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Spatially Resolved Mechanical Properties of Laser
Powder Bed Fused Inconel 718 by Micro-Tensile
Testing: Influence of Thermal History and
Microstructure

Abstract

Laser Powder Bed Fusion (L-PBF) fabricates three-dimensional parts through
sequential layer deposition and melting. Each layer undergoes repeated thermal
cycles, resulting in anisotropy and microstructural heterogeneity, which compli-
cates part qualification. Characterizing this spatial variability using conventional
mechanical tests requires numerous large specimens and is therefore costly and
time-consuming. This study introduces a micro-scale testing framework to evalu-
ate the local mechanical behavior of as-built L-PBF Inconel 718 parts. Miniature
tensile specimens (3 mm X 1 mm X 0.25 mm) extracted from selected locations
in four L-PBF geometries were used to determine local elastic modulus, yield
strength, ultimate tensile strength, and strain to failure. Local mechanical proper-
ties were correlated with microstructural parameters and thermal history metrics.
Significant spatial variability in mechanical properties was observed within the
individual part and among the four geometries. The observed variability was more
strongly correlated with thermal history metrics followed by microstructural
parameters. The proposed approach enhances understanding of spatial hetero-
geneity in L-PBF parts and provides a basis for incorporating location-specific
properties into component qualification and performance assessment.

Keywords: Laser Powder Bed Fusion (L-PBF), Micro-tensile testing, Inconel 718,
Local Mechanical Properties

1 Introduction

Metal additive manufacturing (AM) has experienced significant growth in industries
such as aerospace and automotive due to its capacity for efficient fabrication of geo-
metrically complex components, which can reduce part count, assembly requirements,
post-processing, and overall production costs. Adoption is further driven by the abil-
ity to tailor local microstructures by controlling processing parameters|[l, 2]. n the
aerospace industry, metal AM is widely utilized for its design flexibility, reduced lead
times, and lightweight components, all of which support cost management. However,



certifying safety-critical parts remains challenging because current standards are not
well suited to these applications and require extensive printing and testing[3]. Recent
advancements in process and material systems have facilitated the integration of metal
AM into commercial manufacturing [4].

Laser powder bed fusion (L-PBF) is a widely adopted metal additive process across
industries because it can produce high-precision parts with good surface finish and
high density. Despite these advantages, defects formed during printing have limited the
broader adoption of L-PBF. Ongoing developments focus on reducing flaw formation
through in-situ monitoring and process parameter adjustments [5-7].

Inconel 718 (IN 718) is a nickel-based super alloy widely used in the aerospace and
oil & gas industries for its high strength and ability to maintain oxidation and corro-
sion resistance at temperatures approaching 700 °C. This precipitation-strengthened
alloy derives much of its strength from +" and " precipitates, with additional contri-
butions from carbides and other secondary phases. Processing conditions are critical
for IN 718, as they strongly influence mechanical properties and, consequently, final
component performance. Additive manufacturing enables rapid production of com-
plex, high-precision IN 718 parts, addressing high demand and overcoming the longer
lead times and geometric constraints of conventional methods [8-10].

While additive manufacturing has been adopted in various industrial applica-
tions, its use in safety-critical primary structures remains limited due to inconsistent
component quality and mechanical properties [3, 11]. hese inconsistencies arise from
subsurface defects, surface roughness, residual stresses, anisotropy associated with
layer-wise deposition, and repeated thermal cycles during solidification, all of which
affect microstructure and mechanical performance [12]. Anisotropy and heterogeneity
in metal AM are influenced by process parameters such as beam size, beam power, scan
speed, and processing temperature, as well as deposition rate, scan strategy, material
type, and particle size distribution. Anisotropy primarily results from the complex
microstructure formed during fabrication, which produces epitaxial columnar grains
oriented parallel to the build direction and heterogeneity driven by thermal gradients.
[13-17].

Understanding the process-structure-property relationship is essential, as the per-
formance of metal AM parts depends on their microstructure and resulting mechanical
properties [11]. Knowledge of the as-fabricated microstructure and its influence on part
properties remains important even after post-processing. Improved understanding of
the as-fabricated microstructure enables more effective process adjustments [18].

