
Introduction

     Various forms of geometric discontinuities or imperfec-
tions, such as pores and inclusions, are always present in
welded components (Refs. 1–4) — Fig. 1A. The same can be
said about other manufacturing processes like forged com-
ponents (Fig. 1B), or even in plain materials, which are just a
matter of length scale. In the construction of modern light-
weight structures, lightweight aluminum alloys are increas-
ingly being used in the automotive industry. Due to produc-
tivity requirements, resistance spot welds or laser welds
tend to contain a more pronounced porosity, depending on
materials and welding parameters used — Fig. 2 (Ref. 1).
     Although friction stir welding (FSW) has many advan-
tages over the traditional fusion welding processes, some
unique discontinuity forms (such as kissing bonds and
“hook-like” defects — Fig. 3) can pose significant challenges
to nondestructive examination (NDE) techniques due to po-
tential implications on the structural integrity of such joints
if missed in production. As 3D printing (or additive manu-
facturing [AM]) gains popularity in the metal manufactur-
ing industry, quality acceptance criteria have become one of
the key technological hurdles for the adoption of safety-crit-
ical applications. AM parts’ “all weld metal” nature in terms
of randomly distributed discontinuities over a bulk build is
illustrated in Fig. 4 for a 3D printed Ti-6-4 round bar (Ref.
5). One key question here is how to determine what level of
discontinuities, both in size and distribution, is acceptable
for a given product application. Similar questions have also
been repeatedly asked for dealing with dissimilar metal
joints such as aluminum to steel joints in which brittle inter-
metallic compounds typically develop, often accompanied by
microcracks. 
     To address the questions posed above, fracture mechanics
methods can be used. The power generation and petrochem-
ical industries have widely adopted these methods as a post-
construction assessment method for demonstrating struc-
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ABSTRACT
    Most of the existing weld quality acceptance criteria
stipulated in various codes and standards, as well as in
recommended practices, are empirical in nature. Historical-
ly, these workmanship-based criterias have been adequate
for quality control purposes in construction of welded
structures. However, as the competition for achieving struc-
tural lightweighting intensifies, more quantitative quality ac-
ceptance (also known as fitness-for-purpose based) crite-
ria are increasingly called for. This is because various new
forms of discontinuities and joint configurations (e.g., dis-
similar materials joints) cannot be readily related to existing
acceptance criteria. Even if existing criteria can be made
applicable, recent research findings have shown that exist-
ing criteria can be excessively conservative for some and
unconservative for others when dealing with thin gauge and
lightweight construction. A similar situation exists for addi-
tively manufactured metallic components, which can be
viewed as “all weld metal” components containing random-
ly distributed discontinuities over the entire component vol-
ume. In this paper, some of the recent developments in
quantitative weld quality acceptance criteria will be first
highlighted, some of which are made possible by advanced
fracture mechanics analysis techniques. Applications in
structural lightweighting and additive manufacturing will
then be demonstrated with some real-world examples. 
Finally, implications on a broader application of the method-
ologies presented for ensuring both structural integrity and
cost-effectiveness in construction will be discussed in light
of these developments.
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tures or pressure equipment’s fitness for continued service
when a defect (hypothetical or real) is considered (Refs. 6
and 7). These methodologies are often referred to as engi-
neering criticality assessment (ECA) or fitness-for-service
assessment procedures, representing practical application
procedures as fracture mechanics continue to advance. Some
of these advancements are particularly suited for applica-
tions in establishing the quality acceptance criteria dis-
cussed earlier. The paper starts with some simple illustra-
tions on the structural significance of geometric discontinu-
ities to show that fatigue performance is the key measure of
effects of discontinuities for which fracture mechanics con-
siderations become essential. Then, some of the relevant
fracture mechanics developments are highlighted. These in-
clude both direct techniques for assessing structural signifi-
cance of discrete or randomly distributed defects and an in-
direct method for fatigue performance evaluation of compo-
nents containing various forms of discontinuities. Various
real-world examples were used to demonstrate how some of
the fracture mechanics techniques can be used to effectively
establish quantitative quality acceptance criteria for engi-
neering applications.

