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A B S T R A C T

Additive manufacturing provides an appealing means to process titanium alloy parts with new levels of con-
formability, complexity, and weight reduction. However, due to the heating/cooling rates and heat transfer
associated with directed energy source material processing, the as-built AM parts contain unique material and
microstructural features. In order to confidently manufacture fatigue critical additive manufactured (AM) Ti-6Al-
4V parts, a better understanding of the interrelationships between powder feedstock, AM processes, structure of
the processed parts, their resulting mechanical properties, and their performance under realistic loadings is
necessary. Part I of this two-part collection focuses on the powder-process-structure relationships and how
powder feedstock, manufacturing, and post-processing conditions can affect the microstructure and defect
features that ultimately contribute to the fatigue performance of Ti-6Al-4V parts. The material and physical
phenomena inherent to the AM process of Ti-6Al-4V are discussed in detail and related to the phase composi-
tion/structure, grain morphology, surface characteristics, defect size/distribution, and post-process treatments
available for AM parts. This investigation is the foundation for the structure-performance relationships that will
be discussed in detail in Part II.

1. Introduction

Additive manufacturing (AM), as opposed to traditional reductive
manufacturing such as milling, turning and drilling, can build near-net-
shaped parts from the “bottom-up” in a layer-by-layer fashion as guided
by a computer-aided drawing (CAD) model [1,2]. Machining and as-
sembly steps can be eliminated through the use of AM, which can sig-
nificantly reduce the fabrication and assembly time for complex Ti-6Al-
4V parts [3–5]. AM can also be used to deposit new material atop da-
maged/worn components per user-designed profiles, enabling the re-
pair of components that are otherwise too expensive or not feasible to

replace [3–5]. The layer-wise nature of AM enables the production of
parts with relatively complicated geometries, such as lattice-like meta-
structures [4] that were previously exceedingly expensive, if not im-
possible, to make.

AM technology is referred to using several different designations
[3,6,7]. Depending on the specific apparatus used, these technologies
may be categorized according to the energy source including laser,
electron beam, and plasma; and material feedstock form including
powder bed, blown powder, and wire feeding [6]. Despite these dif-
ferences, AM technologies (excluding sintering) share the same basic
methodology - a mobile melt pool is formed by a directed energy
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source, which performs line scans according to a predetermined CAD
scan strategy. These line scans are repeated to consolidate a layer of
solid material, and the part is then built incrementally layer-by-layer in
a “bottom-up” fashion. The setup and operations of AM machines is
covered in great detail by numerous reviews [8–11] and will not be
reiterated in this work.

Titanium alloys such as Ti-6Al-4V are used extensively in the bio-
medical and aerospace industries due to their high strength, low den-
sity, biocompatibility, excellent corrosion resistance, and acceptable
high temperature properties. They are a proven workhorse in a broad
range of engineering applications, such as air frames, jet engines, bio-
medical devices, and chemical processing equipment [10]. Given the
general good weldability of titanium alloys, they quickly became pop-
ular for AM processes.

The mechanical behavior of Ti-6Al-4V, like other alloys, is governed
by its underlying microstructural characteristics. Pure titanium is al-
lotropic, having a BCC crystal structure (β phase) at high temperature
and an HCP crystal structure (α phase) when cooled below 882 °C. The
α-β transformation temperature (β-transus) is sensitive to chemical
composition, and thus, alloying elements can be used to stabilize the α
and/or β phase in a desired temperature range [10]. Commercial tita-
nium alloys are categorized into three families based on their phase
composition at service temperature: (1) α alloys and commercially pure
titanium, (2) β alloys, and (3) α + β dual phase alloys. The most widely
used titanium alloy is Ti-6Al-4V, which is a α + β dual phase alloy.

During production from a melt, Ti-6Al-4V solidifies as β phase then
transitions to its α + β dual phase structure as it cools. If cooling rates
are high enough, a martensitic transformation can occur, which pro-
duces an α′ phase that is metastable at room temperature. This phase is
common in laser processed additive manufactured (AM) Ti-6Al-4V.
Both the α and α′ phases nucleate and grow from phase boundaries, i.e.
β – β, α – β, and α′- β depending on the cooling rate. The morphology of
the α and α′ phases reflects the prior β microstructure that existed at
high temperature. The evidence of the prior high temperature β struc-
ture in the room temperature microstructure is termed prior- β micro-
structure.

The unique characteristics of the AM heat source, i.e. its rapid
movement, high intensity, and small size, bring challenges not en-
countered in traditional manufacturing. The prior β microstructure of
AM Ti-6Al-4V parts can be highly textured, with aligned elongated
grains [8,12–14]. This can lead to a textured final α′ – α - β micro-
structure [12] and contributes to the anisotropic mechanical/fatigue
properties [10,15]. Optimal AM build parameters generally favor the
formation of elongated prior-β grains along, or at a certain angle to, the
build direction [12,14,16]. The formation of these elongated prior-β
grains, combined with AM-driven epitaxial crystal growth, leads to the
highly textured prior β microstructure [3].

AM Ti-6Al-4V parts typically contain microscopic defects, such as
gas entrapment and flat lack-of-fusion (LOF) defects [3,4,17–22]. Such
defects can degrade fracture toughness and ductility under monotonic

Nomenclature

α alpha phase
α′, α″ martensite phases
α′m massive phase
β beta phase
ρ part density
ρwrt part density of wrought
Ωα atomic volume of alpha phase
Ωβ atomic volume of beta phase
aα lattice constant of alpha phase
aβ lattice constants of beta phase

area defect area normal to the applied stress
cα lattice constant of alpha phase
E power density
Eopt optimum power density
f volumetric stock feed rate
g energy absorption coefficient
G thermal gradient
h hatch spacing
P power of the heat source
t deposited thickness
V scan speed
Q solidification rate

Fig. 1. Variety of Ti-6Al-4V microstructures resulting from AM and/or subsequent HT with (a) showing fully lamellar, (b) bimodal/duplex, (c) coarse
Widmanstätten/basket weave, (d–e) acicular martensite, (f) fine Widmanstätten/basket weave. Reproduced with permission from Refs. [25,32,48,49,53,144].
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loading [12,18,19,21–33]. Under cyclic loading, pores and LOF defects
can overshadow any effects of microstructure, substantially degrading
the fatigue life by serving as crack initiation sites (CIS) [22,34–36]. The
LOF defects tend to be aligned perpendicular to the build direction. The
presence of these LOF defects can result in strong anisotropy in the
fatigue strengths of AM samples [22]. Optimization of AM process
parameters has been shown to be successful in reducing the defect size
and population by reducing LOF defects [37]. However, porosity, par-
tially due to gas entrapment, still exists and reduces the fatigue strength
of many AM materials. The presence of these gas entrapment pores in
AM Ti-6Al-4V has significantly limited its use in fatigue critical appli-
cations and has driven recent research efforts to better understand the
link between defects and mechanical behavior. Currently, much of the
focus has been directed toward understanding the relationship between
defect size and location on the resulting fatigue behavior [38]. To im-
prove the mechanical properties and deal with the inherent defects,
post-process treatments such as hot isostatic pressing (HIP) and tradi-
tional heat treatments or a combination of the two have proven ne-
cessary [39–43]. These post-process treatments affect both the defect
size and distribution as well as the final microstructure.

The characteristics of the defect populations and microstructure in
AM Ti-6Al-4V are controlled by many factors, e.g. component size and
geometry, build system/parameters, batch size, powder feedstock, and
more. This, together with the sensitivity of defect and microstructure
characteristics on these factors, makes prediction complex [8,13,44]
and can lead to substantial variability between AM machines, and even
builds on the same machine in some cases [45]. This motivates the
quest to better understand microstructure and defect formation/evo-
lution during AM part processing, as well as the inter-relationship be-
tween build process, microstructural characteristics, and part perfor-
mance (process-structure-property).

This two-part review on the fatigue behavior of AM Ti-6Al-4V aims
to better illuminate the powder-process-structure-property-perfor-
mance (PPSPP) relationships that are critical to producing fatigue cri-
tical parts. Part I reviews the physical aspects of the microstructure and
defect evolution during the additive process, including post-processing,
and centers on the process-structure portion of the overall PPSPP re-
lation. This work lays the foundation for Part II, the review on the
structure-property-performance relationships, with an emphasis on fa-
tigue. While the review touches on aspects of many AM processes, a
focus is given to powder bed fusion systems as they are the most

prevalent in the literature and widely accepted across several industries
[46].