A workshop convened by the National Academies of Sciences, Engineering, and
Medicine highlighted that the properties and microstructure of AM components are
highly sensitive to process parameters and part geometry, resulting in significant local
variations. Testing large coupons does not accurately represent the properties of the
entire part or capture local effects. Douglas Hofmann of the National Aeronautics and
Space Administration (NASA’s) Jet Propulsion Laboratory noted that qualifying a
specific alloy for space applications can cost over $2 million [19].

In current industrial practice, mechanical characterization of metal additive-
manufactured parts relies mainly on bulk specimens, which provide only average
properties. However, witness coupons, including specimens tested according to ASTM



E8/E8M, may not accurately represent the properties of the corresponding printed
component. Significant anisotropy and property variation arise from differences in
thermal history and a heterogeneous microstructure, both inherent to the additive
manufacturing process. As William E. Frazier noted, certifying parts produced through
this process can cost millions of dollars for a given application[20, 21].
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Fig. 1 Schematic of Laser Powder Bed Fusion (L-PBF) Process [22]

Previous studies have reported substantial property variation among nominally
identical parts produced within the same build, as well as differences between addi-
tively manufactured and wrought material. As shown in Table 1, most studies of
additively manufactured (AM) parts employs traditional methods, which provide only
average mechanical properties of test coupons and do not accurately reflect the behav-
ior of large-scale components. Mechanical properties are typically evaluated based
on processing conditions, orientation effects, porosity, and microstructure. Existing
research primarily relies on macro-scale coupon testing and correlates the resulting
properties with processing parameters, build orientation, porosity, and microstructure.

This study evaluates location-specific mechanical properties in four L-PBF IN718
geometries using micro-tensile specimens measuring 3 mm x 1 mm X 0.25 mm. The
measured properties are correlated with location-specific thermal-history metrics (end-
of-cycle temperature and cooling time), and microstructural characteristics, including
grain size, aspect ratio, and crystallographic texture.

2 Materials and Methods

2.1 Printing Setup

Laser powder bed fusion (L-PBF) is a layer-by-layer process in which a layer of powder
of a defined thickness is spread over the substrate or previously consolidated layers,



Table 1 Summary of previous studies examining mechanical properties, specimen dimensions, and
correlations with microstructure.

Reference

Mechanical
Testing

Sample Dimen-
sions

Study objective

Kim, Allen, et
al. [2]

Deng, Duny-
ong, et al [10]
Varney, Tracy

Connor, et al.
(23]

Wang, Xiao-
qing, and
Kevin Chou
[24]

Popovich, V.
A., et al. [25]

Zhang,
Dongyun, et
al. [26]

Liu, Fencheng.
et al. [27]

Zhao,Xiaoming,
et al. [28]

Trosch, Tanja,
et al. [9]

Nano-Hardness

Vickers micro-
hardness and
Tensile Testing

Tensile testing

Vickers Hard-
ness and Ten-
sile testing

Tensile Testing

Tensile testing
and Vickers
micro-hardness

Tensile testing

Tensile Testing

30mm x 8mm x
2 mm

10mm x 6mm x
0.8(0.6)mm

50 mm
tensile bar

long

75 mm long
and 5 mm in
diameter

20 mm gage
section and 3
mm diameter

71 mm long, 5
mm in diame-
ter

8 mm long and
1 mm thick

Nano-Hardness was measured and correlated
with microstructure in the as-built and heat-
treated conditions.

Studied the effect of sample orientation on
the mechanical properties, primarily tensile
strength and elongation.

Compared as-printed thin-wall specimens with
specimens extracted from bulk material and
correlated the results with microstructure and
scan strategy.

A staircase Inconel 718 block was fabricated to
investigate the effects of the thermal cycles on
the microstructure evolution in the Selective
laser melting (SLM).

Application of suitable process parameters and
laser sources in SLM may favor either one
sharp single component texture, more uni-
formly distributed crystal orientation, or a
combination of the above in a preferred gra-
dient, which influences the mechanical proper-
ties.

Samples produced by SLM were heat-treated
using industrial standard heat treatments
for IN718 castings and forgings to evaluate
changes in microstructure, phase precipitate,
and mechanical properties.

