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Abstract Metal additive manufacturing (AM) is being

rapidly adopted in the aerospace and biomedical industries.

Powder bed fusion AM processes are leading this trend. To

maximize process economy, excess ‘‘unmelted’’ powder

retrieved from the build chamber is used in subsequent

build cycles. The metal properties and component relia-

bility could undergo degradation with powder reuse. This

study investigates the effects of powder reuse on fracture

surface characteristics of Ti6Al4V specimens fabricated by

electron beam melting AM over 30 sequential build cycles.

Optical microscopy and scanning electron microscopy

were used to evaluate the changes in fracture surface fea-

tures of tensile failures with powder reuse.

Macroscopically, slant fractures were most common in

early builds, which transitioned to orthogonal fracture

surfaces with poorly defined shear lips with increasing

reuse. Regardless of the build number, the fracture origins

were consistently from the as-built surfaces. Microscopi-

cally, ductile features such as micro-void coalescence were

evident throughout the 30 build cycles. However, increas-

ing flute content with reuse suggests that rising oxygen

levels causes solution strengthening and limits the partici-

pation of active slip systems. These results highlight the

importance of surface roughness and powder oxidation to

metal performance in AM, and the evolution of fracto-

graphic features with powder reuse.

Keywords Additive manufacturing � Electron beam �
Fractography � Powder bed � Reuse � Titanium

Introduction

In the last several decades, metal additive manufacturing

(AM) has rapidly expanded from a concept process

involved in developing prototypes to a viable method of

product manufacturing [1]. Commercial systems are now

available from various manufacturers and they accommo-

date a wide range of metals and alloys [2]. In response,

metal AM has been rapidly adopted by a number of

industries, and the most impressive advancements are

taking place in the aerospace and the biomedical industry

[3]. During 2010–2015, the value of AM rose by 30%, with

no sign of slowing [3].

AM provides several benefits over conventional meth-

ods of manufacturing, and in particular with respect to

subtractive techniques. One of the most commonly cited

advantages of AM overall is the geometric design freedom.

Indeed, metal AM enables the creation of parts that are

either impossible or too expensive to create through con-

ventional means [4]. Topology optimization is also

possible, which can significantly reduce the weight and

material use of certain manufactured components [3]. This

capability enables extremely low ‘‘buy-to-fly’’ ratios. In

addition, whereas conventional manufacturing techniques

such as casting typically exhibit a decreasing cost per unit

part due to mold or tooling needs, the cost per part in metal
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AM remains approximately constant regardless of the

number of parts built [4]. Thus, AM is suitable for a range

of production scenarios, including small production runs

and customized parts.

In industries such as aerospace that are producing

components that are important to public safety, a certifi-

cation is required before they can be placed on aircraft.

Clearly, the need increases in stress-critical applications.

But a significant amount of work is required before a clear

path to component certification can be achieved. Most

important in this pursuit is the development of process–

structure–property relationships that help to establish con-

fidence in the process and components [5, 6].

Comprehensive models of the AM process are needed,

which are supported by a wide selection of characterization

techniques, to mitigate the need for individual qualification

of every part produced. Requiring individual or 100% part

certification could be the death of metal AM in aerospace.

In metal powder bed fusion (PBF) AM, only a portion of

the metal powder within the build space undergoes fusion

to form the printed parts. Owing to the high cost of AM

feedstock in metal PBF processes, there is substantial

interest in reusing the remaining powder that did not

undergo melting. However, this powder has undergone

thermal cycling within the build chamber and, in the case

of electron beam melting (EBM) systems, has experienced

mechanical damage as a consequence of the powder

recovery process. As such, the issue of certification

becomes increasingly complicated when considering

powder reuse. A number of studies have attempted to

address these concerns by examining the effects of powder

damage on the printed parts [7–17]. Those focused on the

use of Ti6Al4V powder have reported that there are sig-

nificant changes in powder quality with reuse

[8, 9, 11, 17–19]. Mostly commonly addressed are powder

chemistry and its flowability, and mechanical properties of

the printed parts. While valuable, an evaluation detailing

the fractographic features of AM metals and the contribu-

tions of powder reuse to the tensile fracture characteristics

has not been reported.

