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Abstract

The commercialization of additive manufacturing (AM) is underway in the acrospace and biomedical device industries [1, 2].
However, most metal parts produced by AM are limited to non-critical applications, since the various processes produce internal
porosity, anisotropy, and microstructural heterogeneities [1, 3]. It has been implied that small-scale mechanical tests can advance
measurement standards for AM applications by probing the effects of defects and heterogeneities on mechanical properties at
more appropriate length scales [4, 5]. Traditionally, small-scale techniques have been used to characterize location- and
orientation-specific mechanical properties in wrought materials [6—10]. A common method for excising mechanical test speci-
mens from bulk parts with negligible influence on specimen integrity involves electrical discharge machining (EDM) [11]. This
work demonstrates that excising meso-scale tensile specimens from additively manufactured parts enables tracking of sub-
surface and visible features of interest (porosity and microstructural heterogeneities) throughout the entire gauge section such
that the individual contributions to deformation behavior can be assessed.
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Experimental Methods

Ti-6Al-4V parts (35 mm tall, 25 mm wide, and 15 mm thick)
were fabricated by electron-beam melting powder-bed fusion
(EBM-PBF) using an Arcam' A1 machine (software version
3.2.132, 60 kV accelerating voltage, 50 um layer thickness,
speed factor 35) and Arcam Ti-6Al-4V gas-atomized powder
(average diameter approximately 70 pm).
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Two wafers (2 mm thickness) were sliced off the Ti-6Al-
4V part with a high-speed saw. One wafer was ground to
0.8 mm and the other to 0.25 mm (final griding step used
800 grit SiC paper). Meso-scale tensile specimens (0.5 mm
gauge width and 2 mm gauge length) were excised from each
wafer by wire EDM (through a commercial vendor), such that
the tensile direction was perpendicular to the build direction.
The 0.8 mm thick meso-scale specimens were thinned to an
approximate thickness of 0.19 mm using standard polishing
procedures (SiC paper, 1 pm diamond particle suspension,
and 50 nm colloidal silica). To measure bulk properties, ten
larger tensile specimens (gauge dimensions: 2.5 mm width,
5 mm length, and 1.3 mm thickness) were excised from the Ti-
6Al1-4V part using EDM.

Microstructural characterization and fractography were
performed using an optical microscope and a field-emission
scanning electron microscope (FE-SEM) operated at 20 kV
for electron backscatter diffraction (EBSD) measurements,
backscattered electron imaging, and secondary electron imag-
ing. The FE-SEM was operated at 6 kV for energy dispersive
spectroscopy (EDS) measurements. Specimens were analyzed
for internal porosity with X-ray computed tomography (CT) at
80 kV with a 1.8 um voxel size.
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Two meso-scale tensile specimens were deformed at a
strain rate of 1 x 107> s~! in uniaxial tension, and an op-
tical microscope was used to measure strain via digital
image correlation. One specimen underwent a tension test.
The second specimen was pulled past yielding, removed
from the testing apparatus and microstructural characteri-
zation performed, and then was re-mounted in the testing
apparatus and pulled to failure. The specimen design, test
apparatus, and test and analyses methods were previously
described [12]. ASTM E8 was used as a basis for the
specimen geometry, but with adaptations to accommodate
the smaller size. For example, pin-loading was used
which is consistent with ES, and E8 specifies a width to
thickness ratio of at least 0.78, which is met by the current
geometry, but a major deviation from ASTM ES8 is the
width to length ratio used in this work because the gauge
length was shortened from a previous design [12] due to
the amount of material available. Gauge dimensions were
determined by optical microscopy and corroborated by X-
ray CT. The thickness of polished meso-scale specimen
ranged from 183 pum to 191 um. The measurement uncer-
tainty was 2% and the standard deviation in thickness for
each meso-scale specimen was approximately 3 pm.

