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Abstract

While the relationships between processing, structure, and properties of solid titanium alloys produced by
additive manufacturing have been established, these relationships are less understood for porous materials,

particularly those with rough surfaces inherent to L-PBF. For orthopedics applications, porous architecture

and surface roughness are desirable for bone growth, and thus optimization of fatigue life despite these
inherent fatigue drivers is critical. The present results establishes relationships between post-processing,
microstructure, and resulting fatigue properties for gyroid-sheet scaffolds with as-fabricated surfaces. By
comparison of known factors driving fatigue behavior, the relative effect of each on normalized fatigue
strength was quantified. Normalized compressive fatigue strength of the gyroid-sheet scaffolds which

underwent no surface treatments was observed to be >50%. The result is higher than that seen for tension
fatigue of analogous gyroid-sheet scaffolds, or compared to previously reported normalized compressive
fatigue strength of strut based scaffolds. The high strength and fatigue resistant behavior of gyroid-sheet
scaffolds despite the inherent surface roughness of L-PBF is desirable for biomedical applications.

Introduction

Additive manufacturing of titanium alloys by laser powder bed fusion (L-PBF) enables fabrication of
geometrically complex parts previously unachievable by traditional manufacturing methods. Due to the
high spatial resolution of the L-PBF process, architected cellular metals based on complex periodic unit cells
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can be designed and manufactured to have prescribed mechanical, mass transport, and biological
properties. Recently, sheet-based architectures based on triply periodic minimal surfaces (TPMS) including
gyroid, primitive, and diamond-sheet, have gained increasing attention for biomedical, structural, and heat
exchange applications. Due to the continuous sheets, these architectures have high surface area, as well as
superior strength, energy absorption, and fatigue resistance relative to strut-based architectures of the same
volume fraction [1], [2], [3], [4], [5], [6]. Given the gaining momentum for topology optimization and
manufacture of TPMS-based scaffolds via L-PBF, processing, structure, property relationships must be
developed for this new class of architected porous scaffolds. In this paper, porosity refers to intentionally
created free volume in a designed architecture and is distinguished from microvoids, which are
unintentional locations of free volume within the solid walls of porous structures.

The mechanical properties of L-PBF samples differ greatly from traditionally wrought or cast ones, including
reduced fatigue resistance. Improvement of fatigue life of L-PBF titanium alloy (Ti6Al4V) and other metals
may be achieved by altering the printing process itself [7], [8], [9], post-processing heat treatments [10],
[11], or surface treatment [12], [13], [14], [15]. Modulation of the printing process includes changing
scanning mode (continuous vs. pulsed), scanning strategy, as well as the laser parameters or other machine
specific settings [3], [ 16]. For porous scaffolds, in which strength is significantly lower than for bulk
material, optimization of these processing steps is also dependent on the topology of the architecture [17].
As shown recently, modulating energy density in the melt pool significantly improves the monotonic
strength and fatigue resistance of gyroid-sheet scaffolds by increasing the material density in solid regions
to >99%. The refinement of laser parameters was dependent on the thickness of the sheet walls, as the type
of internal defects changed from gas porosity to lack of fusion with increasing wall thickness [3]. Balancing
the energy density delivered to the melt pool is imperative in printing of porous structures in order to
achieve consolidated material without over melting [7]. Excessive energy density in porous materials results
in significant deviation from the designed architecture caused by dross formation or warping of lattice
members [3]. Thus, L-PBF process refinement has a limit in improvement of fatigue performance of porous
scaffolds once a dense material is achieved, but further improvements can be achieved after the L-PBF
process by leveraging post-printing heat treatments.