Effect of Laser scan path on mechanical prop-
erties and correlation with microstructure.

Investigation on the microstructure and
mechanical properties of laser rapid forming
IN718 deposited.

Mechanical properties of as-printed and heat-
treated SLM parts compared with forged and
as-cast parts.

and then melted by a laser, as shown in Figure 1. Four geometries—NIST Overhang,
VT, Cone, and Cuboid were fabricated using an SLM H280 Laser Powder Bed Fusion
machine, as shown in Figure 2. This cycle continues until each part was completed in
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Fig. 2 As-built parts on the stainless steel build plate: a) NIST Overhang, b) VT, c¢) Cone, and d)
Cuboid

accordance with the digital model. The feedstock material was Inconel 718 from Prax-
air Technologies, with a powder size range of 15 to 45 um. All parts were fabricated
on a stainless-steel build plate to a maximum height of 20 mm. These geometries were
selected to study how geometry influences quality metrics. The processing parameters
are listed in Table 2.

Table 2 Process Parameters

Parameter Value

Laser Power 200 W

Scan Speed 1000 mm/s

Layer Height 0.03 mm
Hatch Spacing 0.09 mm
Layer Rotation 67°

Scan Pattern Bi-directional stripes

2.2 Thermal modeling

Process parameters, part geometry, scan strategy, and additional factors significantly
influence heat accumulation and dissipation during metal additive manufacturing.
These variables govern the part’s thermal history, including local temperature distri-
butions and cooling rates, which subsequently influence microstructure development
at each location. Predicting temperature distributions requires solving the heat dif-
fusion equation. Although a finite element-based approach is commonly employed for
this purpose, it is both time-consuming and computationally expensive [29-34].

A meshless analysis based on graph theory was used to calculate the temperature
distribution in the part. The geometry is divided into nodes, which are connected to
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Fig. 3 Schematic of the meshless graph-theory method used to calculate part-scale thermal-history
metrics

form a network graph. Each newly deposited layer was simulated, and the correspond-
ing temperature field and cooling behavior were calculated. This process is repeated
for every layer until the part is finished, as shown in Figure 3. The model provides the
End of Cycle (EOC) Temperature (7.), defined as the average surface temperature of
a layer after a new layer of powder is added. Cooling time (¢.) was defined as the time
required for a location to cool from 1600 °C to 700 °C, as illustrated in Figure 4. The
method predicts part-scale temperature distributions and cooling behavior in less than
5 min, with a reported error of less than 5% relative to experimental measurements
error [29, 31-35].

2.3 Micro-sample extraction

Micro-tensile specimens measuring 3 mm x 1 mm x 0.25 mm, as shown in Figure 5,
were extracted from four geometries using Micro Wire-Electrical discharge machin-
ing (Wire-EDM) process (Figure 6). Since each sample went through a three-pass
Wire-EDM process, surface roughness was considered to have minimal effect on the
measured properties.



1
5000 . . T e C— 1
\Laser strike | ! 0 1
e ® | | : :
4000 ! I [ p -
— 1 1 I H =
5 : | ! i 15 0 ;
'© 3000 ; ! ! Iy [
4 1 1 1 | = 1
3 1 l 1 | 12 ook 1
s I Layern || Layer n+1})| Layer n+2 ! :L“
é. 2000 i 1 i 13 é :
! H | I—
2 i| End-of-cycld] r: T :& 400 End-of-cycle :
1000 i emp?;rature: o 1 temperature (T,){ ¥
S (I G oy
0 7 7 t 1 0 1
0 20 40 60 : 15 20
(a) Relative time interval [s] ! (b) Relative time interval [s] -

Fig. 4 Schematic showing the representative thermal cycling (a) over three-layer scans as a result
of the laser strike and a subsequent cool-down period, (b) over an individual laser scan in the L-PBF
process, this work estimates the cooling time (t.) for a layer to cool down from 1600 °C to 700 °C
and the end of cycle temperature (T¢)[22].

