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Abstract:



The effect of ultrasonic nanocrystal surface modification (UNSM) on the fatigue behavior of Ti6Al4V (TC4) in simulated body fluid (SBF) was investigated. UNSM with the condition of a static load of 25 N, vibration amplitude of 30 μm and 36,000 strikes per unit produced about 35 μm surface severe plastic deformation (SPD) layers on the TC4 specimens. One group was treated with a hybrid surface treatment (UNSM + TiN film). UNSM technique improves the micro hardness and the compressive residual stress. The surface roughness is increased slightly, but it can be remarkably improved by the TiN film. The fatigue strength of TC4 is improved by about 7.9% after UNSM. Though the current density of corrosion is increased and the pitting corrosion is accelerated, UNSM still improved the fatigue strength of TC4 after pre-soaking in SBF by 10.8%. Interior cracks initiate at the deformed carbide and oxide inclusions due to the ultrasonic impacts of UNSM. Corrosion products are always observed at the edge of fracture surface to both interior cracks and surface cracks. Coating a TiN film on the UNSMed surface helps to improve the whole properties of TC4 further.
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1. Introduction


The surface condition is of particular importance to the fatigue properties of metals. Most failures are sensitive to the properties and micro-structures of the surface. If the surface conditions were optimized, the overall performance of materials shall be enhanced. Coarse grains can effectively restrain the propagation of cracks, while fine grains can effectively restrain the initiation of cracks [1,2]. The inducement of a nanostructured surface layer may therefore influence both the initiation and the growth of cracks. By means of coating and deposition technologies (Physical Vapor Deposition, chemical vapor deposition, electroplating and electrodeposition), it can be achieved. However, an accompanying tensile stress may easily initiate a microcrack between the coated layer and the substrate.



Surface self nanocrystallization (SSN) [3] induced by mechanical process has been developed in the recent two decades. The mechanical processes include surface mechanical attrition treatment (SMAT) [3,4], ultrasonic shot peening (USSP) [5], laser shock peening (LSP) [6], ultrasonic surface rolling processing (USRP) [7], ultrasonic cold forging technology (UCFT) [8], and so on. These techniques help to transform the coarse grains of a bulk material into nanosized grains by surface severe plastic deformation (SPD). They induce nanograins and grain size gradients into the surface region of bulk metals and alloys without changing the chemical compositions. Using transmission electron microscope (TEM), the grain refinement mechanisms induced by SPD for materials have been studied by many researchers [3,4,5,9,10,11,12,13]. The generation of dislocations, twinning, and development of grain boundaries with high angle misorientation are considered as the mainly reasons. The above techniques have been shown to improve the tensile strength [4], hardness [8,14], residual stress [4,8,14], wear resistance [8,13,14], and especially fatigue properties [8,15,16,17] of materials.



Titanium alloys, in view of their high strength-to-weight ratio and excellent corrosion resistance, has been widely used in biomedical implants. Implants that function as bones, such as artificial joint endoprostheses, hip joints, bone plates, and tooth roots, are used under severe oscillating loading conditions and some of them are usually subjected to long-term cyclic loading [18]. It is reported that fatigue fracture is the most part of mechanical failure of titanium alloy implants [18,19,20]. Therefore, the long life fatigue properties of titanium alloys should be investigated to adjust the design.



In the human body, the implants endure the corrosion of body fluid besides the forces (such as bending, torsion, extrusion and shrinkage of muscle). The implant materials should have good corrosion resistance and fine histocompatibility. Although a certain depth of the oxide scale supports the good corrosion resistance, clinical experience suggests that rupture of the passive film and obvious corrosion occur in titanium alloy implants after a long time in vivo service. In addition, titanium alloys are considered to be sensitive to the stress corrosion [21]. Therefore, the corrosion fatigue properties of titanium alloys in body fluid should be studied. Recently, bioactive membranes such as TiO, TiN, ZrO2, hydroxyapatite and diamond-like carbon films have been developed onto titanium alloys to improve the wear ability and the adhesion of cells [22,23,24,25]. It is necessary to enhance the associativity of the films and the base materials. Tong et al. [26] reported that the nitriding temperature could be decreased to 300 °C (which is more than 200 °C lower than conventional treatment) with a SPD by means of SMAT. Wu et al. [27,28] studied the influence of hybrid surface treatment (UNSM before or after plasma nitriding) on the fatigue properties of S45C, the 1 × 108 cycles fatigue strength was improved in an interval of nitriding time-duration. The hybrid surface treatment (SSN techniques + coatings/films) is prospectively to enhance the mechanical properties and biocompatibilities furthermore.