Due to the high thermal gradients and rapid cooling rates observed in the L-PBF process, the resulting
microstructure of as-built titanium alloy parts is a fine lenticular o’ structure, which can retain significant
internal stress [18], [19]. In order to improve ductility and relieve residual stress, post-processing heat
treatments are employed. Studies on heat treatments of solid L-PBF titanium alloy both below and above
the B-transus have been shown to transform the lenticular structure, promote grain growth, and produce a
mixed microstructure leading to improved ductility [11], [12], [14], [15], [19], [20], [21], [22], [23]. Although
the temperature, time, and cooling rates of treatments vary, most maximum temperatures are in the range
of 800-1050°C and can be categorized as sub or super-transus. Sub-transus heat treatments (<980°C) result
in an a-Ti dominated microstructure, reduced residual stress, and grain growth/morphology dependent on
treatment temperature and time [10], [11], [22]. In the case of super-transus heat treatments (>980°C),
larger equiaxed grains of a-Ti with greater presence of B-Ti at the boundaries results in higher ductility.
However, this increased grain growth has been associated with more variability in crack growth under cyclic
loading, resulting in variable fatigue performance [11]. In both cases, although microstructure
transformation and residual stress relief occurs, microvoids within the printed sample can act as crack
initiation sites or weak paths for crack propagation during fatigue loading. Hot isostatic pressing (HIP)
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treatments performed at sub-transus temperature (895-955°C) and under high pressure (100MPa) are used
for closure of these internal microvoids. In the case of solid titanium alloys with smooth surfaces, crack
initiation at internal microvoids was shown to be the primary driver of fatigue failure, while microstructure
and residual stress were shown to govern the crack growth phase [11].

In this study, both bulk and scaffold samples were tested without undergoing surface treatment, and thus
have surface roughness inherent to the L-PBF process. This inherent roughness can vary from 5 to 20um for
different regions on a given part, and is dependent on the material, printing parameters, as well as
orientation of the part relative to the build axis [24], [25]. This surface topography is often reduced by
mechanical (milling, blasting, polishing), chemical, or combination treatments. Surface roughness reducing
treatments are known to significantly improved the fatigue life of solid titanium alloy [15], [25]. However,
for porous materials, mechanical treatments are often limited to exterior surfaces and chemical etching has
been shown to have a variable and limited improvement on fatigue life [12], [25], [26]. Further, for
biomedical applications, the surface topography is often advantageous for promotion of osseointegration of
the implant. Thus, in these cases it is important to improve fatigue resistance through optimization of the
scaffold architecture and with other processing parameter, in spite of the surface roughness.

The current study establishes processing, structure, property relationships for solid and porous titanium
alloys produced via L-PBF without surface treatment. The overarching goal of the study is to provide a
foundational understanding of the effect of thermal post-processing on the tension-tension and
compression-compression fatigue properties of L-PBF fabricated materials with as-fabricated surfaces.
Although polishing of exposed internal and interconnected porous surfaces is feasible in certain L-PBF
applications, some of the most promising applications of printed materials accept and even exploit the
natural surface roughness inherent to the printing process. Different than conventional wrought metals and
metallic structures, it is important to understand how thermal post-processing and porous structure impact
fatigue performance in the presence of these naturally rough and geometrically divergent surfaces. The
effect of hot isostatic pressing, sub-transus heat treatment, and super-transus heat treatment are explored
and the impact of the various heat treatments on fatigue properties is found to depend on the porous versus
solid nature of the material. Further, comparison of tension and compression behavior shows a significant
effect of loading mode on the relative fatigue properties of the printed material.

Section snippets

Fabrication by laser powder bed fusion

Solid tensile samples (ASTM E8) and porous tensile and compressive samples were fabricated on a 3D
Systems ProX DMP 320, using Ti6Al4V ELI (Grade 23) powder under inert argon atmosphere. Powder
composition conformed to ASTM F3001, with a particle size distribution of 15-45um, and spherical
morphology. Details of sample geometry and gyroid-sheet design, have been previously described in detail
[3]. Briefly, porous compression coupons (cubic) and porous tensile coupons (cubic gage section) were...

Microstructural analysis
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Microstructure of the titanium alloy produced via L-PBF was shown to be dependent on the post-processing
heat treatments applied. The material density was determined via XRM, with the minimum microvoid
volume detectable having volume of 8000 pm?. In the as-built material, as well at treated at 950 °C and
1050 °C, microvoids were apparent in the volume of the samples, but the material density was >99% in all
despite the persistence of microvoids. In the HIP’ed material, no microvoids with...

Conclusion

The present results highlight the relationships between post-processing, structure, and fatigue properties in
solid and porous titanium alloys deformed under both tension and compression. These results suggest that
post-processing approaches to optimize fatigue properties in solid samples do not translate to porous
scaffolds where stress concentrations are inherent to the architecture, and a large fraction of untreated
surface area is exposed. In these porous scaffolds, there exists a greater...
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