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Abstract

:

Load-bearing permanent implants, such as hip or knee joint replacements, are permanently loaded in the human body and must withstand considerable high loading cycles. The characteristic properties of additively manufactured Ti-6Al-7Nb, manufactured by laser powder bed fusion (LPBF), such as a rough surface and high residual stresses, have a detrimental effect on the fatigue behavior of such components. Functional physical vapor deposition (PVD) coatings and heat treatments offer the possibility to influence these properties. For this reason, the effects of stress-relief heat treatment (SR; 600 °C/4 h) and three PVD coatings (titanium nitride (TiN), titanium carbonitride (TiCN), and silver-containing amorphous carbon (a-C:Ag)) on the mechanical properties, in terms of high-cycle fatigue, are identified. Wöhler curves are determined and the staircase procedure ascertains the fatigue strengths. The fatigue strengths increase compared to the as-built condition by 105.4% (SR), 44.2% (TiN), 31.1% (TiCN), and 2.6% (a-C:Ag). Fracture surfaces are analyzed by scanning electron microscopy and show LPBF characteristic defects such as pores. The surfaces are partially divided into forced and fatigue fracture, the latter characterized by fatigue striations. Overall, PVD coatings, and especially SR, lead to an improved high-cycle fatigue behavior.
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1. Introduction


Additive manufacturing (AM) encompasses various near-net-shape manufacturing techniques, including binder jetting, direct energy deposition, and laser powder bed fusion (LPBF). In these techniques, complex geometries and structures are formed layer by layer [1]. Thereof, LPBF is the most established method for AM of metals [2,3,4]. With it, it is possible to fabricate cost-effective and economic near-net-shape parts that are normally quite challenging to fabricate via conventional methods [5,6]. Accordingly, this technique has many applications in different sectors, such as aerospace, automobile, and biomedical. In the latter, LPBF has especially great potential in arthroplasty to produce patient-specific prostheses, such as hip or knee implants [7,8]. These load-bearing implants use various metallic materials, such as stainless steel alloys, cobalt-chromium alloys, or titanium alloys [9,10,11]. Compared to other biomaterials, titanium and its alloys have excellent mechanical properties—high specific strength, favorable lower elastic modulus, and excellent biocompatibility [12,13,14,15,16]. Despite the variety of used alloys, there is still room for enhancement. For instance, replacing alloying elements can further enhance biocompatibility [17,18,19]. Comparing Ti-6Al-4V vs. Ti-6Al-7Nb, in the former alloy, replacing the cytotoxic vanadium with niobium further enhances the local biocompatibility, increases corrosion resistance, and at the same time, preserves the mechanical properties, such as tensile strength [20,21,22]. This makes the Ti-6Al-7Nb alloy the optimal candidate as a biomaterial. However, like other additively manufactured alloys, achieving optimal mechanical properties of Ti-6Al-7Nb requires further optimization. Various research focused on the mechanical performance of additively manufactured alloys, such as steels (316L, 17-4 PH) or titanium alloys (Ti-6Al-4V, Ti-6Al-7Nb, Ti-24Nb-4Zr-8Sn) [23,24,25,26,27]. Some of those studies focus on fatigue properties in terms of low-cycle fatigue (LCF) and high-cycle fatigue (HCF), as well as crack growth analysis of additively manufactured specimens of steels [28,29,30,31,32,33] and titanium alloys [34,35,36,37,38,39,40], with no further processing steps. One of these processing steps is applying functional physical vapor deposition (PVD) thin coatings. This technique is very beneficial since it improves strength, wear, tribological properties, corrosion resistance, and biocompatibility [41,42,43,44]. Different layer types are appropriate for biomedical applications, including nitride-based coatings, such as titanium nitride (TiN) or titanium carbonitride (TiCN), and amorphous carbon (a-C) [45,46]. In the latter, antibacterial activity and cell proliferation can be tailored by adding silver particles and adjusting the chemical composition of the silver-containing amorphous carbon coating (a-C:Ag) [44]. Although these improve wear properties, PVD coatings may reduce fatigue life by creating crack-initiating sites. Subsequently, instead of three stages for failure to occur, just two are required: propagation and saturation [47]. However, PVD coatings may also introduce compressive residual stresses. These compressive stresses enhance fatigue performance and they, therefore, can potentially increase fatigue life [48]. Therefore, PVD coatings were successfully applied on different base materials to increase the fatigue performance. For example, Puchi-Cabrera et al. deposited a-C (diamond-like carbon; DLC) and TiN on 1.4404 stainless steel. Compared to base steel, these coatings increased both fatigue life and limit. This increase was due to compressive residual stresses and good adhesion to the substrate, which delayed crack initiation [49,50]. Fatigue properties were also improved in other base steel alloys. For example, Jácome et al. deposited TiCN, boron carbonitride (BCN), and chromium aluminum nitride (CrAlN) on 1.1191 steel [51]. As stated before, deposition does not necessarily improve fatigue life at all times, depending on the layer chemical composition, substrate, layer thickness, and fatigue stress amplitude (low vs. high). In some cases, fatigue properties deteriorate. For example, Ferreira et al. deposited tungsten (W), tungsten nitride (WN), tungsten titanium (WTi), and tungsten titanium nitride (WTiN) on 1.7225 steel to enhance mechanical properties. In these trials, while only the WTi coating increased fatigue life at low amplitudes, all coatings decreased fatigue life at high amplitudes [52]. Therefore, it can be deduced that the interaction between the deposited layer and the substrate could affect the resulting properties. Consequently, to study the influence of substrate material on fatigue properties, Baragetti et al. deposited chromium nitride (CrN) on 1.4462 duplex stainless steel, 1.2343 tool steel, and EN AW-6082 aluminum alloy. In this work, while CrN increased the fatigue limit of the coated steel specimens, no enhancement in the coated aluminum specimens was detectable [48]. This increase in the former can be attributed to the increase in the critical crack length resulting from the coating adhering well to the substrate [53]. This does not necessarily mean that other types of layers could adhere well to steel. Another coating seems to affect its fatigue life negatively. DLC coating, for example, decreases the fatigue properties. The use of these coatings could, nonetheless, improve other properties, such as corrosion resistance and corrosion fatigue [54]. Therefore, optimizing a certain alloy requires careful selection and finetuning of the deposited layer. The encouraging results and versatility of PVD coatings led it being employed for other alloys. For example, it can improve titanium alloys’ performance and properties. Compared to the base materials, Gopkalo et al. showed that coatings with TiN, chromium (Cr), (Cr+TiN), (TiC)N, (TiAl)N on Ti-6Al-4V, Ti-10V-2Fe-3Al, Ti-5Al-2.5Sn, and 1.4541 steel alloy could increase fatigue life [55]. Nonetheless, depending on the titanium alloys, other coatings can, however, have adverse effects. For example, Costa et al. showed that TiN, CrN, and DLC coatings deposited on a Ti-6Al-4V substrate could decrease fatigue performance [56,57]. This seems to be consistent with Bai et al. [58]. They showed TiN or CrAlN decreases the fatigue limit of Ti-6Al-4V by approximately 38%. In all these tests, the integrity of the deposited layer is essential to enhance fatigue properties. The resulting defects in the coating can act as crack-initiation locations.