Structural Significance of Discontinuities

Static vs. Fatigue Strengths

     It has been well-established in the literature that the
detrimental effects of geometric discontinuities associated
with typical manufacturing processes can be related to com-
ponents’ fatigue performance under cyclic loading condi-
tions. As long as there is no significant load-carrying area

reduction, structural strengths under quasi-static loading
conditions are typically not noticeably impacted. This can be
clearly illustrated by considering a set of simple tension
specimens containing different notch radii, resulting in dif-
ferent stress concentration factor Kt (Ref. 8), as shown in
Fig. 5. The resulting static strengths obtained from these
tests showed essentially the same load capacity (see peak
values of the load-displacement curves in Fig. 5B), even
through the local stress concentration varies significantly
from Kt  2.5 to Kt  20. However, the fatigue tests on two
specimen types with different stress concentration factors
(Fig. 6A) yield two distinct S-N curves resulting in signifi-
cantly different fatigue strengths defined by the two hori-
zontal lines in Fig. 6B. 

Illustration of Quantitative Quality Acceptance Criteria 

     To demonstrate the major differences between empirical
based weld quality acceptance criteria and fracture mechan-
ics based quantitative quality criteria, consider a structural
steel beam welded onto a base plate as shown in Fig. 7. In
traditional quality acceptance criteria, as long as any discon-
tinuities, for example a defect size of a0, are less than an al-
lowable limit through a nondestructive inspection tech-
nique, a simple beam bending theory can be used to calcu-
late maximum beam depth H needed for carrying a static
load F without exceeding the steel yield strength SY, i.e., 
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Fig. 1 — Representative defects at a different length scale: A — Fillet weld; B — forged component.

Fig. 2 — Representative defects in resistance spot welds and
laser welds: A — Resistance spot weld; B — laser welds.
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Then, the beam height required can be calculated as:

     However, the weld connecting the beam to the base may
contain potential manufacturing defects that might not al-
ways be detected during a required NDE inspection due to
inherent limitations in a given NDE technique. Then the
question becomes: Is the beam structure still capable of car-
rying design load F if a crack-like defect of a0 is missed dur-
ing NDE inspection? To answer this question, a fracture me-
chanics parameter KI (referred to as stress intensity factor)
needs to be introduced, which relates stress in Eq. 1 to de-
fect size a0 in the following manner as long as a0 is small
compared to H:

where C is a constant. The critical condition can be deter-
mined by comparing KI with material fracture toughness KIC

measured from laboratory tests. Then, for a given initial de-
fect size a0, we can determine the beam height requirement
for carrying the required load F without causing an unstable
fracture by an initial defect of size a0:

     By comparing the beam height calculated from Eq. 2 and
4, the largest H should be the final design height for pre-
venting the beam both from reaching SY (developing plastic
deformation) and developing an unstable fracture. For de-
fect sensitive materials, e.g., high-strength steel, Eq. 4 often
prevails. This can be demonstrated by rearranging the right-
hand side of Eq. 3 after substituting SY in place of max as:

in which A  1/(C2). Although a rather simple exercise, the
implications of Eq. 5 are significant as summarized in the
following:
      The maximum tolerable defect is inversely proportional
to the second power of material yield strength SY. As higher
strength materials are increasingly used, the maximum tol-
erable defect size rapidly decreases;
      In structural metals, it is typical that as yield strength
increases, fracture toughness KIC decreases;
      The compound effects of high yield strength and low
fracture toughness make FFS or defect assessment increas-
ingly important in manufacturing quality control, particu-
larly modern lightweight structures.
     Equation 5 illustrates that fracture mechanics not only en-
ables a quantitative defect acceptance criterion, but it also es-
tablishes an important relationship between acceptable defect
a0 based on its significance to structural performance (in this
case, propensity to brittle fracture) and other materials prop-
erty (i.e., yield strength SY) in addition to fracture toughness
KIC through Eq. 5. 

Advanced Applications of Fracture Mechanics
Methods

     In view of the importance of fracture mechanics princi-
ples previously discussed, some of the relevant recent ad-
vances in adopting fracture mechanics principles for applica-
tions in complex structures are briefly highlighted. 
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Fig. 3 — Friction stir welds of aluminum extrusions: A — View
of overall friction stir zone; B — local view of defects at
nugget root.
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Hybrid Polygonal Element (HPE) Method

     A rather novel hybrid polygonal element method was de-
veloped decades ago (Ref. 9) and has been widely used for
composite materials due to its robustness for dealing with
randomly distributed geometric features, e.g., cracks, inclu-
sions, and voids. Figure 8 illustrates a thin plate containing
about 27 randomly distributed cracks under remote tension.
A simple polygonal element model (Fig. 8B) is all that is
needed to accurately calculate stress intensity factors at each
of the crack tips for all cracks. As a result, the stress intensi-
ty factor KI for the main crack is increased by about 200% in
comparison to KI0 corresponding to the situation in which
only the main crack is present. The maximum stress intensi-
ty factor value among all 27 microcracks occurs at Crack 17
(Fig. 8B) and is about 96% of KI0.
     This method has been adapted for performing fracture me-

chanics assessment of aluminum spot welds with randomly
distributed pores and microcracks, as shown in Fig. 9 (Ref. 10). 
     