Results

The side walls along the gauge length of each meso-scale
tensile specimen were straight (Fig. 1a). The re-cast layer
(produced by EDM) only existed on surfaces of the side walls
(Fig 1 a;), except for some instances of spatter onto the top
surface (Fig. la,_3), which was easily removed with mechan-
ical polishing and did not change other gauge dimensions
(Fig. 1b). The re-cast layer thickness was estimated to be less
than 5 um (Fig 1a4) and is considered thin when compared to
the gauge width (500 pum). A cross-sectional view of the
gauge section in the polished meso-scale specimen indicates
the only effect from mechanical polishing of meso-scale spec-
imens was minor rounding near the edges of the top surface
(arrows in Fig 1by).

To provide a more quantitative analysis of the re-cast
layer and other effects from EDM, an undeformed meso-
scale specimen was mounted in conductive Bakelite and
polished down to the mid thickness (Fig 1b,.s). The re-
cast layer consisted of amorphous material and a V-rich
oxide (Fig 1bs) that ranged in thickness between 1 pum
and 5 um (Fig 1b,). The heat-affected zone (HAZ) resem-
bled the base microstructure in terms of chemistry
(Fig. 1bs), grain morphology (Fig. 1b,_s) and grain orien-
tation (Fig. 1bs). However, the HAZ contained a higher
dislocation content (Fig. 1bs), which is quantitatively rep-
resented by the degradation in image quality (Fig. 1bs),
i.e. a metric with a linear scale that is used to describe the

SEM

sharpness of diffraction patterns. The HAZ thickness
ranges between 3 um and 7 um (Fig. 1 b,_3). Given the
extremes of each, the combined thickness of the re-cast
layer and heat-affected zone constitutes 1.6% to 4.8% of
the gauge width.

A survey with optical microscopy identified areas of
interest on surfaces of polished (not mounted) meso-
scale tensile specimens before, during, and after deforma-
tion (Fig. 2). Before tensile deformation (Fig. 2a;), the
optical image simply highlighted locations of pores ex-
posed to the surface. X-ray CT provided a quantitative
description of the size and location of each individual
pore throughout the entire volume of the gauge section
(tracked before and after deformation). Since tensile spec-
imens were excised from the as-built condition, spherical
gas pores were observed, but no gross lack-of-fusion was
found in the gauge section (Fig. 2a,). Porosity comprised
0.12% of the volume in the gauge section, and most pores
were less than 12 um in diameter.

The as-built microstructure of EBM-PBF Ti-6Al1-4V was
primarily composed of « laths and 3 remnants. Based on
EBSD unique grain maps, the « lath thickness in the as-built
condition was 1.19 um = 0.24 um. EBSD maps of grain
orientation and Schmid factor (Fig. 2 a3_4) show grain bound-
ary o elongated in the build direction, plus regions in the
center and right side of the gauge length where slip was likely
to occur first (based on the surface microstructure).

Following interruption of the tension test, optical micros-
copy revealed surface relief/strain localizations in the center
and right side of the gauge section. Figure 2b highlights three
categories of defects: microstructural heterogeneities that
intersected gas pores exposed to the surface (Fig. 2 b,_3), mi-
crostructural heterogeneities that spanned most of the gauge
width (Fig. 2 by.s), and large gas pores (Fig. 2 bg_;). Further
examination of these microstructural heterogeneities indicated
most strain localizations corresponded to large « grains.

After tensile deformation to failure, characterization of the
meso-scale specimen showed that fracture occurred (Fig. 2¢ ,)
along grain boundary « (formed along a prior-[3 grain bound-
ary) that spanned most of the gauge width (Fig. 2 by 4).
Internal gas pores and pores exposed to the surface also
showed signs of strain localization. The surface-exposed pore
(dashed pentagon in Fig. 2 a,) and the spherical internal pore
(dashed circle in Fig. 2 a,) both lengthened in the direction of
tension. Before deformation, the width (dimension parallel to
the tensile direction) of the surface-exposed pore was 51 pm.
This dimension increased to 55 um after interruption and to
59 um after failure. Similar changes were observed for the
internal pore (46 um, 48 pm, and 55 pm). The internal pore
volume increased by 8.8% (before deformation compared to
after final fracture).