Despite all the benefits and versatility of PVD to biomedical applications, there is a lack of research on the effects of PVD coatings on additively manufactured materials. Accordingly, this research aims to bridge this knowledge gap, particularly for the biomedical Ti-6Al-7Nb titanium alloy. In this research, the effects of various deposited PVD coatings—TiN, TiCN, and a-C:Ag—on the mechanical behavior in terms of HCF are investigated.




2. Materials and Methods


Gas-atomized pre-alloyed powder of (α + β)-phase Ti-6Al-7Nb was used to study the effects of PVD on the fatigue performance of samples manufactured using LPBF. ECKART TLS GmbH (ECKART TLS GmbH, Bitterfeld, Germany) provided this powder. A previous publication studied and reported its morphology and chemical composition [25]. Before fabricating the samples, different steps were employed. First, a pre-processing drying step was used to reduce residual humidity. The resulting powder relative humidity was below 5%. Following this step, Materialise Magics software (V 21.1, Materialise GmbH, Munich, Germany) was utilized for data and building job preparations. These build jobs were performed in LT12 SLM machine (DMG MORI AG, Bielefeld, Germany). It is equipped with a 1067 nm Nd:YAG laser source with power up to 400 W and a 35 µm spot diameter. This machine uses an inert argon atmosphere with an oxygen content between 0.08 and 0.13% to prevent undesired oxidation and contamination of the melt pool. Depending on the region, contour, or hatch, two constant parameter sets were used to obtain the fatigue samples’ high relative densities, see Table 1. The hatch was exposed with 5 mm stripes, rotated layer by layer by 67°. During this process, the building platform temperature was kept at 200 °C.



The dimensions and geometry of the fatigue specimens were fabricated according to Niendorf [59], see Figure 1a. Simulation showed that stress distribution in the notch root is homogenous and without any significant stress gradients. The specimens, therefore, can be considered notch free and are applied for HCF tests [59]. As described by Hein et al., shot peening with Al2O3 may be beneficial in terms of antibacterial effects and low-cycle fatigue performance [60]. Therefore, all specimens were blasted with high-grade Al2O3. For that, an SMG 25 DUO (MHG Strahlanlagen GmbH, Düsseldorf, Germany) machine was used. The utilized Al2O3 particle sizes ranged from 70 to 250 µm. These particles were blasted on the surface with an air pressure of 4 bar. The as-built specimen is depicted in Figure 1b. Additionally, stress-relief heat treatment (SR) was employed. SR was implemented under vacuum at 600 °C for 4 h to reduce residual stresses, characteristic of the LPBF process, and decomposition of α′ to α phase [61,62]. The SR specimen is shown in Figure 1c. This treatment is implemented for one condition to determine the effect of SR on the HCF behavior as it is beneficial for quasi-static and low-cycle fatigue performance [60].