Fig. 5 Schematic of Micro-sample with dimensions

2.4 Metallography

Following the extraction of micro-samples, additional material sections were extracted
from the same build layer adjacent to each micro-tensile specimen, to perform
microstructural characterization at that location. Each sample was mounted in a mix-
ture of quickset acrylic powder, liquid, and graphite powder to ensure conductivity
during microscopy. This cold mounting process required approximately 10 minutes
per sample. After mounting, up to six samples were polished simultaneously using a
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Fig. 6 Locations and Orientations of micro-tensile specimens extracted from the a) NIST overhang,
b) VT, c¢) Cone, and d) Cuboid

Buehler Automet 250 semi-automatic polisher. Due to the thinness of the samples, ini-
tial polishing was performed with 400-grit paper for 30 seconds, followed by 600, 800,
and 1200 grit papers for one minute each to clean the surfaces. Subsequent polishing
steps included applying 9 pm and 3 pm diamond polishing suspensions for 10 minutes
each to remove surface scratches. The pre-final polishing stage used 1 pm and 0.3 pm
alumina suspensions. Finally, a 0.05 pm colloidal silica suspension was applied until a
mirror-like surface finish was achieved, suitable for Electron back scattered diffraction
(EBSD) analysis.

2.5 Microstructural characterization

Electron Backscattered Diffraction (EBSD) was used to determine grain size, aspect
ratio, and preferred crystallographic texture at each location. A Scios2 LoVac field-
emission gun scanning electron microscope (SEM) equipped with Quasor 1T EBSD
(ThermoFisher Scientific, Hillsboro, Oregon, USA) was used. The mounted specimen
was tilted by 70 degrees for EBSD characterization, as shown in Figure 7. To ensure
conductivity, one edge of the sample was attached to carbon tape and grounded to the
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Fig. 7 Sample mounted on the stage in Scanning Electron Microscope(SEM) for Electron Backscat-
tered Diffraction (EBSD) analysis

bottom of the sample. Images were captured with a 45 ms exposure time and a step
size of 0.49 pym. The scan area was kept constant at 254 x 196 mm? for all samples,
matching the micro-sample cross-section. The EBSD data were post-processed using
Pathfinder (version 2.10) software.

2.6 Micro-tensile testing

Each specimen was tested using an in-house micro-tensile system, as shown in Figure 8.
Originally designed for micro-electromechanical systems (MEMS) and welding appli-
cations, the setup was later adapted to evaluate the local mechanical properties of
metal additively manufactured components[36-41]. It includes an actuator, load cell,
linear air bearing, precision micro-sample grips, and a high-resolution imaging system.
Digital image correlation (DIC) was used to measure axial strain and full-field defor-
mation during testing. Tests were conducted at a nominal strain rate of 1072 /s with
a gauge length of 1.58 mm for each specimen. Vic-Snap and VIC 2D-7 software from
Correlated Solutions were used for testing and post-processing to calculate strain. VIC
2D-7 settings are provided in Table 3. With respect to the specimen size effect, the
specimen utilized in the present study to characterize spatial properties is appropri-
ately qualified and accurately reflects the bulk properties as reported in the literature
[42].

A fine speckle pattern was applied using an airbrush. The specimen surface was first
coated with a thin white background layer, after which black speckles were applied.
Speckle size and spatial distribution were controlled by adjusting the air pressure and
the distance between the airbrush and the specimen.
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Fig. 8 Micro-Sample Experimental Setup with Digital Image Correlation(DIC)

Table 3 DIC Analysis settings

Parameter Value
Subset size 35-55
Step size 7
Interpolation Optimized 8-tap
Correlation Criterion Normalized square differences
Subset weights Gaussian
Exhaustive search Disabled
Low-pass filter images Disabled
Incremental Correlation Enabled
Prediction margin (pixel) 0.02
Confidence interval (pixel) 0.1
Matchability (pixel) 0.1
Filter Decay filter
Filter size 15

3 Results
3.1 Mechanical Properties

Figure 9 shows the stress-strain behavior of micro-samples extracted from four
geometries. The results demonstrate distinct levels of spatial variability among the
geometries. NIST exhibits significant variability, with locations displaying both the
highest and lowest values for strength and elongation. In contrast, the cone shows rela-
tively consistent values across sampling locations, with only minor differences in failure

10
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Fig. 9 Stress-Strain behavior: a) CONE, b) Cuboid, ¢) VT, and d) NIST

strain. VT displays pronounced variation in both strength and ductility throughout
the part. The cuboid is considerably more consistent, exhibiting relatively small dif-
ferences. These findings indicate that mechanical properties vary spatially within each
geometry and are dependent on the specific geometry examined.