Figure 3a shows the engineering stress-strain responses for
specimens pulled to failure without interruption for both the
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Fig. 1 Optical images of the entire meso-scale tensile specimen (grip to grip length is 2 mm) were recorded (top view) for the following conditions: (a)
as-received following EDM (gauge cross-section is 0.25 mm thick by 0.5 mm wide) and (b) polished (cross-section is 0.19 mm thick by 0.5 mm wide),
where Z is the build direction and T is the direction of tension. The EDM process produces (a) straight side walls. The (a;/a,) secondary electron images
and (az/ay/b,/bs) backscattered electron images show: the top view of the gauge section in the (a,/az/ay) as-received and (b,/bs) polished conditions. A
side view of the (a;) surface quality of the re-cast layer on the side walls is provided. Polishing produced a (b;) small amount of rounding near the edges
of'the top surface and is visible with X-ray CT (see arrows) in a view of the cross-section (note: internal pores, i.e. black circles, are also visible). The (a4)
estimated thickness of the re-cast layer ranges from 1 pum to 5 pm and contains a thin layer of V-rich oxide, based on a line-scan using (bs) energy
dispersive spectroscopy. Near the re-cast layer is a heat-affected zone (HAZ), which resembles the base microstructure in terms of (bs) composition, (by/
bs) grain morphology, and (b,) grain orientation. The HAZ microstructure is somewhat diffuse (compared to the base microstructure) due to a higher
dislocation content (bs) and lower diffraction pattern quality (bs). The thickness of the HAZ ranges from 3 pm to 7 pm

meso-scale and bulk tensile specimen geometries. For refer-
ence, the ultimate tensile strength and total elongation of the
bulk properties were 973 MPa and 0.128, respectively.
Fractography revealed ductile failure from microvoid coales-
cence on all fracture surfaces in all meso-scale and bulk tensile
specimens. An image of an entire meso-scale fracture surface
(Fig. 3b) revealed spherical gas pores (Fig. 3 b;) and ridges
elongated in the build direction (Fig. 3 by).

Discussion

The principal benefit of meso-scale mechanical testing and
characterization is the specimen size and length scale allows
for investigation of which defects and microstructural hetero-
geneities contained in the gauge section most likely contribute
to localized deformation and failure [4]. Also, surface-based
microstructure characterization (e.g., EBSD) tends to be
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Fig. 2 Optical images of the entire polished meso-scale tensile specimen (top view) were recorded (a;) before tension, (by) after interruption, and (c)
after deformation to failure. An (a,) X-ray CT reconstruction of porosity highlights the locations of all pores larger than 3 pm (diameter) throughout the
gauge section. The surface-exposed pore identified with a pentagon in (a,) is the same pore shown in (b,), (bg), and (c3), while the circled sub-surface
pore in (a,) is the pore shown in (b;) and (c4). Before tension, (a3/a4) EBSD maps spanning the entire gauge length were recorded to understand how (a3)
grain orientation, grain morphology, and (a4) Schmid factor influence strain localizations. After interruption, the meso-scale specimen was examined
with (bz/bs) EBSD in areas of visible surface-relief/strain localization. (¢;) Failure occurred along previously identified areas of surface relief (see white
lines), plus (c3/c4) both types of pores were elongated in the direction of tension

representative of the microstructure through the entire speci-
men thickness for specimens this small. This facilitates a
deeper understanding of the microstructural effects on defor-
mation behavior. While wire EDM is a viable technique for
excising macro- and meso-scale specimens from wrought ma-
terials [6—10], excising meso-scale tensile specimens from
additively manufactured parts enables probing of unique
structure-property relationships without influence from as-
built surfaces. Wire EDM used in this work produced straight
side walls along the gauge length, a thin re-cast layer (less than