2. Microstructure

2.1. Processing condition and phase compositions

Typical AM Ti-6Al-4V microstructures are shown in Fig. 1. It can be
seen that with post-processing heat treatment (HT) and/or HIP, mi-
crostructures similar to conventional wrought Ti-6Al-4V can be pro-
duced - such as the fully lamellar structure shown in Fig. 1a and du-
plex/bi-modal structure shown in Fig. 1b. However, as discussed in
later sections, HT schedules for AM parts often differ from the well-
established wrought procedures. Without post-process treatments, the
microstructure of as-built Ti-6Al-4V fabricated from electron beam
powder bed fusion (EB-PBF) typically consists of a very fine Widman-
stätten/basket weave structure (Fig. 1c) due to the high cooling rates
(103 ~ 105 K/s [47]) combined with beam heated substrates (~970 K,
higher than the decomposition temperature of martensitic phases)
[28,29 32]. Laser-based AM has even higher cooling rates (104 ~ 106 K/
s [47]) and build plates that are typically not heated to the extent of EB-
PBF processes, and therefore tends to produce martensitic structures
[32,48], which contains ultra-fine acicular features (Fig. 1d and e show
typical α′ martensite phase). An ultrafine Widmanstätten (Fig. 1f) can
also result from laser-based AM processes, since the repeated reheating
during the fusion of subsequent layers may bring the part temperature
above the martensite decomposition temperature [49 32]. The micro-
structure of Ti-6Al-4V is determined by the specific thermal history that
a region of AM material has experienced, namely the repeated melting-
solidification-reheating-cooling during the AM build and post-build
heat treatment procedures. Below, a description of the continuous
cooling behavior and the resulting phases of Ti-6Al-4V is provided for a
broad range of cooling rates (from 0.05 K/s and below to 410 K/s and
above), covering the typical scenarios encountered during AM and post-
build HT.

Above the β–transus temperature, Ti-6Al-4V is purely in a BCC β
phase (Fig. 2a). The grain size of the β phase depends on the cooling
rate from the liquidus to solidus temperatures. Nucleation-dominated
solidification is favored under higher cooling rates and this results in
smaller β grain sizes, while grain growth dominated solidification is
favored under lower cooling rates, resulting in larger β grain sizes.

Fig. 2. Schematic illustrations of phase transfor-
mation mechanisms during continuous cooling of
Ti-6Al-4V from temperatures above β–transus. Gray
regions are β phase, white regions are α phase in
(a)–(e), the grain in (f) with thin, orthogonal lines
denotes a fully martensitic grain (can be α′ or α″),
while the black lines are β grain boundaries. Note
that only the phase transformation activity in the
center grain is depicted in each subfig. for simpli-
city, although the surrounding grains experience
the same phenomena.

J.W. Pegues, et al. International Journal of Fatigue 132 (2020) 105358

3



When Ti-6Al-4V is cooled from above the β–transus temperature
(1267 K), the resulting phase compositions and structures depend
mostly on cooling rate (Fig. 2) [50,51] and prior β grain size, which is
discussed in more detail below.

As the temperature drops below the β–transus temperature, the HCP
α phase first nucleates and grows at/along grain boundaries and triple
points of the β phase schematically illustrated in Fig. 2b. The length of
the α phase that forms at the prior grain boundaries of the β phase
depends on its nucleation vs growth rate and, to some extent, the size of
the prior β grain. The interface between α and β phases is semi-co-
herent, i.e. it contains misfit dislocations. As cooling continues, the α
phase nucleates and grows from the phase boundaries (Fig. 2c), as well
as directly from the β grain boundaries (if it is not completely covered
by grain boundary α). This α phase grows as a plate (lamella). In many
cases, it occurs at a rate that perturbs the distribution of alloying ele-
ments such that neighboring plates are nucleated, leading to a lamellar
structure of α and β phases. Such structures are often referred to as
colonies.

If the cooling rate is relatively low, the α colonies grow and meet
the ones emanating from the opposite side of the β grain, and a fully
lamellar α + β microstructure is formed (Fig. 2d, Fig. 1a). In this case,
the size of the colonies is governed by the prior β grain size. At in-
creased cooling rates, the tendency for nucleating new colonies in-
creases, and colonies will nucleate from existing ones. This leads to a
reduction in the average colony size. The resulting microstructure is
often referred to as Widmanstätten or basket weave (Fig. 2e), and is
commonly observed in AM Ti-6Al-4V parts. Overall, higher cooling
rates cause finer “weaving”; for example, the microstructure in Fig. 1f
(wire-fed laser deposition, faster cooling) is much finer than Fig. 1d
(electron beam melting, slower cooling) and contains inter-protruding
α plates which indicate interrupted/poorly-developed α colonies due to
rapid nucleation of α phase. During the β → α + β phase transforma-
tion, the α and β phase stabilizing elements, namely Al and V respec-
tively, are redistributed into the respective phase. If Ti-6Al-4V is cooled
at a sufficiently high rate, a total martensitic transformation is expected
and pure α′ or α”, or a combination of α′ and α” phases, are expected as
shown in Fig. 2f. The martensitic transformation process occurs without
diffusion; and therefore, the resulting phases have the same composi-
tion as the parent β phase. The α′ phase has an HCP crystal structure,
but with slightly different lattice parameters than α, while the α” phase
has a face centered orthorhombic (FCO) crystal structure [52].

A useful perspective of the Ti-6Al-4V phase composition is provided
by the continuous cooling transformation (CCT) diagram. Fig. 3 shows
CCT diagrams generated by two groups, i.e. Sieniawski et al. [51] and
Ahmed and Rack [50]. According to Sieniawski et al. [51] (phase field
boundaries coded in reddish colors in Fig. 3), when cooled from above
the β–transus temperature (such as after homogenization at 1323.15 K
used in a typical HT, and at reheating after solidification during AM) at
cooling rates below 1.5 K/s, the β → α + β phase transformation starts
at about 1250 K and finishes at 950 K.

At cooling rates higher than 10 K/s, the β → α″ martensitic trans-
formation becomes active. However, when cooling rates are below
120 K/s, the α″ martensite is unstable and recovers to the α + β phase
with continued cooling (phase field marked by dash dotted line in dark
red). Microstructures such as fully lamellar and Widmanstätten can
form for cooling rates below 120 K/s. At cooling rates higher than
120 K/s, β → α″ martensitic transformation (starts at 1125 K and fin-
ishes at 1000 K) takes over and the resulting phase is martensitic α″. It
is worth mentioning that although the CCT diagram from Sieniawski
et al. [51], suggests a pure β → α″ transformation, their accompanying
works suggests both martensitic phases occur for Ti-6Al-4V i.e. β →
α′(α″). This agrees with a number of other works [32,50].

Ahmed and Rack [50] suggest different phase transformation pro-
cesses (phase boundaries and fields coded in bluish colors Fig. 3) for
cooling rates above 20 K/s. At a cooling rate between 20 K/s and 410 K/
s, the phase transformation is not purely martensitic β → α′(α″) or β →

α″, as suggested by Sieniawski et al. [51]. Instead, the transformation is
β → α + α′+α′m (light blue phase field in Fig. 3), where α′m is a
massive phase, with an HCP crystal structure identical to α′ phases.
Cooling rates higher than 410 K/s, however, lead to β → α′ martensitic
transformation below 848 K (in the cyan phase field in Fig. 3) and a
pure α′ phase (such as shown in Figs. 1d, e and 2f) as a result. This
cooling rate, and the associated martensitic microstructure are often
observed in laser beam powder bed fusion (LB-PBF) processes.

The martensitic phases (α′, and α″) and the massive phase (α′m)
formed due to the fast cooling rates are meta-stable and decompose
upon reheating [32]. The α′ phase decomposes upon reheating at
temperatures as low as 673 K [32]. This suggests that a stress relieving
HT, if performed above 673 K, decomposes the α′ martensite easily. The
decomposition can also be achieved in situ during laser AM when
previously deposited layers are repeatedly reheated and more slowly
cooled due to the deposit of successive layers, as shown by Xu et al.
[32]. Accordingly, an increased power density favors the decomposi-
tion of the α′ martensite during laser AM processes in that previously
deposited layers will be more likely to experience slow cooling from
above the martensite decomposition temperature. In EBM AM pro-
cesses, the build chamber is evacuated and the powder bed can be held
at an ambient temperature above the martensite decomposition tem-
perature and slowly cooled at the finish of the build, leading to con-
sistent α + β phase structure [28,29].

The crystallographic orientation relation between the HCP α and
BCC β phases strictly follows the Burgers relationship of [11̄1] //[112̄0]
and (110) //(0002) , as shown in Fig. 4 [10]. The α plates are always
parallel to the (1̄12) planes of the β matrix and the (1̄100) planes of the α
phase. Since a BCC lattice has twelve independent {1 1 2} planes, there
are twelve possible variants in the α-colony orientation inside a single
prior β grain. In addition, lattice strain is associated with the β → α + β
transformation. The lattice constant for the β phase is aβ = 3.32 Å, and
aα = 2.95 Å and cα = 4.68 Å for the α phase. The atomic volumes for
the two phases are Ωβ = 17.64 Å3 and Ωα = 18.30 Å3, which corre-
sponds to a volumetric strain of 3.6%. The β to α transformation stain is
anisotropic with strains of 2.5% in the [11̄1] direction, −0.3% in the
[110] direction, and 6% in the [1̄12] direction. To minimize the overall
strain energy associated with the β → α + β phase transformation, the
orientation of the α colonies tend to be “randomized″. As a result, the
population of α colonies in each orientation is roughly equal in a prior β
grain.