As metal AM becomes increasingly viable for stress-

critical components and related applications, a deeper

understanding of the predominant defects contributing to

component failures and their fracture origins will be nee-

ded. Considering that powder reuse and the consequent

changes in composition can cause a transition in failure

modes, evaluations that address failure mechanisms

become even more important. In the present experimental

investigation, a fractographic analysis of tensile specimens

developed by EBM of Ti6Al4V powder was conducted in a

program that consisted of reusing powder in 30 sequential

build cycles [18]. The objective of this investigation was to

detail the fracture origins in tensile failures and the changes

in fracture surface characteristics as a function of powder

reuse.

Materials and Methods

The feedstock materials used in the present study consisted

of 50 kg of Grade 5 Ti6Al4V gas atomized powder, which

was acquired and certified by Arcam (Arcam: Batch P1303,

Part #430944) to be compliant with ASTM F2924-14 [20].

The powder was handled according to the manufacturer’s

recommendation in all aspects of the investigation.

The investigation consisted of 30 total build cycles,

which were conducted sequentially on approximately a

weekly routine. Printing was performed on an Arcam A2X

EBM system using the default processing parameters for

Grade 5 Ti6Al4V. For convenience, the builds were des-

ignated in terms of the build number (b#) ranging from b1

to b30. The first build (b1) was performed with virgin

powder. After each build, the sintered powder was recov-

ered using the Arcam Powder Recovery System (PRS),

sieved, and mixed with the powder that remained in the

hoppers, and then placed in the hoppers for the subsequent

build. By this approach, each build after b1 contained an

increasing volume fraction ratio of used powder. No

additional virgin powder was added to the powder volume

during the study.

Each build contained a set of standard tensile specimens,

including six vertical (ZY by ISO/ASTM 52921:2013(E)

[21]) and six horizontal (YZX) subsize rectangular speci-

mens as per ASTM E8M [22]. Three each of the horizontal

and vertical specimens were subjected to tensile testing

from each build in the as-built condition (i.e., without post-

processing). Additional specimens from selected builds

were subjected to surface milling and then tested to

determine the contribution of the surface texture to the

failure. The surface roughness of the samples was mea-

sured using a Keyence optical profilometer (Keyence VR-

3100). The milling process reduced the average surface

roughness (Ra) of the as-built specimens from approxi-

mately 30–1.7 lm post-machining. The location of

specimens within the build space was not changed between

builds to avoid variability. Further details of the experi-

mental design and methods of evaluating the properties can

be found in our previously reported work [18].

After completion of the tensile testing, the fracture

surfaces were initially evaluated using a stereomicroscope

(Olympus SZX16) over a range of magnification (109–

1009). Thereafter, the gauge section of the specimens from

the selected builds was separated from the grip sections

using diamond abrasive wheels on a water-cooled slow-

speed saw. The specimens were then sonicated in isopropyl

alcohol (IPA) and water for approximately 5 min each.
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Thereafter, the fracture surfaces were analyzed using

scanning electron microscopy (SEM, Philips XL-30).

Detailed in these analyses were the fracture modes,

apparent defects, and the % shear lip area. To quantify the

% shear lip area of the fracture surfaces, a series of SEM

micrographs were acquired with point of view parallel to

the loading axis. They were then stitched together to detail

the entire fracture surface. Commercial software (ImageJ

1.52a) was used to quantify the shear lip area of the frac-

ture surface, as well as total fracture surface area. The ratio

of these measurements was used to quantify the % shear lip

area. Admittedly, this approach provides an estimate

according to the use of 2D projections of the fracture

surface, rather than 3D data. Nevertheless, this approach

provides an effective manner for achieving relative mea-

sures and is useful for tracking the change in apparent

ductility of the material with powder reuse.

Several of the fractured specimens were also metallo-

graphically prepared to evaluate the fracture surface plane

relative to the grain boundaries. For this analysis, the

selected specimens were mounted flat, polished, and etched

to reveal the underlying microstructure and the path of

fracture with respect to the grain boundaries. The samples

were mounted in potting component using standard pro-

cedures on a Buehler Pneumet I hot press. They were then

ground and polished with progressively finer SiC paper and

diamond suspensions. Finally, an attack polish was used to

achieve a mirror finish followed by etching with Kroll’s

Reagent for approximately 15 s.

