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Abstract

In this work we investigate the relationship between the different microstructural features in
additively-manufactured (AM) Direct Metal Laser Deposited Ti-6Al-4V alloys and the observed
fatigue and fracture behaviors, using high resolution Digital Image Correlation experiments and
microstructural imaging. Fatigue cracks in the AM specimens were observed to periodically
propagate parallel to the o’ laths and deflect at prior f grain boundaries. Corresponding plastic
strain distributions show needle-like regions of high strain that correlated to the o’ laths,
suggesting significant influence of the microstructure on the plastic zone. In many cases, the
fatigue cracks also propagated towards voids from unsintered powder or gas entrapment in the
vicinity. In several experiments, premature failure of the AM specimens occurred under
monotonic fracture or cyclic fatigue loading, which we attribute to the presence of void clusters
located near the crack-tip. These fatigue and fracture characteristics were similar for AM

specimens of different build-orientations.
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1. Introduction

Additive manufacturing (AM) of metals is revolutionizing the aerospace industry with the
ability to create complex part geometries and to consolidate many part components into one, thus
reducing component weight, material waste, and assembly complexity. Compared to traditional
subtractive manufacturing methods, AM processing allows for shortened lead time on parts by
moving production in house [1,2], which can enable the on-demand creation of spare parts in
situations not easily accessible to a supply chain (e.g., in vessels at sea or in space) [3]. In
addition, AM has become a valuable tool in obtaining spare parts for structures that are no longer
in production [4]. One common type of AM alloy widely used for aircraft structural components
is Ti-6Al-4V, which exhibits high strength, low density, high fracture toughness, and excellent
corrosion properties. Conventional manufacturing of Ti-6Al-4V involves extrusion, forging,
casting, and secondary machining processes to achieve the desired shapes, all of which can be
extremely challenging given the propensity of the alloy to strain harden. In contrast, AM
processes are capable of producing near-net shape structures of complex geometries directly

from three-dimensional CAD models by adding material incrementally.

One of the more common AM techniques used to fabricate Ti-6Al1-4V is powder bed fusion
using Direct Metal Laser Melting (DMLM). In DMLM, Ti-6Al-4V powder particles are
distributed in a thin layer over a build plate. The first powder layer is completely melted by a
laser, before a new layer of powder is distributed over the preceding layer, and the process is
repeated in succession, thereby adding material until the build is complete [5]. The highly
concentrated laser energy source generates high temperatures of ~2600K in the melt pool [1],
which transforms the initial o+ phase of the Ti-6Al-4V powder into a pure B phase. Because of

the short interaction time, high cooling rates of 10°-10° K/s are also generated [1]. Once the Ti-



6Al-4V layer cools past its B transus temperature of 995°C [6], the B phase now transforms into
martensitic o’ phase that nucleates within these B grain boundaries, resulting in observable “prior
B grains” [7,8] which tend to form in a columnar shape along the build direction and span the
length of many build layers [1,9]. A thin layer of coarsened microstructure is observed
periodically, perpendicular to the build direction, and is attributed to the re-melting of layers
[1,10]. This coarsened microstructure creates a banded type structure that is sometimes referred

to as a “layer band” [1,9-12].

The mechanical behavior of AM Ti-6Al-4V depends not only on any post processing of the
material (such as surface finishing or heat treatment), but more importantly on the initial
parameters used in the build process (such as laser power and scan speed) as these influence the
amount and type of defects within the material. Common defects in AM Ti-6Al-4V include gas
entrapment voids (or pores), lack-of-fusion pores, and un-melted powder particles on the as-built
surface. Gas entrapment voids are usually spherical and occur when gas becomes trapped in the
melted Ti-6Al-4V during the laser melting process, while lack-of-fusion defects are typically
irregular in shape and sometimes form due to inadequate laser energy that results in incomplete
melting [1]. As a result, there are varying reports regarding the fracture toughness and fatigue
life of AM Ti-6Al-4V. Many studies indicate as-built DMLM Ti-6Al1-4V samples exhibit lower
fracture toughness in comparison to wrought Ti-6Al-4V and attribute this reduction in fracture
toughness to the martensitic microstructure [13-17]. However, the fracture toughness is also
shown to exceed the wrought value in several studies when the additive material is heat-treated
[13,16]. Some studies suggest that a difference in fracture toughness could be attributed to the
sample build orientation [15,17]. This anisotropic behavior has also been observed in high cycle

fatigue tests of DMLM [18]. The fatigue life of DMLM Ti-6Al1-4V samples has been reported to



be lower than wrought Ti-6Al1-4V samples [19,20]. Mower and Long attribute this reduction in
fatigue life to fatigue cracks that initiate from voids on the surface and within the samples and

report that fatigue life can return to 70% of the wrought values after hot isostatic pressing [19].