The PVD coatings were deposited on the substrate via magnetron sputtering using a CC800/9 Custom (CemeCon AG, Würselen, Germany). The TiN and TiCN coatings were deposited with Ti targets and bipolarly pulsed with a cathode power of 4 kW at a mid-frequency of 50 kHz. For TiN, an interlayer of Ti was applied by sputtering Ti targets in a reactive-free atmosphere, following the introduction of reactive N2 to the deposition chamber. The TiCN coating was deposited with a bilayered Ti/TiN interlayer. The surface layer of TiCN was sputtered in a reactive atmosphere by keeping the N2 flow constant and injecting acetylene (C2H2) into the chamber. During the deposition of the TiN and TiCN coatings, the bias voltage was set to −70 V, the base pressure was 5 mPa, and the working pressure was Ar controlled and kept constant at 450 mPa. The chamber was heated with a heating power of 5 kW, which equals about 400 °C. The a-C:Ag coating was deposited with a chemically graded titanium carbide (TiXCY) interlayer, deposited by simultaneously sputtering Ti and graphite targets. A detailed explanation of the deposition process is provided in [63]. The a-C:Ag coating was deposited with two graphite targets with Ag pellets, bipolarly pulsed at a mid-frequency of 20 kHz, with an average cathode power of 2 kW and a bias voltage of −100 V. The base pressure was 5 mPa and the working pressure was Ar controlled and set to 300 mPa. The chamber was not actively heated during the deposition of a-C:Ag, but the chamber temperature was about 120 °C due to the plasma. A detailed description of the a-C:Ag deposition process is given in [44]. Tillmann et al. summarized the properties of the three deposited coatings [43]. The different conditions are depicted in Figure 1—as built (Figure 1b), stress relieved (Figure 1c), TiN (Figure 1d), TiCN (Figure 1e), and a 7.5 at.% silver-containing a-C coating (a-C:Ag, Figure 1f).



The surface roughness of the specimens was measured using the tactile profile method. In it, the diamond tip is equipped with a profilometer Hommel Etamic T8000 (Jenoptic AG, Jena, Germany). According to DIN EN ISO 4288, five roughness measurements were performed per specimen [64]. Ten specimens per condition were evaluated to determine the average roughness depth, Rz, and the arithmetical mean roughness, Ra.



Regarding the HCF, two kinds of testing could be used: stress-controlled loading and strain-controlled fatigue testing. As healthy bones usually respond to different types of loading by elastic stress and strain [65], stress-controlled testing is a good way to test prostheses. Accordingly, ambient temperature HCF tests were performed with sinusoidal loading on a high-frequency testing machine ElectroForce3550 (Bose Corporation ElectroForce Systems Group, Eden Prairie, MN, USA) according to DIN 50100 [66]. The stress-controlled testing was conducted using a 25 kN load cell 647.02B (MTS Systems Corporation, Eden Prairie, MN, USA). The test was controlled via winTest Analysis software (Version 4.1, The Testometric Company Ltd.; Rochdale, UK). These performed stress-controlled fatigue tests had a stress ratio of R = −1 (completely reversed cycling) and a test frequency of 100 Hz using hydraulic wedge grips. The specimens were axially loaded parallel to the build direction (BD) with a sinusoidal loading. In these tests, a maximum number of cycles NG was set at 107 cycles. The fatigue behavior was determined based on the Wöhler curve by testing different stress amplitudes between finite life and long-life strength range. To describe the finite life strength range, the following equation is used:


  N =    C  ·    (   σ a   )    − k    



(1)




where k is the Wöhler line slope and C is the location parameter, which is the theoretical tolerable number of cycles at a stress amplitude of σa = 1 MPa. The curve was determined by decreasing the stress amplitude step by step. For each stress state, three specimens were tested. Using a statistical approach, the probability of survival, PS, or the probability of failure, PF, was ascertained. A scatter band can be obtained by performing several tests at the same stress amplitude. This scatter band is an extension of the Wöhler curve with the failure probability of 10% (PF10%), 50% (PF50%), and 90% (PF90%). The Wöhler curve transforms into a horizontal line, which describes the long-life fatigue strength, σF. The fatigue strength was determined by the staircase test procedure (SC). The SC, according to Hück, is a fast and robust method to determine the average endurance limit/fatigue strength [67].