The Widmanstätten structure, schematically shown in Figs. 2c, d
and 3e, is perhaps the most commonly observed microstructure in EBM

Fig. 3. Continuous cooling transformation (CCT) diagram for Ti-6Al-4V from
above β–transus temperature to 500 K and showing the α″ (blue) and α′ (cyan)
regions according to Refs. [50,51]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article.)
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Ti-6Al-4V while the martensitic microstructure is mostly observed in
LB-PBF Ti-6Al-4V. As previously discussed, the orientation of the α
colonies/plates, although seemingly random, is well-defined and along
any of the twelve {1 1 2} family planes in the prior β grain. The {1 1 2}
planes always form certain angles with respect to each other, i.e. 33.6°,
48.2°, 60°, 70.5° and 80.4°. Fig. 5a shows three {1 1 2} planes, namely
(112), (1̄12) and (11̄2), as examples. Depending on the cutting plane, the
trace of these three planes may form triangles with different angles. It is
therefore very common to observe triangular patterns in very fine
Widmanstätten microstructures. Fig. 5b–d show such patterns, marked
by dashed lines, obtained from different studies. Note that the triangles

have different angles due to the orientation of the α plates and the
polishing planes.

This subsection has shown that the phase composition and structure
of an AM Ti-6Al-4V part is dependent on its experienced thermal his-
tory, including initial cooling, and subsequent in-build reheating/
cooling and annealing (such as one experienced with heated build
plates). The phase structure ranges, in a decreasing order with cooling
rate, from martensite (α′ and/or α″), fine Widmanstätten (α + β),
coarse Widmanstätten, to fully lamellar (α + β). The martensite is
metastable and is subject to decomposition due to the repeated re-
heating during AM process. For α + β microstructures, the thickness of
individual α plates, as well as the size of the α colonies, decrease with
increasing cooling rate. As will be discussed in Part II, these dimensions
of the α colonies may affect the tensile and fatigue strengths of the Ti-
6Al-4V parts, and are of critical relevance.

Many factors have been found to affect the cooling rate during AM.
For instance, as was mentioned earlier, the EBM AM technologies have
much higher ambient temperature compared to laser AM technologies,
sometimes as high as 0.5Tm, leading to much lower cooling rates, as
evidenced by much coarser Widmanstätten structures [28,29,52,53]. It
has been shown [32] that for LB-PBF, by varying the processing para-
meters, such as powder feed rate, scanning speed and laser power,
cooling rates and the corresponding coarseness in phase structures can
be controlled to some degree. In addition, the geometry of the build
affects the cooling rate.

Even within the same build, the cooling rate may be very different
depending on the local geometry. For instance, when the heat source is
near the surfaces, the mass of material available to conduct heat away
from the source can be much less than that in the bulk. It is well de-
monstrated [32] that if the location is thicker or connected to effective
heat sinks, higher cooling rate is induced, vice versa. The last factor,
among others, is the batch size, i.e. the number of parts being built
simultaneously. Larger batch size means longer inter-layer time interval

Fig. 4. Schematic illustration of the crystallographic orientation relation be-
tween α and β; image recreated based on Ref. [10]. The BCC β lattice is re-
presented by blue atoms, while the HCP α lattice is represented by red atoms.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 5. Example {1 1 2} planes of a BCC lattice are shown in (a), while samples of very-fine Widmanstätten microstructures with α plates forming triangular patterns
are shown in (b) [143], (c) [49] and (d) [49,142]. The microstructures shown are obtained from EBM (b & d) and shaped metal deposition (c).
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(dwell time) for the part to cool down between each deposited layers,
leading to much higher cooling rates and much finer α plates or mar-
tensitic transformation [44].

2.2. Prior β microstructure

Another important aspect of Ti-6Al-4V is its prior β microstructure
before the solid-state phase transformations. Dictated by the process
conditions in AM, the state of the prior- β microstructure before cooling
below the β transus temperature can affect the final mechanical prop-
erties of AM Ti-6Al-4V [16]. The prior β microstructure remains evident
after transformation to the HCP structure. The prior β grain size de-
pends on the cooling rate experienced at and below the liquidus tem-
perature (1893 K), while their morphology depends on both the thermal
gradient and cooling rate [54,55]. Once Ti-6Al-4V is solidified, the
prior β microstructure is usually stable and not easily altered through
processes such as HT and HIP, unless the soak temperature reaches
above the β-transus temperature [42,56]. As stated in Section 2.1, at
lower cooling rates β microstructures affect the morphology of the α
colonies, which in turn may affect the fatigue properties of Ti-6Al-4V.
The prior β microstructure of AM Ti-6Al-4V shows strong [100] texture,
which, together with the β grain size, can have a dominating impact on
the fatigue properties of Ti-6Al-4V (as will be discussed in more detail
in Section 5.2).

The β grains are not necessarily equiaxed, and thus the morphology
of the β grains should be considered. β grain morphology is governed
by both the thermal gradient and cooling rate [54,55] during solidifi-
cation. In AM, typical solidification occurs via the growth of existing β
crystals from the previously deposited layers as shown in Fig. 6. For
typical melt pool sizes and shapes, crystal growth occurs in the trailing
portion (right side of the dark green dashed line, blue shaded area) of
the melt pool along the directions opposite to the direction of heat flux
(red dashed arrows). In this case, a columnar β microstructure is formed
that often shows a strong [100] texture in the growth direction. When
the cooling rate is sufficiently high and the thermal gradients are suf-
ficiently small, the β phase will nucleate away from the solid-liquid
interface and equiaxed microstructures will form. Kobryn and Seiatin
[57,58] used Hunt’s model [59] to generate a solidification map for Ti-
6Al-4V β microstructure morphology using the thermal gradient (G)
and solidification rate (Q) as parameters (Fig. 7a). G is defined as the
thermal gradient at the solidification boundary of the melt pool, and Q
represents the cooling rate at the onset of solidification divided by the
thermal gradient (G), i.e. =Q G T t1/ ( / )solidify.

As shown in Fig. 7a, the G-Q map is often partitioned into three
regions, i.e. fully columnar, fully equiaxed, and mixed. Consistent with
intuition, this map suggests that at low solidification rates and high
thermal gradients, the β microstructure is fully columnar; and at low
thermal gradients and high solidification rates, the microstructure is
fully equiaxed. Considering that grain size is often controlled by the
cooling rate (the product of G and Q), Fig. 7a provides a helpful illus-
tration into how β grain size and morphology are related to the char-
acteristics of the thermal field, with the solid black lines representing
constant prior β grain size. For instance, when G and Q are adjusted
along the black solid lines, β morphology changes from fully columnar
to fully equiaxed, while the grain size is constant; within this same
domain, when the cooling rate is changed (such as along the light red
and blue arrows), grain size can be altered while maintaining the same
grain morphology.

The parameters of the solidification map, G and Q, can be controlled
through AM processing parameters, offering the opportunity to produce
AM Ti-6Al-4V parts with tailored β microstructure. For example, Gockel
et al. [8,13] have translated the solidification map to a processing map
(Fig. 7b) for the wire-fed, electron beam deposition of a single bead.
Their work shows that high absorbed power and scan velocity leads to
fully equiaxed microstructure, while low absorbed power or scan ve-
locity leads to fully columnar microstructure. The processing map uti-
lizes parameters such as absorbed power and scanning velocity, which
are directly tunable in several AM processes allowing limited micro-
structural control depending on the desired application.

The process map of the melt pool geometry (Fig. 7c) displays
striking similarity to that of the microstructure. The lines of the con-
stant cooling rate/grain size (black lines in Fig. 7b) are similar to those
marking the constant melt area (solid lines with markers in Fig. 7c). The
area of the melt pool is defined using the cross section perpendicular to
scan direction at the maximum melt pool depth (dark green dashed line
Fig. 6). The boundaries of the grain morphologies (blue solid and red
dashed lines in Fig. 7b) are similar to the constant melt pool shape lines
(L/d lines in Fig. 7c, dashed lines with marker); L/d is defined as the
length of the melt pool along the scan direction divided by the max-
imum melt pool depth (Fig. 6). Fig. 7b and c suggest that closed-loop,
on-the-fly control of the Ti-6Al-4V microstructure may be possible by
monitoring the melt pool geometry during AM and providing real-time
feedback to the processing parameters. This concept is developed fur-
ther in Section 4 for in-situ monitoring and real time control of AM
processes.

Fig. 6. Schematic illustration of the melt pool during AM.
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3. Defect formation, characterization, and statistical
representation

3.1. Effect of process parameters on surface roughness

From the beginning, surface roughness has been a concern for the
mechanical properties of AM parts, although surface roughness can be
desirable in biomedical applications where biointegration is important.
This is particularly true for fatigue performance, where microscopic
features can act as CIS and substantially impact performance [60,61].
First, the layer-by-layer nature of the AM build process makes surface
roughness unavoidable when geometries involve surfaces that are not
parallel to the build plane or its normal direction. This has often been
referred to as the stair casing effect [62]. Second, in powder bed ap-
proaches, the existence of partially melted particles attached to the
surfaces leads to surface roughness. In both cases, the phenomena are
outside the realm of traditional materials and specific to AM. Surface
roughness is significantly influenced by process type, geometry and
orientation, powder size, and process parameters such as laser power,
scan rate, scan-line or hatch spacing, and layer thickness [63].