Ideally, stress-strain curves should overlap, as they originate from the same mate-
rial and part. However, the curves do not overlap in every instance and differ from
location to location, a process inherent to additive manufacturing. These variations
arise because layers are repeatedly heated and cooled during printing, altering the
microstructure until the part is complete. Heat retention in the part after printing
also contributes significantly to spatial variation. Additionally, ductility varies because
small voids form during the process.

Figure 10(a) presents the elastic modulus values for specimens with NIST, Cone,
VT, and Cuboid geometries. The box plots illustrate the mean, median, inter-quartile
range, overall spread, and individual measurements for each geometry. Cuboid speci-
mens exhibited the highest median elastic modulus, approximately 225 GPa, and the
smallest inter-quartile range, indicating high repeatability and minimal variation. VT
specimens also demonstrated high elastic modulus values but displayed a much higher
spread. The presence of an outlier above 320 GPa suggests that local microstruc-
tural differences may have affected the measured stiffness. NIST specimens showed

11
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Fig. 10 Variability of Mechanical Properties within and across the geometries (NIST, CONE, VT,
Cuboid)

a moderate modulus with some variability, whereas Cone specimens had the low-
est median elastic modulus. Despite the lower average stiffness of Cone specimens,
their measurements were consistent, as indicated by the narrow distribution. These
findings indicate that specimen geometry significantly affects the measured elastic
modulus. Cuboid geometry yields the most repeatable stiffness measurements, while
VT geometry appears more sensitive to local material differences.

Yield strength distributions for the four geometries are shown in Figure 10(b).
Yield strength is the stress at which permanent plastic deformation begins, and it is
important for understanding how much load a material can handle. VT specimens
had the highest median yield strength, close to 900 MPa, but their results varied the
most, ranging from about 560 MPa to nearly 1000 MPa. This wide range suggests
that differences in microstructure and residual stresses play a significant role in when
yielding starts. NIST specimens also showed high yield strength with a lot of variation,
which points to inconsistent local mechanical behavior. On the other hand, Cone
specimens had the lowest median yield strength, around 730 MPa, and their results
were more tightly grouped. Cuboid specimens fell in the middle for yield strength and
showed fairly consistent results, which suggests a good balance between strength and
repeatability. Overall, these findings show that specimen shape affects both strength
and the extent of variability in results.

12



Figure 10(c) shows the ultimate tensile strength (UTS) results for each specimen
shape. Ultimate tensile strength is the maximum stress a material can handle before it
starts to thin and break. The NIST specimens had the highest average tensile strength,
about 1360 MPa, but also showed a lot of variation, with some specimens having
much lower strengths. The VT specimens exhibited relatively high tensile strength,
with moderate variation and an outlier. The Cone specimens had a slightly lower
average tensile strength but the least variation, indicating highly consistent results.
The Cuboid specimens had the lowest average tensile strength among the four shapes
but showed a fairly tight range, indicating steady performance. This variability may be
due to small defects, pores, or structural irregularities. While the NIST shape achieves
the highest tensile strength, the Cone and Cuboid shapes provide more consistent
results.

Figure 10(d) shows a comparison of how much the four specimen shapes stretch
before breaking. The Cone specimens had the highest average stretch before breaking,
about 0.39 mm/mm, and the widest range of values, showing they are more flexible
than the other shapes. Cuboid specimens also had fairly high stretch values with a
smaller range, showing steady, consistent behavior. VT specimens had medium elonga-
tion with some variation. In contrast, NIST specimens had the lowest average stretch
before breaking and the widest overall range. The wide range of NIST specimens shows
a lot of differences between samples, possibly due to small structural differences. These
results show that specimen shape affects both the measured strength and how flexible
the material seems.