Finite Element Alternating Method (FEAM)
     
     A finite element alternating method (FEAM) has been
implemented for fracture mechanics applications in complex
welded components (Refs. 11–14). This method is particu-
larly advantageous in that it only needs a regular finite ele-
ment model without the need to model the presence of a
crack. It is relatively mesh size insensitive because it is based
on an alternating procedure between a closed form solution
for an embedded elliptical crack in an infinite body and a fi-
nite element stress solution for an actual component — Fig.
10. Its applications for modeling a variety of crack problems
in welded components, including the treatment of welding-
induced residual stresses, are given (Ref. 14).
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Fig. 4 — Randomly-distributed discontinuities in a 3D printed titanium bar (Ti-6-4): A — Bar specimen; B — CT scan image.

Fig. 5 — Tensile strength test results of specimens containing a varying degree of stress concentration: A — Tensile specimens
containing various forms of stress concentrators; B — tensile test results.
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A Traction Structural Stress K Solution
Method

Mesh Insensitive Traction Stress Method

     Over the past decade, a traction stress calculation proce-
dure (Refs. 2, 15–17) has demonstrated its ability to provide
a simple and effective stress intensity factor (K) estimation
for complex joints, in addition to its mesh insensitivity in
charactering stress concentrations. The traction stress defi-
nition (Fig. 11) is based on fracture mechanics considera-
tions. By considering a hypothetical crack plane (e.g., a line
cut along A-A in Fig. 11A or a curvilinear surface cut along
C-C in Fig. 11B) at the weld toe, the Mode I stress intensity
factor KI is determined by the normal traction component
s, Mode II KII is determined by the transverse shear compo-
nent z , and Mode III KIII by the in-plane shear component s
(Refs. 18–20). For most applications, only s and s are dom-
inant, and z is typically negligible. The traction stress proce-
dures are given in a number of papers and in the 2007
ASME FFS-1 Fitness-for-Service, Section VIII Division 2
Code and 2007 API-579-1 (Ref. 2).  
     With the traction stress method, the traction stress com-
ponent of interest at any given through-thickness cross sec-
tion cuts along an arbitrary weld line can that be calculated
with a great deal of consistency, or referred to as mesh in-
sensitivity. One example is summarized in Fig. 12. The nor-

mal traction stresses calculated along a curvilinear surface
cut, along the weld toe on the chord, are also given in Fig.
12C. The traction stress is normalized by applied nominal
stress on the brace. The stress concentration factor (SCF) re-
sults are clearly shown being mesh size insensitive as ele-
ment size varies from 0.25 to about 2t (t is chord wall thick-
ness), as shown in Fig. 12B.  

Rapid K Solution Technique

     In addition to its mesh insensitivity in traction stress cal-
culation for complex joints, the properties of the traction
stress method greatly simplify stress intensity factor solu-
tion. As illustrated in Fig. 13, the very definition of traction
(Fig. 11) is consistent with the far-field stress definition ()
in fracture mechanics. Therefore, the traction stress calcula-
tion process can be viewed as a stress transformation
process from an actual complex joint in a structure under ar-
bitrary loading to a simple fracture problem, in which the
complex loading and geometry effects are captured in the
form of membrane and bending. As a result, K for any crack
size along the weld can be estimated by using the existing K
solution for a simple plate fracture mechanics specimen sub-
jected to both membrane tension and bending, by consider-
ing either an edge crack or a surface elliptical crack.  
     The detailed derivations and validations can be found in
Ref. 3 For demonstration purposes, Fig. 14 shows the vali-
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Fig. 6 — Comparison of fatigue test results presented in S-N curve forms (log-log scale): A — Notch geometry and stress concen-
tration factors (Kt); B — comparison of S-N curves and fatigue strengths.