Ti6Al4V (TC4) is one of the most widely used titanium alloys. Though the high cycle fatigue (HCF) and the very high cycle fatigue behaviors of TC4 were investigated in previous papers [29,30], the reason for crack initiation from the surface or from both the surface and the interior at a stress ratio r = −1 is not clear. Liu et al. studied the effects of stress ratio (from −1 to 0.5) on fatigue crack initiation and propagation [31], all the specimens at r = −1 failed from the surface. The fatigue behavior of TC4 in 0.9% physiological saline solution [32] showed that the slope of S-N curve decreases as the dipping time increases. Liu et al. [33] studied the HCF behavior of TC4 in simulated body fluid (SBF), the endurance limit at 1 × 108 cycles of TC4 decreases by 7%. The fatigue properties of magnesium alloy [34,35], ZrCuFeAlAg bulk metallic glass [36], niobium alloy [37], stainless steel [38], TiN- and DLC-coated stainless steel [39] in simulated body fluid have been studied in the recent five years. Bai et al. [40], Huang et al. [41], and Li et al. [42,43] reported that nanocrystal surface layers by SSN are conducive to the corrosion resistance, because of the high density grain boundaries and the deeper passive film.



In the present work, a nanostructured surface layer was prepared by means of ultrasonic nanocrystal surface modification (UNSM) on TC4. The microhardness, surface roughness and residual stress were measured. The effect of UNSM on axial symmetric tension-compression fatigue properties of TC4 pre-soaked in SBF was also investigated. The corrosion behaviors of nanocrystal surface layer were observed. In addition, a hybrid surface treatment (UNSM + TiN film) was prepared as a comparision group.




2. Experimental Procedures


The material used was a titanium alloy TC4 shaft with the following chemical composition (in wt. %): C—0.007–0.01, Fe—0.017–0.02, N—0.007–0.009, O—0.190–0.195, H—0.001, Al—6.408–6.411, V—4.403–4.406, and balance Ti. The initial specimens are stress-relief annealed at 650 °C for 4 h. The specimens were machined to the dimensions shown in Figure 1 and all the specimens were polished using sandpaper from grade 120 to grade 1500. The mechanical properties of TC4 are: yield strength = 1179 MPa, tensile stress = 1230 MPa, elongation = 16%, and reduction of area = 10%.


Figure 1. Dimension of the fatigue specimen (All dimensions are in mm).
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The principle of UNSM is introduced in reference [8]. An ultrasonic vibratory energy at a frequency of 20 kHz is used, and tens of thousands of strikes per second are applied to the material surface as constant pressure [17]. These strikes cause SPD to the surface layer and induce a certain depth of nanocrystal structure. The static load applied on the specimens was 25 N, and the vibration amplitude was 30 μm. The total load is the sum of the static load and the sinusoidal function of dynamic load. The number of vibration strike in this paper is 36,000 times/mm2. Throughout the UNSM process, kerosene was used to avoid a temperature increase and protect the surface from oxidation.



An AIP system (Champion-Coating Co., Suzhou, China) was used to prepare TiN films onto the surface of TC4 after UNSM. The working pressure was 1 Pa, the bias voltage cycle was 100 V, the pulse bias was 300 V and the duty voltage was 30%. An empirical time in which a thickness of approximate 5 μm TiN film can be grown on TC4 was applied.



Cross-sectional observations of the samples were performed with an optical microscope (CMM-20E, Changfang, Chengdu, China) and a scanning electron microscopy (S-3400N, Hitachi, Nantong, China). The cross-sections were polished using SiC abrasive papers up to grade 1500, then on a polishing cloth with diamond suspensions. The specimens were finally etched at room temperature in Kroll’s reagent (HNO3:HF:H2O = 3:6:90, vol %).