In this work, we investigate the relationship between the different microstructural features in
AM DMLM Ti-6Al-4V alloys and the observed fatigue and fracture behaviors, using high
resolution Digital Image Correlation (HiDIC) experiments and microstructural imaging. Our
experiments will focus on the correlation of plastic strain accumulation, microstructural features
such as prior B grain boundaries and o’ laths, and location of defects such as voids and lack-of-
fusion defects, with the goal of understanding how these different microstructural features and
defects of AM versus conventionally manufactured Ti-6Al-4V alloys impact the fatigue crack

growth mechanisms, and ultimately, the fatigue life of the metal.

2. Experimental Methods

2.1 Specimen geometry and sample preparation

Single-edge notch tension Ti-6Al-4V specimens, with dimensions as shown in Fig.1a, were
additively-manufactured with DMLM to near net shape with a powder bed deposition layer
thickness of 30 um. In the DMLM process, the powdered metal is spread across the entire build
platform and selectively melted to previous layers using a laser, which allows metal parts to be
built out of a bed of powdered metal layer by layer. Our Ti-6Al-4V specimens were procured
from GPI Prototype & Manufacturing Services and were additively-manufactured with an
EOSINT M290 machine, which utilizes a 400 W Yb-fiber laser, with a scan speed of up to 7 m/s

and a focus diameter of 100 um. For the majority of the samples used here the build direction



was along the loading direction (y-axis). These samples are denoted as AM-Y#, where #
represents a sample number. However, one AM sample tested (AM-Z1) was built along the
thickness direction (z-axis). It was only possible to obtain one such AM-Z sample with a
through-thickness build that did not possess obvious warping or initial damage. A 1 mm long
edge notch at the mid-point of each sample was machined using a 0.15 mm radius electric
discharge machining (EDM) wire. Two holes were drilled on the sample centerline, as shown in
Fig. la, where pins were inserted in order to ensure sample alignment with the loading axis of
the tensile machine. For comparison studies, we also fabricate conventional Ti-6Al-4V samples
of the same dimensions from a 1.6 mm thick grade 5 (Ti-6Al-4V) annealed titanium sheet

(procured from McMaster Carr) using EDM.

AM samples were ground on all sides and edges with 320-grit SiC paper step to remove all
unsintered particles. The surface on one side of all samples (additive and conventional) was
prepared for imaging using a three-step grinding process (using 320-, 600-, and 800-grit SiC
paper) followed by polishing and ultrasonic cleaning. All samples were then vibratory polished
for 1 to 2 hours, followed again by ultrasonic cleaning in both distilled water and either ethanol
or isopropyl alcohol. Along the lines of the approach of Carroll et al. [21], after grinding and
polishing, Vickers hardness indents were placed at the corners of an area of interest using a
Shimadzu hardness indenter. These indents served as fiducial markers that were used to align the

observed microstructure to the measured strain fields.
2.2 Fatigue experiments

A fatigue crack was grown from the starter EDM notch using an Instron 8500 mechanical
test frame with a 4.45 kN load cell, as shown in Fig. 1b. Samples were cyclically loaded in load

control with a haversine waveshape at a frequency of 1 Hz, with a stress intensity factor range



AK = Kygy — Kmin = 19.8 MPaVm and a load ratio of R = Kmin 0.1, where K, and K, are

max

the maximum and minimum mode I stress intensity factors respectively. This 4K value is
approximately one third of the published mode I critical stress intensity factor of conventional
Ti-6Al1-4V [22] and was selected as a compromise between the amount of plasticity present in

the experiments and the time it would take to grow the fatigue crack.

Crack initiation was observed around 2,000 to 3,000 cycles for most samples. As the fatigue
crack propagates, the 4K value would increase if the load were kept constant. To avoid the
resulting significant growth of strains in the plastic wake, a load shedding procedure was adopted
where the load was reduced by 10% whenever AK exceeded the target value of 19.8 MPaVm by
5%. This load shedding procedure was repeated until we achieved a total fatigue crack length of

either 2 mm or 3 mm, including the notch.
2.3 Plastic strain measurements using HiDIC

We trace the plastic strain developments during fatigue cycling with high resolution DIC
(HiDIC) [21]. A microscale resolution pattern was developed by depositing silicon carbide
powder particles on the sample polished surface. Images were acquired with a Point Grey
Grasshopper 3 2016 x 2016 pixel resolution CCD monochromatic camera attached to an
Olympus microscope. We recorded 20x magnification optical images of the expected cracking
region of the samples at the initial state prior to loading. In order to cover the entire area of
interest, images were taken with the microscope in a grid-like fashion, with at least a 50%
overlap of each image. A stitched grid of anywhere from 30 to 84 images were used. The outer
edge of each image was cropped, and the images were stitched using ImagelJ [23], as described in
[21], to obtain one high-resolution image. Once fatigue cracking was completed, the samples

were carefully removed from the load frame and a second set of 20x images of the region of
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interest were taken, stitched and correlated with the first (using a 21x21 pixel subset size and a
step size of 5 pixels) in order to determine the extent of the plastic wake formed. Since these
images were taken under an optical microscope after loading was removed, only residual
(plastic) strains are recorded by HiDIC. The effect of image stitching on HiDIC strain fields is
discussed in Carroll et al. [21] who note that artificial bands of high-low strain may appear along
the boundary of images, but that this error becomes less dominant as global strain approaches
1%. In order to validate the ex situ DIC pattern two sets of images were taken, stitched and

correlated, paying attention to the strain field noise generated rather than displacement noise.