A linear model correlating laser power and surface roughness has
been proposed for LB-PBF Ti-6Al-4V parts in [64]. At a constant speed
of 250 mm/s and hatch spacing of 78 µm, increasing the laser power
from 35 to 50 W led to a substantial drop of the arithmetic mean surface
roughness, Ra, from 21 to 9 µm. This indicates that increasing the laser
power could reduce the roughness for SLM parts for both top surfaces
due to the flattening of melt pool and side surfaces due to elimination of
balling phenomenon. They argued that higher laser power generates
large vapor recoil pressures, which then cause the melt pool to flatten
resulting in a better quality of the top surface. Moreover, when laser
power increases, increased energy density results in improved wett-
ability of the melt pool which eliminates surface tension variation be-
tween the previous solidified layer and the newly distributed powder
layer. This reduces the chance of the balling phenomenon, and dra-
matically reduces the side surface roughness. On the other hand, con-
ditions in the melt pool that induce balling of the molten material can

disrupt the edge of the melt pool and affect the shape of the layer edge.
In contrast, another study analyzing the top and side surface

roughness of laser beam melted parts showed that there is a compro-
mise between them, i.e. improving the Ra on the top is always accom-
panied by deterioration Ra of the side and vice versa [65]. Different
surface tensions as a result of temperature variations within the melt
pool were mentioned as the reason which leads to a type of balling in
which the melt pool breaks up into small enteties along the edge to
alleviate these fluctuations in surface tensions. Also, larger size of and
increased overlapping area between melt pools have been shown to
improve the surface roughness significantly [66]. At a constant hatch
spacing, with increasing scanning speed, the melt pool size reduces. A
decrease in melt pool size reduces the overlap, which results in a higher
roughness for the top surface. Moreover, while the melt pool is solidi-
fying, the surrounding, partially melted powder particles stick to the
edge of the layer, which contributes to the final surface roughness. This
fact suggests that lower laser power can result in less time above the
melting temperature and ultimately lower surface roughness on the
sides of the part.

The layer-by-layer production process in AM results in a high de-
pendence of the surface characteristics on the inclination angles, which
are defined as the angles between the manufactured parts with respect
to the build direction. As-built LB-PBF specimens fabricated in a diag-
onal direction with respect to the build plate show a distinct surface
roughness. The roughness is higher for the downward-facing surfaces
(down-skin) compared to the upward-facing surfaces (up-skin) [60,67].
For both up- and down-skin surfaces that are fabricated diagonally from
the substrate, the staircase effect can increase the roughness. Down-skin
surfaces pose an even bigger challenge as there is minimal part volume
beneath the edge. Since these surfaces are practically built on the
powder, whose thermal conductivity is approximately an order of
magnitude lower than the solidified section, more powder particles are
partially melted to the surface resulting in much higher surface
roughness than the up-skin surfaces [60]. This dependence of surface
roughness on location within the inclined specimen can be correlated to
the experienced thermal history via a linear heat conduction model

Fig. 7. (a) Solidification map for Ti-6Al-4V
as a function of thermal gradient and soli-
dification rate. (b) Process map for control-
ling prior β microstructure of Ti-6Al-4V of
single bead deposits. (c) Process map for
controlling melt pool dimensions for single
bead deposits of Ti-6Al-4V. Images re-
produced with permission from Ref. [8].
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[45]. The down-skin locations of two different geometries both had
higher surface roughness compared to the up-skin surfaces, and ac-
cordingly, the thermal model predicted higher temperature histories on
the down-skin surfaces [45], as shown in Fig. 8c.

Melt pool on unsupported layers is also affected by gravity which
makes them sag into the un-melted powder underneath and creates
much rougher down–skin surfaces than up-skin surfaces [68]. Down–-
skin surfaces with angles less than 45° from the substrate typically as-
sociates with poor surface quality and are usually avoided by reor-
ienting the part or by adding support structures. The reorientation is
preferred to avoid the need for building of support structures, as their
removal from the part can lead to additional defects such as burrs
contributing to even higher roughness [69]. Orientation of the part
during fabrication can therefore have significant effects on the surface
roughness of AM parts and must be taken into consideration during the
design stages prior to fabrication.

3.2. Characterization of the surface roughness

Roughness profiles caused by outmost adhered powder can be
captured by standard stylus profilometry. Careful consideration is re-
quired for selection of the stylus cone angle and tip radius in order to
provide surface measurements with minimal mechanical filtering of the
data while also avoiding damage to the surface, particularily along
steep features that could induce considerable lateral loads. It is also
necessary to consider the accessibility of the features such as overhangs
or reentry points which can be missed through contact profilometry.
Stylus surface profilometers have been widely used to evaluate the
surface quality of the AM parts and, based on a study published in 2016,
the common measurement method used for AM was stylus-based con-
tact profilometry [70].

The mean value of several measurements carried out for each
sample over a constant length is usually used to express the surface
roughness of said sample (Ra). Other measures such as Rz and Rt or Rmax

have also been reported in literature as a means to quantify surface
roughness of AM parts. Rz is a more sensitive parameter regarding
heights and valleys and is the average of the results of measuring the
distance between the five highest peaks and the five deepest valley of a
number of single distances within one section of measurements. Rt or
Rmax describes the vertical distance between the highest peak and the
deepest valley within the section of measurement. These parameters are
often used to quantify surface roughness as an effective defect size in
fatigue life modeling.

The popular stylus or tactile profilometry method and conventional
two-dimensional surface parameters might have shortcomings when
capturing the 3D nature of AM surfaces. To thoroughly inspect the
surface morphology, two other groups of methods have been mentioned
in the literature. These include Confocal Microscopy (CM), Focus
Variation Microscopy (FVM) and Atomic Force Microscopy (AFM),
generally grouped as Areal topography measurements, and conven-
tional 2D imaging methods such as Optical microscopy and Scanning
Electron Microscopy (SEM) [70]. FVM takes a 2D optical image with a
limited depth of view and combines it with a vertical scanning process
along with an algorithm to combine the multiple images to generate a
3D image of the surface [71]. CM also has the ability create “through-
focus” images with “infinite” depth of field by obtaining a series/stack
of optical sections, taken at different focal planes [72].

The motivation for the adaptation of these methods is that a rea-
sonable analysis of aperiodic surface structures with only one single
profile line is not possible [70]. Some studies conclude that an optical
3D topography measurement by means of a confocal microscope offers
a higher statistical significance compared to tactile profilometry [73].

Volumetric or 3D methods have been also recently proposed,
claiming that the complete sub-surface details would not be fully cap-
tured by these former methods. One example of these sub-surface fea-
tures is shown in Fig. 9, i.e. a notch-like sub-surface defect not de-
tectable by traditional surface roughness analysis but very detrimental
to fatigue performance [45]. High-resolution X-ray computed tomo-
graphy or Synchrotron Radiation Micro-Tomography (SRμT) have been
used for surface characterization in AM and for elaborately obtaining
sub-surface details such as sharp notch-like defects which are detri-
mental for fatigue performance [74] and revealing these kinds of de-
fects. However, a tradeoff between resolution and sample volume that
can be scanned in a reasonable amount of time always exists for these
3D methods [75].

3.3. Effects of processing condition and the resulting energy density

Defects such as LOF defects and spherical pores pose a significant
challenge for AM parts and as such a significant research effort has been
focused on process optimization to reduce the size and population of
these defects present in AM parts. Ideally, the energy supplied to the
melt pool during the AM process should be enough to generate melt
pool overlap depths greater than the layer thickness. Too much or little
energy can be associated with over melting or insufficient melting
[20,26,31,32,37,48,76,77], as well as a highly dynamic melt pool

Fig. 8. (a) Up-skin and down-skin surfaces in relation to the build direction of the as-built LB-PBF Ti-6Al-4V coupons in [60]. (b) The surface roughness mea-
surements of two different geometries, D4 refers to coupons with a gage diameter of 4.00 mm and D6 of 6.06 mm from [45]. (c) Model predictions of the temperature
evolution at down-skin and up-skin locations that are 300 μm below the scan layer for the two geometries from [45].
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leading to unstable mass transfer [78,79], all of which can lead to the
formation of pores.

When the energy input is insufficient, previous layers are poorly
melted, the bonding between consecutively deposited layers is com-
promised, and LOF defects form between layers. Such defects are ty-
pically well-aligned with the deposited layers and are flat, crack-like
entities with sharp edges and irregular shape (such as the ones shown in
the left image of Fig. 10a [80]). For AM technologies using powder as
the feedstock, un-melted particles can often be found in such defects
[23]. The sharp edges of these defects lead to stress concentrations,
which can reduce the fatigue strength of a Ti-6Al-4V part depending on
loading direction [22]. On the other hand, if the input energy is ex-
cessive, the melt pool can develop excessive convection currents and
stronger vapor recoil forces, resulting in instability and an increase in
ejected spatter [78,79]. The unstable melt pool can lead to the forma-
tion of voids and/or gas bubbles in the melt pool, which can survive
through the solidification process and stay within the solidified Ti-6Al-
4V parts (shown in the right image of Fig. 10a). This process is also
otherwise referred to as keyholing. The shape of the porosity in this
case is generally spherical due to the dominance of surface tension in
the liquid metal. The pores may or may not contain gas, depending on
whether a shielding gas is used (gas entrapment) and the type of
feedstock (the gas containing pores in the powder due to gas atomiza-
tion process), and may be difficult to remove depending on the solu-
bility of the contained gas [81].