Fig. 7 — Illustration of conventional strength-based design and fracture mechanics based design methods: A — Conventional
beam theory based design; B — fracture mechanics based design considering a small crack-like imperfection (ao).
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dation for considering both an edge crack and a semiellipti-
cal surface crack situated at the weld toe in a T fillet weld. In
Fig. 14A and B, attention should be given to the case labeled
as “W/ notch effects” and its comparison with the solutions
represented by symbols, which were given by Glinka et al.
(see discussions given in Ref. 3) based on a weight function
method. Other solutions (dashed lines) are based on other
forms of approximation methods and plotted here only for
comparison purpose. It can be seen that the traction stress
based K solution compares well with the weight function so-
lution over the entire crack size range considered. The same
can be said about the traction stress based K solutions corre-
sponding to semielliptical crack — Fig. 14C.  

Quantitative Quality Acceptance Criteria

Aluminum Alloy Resistance Spot Welds

     Figure 15 shows typical spot weld cross section macro-
graphs exhibiting a significant level of pores and microc-
racks. After some preliminary examination, the HPE model
shown in Fig. 15B was constructed containing a total of six
pores of  variable size, orientation, and location. After a to-
tal of 242 parametric (242 cases) analyses over these param-

eters, a total of four characteristic distributions (or cases)
were found (Fig. 16) under the two most severe loading sce-
narios — lap tension (also referred to as coach peel) and lap
shear. 
     The fracture mechanics analysis results corresponding to
the four characteristic cases in Fig. 16 are summarized in Fig.
17, normalized by the stress intensity factor for the main in-
terfacial crack K0. As can be seen in Fig. 17, as long as defects
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Fig. 8 — Application of a HPE method in evaluation of a cracked
body (2D) containing a total of twenty microcracks: A — Prob-
lem definition; B — HPE model.

Fig. 9 — Application of a HPE method in evaluation of alu-
minum spot weld containing randomly distributed pores: A —
a representative spot weld cross section; B — HPE model.

Fig. 10 — Illustration of FEAM.

Fig. 11 — “Free-body cut” illustration of mesh-insensitive
structural stress method: A — 2D cross section cut along
Line A-B; B — curvilinear area cut between A-A and C-C.
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are confined within the middle of the weld nugget, approxi-
mately within 50% of the nugget radius, there exists no
noticeable detrimental effects. As a result, the first two types
(to the left of Fig. 17A and B) are considered equivalent to per-
fect welds (i.e., without any pores). 
     The results in Figs. 16 and 17 also provide an effective
means for performing validation testing by grouping speci-
mens in terms of porosity distribution types, rather than
based on specific defect size and location, (such as those in Fig.
16, which are practically impossible to repeatedly reproduce in
practice. Such a validation testing effort is summarized in Fig.
18. As long as the 50% nugget radius criterion is satisfied, Fig.
18 shows that the corresponding S-N test data form essential-
ly the same scatter band, indicting no detrimental effects of
pores as long as they are within the 50% radius of the weld
nuggets. For cases in which pores are widespread or near the
nugget edges, there exists a significant degradation of fatigue

performance, e.g., for the cases labeled with “edge pores”
shown in Fig. 18B. As a result, a shop floor implementation at
a major automotive company is illustrated in Fig. 19, repre-
senting radiographies of periodic inspection results. 

Metallic AM Parts

     As illustrated in Fig. 4, in AM parts, two types of discon-
tinuities are of concern as far as fatigue performance is con-
cerned: (a) surface roughness and surface defects and (b) in-
ternal defects. 

Surface and Subsurface Defects

     Even under machined and polished surface conditions,
the round bar specimens (Ti-6-4) still showed significantly
lower fatigue performance than wrought conditions — Fig.
20. This is because although overall surface roughness can
be improved by machining and polishing, the subsurface
discontinuities shown in Fig. 4 are exposed as surface dis-
continuities. Such effects are clearly illustrated, as summa-
rized in Ref. 21, by detailed examination at a local machined
and polished V notch tip of fatigue test specimens — Fig. 21
(Ref. 21). Here, geometric features are not that different
from typical welded joints, say at the weld toe position, as
shown in Fig. 1A.  
     The effectiveness of the mesh insensitive traction struc-
tural stress method previously described (see Figs. 11 and
12) has been demonstrated effective in collapsing fatigue
test data into a single narrow band for welded joints (Ref. 2).
Given the similarities in notch root discontinuities shown in
Fig. 21, it is conceivable that the mesh insensitive method
could work equally well for correlating fatigue test data for
metallic AM parts if different machined notch geometries
are considered. Such test data were recently published by
Solberg and Berto (Ref. 21), as summarized in Fig. 22 for
which typical notch tip surface conditions are given in Fig.
21. A total of four notch types are considered as shown in
Fig. 22A. The test data are shown in Fig. 22B in terms of
nominal stress range in log-log scale, showing four distinct
trend lines. By using the traction stress method previously
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Fig. 12 — Demonstration of mesh-insensitivity of traction
structural stress along weld toe on chord in a tubular T joint:
A — Overall T joint geometry and loading conditions; B — FE
models with different element sizes; C — comparison of
structural stress results calculated along weld toe.