2.3 Microstructural characterization

Heat tinting is a microstructural characterization technique that can be used to identify grain
phase and orientation information. Heating a polished metal sample produces an oxide layer that
varies in thickness based on the material phase and crystallographic orientation. This variation in
oxidation layer thickness produces different colors that can be observed through polarized or
brightfield microscopy. While there are a variety of ways to heat tint a sample, a laboratory oven
provides a controlled environment allowing for reproducible results [24]. Heat tinting provides
the best results with a flat mirror polished surface, however it still produced acceptable results
with lower quality surface finishes and embedded abrasive particles from polishing, as in some
cases studied here. VanderVoort [24], Harper et al. [25], and Barnes [26] all present different
heat tinting procedures for commercially pure titanium and titanium alloys using different

temperatures (ranging from 400°C to 700°C) and times (ranging from 30 seconds to 2 hours).

Adopting the procedure outlined by Harper et al. [25], both the conventional and the AM Ti-
6Al1-4V samples were placed in a laboratory furnace at 566°C and removed after 8 minutes.

Microstructural images were captured with the same optical microscope system used for the



HiDIC measurements but often at a higher magnification. Figure 2a shows the heat-tinted
microstructure of a conventional Ti-6Al-4V specimen at 40x magnification, which has an
equiaxed o phase (grey spots; grain size of ~9.5 um) intermixed with a B phase (dark spots),
resembling the annealed conventional Ti-6Al-4V microstructure reported in prior studies [6,27-
30]. In contrast, the heat-tinted AM samples with build directions along the y-axis, termed AM-
Y4 and AM-Y3 in Figs. 2b and 2c, reveal a fine martensitic (a’) structure (grain size of ~1 um)
with elongated columnar prior f grains (grain size of ~110 pm) along the build direction, similar
to that reported in prior studies [9,13,31]. The heat-tinted AM sample with build direction along
the z-axis, termed AM-Z1 in Fig. 2d, reveal a checkerboard pattern of prior § grains, as also seen
in similarly-oriented DMLM samples in prior studies [31-33]. Interestingly, the AM-Y3 sample

has many visible surface pores (or voids) with arrows pointing out some of the larger defects.
2.4 Layer banding

Unlike conventional Ti-6Al-4V, one unique feature of the AM material is the presence of
regularly spaced dark “layer bands” oriented perpendicular to the build direction, as shown for
the AM-Y1 sample in Fig. 3a. These layer bands are consistently spaced 85 pum apart for the 30
um layer build samples, which is ~3 times the powder layer thickness. Layer bands seen in AM
Ti-6Al-4V have been widely reported in the literature [10,34-41], and were attributed to the
complex thermal history that AM metals undergo as layers are initially deposited, melted, and
remelted and reheated by laser scanning of subsequent layers. In Thijs et al. [38] it was proposed
that segregation of aluminum occurred due to the fast solidification of the melt pool, and thus
Ti3Al phase precipitates were formed in these layer bands and produced the contrast seen in
optical and SEM micrographs. Fluctuations in aluminum content seen in energy dispersive x-ray

spectroscopy (EDS) measurements were used to confirm this. Kelly and Kampe [36] investigated



the nature of these layers using hardness, composition fluctuations, and microstructure of laser
melted Ti-6Al-4V. Hardness tests were performed in that effort on the suspicion that oxygen
contamination embrittled the samples at the layer interfaces. However, no significant hardness
variation between layer bands and in-between regions led to that hypothesis being ruled out.
Composition analysis was used to determine any amount of atomic segregation within and
between layer bands, and contrary to conclusions drawn in Thijs et al. [38], no Ti3Al segregation
was found in Kelly and Kampe [36]. Micrographs of chemically etched samples in Kelly and
Kampe [36] showed Widmanstitten o phase structure in the layer bands compared to a coarser
basketweave a structure in the surrounding areas. It was then concluded that the appearance of
these layer bands is due to thermal heating across several layers resulting in these structural

differences between layers [36].