The energy input is typically quantified as a power density (E),
which is the amount of energy that is absorbed per unit volume of

material per unit time. For the powder bed fusion process, it depends on
the power of the heat source (P), energy absorption coefficient (g),
deposited thickness (t), hatch spacing (h), and scan speed (V), as seen in
the following relationship [37,48,77,82]:

=E gP
Vht

, (1)

For powder fed and wire fed processes, the layer thickness and
hatch spacing are coupled with the stock feed rate (volumetric, f) and
are not independently controlled; therefore, the power density is ex-
pressed as [11]:

=E gP
Vf

,
(2)

By adjusting AM process parameters, power density can be tuned as
to achieve Ti-6Al-4V parts with optimal relative density. Numerous
studies performed on both laser powder bed fusion and electron beam
melting systems have reported optimal sets of processing parameters
that lead to maximum relative part density. These studies also report
that processing parameters corresponding to energy densities that are
too high or too low can lead to an increase in porosity
[26,31,32,37,48,76,77]. For the data from these studies to be com-
parable and meaningful, the power density has been normalized based
on the optimum value (i.e. E/Eopt) and plotted versus the part density
relative to their wrought counterparts (ρ/ρwrt) as its function in
Fig. 10b.

Fig. 10b confirms that there exists a window for power density in
which an optimum part density as high as 99.99% can be achieved
(Region II, corresponding to the center image in Fig. 10a). It should be
noted, however, that powder quality plays a role in AM part porosity as
well which optimized process parameters may not be able to overcome
[83]. On both sides of this window, i.e. in Regions I and III, the relative
part density starts to decrease. It may be seen that scatter exists in
Regions I and III, even within the same data set. This is mainly due to
the energy absorption rate (α) being a function of several parameters,

Fig. 9. A notch-like surface defect in a LB-PBF Ti-6Al-4V specimen with cross
sectional optical microscopy from Ref. [45].

Fig. 10. Variation in relative part density as a function of power density. Part
(a) shows typical porosity morphologies [20] that correspond to different
power density levels, Part (b) presents data points corresponding to different
AM processes, including laser powder bed fusion [26,31,32,37,48,76,77] and
EBM [26,37].
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such as P, V, f, t, h, etc., and that the true power density is difficult to
obtain.

It is important to note that energy density is a first order approach
and over simplifies a complex interaction between the material (pre-
viously solidified as well as powder) and the energy source. While the
approach has been found to be useful as a starting point [81], it begins
to break down when considering more complex interactions such as
geometry. For example, fine features or overhangs may require lower
energy densities than those implemented for internal hatching of larger
areas to limit overheating and unstable melt pools.

It has recently been reported that a part, while having a very good
relative density, may contain large amounts of LOF defects that are very
flat and do not occupy significant volume [22 80]. These LOF defects
can be much more detrimental to the mechanical properties of the
material as they are often slit or crack shaped with high stress in-
tensities at the edges. This suggests that if porosity is inevitable, a slight
shift in power density towards the higher end (Region III) might be
beneficial. In this case, although the relative part density decreases, the
flat, LOF defects can be replaced by spherical pores, which corresponds
to much lower stress concentrations.

3.4. Defect characterization and quality control

Characterization and control of AM defects and their effect on
durability of AM parts is a key area of concern that should be dealt with
for qualification and certification of safety critical AM parts [84]. Due
to the nature of AM defect formation and the inability to fully eliminate
them, the susceptibility of AM materials to premature failure as a result
of these defects needs to be carefully assessed. To support such an as-
sessment an appropriate characterization of such defects is necessary.
Such information can be later used for probabilistic damage tolerant
assessments of AM parts based on the exceedance curve for a given class
of material defects. Moreover, variability in AM machines process
parameters and/or beam source/material interactions can cause in-
consistencies in the defects [85], microstructure, and consequently
variability in the mechanical performance. Therefore, reliable

stochastic techniques should be established to use the data gathered
from the characterization process and to account for the prospective
variability between various segments of a large component or between
various parts manufactured under the same conditions.

The characteristics of defects such as size, morphology, location,
and distribution have shown key roles in the fatigue performance of AM
fabricated parts. Therefore, reliable methods should be implemented to
investigate these parameters. Some common non-destructive methods
of particular interest for defect characterization are the Archimedes
method, gas pycnometry, and X-ray Computed Tomography (CT) [86].
Archimedes method and gas pycnometry, while widely used, are not
capable of capturing some of the most critical information regarding
severity of the defect such as size, location, and distribution. X-ray CT,
on the other hand, can resolve defects in 3D space giving quantitive
information on their volume, location, and distribution, in addition to
tracking the effects of post-processing on the defects [87].

X-ray CT, however, is costly, has some limitations in terms of size
and density of the part, and based on the resolution of the procedure it
might not be able to fully capture microscopic defects or defects due to
LOF containing un-melted powder particles. There is a constraint on the
resolution of CT scanning based on the size and number of detectors,
the size of the X-ray focal spot, and the size of the object of interest
which affects the source-object-detector distances. At a given X-ray
luminance, there is always a tradeoff between the resolution, field of
view, and the noise-to-signal ratio. To stay above the detection limits
and not perceiving noise as defects usually a threshold of 8 voxels per
volume for the smallest defect is used in analysis software, therefore,
typical commercial machines lack sufficient resolution for pores with
diameters less than 10 μm [87,88]. Nevertheless, voxel sizes as low as
0.8 μm has also been reported in a study by Slotwinski et al. [89]. These
levels of accuracy increase the cost of the CT scan process, requiring
high energy and prolonged scan times if the field of view and signal to
noise level is held constant.

Alongside the 3D defect analysis methods such as CT scanning, a
simple destructive method, such as microscopic cross-section (serial
sectioning) analysis performed on AM parts or witness specimens built

Fig. 11. (a) 2D defect characterization, image gathered by high magnification Digital Microscopy on polished section of a tubular LB-PBF Ti-6Al-4V annealed
machined specimen, (b) 3D defect characterization by high resolution (~14 µm voxel size) micro-CT of a 10 mm long portion of gage section of a tubular LB-PBF Ti-
6Al-4V annealed machined specimen.
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together with the AM part using optical microscopy or SEM, may be
beneficial in terms of achieving high resolutions and accuracy in
measuring size, shape and location of the microscopic defects [80].
However, these methods provide only the size/shape of defects on the
cutting plane. To provide more insight into the data each of these
methods, Fig. 11 shows results from both 2D and 3D analysis of the
defects of a tubular LB-PBF Ti-6Al-4V annealed and machined spe-
cimen. The 3D analysis provides a wide variety of defect characteristics
such as location, shape, diameter, and volume. Based on the resolution
and the size of defects existing in the specimen, 2D analysis provides
complimentary insight into the morphology of a defect with irregular
shape on aspects such as whether it is a LOF defect, contains un-melted
particles, or if it consists of a series of connected round gas porosities.

Fig. 12 presents the relationship between three important defect
characteristics gathered from the defect analysis, namely circularity,
aspect ratio and diameter. Defect diameter indicates the diameter of the
circumscribed sphere of the defect in 3D analysis and the longest dis-
tance between any two points along the selection boundary in 2D
analysis. Defect circularity is a measure of irregularity of the defect
shape in 2D analysis and is equal to 4π(area/perimeter2). Defect
sphericity is a measure of irregularity of the defect shape in 3D analysis
and is equal to the ratio between the surface area of a sphere with the
same volume as the defect and the surface area of the defect. Defect
aspect ratio is the ratio of the smallest projected size to the largest
projected size of the bounding box surrounding the defect in 3D ana-
lysis and aspect ratio of the minor/major axes of the fitted ellipse in 2D
analysis.

Fig. 12 shows defects larger than about 35 µm in diameter from 3D
analysis and defects larger than about 10 µm from 2D analysis. Most of
the defects smaller than 35 µm observed in 2D analysis have a circu-
larity equal to or larger than 0.7, which generally corresponds to
spherical gas entrapped porosity. These defects are not observed in 3D
analysis because, to stay away from false detections imposed by the
resolution limits (14 µm), each detected defects were limited to contain

at least 8 voxels in volume. The largest defects detected in both 2D and
3D analysis seem to have both low circularity/sphericity and aspect
ratio, which results in higher stress concentrations, making them more
detrimental to fatigue performance. A high number of moderately large
defects were observed in 3D analysis, but not observed on the polished
surface for 2D analysis. The higher the number of cross sections in-
vestigated in 2D defect analysis, the better the perception gathered on
the spatial distribution of the defects would be. However, the ran-
domness of the dispersion of defects along with size and irregularity of
the defects shape could affect how accurate the details gathered from
2D analysis can be [85].