Results

The fracture surfaces of selected representative tensile

specimens are shown in Fig. 1. Specifically, tensile speci-

mens obtained with vertical build direction from b5 and

b30 are shown in Fig. 1a and b, respectively. Similarly,

representative specimens obtained with the horizontal build

direction from prints b1 and b30 are shown in Fig. 1c and

d, respectively. The fracture origin for each specimen is

indicated with a pointer. There are lack-of-fusion (LOF)

voids evident on the fracture surfaces of the horizontal

specimens that are large enough to be seen at this low

magnification. The larger voids resulting from LOF are

highlighted by arrows. In addition, the build direction is

noted on the side of each specimen for clarity. As evident

from these figures, the fracture origins of both the hori-

zontal and vertical specimens were identified at the surface

of the specimens, as indicated by the pointers in Fig. 1.

This was consistent among all of the as-built tensile

specimens evaluated without post-processing. Fracture

origins of approximately 90% of the horizontal specimens

were located at the edge of the specimens that was the last

printed layer (farthest from build plate) of material in the

parts. There was no change apparent in this phenomenon

with build number. In contrast, although fracture initiated

at the surface of the vertical specimens, they did not exhibit

a preferential location of failure along the outer perimeter.

Figure 2a presents results of the % shear lip area mea-

surements for the fracture surfaces from selected builds.

With the exception of a few specimens that failed to print,

three horizontal and three vertical specimens were ana-

lyzed for each selected build. According to the distribution

of the data, there is a progressive decrease in % shear lip

area on the fracture surfaces. In the early builds (b1–b5),

the fracture surfaces are dominated by shear regardless of

the build direction. However, in the builds involving

heavily reused powder (b25–b30) the % shear lip area

decreased to below 50% for both build directions. Exam-

ples of horizontal fracture profiles from builds 1, 15, and 30

are shown in Fig. 2b. The profile views clearly illustrate

the change in the fracture surfaces with increasing powder

reuse as denoted quantitatively by the reduction in % shear

lip area.

Fig. 1 Tensile specimen

fracture surfaces of

representative as-built

specimens. (a) Vertical

specimens of b5; (b) vertical

specimens of heavily reused

powder from b30; (c) horizontal

specimens from b1; and (d)

horizontal specimens from b30.

The fracture origin for each is

indicated with a pointer, and

lack-of-fusion voids are

highlighted by arrows. Build

direction is noted on the side of

each specimen
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Due to the influence of surface roughness on the initi-

ation of fracture (e.g., Fig. 1), a group of vertical and

horizontal build specimens were subjected to surface mil-

ling to improve the surface texture. The fracture surfaces of

selected tensile specimens from this group are shown in

Fig. 3. Specifically, vertical specimens from b6 and b26 are

shown in Fig. 3a and b, respectively. They represent builds

conducted with lightly and heavily reused powder,

respectively. Similarly, horizontal specimens from b6 and

b26 are shown in Fig. 3c and d, respectively. The fracture

origins are denoted with a pointer where discernible and

the build direction is noted on the side of each specimen.

Contrary to the specimens evaluated in the as-built condi-

tion, the failure origins of the machined specimens were

identified on the interior of all these specimens. In general,

they exhibited a more characteristic cup-cone fracture

surface in comparison with the fracture surface morphol-

ogy of those that were not machined.

Details of the fracture surfaces are shown under a higher

degree of magnification in Fig. 4. As-built horizontally and

vertically oriented specimens are shown from b5 in Fig. 4a

and b, respectively, and as-built horizontally and vertically

oriented specimens from b26 are shown in Fig. 4c and d,

respectively. Micro-void coalescence is clearly evident in

the fracture surfaces of all specimens, regardless of build

direction, surface preparation, or degree of powder reuse.

The size of dimpling varied considerably across the surface

of each specimen.

In addition to the appearance of micro-void coalescence,

many of the fracture surfaces also exhibited small colonies

of fracture flutes, particularly after build 12. Micrographs

obtained from SEM analysis that detail flutes identified on

the fracture surface of representative specimens are shown

in Fig. 5. Specifically, examples from horizontal specimens

from b12, b26, and b30 are shown in Fig. 5a through c,

respectively. The dimension of the flutes varied in size, but

appeared to be less than 100 lm in length and significantly

less than that in width. In addition, although no quantitative

measures of flute area were obtained, they appeared more

frequently and in greater colony size in horizontal speci-

mens that were built with more heavily reused powder

(b25–b30). Furthermore, the orientation of the flutes varied

Fig. 2 Percentage of shear lip

area occupying the total fracture

surface as a function of the build

cycle and powder reuse. Data

points with a star only represent

two samples. Representative

fracture profiles of horizontal

specimen from b1, b15, and b30

are also shown

Fig. 3 Fracture surfaces of

representative specimens in the

post-machined condition.