Following Kelly and Kampe [36], we performed microhardness measurements on a polished
face of an AM-Y sample with a 100 g weighted indenter to achieve an indentation size resolution
necessary for hardness measurements within a layer band. The microhardness indentations are
then superposed on an SEM backscattered electron composition mode image, as shown in Fig.
3b, to determine indentation locations with respect to the layers. We obtain an average Vickers
hardness number (VHN) of 449.1 with standard deviation of 19.9 between the layer bands and an
average VHN of 445.0 with standard deviation of 23.9 on the layer bands, indicating no
significant variations in hardness, akin to previous findings [36]. We also performed a line scan
composition analysis on an AM-Y sample using a JEOL 6060LV SEM, and observed no
significant fluctuations in the composition of any constituent element along the build direction at

layer interfaces, as shown in Fig. 3¢, which again agrees with previous findings in [36].



3. Results and Discussions
3.1 Plastic strain accumulation

Under cyclic (elastic) fatigue loading within the conditions of small-scale yielding, a small
(relative to large scale yielding) plastic zone will form in front of a notch or crack tip. As a
fatigue crack eventually initiates and grows, a new (active) plastic zone will propagate along
with the growing crack, thus leaving a wake of plastically deformed material on either side of the
crack. By recording images prior to cracking and correlating these with images taken at the end
of cracking (or at intermediate stages if the load was interrupted) the residual strain in the plastic
wake can be measured. Following this procedure, contours of the &, strain were generated in

order to visualize the plastic wake that resulted from the fatigue crack.

Figure 4 compares the plastic wake for fatigue cycling of conventional (Fig. 4a) versus AM-
Y3 (Fig. 4b) and AM-Y4 (Fig. 4c) Ti-6Al-4V samples. Note that the white regions within the
contours represent uncorrelated points commonly associated with the presence of local voids and
of course the crack path, which is clearly illustrated in each case. The crack tip itself was located
manually with in situ images taken when fatigue loading was halted. The crack tip location at
each load reduction point is indicated by a black dot and the number of cycles and maximum
load is called out for each load shedding increment. As aforementioned, load shedding was

applied to keep the applied 4K approximately constant during fatigue crack growth.

The conventional and AM specimens display variability in crack paths, but the plastic wake
mostly remains within the width of the machined notch for all samples. The plastic wake that
develops in the conventional Ti-6Al1-4V (Fig. 4a) is relatively uniform with a symmetric amount
of plastic strain developing above and below the crack line for the entire length of the crack. In

both AM samples however, the plastic wake is asymmetric about the crack line and varies in
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width along the length of the crack. Note that there can be significant variability in the amount of
strain accumulated in the wake of the crack in the additive material, as the area of high strain in
the plastic wake of the AM-Y3 is larger than in AM-Y4. The reason for this is believed to be a
combination of the unique microstructure of the AM material and the voids or defects that may
be present. The effect of load shedding is clearly observable in the conventional Ti-6Al-4V
sample in Fig. 4a, with the reduction and subsequent growth of the plastic wake corresponding to
the points at which the load was reduced. Although occasionally observable, the effect of the
load shedding is less clear in the AM samples. Some reductions in plastic wake that correspond
to the locations of load shedding are observed in the AM samples, but not for every load

shedding point.

The plastic wake contours were also overlaid on the 20x magnification heat tinted optical
microstructural images and aligned using the Vickers indents. The resulting plots are shown in
Fig. 5. Note that in this set of figures, which contain the same strain data as in Fig. 4, the same
contour color levels have been used in all cases so that the relative extent of plasticity between
samples can be directly compared. Voids on the order of 30 um in diameter are observable in the
optical microstructural images, as indicated by black arrows in Fig. 5b, and the crack path tends
to propagate towards voids. Closer examination of the AM microstructures shows that the plastic
wake does stop along the boundary of prior B grains or change direction, as indicated by white
arrows in Fig. 5c. Another notable feature is the residual plastic strain that emanates from a void
not on the crack path in AM-Y3 in Fig. 5b illustrating the mechanism for voids affecting the

approaching fatigue crack line.
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3.2 Crack paths

We next examine the influence of microstructure on the fatigue crack path for conventional
(Fig. 6) versus AM Ti-6Al1-4V (Figs. 7). In constructing these figures, we recorded a 20x grid of
images of the microstructure in the area of expected crack growth before the HiDIC pattern was
applied. This allowed for the eventual crack path to be digitally overlaid on the original
microstructure, without the need for additional polishing or material removal. Using ImageJ and
Photoshop, the pattern was digitally removed from the 20x magnification images taken after
fatigue cracking, leaving only the fatigue crack path. Although an attempt was made to preserve
as much of the secondary cracking and crack branching as possible during image processing,
often the thin cracks became indistinguishable from the pattern at 20x magnification. An
example of the stitched 20x image taken of AM-Y2 after fatigue cracking, but before image
processing, is shown in Fig. 7a (upper) for reference. Overlaying the crack path on the heat tinted
microstructural images resulted in the remaining images shown in Fig. 7. The images were
aligned using the Vickers indentation marks that define the region of interest. The alignment of
the crack path and microstructural images had an average error of 1.5 pm due to a small amount
of opening from the crack. This error in alignment meant that the crack path could not be aligned
to within a single o’ lath. However, the effects of the o’ lath direction in the area near the crack

could still be observed.

