo refers to internal stress, ΔσSS corresponds to solid-solution 
strengthening, ΔσHP signifies Hall-Petch strengthening, Δσd stands for 
dislocation strengthening and Δσpre represents precipitation 
strengthening.

3.3.1. Internal stress
The internal stress can be defined as [16]: 

σ0 = Mτcrss (3) 

where M represents the Taylor factor, valued at 3.06 for Ni-based su
peralloys [23], and τcrss denotes the critical resolved shear stress, which 
is 17.5 MPa for Ni-based superalloys [24]. An internal stress of 48 MPa is 
derived and assumed to remain consistent across all ROIs in this study.

3.3.2. Solid-solution strengthening
The solid-solution strengthening component can be quantified by 

[25]: 

Δσss =

(
∑

i
k2

i Ci

)1/2

(4) 

where ki denotes the strengthening constant for solute atom i, Ci is the 
concentration of solute atom i. The Ci and ki values for IN718 are given 
in Table 1 and 3 respectively. For AB-bulk and AB-DS, the solid-solution 
strengthening is calculated to be 319 MPa using the provided Ci and ki 

Fig. 1. Etched optical micrograph of AB-IN 718 at angles of (a) 30◦ (b) 20◦ (c) 15◦ (d) 10◦ showing the variation of downskin thickness with the printing angle and of 
HT-IN 718 at angles of (e) 30◦ (f) 20◦ (g) 15◦ (h) 10◦ showing the microstructural homogenization between the bulk and the DS.

Table 2 
Microhardness of the IN718 at an angle of 10–30◦ across different ROIs.

As-built Heat-treated

ROI 10◦ 15◦ 20◦ 30◦ 10◦ 15◦ 20◦ 30◦

Bulk 340 
± 5

350 
± 10

351 
± 4

351 
± 4

483 
± 4

482 
± 3

483 
± 5

484 
± 6

DS 315 
± 4

315 
± 5

317 
± 6

323 
±10

480 
± 5

478 
± 4

480 
± 2

481 
± 4

Difference 25 35 34 28 3 4 3 3

Fig. 2. Plots the average microhardness against the distance from downskin for (a) AB and HT IN718 and (b) AB and HT IN625 [9].
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values. On the other hand, some alloying elements concentrations will 
vary through precipitation during HT [16]. Consequently, for both 
HT-Bulk and HT-DS, a solid-solution strengthening value of 255 MPa is 
assumed, based on the chemical analysis of the matrix of a homogenized 
and double-aged (HDA) IN718 [16].