Fracture surfaces and surface analyses allow conclusions to be drawn about the failure of specimens. Features are detectable, which can provide information about the failure causes. The fracture surfaces of the HCF specimens were investigated using a scanning electron microscope (SEM) Zeiss Ultra Plus (Carl Zeiss AG, Oberkochen, Germany). The SEM images were created by the use of secondary electrons (SE) and an in-lens detector. The fracture surfaces were classified into forced and fatigue fractures. The interface between the PVD coatings and the substrate was also inspected to obtain information on delamination or crack origins in or near the coatings.




3. Results and Discussion


3.1. Roughness


As described by Nakatani et al., the surface roughness significantly affects the fatigue performance in terms of fatigue strength [68], particularly HCF behavior. The surface roughness was measured to study the effect of PVD coatings on the roughness and determine the influence of the roughness on the overall fatigue performance. While in the as-built condition, the mean roughness depth, Rz, is 33.12 ± 3.76 µm, and the arithmetic average roughness, Ra, is 4.64 ± 0.45 µm; for the SR condition, Rz is 30.77 ± 0.87 µm, and Ra is of 4.52 ± 0.24 µm. For the nitride-based PVD coatings, Rz is 33.74 ± 1.98 µm, and Ra is 4.80 ± 0.23 µm for TiN, and 32.11 ± 1.78 µm as well as 4.63 ± 0.22 µm for TiCN, respectively. The a-C:Ag PVD coating possesses an Rz of 32.73 ± 2.70 µm and an Ra of 4.65 ± 0.35 µm. The results indicate that PVD coatings have little to no effect on the Ra and Rz values. As a near-net-shape coating procedure, the PVD coating does not alter the surface roughness; therefore, the fatigue properties in terms of roughness variations will not change [69]. Nonetheless, the SR heat treatment slightly reduces the roughness and may enhance the fatigue performance [68,70,71]. In general, the roughness is comparable to former research and may be beneficial and preferred for biomedical applications in terms of cell growth [60]. As the roughness values of all conditions are in a certain range (Rz = 30.77 μm–33.12 μm; Ra = 4.52 μm–4.80 μm), it can be assumed that the different roughness values do not cause the significant differences in fatigue behavior.




3.2. High-Cycle Fatigue


To obtain information on the effect of the different conditions and coatings on the fatigue behavior, in terms of fatigue strength and long-term fatigue strength, HCF tests were performed for several cycles from 104 to 107. The HCF test results are tabulated in Table 2.



The HCF test results are summarized in Figure 2. Figure 2 shows double-logarithmic stress-life plots (stress amplitude over cycles to failure). The test points for the Wöhler curves (solid points) and the staircase test procedure (SC, open points) are illustrated. Specimens that withstand the loading over 107 cycles are classified as run outs. Run outs are indicated by black, horizontal arrows. In addition, failure bands described by the failure probability curves PF10%, PF50%, and PF90% are plotted. The diagrams present the different conditions (Figure 2 (a) as built, (b) SR, (c) TiN, (d) TiCN, and (e) a-C:Ag) as well as the overview of the PF50% curves for all conditions (Figure 2f). The curves of the as-built and a-C:Ag-coated conditions are similar in terms of the fatigue strength, indicated by the horizontal solid and dash-dot-dot lines in Figure 2f. TiCN (dash-dot horizontal line) and, in particular, TiN (dashed horizontal line) coatings improve the fatigue performance, resulting in higher fatigue strength, compared to the uncoated, as-built condition (solid horizontal line), demonstrated in Figure 2f. SR heat treatment significantly improves the fatigue strength (dotted horizontal line) compared to all other conditions, see Figure 2f. The Wöhler line slope k describes the slope in the fatigue strength range. The slopes are similar for the as-built and the coated specimens; they range between 2.5 and 2.7 and only the fatigue strength is higher for the coated samples. For the SR condition (Figure 2b), the slope is at 5. Therefore, the curve is less steep and the fatigue strength is significantly higher than all other conditions.