Shown are vertical specimens of

(a) lightly reused from b6 and

(b) heavily reused powder of

b26, as well as horizontal

specimens from (c) lightly

reused of b6 and (d) heavily

reused powder of b26. The

fracture origins are denoted with

a pointer, and the build direction

is noted on the side of each

specimen with an arrow
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across the fracture surfaces and did not appear to follow

any pattern.

The microstructure of many of the tensile specimens

was revealed through mounting, polishing, and etching in

Kroll’s reagent. A typical micrograph is presented in Fig. 6

of a vertical specimen as a reference for discussion of the

contribution of the microstructure to fracture. The

microstructure consists of columnar prior b-grains oriented

parallel to the build direction, as noted by the arrows in the

figure. The interior of these prior b-grains contains a typ-

ical basket-weave structure comprised of b-ribs within an

a-matrix. This microstructure is representative of both the

vertical and horizontal build directions; for both specimen

orientations, the prior b-grains follow the build direction.

Hence, the only difference between the vertical and hori-

zontal tensile specimens is the orientation of these features

Fig. 4 Examples of micro-void

coalescence in the fracture

surfaces of specimens for

specific build number and

orientation. (a) b5—horizontal,

(b) b5—vertical, (c) b26—

horizontal, and (d) b26—

vertical specimens

Fig. 5 Flutes identified in the fracture surface of representative specimens with the largest flutes indicated by arrows. (a) b12, (b) b26, and (c)

b30
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with respect to the principle loading direction. In the ver-

tically oriented samples, the prior b-grains are parallel to

the loading direction, whereas in the horizontal samples

they are perpendicular to it. These loading directions are

annotated in the figure for clarity.

Additionally, several of the fracture specimens were

mounted, polished, and etched in Kroll’s to reveal the

location of the fracture plane relative to the microstructure.

Two regions of a mounted specimen with horizontal build

direction from b1 are shown in Fig. 7, as well as a region

from a horizontal sample from b30. Figure 7a and b details

portions of the fracture surface of b1 and b30, respectively,

in which the path of fracture coincided with a prior b-grain

boundary as noted by the arrow, indicating intergranular

fracture. However, the plane of fracture in Fig. 7c corre-

sponding to another region of the fracture surface from the

b1 horizontal specimen does not coincide with a prior b-

Fig. 6 Typical microstructure of a vertical oriented tensile specimen,

consisting of elongated prior b-grains parallel to the build direction

(denoted by arrows) and a basket-weave structure within. The

direction of loading with respect to the microstructure is shown for

the horizontal and vertical build directions

Fig. 7 Etched horizontal

specimens from b1 and b30

adjacent to the fracture surface.

(a) and (b) Show that the cracks

propagated along prior b-grain

boundaries in b1 and b30,

respectively, and (c) through

basket-weave colonies. Prior b-

grains are highlighted by arrows
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grain boundary. Instead, it follows an intragranular path

along the basket-weave structure of the a-lath and b-ribs.

A summary of the results from tensile testing of as-built

specimen is presented in Table 1. This table contains the

averages of the elastic modulus, yield strength, ultimate

tensile strength (UTS), and % elongation at failure for

specific builds and for both build directions. The builds

represented in this table correspond to those with corre-

sponding % shear lip area measurements (Fig. 2). The

trends indicate rising yield strength and UTS with powder

reuse, whereas the % elongation decreases. The elastic

modulus does not undergo substantial changes with reuse.

Additionally, there is a significant degree of anisotropy in

the % elongation results. The vertical specimens exhibit a

greater degree of ductility than those with horizontal

orientation.

Discussion

Powder reuse in metal AM by PBF is of substantial

importance, and a number of earlier studies have been

reported on this topic for the EBM process [8–11, 19]. In

general, prior efforts concerning AM of Ti6Al4V have

focused primarily on the microstructure and mechanical

behavior of the metal as a function of reuse [8–10]. In

comparison, changes in the features of the fracture surfaces

with powder reuse and the origins of failure, which are

critical to understanding metal quality, have largely been

neglected in the literature. Only a few prior studies have

addressed this topic in some detail, but were primarily

focused on fatigue [7, 10]. The study by Popov et al. [10]

does present some useful details of a fractographic analysis

of tensile specimens that were built with virgin and reused

powder. Nevertheless, a greater degree of depth on this

subject is required to provide information that can be used

to guide future forensic studies involving metal AM

components.