3.3.3. Hall-Petch strengthening
Fig. 3a and 3b show the EBSD mapping of AB and HT samples with 

pole figures {100}, {110} and {111} orientations. The grain size and 
aspect ratio (AR) data are summarized in Table 4. In the AB bulk region, 
a pronounced texture with a maximum Multiple of Uniform Density 
(MUD) of 5.03 in the build direction (X) is evident in the {100} pole 
figure (Fig. 3a). Elongated grains with an average grain size of 31.1 ±
10.9 µm and an AR of 3.7 ± 2.0 were measured. This grain morphology 
is characteristic of LPBF metals, where the processing parameters, 
thermal gradient and solidification front velocity combination promotes 
strong texture and epitaxial grains in the build direction [27]. The 
AB-DS region exhibits a lower intensity texture (MUD of 3.32) with a 
finer grain size of 15.8 ± 13.5 µm, and a reduced AR of 1.9 ± 0.6. results 
from the differences in the thermal gradient (G) and growth rate (R) 
experienced by the DS region during solidification, which is driven by 
heat accumulation from the powder bed [4]. After HT, differences in 
grain structure between the bulk and DS regions were revealed through 
EBSD, though no such distinction was observable in optical micro
graphs. In HT-Bulk, recrystallization and grain growth were evident, 
producing a lower intensity texture (MUD of 2.95) with an increased 
grain size of 44.3 ± 27.8 µm and a reduced AR of 2.3 ± 1.4. In contrast, 
the HT-DS region showed no significant morphological changes post-HT, 
retaining a grain size of 16.0 ± 11.6 µm and an AR of 1.9 ± 0.7. The 
ANOVA test confirmed that the grain size and AR of the AB-DS and 
HT-DS were statistically similar, with p values of 0.68 and 0.76 
respectively. This lack of grain evolution in the HT-DS region is 
explained by insufficient stored strain energy to drive recrystallization 
and grain growth, as previously reported by Kumar et al. [9]. The ρGND 
within a grain serves as a key parameter for correlating the stored strain 
energy with the grain’s recrystallization behavior [28]. Figs. 3c and 3d
present the KAM map and the corresponding ρGND histogram, respec
tively. The median ρGND values were 2.4 × 10¹⁴ m⁻² for AB-Bulk, 1.0 ×
10¹⁴ m⁻² for AB-DS, 0.4 × 10¹⁴ m⁻² for HT-Bulk, and 0.9 × 10¹⁴ m⁻² for 
HT-DS, as summarized in Table 4. A significant drop in median ρGND 
approximately 2 × 10¹⁴ m⁻²—was observed in the bulk region post-heat 
treatment, whereas the ρGND in the downskin region remained un
changed. This further supports the conclusion that the downskin region 
lacks sufficient stored strain energy to drive recrystallization and grain 
growth. The detailed mechanisms of strain energy storage and recrys
tallization behavior in the downskin region have been comprehensively 
discussed by Kumar et al. [9].

Fig. 4 presents SEM micrographs with EDS mapping of the various 
ROIs. As illustrated in Fig. 4a, in AB-Bulk, a columnar dendritic structure 
with a PDAS of 0.5 ± 0.1 µm is observed. In contrast, Fig. 4b displays 
coarser dendritic microstructures in the AB-DS region, with a PDAS of 
1.2 ± 0.3 µm. These microstructural characteristics and PDAS values 
align with the reported findings for IN625, which shows a PDAS of 0.7 ±
0.2 µm in AB-Bulk and 1.3 ± 1.1 µm in AB-DS [29]. The coarser dendritic 
microstructures in the AB-DS region can be attributed to the reduced 
solidification rate, which results from localized heat accumulation due 
to the low thermal conductivity and limited heat extraction capability of 
the powder bed [2]. EDS mapping of both AB-Bulk and AB-DS regions 
revealed evidence of microsegregation of Nb and Mo within the 

interdendritic regions. Given the lower partition coefficients of Mo 
(0.766) and Nb (0.271) [30], these elements preferentially segregate 
into the interdendritic spaces during solidification [31].

Compared to the AB condition, the homogenized microstructures in 
both the HT-Bulk and HT-DS regions show evident dissolution of cellular 
structures, as shown in Figs. 4c and 4d In these regions, MC-type car
bides enriched with Nb, Mo, and C are primarily located at grain 
boundaries, accompanied by local depletion of Ni, Fe, and Cr [11].

The Hall-Petch relationship, which describes the inverse correlation 
between a characteristic microstructural length scale and material 
strength, is expressed as: [32]: 

Δσ = kyd0.5 (5) 

where ky denotes the Hall-Petch coefficient with a value of 158 MPa µm 
for Ni-superalloy [23] and d is the characteristic length scale of the 
microstructure, either cell or grain size. Although traditionally applied 
to grain size, the Hall-Petch relationship can also be extended to other 
microstructural barriers to dislocation motion, such as sub-grain struc
tures or solidification cells, provided they serve as effective obstacles to 
plastic deformation [4,16].

