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Abstract

:

Additive manufacturing (AM) techniques are widely investigated for the cost-effective use of titanium (Ti) alloys in various aerospace applications. One of the AM techniques developed for such applications is plasma transferred arc solid free-form fabrication (PTA-SFFF). Materials manufactured through AM techniques often exhibit anisotropies in mechanical properties due to the layer-by-layer material build. In this regard, the present study investigates the isothermal directional fatigue of a Ti-TiB metal matrix composite (MMC) manufactured by PTA-SFFF. This investigation includes a rotating beam fatigue test in the fully reversed condition (stress ratio, R = −1), electron microscopy, and calculations for fatigue life predictions using Paris’ and modified Paris’ equations. The fatigue experiments were performed at 350 °C using specimen with the test axis oriented diagonally (45°) and parallel (90°) to the AM builds directions. The fatigue values from the current experiments along with literature data find that the Ti MMC manufactured via PTA-SFFF exhibit fatigue anisotropy reporting highest strength in 90° and lowest in perpendicular (0°) AM build directions. Furthermore, calculations were performed to evaluate the optimum values of the stress intensity modification factor (λ) for fatigue life prediction in 0°, 45°, and 90° AM build directions. It was found that for the specimens with 45°, and 90° AM build directions, the computed intensity modification factors were very similar. This suggests that the initial fatigue crack characteristics such as location, shape, and size were similar in both 45°, and 90° AM build directions. However, in 0° AM build direction, the computed stress intensity modification factor was different from that of the 45°, and 90° AM build directions. This indicates that the fatigue crack initiation at 0° AM build direction is different compared to the other two directions considered in this study. Moreover, the quality of fatigue life prediction was assessed by calculating R2 values for both Paris and modified Paris predictions. Using the R2 values, it was found that the fatigue life predictions made by the modified Paris equation resulted in improved prediction accuracy for all three builds, and the percentage improvement ranged from 30% to 60%. Additionally, electron microscopy investigations of 0°, 45°, and 90° AM build specimens revealed extensive damage to the TiB particle compared to the Ti matrix as well as frequent TiB clusters in all three AM build directions. These observations suggest that the spread of these TiB clusters plays a role in the fatigue anisotropy of Ti-TiB MMCs.
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1. Introduction


The utilization of additive manufacturing (AM) in aerospace component manufacturing and repair is on the rise due to its material and cost-saving capabilities, without compromising the mechanical properties of the components. According to the European patent office publication [1], aerospace is the largest field among the transportation industry that uses AM to manufacture lightweight components, thereby aiding in the reduction of weight, fuel consumption, and emissions. In this regard, titanium (Ti) alloys are often selected as candidate materials in such applications due to their high specific strength and good corrosion resistance at elevated temperatures [2,3]. When considering Ti alloy use the in aerospace industry, they are often utilized in constructing airframe parts and gas turbine engines parts [2,3,4,5]. In order to meet the present-day demand for improved mechanical properties and to reduce the production costs of Ti alloys, research has been conducted on various Ti MMCs [6,7,8,9,10]. Reinforcements for MMCs are generally introduced in the form of fibers (continuous or discontinuous) or particles [11,12]. When compared to fiber-reinforced composites, particle-reinforced composites show potential in displaying isotropic properties. The widely used particle reinforcements in MMCs include borides, carbides, nitrides, and graphene [13,14,15]. In this regard, it was reported in [16,17,18] that Ti MMCs with TiB particle reinforcements show great promise as they exhibit a high elastic modulus (approximately 450–550 GPa) and thermal stability.



The critical studies in [19,20,21,22] present a number of AM techniques available for Ti alloys and composites. The research in [19] identifies laser powder bed fusion (L-PBF), laser direct energy deposition (L-DED), and electron beam powder bed fusion (E-PBF) as the AM techniques that can provide near-fully dense commercially pure Ti alloy components. In [20], it is reported that powder bed fusion (PBF) and directed energy deposition (DED) methods are the two widely used forms of AM techniques for metals and alloys, and it critically analyzes the PBF process for Ti-6Al-4V alloys. Furthermore, the research presented in [21] analyzes powder feed AM techniques such as L-PBF and E-PBF for Ti-6Al-4V with the focus on the reusability of powders. It also highlights challenges such as the roughening of particles and compositional changes that occur during powder reuse. Moreover, the study in [22] presents the use of selective laser melting (SLM) for Ti MMC manufacturing. The studies presented in [19,20,21,22] also analyze the advantages of AM methods over conventional manufacturing methods for Ti alloys and composites. These advantages include very high cooling rates involved in AM processes, which result in the formation of useful metastable phases and microstructures, thereby enhancing the material’s strength and the reusability of metal powders. However, these AM techniques face challenges when manufacturing reliable products with isotropic properties due to non-equilibrium cooling rates and various process parameters such as deposition rate, scanning velocity, and additive layer thickness.