The white arrows in Fig. 7 indicate the regions where crack propagation is parallel to the
o’ laths, while the red arrows indicate a change in crack path direction that can be attributed to
prior B grain boundaries. As shown in the area outlined in red and magnified in Fig. 7a (lower),
the main crack stops at a prior  grain boundary and a daughter crack initiates above the main

crack, shown by the yellow arrow. The effects of the o’ laths and prior B grain boundaries are
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also identified for the 1 mm fatigue crack in AM-Y3 and -Y4 in Fig. 7b and 7c, respectively. As
noted in Section 3.1, the fatigue crack propagates towards voids on the surface in AM-Y3. The
crack paths seen in AM-Y3 and -Y4 exhibit similar behavior to the other AM samples with
respect to the o’ laths and prior  grain boundaries. This transgranular type of fracture was also
observed by Konec¢na et al. [42] in DMLM Ti-6Al-4V samples. The crack path observed for
conventional Ti-6Al-4V, in Fig. 6, is noticeably different than that the AM Ti-6Al-4V samples in
Fig. 7. Aside from an initial upward curve in the beginning of the crack, the crack in the
conventional material is relatively straight. As seen in the 40x magnification images in Fig. 6, the

crack propagates in a transgranular fashion through most observable grains (especially clear in
(©)).

The fatigue crack path behavior due to the microstructure of AM Ti-6Al-4V presented here is
supported by observations found in several other works. Zhang et al. compared crack
propagation and microstructure in WAAM (wire and arc melted) and wrought Ti-6A1-4V [43]. In
the wrought Ti-6Al-4V they note that the crack propagates smoothly along the equiaxed grains,
while for the WAAM Ti-6Al1-4V the crack path is described as torturous due to the lamellar
microstructure. Akerfeldt et al. used EBSD results along the fatigue crack profile to demonstrate
that prior  grain boundaries and crystallographic orientations influence the crack profile in laser
metal wire deposition (LMWD) Ti-6Al1-4V [44]. Sterling et al. attribute the “jaggedness” of the
crack propagation path in additive manufactured Ti-6Al-4V to the presence of prior B grains by
comparing a Laser Engineered Net Shaping (LENS) Ti-6Al1-4V sample with prior § grains to one
without [45]. Kumar et al. also note the crack path deflection at prior B grain boundaries in SLM

(selective laser melted) Ti-6Al-4V [46].
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The tortuosity of the crack path can also be quantified by comparing the horizontal length of
each crack to a measurement of the effective, or actual, crack length. These measurements were
made in Imagel, using 4x and 20x magnification images taken of the fatigue crack for each
experiment. The results of these measurements for all samples are summarized in Table 1,
including an AM-Z1 sample with build orientation along the z-axis that we will discuss in

Section 3.4.

Table 1 Comparison of effective and horizontal crack length for conventional and DMLM

samples.

Effective Length Horizontal Length Difference

Type Name
(mm) (mm) (%)
1 2.029 1.975 2.70
Conventional
2 1.035 0.997 3.74
1 2.477 2.040 19.4
2 2.314 1.980 14.0
AM-Y
3 1.228 0.992 21.3
4 1.179 1.016 14.9
AM-Z 1 1.390 1.032 29.6

As seen in Table 1, the effective crack length for conventional samples is within 4% of the

horizontal crack length, while the effective crack length for the AM-Y samples differs by about
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23% from the horizontal length and the AM-Z sample differs by 30%. This tortuosity can result
in an increase in required energy to extend the crack [47] which should be an advantage for AM

materials in terms of damage tolerance.

3.3 Fracture surfaces

SEM imaging of the entire fracture surfaces was performed for conventional and AM Ti-6Al-
4V samples. Figure 8 shows the fracture surface of a conventional sample, where the machined
notch, fatigue cracking region, and final fracture region due to monotonic loading (to obtain two
pieces) are explicitly labeled as a reference for the remaining fracture surfaces presented in this
section. The crack growth direction as defined in Fig. 8, from right to left, applies to all SEM
images shown in this section, as all images were taken with the samples in this orientation. As
expected, a smooth, thumbnail crack front is seen at the end of the fatigue crack growth region
(shown with a dashed red line in Fig. 8). Shear lips that develop during the monotonic loading to
failure, and which are consistent with the thin specimens used for testing, are also seen and

outlined with dotted white lines in Fig. 8.

