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Abstract

The aerospace industry increasingly relies on additive manufacturing technologies to produce complex,
weight-optimized structural components such as brackets. However, the application of these components in
fatigue-critical environments remains limited by the inherent uncertainties associated with the
manufacturing process. This paper presents a comprehensive experimental analysis of how specific additive
manufacturing parameters influence the fatigue strength of aerospace bracket prototypes fabricated from
titanium alloys. By systematically varying laser power, scanning speed, and layer thickness, the study
investigates the microstructural evolution, defect generation, and surface roughness of the manufactured
prototypes. The research explores the direct correlation between these process-induced characteristics and
the resulting high-cycle fatigue performance under simulated operational loads. Through rigorous
mechanical testing and fractographic analysis, the study identifies critical parameter thresholds that
minimize detrimental porosity and optimize microstructural integrity. The findings demonstrate that careful
calibration of energy density inputs can significantly enhance the fatigue life of additively manufactured
brackets, bridging the gap between rapid prototyping and end-use aerospace applications. This research
provides a foundational understanding for engineers seeking to qualify additively manufactured load-bearing
components for commercial and military aircraft, ultimately contributing to more sustainable and efficient
aerospace engineering practices.
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1. Introduction
1.1 Background and Motivation

The global aerospace sector is undergoing a profound transformation driven by the relentless pursuit of fuel
efficiency, emissions reduction, and enhanced payload capacities. At the forefront of this transformation is the
adoption of advanced manufacturing techniques capable of producing lightweight, highly optimized structural
components [1]. Traditional manufacturing methods, such as casting, forging, and subtractive machining, often
impose severe constraints on geometric complexity and material utilization. In contrast, additive manufacturing
has emerged as a disruptive technology that allows for the fabrication of near-net-shape parts with
unprecedented topological freedom [2]. Among the various components being targeted for additive
manufacturing, aerospace brackets represent a critical category. These brackets are ubiquitous within aircraft
structures, serving as essential interfaces that secure mechanical systems, hydraulic lines, and avionic
enclosures to the primary airframe. Given their ubiquity, even marginal weight reductions in individual brackets
can cumulatively result in substantial mass savings across an entire aircraft [3]. However, because these
brackets are frequently subjected to dynamic vibrational loads and cyclic mechanical stresses during flight
operations, their fatigue strength is of paramount importance [4].

1.2 The Challenge of Fatigue in Additive Manufacturing
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Despite the compelling advantages of geometric freedom and rapid prototyping, the widespread
implementation of additively manufactured load-bearing components in the aerospace industry is hindered by
concerns regarding their long-term mechanical reliability. The layer-by-layer nature of the powder bed fusion
process introduces unique thermal histories that profoundly influence the microstructural characteristics of the
final part [5]. Rapid heating and cooling cycles generate significant residual stresses, while suboptimal process
parameters can lead to the formation of internal defects such as lack-of-fusion pores, keyhole porosity, and un-
melted powder inclusions. Furthermore, the inherent surface roughness of as-built additively manufactured
parts acts as a multitude of microscopic stress concentrators, providing ideal initiation sites for fatigue cracks
[6]. When subjected to the cyclic loading conditions typical of aerospace environments, these defects and
surface irregularities drastically reduce the fatigue life of the component compared to its wrought or machined
counterparts [7]. Consequently, understanding the intricate relationships between manufacturing parameters,
defect formation mechanisms, and fatigue performance is essential for the qualification and certification of
additively manufactured aerospace structures [8].

2. Literature Review
2.1 Process Parameters and Defect Formation

Extensive research has been conducted to elucidate the fundamental mechanisms governing the additive
manufacturing of metallic alloys, particularly titanium alloys which are highly favored in aerospace
applications due to their exceptional strength-to-weight ratios and corrosion resistance [9]. The powder bed
fusion process is governed by a multitude of interdependent parameters, with laser power, scanning speed,
hatch spacing, and layer thickness being the most critical determinants of part quality. Previous studies have
established the concept of volumetric energy density as a simplified metric to quantify the thermal energy
delivered to the powder bed [10]. When the energy density is insufficient, the melt pool fails to penetrate
adequately into the preceding layer, resulting in irregular lack-of-fusion voids. These voids are highly
detrimental to fatigue life because their sharp, irregular morphologies create severe stress concentrations [11].
Conversely, excessive energy density can induce a transition from conduction mode to keyhole mode melting,
where metal vaporization creates deep, narrow melt pools that are prone to collapsing and trapping spherical
gas pores [12].