One of the disadvantages of considering AM over conventional manufacturing processes is that the materials manufactured through AM techniques often exhibit anisotropic properties, showing varying mechanical properties, such as tensile, compressive, and fatigue strengths, along different AM build directions due to their layer-by-layer material build technique and the microstructure and defects associated with it [23,24,25]. In this context, Ti-6Al-4V alloys manufactured through SLM and DED were often experimentally studied [26,27,28,29]. All three of these studies reported the anisotropic fatigue strength of Ti-6Al-4V with respect to AM build directions. Further, they reported higher fatigue strengths when the test axes were along 0° [26,27] and 90° [28,29] to the AM direction.



The fatigue study in [26] investigated the directional fatigue strength of SLM Ti-6Al-4V. It utilized machined test specimens from SLM rods, testing them at room temperature on an electromagnetic resonance fatigue machine (QBG-25). The fatigue anisotropy observed in that study was attributed to the crystallographic texture and columnar grains in the SLM material build. In [27], AM Ti-6Al-4V samples built via SLM were tested for directional fatigue strength on an MTS 810 fatigue testing machine at room temperature. In that study, the observed anisotropic fatigue strengths at 0° and 90° angles to the AM directions were attributed mainly to the weak inter layer bonding. In [28], a directional fatigue study was carried out using both machined and as-built SLM Ti-6Al-4V samples on an MTS load frame at room temperature. The study suggested that aspects associated with the SLM process, such as porosity, microstructure, and surface roughness, could have contributed to the observed fatigue anisotropy. In [29], the directional fatigue strength of Ti-6Al-4V manufactured by the DED process was studied. In that work, machined test specimens from a DED block were tested on an Instron (model 8801) hydraulic servo fatigue tester at room temperature. The study attributed the crystallographic texture and alpha colonies with directional characteristics to fatigue anisotropy.



In the present work, the directional isothermal fatigue of Ti-TiB MMCs manufactured by plasma transferred arc solid free-form fabrication (PTA-SFFF) [30] was investigated. According to [30], the PTA-SFFF technique utilizes two DC power supplies, each capable of supplying up to 350 amperes to operate two PTA torches, enabling the deposition of material at rates of up to 35 pounds per hour in an inert argon gas deposition chamber. In the current study, the fatigue of Ti-TiB MMCs was investigated at 350 °C in three additive manufacturing (AM) build orientations: 0° (where the test axis is parallel to the AM direction), 45° (where the test axis is at a 45° angle to the AM direction), and 90° (where the test axis is perpendicular to the AM direction). Among these three AM directions, experimental data on the 45° and 90° AM build directions were collected in the present study. Data on the 0° AM build direction at 350 °C were extracted from the current authors’ previous experimental work reported in [31]. Further, the fatigue data for the current work were collected using a rotating beam fatigue (RBF) tester following the experimental setup described in [31]. Moreover, to investigate the influence of TiB on crack initiations, propagations, and the overall directional fatigue strength of Ti-TiB MMCs, electron microscopy images were collected from polished as well as fatigue fractured specimens. In addition to the current fatigue and electron microscopy experimental work, an analytical investigation on the fatigue life predictability of the modified Paris equation described in [31] was tested against the general Paris equation using current and literature [31] experimental data.



The above-described directional isothermal fatigue investigation of AM Ti-TiB MMCs is further detailed in the remainder of this manuscript under Section 2, Section 3 and Section 4. In Section 2, specimen orientations, current experimental results on isothermal fatigue in the 45° and 90° AM build directions, and electron microscopy images are provided. In Section 3, the experimental findings on directional fatigue (in the 0°, 45°, and 90° AM build directions) and Ti-TiB MMC fracture characteristics at 350° are analyzed. This section also presents fatigue calculations associated with the current experimental data using Paris and modified Paris equations. Finally, the findings of the current experimental and analytical work are presented in Section 4.