The observed differences across locations among the four geometries arise from the
shapes of each geometry, which influence thermal gradients. These thermal gradients
subsequently alter the microstructure at each location. As a result, these parameters
affect the part’s mechanical properties and performance at each location.

3.2 Microstructural analysis: Crystallographic texture, grain
size and aspect ratio

At each micro-sample location, grain size and aspect ratio were quantified using EBSD.
This technique also provides crystallographic texture and grain structure at the same
location, enabling the identification of changes in preferred orientation across different
positions within the geometry.

Grain size was calculated using a minimum misorientation angle of 10 degrees and
a minimum grain area of 5 pixels at all locations. The aspect ratio ranges from 0 to 1,
where an aspect ratio of 1 represents an equiaxed grain, whereas values approaching 0
represent increasingly elongated grains. Most locations exhibit aspect ratios between
0.4 and 0.5, indicating moderately elongated grains. In the Cone geometry, three
locations exhibit aspect ratios below 0.4, indicating highly elongated grains, likely
resulting from thermal gradients induced by the geometry. The lower locations in the
NIST geometry, positions 6-10, exhibited aspect ratios greater than 0.5, which may
be associated with increased heat extraction and more rapid cooling.

At NIST 2 location, grains are large and slightly elongated. At NIST 4, the grains
show columnar morphology and also exhibits epitaxial grain growth, which is inherent
to the layer-by-layer process. NIST 8, closest to the substrate, displays a finer grain

13



Fig. 11 EBSD maps representing grain structure at a) NIST 2, b) NIST 4, ¢) NIST 8, d) NIST 13

structure because cooling rates are faster with the substrate acting as a heat sink.
NIST 13, at the overhang, shows a combination of columnar and equiaxed structures
with slanted grains due to heat distribution in that region as shown in Figure 11.
Overall, grain morphology changes from finer to coarser and some locations show
columnar grain morphology. These changes indicate that local geometric features, such
as base versus overhang, influence solidification criteria and alter the microstructure.
This leads to anisotropic behavior across the part. These differences across locations
arise from heat retention in the part, as lower sections retain less heat than higher
ones, and this changes with geometry.

Preferred crystallographic orientation was examined at each location to assess spa-
tial variation. Figure 12 presents the preferred crystallographic orientations at three
locations within the NIST geometry. In the normal direction, a clear change in pre-
ferred orientation is observed: at NIST 2, < 001 > is dominant; at NIST 8, < 111 >
is preferred; and at NIST 13, < 101 > is the primary orientation. In the specimen
loading direction, a transition from < 001 > to < 101 > is evident, with some loca-
tions exhibiting mixed orientations. The transverse direction also shows clear changes
in the preferred grain orientation across different locations. Variations in preferred

14
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Fig. 12 Preferred Crystallographic Orientations in NIST at three locations (NIST 2, NIST 8, NIST
13)

orientation across locations significantly influence the mechanical properties at each
site. Changes in modulus are directly correlated with shifts in preferred orientation,
as illustrated in Figure 12. Specifically, in the normal direction, < 001 > orientations
exhibit higher moduli, whereas < 101 > orientations correspond to lower moduli. Sim-
ilar trends are observed for other mechanical properties, including yield strength and
tensile strength.

4 Relationships among thermal history,
microstructure, and mechanical properties

4.1 Thermal History vs Microstructure

The Pearson correlation matrix (Figure 13) demonstrates that the thermal history
variables, end-of-cycle temperature (EOC) and cooling time, exhibit the strongest rela-
tionship, with a positive correlation coefficient of 0.70. This strong correlation suggests
that locations with higher end-of-cycle temperatures generally require longer cooling
times, reflecting the inherent thermal behavior characteristic of the LPBF process.
Both thermal parameters exhibit moderate to strong correlations with the measured
microstructural features. EOC displays a moderate negative correlation with grain size
(r = -0.54) and a strong negative correlation with aspect ratio (r = -0.69), indicating
that increased thermal accumulation is associated with finer and less elongated grains.
Similarly, cooling time is negatively correlated with grain size (r = -0.44) and aspect

15
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Fig. 13 Correlation between the Thermal gradients, Microstructural parameters, and Mechanical
Properties

ratio (r = -0.43), suggesting that thermal history significantly influences the resulting
microstructure.