2.2 Microstructural Evolution and Heat Treatment

The rapid solidification inherent to the powder bed fusion process typically results in a fine, non-equilibrium
microstructure. In the case of titanium alloys, this often manifests as a fully acicular alpha-prime martensitic
structure, which is characterized by high tensile strength but significantly reduced ductility and fatigue
resistance [13]. Researchers have extensively investigated various post-processing thermal treatments designed
to decompose this brittle martensite into a more desirable two-phase alpha-beta microstructure. Standard stress-
relief annealing is routinely employed to mitigate the residual stresses generated by the steep thermal gradients
during fabrication, thereby preventing premature distortion and reducing the mean stress effect during fatigue
loading [14]. Furthermore, hot isostatic pressing has been widely adopted in the industry as a secondary process
to simultaneously optimize the microstructure and close internal pores through the application of elevated
temperature and pressure [15]. While hot isostatic pressing significantly enhances the internal integrity and
fatigue strength of additively manufactured parts, it adds considerable cost and time to the manufacturing cycle,
emphasizing the need to optimize the primary printing parameters to minimize initial defect populations [16].

3. Theoretical Background and Parameter Selection
3.1 Melt Pool Dynamics and Thermal Gradients

The fundamental physical phenomena occurring within the melt pool during the additive manufacturing
process dictate the ultimate mechanical properties of the fabricated bracket. As the concentrated energy source
traverses the powder bed, it creates a localized transient molten zone. The dimensions and stability of this melt
pool are exquisitely sensitive to the chosen process parameters [17]. The thermal gradients extending from the
center of the melt pool into the surrounding solid material are exceptionally steep, often exceeding thousands
of degrees per millimeter. These extreme thermal gradients dictate the direction and velocity of solidification,
thereby controlling the crystallographic texture and grain size of the material. Furthermore, the dynamic fluid
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flow within the melt pool, driven by Marangoni convection and recoil pressure from metal vaporization, plays
a critical role in the distribution of heat and the potential entrapment of shielding gas [18]. A thorough
theoretical understanding of these complex thermophysical interactions is necessary to establish a rational basis
for selecting an experimental parameter matrix that systematically explores the boundaries of stable melting.

3.2 Formulation of the Experimental Matrix

To isolate the effects of specific variables on the fatigue strength of the aerospace bracket prototypes, a
carefully designed experimental matrix is required. The selection of parameters must encompass a range that
spans from suboptimal energy inputs, intended to deliberately induce lack-of-fusion defects, through an
anticipated optimal processing window, to excessive energy inputs that provoke keyhole porosity. By varying
laser power and scanning speed while maintaining constant layer thickness and hatch spacing, researchers
can effectively modulate the thermal input and observe the corresponding shifts in defect morphology and
fatigue performance [19]. The theoretical framework suggests that an optimal parameter set will balance the
need for sufficient melt pool overlap to ensure full density against the need to minimize vaporization and
residual stress accumulation. This delicate balance is central to producing prototypes that not only conform to
the geometric requirements of the aerospace bracket but also possess the microstructural integrity necessary to
withstand cyclic loading [20].

4. Experimental Methodology
4.1 Material Specification and Powder Characterization

The material selected for this experimental analysis is a high-strength titanium alloy commonly utilized in
the aerospace industry. Prior to the fabrication of the bracket prototypes, comprehensive characterization of the
precursor metal powder is mandatory to ensure consistency and reliability. The powder utilized in this study
was produced via gas atomization, resulting in a predominantly spherical morphology which is highly
conducive to uniform powder spreading during the additive manufacturing process. The particle size
distribution was carefully measured using laser diffraction techniques, confirming that the powder sizes fell
within the optimal range for the specified layer thickness. Additionally, the chemical composition of the powder
was verified to ensure compliance with stringent aecrospace material standards, with particular attention paid to
the levels of interstitial elements such as oxygen and nitrogen, which can embrittle the final part if present in
excessive concentrations [21]. Proper storage and handling protocols were strictly enforced to prevent moisture
absorption and environmental contamination of the feedstock.