The fatigue strength σF of the as-built condition (Figure 2a) is similar to the a-C:Ag condition (Figure 2e) with 92.6 MPa and 95.0 MPa, respectively. The fatigue strength σF of the TiCN-coated state (Figure 2d) is 121.4 MPa and above the as-built and a-C:Ag-coated conditions. The TiN-coated condition (Figure 2c) has the highest fatigue strength σF of 133.5 MPa. For the SR condition, the fatigue strength σF is 190.2 MPa and more than two-times higher than for the initial, as-built condition. SR treatment results in a 42% increase in fatigue strength compared to the highest fatigue strength of the PVD-coated samples. The cycles at the knee point of the 50% failure probability curve are slightly lower for the a-C:Ag coating (298,870 cycles) compared to the as-built condition (385,153 cycles), see solid and dash-dot-dot arrows in Figure 2f, respectively. Although the TiN-coated condition has the highest fatigue strength among the coatings, the knee point cycles are lower (210,470 cycles), see dashed arrow in Figure 2f. The knee point of the TiCN-coated condition is at 214,018 cycles, see dash-dot arrow in Figure 2f. For the SR condition, the cycles at the knee point are at 1,025,238 cycles (see dotted arrow in Figure 2f) and the k value is about two-times higher than for all conditions. The higher the Wöhler line slope, in general, the better the fatigue strength characteristics. The results of the fatigue tests are summarized in Table 3.




3.3. Fracture Analysis


The fracture analysis is performed for the different conditions after fatigue testing. The analysis is used to determine the failure causes and mechanisms. Concerning the various coatings, the characteristics of the coatings and the crack initiation points are of special interest. Fatigue fracture surfaces often have typical observable characteristics, such as crack origins and fatigue striations. The fatigue fracture surface of an as-built specimen is shown in Figure 3a. The fracture surface is divisible into three areas, separated by dotted lines in Figure 3a. The area between both lines depicts the final, forced fracture area. The fatigue crack seems to be nucleated on both sides of the final fracture. The Roman numerals (I–V) indicate multiple possible crack nucleation sites where the crack initiation likely begins. As the fatigue test progresses, the multiple cracks may grow together to form one critical crack. The divided fracture surface—fatigue fracture (right) and a residual forced fracture (left)—is depicted in Figure 3b. Typically, the higher the stress amplitude, the larger the forced fracture area. The fatigue fracture surface is shown in Figure 3c. Fatigue striations are observable on the fatigue fracture surface (right side in Figure 3b,d, white arrows) and are perpendicular to the crack propagation direction (indicated with a red arrow). Distinct fatigue striations are observable for all conditions and stress amplitudes. The residual fracture surface typically shows areas with forced transgranular facets associated with brittle fracture mechanisms and ductile fracture with dimples (Figure 3e, black arrows). Defects, characteristic of the LPBF process, are often perpendicular to the build direction and pulled apart by loading. Typical defects are, for example, pores and unmelted powder particles, which are depicted in Figure 3f,g, respectively. These defects are detrimental when it comes to fatigue performance of additively manufactured specimens, as they are probable fatigue crack initiation points [40,72,73,74].



Figure 4a shows the fracture surface of a TiN-coated specimen. The fracture surface is divided into the fatigue fracture (left side) and the forced fracture area surrounded by the dashed line. Crack nucleation sites are probably on the left side of the fracture surface, marked with red circles in Figure 4a. The crack can originate at different spots and propagate to a single fatigue crack. The crack propagation direction is marked with a red arrow in Figure 4a,b. Figure 4b shows the magnified area within the black rectangle in Figure 4a. Fatigue striations are visible, which are perpendicular to the crack propagation direction, see white arrows in Figure 4b. Figure 4c depicts a coated powder particle on the surface of the specimens. PVD coatings are known to be near-net shaped, which reproduce the underlying surface topography and roughness [69]. The particle is probably partially melted on the back side. The PVD coating of undercuts, such as the back side of the particle, is challenging [75]. As a result, the surface gets inhomogeneous from right to left (substrate on the right), probably due to a thinner coating on the undercut side of the coating direction (left to right). The TiN coating shows a smooth fracture surface, see Figure 4d,e. In Figure 4d, the TiN coating is highlighted by the dashed, yellow lines, whereby the visual appearance of the fractured coating differs from the fatigue fracture surface of the substrate on the left side. After a fracture, occasional artifacts, such as cracks through the coating, are observable, see Figure 4e. The thickness of the coating is around 3 µm, but the Ti interlayer described by Tillmann et al. is not observable [43]. Figure 4f shows the morphology of the TiN coating, which consists of angular and edgy, pyramid-like structures [76].



Figure 5 shows the SEM images of the TiCN coating, including fracture surfaces. Figure 5a shows that the fracture surface may be divided into the fatigue fracture (left side) and the forced fracture area (dashed line). The red circles indicate the probable crack nucleation sites (Figure 5a). The crack may originate from different spots, typically from defects, such as pores or cracks, and propagate to a single fatigue crack. A red arrow marks the possible crack propagation direction in Figure 5a,b. Figure 5b shows the magnified area within a black rectangle in Figure 5a. In Figure 5b (white arrows), several fatigue striations are visible, which are usually perpendicular to the crack propagation direction. The fracture surface of the Ti-6Al-7Nb, subsequently coated with TiCN, shows, similar to the other conditions, characteristic fatigue fracture features, such as fatigue striations, see white arrows in Figure 5b,c. The TiCN coating is highlighted with black arrows in Figure 5c and dashed, yellow lines in Figure 5d. The fracture surface is in the bottom area of Figure 5d. A closeup of the TiCN coating shows the multilayer layout of the TiCN coating, consisting of the Ti interlayer (Ti-IL), the TiN interlayer (TiN-IL), and the TiCN surface layer (TiCN-SL) in Figure 5e. At this position, the coating is around 1.74 µm thick. The TiCN coating has a hemispherical structure, also described as a cauliflower-like appearance, see Figure 5f [77,78].