Fig. 13 — Traction structural stress based mapping for rapid
stress intensity factor (KI) calculation in complex welded
components: A — A 3D plate T joint; B — edge crack solution
(2D); C — semielliptical surface crack solution.
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described, the traction stress based SCFs are then calculated
using the FE models shown in Fig. 22C. It should be noted
that the conventional local stress based SCF or Kt doesn’t ex-
ist due to the ill-defined notch geometries shown in Fig. 21,
while the traction stress based SCF can be computed in a
mesh insensitive manner, thanks to its equilibrium basis
with respect to the cross section cut plane (i.e., fatigue crack
propagation plane). The resulting S-N data correlation in
Fig. 22D shows a significant improvement over Fig. 22B,
suggesting a good transferability S-N test data among differ-

ent notch geometries. Additional results are presented in
(Ref. 22), including detailed discussions on computational
procedures for SCF calculations.
     The traction structural stress method has the advantage
of simplicity since it is mesh size insensitive. It would be
useful to compare with a more elaborate method developed
specifically for correlating the same data shown in Fig. 22
(Ref. 21) in which local strain energy change with respect
to a control volume surrounding the notch root. Such a
comparison is given in Fig. 23. Note that in the original
plot taken from Ref. 21 (see Fig. 23B here), the test data
corresponding to “smooth” were not included in Fig. 23B.
With the same three sets of test data taken directly from
Fig. 22C, in terms of traction stress range, are plotted in
Fig. 23A. It can be seen that the correlation based on trac-
tion stress range in Fig. 23A seems better than that shown
in Fig. 23B, in addition to the method’s simplicity. The key
reason for the good correlation in terms of traction stress
lies in the fact that the traction stress was specifically de-
veloped for treatment of crack propagation dominated fa-
tigue lives, e.g., in welded joints.  The similarities between
AM parts (see Fig. 21) and welded joints (see Fig. 1A) seem
obvious. 
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Fig. 14 — Validation of traction stress based stress intensity factor solutions for a T joint: A — Edge crack; B — semielliptical crack.

Fig. 15 — HPE model for modeling distributed pores in alu-
minum spot welds: A — Representative macrographs of spot
welds showing distributed pores; B — HPE model for repre-
senting effects of pores on stress intensity factor of interfa-
cial slit modeled as a crack.
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Internally-Distributed Defects

     Consider the randomly distributed indications shown in
Fig. 4B. A finite element alternating model previously dis-
cussed was generated as shown in Fig. 24 by considering a
transverse cross section normal to bar’s longitudinal axis
(Fig. 24A). Within such a cross section, any number of ellip-
tical crack-like defects (with minor axis represented as a and
major axis as b — Fig. 24A) can be analytically defined for
examining stress intensity factors along a crack front under
given loading conditions. For the present study, three cases
are investigated: a single elliptical crack-like defect (Fig.
24B); two coplanar elliptical cracks (Fig. 24C); and three
coplanar elliptical cracks (Fig. 24D). Note that the single
crack case shown in Fig. 24B is for evaluating crack location
effects by changing the crack position from the center of the
bar to the edge. This represents a unique advantage of the
FEAM technique, for which one FE mesh (Fig. 24A) is all
that is needed for examining both the crack location effect
(Fig. 24A) and the effects of multiple crack interactions (Fig.
24C and D). Due to space limitation, we only consider re-
mote tension loading conditions i.e., tensions along z axis)