In AB conditions, the microstructure is dominated by columnar 
dendrites, and the PDAS serves as the effective length scale for 
strengthening rather than the grain size. Using the PDAS values of 0.5 ±
0.1 µm and 1.2 ± 0.3 µm for the AB-Bulk and AB-DS regions, respec
tively, the Hall-Petch strengthening contributions are estimated to be 
223 MPa and 145 MPa. These results reflect the finer dendritic structure 
present in the bulk relative to the downskin region.

Following HT conditions, the dendritic microstructure is no longer 
preserved, and grain boundaries become the dominant strengthening 
mechanism. As such, the grain size replaces PDAS in the Hall-Petch 
equation. The recrystallized grains in HT-Bulk, with an average size of 
44.3 ± 27.8 µm, contributed 24 MPa to the Hall-Petch strengthening. In 
contrast, HT-DS underwent homogenization without recrystallization or 
substantial grain growth, resulting in grains of 16.0 ± 11.6 µm and a 16 
MPa contribution. The substantial reduction in strengthening after heat 
treatment is attributed to grain coarsening and the elimination of fine 
dendritic features.

3.3.4. Dislocation strengthening
The dislocation strengthening was quantified using equation 6 [16]: 

Δσd = BMbGρGND
0.5 (6) 

where B is a coefficient of proportionality valued at 0.2 [16], G is the 
shear modulus, valued at 76 GPa for IN718 [13]. The dislocation 
strengthening contribution was calculated to be 183 MPa for AB-Bulk 
and 120 MPa for AB-DS, corresponding to dislocation densities of 2.4 
× 10¹⁴ m⁻² and 1.0 × 10¹⁴ m⁻², respectively. After HT, the dislocation 
strengthening contribution decreased to 74 MPa for HT-Bulk and 113 
MPa for HT-DS, with corresponding dislocation densities of 0.4 × 10¹⁴ 
m⁻² and 0.9 × 10¹⁴ m⁻², respectively.

3.3.5. Precipitation strengthening
In order to calculate the precipitation strengthening contribution, an 

analysis of the microstructure was performed. Due to the high cooling 
rates characteristic of LPBF, ranging from 0.05 to 3 × 106 K/s [33], the 
formation of γ′ and γ″ precipitates is significantly restricted. The cooling 
rate required for γ″ precipitate formation is below 100 K/s, explaining 
their absence in the AB condition [34]. Consequently, the precipitation 
strengthening contribution is neglected from the analysis due to the 
absence of precipitates in the AB conditions.

The solution treatment at 1065 ◦C eliminated the microsegregation 
and produced a uniform chemical distribution within the austenitic γ 
matrix. During the first aging stage at 750 ◦C, the γ matrix partially 
transforms into γ″ (Ni₃Nb) through the reaction γ → γ + γ″. In the second 
aging stage at 650 ◦C, further precipitation of both γ′ (Ni₃(Al, Ti)) and γ″ 

Table 3 
IN718 strengthening constant (ki) [26].

Element Nb Mo Cr Ti Al Fe

ki 1183 1015 337 775 225 153
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phases occurs, following the reaction γ + γ″ → γ + γ′ + γ″. Fig. 5 presents 
high-resolution SEM micrographs of the HT-Bulk and HT-DS regions. 
The micrographs are showing comparable precipitation of both γ′ and γ″ 
phases. Here, γ′ appears as small spherical particles, while γ″ has a 
disklike morphology oriented along [100] and [111] directions [35]. 

The mean diameters of γ′ and γ″ in the HT-Bulk were 11.8 ± 2.5 nm and 
24.7 ± 7.4 nm, respectively. The mean diameters in the HT-DS were 
12.1 ± 2.0 nm for γ′ and 26.5 ± 8.0 nm for γ″. ANOVA testing comparing 
the respective sizes yielded p = 0.74 for γ′ and p = 0.21 for γ″, indicating 
that the precipitate characteristics are statistically identical between the 
HT-Bulk and HT-DS regions. The obtained values are consistent with 
literature data for HDA - IN718, showing γ′ precipitate sizes of 5–50 nm 
[36] and γ″ sizes of 14–38 nm [16]. The aspect ratio of γ″ (ARγ″) is found 
to be 3.2 for both HT-Bulk and HT-DS, which falls within the reported 
literature range of 2.3 to 3.7 for HDA-IN718 [37].