2. Specimen Orientations and Experimental Results


In the current work, isothermal fatigue was studied in three AM build directions, and they are schematically illustrated in Figure 1a. The specimens for the fatigue tests were machined out from a 95 × 31 × 190 mm PTA-SFFF Ti-TiB MMC, following the ASTM E606/E606M standard. These specimens have circular cross sections, featuring hour-glass-shaped test sections with a minimum diameter of 4.76 mm at the mid test section. These specimens were then mechanically polished to have an average surface roughness (Ra) of 0.2 μm or less. The process involved successive polishing steps using P280, P400, P800, P1200, and P4000 SiC polishing papers (Buehler Ltd., Lake Bluff, IL, USA), followed by a final polishing step utilizing a 1-micron polycrystalline diamond suspension on a micro cloth. Subsequently, these samples were ultrasonically cleaned in acetone before being secured in the RBF HT 200 tester (Systems lntegrators LLC, Glendale, CA, USA), shown in Figure 1b. The fatigue tester was configured for fully reversed fatigue loading conditions, subjecting the test specimen to both tension and compression within a single cycle, while maintaining a stress ratio of R = −1. The main components of the RBF tester, including the specimen–collet assembly, heating unit, temperature controller, poise weight, and cycle counter, are labeled in Figure 1b.



The current experimental fatigue data for AM Ti-TiB MMCs at 350 °C in the 45° and 90° AM build directions along with fatigue data from the literature [31] in the 0° AM build direction at 350 °C are presented in Figure 2 as a plot of stress amplitude (σ) against the number of cycles to failure (    N   f    ).



The electron microscopy images collected from the fractured fatigue specimens as well as from polished and etched specimens with 0°, 45°, and 90° AM build directions are given in Figure 3, Figure 4, Figure 5 and Figure 6. The specimens that were polished and etched were cut in such a manner that representative cross sections of the fatigue specimens with 0°, 45°, and 90° AM builds could be studied. The low-magnification (28  ×  ) back-scattered electron (BSE) images in Figure 3 show the complete fracture surfaces of fatigue specimens with 45° (Figure 3a) and 90° (Figure 3b) AM build orientations. The arrows in these images point to multiple crack paths during fatigue failure. Within the magnification range of 600–8000×, the high-magnification BSE images in Figure 4 depict fracture characteristics, such as matrix cleavage, blocked pores, and striations, observed in samples with 45° and 90° AM orientations. The TiB particles detected through energy-dispersive spectroscopy (EDS) are labeled in these images. Additionally, Figure 5 comprises a BSE image taken along the peripheral surface of a fractured fatigue specimen showing extensive cracks in TiB, which were identified through EDS.



Since the TiB particles showed significant fracture, samples with 0°, 45°, and 90° AM build orientations were polished, etched, and observed under an electron microscope to find how these particles are distributed in the Ti matrix. The optical microscopy images, captured at a magnification of 600  ×   and presented in Figure 6a–d, show the distribution of TiB particles and the alpha-Ti matrix–grain boundaries (GB) observed in samples with 0°, 45°, and 90° AM build orientations. More optical microscopy images in Figure 6e–g, taken at a lower magnification of 40  ×  , show the TiB clusters across the same three AM orientations. These clusters are labeled and indicated by arrows.




3. Analysis


The isothermal fatigue plots in Figure 2 show that Ti-TiB MMCs manufactured by PTA-SFFF exhibit fatigue anisotropy with the highest strength in 90°, moderate in 45°, and the lowest in 0° AM build orientations. Similar fatigue anisotropic results were observed in [17,18], in which the directional fatigue strengths of AM Ti-6Al-4V at room temperature were studied. Even though the fatigue plots in Figure 2 show fatigue anisotropy, specimens of all three AM build orientations exhibited similar fatigue fractures, as shown in Figure 3 and Figure 4 for 45° and 90° AM build specimens. Similar images for the 0° AM build specimen can be found in [19].



Further, the 45° and 90° AM build specimens exhibited more significant cleavage on the fractured surfaces compared to the 0° AM build specimen. Other fracture features such as dense striations in the alpha matrix (Figure 4b,f) and broken TiB particles were observed in all three AM build direction specimens. These dominant fracture features are given in Figure 4 for 45° and 90° AM build specimens and can be found in [19] for 0° AM build specimens. Moreover, TiB particles in all the tested specimens generally showed no striation marks when they were observed under an SEM. However, it can be seen from Figure 4d that the higher magnification BSE image shows slight signs of striations in a TiB particle that is heavily surrounded by frill like features. This observation suggests that when the TiB particle blocks the moving pores, there is also a discernible degree of plastic deformation during fatigue.