Principal component analysis (PCA) was conducted to examine the correlation
between thermal gradients and microstructural parameters, specifically grain size and
aspect ratio, as shown in Figure 14. The results indicate that thermal history dif-
ferentiates the geometrical aspects, with the cone geometry exhibiting higher EOC
temperatures and longer cooling times because of geometry-dependent heat accumula-
tion. Thermal history metrics, including end-of-cycle (EOC) temperature and cooling
time, serve as primary drivers of changes in microstructural parameters such as grain
size and aspect ratio. These microstructural parameters exhibit an inverse relationship
with thermal gradients, suggesting that increases in EOC and cooling time are associ-
ated with reductions in grain size and aspect ratio. The NIST geometry demonstrates
the greatest variation in grain size and aspect ratio, followed by VT.

4.2 Thermal History & Microstructure vs Mechanical
Properties

Principal component analysis (PCA)(Figure 15) and Pearson correlation (Figure
13) analyses were performed to examine relationships among thermal-history met-
rics, microstructural characteristics, and mechanical properties. Mechanical properties
show weak links with thermal and microstructure-related factors, indicating that sev-
eral interacting elements affect local mechanical behavior. Strain to failure shows the
strongest positive link with EOC (r = 0.42) and a weaker positive link with cooling
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time (r = 0.16). These results suggest that areas with greater heat buildup usually
have better ductility. On the other hand, yield strength and elastic modulus show weak
positive links with grain size and aspect ratio (maximum r = 0.21), and weak nega-
tive links with EOC and cooling time (from -0.19 to -0.33). Tensile strength follows a
similar pattern, showing only weak links to all variables studied.

The results from PCA also indicate that yield strength is inversely related to
thermal gradients, particularly cooling time, and directly related to grain size. Conven-
tionally, higher cooling rates are associated with finer microstructures; however, this
relationship does not hold in the present study. The Hall-Petch relationship posits that
grain size is inversely related to yield strength, implying that yield strength should
increase as grain size decreases. In contrast, the present dataset shows a weak positive
correlation between grain size and yield strength. This outcome suggests that, since
IN 718 is a precipitation-strengthened alloy, additional strengthening mechanisms may
influence yield strength. Tensile strength exhibits a slight positive relationship with
thermal gradients and shows no correlation with microstructural parameters. In most
cases, tensile strength appears independent of these variables. Yield strength and
elastic modulus showed weak positive correlations with grain size and aspect ratio
and weak negative correlations with EOC temperature and cooling time. Strain to
failure showed a moderate positive correlation with EOC temperature and weaker
relationships with the remaining variables. Among all geometries examined, the NIST
Overhang exhibits the greatest internal variation across different locations, followed
by VT, Cone, and Cuboid.

Pearson correlation and principal component analysis (PCA) consistently indicate
that temperature patterns are the main factor controlling how the material’s structure
changes in the L-PBF processing. Higher temperatures at the end of the cycle and
longer cooling times are linked to regular changes in grain size and shape. While these
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temperature effects affect local mechanical properties, the fairly weak connections
suggest that local mechanical behavior comes from a mix of temperature history,
changes in structure, and other local factors like crystallographic texture and residual
stress.

5 Conclusions

1. Within a single part, local mechanical properties varied substantially among individ-
ual components and were linked to differences in thermal history and microstructure.
The stress-strain behavior clearly shows spatial variation both within and between
parts.

2. Among the variables examined, thermal-history metrics showed the strongest
associations with local mechanical properties, while grain size and aspect ratio showed
comparatively weaker relationships.

3. Thermal history primarily determines the properties, particularly end-of-cycle
temperature and cooling time, which affect solidification and subsequent thermal
cycling. Microstructural parameters, including preferred crystallographic orientations,
grain size, and aspect ratio, also affect the final mechanical properties.

4. The location-specific testing framework identifies relatively weak regions in addi-
tively manufactured (AM) components, highlighting areas more susceptible to these
local variations than conventional bulk witness coupons alone.

Future research will examine the effect of processing conditions for a single geom-
etry and investigate how processing conditions, thermal history, and microstructure
influence local mechanical properties.
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