Fig. 6 presents the XRD analysis, where peak deconvolution was 
conducted to isolate the peaks for γ, γ′, and γ″ phases through curve 
fitting [14–16]. As presented in Table 5, the volume fractions of γ′ and γ″ 
in the HT-Bulk were 6.6 ± 1.2 % and 16.6 ± 1.4 %, respectively. The 
same volume fractions in HT-DS were 5.6 ± 0.9 % and 15.8 ± 1.2 %. 

Fig. 3. EBSD mapping of (a) AB and (b) HT overhangs at an angle of 15◦, with {100}, {110} and {111} pole figures, (c) KAMs map and (d) GND histogram.

Table 4 
EBSD parameters of the IN718 at an angle of 15◦ across different ROIs.

ROI Grain size 
(µm)

Aspect ratio Median ρGND
(
× 1014m− 2)

AB-Bulk 31.8 ± 11.7 3.1 ± 2.3 2.4
AB-DS 15.8 ± 13.5 1.9 ± 0.6 1.0
HT-Bulk 44.3 ± 27.8 2.3 ± 1.4 0.4
HT-DS 16.0 ± 11.6 1.9 ± 0.7 0.9
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Fig. 4. SEM micrographs of IN718 printed at an angle of 15◦ and EDS mapping with the elemental maps of Ni, Nb, Mo, Cr, C, Ti, Al, and Fe for (a) AB-Bulk, (b) AB- 
DS, (c) HT-Bulk and (d) HT-DS.

Fig. 5. SEM micrographs showing the γ′′ and γ′ precipitates for (a) HT-Bulk and (b) HT-DS.
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The ANOVA test results indicated that these values for HT-Bulk and 
HT-DS are statistically similar, with p = 0.09 for γ′ and p = 0.49 for γ″. 
Moreover, these values are consistent with literature findings, which 
report γ′ and γ″ volume fractions of 5.1 % and 15.5 %, respectively for 
HDA-IN718 [16].

In the current samples, coherency strengthening from the γ′ and γ″ 
phases is a dominant effect rather than the order strengthening [16], 
while the Orowan strengthening mechanism is not operative. The 
experimental data indicate that the maximum diameters of the pre
cipitates are 16.4 nm for γ′ and 41.3 nm for γ″. These values are both 
below the threshold diameters required for coherency-to-Orowan 
strengthening transitions, which are 34 nm and 46 nm, respectively 
[16]. The precipitation strengthening was determined by summing the 
contributions of coherency strengthening from the γ′ and γ″ phases as 
expressed [13,16,38]: 

Δσpre = 3MGδγʹ
3/2
[
Dγʹfγʹ

2b

]0.5

+ 1.7MGδγʹ́ 3/2
[
Dγʹ́ fγʹ́ (1 − β)

2bARγʹ́ 2

]0.5

(7) 

where lattice misfits for the γ′ and γ″ phases are denoted by δγʹ and δγʹ́ ,

valued at 0.001 % and 0.023 % respectively [16] and Dγʹ and Dγʹ́ refer to 
the mean diameter for the γ′ and γ″ phases. The volume fractions of these 
phases are indicated by fγʹ and fγʹ́ , with β set to 1/3 to account for the 
presence of precipitates distributed equally among the three variants 
[13]. The precipitation strengthening contribution HT-Bulk and HT-DS 
was calculated at 771 MPa and 715 MPa, respectively.