The distribution of critical defects is an important factor that re-
quires significant attention for both quantifying and qualifying the fa-
tigue properties of AM parts. The predictability of the precise defect
content of AM parts may be low as explained in previous sections due to
the high number of parameters involved in the powder composition,
manufacturing process and post-processing [90]. It is generally believed
that a larger defect is more likely to cause failure compared to a smaller
one and the fatigue strength of a component is governed by the largest
defects [91], although the sensitivity of the material to defect char-
acteristics such as size is a function of microstructure, defect location,
and environmental and mechanical loading conditions. The proximity
of the defects to the surface could affect the local stress at the defect
even under uniaxial loading conditions. The maximum stress intensity
factor in uniaxial fatigue loading for an internal defect can be ap-
proximated as =K area0.5max and for surface defects is ap-
proximated as =K area0.65max , where is the nominal applied
stress and area is the defect area normal to the applied stress [92]. This
means that, considering two defects of similar size and shape with one
at the surface and the other internal, the surface defect would be con-
sidered more detrimental to the fatigue resistance than the internal
defect.

Fig. 12. (a), (b) 3D defect analysis results on
sphericity, aspect ratio, and defect diameter
from reconstructed model after high re-
solution (~14 µm voxel size) Micro-CT of a
10 mm long portion of gage section of a
tubular LB-PBF Ti-6Al-4V annealed ma-
chined specimen manufactured by M290
and AM250 machines, respectively. (c), (d)
results from 2D defect analysis on circu-
larity, aspect ratio, and defect diameter from
high magnification Digital Microscopy
image from a polished section of a tubular
LB-PBF Ti-6Al-4V annealed machined spe-
cimen manufactured by M290 and AM250
machines, respectively [85].
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3.5. Statistical analysis of defects and extreme value statistics

To avoid defect characterization of every AM part, approximation of
the maximum prospective defect size is beneficial to predict fatigue
performance in the presence of defects. Various representations of the
probability distribution functions have been used throughout literature
to evaluate the distribution of defects in AM parts [93,94]. It is known
that the possibility of finding the largest expected defect induced in a
specimen could differ from that in a component. Therefore, the concept
of Extreme Value Statistics (EVS) was implemented to estimate the
largest expected defect in a larger volume considering the population of
defects in a limited number of samples. This is accomplished by fo-
cusing on the upper tail of the defect distribution. Murakami [95] had
developed an EVS method to predict the maximum inclusion size in a
large volume of steel based on Gumbel distribution and Shi et al. [96]
later applied a variation of EVS, based on the Generalized Pareto Dis-
tribution (GPD), to carry out this prediction.

Romano et al. [97] applied EVS for analyzing X-ray CT scan mea-
surements to qualify ALSi10Mg AM parts. They observed the variability
of the defect size distributions using probability plots. Considering the
cubic root of the volume or the square root of the projected area as the
geometry factor, they observed that the data points over a certain size
tend to align, implying that defect sizes exceeding a threshold can be
fitted by an exponential distribution, as was previously confirmed for
inclusions in steels.

Gumbel distribution function is presented as:

=F (x) exp( exp x )G
(3)

In order to calculate the location parameter λ and scale parameter
δ, an estimator of the Cumulative Distribution Function (CDF) of defect
sizes is linearized according to the Gumbel distribution. The ability of
the Gumbel distribution to fit the data can be interpreted as the quality
of the fit in this linearized space. If the resulting plot is almost linear,
the data follows a Gumbel distribution where the slope and the inter-
cept are equal to 1/δ and −λ/α, respectively. The maximum expected
defect size in a prospective volume is then computed with =T V V/p ref as
the returning period of maximum defect size in Vp:

=area V
T

( ) ln( ln 1 1 )max p (4)

The GPD function is described as:

= +x x uF ( ) 1 (1 )GP
1/

(5)

where γ and σ are shape and scale parameters, respectively, and u is the
threshold value. This method is used by generating a mean excess (ME)
value plot for the defect sizes. The Pareto distribution is characterized
by a mean excess function that is roughly linear after the threshold u.
The slope of this linear part of the mean excess plot is γ/(1 − γ) with
intercept at σ/(1 − γ). The calculated maximum expected defect size
tends to an upper limit, as opposed to the first method which uses
Gumbel distribution:

=area umax (6)

Based on literature and our analysis, the effect of choosing various
threshold values on the final predicted value is not significant. To
consider this slight effect, results from various thresholds would be
calculated and averaged. The GPD function has been shown to be sui-
table for EVS using data gathered from 3D defect characterization.

EVS results for two micro-CT scanned Ti-6Al-4V specimens, one
annealed and one HIP’ed, using Gumbel distribution are shown in
Fig. 13 [97]. Block maxima sampling was used such that a 10 mm
length of each specimen’s gage section was divided into 8 sub-volumes
and the largest defect in each sub-volume was selected. The maximum

expected defect diameter for the total specimen gage volume for each
case is marked on the plot. The expected maximum defect calculated for
HIP’ed condition is about half of that for the annealed condition. The
expected maximum defect sizes calculated from EVS methods for var-
ious conditions will be later implemented for fatigue life prediction in
Part II.

3.6. Effects of powder feedstock and scan strategies on defects

Powder feedstock has also been found to affect the porosity and the
resulting mechanical properties of AM materials. Currently, significant
efforts in quantifying the effect of powder feedstock on mechanical
properties of AM parts is underway. Several studies have attempted to
link powder properties such as particle size distribution, shape,
roughness, microstructure, and the resulting flowability, compressi-
bility, and aeration to mechanical properties [98–100]. Liu et al. [101]
showed that a narrower particle size distribution increased the flow-
ability of the powder and resulted in parts with increased hardness and
tensile strength. The increase in flowability was attributed to the re-
duction of agglomerates, which increase the friction between flowing
particles, since particles of similar size tend to flow independently.
Nandwana et al. [102] also reported variations in particle size dis-
tribution affected the porosity of EBM Ti-6Al-4V with coarser powder
sizes leading to more porosity and lower fatigue lives. Interestingly, a

Fig. 13. Gumbel plot for distribution of the largest defect sizes gathered with
block maxima sampling from gage section of annealed and HIP’ed tubular LB-
PBF Ti-6Al-4V machined surface specimens from two micro-CT scanned speci-
mens for each condition, each divided into eight sub-volumes in the build di-
rection. The calculated maximum prospective defect diameter using Gumbel
plots in the volume of one specimen is represented by a star for each case.
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wider particle size distribution was shown to increase the final density
of the parts due to finer particles filling the vacancies between larger
particles. These results suggest that the ideal particle size distribution is
wide enough to give good powder bed density yet narrow enough to not
degrade the flowability of the powder and that initial powder quality
could be highly influential on part performance.

Complementary to powder quality studies is the effect of powder
recycling or reconditioning on the mechanical properties of additive
manufactured parts. For Ti-6Al-4V AM materials the increase of inter-
stitial elements such as hydrogen, nitrogen, and oxygen are of relative
concern. The introduction of these interstitial elements in titanium al-
loys have been shown to significantly reduce ductility while increasing
strength, as well as its susceptibility to stress-corrosion cracking.
Studies have reported that increased powder recycling can increase
these interstitial elements [103] while others have reported no sig-
nificant change in interstitial element composition [104,105]. Roach
et al. [105] showed that after greater than 20 iterations with periodic
reconditioning there was only a small (< 0.01 wt%) increase in inter-
stitial elements. The resulting test coupons fabricated from new and
used powder showed similar microstructure and slow strain rate tensile
behavior in chloride environments.

The particle size distribution has been reported to significantly
change after the recycling of Ti-6Al-4V powder. Seyada et al. [106]
reported that after 12 recycling cycles the number of finer particles
(< 20 μm) decreased while the number of larger particles increased.
Parts fabricated after 12 iterations showed less porosity and was re-
ported to be a result of increased flowability due to reduction of ag-
glomerates. The surface roughness, however, was reported to increase
for the recycled powder. O’Leary et al. reported similar observations on
the particle size distribution along with very little increase in interstitial
elements, however, for the fabricated parts they reported an increase in
oxygen above the allowable 0.2 wt% specified in ASTM F2924 [107].

The improved defect distribution for recycled powder was also
shown by Carrion et al. [108] which led to improved high cycle fatigue
behavior of AM Ti-6Al-4V test coupons. In this study a narrower par-
ticle size distribution was reported after 15 recycling iterations which
improved the flowability of the powder agreeing with the previous
research [106]. Fractography of failed high cycle fatigue (HCF) speci-
mens revealed smaller defects responsible for crack initiation for the
specimens fabricated from the recycled powder and compared to spe-
cimens fabricated from new powder. These interesting results indicate
that the powder quality, especially after several recycling steps, is of
significant concern for AM Ti-6Al-4V parts. There are currently a lim-
ited number of studies that tackle the effect of powder recycling and its
effect on the mechanical properties of AM parts. In addition, the mul-
titude of various process parameters and procedures compounds with
the complexity of relating powder characteristics to mechanical prop-
erties and ultimately part performance.