The SBF was prepared according to the procedure proposed by Kokubo et al. [44]. The ion concentrations of SBF and human plasma are listed in Table 1. Three groups of specimens were dipped into SBF at 37 °C for two weeks prior to the fatigue test. Thus, five groups of specimens, referred to as IS (stress-relief annealed initial specimens), UNSM (specimens subjected with UNSM), IS-SBF (specimens presoaked into SBF), UNSM-SBF (specimens presoaked into SBF after UNSM), and UNSM-TiN-SBF (specimens presoaked into SBF after coating a TiN film on UNSMed surface) were prepared. Corrosion resistance was evaluated by electrochemical techniques using a three electrode cell at 37 ± 0.5 °C. Pt, saturated calomel electrode (SCE) and TC4 specimen were used as anode, reference electrode and working electrode respectively. SBF was the electrolyte. The cylindrical surface of arc segment was the working face. The anodic sweep was 30 mV per minute.



Table 1. The ion concentrations of SBF and human plasma (mmol/L).







	
Ions

	
Na+

	
K+

	
Ca2+

	
Mg2+

	
HCO3−

	
Cl−

	
HPO43−

	
SO42−






	
Human plasma

	
142.0

	
5.0

	
2.5

	
1.5

	
27.0

	
103.0

	
1.0

	
0.5




	
Simulated body fluid (SBF)

	
142.0

	
5.0

	
2.5

	
1.5

	
4.2

	
148.5

	
1.0

	
0.5










The microhardness of the nanostructured surface layer was measured using a Vickers hardness tester (MMT-7, Matsuzawa, Tokushima, Japan) with a load of 50 g and a time-duration of 20 s. The surface roughness was observed by a contact surface profiler (DEKTAK3, ULVAC, Tokushima, Japan). Asylum Research MFP-3D Atomic force microscope (AFM, FSM-Precision, Chongqing, China) was used to scan the surface topography after UNSM. The residual stress using was measured by X-ray diffraction (XRD, Rigaku X’pert pro MPD, Chengdu, China). The Cu Kα radiation (λ = 1.54184 Å) was used, and the diffraction lattice plane (213) was examined within a range 2θ of 136–146°. Samples were electrolytic polished layer by layer from the surface to a depth of about 300 μm.



To investigate the effect of the nanostructured surface layer on the fatigue behavior of TC4, axial symmetric tension-compression fatigue tests (stress ratio r = −1) on the five groups of samples (IS, UNSM, IS-SBF, UNSM-SBF, UNSM-TiN-SBF) were conducted by a piezoelectric ultrasonic fatigue test machine (USF-2000, Shimadzu, Chengdu, China) at ambient temperature. The frequency of fatigue testing was 20 kHz. The specimen that was designed above can resonate longitudinally at the same frequency. The fracture surfaces and the corroded surface were observed using scanning electron microscopy (JSM-5900LV, 6510LV, and 7500F, JEOL, Chengdu, China). Energy-dispersive X-ray spectroscopy (EDX) was used to detect the composition of any inclusions which induced the inner crack initiation with JEOL JSM-7500F.




3. Results and Discussion


3.1. Observation of the Severe Plastic Deformation Layer


The microstructures of the SPD layers and the variation of grain size by depth as seen by the TEM and optical microscopes have been reported widely [1,2,3,4,5,6,7,8,9,10,11,12,13]. It is well concluded that nanocrystals can be obtained in these SPD layers. The mechanical properties of TC4 mainly depend on the component, size and shape of α-phase. The microstructure and dissimilation surface layer of TC4 after UNSM are shown in Figure 2. The microstructure of IS is equiaxed structure. It can be concluded that a SPD layers with the thickness of 35 μm was achieved. Hexagonal close packed (hcp) α-phase has a high SFE more than 300 mJ/m2 and body centered cubic (bcc) β-phase theoretically has 12 slip directions. The mechanism of grain refining in TC4 is mainly dislocation motion. Twinning is also found in α-titanium because of the low symmetry of hexagonal [9].


Figure 2. Microstructure and dissimilation surface layer of TC4 after ultrasonic nanocrystal surface modification (UNSM): (a) Optical micrograph; (b) scanning electron microscopy (SEM) micrograph.
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3.2. Micro Vickers Hardness and Residual Stress Distrubution


The micro Vickers hardness along the depth from the surface to 400 μm was measured, as depicted in Figure 3. The microhardness of the initial TC4 specimen (IS) was about 310 HV. The hardness of the surface after UNSM was increased by 22.6% compared with that of IS. The microhardness after UNSM rapidly decreases to about 200 μm, while it decreases gradually from the depth of 200 μm to the core. The Hall-Petch theory illustrates that the hardness and the yield stress relate to the grain size, smaller grain has a higher hardness to the most materials.