SEM images of the fracture surfaces of several AM Ti-6Al-4V samples, subjected to fatigue
cracking followed by monotonic loading exceeding 1 kN above the last fatigue cycle load, are
shown in Fig. 9. Some voids observable on the fracture surfaces of the AM samples are marked
with arrows in Fig. 9 for reference. The fatigue crack fronts seen in the three AM samples (AM-
Y1, -Y2, and -Y4) in Fig. 9 are asymmetric and seem to be highly influenced by local three-
dimensional effects rather than exhibit the small curvature caused by plane stress to plane strain
transition of the conventional Ti-6A1-4V (Fig. 8). Cain et al. also noted an uneven crack front in
AM Ti-6Al1-4V compact-tension samples used in fracture toughness experiments [15]. As seen in

Fig. 9, there is a noticeable increase in the number of pores observed in the monotonic fracture
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surface versus the fatigue cracking fracture surface in these AM samples. In comparison to the
conventional sample, the shear lips in the AM samples are harder to identify and occupy far less
of the sample thickness, perhaps indicating a more brittle fracture or at least indicating a fracture

process less controlled by surface plane stress conditions.

The above AM samples exhibited similar global fatigue and fracture response to
conventional Ti-6Al-4V. However, we also tested a number of samples (AM-Y3 and AM-Y6)
which fractured prematurely when loaded to less than 0.25 kN (versus >1 kN) above the last
fatigue cycle maximum load. The fracture surface of AM-Y3, as shown in Fig. 10a, has a similar
level of porosity in the fatigue and fracture region compared to the samples shown in Fig. 9.
However, a void located close to the surface at the transition from fatigue region to fracture may
have been the cause of this premature fracture. This void is shown in a higher magnification

image outlined in blue in Fig. 10a.

In addition to these samples, SEM images of the fracture surface were also taken for AM-Y5
sample that unexpectedly failed during fatigue cracking. As shown in Fig. 10b, a small amount
of fatigue crack propagation is observed for AM-YS5, but transitions to an unstable catastrophic
crack when reaching the area where a grouping of voids, outlined in red, is observed in the
postmortem SEM image. A higher magnification SEM image of these voids is also shown in Fig.
10b. These spherical voids with smooth inner surfaces are similar to those seen in Sterling et al.
[45] for LENS Ti-6Al-4V samples. Sterling et al. also found that an increase in void size,
increased number of voids, voids located near the surface, and voids located close together
caused a reduction in fatigue life in some cases. Liu and Shin also note that the location and

shape of defects in AM Ti-6Al1-4V can severely affect the fatigue performance [1]. Williams et
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al. cite both a smooth microstructural facet and two partially connected gas pores as the cause for

the reduction in cycles to fracture in an EBM (electron beam melted) Ti-6A1-4V sample [48].

Higher magnification images of the fatigue and monotonic fracture regions were taken of the
conventional and AM-Y1 Ti-6Al-4V samples, as shown in Fig. 11. The fracture surface of
conventional Ti-6Al-4V sample under monotonic loading in Fig. 11a (left) looks as expected,
with equiaxed ductile dimples in the monotonic fracture region resulting from a ductile void
nucleation, growth, and coalescence failure mechanism. Fatigue striations, perpendicular to the
crack propagation direction, are somewhat visible in the fatigue cracking region in Fig. 1la
(right). Terracing and shallower dimples in the monotonic fracture region of the AM Ti-6Al-4V
in Fig. 11b (left) indicates brittle failure. Wysocki et al. [49] and Mierzejewska et al. [9] attribute
this terracing to intergranular fracture, likely along the o’ needles. The fatigue cracking region of
AM-Y1 shows micro-cracks in different directions, possibly along o’ laths. When viewed under
even higher magnification (X5,500) fatigue striations can be seen in the fatigue crack
propagation region in the conventional sample, as shown in Fig. 12a. At the same magnification,
fatigue striations are not easily observed in the AM samples. Instead, at X5,500 magnification

micro-cracks are observed in AM-Y2 shown in Fig. 12b.

Voids on the order of ~30 um are observed on the fracture surface of all AM samples. These
voids, that are spherical in nature, are similar to the gas entrapment voids seen in many other
studies of AM Ti-6Al1-4V [45,50,51] as well as in moisture-encapsulated adhesives [52-54], and
can lead to significant reduction in fracture toughness and fatigue cycle life [55]. A higher
magnification image of a typical void and un-melted powder particle observed on the fracture

surface of AM-Y2 are shown in Fig. 13a and 13b. Some atypical voids that are much larger than
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30 um or elongated, are also observed on the fracture surface of AM-Y2 and -Y6 and are

included in Fig. 13c and 13d.