When considering the impact of TiB particles on the fatigue fracture of the tested AM alpha Ti alloy containing TiB particles, it is evident from Figure 5b that the TiB particles undergo significant fracture in comparison to the alpha Ti matrix. Further, the SEM images in Figure 6 reveal several characteristics of TiB particles: (i) There is a slight preference for the TiB particles to sit near the grain boundaries of the alpha Ti grains (Figure 6a,b). (ii) There is a preference for them to be in and around alpha Ti grains with a particular texture (Figure 6a–d). (iii) There is clustering in the alpha Ti matrix (Figure 6e–g). These microscopic observations, along with those presented in Figure 3 and Figure 5b, showing major surface crack propagations and significant fractures in TiB particles, respectively, suggest that the distribution of TiB particles is a factor in determining the isothermal fatigue life of AM Ti-TiB MMCs. For instance, when a surface crack initiates at a site with a cluster of TiB particles, it will propagate easily, as they exhibit significant fracture compared to the alpha Ti matrix. Moreover, it can be seen from Figure 6g that, compared to the TiB particle distributions observed in materials built with 45° and 90° AM build orientations, as shown in Figure 6e and f, respectively, the particle distribution in the 0° AM build material exhibits a distinct and layered pattern of TiB particles. From this observation of TiB particles in the alpha Ti matrix along with their significant fracture during fatigue, this study suggests that the distribution of TiB particles during PTA SFFF contributed to the observed fatigue anisotropy as well as for the lowest fatigue along the 0° AM build compared to those at 45° and 90°.



In addition to the experimental fatigue and microscopy investigation presented in the present work, fatigue life calculations were carried out to evaluate the predictability of the modified Paris equation presented in [19] by the authors of this manuscript. In this regard, the directional isothermal fatigue of AM Ti-TiB MMCs was calculated using the Paris (Equation (1)) and modified Paris equations (Equation (2)).
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In the above equations,     N   f P     and     N   f M     denote the calculated number of cycles to failure using Equations (1) and (2), respectively;   λ   denotes the stress intensity modification factor;   β   and   n   are material constants (that can found in the literature);     a   i     and     a   f     refer to the initial and final lengths of the surface crack;   Δ σ   is applied stress; and   μ   refers to the number of major surface cracks that have propagated. As described in [19], the values of   λ   for the best prediction by Equations (1) and (2), denoted, respectively, by     λ   P   ∗     and     λ   M   ∗    , can be found through least square error minimization, and their closed form expressions are, respectively, given by Equations (3) and (4).
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for   j   number of experiments.



The evaluation of     λ   P   ∗     and     λ   M   ∗     in 0°, 45°, and 90° AM build orientations using Equations (1) and (2) are illustrated in Figure 7, and their values are tabulated in Table 1.



It can be noted from Table 1 that the evaluated values for     λ   P   ∗     and     λ   M   ∗     for 45° and 90° AM build directions are almost the same and higher than that for 0°. Since the stress intensity modification factor,   λ  , depends on the initial crack characteristics, such as location, shape, and size, similar values of     λ   P   ∗     and     λ   M   ∗     suggest that both 0° and 45° AM build specimens had similar crack initiation characteristics.



Moreover, using the values listed Table 1 for the modification factors for the 0°, 45°, and 90° AM build orientations, and by taking the values for   β   =   2 ×   10   − 8     and   n   =   1.19  , fatigue calculations were performed using Equations (1) and (2), and they are illustrated as S–N plots in Figure 8 along with experimental data from the current work as well as from the work reported in [19]. Furthermore, according to the description for   λ   given in [19], the initial surface crack length,   a  , and the value of   λ   are inversely proportional. Hence, the lower values for     λ   P   ∗     and     λ   M   ∗     in Table 1 suggest larger surface crack initiations and lower fatigue values. This is evidenced by the smaller     λ   P   ∗     and     λ   M   ∗     values (Table 1) and lower fatigue strength (Figure 2) observed in the 0° AM build direction compared to that in the 45° and 90° orientations. Further, the quality of these fatigue life calculations by Equations (1) and (2) were evaluated in terms of     R   2     and are tabulated in Table 2. It can be noted from Table 2 that the     R   2     values evaluated in relation to Equation (2) are superior to the ones for Equation (1). This finding suggests that the modified Paris equation in Equation (2) makes a more accurate fatigue life prediction than Equation (1).




4. Conclusions


This study finds that the Ti-TiB MMC manufactured by plasma transferred arc solid free-form fabrication (PTA-SFFF) shows fatigue anisotropy. Among the three AM orientations considered in the present study, 90° AM build orientations exhibited better fatigue strength compared to those with 0° and 45° orientations.



Electron microscopy images obtained from the fractured specimen surfaces reveal that the final fracture in all three AM build directions occurred due to several large surface crack propagations. Also, these images show considerable cracks in TiB compared to the Ti matrix. Further, the microscopy images obtained from the polished and etched specimen show frequent TiB clusters in in all three AM build directions. However, the 0° specimen exhibited a significantly different variation in TiB distribution, possibly between each AM build layer. These images also reveal that TiB particles are preferably distributed along the matrix–grain boundaries.