According to results of the evaluation targeting the

fracture origins, fracture of all the tensile specimens eval-

uated in the as-built condition initiated from the surface, as

shown in Fig. 1a–d. There was no apparent influence of the

extent of powder reuse on the origin of failure. The failures

initiated at the surface due to the large surface stress con-

centrations posed by the surface roughness. For EBM AM

of Ti6Al4V, Wang et al. [23] found that the average sur-

face roughness (Ra) can reach as high as 34 lm for the

horizontal build direction and up to 40 lm for the vertical

direction. Clearly, the surface stress concentrations caused

by the surface roughness were more detrimental to the

initiation of failure than the LOF voids that were identified

within the interior. Hence, the surface quality is a plausible

contributor to failures of metal AM components used in the

‘‘as-built’’ condition and should be considered in forensic

investigations.

To assess the changes in fracture origin if post-pro-

cessing is applied to remove the ‘‘as-printed’’ rough

surfaces, selected tensile specimens were obtained over the

powder reuse study and machined to remove the surface

texture resulting from AM. Interestingly, the fracture ori-

gins of all the machined samples were located within the

interior (Fig. 2) and not at the build surface, regardless of

the build direction or the extent of powder reuse. There-

fore, the surface roughness of specimens in the as-built

condition resulted in the initiation of cracks, which

appeared to have caused the material to fail in a more

brittle manner macroscopically. These results are in

agreement with the findings of others as well [24]. Hence,

the apparent ductility of Ti6Al4V components produced by

EBM metal AM and applied in the as-built condition can

be limited by the large surface roughness.

One unique and unexpected finding involved the frac-

ture origins of the horizontal specimens. Contrary to the

random location of failure along the perimeter for those

with vertical build orientation, the origin of failure for the

specimens with horizontal build orientation was usually at

the top surface, corresponding to the final layers of printed

Table 1 The average mechanical properties for as-built horizontal and vertical specimens for selected builds

Elastic modulus (GPa) Yield strength (MPa) UTS (MPa) % Elongation

Horizontal Vertical Horizontal Vertical Horizontal Vertical Horizontal Vertical

b1 92.7 ± 2.5 98.9 ± 3.2 739 ± 2.7 733 ± 20.7 857 ± 10.4 859 ± 20.5 9.28 ± 1.06 12.2 ± 0.42

b5 108 ± 0.3 109 ± 2.5 853 ± 8.3 814 ± 6.1 982 ± 7.8 942 ± 7.8 8.37 ± 0.29 10.4 ± 0.48

b10 108 ± 7 116 ± 3.4 837 ± 2.6 838 ± 9.5 940 ± 7.6 924 ± 16.6 6.38 ± 0.88 6.91 ± 0.27

b15 107 ± 5.9 114 ± 7.8 860 ± 1.7 866 ± 3.6 970 ± 11.2 999 ± 14.7 6.28 ± 0.37 9.71 ± 0.46

b20 102 ± 0.8 113 ± 5.9 927 ± 18.9 939 ± 7.5 1010 ± 21.8 1070 ± 11.3 4.30 ± 0.25 9.18 ± 0.99

b25 97.4 ± 0 109 ± 2.3 1020 ± 0 973 ± 16 1100 ± 0 1100 ± 11.5 3.61 ± 0 7.77 ± 0.41

b30 109 ± 1.6 109 ± 6.0 1050 ± 5.3 1000 ± 18.5 1120 ± 8.7 1130 ± 188.6 3.53 ± 0.26 7.34 ± 0.33

Properties include the elastic modulus, yield strength, ultimate tensile strength (UTS), and % elongation at failure
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material. This surface of the horizontal specimens has a

lower surface roughness than the two vertical surfaces, and

especially with respect to that of the bottom surface where

support structures were removed [23]. A plausible expla-

nation of the horizontal specimen failure origins is the

unique microstructure at this top surface. Decomposition of

a0-martensite to the a–b structure of Ti6Al4V, which

occupies the majority of the specimen volume, can become

restricted within the final top layers of a part due to the

reduced thermal energy to drive this process. Freezing of

the top layers is not followed by the deposition of addi-

tional thermal energy in subsequent build layers, thereby

resulting in retained a0 at the surface [25]. Since a0-
martensite is brittle with regard to the a–b structure of

Ti6Al4V, the surfaces could become sensitized to crack

initiation. A cursory microstructural analysis was per-

formed on the specimens, and it was found that there was a

reduction in a-lath thickness in the final printed layers of

these horizontal specimens. Some of these laths exhibited

aspect ratios high enough to be defined as martensite [26].