Figure 3. Distribution of compressive residual stress and micro Vickers hardness after UNSM.
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High compressive residual stress can be induced in the SPD layer [7,8,30]. The surface residual stress of IS was −19 MPa with stress-relief annealing treatment. In this paper, the residual stress of UNSMed TC4 from the surface to the depth of 300 μm was measured, as shown in Figure 3. It is obvious that the surface compressive residual stress was achieved. Compressive residual stress is the most crucial factor for increasing the fatigue resistance. The value of the surface compressive residual stress with UNSM was 544 MPa. The compressive residual stress gradually decreases to the depth of 80 μm, and then it rapidly decreases to the matrix. Noticeably, there is an intersection at the depth of 120 μm. The cores of interior cracks usually appear at the zone nearby the intersection, and which shall be discussed later.




3.3. Surface Roughness and Surface Features


Table 2 shows the surface roughness due to UNSM. The average roughness Ra of IS was 0.35 μm, and the Ra of UNSM was 0.50 μm. Though UNSM process increased the surface roughness of polished TC4 specimen, it is negligible comparing with the turned specimen which has a Ra of 2.16 μm. A better surface with a roughness down to 0.04 μm was achieved to the hybrid surface treatment (UNSM + TiN film). UNSM helps to maintain a good surface roughness in this test.



Table 2. Surface roughness of TC4 after ultrasonic nanocrystal surface modification (UNSM).







	
Group

	
Initial TC4 Specimen after Polishing (IS)

	
UNSM

	
UNSM-TiN

	
Turned Specimen






	
Average roughness

	
0.35 μm

	
0.50 μm

	
0.04 μm

	
2.16 μm










The surface features of TC4 are shown in Figure 4. After UNSM, many parallel lines caused by the process (the main feed of main shaft of the ultrasonic vibratory device) are seen to be spaced at about 80 μm. From the 3-D microscope image by AFM, it can be concluded that the deformations of TC4 grains on the surface have regular shape which mainly have an angle of about 30° to the trace of UNSM process. With the micro concave-convex texture, it can be deduced that the surface area is increased. This might be beneficial for film coatings and cell adhesions.


Figure 4. Surface feature of UNSM: (a) Optical micrograph; (b) 3-D microscope image by atomic force microscope (AFM).
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3.4. Corrosion Resistance


The variations of nitrogen and oxygen of the hybrid surface treated specimen were measured along a diameter. Figure 5 gives the illustration of measurement and the results. The peaks of nitrogen and oxygen nearby surface are marked with a down arrow. The maximum value of nitrogen is at a depth of about 8 μm (about 3 μm deeper than that of experience). Underneath the TiN film, an ultrathin passive film of oxide exists. The content of nitrogen is more than oxygen till the depth of 150 μm, which is opposite to the chemical composition of the matrix mentioned above. Therefore, it can be concluded that the refined grains assist both the growth of TiN film and the diffusion of nitrogen.


Figure 5. Analysis of TiN film on UNSMed specimen: (a) Illustration of measurement; (b) Measurement results (yellow curve is Titanium); (c) Variation of nitrogen; (d) Variation of oxygen.
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Figure 6 shows the polarization curves of TC4 in SBF solution for 30 min, and the observation of the surfaces subjected to SBF for 2 weeks is given in Figure 7. The curves of IS and UNSM are typical for passive materials with low current densities over a wide range of potentials. The passivation current density for UNSMed specimen is about 2.15 × 10−6 A·cm−2, and it is the same with IS. However, there is no obvious passive region for UNSM-TiN because of the TiN film. The pitting corrosion potential (Eb) of UNSM (564 mV) is a little less than that of IS (572 mV), and the electric potential of corrosion (Ecorr) shows the same result. However, the current density of corrosion (Icorr) of UNSM calculated by Tafel extrapolation is 2.305 μA, which is much higher than that of IS (1.001 μA). The nanocrystal surface layer accelerates the corrosion speed because of the high surface activity. Therefore, more eroding pits are observed on the surface of UNSM after pre-soaking in SBF for 2 weeks. The hybrid surface treatment has the best corrosion resistance with Ecorr of −301 mV and Icorr of 0.655 μA, and nearly no eroding pit exists. The white particles on the dipped surface are various crystals due to SBF. The deposition of crystals is increased on UNSMed specimens.