4.2 Prototype Design and Fabrication Process

The aerospace bracket prototype was designed incorporating topological optimization principles to
maximize structural efficiency while maintaining representative features typical of load-bearing aircraft
components, such as mounting flanges, stiffening ribs, and load-transfer fillets. The computer-aided design
model was imported into the additive manufacturing preparation software, where appropriate support structures
were generated to anchor the overhanging features and dissipate heat into the build platform [22]. The
prototypes were fabricated using a state-of-the-art laser powder bed fusion system equipped with a high-power
continuous-wave fiber laser. The build chamber was purged with high-purity argon gas to create an inert
atmosphere, preventing oxidation of the molten metal. The fabrication process was executed according to the
predefined experimental matrix, producing distinct batches of brackets corresponding to the varying
combinations of laser power and scanning speed. Upon completion of the build cycle, the platform was allowed
to cool slowly within the inert atmosphere to minimize the risk of thermal shock.
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Figure 1: Comprehensive Schematic of the Additive Manufacturing Experimental Setup and Fatigue Testing Configuration
4.3 Post-Processing and Surface Preparation

Following the removal of the build platform from the manufacturing system, the prototypes were subjected
to a standardized stress-relief heat treatment while still attached to the base plate. This crucial step reduces the
magnitude of the process-induced residual stresses, thereby preventing the parts from warping or cracking
during the subsequent removal of the support structures. Once stress-relieved, the brackets were mechanically
detached from the platform using a precision band saw, and the support structures were meticulously removed
using manual and automated finishing techniques. To isolate the influence of internal defects from the
overriding effects of surface roughness, a subset of the prototypes underwent advanced surface machining. The
critical load-bearing regions and the fatigue-sensitive fillets were carefully polished to achieve a consistent,
low-roughness surface finish, thereby ensuring that the subsequent fatigue testing would primarily interrogate
the internal structural integrity dictated by the varying manufacturing parameters [23].

5. Mechanical Testing and Analysis
5.1 Fatigue Testing Configuration

The experimental evaluation of the fatigue strength of the aerospace bracket prototypes was conducted using
a highly calibrated, computer-controlled servo-hydraulic testing machine. The testing apparatus was equipped
with specialized fixtures designed to precisely interface with the mounting geometry of the brackets, ensuring
that the applied loads accurately simulated the operational stresses experienced in an aircraft environment. The
fatigue tests were performed under load-controlled conditions, utilizing a sinusoidal waveform to apply cyclic
tensile and compressive forces. A constant stress ratio was maintained throughout the testing campaign to
represent standard tension-tension fatigue scenarios [24]. The maximum applied load was determined based on
preliminary finite element analysis of the bracket design, targeting a stress level that would induce high-cycle
fatigue failure within a measurable timeframe. The testing frequency was carefully selected to maximize testing
efficiency while preventing excessive self-heating of the titanium specimens, which could artificially alter their
fatigue behavior.

5.2 Data Acquisition and Monitoring

Throughout the duration of the fatigue testing, an array of sensors and data acquisition systems was
employed to continuously monitor the mechanical response of the prototypes. Strain gauges were strategically
affixed to the critical regions of the brackets identified by the prior stress analysis, allowing for the real-time
measurement of localized strain accumulation and the detection of microscopic compliance changes indicative
of internal damage evolution. Furthermore, a high-resolution digital image correlation system was utilized to
capture full-field surface deformation data. This advanced non-contact measurement technique provided
invaluable insights into the initiation and propagation of fatigue cracks along the complex contours of the
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optimized bracket geometry [25]. The testing machine recorded the number of cycles elapsed until complete
structural failure occurred, which was defined as the point at which the bracket could no longer sustain the
applied mean load.

5.3 Non-Destructive and Fractographic Analysis

Prior to the destructive fatigue testing, all prototypes were subjected to rigorous non-destructive evaluation
using high-resolution X-ray computed microtomography. This scanning technique allowed for the
comprehensive volumetric quantification of internal defects, providing precise spatial data regarding the size,
shape, and distribution of pores within the manufactured brackets. Following the completion of the fatigue
tests, the fracture surfaces of the failed specimens were meticulously preserved and subjected to detailed
fractographic analysis using scanning electron microscopy [26]. The high-magnification electron
micrographs enabled researchers to identify the specific microstructural features responsible for crack
initiation. By tracing the characteristic fatigue striations back to their origins, it was possible to definitively
correlate the failure mechanisms with the initial defect populations introduced by the varying additive
manufacturing parameters.

6. Results and Discussion
6.1 Influence of Process Parameters on Defect Density

The analysis of the X-ray computed microtomography data revealed a profound correlation between the
selected additive manufacturing parameters and the resulting internal integrity of the aerospace bracket
prototypes. Specimens fabricated with low energy densities, characterized by low laser power and high
scanning speeds, exhibited significant networks of lack-of-fusion voids. These irregular defects were primarily
concentrated in the inter-layer boundary regions, confirming that the melt pool lacked the necessary thermal
energy to adequately fuse with the previously solidified material. In contrast, the prototypes manufactured with
excessively high energy densities displayed an entirely different defect morphology, characterized by a higher
density of near-spherical pores distributed more randomly throughout the material volume. This keyhole
porosity is a direct consequence of localized overheating and the subsequent entrapment of metal vapors. The
optimal parameter set, located centrally within the experimental matrix, produced prototypes with near-
theoretical density, containing only isolated, microscopic pores that are generally considered acceptable under
standard aerospace qualification guidelines.