To complement the assessment of fracture origins per-

formed in this investigation, the fracture surfaces from

selected b1 and b30 horizontal and vertical tensile speci-

mens were mounted, polished, and etched to identify the

path of fracture relative to the microstructure. In the hori-

zontal specimens, the path of fracture either followed the

prior b-grain boundaries (Fig. 7a and b) when they were

present, or the grain boundaries in the Widmanstätten

structure (Fig. 7c). Note that the exact fracture path was

dependent on the fracture origin from the surface and its

coincidence with prior b-grain boundaries. Previous studies

have shown that there is a fine a-layer surrounding the

prior b-grains [27] and that this a-rich phase provides a

path of least resistance for crack propagation when loading

is applied perpendicular to the prior b-grain interfaces.

Indeed, due to the columnar grain structure oriented per-

pendicular to the loading direction of the horizontal tensile

specimens shown in Fig. 6, these boundaries were appro-

priately oriented for intergranular fracture. Conversely, the

prior b-grains in the vertical specimens are oriented par-

allel to the loading direction, which precluded the path of

fracture from continuing in an intergranular manner along

the prior b-grain boundaries. Indeed, the vertically oriented

specimens exhibited higher % elongation than those with

horizontal orientation as given in Table 1. Therefore, the

grain structure and orientation of columnar grains relative

to the fracture plane should be examined in an evaluation

of fractures in Ti6Al4 V components produced by EBM.

Although the fracture origins did not change as a func-

tion of powder reuse, other aspects of the fracture surface

did. One such feature was the percentage of shear lip area

of the fracture surface. Shear lips are indicative of the

mechanisms of failure and are nearly universally

recognized as a sign of ductility. In general, failures with a

higher % shear lip area should be more ductile and vice

versa. A quantification of the % shear lip area with powder

reuse showed that the % shear lip area was consistent for

both build directions. Furthermore, the shear lip area

decreased significantly with powder reuse from approxi-

mately 100% with virgin powder (associated with single

and double slant shear fractures) to less than 50% by b30

involving the heaviest degree of powder reuse. The

reduction in shear lip area with powder reuse is consistent

with the reduction in % elongation of the Ti6Al4 V

obtained from results of mechanical testing, as given in

Table 1. The oxygen content of the powder from this study

was previously found to increase linearly with powder

reuse [18], an effect that can cause severe embrittlement of

the material [28]. This transition in material behavior was

clearly evident from the fracture surface as well as through

the decrease in shear lip area. The characteristic fracture

profiles from specimens b1, b15, and b30 in Fig. 2 illus-

trate the change from pure slant fracture in b1 to nearly flat

fracture surface orientations by b30.

When the fracture surfaces are viewed at higher mag-

nification, the dominant feature is micro-void coalescence,

as shown in Fig. 4. This is true regardless of build direction

or powder age, indicating some degree of retained material

ductility despite the macroscopic changes. The occurrence

of brittle macroscopic features paired with ductile micro-

void coalescence is well established for hexagonal close-

packed (HCP) metals such as a-titanium due to the limited

slip systems present [29]. In addition, the size of the

dimples was observed to vary within individual fracture

surfaces. One possible explanation for this is an observed

range of grain sizes. As previously reported, the size of

microstructural features varied significantly within indi-

vidual samples [18], both within layers and with build

height. Given that dimples can form at grain boundaries

[30], this could result in a wide distribution of dimple sizes

within a single specimen.