3.3.6. Flow stress
Table 6 summarizes the contributions of the distinct strengthening 

mechanisms to the flow stress ROIs studied in this work. The calculated 
contributions were 773 MPa for AB-Bulk and 632 MPa for AB-DS. While 
the AB-Bulk prediction closely aligned with the literature-reported value 
of 790 MPa, the AB-DS calculation exhibited a significant deviation 
[11]. The observed difference between the bulk and downskin regions is 
consistent with the corresponding hardness values reported in Table 2, 
Section 3.2, where the AB-Bulk exhibits a hardness of 350 ± 10 HV 
compared to 315 ± 5 HV for the AB-DS.

On the other hand, HT-Bulk and HT-DS have calculated flow stresses 
of 1172 MPa and 1147 MPa, respectively, closely aligning with the 
literature-reported benchmark of 1189 MPa [16]. This consistency is 
further reflected in the comparable microhardness values of 482 ± 3 HV 
and 478 ± 4 HV, with an ANOVA test yielding a p-value of 0.03, as 
shown in Table 2. The minimal difference in microhardness between 
these regions is primarily attributed to the dominant contribution of 
precipitation strengthening in IN718, which accounts for over 85 % of 
the total flow stress in the HT condition. This mechanism effectively 
mitigates the influence of microstructural gradients.

To validate the modeled flow stress values presented in Table 6, PIP 
testing was performed due to the sub-millimeter thickness of the 
downskin region. The nominal PIP stress–strain curves are shown in 
Fig. 7. The measured yield strength for the four ROIs, reported in 
Table 6, are 734 MPa (AB-Bulk), 666 MPa (AB-DS), 1273 MPa (HT- 
Bulk), and 1223 MPa (HT-DS), respectively. These values are matching 
with the modeled flow stresses of 773, 632, 1172, and 1147 MPa, 
respectively. The comparison of the data showed deviation of 5, 5, 6 and 
8 %, respectively

This work demonstrates that for precipitation hardening alloys, such 
as IN718, the HT can effectively resolve discrepancies in microstructure 
and microhardness between the bulk and DS regions that are found in 
support-free low angle overhang. This is the opposite case than for solid- 
solution strengthened alloys, such as IN625, where the microstructure 
mismatch cannot be addressed by HT [9].

4. Conclusion

This study demonstrated the possibility to homogenize the micro
structure and mechanical properties of IN718 between bulk and DS in 
support-free overhang using post-process HT. The initial microhardness 
difference between the bulk (350 ± 10 HV) and the DS (315 ± 5 HV) 
regions in the AB condition was eliminated following HT, where 
microhardness of the HT-Bulk and HT-DS were values of 482 ± 3 HV and 
478 ± 4 HV, respectively. Post-HT, both HT-Bulk and HT-DS regions 
exhibited comparable microstructural features, including MC carbides 
localized at grain boundaries and the precipitation of γ′ and γ″ phases. 
The mean diameter of γ″ in HT-Bulk (24.7 ± 7.3 nm) were statistically 
similar to that in HT-DS (26.5 ± 7.9 nm). The volume fractions of the γ″ 
in HT-Bulk and HT-DS were 16.6 ± 1.4 % and 15.8 ± 1.2 %, respec
tively. The precipitation strengthening contribution was 771 MPa in HT- 
Bulk and 715 MPa in HT-DS which contributed to 85 % of the calculated 
flow stress variation.

Fig. 6. Peak deconvolution of XRD signal into peak fits of γ, γ′ and, γ′′ with the cumulative plot for (a) HT-Bulk and (b) HT-DS.

Table 5 
Precipitates parameters for the IN718 at an angle of 15◦ across HT-ROIs.

ROI γ′ 
mean 
diameter 
(nm)

γ′′  
mean 
diameter 
(nm)

γ′ 
volume 
fraction 
(%)

γ′′ volume 
fraction 
(%)

HT- 
Bulk

11.8 ± 2.5 24.7 ± 7.4 6.6 16.6

HT-DS 12.1 ± 2.0 26.5 ± 8.0 5.6 15.8
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