SEM

a few um) of oxide, and a thin heat-affected zone that still
resembled the bulk microstructure in terms of grain morphol-
ogy, orientation, and chemistry (Fig. 1). Even though dimen-
sions of the gauge cross-section were on the order of a few
hundred um, the tensile properties of the meso-scale specimen
still exceeded the minimum ASTM requirements (0.10 engi-
neering strain) for additively manufactured [13] and wrought
products [14], although more mesoscale specimens would
need to be tested to confirm this definitively. While there is
a clear difference in the values of uniform and total elongation,
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Fig. 3 Tensile properties of a meso-scale sized specimen excised from Ti-6Al-4V parts (produced by EBM-PBF methods) and pulled to failure without
interruption is compared with bulk tensile properties of the same EBM-PBF build. (a) Representative engineering stress-strain curve of bulk specimens
and a meso-scale tensile specimen, where the inset of the Ti-6Al-4V part shows wafer orientations (dashed lines), specimen orientation, and build
direction. Error bars on the bulk engineering stress values are based on one standard deviation from 10 tests (yield strength is the blue square and ultimate
tensile strength is the red square). Error bars on the meso-scale stress values are based on measurement uncertainty with respect to the initial cross-
sectional area of the specimen (excised from the 0.25 mm thick wafer). Secondary electron images were recorded from the (b) fracture surface of a meso-
scale specimen and highlight the presence of microvoid coalescence, (by) gas porosity, and (b,) elongated features that are parallel to the build direction

the ultimate tensile strengths of the meso-scale and bulk spec-
imens do not differ significantly. However, the yield strengths
and initial strain hardening behaviors do differ. The differ-
ences in tensile properties are attributed to differences in spec-
imen orientation (different horizontals with respect to build
direction), local variations in crystallographic texture, and
the number of grain-boundary « (approximately 15) present
in the thickness of the meso-scale specimen. The latter as-
sumes there are only grain-boundary o present in the gauge
thickness (an extreme scenario), but the microstructure is pre-
dominantly made up of thin « laths. The current gauge thick-
ness likely contains on the order of 50 to 150 « laths, depend-
ing on the arrangement, and should thus not produce signifi-
cant scatter, based on the number of grains in the gauge cross-
section [15]. Future work will compare a statistically relevant
number of meso-scale tensile tests with bulk tensile properties
that are all measured with the same specimen orientation (with
respect to build direction).

Failure did not occur at a spatially-local maxima of pore
density, most likely because the largest spherical gas pore was
51 pm, the porosity content comprised only 0.12% of the
gauge volume, and no lack-of-fusion zones were observed
(only spherical pores). Ultimately, this means that microstruc-
tural heterogeneities contributed the most to localized defor-
mation (Fig. 2). These heterogeneities (grain boundary « elon-
gated in the build direction) have been reported [16] as con-
tributors to anisotropy in mechanical properties, since these
grains form along prior- grain boundaries. Previous work
[17, 18] has used meso-scale tensile specimens to study AM
metals, but none tracked microstructural heterogeneities dur-
ing deformation as was accomplished in this work. This

tracking is necessary to understand microstructure effects on
deformation behavior of these complex materials.

Conclusions

In this work, meso-scale tensile specimens were excised from
bulk additively manufactured Ti-6Al-4V parts using wire
EDM. To better understand structure-property relationships
in additively manufactured parts, EBSD and X-ray CT mea-
surements were completed before and after quasi-static ten-
sion tests (including an interruption after yielding) to track the
evolution of microstructural heterogeneities and changes in
porosity throughout the entire gauge length of the tensile spec-
imen. While internal and surface-exposed pores did elongate
in the tensile direction, failure ultimately occurred near a mi-
crostructural heterogeneity (grain boundary « elongated in the
build direction).
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