The fracture surface of a specimen with diamond-like carbon a-C:Ag coating, including LPBF characteristic defects, such as pores (Figure 6a, black arrows) and characteristic fatigue striations (Figure 6b, white arrows), is depicted in Figure 6. Fatigue striations (white arrows) are visible on the fracture surface, see Figure 6b–d. The areas marked with the Roman numerals (I–III) could be crack nucleation sites. The area (white circle) in Figure 6c indicates a conspicuous spot for the crack origin. Crack initiation likely begins at different points and, as the test progresses, the individual cracks grow together to form one crack. The probable crack propagation direction is marked with a red arrow in Figure 6a,b. Figure 6d shows the around 2 µm thick a-C:Ag coating, see yellow arrows. The a-C:Ag coating exhibits a cluster-like structure, commonly observed for a-C films [79]. Nano-sized particles (green arrows) are noted coating the surface, especially in the undercut region of the powder particle. As reported by previous studies, these particles are assumed to be Ag nanocrystallites dispersed on the surface of the coating [44,80,81].



Fracture surfaces were analyzed to identify crack-initiation spots and to determine whether the cracks started in the substrate or the coating. Unfortunately, the identification of crack-initiation points is quite challenging and was not successful, probably due to the specimen geometry (flat, rectangular) and size (miniature size) [70,82]. As the crack-initiation points are challenging to determine, it was impossible to distinguish whether the crack originated in the substrate or at the surface (coating). Nonetheless, where it starts is dictated by different factors. For example, if the crack originates from the substrate, then it is assumed to happen at defects close to the surface [83,84,85]. The different coatings did not flake on the specimen surfaces. Only local delamination that occurred near the fatigue crack was observable. As described by Tillmann et al., this confirms the assumption that the adhesion between substrate and coating is strong, especially for the TiN and TiCN coating [43].





4. Conclusions


This study addresses the effects of PVD coating on the mechanical properties of additively manufactured Ti-6Al-7Nb biomedical alloy. The change in fatigue strength properties is determined for specimens with different substrate conditions (as-built and SR heat-treated) and PVD-coated states (TiN, TiCN, and a-C:Ag). The results indicate PVD coatings can improve fatigue behavior and SR heat treatment results in a more significant improvement in fatigue performance. The findings can be summarized as follows:




	
The deposition of the PVD coatings improves fatigue strength. The PVD coatings improve the fatigue strength for all conditions by 44.2% (TiN), 31.1% (TiCN), and 2.6% (a-C:Ag) compared to the uncoated substrate material. SR heat treatment leads to a significant fatigue strength improvement of 105.4%.



	
The Wöhler curve knee points of the PVD-coated specimens are lower than the as-built condition and the Wöhler line slopes are similar but less steep. Therefore, the Wöhler curves of the PVD-coated specimens are shifted parallel to the as-built Wöhler curves to higher fatigue strengths. An exception is the SR-heat-treated condition, which has a higher knee point (166.2% more cycles) and two-times higher Wöhler line slope. In combination with a higher fatigue strength, this results in a significant change in position and angle of the SR Wöhler curve.



	
The fracture surfaces can be divided into fatigue fracture and forced fracture, whereby the fatigue-forced-fracture ratio depends on the applied stress amplitude. The forced fracture surfaces of the different conditions are characterized by transgranular facets. Brittle and ductile fracture features, such as dimples are present on the fracture surface.



	
The fatigue fracture surfaces are characterized by fatigue striations perpendicular to the crack propagation direction.



	
LPBF-characteristic defects (e.g., pores, unmelted powder) are visible for all conditions and have a high impact on fatigue performance. Defects often can act as crack origins but could not be identified. Delamination or flaking of the TiN, TiCN, and C:Ag coatings was not observable, assuming a high adhesion of the various coatings on the Ti-6Al-7Nb substrate.