Figure 6. Polarisation curves in simulated body fluid (SBF) solution.
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Figure 7. Observation of the surface subjected to SBF for 2 weeks: (a) IS; (b) UNSM; (c) UNSM-TiN (d) energy-dispersive X-ray spectroscopy (EDX) analysis of white crystals.



[image: Metals 07 00440 g007]







3.5. Fatigue Properties


The fatigue characteristics of TC4 are shown in Figure 8. Specimens that did not encounter failure are shown as run-outs. Interior initiated cracks are marked with vertical bars. After UNSM, most cracks transform to be inner cracks while the fatigue lives are more than 1 × 106 cycles. On the contrast, cracks initiate at the surface to nearly all the un-UNSMed specimens, it is in accordance with which reported in Ref. [31]. Comparing with IS, the 1 × 108 cycles fatigue strength of UNSM is increased by 7.9%. After 2 weeks in SBF, the fatigue strength of IS-SBF, UNSM-SBF, and UNSM-TiN-SBF were 530, 587, and 630 MPa, respectively. The fatigue strength of UNSM-SBF is increased by 10.8% to IS-SBF. From the S-N curves, it is evident that UNSM improves the fatigue strength of TC4 in SBF. The fatigue strength of UNSM-TiN-SBF is even more than which of UNSM. Therefore, the hybrid surface treatment has a good prospect in clinical applications.


Figure 8. S-N curves of TC4 pre-soaked in SBF for 2 weeks.
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To both IS and UNSM, the surface cracks usually initiate from surface defects at high fatigue stress. The only interior crack of IS-SBF is shown in Figure 9. The inclusion in crack core is carbide. There is an elliptic flat area which is considered to be the crack initiation zone, where the propagation lines of micro crack look like a dandelion. At the surface nearby the crack initiation, corrosion products due to SBF are observed. To SSN specimen, three lays are divided above the matrix. They are nano-structured layer, refined structured layer and deformed coarse grain layer [3]. The refined structured layer has a depth up to about 100 μm. After UNSM, deformed inclusions (high light white areas) are found at the zone with a depth of about 100–250 μm where the compressed residual stress decreases quickly, the hardness is closed to the core, plasticity and tenacity are weakened (Figure 10 and Figure 11). This zone is deduced to be at the deformed coarse layer. The shapes of inclusions are long and narrow because of the ultrasonic impacts on the surface, and are nearly parallel to the edge of specimens. EDX shows that these inclusions are carbides and oxides. Even eroding pits on the surface are investigated above, the UNSM process still plays an active role in improving the fatigue properties. Corrosion products are also observed at surface crack initiations of UNSM-TiN-SBF specimens (Figure 12). Surface cracks initiate due to the surface defects (damage or defect of TiN film), similarly. The combination of plastic deformation and corrosion in SBF affects the crack initiations together.


Figure 9. Fracture surface of TC4 (IS-SBF, 540 MPa, 1.95 × 107 cycles): (a) crack initiation; (b) EDX analysis of crack initiation; (c) EDX analysis of point A.
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Figure 10. Fracture surface of TC4 (UNSM, 620 MPa, 4.13 × 107 cycles): (a) Overall view of fracture surface; (b) Crack initiation; (c) EDX analysis of crack core.
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Figure 11. Fracture surface of TC4 (UNSM-SBF, 610 MPa, 2.12 × 106 cycles): (a) Overall view of fracture surface; (b) Edge nearby the crack initiation; (c) EDX analysis of crack core; (d) EDX analysis of the edge.
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Figure 12. Fracture surface of TC4 (UNSM-TiN-SBF, 660 MPa, 1.81 × 106 cycles): (a) Overall view of fracture surface; (b) Crack initiation; (c) EDX analysis of crack initiation.
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4. Conclusions


1. UNSM technique improves the micro hardness and the surface compressive residual stress of TC4. UNSM helps to maintain a good surface roughness. The fatigue strength of TC4 is improved by about 7.9% after UNSM.



2. The current density of corrosion is increased after UNSM, and eroding pits obviously distribute on the surface of UNSMed TC4 specimen after two weeks in SBF. However, the fatigue strength of TC4 in SBF is improved by 10.8% after UNSM.



3. Interior cracks initiate at the deformed carbide and oxide inclusions due to the ultrasonic impacts of UNSM. Corrosion products are always observed at the edge of fracture surface to both interior cracks and surface cracks.



4. The hybrid surface treatment improves the whole properties of TC4 further.
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