The role of microvoids on the fracture and failure mechanics of conventional metals is well-
established. These microvoids nucleate from inclusions and secondary particles at low stress
levels during early loading stages, and can have initial void diameters of 2-12 pum [56-59].
Because these void-nucleating particles are uniformly distributed within the metal, the fracture
process of void nucleation, growth, and coalescence of conventional metals occurs within a
uniformly porous, but narrow, process zone [60-62]. As we have also observed in our
fatigue/fracture experiments, these conventional metals exhibit very consistent crack growth
behaviors, because the microstructures and precipitate/inclusion distributions do not significantly
vary from one conventional metal sample to another. In AM metals, however, there are two
separate size-scales of voids. The smaller-scale voids are the same as those present in
conventional metals (~2-12 pum) nucleating during loading from inclusions and secondary
particles. The larger-scale voids (~30 um) in AM metals arise from unsintered powder particles
or gas entrapment bubbles, as observed on the fracture surfaces of all our AM-Y samples. The
distribution of these larger-scale AM voids is also highly stochastic. As shown by our crack
growth studies, the surface crack paths can be clearly influenced by the locations of these larger-
scale AM voids, thus resulting in at times contradictory fatigue and fracture responses across the
AM-Y1 to -Y6 samples which are essentially different instantiations of AM Ti-6Al-4V with the
same build direction, manufactured with the same process conditions. Our current surface DIC
imaging analysis (Fig. 5) cannot provide detailed 3D information necessary to quantitatively
characterize the role of internal voids on fatigue crack propagation (e.g., tunneling effect).

Nonetheless, the observed AM voids by SEM represent the fracture surface voids and do give
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some indication of their stochastic nature through the thickness that appears to suppress the
traditional crack tunneling behavior and rather produce a somewhat tortuous through-thickness

crack front as well (dashed lines in Fig. 9).

We have recently performed finite element method (FEM) simulations on crack growth
within a process zone containing two-scales of voids representative of AM metals, albeit in two-
dimensions [63]. We show that the fracture resistance is significantly impacted by the proportion
and size of the larger AM voids within the porous process zone. More importantly, these FEM
simulations demonstrate that the crack path is highly sensitive to the location of the AM void
with respect to the crack-tip, in agreement with our experiments on the AM-Y specimens, and
contribute to the wide scatter in the measured steady-state fracture toughness. A 3D FEM study
containing two-size-scale voids is in progress, which could help discern the contribution of

internal voids to the fracture and fatigue crack growth response.
3.4 Build orientation effects

To understand the effects of build orientation, we examine the crack path profiles for fatigue
cycling of AM-Z1 with build-orientation along the z-axis (i.e., the thickness of the specimen). As
shown in Fig. 14a, the prior § grain boundaries and o’ laths have similar effects on the crack path
regardless of the build orientation (compare Fig. 14a versus Fig. 7). However, the first ~0.25 mm
of the crack path in AM-Z1 is distinctly different from all the AM-Y samples: the crack initiates
near the center of the notch and grows relatively horizontally, until it deflects at a 90° angle and
begins traveling towards a large void on the surface. The influence of the prior  grains on the
width and direction of the plastic wake in the AM-Z1 sample can be seen in Fig. 14b. At certain
locations, the plastic wake in AM-Z1 is inclined parallel to the prior B grains, and is independent

of the crack growth direction. This influence of prior B grains on the plastic wake for AM-Z1
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appears to be much stronger than for all of the AM-Y samples with build orientation along the
tension direction. Potentially, this is due to the prior B grains of the AM-Z sample which are
oriented at ~45° to the desired crack propagation path, versus those in the AM-Y samples which

are oriented perpendicular to the desired crack propagation path.

Figure 15a shows the fracture surface of the AM-Z1 sample, with dashed red lines separating
the fatigue cracking region (right) from the fracture (left) region associated with monotonic
loading. Compared to the AM-Y samples in Figs. 10 and 11, the AM-Z1 sample has noticeably
fewer voids on the fracture surface and has a relatively straight crack front. However, the AM-Z1
sample still failed prematurely when loaded to <0.25 kN above the last fatigue cycle maximum
load. The underpinning reason for this remains unclear, since higher magnification imaging in
Fig. 15b shows similar micro-cracking along the o’ laths in the fatigue region as well as terracing
and shallower dimples in the monotonic fracture region to the AM-Y samples. One possible
explanation could rest with residual stresses which are expected to be very different in the two

builds (Z vs. Y) because of differing thermal histories in the samples.

4. Conclusions

The main goal of this work was to compare the microstructures of AM versus conventionally
manufactured Ti-6Al-4V alloys and to determine how the microstructural differences impact
strain accumulation and crack path during fatigue cycling. In pursuit of this goal, high-resolution
ex situ HiDIC-measured strain fields were overlaid on optical microstructural images of heat
tinted samples. The differences in microstructures between the AM and conventionally
manufactured Ti-6Al-4V resulted in noticeable differences in the size and behavior of the plastic