In conclusion, this work illustrates the significant improvement in SR heat treatment and PVD coatings on the HCF performance of additively manufactured Ti-6Al-7Nb. Therefore, PVD coatings can be advantageous in the design of load-bearing implants. Further research should focus on the deposition of PVD coatings on SR specimens to combine the significant improvement in the heat treatment of the substrate with the surface improvement in the PVD coatings in terms of hardness, wear resistance, and tailoring of biocompatibility features.
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Figure 1. (a) Geometry and build direction (BD) of the fatigue specimens; overview of specimens in different conditions (b) as built; (c) stress relieved (SR); (d) titanium nitride (TiN); (e) titanium carbonitride (TiCN); (f) silver-containing amorphous carbon (a-C:Ag). 
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Figure 2. Experimental stress-life curves of the different conditions showing the results of the Wöhler tests (filled symbols) and staircase tests (SC, hollow symbols); failure bands described by the failure probability curves PF10%, PF50%, and PF90%; horizontal arrows indicate the run-out specimens (after 107 cycles); (a) as-built condition; (b) SR condition; (c) PVD coated with TiN; (d) PVD coated with TiCN; (e) PVD coated with a-C:Ag; (f) comparison of the failure probability curves PF50% of the different conditions. 
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Figure 3. SEM images of a fatigue fracture surface on an as-built Ti-6Al-7Nb fatigue specimen; (a) overview image of the fracture surface, forced fracture occurs between the dashed, black lines; (b) fracture surface from the black square in (a), divided by the dashed line into fatigue fracture (right of the dashed line) and residual forced fracture (left of the dashed line); (c) fatigue fracture surface from the blue square in (a); (d) detailed view of the red square in (c) of the fatigue striations (white arrows) and the probable crack propagation direction (red arrow); (e) detailed view on the residual forced fracture surface with shallow dimples (black arrows) resulting from ductile material behavior; (f) laser powder bed fusion (LPBF) characteristic gas pore; (g) LPBF characteristic lack of fusion defect with unmelted powder particle. 
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Figure 4. SEM images of the fracture surface of a TiN-coated specimen; (a) overview SE image of the fracture surface, forced fracture surface indicated with the dashed line, possible crack nucleation sites within the red circles, where the red arrow indicates crack propagation direction; (b) SE image of fracture surface from the black square in (a), with crack propagation direction (red arrow) and fatigue striations (white arrows); (c) SE image of coated powder particle on the surface of the specimen; (d) SE image of TiN coating (dashed, yellow lines) in the boundary region of the fatigue fracture surface of the substrate (left area); (e) in-lens image of TiN surface layer (TiN-SL) at the edge of a fractured surface (right area) after fatigue testing, showing emerged cracks in the coating; (f) in-lens image of the TiN surface with edgy and angular, pyramid-like growth structure. 
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Figure 5. SEM images of the fracture surface of a TiCN-coated specimen; (a) overview SE image of the fracture surface, forced fracture surface indicated with the dashed line, possible crack nucleation sites within the red circles, the red arrow indicates crack propagation direction; (b) fracture surface from the black square in (a), with crack propagation direction (red arrow) and fatigue striations (white arrows); (c) TiCN coating (black arrows) on the substrate material (right area) and fatigue striations on the fracture surface (white arrows); (d) in-lens image of the TiCN coating (yellow dashed lines) in the edge region of the fatigue fracture surface of the substrate (bottom area); (e) in-lens image of TiCN surface layer (TiCN-SL), TiN interlayer (TiN-IL), and Ti interlayer (Ti-IL) at the edge of a fractured surface (bottom area) after fatigue testing; (f) TiCN surface with cauliflower-like structure. 
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Figure 6. SEM images of the fracture surface of an a-C:Ag-coated specimen; (a) overview SE image of the fracture surface, dashed line separating fatigue (left) and forced fracture (right), Roman numerals indicating the possible crack nucleation sites, black arrows marking pores; (b) detailed view of the blue rectangle in (a), showing the fatigue characteristic striations (white arrows) and the crack propagation direction (red arrow); (c) overview of the fatigue fracture surface with fatigue striations (white arrows) and LPBF characteristic defects such as pores (black arrow); (d) detailed in-lens image of the black square in (c) showing the a-C:Ag coating on the surface (yellow arrows) and the fatigue fracture surface (right area) with fatigue striations (white arrows), a coated powder particle on the surface of the specimen with Ag particles (green arrows). 
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Table 1. LPBF parameters for the hatch and contour of Ti-6Al-7Nb; 5 mm stripe exposure, rotated layer by layer by 67°; constant building platform temperature at 200 °C.
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	Parameter Sets
	Layer Thickness t in µm
	Laser Power P in W
	Scanning Speed in m s−1
	Hatch Distance h in mm





	Hatch
	50
	185
	1.675
	0.077



	Contour
	50
	123
	0.512
	-
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Table 2. Overview of the fatigue test results of the as-built, SR, TiN-coated, TiCN-coated, and a-C:Ag-coated conditions, with different stress amplitudes, σa, and cycles to failure, N, for different test procedures, Wöhler curve and staircase test procedure (SC), 107 = run-outs.
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Condition