here. For other loading conditions, results and conditions
are given in Ref. 22. The ellipses with dashed lines in Fig.
24C and D represent the equivalent crack size stiputed in
FFS Codes and Standards, e.g., see API 579 (Ref. 6) or BS
7910 (Ref. 7). 
     The stress intensity factor (K) results for single elliptical
crack case are shown in Fig. 25. Note the all computed K re-
sults are normalized by 0 a where 0 represents remote
applied tension stress. At a given crack position, the maxi-
mum K occurs at     90 deg, corresponding to the minor
axis position as shown in Fig. 25A. As crack position is
moved closer to the bar edge, i.e., d/R  0.9, the maximum K
shows a rapid increase. At d/R  1, the elliptical crack be-
comes a semielliptical surface crack, representing the most
severe defect condition. 
     Two coplanar elliptical cracks are considered in Fig. 26.
The purpose is to evaluate the existing equivalent crack size
(see dashed ellipse) criterion when the two crack-like defects
are situated close to each other with a spacing of s  2a. The
stress intensity factor results along the two crack fronts are
shown as Crack 1 (C1) and Crack 2 (C2) in Fig. 26. Separate
FEAM analyses were also performed for single equivalent
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Fig. 16 — Characteristic porosity distributions identified by
parametric analysis using HPE model given in Fig. 15B.

Fig. 17 — Stress intensity factor results corresponding to
characteristic distribution types given in Fig. 16: A — Lap ten-
sion (i.e., coach peel); B — lap shear.

Fig. 18 — Fatigue test results for validating the computational results given in Fig. 17, based on characteristic porosity distribution
types given in Fig. 16: A — Cases 1 and 2; B — Cases 3 and 4.
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crack corresponding to s  0.5a, 1a, 2a, respectively. All
these K results are compared in Fig. 26B–D. The results
show that any interactions between the two coplanar cracks
becomes insignificant when their spacing becomes larger
than 1a or s  1a and that existing s  2a criterion in today’s
codes and standards, e.g., Refs. 6 and 7, seems excessively
conservative, particularly for AM applications (see Fig. 4).
The same can be said about three coplanar cracks, as shown
in Fig. 27. The excessive conservatisms associated with ex-
isting defect interaction criteria shown in Figs. 26 and 27
(see the results labeled as “equivalent”) often lead to unnec-
essary weld repairs that can cause unintended conse-
quences, e.g., high biaxial or triaxial residual stresses (Refs.
23 and 24).

Conclusion

     After a brief overview of some of the recent needs for de-
veloping quantitative defect acceptance criteria in support-
ing structural lightweighting and additive manufacturing,
some of the recent developments in applied fracture me-
chanics as well as robust computational methods are high-
lighted. The emphasis is given to their engineering applica-
tions for enabling the development of quantitative defect
acceptance criteria for ensuring structural integrity and

cost-effectiveness in engineering construction. A series of
case studies are presented, spanning from aluminum spot
welds to metallic AM parts. The following may be considered
as the key messages of this paper:
     1) Quantitative quality acceptance criteria supported by
fracture mechanics principles and recent computational
modeling techniques become increasingly important for ef-
fectively supporting today’s increasingly stringent light-
weighting requirements.
     2) Existing defect interaction criteria seem excessively con-
servative in dealing with randomly distributed discontinuities
often occurring in joining lightweight metals, e.g., aluminum
alloys and metallic AM parts. The quantitative results present-
ed in this paper suggest that these criteria in relevant codes
and standards should be updated by taking advantages of re-
cent developments in some of the computational methods.
     3) In today’s quality control, industry tends to put more
emphasis on acquiring high-tech and high-resolution nonde-
structive techniques that have been advancing at a much more
rapid pace than our understanding of the structural signifi-
cance of various forms of manufacturing defects, particularly
those from newer joining and AM processes. The hope is that
this paper has provided rationales for the importance of taking
a parallel path for establishing what to look for and where to
look when using these advanced NDE techniques, as well as
how to interpret a defects’ significance to structural integrity.
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Fig. 19 — Shop floor implementation. Fig. 20 — Strain-life results of 3D printed titanium alloy Ti-6-4
bar specimens (Ref. 5).

Fig. 21 — Notch geometry details of a V-notched fatigue specimen made by a 3D print process (Ref. 21).
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Fig. 27 — Stress intensity factor as a function of defect location – three coplanar crack-like defects and one equivalent defect
(dashed line): A — Positions of defects studied; B — stress intensity factor distribution along defect fronts with defect spacing
s = 0.5a; C — stress intensity factor distribution along defect fronts with defect spacing s = a.
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