Scanning strategies have also been investigated regarding their ef-
fect on achieving part densities that surpass what is achievable solely
through energy density optimization. Tammas-Williams et al. [109]
suggested that for an EBM method, the interior hatching of a selectively
melted area was responsible for the generation of most defects. It was
suggested that pores are pushed along the solidification front of the
melt pool, after which they are dumped once the beam changes direc-
tion. This results in aggregation of pores at the edges of the hatch lines.
At the contour of the melted area, however, the formation of pores was
not observed and concluded to be a result of a contour remelting
strategy allowing gas-entrapped pores an opportunity to escape. This
work suggested that employing different scan strategies or re-melting
layers could be beneficial in improving the overall density of fabricated
parts, even though this may increase build time. In fact, Gustmann et al.
[110] showed that re-melting entire layers of a Cu-Al-Ni-Mn shape
memory alloy led to increased relative density and improved ductility.

In addition to improving the defect distribution throughout an AM
part, scan strategies are also used to manage the introduction to

residual stresses that are inherent to the rapid cooling of LB-PBF. AM
systems mostly deal with residual stresses by rotating the laser direction
after each layer is melted. The changing direction of the laser results in
the successive layer to change the directionality of the residual stress in
relation to the previous layer due to the scanning direction. In addition
to this rotation of the laser direction, each part slice is often broken into
smaller segments or strips reducing the overall length of the laser
scanning vector allowing each layer to compensate for the anisotropic
effect of the previous layer [111]. A more in-depth discussion on the
effects of residual stresses and how to deal with them is given in Section
5.1.

4. In-situ monitoring and real time control of AM process

Understanding that microstructure and defects inherent to the AM
process can significantly affect the mechanical behavior of AM parts,
there has been a recent surge of interest in real time (in-situ) process
monitoring. The multitude of process variables associated with AM
technology can make even qualitative assessment of process quality
difficult. There are several key signatures from the laser, powder, and
part interaction leading to a melt pool that serves as a source of elec-
tromagnetic signals that can be readily measured to provide pertinent
information on size, shape, stability, and temperature of the meltpool.
Most importantly, since the shape and stability of the melt pool can be
critical to final part quality, any variability in predetermined process
parameters that affect the geometry and temperature of the melt pool
can result in insufficient melting leading to poor part quality.

Researchers have implemented pyrometers, photodiodes, high-
speed cameras, or a combination of these instruments to investigate
several melt pool or AM related properties [112,113]. The systems are
either set up in a Lagrangian [114–120] frame of reference that tracks
the melt pool directly or an Eulerian [121–124] frame of reference that
maintains a constant field of view of within the build area. Lagrangian
systems have shown success in monitoring melt pool characteristics but
has the drawback of an inability to capture the thermal history of
particular areas of interest. The ability to monitor the melt pool directly
allows for these types of systems to be implemented in microstructural
control applications as suggested by Gockel et al. [8]. Craeghs et al.
[122] showed early success in transforming a photodiode detector
signal into meaningful data that related to the melt pool area, length,
and width. These researchers were able to reduce laser power in real
time to prevent overheating. Combining this ability with the process
maps generated by Gockel et al. (Fig. 7) [8] real time feedback control
of the microstructure may be obtainable. Additionally, feedforward
information such as geometry and location of a part can be used to
make real time parameter adjustments to improve part characteristics/
properties i.e. surface quality at overhangs or functionally graded mi-
crostructure at critical locations.

Eulerian reference monitoring systems are popular for their ability
to capture thermal history as well as powder distribution quality during
fabrication. Researchers have shown the ability to capture porosity by
monitoring areas of insufficient melting through an IR camera
[124,125]. By monitoring the radiation of the build areas, Schwerdt-
feger et al. [125] was able to correlate regions of high radiation with
part flaws. These large area monitoring systems, however, are often
coupled with a reduction in spatial resolution. This reduced resolution
may make detecting critical flaws in fatigue applications difficult due to
their small size yet high impact on fatigue resistance.

Data management is possibly the biggest hurdle for practical in situ
monitoring of the AM process. Spears and Gold [113] calculated, as
reference, the amount of data that would be generated for a Lagrangian
melt pool sensor at a data rate of 50 kHz for a 3-day build time to be
over 200 gigabytes. Factor on top of this an industrialized manu-
facturing process and one can see how the amount of generated data
can quickly become unmanageable.

The current state of in-situ monitoring is mostly quality assurance to
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verify that predefined process variables are maintained or to identify
areas with high probabilities of defects after the data has been suffi-
ciently analyzed. One of the most significant challenges that in-situ
monitoring offers to overcome is extensive ex-situ qualification of AM
parts. Currently, time intensive qualification processes rely on de-
structive and non-destructive evaluation techniques to ensure part
quality. By incorporating monitoring systems that can provide accurate
defect information, the extensive time and monetary cost associated
with conventional process/part qualification may be significantly re-
duced. Finally, one of the most rewarding promises of in-situ mon-
itoring is to achieve the ability to implement real time adjustments to
maintain desired conditions or repair low quality areas through closed-
loop control. Craeghs et al. [122,126] showed early success at im-
plementing such feedback control systems. However, the use of in-situ
closed loop control has not been readily proven in the literature. De-
velopment of such real time quality control tools through in-situ
monitoring has been suggested as a high priority for research by the
National Institute of Standards and Technology (NIST) [127] as well as
the Department of Defense [128].

5. Post-processing treatments

Despite the progress made in AM process optimization, additional
post-processing is often necessary for fatigue critical parts. The effect of
post-process thermal treatments on the microstructure of wrought Ti-
6Al-4V has been extensively investigated resulting in several well es-
tablished heat treatment and annealing procedures capable of gen-
erating a variety of microstructures and mechanical properties. These
procedures, however, were developed using heavily worked and mill
annealed material in which the initial microstructure is broken down to
an equiaxed α microstructure with β along the grain boundaries. After
shaping the alloy through conventional rolling or forging processes a
final heat treatment is performed to obtain a desired microstructure
dependent on the final application.

5.1. Stress relieving

As mentioned previously, residual stresses are often formed in AM
parts due to the large thermal gradients that arise between the previous
layers and the melted layer. The cooler solidified layers previously
deposited laterally restrict the thermal expansion of the layers above,
often within the plastic regime due to the high melting temperatures.
Once these moderately compressed layers cool and begin shrinking
themselves, they tend to bend upwards but again are restricted by the
previous layers resulting in a tensile residual stress component at the
surface acting parallel to the build direction. The residual stress adds up
with each successive layer until the stress is so high that the previous
layers or support structure attaching the part to the substrate fails
causing the part to bend upwards and likely lead to build failure. Even
in the absence of this build failure, successful builds that manage to
resist the buildup of residual stresses during the fabrication process can
release these stresses upon removal of the substrate and have excessive
dimensional inaccuracies.

While much effort has been given to scan strategies as a means to
reduce residual stress during fabrication, stress relieving parts before
removal from the substrate is still often a critical post-processing step.
Even with the reduction of process induced residual stresses, stress re-
lief is often necessary for parts that require high dimensional accuracy
as well as the removal of the detrimental effects of the residual stresses
for fatigue and fracture critical parts. Stress relieving temperatures are
often much lower than the critical/recrystallization temperature so that
the microstructure is mostly unaltered. Baufeld et al. [49] showed that
stress relieving treatments at 600 °C for 4 h did not significantly affect
either the microstructure or mechanical properties of wire AM Ti-6Al-
4V.

While reduction of residual stresses is strongly recommended,

particularly in fatigue critical applications, it is imperative to under-
stand the effects of process-induced residual stresses for applications
that require AM part deployment in the as-built condition, such as those
in remote locations. Edwards and Ramulu [23] showed that the process-
induced residual stressed in LB-PBF Ti-6Al-4V are tensile at the surface
of as-built parts. For larger parts, the residual stress dropped off to more
normal levels, below 100 MPa, at 50 μm below the surface while taller/
narrower parts result in higher residual stresses greater than 200 MPa
that penetrate up to 250 μm deep. The presence of these residual
stresses ultimately resulted in lower fatigue resistance highlighting the
importance of fully characterizing the residual stress and its effects for
parts that do not undergo post-process stress relief.

5.2. Heat treatment

The heat treatment procedures can be divided into two categories in
which the maximum soak temperature is below the β -transus tem-
perature (sub-transus) or above β-transus (super-transus). Sub-transus
heat treatments are performed in the α + β field to obtain globular
primary α grains in a matrix of secondary α plates. These sub-transus
heat treatments and the resulting microstructure give rise to a combi-
nation of high strength and ductility. On the other hand, super-transus
heat treatments are performed in the β field and result in a fully la-
mellar or Widmanstätten (basketweave) microstructure which has
lower ductility compared to the globular α in transformed β micro-
structure. The Widmanstatten microstructure, however, has higher
fracture toughness as a result of the lamellar grains acting as crack
deflectors.