	
As-Built

	
SR

	
+TiN

	
+TiCN

	
+a-C:Ag




	

	
Test

	
σa

	
N

	
σa

	
N

	
σa

	
N

	
σa

	
N

	
σa

	
N






	
Wöhler

	
1

	
400

	
9243

	
400

	
30,576

	
400

	
14,141

	
400

	
12,244

	
400

	
11,259




	
2

	
400

	
9456

	
400

	
30,292

	
400

	
13,121

	
400

	
10,483

	
400

	
9294




	
3

	
400

	
8123

	
400

	
30,201

	
400

	
15,663

	
400

	
10,624

	
400

	
9131




	
4

	
350

	
11,462

	
300

	
97,779

	
300

	
26,428

	
300

	
16,029

	
300

	
17,525




	
5

	
350

	
9979

	
300

	
73,048

	
300

	
20,530

	
300

	
18,132

	
300

	
12,786




	
6

	
350

	
10,211

	
300

	
86,040

	
300

	
17,525

	
300

	
19,386

	
300

	
12,477




	
7

	
300

	
13,979

	
300

	
74,281

	
200

	
76,525

	
200

	
62,671

	
200

	
41,585




	
8

	
300

	
13,462

	
200

	
1,250,876

	
200

	
71,204

	
200

	
51,996

	
200

	
45,665




	
9

	
300

	
13,782

	
200

	
764,148

	
200

	
77,222

	
200

	
57,180

	
200

	
31,088




	
10

	
200

	
39,514

	
200

	
945,842

	
150

	
152,991

	
150

	
137,682

	
150

	
85,630




	
11

	
200

	
42,166

	
200

	
675,594

	
150

	
171,897

	
150

	
144,485

	
150

	
100,463




	
12

	
200

	
31,930

	
175

	
107

	
150

	
168,327

	
150

	
117,362

	
150

	
102,704




	
13

	
100

	
486,130

	
175

	
107

	
125

	
107

	
125

	
107

	
125

	
139,143




	
14

	
100

	
396,010

	
175

	
107

	
125

	
107

	
125

	
306,679

	
125

	
114,243




	
15

	
100

	
560,428

	
-

	
-

	
125

	
107

	
125

	
107

	
125

	
138,871




	
16

	
150

	
69,036

	
-

	
-

	
-

	
-

	
125

	
107

	
100

	
268,655




	
17

	
150

	
91,714

	
-

	
-

	
-

	
-

	
-

	
-

	
100

	
390,224




	
18

	
150

	
66,932

	
-

	
-

	
-

	
-

	
-

	
-

	
100

	
328,678




	
19

	
125

	
205,157

	
-

	
-

	
-

	
-

	
-

	
-

	
75

	
107




	
20

	
125

	
137,410

	
-

	
-

	
-

	
-

	
-

	
-

	
75

	
107




	
21

	
125

	
128,867

	
-

	
-

	
-

	
-

	
-

	
-

	
75

	
107




	
22

	
75

	
107

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
23

	
75

	
107

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
24

	
75

	
107

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
SC

	
1

	
98

	
257,290

	
192

	
369,262

	
131

	
107

	
144

	
184,074

	
99

	
417,474




	
2

	
90

	
107

	
183

	
107

	
137

	
169,586

	
137

	
196,359

	
90

	
107




	
3

	
98

	
411,817

	
192

	
460,000

	
131

	
245,437

	
131

	
354,125

	
99

	
390,952




	
4

	
90

	
429,664

	
192

	
107

	
125

	
107

	
125

	
256,334

	
90

	
107




	
5

	
82

	
107

	
200

	
107

	
131

	
107

	
119

	
107

	
99

	
430,847




	
6

	
90

	
107

	
-

	
-

	
137

	
107

	
125

	
107

	
90

	
107




	
7

	
98

	
9,519,363

	
-

	
-

	
144

	
205,177

	
131

	
298,425

	
99

	
289,494




	
8

	
-

	
-

	
-

	
-

	
-

	
-

	
125

	
281,170

	
-

	
-




	
9

	
-

	
-

	
-

	
-

	
-

	
-

	
119

	
270,714

	
-

	
-
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Table 3. Overview of the fatigue properties of the as-built, SR, TiN-coated, TiCN-coated, and a-C:Ag-coated conditions; fatigue strength, σF, cycles at the knee point, NK of the failure probability curves, PF50%, Wöhler line slope, k.
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	Condition
	As-Built
	SR
	+TiN
	+TiCN
	+a-C:Ag





	σF in MPa
	92.6
	190.2
	133.5
	121.4
	95.0



	NK
	385,153
	1,025,238
	210,470
	214,018
	298,870



	k
	2.7
	5.0
	2.6
	2.6
	2.5
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