Table 1: Experimental Parameters and Average Fatigue Life Results

Average Cycles to

Parameter Set Laser Power Level Scanning Speed Level Internal Defect Type Failure
Set Alpha Low High Lack-of-Fusion Voids 42500
Set Beta Optimal Optimal Minimal Micro-pores 215000
Set Gamma High Low Keyhole Porosity 86000

6.2 Correlation Between Parameters and Fatigue Life

The mechanical testing results unequivocally demonstrated that the fatigue strength of the aerospace bracket
prototypes is highly sensitive to the initial additive manufacturing parameters. As anticipated, the specimens
from Set Alpha, which contained severe lack-of-fusion voids, exhibited the lowest fatigue life. The sharp,
angular nature of these defects served as potent stress concentrators, drastically reducing the initiation phase of
the fatigue process and leading to premature, catastrophic failure under cyclic loading. The specimens from Set
Gamma, containing spherical keyhole porosity, demonstrated improved fatigue performance compared to Set
Alpha, but still fell significantly short of the targeted aerospace requirements. While spherical pores are less
detrimental than angular voids, their sheer volume and random distribution provided numerous internal sites
for crack initiation. The prototypes from Set Beta, manufactured using the optimized energy density
parameters, achieved the highest average cycles to failure, exceeding the performance of the suboptimal sets
by orders of magnitude.

6.3 Fractographic Observations and Failure Mechanisms

Detailed fractographic analysis using scanning electron microscopy provided crucial physical evidence to
support the macroscopic fatigue life data. For the low-energy-density specimens, the fracture surfaces clearly
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revealed that fatigue cracks almost exclusively initiated from large lack-of-fusion defects located near the
surface of the brackets. The un-melted powder particles trapped within these voids were clearly visible in the
micrographs, confirming the inadequacy of the heat input. In the high-energy-density specimens, crack
initiation was frequently traced back to clusters of spherical keyhole pores. The optimal parameter specimens
exhibited a distinctly different failure mechanism. In these highly dense prototypes, fatigue cracks generally
initiated at microscopic, naturally occurring microstructural heterogeneities or very small surface imperfections
remaining after the machining process, rather than from gross manufacturing defects. The subsequent crack
propagation zones in all specimens were characterized by classic fatigue striations, indicating stable crack
growth prior to the final rapid overload fracture [27].

7. Conclusion
7.1 Summary of Findings

This comprehensive experimental analysis has systematically elucidated the critical relationship between
additive manufacturing parameters and the resulting fatigue strength of titanium aerospace bracket prototypes.
The research definitively shows that minor deviations from the optimal processing window result in distinct
defect morphologies that severely compromise the cyclic loading capabilities of the components. Insufficient
energy density leads to dangerous lack-of-fusion voids that act as catastrophic stress concentrators, while
excessive energy density induces pervasive keyhole porosity that provides multiple internal initiation sites for
fatigue cracks. The experimental results confirm that by strictly controlling laser power and scanning speed to
maintain an optimal volumetric energy density, it is possible to fabricate structurally sound aerospace brackets
that exhibit exceptional high-cycle fatigue performance, thereby fulfilling the rigorous mechanical
requirements of modern aircraft applications.

7.2 Implications for Aerospace Manufacturing

The findings presented in this study hold significant practical implications for the integration of additive
manufacturing technologies within the aerospace industry. The research underscores the absolute necessity of
rigorous parameter optimization and stringent process control when producing flight-critical, load-bearing
structures. Aerospace manufacturers cannot rely solely on the geometric capabilities of powder bed fusion
systems; they must intimately understand and manage the complex metallurgical phenomena occurring at the
microscopic level. The data generated through this experimental campaign provides a valuable empirical
foundation for the development of process qualification standards and certification protocols for additively
manufactured titanium components. Furthermore, the successful demonstration of high fatigue strength in the
optimized prototypes reinforces the viability of utilizing additive manufacturing to produce lightweight,
topology-optimized brackets that contribute to the broader industry goals of structural efficiency and
environmental sustainability. Future research should focus on expanding this parameter optimization
framework to encompass more complex, multi-axial loading conditions and exploring the synergistic effects
of advanced post-processing treatments on the long-term durability of additive aerospace structures.
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