The fatigue calculations performed in the present work find that the modified Paris equation, which incorporates the contribution from the number of large surface crack propagations, accurately predicts the fatigue life of Ti-TiB MMCs manufactured via PTA-SFFF in all AM build directions. This finding suggests that this modified Paris equation can be used for any AM material that exhibits a significant number of surface crack propagations. Moreover, the lowest value calculated for the stress intensity modification factor for the 0° AM build orientation supports the lowest experimental fatigue recordings and significant TiB clusters in microscopy images. Furthermore, almost the same values of the stress intensity modification factor were calculated for the 45° and 90° AM build directions. This finding suggests similar crack initiation characteristics in these AM build directions.



With regard to the crack initiation sites, no specific metallurgical factors—such as strain localization regions, also known as slip bands [32]; grain size and shape; [33] and grain orientation with respect to the basal and prismatic slip planes [34]—were identified in this work. Hence, advanced image analysis that can reveal atomic-level characteristics is required to investigate crack initiation. Furthermore, to investigate crack propagation behavior under the isothermal fatigue of Ti-TiB MMCs, more experiments are required.
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Figure 1. (a) Schematic of three different fatigue specimen axis orientations (0°, 45°, and 90°) with respect to the AM build direction that were considered in the present study. (b) RBF HT 200 tester and its main components. 
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Figure 2. Stress amplitude (σ) vs. the number of cycles to failure (    N   f    ) plots for the isothermal fatigue strengths of AM Ti-TiB MMCs in the 0°, 45°, and 90° AM build directions at 350 °C. Here the current experimental data is denoted by green and pink circles while the data from [31] is denoted by orange circles. 
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Figure 3. BSE images of (a) a 45° AM build direction specimen fractured at the applied stress of σ = 256.5 MPa and at 350 °C; (b) a 90° AM build direction specimen fractured at the applied stress of σ = 296.5 MPa and at 350 °C. 
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Figure 4. BSE images of 45° additive build orientation samples that show fracture characteristics such as (a) cleavage in alpha Ti matrix; (b) region of striations in alpha Ti matrix; (c) fractured TiB particles surrounded by features of blocked pores during fracture; (d) an enlarged portion of (c) showing striations in broken TiB particle. The following are BSE images of 90° AM orientation samples that show fracture features such as (e) alpha Ti matrix cleavage; (f) striations in alpha Ti matrix; (g) fractured TiB particles surrounded by features of blocked pores during fracture. 
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Figure 5. (a) One half of a fatigue-fractured test specimen. (b) BSE image of the peripheral surface of the fractured fatigue specimen shown in (a). 
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Figure 6. BSE images showing random distribution TiB particles in (a) the 45° and (b) the 90° AM build specimens. BSE images showing occasional cluster of TiB in (c) the 45° and (d) the 90° AM build specimens. Low-magnification BSE images showing the general spread of TiB particles and TiB clusters in (e) the 45°, (f) the 90°, and (g) the 0° AM build specimens. 
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Figure 7. Plots for sum of square errors for calculations using the Paris equation (1) and the modified Paris equation (2) are presented for (a) the 0° (b), the 45°, and (c) the 90° AM build orientations. 
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Figure 8. The plots of stress amplitude (σ) versus the number of cycles to failure (    N   f    ) for specimens with 0°, 45°, and 90° AM build orientations showing both experimental (filled circles, the current experimental data is denoted by green and pink circles while the data from [31] is denoted by orange circles.) and calculated (clear circles) data points: (a) contains calculated data using the Paris Equation (1); (b) contains calculated data using the modified Paris Equation (2). 
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Table 1. Evaluated optimum stress intensity modification factors for the 0°, 45°, and 90° AM build orientations.
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	Specimen AM Build Orientation
	     λ   P   ∗      for Equation (1)
	     λ   M   ∗      for Equation (2)





	0°
	1.0333
	0.8069



	45°
	1.9880
	1.2247



	90°
	1.9737
	1.1537










 





Table 2. Evaluated     R   2     values for the fatigue life of specimens with the 0°, 45° and 90° AM build orientations calculated using Paris equation (1) and the modified Paris Equation (2).
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	Specimen AM Build Orientation
	     R   2      for Fatigue Life Calculation Using Equation (1)
	     R   2      for Fatigue Life Calculation Using Equation (2)





	0°
	0.34
	0.93



	45°
	0.67
	0.96



	90°
	0.09
	0.51
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