As discussed in Section 2, additive manufactured Ti-6Al-4V parts
produced by LB-PBF have very fine microstructures, either ultrafine
Widmanstatten or martensite, shown in Fig. 1, as a result of the higher
cooling rates. Most importantly, the martensitic microstructure is not
ideal as the ductility is severely limited by the fine HCP crystall struc-
ture and the propensity towards intergranular failure along prior β
grain boundaries. Heat treatments are thus necessary for LB-PBF Ti-6Al-
4V parts to improve part ductility that meet standard specifications
such as ASTM F1472 and F2924 [107,129]. The unique combination of
columnar prior β grain structure and the fine acicular martensitic grains
contained within, however, results in insufficient mechanical properties
for LB-PBF Ti-6Al-4V when using traditional heat treatment procedures
[39–42].

The reduced effectiveness of traditional heat treatments on LB-PBF
Ti-6Al-4V to obtain similar mechanical properties, compared to
wrought Ti-6Al-4V, is attributed to the unique columnar prior β and α′
microstructure in which the partial dissolution of the α′ phase into
α + β acts to restrict any significant grain growth at temperatures
below β -transus [41,42,80]. Vrancken et al. [42] showed that succes-
sive sub-transus heat treatments at 780 °C, 850 °C, and 950 °C at a soak
time of two hours and furnace cooled resulted in equilibrium α + β
phase with increasing β phase associated with increasing soak tem-
perature. The width of the α plates were shown to be mainly influenced
by the maximum soak temperature, however, for temperatures ap-
proaching β-transus the hold time becomes influential as well [80].
Heat treatments that approach the β-transus temperature show in-
creased sensitivity to cooling rate as well as lower cooling rates re-
sulting in coarser α plates, however, the maximum soak temperature is
still the most influential aspect of the final α plate width [41,42]. While
these sub-transus heat treatments effectively eliminated the martensitic
microstructure, the columnar prior β microstructure is preserved.

Vilaro et al. [41] showed that solution annealing treatments above β
transus can result in a shearing mechanism from the β → α′ transfor-
mation effectively eliminating the columnar prior β microstructure.
Vrancken et al. [42] also showed that holding temperatures above β
transus results in grain growth along the width of the prior β grains
leading to a semi-equiaxed microstructure. For heat treatments that
surpass the β -transus temperature, the cooling rate becomes the most
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influential aspect on the final microstructure [41,42]. Furnace cooling
after super-transus heat treatments have been shown to result in the
Widmanstatten microstructure for LB-PBF Ti-6Al-4V [40–42]. While
this basketweave microstructure results in inferior ductility compared
to the fully lamellar α + β microstructure obtained from the sub-
transus heat treatments, it is expected to provide better performance in
fracture critical applications.

To obtain the best combination of strength and ductility for Ti-6Al-
4V alloys, a bimodal microstructure is often desired. For wrought Ti-
6Al-4V alloys this is achieved by thermomechanical processing, how-
ever, for AM alloys net shape or near net shape parts are preferred to
reduce processing steps. Ter Haar and Becker [40] showed that a bi-
modal microstructure could be achieved for AM Ti-6Al-4V by taking
advantage of the fragmentation that occurs in the α phase during high
solid solution temperature region annealing procedure. This allows for
globularization of the α phase that is retained after quenching and a
subsequent low solid solution temperature region annealing procedure.
The low solid solution temperature region anneal allows for the de-
composition of the α′ phase to a lamellar α + β microstructure. This
bimodal microstructure was shown to greatly improve the ductility of
LB-PBF Ti-6Al-4V [40].

HIP treatments may also be a necessary post-process treatment for
Ti-6Al-4V parts fabricated by additive manufacturing techniques due to
the inherent porosity associated with AM. It has been established that
AM Ti-6Al-4V parts subjected to HIP treatment and a subsequent sur-
face machining have high cycle fatigue performance on par with tra-
ditional wrought materials [3,130–133]. The improvements in fatigue
resistance for HIP’ed AM Ti-6Al-4V components can be attributed to a
combination of improved local microstructure surrounding defects and
a reduction in defect size [80,131,134]. Li et al. [131] showed via
quantitative analysis of electron backscatter diffraction (EBSD) images
the existence of a more refined microstructure near defects in the
HIP’ed material (Fig. 14). This is consistent with observations in HIP
compaction of Ti-6Al-4V powder [134–137] and the microstructure

evolution that occurs during the typical wrought Ti-6Al-4V processing
route [138–141]. The study [131] suggested that the improved HCF
performance by HIP treatment is a combination of decreasing defect
sizes below a threshold and changing the microstructure that surrounds
defects.

Standard HIP processes for wrought materials may not be applicable
for additive materials as they typically involve a post HIP heat treat-
ment. For LB-PBF, the introduction of inert gases such as Ar restricts full
healing of the pores as Ar does not easily diffuse through the micro-
structure [81]. During HT of LB-PBF parts the reduction of the pore size
compresses the Ar resulting in a residual pressure in the pore and a
tensile residual stress along the pore boundary. Successive heat treat-
ments after HIP may re-open these pores due to the residual pressure
introduced by the compression of Ar filled pores reversing some of the
benefits of the HIP treatment [109]. This again highlights the need for
AM specific post-processing HT schedules that take into account the
inter-relationships between process-structure-property (PSP) of ad-
ditive manufactured parts. Regardless, if heat treatment or HIP is re-
quired, stress relieving is often necessary to prevent parts from dis-
torting after removal from the plate.

6. Summary and conclusions

By reviewing and extracting data from the open literature, this work
has attempted to summarize what is known regarding process - struc-
ture relationships of additive manufactured Ti-6Al-4V. These relation-
ships were elucidated through understanding the relationships between
AM processing parameters, post-process treatments, and the resulting
phase structures, grain structures and porosity characteristics.

As reviewed, an optimum processing window exists in AM for
yielding maximum part density, however, lack-of-fusion defects, which
are flat and often unmeasurable via standard density measurement
methods, may still exist at relatively high part densities. A compromise
in density may be needed in favor of potentially less detrimental

Fig. 14. (a & b) EBSD α phase orientation maps around three defects in LB-PBF Ti-6Al-4V prior to HIP treatment. (c) Scatter plot showing the maximum length of α
grains in the scanned plane as a function of the distance to the center of the defect in (a & b). (d, e & f) EBSD α phase orientation maps near defects in HIP treated LB-
PBF Ti-6Al-4V. (g) Scatter plot showing the maximum length of α grains in the scanned plane as a function of the distance to the center of the defect in (d, e & f)
(where in (f) only the top right pore was analyzed). EBSD maps were collected by cross-sectioning the specimen perpendicular to the build direction (and specimen
loading axis). Crystal orientations in the inverse pole fig. (IPF) map are normal to the cross section. Images are adapted from [131].
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defects, achievable through the use of higher power density during the
manufacturing process. Additionally, additive manufactured-induced
lack-of-fusion defects, as well as the aggregates of spherical pores, may
produce a weak plane perpendicular to the build direction. Therefore,
depending on the presence of lack-of-fusion voids, strong anisotropy in
fatigue behavior of AM Ti-6Al-4V may exist. Even within an optimized
process window, variations in process and powder conditions can sig-
nificantly affect the size and distribution of the defects and the resulting
mechanical performance of additively manufactured materials.

Depending on cooling rates inherent to a particular AM process, a
broad range of phase structures can be produced, including coarse
α + β lamellar (heat treatment induced), basket weave
(Widmanstätten) and the martensitic structures. Coarser micro-
structures may lead to reduced tensile strength and HCF resistance due
to the wider lamellar and larger α-colonies/prior-β grains, respectively.
Monitoring or controlling the melt pool size may lead to the ability to
custom tailor microstructure for a desired application. As improve-
ments in in-situ monitoring and ultimately closed loop control occur,
the ability fabricate a functionally graded microstructure could be
realized delivering a long awaited promise of the AM process.

Post-process treatments are often necessary to reduce residual stress
and/or improve the microstructure and the defect distribution in AM
Ti-6Al-4V. Conventional post-process thermal processing for wrought
Ti-6Al-4V, such as annealing/heat treatment and hot isostatic pressing,
do not typically give similar results for additive manufactured Ti-6Al-
4V parts as a result of their unique as fabricated microstructure. While
successful thermal treatments have been shown to result in a variety of
microstructures that are comparable to traditional wrought micro-
structures, leading to comparable mechanical properties, these proce-
dures contrast significantly to the conventional Ti-6Al-4V heat treat-
ments.

Given its physical origins, the fatigue behavior of AM Ti-6Al-4V is
highly sensitive to many variables associated with the additive manu-
facturing process. The unique microstructure as well as the defects as-
sociated with additive manufactured Ti-6Al-4V parts makes fatigue life
prediction inherently more difficult compared to wrought Ti-6Al-4V. To
this point, a thorough review on the characterization of AM Ti-6Al-4V
fatigue behavior, which is carried out in Part II of this series, is ne-
cessary to detail not only the complex nature of fatigue behavior in
regard to AM but also the varying degrees of fatigue performance ob-
served for different AM processes, procedures, and systems.
Understanding the PSP relationships and specifically how they relate to
the fatigue behavior of Ti-6Al-4V parts is critical for the advancement of
additive manufacturing technology.
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