At higher levels of magnification, fracture flutes became

evident on the fracture surfaces of specimens from builds

12 and higher, as shown in Fig. 5. Flutes are elongated

dimples that are common to HCP structures [31]; they are

considered a ductile fracture surface feature [32]. In tita-

nium alloys, they tend to form on 10�10f g 11�20h i along a–a
or a–b boundaries and are also often formed in Wid-

manstätten microstructures due to the close packing of the

a- and b-plates [33]. According to Nixon and Hawkins

[34], the flutes can exhibit a variety of sizes, from single

microns to approaching hundreds of microns. Furthermore,

they can appear as an isolated flute or in colonies, both of

which were observed in the fracture surfaces of the

Ti6Al4 V specimens. They can also appear under a number
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of circumstances, including stress corrosion cracking,

hydrogen and oxygen embrittlement, and fracture at low

temperatures [33].

In a complementary assessment of the powder feedstock

from this study and the changes with reuse, it was estab-

lished that the oxygen content of the powder increased

linearly with increasing build number [18]. By the first

observation of flutes in specimens of b12, the oxygen

content of the powder had surpassed 0.2 wt.% [18]. The

progressive increase in oxygen content could limit the

active slip systems in the HCP a-phase of Ti6A4V, thereby

encouraging the formation of flutes [33]. It appears from

the fractographic evaluation that the oxygen content had

manifested to a level by b12 that was sufficient to have

impeded slip and cause a transition in the mechanisms of

failure. Indeed, as the oxygen content continued to rise

with further powder reuse [18], the flutes became more

common and larger in size (Fig. 5a–c). Thus, oxygen

content measurements should accompany fractographic

analyses of Ti6Al4V component failures produced by PBF

AM processes, especially if fracture flutes are identified.

Furthermore, while the flutes were parallel within

colonies, the orientation of colonies did not appear to

adhere to any pattern with respect to each other or the

fracture surface. This is not unexpected, given that flutes

have been shown to parallel the [0001] direction of the

underlying a-phase [32] and AM Ti6Al4V can form 12

distinct a-variants during the b- to a-phase transformation

[35]. This could give rise to a variety of flute orientations

on a single fracture surface, which is consistent with our

observations.

Results of this investigation have provided new under-

standing of the fracture surface characteristics of Ti6Al4V

produced by EBM AM and the importance of powder

reuse. The findings should serve as a reference in future

studies reporting on the mechanisms of failure for metal

AM components. Despite the merits of this work, there are

some limitations that should be considered. Of course, the

measurements of shear lip area were conducted based on a

2D evaluation of the fracture surfaces. That poses some

limitations to accurately defining the exact shear lip area,

but would not change the trends in behavior with powder

reuse. In addition, oxygen content measurements were

performed over the program from b1 to b30 for the powder,

but not the built metal. Thus, although the cause for tran-

sition in failure mechanisms with an increase in powder

reuse is assumed to be attributed to a rise in oxygen con-

tent, the actual changes in oxygen content in the printed

metal are not known. Future work involving powder reuse

in metal AM should evaluate the changes in composition of

both powder and built metal. It should also be considered

in a forensic evaluation of Ti6Al4V components produced

by powder bed fusion AM.

Conclusion

A detailed experimental evaluation of the fracture surface

characteristics of specimens obtained from metal additive

manufacturing of Ti6Al4 V and subjected to uniaxial ten-

sion to failure was conducted. The specimens were built

with horizontal and vertical directions and followed a

printing routine that involved a total of 30 build cycles with

powder reuse. It was found that the failure origins of

specimens evaluated in the as-built condition were at the

surface regardless of the build orientation. The surface

roughness resulting from the electron beam melting pro-

cess promoted large surface stress concentrations that

served to facilitate the initiation of failure. There was no

preferential location of failure in the specimens with ver-

tical build direction, whereas failure of the horizontal

specimens occurred at the last printed surface, likely due to

the presence of finer and more brittle microstructure. The

% shear lip area of the fracture surfaces decreased with

increasing powder reuse, and there was no significant dif-

ference in the trends between the horizontal and vertical

build directions. Microscopically, micro-void coalescence

was evident on the fracture surfaces of all specimens and

regardless of orientation or extent of powder reuse. Flutes

were noted on the fracture surface of b12 and later with

frequency increasing in later builds. The flutes appeared to

develop from a reduction in slip in the HCP a-phase due to

increasing oxygen content of the material with powder

reuse. The path of fracture involved both intergranular and

intragranular planes. Due to the orientation of prior b-

grains, fracture of the horizontal specimens preferentially

followed these grain boundaries, whereas the part of frac-

ture in the vertical specimens tended to follow grain

boundaries in Widmanstätten colonies.
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