wake that developed from fatigue cracking. The plastic wake in the conventional sample was
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symmetric and responded predictably to load shedding, while the plastic wake in the additive
samples was asymmetric and unpredictable, meaning that it sometimes responded to the
reduction of load and sometimes not. The overlay of the fatigue crack path on the microstructural
images further supported the observations that the microstructure influences fatigue crack
propagation. Regions where the crack propagated along o’ laths and deflected at prior  grain
boundaries were observed in all AM samples, regardless of build orientation. The fatigue crack
also propagated towards voids on the surface which implied that defects, such as voids, play a
significant role in the fatigue and fracture behavior of the AM samples. The premature failure of
several AM samples during fatigue cracking, or subsequent monotonic loading, could also be
attributed to the defects in the AM samples, which suggests that controlling these AM void

defects is key to improving reliability of these materials.
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Figure 1: (a) Schematic of additively manufactured Ti-6Al-4V samples (all dimensions in mm).
(b) In situ DIC tension test set up on Instron 8500 machine.
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Figure 2: Heat tinted microstructures of conventional (a) versus three AM-produced Ti-6Al-4V
samples termed AM-Y4 (b), AM-Y3 (c), and AM-Z1 (d). Red arrows in (a,b) indicate observed
grain boundaries along yellow dashed lines. White arrows in (¢) indicate examples of voiding

defects from AM processing.
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Figure 3: (a) Layering bands in the AM-Y1 sample. (b) Close-up view of the microhardness
indentations superposed on an SEM image, with lines indicating locations of layering bands. (c)
Energy dispersive electron spectroscopy line scan showing the composition changes of the
various constituent elements along the build direction.
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Figure 4: Plastic wake for fatigue cycling of conventional (a), AM-Y3 (b), and AM-Y4 (c¢) Ti-
6Al-4V samples, each with a | mm fatigue crack. Arrows denote the location of each load
shedding point, with associated number of cycle increments and maximum load as marked.
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Figure 5: Plastic wake overlaid on heat tinted microstructural images for fatigue cycling of
conventional (a), AM-Y3 (b), and AM-Y4 (c¢) Ti-6Al-4V samples, each with a Imm fatigue
crack.
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Figure 6: Crack path profile of conventional Ti-6A1-4V with close up view (A) to (C) of three
regions of interest.
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Figure 7: Crack path profiles of AM-Y2 (a) AM-Y3 (b), and AM-Y4 (c¢) Ti-6Al-4V samples.
Upper and lower images in (a) are the crack path profiles before image processing and overlaid
on microstructure. White and red arrows indicate the effects of o’ laths and prior  grain
boundaries on crack path, respectively; yellow arrow indicates the formation of a daughter crack.
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Monotonic Fracture Fatigue Precracking

Figure 8: SEM image of the fracture surface of a typical conventional Ti-6Al-4V sample. Red
dashed lines outline the final location of the fatigue crack front before final fracture under
monotonic loading. White dotted lines indicate shear lips that develop during monotonic fracture.
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Figure 9: SEM image of the fracture surfaces of AM-Y1 (a), AM-Y2 (b), and AM-Y4 (¢) Ti-
6Al-4V samples subjected to monotonic loading at loads > 1kN following fatigue cracking. Red
dashed lines outline the fatigue crack front denoting the transition from fatigue to fracture. Black
arrows indicate some of the observable voids on the fracture surface.
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Figure 10: SEM image of the fracture surface of AM-Y3 (a) and AM-Y5 (b) Ti-6Al-4V
samples. Sample (a) failed prematurely when loaded to <0.25 kN above the last fatigue cycle
maximum load, while sample (b) failed prematurely at a load below the maximum load of its last
fatigue cycle. Close-up views in (a) and (b) respectively show voids along the fatigue crack front
and clustering of voids, which are responsible for the premature failure. Red dashed line in (a)
outlines the fatigue crack front denoting the transition from fatigue to fracture.
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Figure 11: SEM images of the fracture (left) and fatigue (right) surfaces of conventional (a) and
AM-Y1 (b) Ti-6Al-4V samples.
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Figure 12: High magnification SEM images of fatigue striations (a) and microcracking (b) in
the fatigue regions of conventional and AM-Y2 Ti-6Al-4V samples, respectively.
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Figure 13: High magnification SEM images of void-like defect (a) and unsintered powder
particle (b) on the fracture surfaces of AM-Y2 Ti-6Al1-4V sample, as well as atypical voids found
on AM-Y6 (¢) and AM-Y2 (d) Ti-6Al-4V samples.
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Figure 14: (a) Crack path profiles for fatigue cycling of AM-Z1 Ti-6Al-4V sample. White
arrows indicate the effects of the o laths and red arrows indicate effects of prior B grain
boundaries on crack path. (b) Plastic wake overlaid on heat tinted microstructural image in (a).
Voids are denoted by black arrows. Observable effects of prior  grains on the plastic wake are
denoted by white dashed lines.
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Figure 15: (a) SEM image of the fracture surface of AM-Z1 Ti-6Al-4V sample, which failed
prematurely when loaded to <0.25 kN above the last fatigue cycle maximum load. (b) High
magnification SEM images of the fracture (left) and fatigue regions (right) of AM-Z1 sample.
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