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Abstract:



The fatigue strength, effects of a notch on the fatigue strength, and fatigue crack growth rate of Ti-15Zr-4Nb-4Ta alloy were compared with those of other implantable metals. Zr, Nb, and Ta are important alloying elements for Ti alloys for attaining superior long-term corrosion resistance and biocompatibility. The highly biocompatible Ti-15Zr-4Nb-4Ta alloy exhibited an excellent balance between strength and ductility. Its notched tensile strength was much higher than that of a smooth specimen. The strength of 20% cold-worked commercially pure (C.P.) grade 4 Ti was close to that of Ti alloy. The tension-to-tension fatigue strength of an annealed Ti-15Zr-4Nb-4Ta rod at 107 cycles was approximately 740 MPa. The fatigue strength of this alloy was much improved by aging treatment after solution treatment. The fatigue strengths of C.P. grade 4 Ti and stainless steel were markedly improved by 20% cold working. The fatigue strength of Co-Cr-Mo alloy was markedly increased by hot forging. The notch fatigue strengths of 20% cold-worked C.P. grade 4 Ti, and annealed and aged Ti-15Zr-4Nb-4Ta, and annealed Ti-6Al-4V alloys were less than those of the smooth specimens. The fatigue crack growth rate of Ti-15Zr-4Nb-4Ta was the same as that of Ti-6Al-4V. The fatigue crack growth rate in 0.9% NaCl was the same as that in air. Stainless steel and Co-Cr-Mo-Ni-Fe alloy had a larger stress-intensity factor range (ΔK) than Ti alloy.
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1. Introduction


Orthopedic implants should exhibit biomechanical and biochemical compatibility as well as biological safety. Therefore, many types of metallic orthopedic devices, which are made of metallic materials with excellent mechanical properties and structural stability, are used worldwide in orthopedic [1]. Ti alloys are categorized into three types according to their microstructure: α (alpha)-type alloy having a hexagonal close-packed structure, hcp; β (beta)-type having a body-centered cubic structure, bcc; and α-β-type having a mixed structure of the α- and β-phases [1]. Among α-β-type Ti alloys, Ti-6Al-4V alloy has various orthopedic applications. α-β-type Ti alloys demonstrate better fatigue characteristics than β-type alloys [1]. Another α-β-type Ti alloy, Ti-15Zr-4Nb-4Ta alloy, has been developed in Japan as a highly biocompatible alloy for long-term biomedical applications [1,2,3]; it is now standardized in the Japanese Industrial Standards (JIS) T 7401-4 [4].



Fatigue is a type of damage often observed in implanted metals and is regarded as an important cause of orthopedic metal implant failure [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34]. To summarize the literature on causes of failure, prosthetic fracture occurs owing to fatigue due to stress concentration that develops near holes of plates and rods, screws, spinal implants, and junctions of artificial hip stems. In particular, the existence of a notch markedly reduces the fatigue strength of materials. In developing highly durable devices, testing the fatigue strength of materials is crucial for predicting implant durability. A few studies have compared fatigue properties among implantable metals using specimens prepared by the same manufacturing process under the same experimental conditions. As fatigue testing methods, several standard methods have been established in JIS and the American Society for Testing and Materials (ASTM). JIS T 0309 [35] and ASTM F 1801 [36] provide methods for investigating the fatigue of metallic implant materials. JIS T 0310 [37] standardizes the fatigue testing method for the notch sensitivity and fatigue crack growth properties of metallic biomaterials. Our fatigue test was based on these standardized testing methods. The fatigue strength and effects of a notch on the fatigue strength and fatigue crack growth rate of Ti-15Zr-4Nb-4Ta alloy were compared with those of other implantable metals, namely, commercially pure (C.P.) grade 4 Ti, Ti-6Al-4V, Co-Cr-Mo, Co-Cr-Mo-Ni-Fe, and Co-Cr-W-Ni alloys, and stainless steels.



In this study, we conducted fatigue tests on smooth and notched specimens, and fatigue crack growth tests on Ti materials, Co-Cr-Mo, Co-Cr-Mo-Ni-Fe, and Co-Cr-W-Ni alloys, and stainless steels. The highly biocompatible Ti-15Zr-4Nb-4Ta alloy was used to determine the extent to which the fatigue strength and fatigue crack growth rate are affected by the specimen configuration (plate or rod), manufacturing process, heat treatment, and stress intensity factor. To evaluate the effects of forging, heat treatment, and stress intensity factor on smooth and notched fatigue strengths, the S-N curves (maximum stress vs. number of cycles) of Ti-15Zr-4Nb-4Ta alloy were compared with those of C.P. grade 4 Ti, Ti-6Al-4V, Co-Cr-Mo, two types of Co-Cr-Mo-Ni-Fe, and Co-Cr-W-Ni alloys, and three types of stainless steel. Tensile tests were also carried out on these materials at room temperature to examine the correlation between their mechanical and fatigue strengths. The effects of an R-notch and a V-notch on notched fatigue strength were examined. The fatigue crack growth rates of Ti-15Zr-4Nb-4Ta, Ti-6Al-4V, Co-Cr-Mo-Ni-Fe, and stainless steels were measured. Moreover, the maximum stress amplitude σth at which no crack propagation occurs, estimated from the threshold stress-intensity factor range (ΔKth) obtained by a fatigue crack growth test, was compared with the notched fatigue strength (σn) at 107 cycles.




2. Materials and Methods


2.1. Alloy Specimens and Heat Treatment


Vacuum-arc melting was performed on the Ti-15Zr-4Nb-4Ta alloy (JIS T 7401-4) [4]. A Ti-15Zr-4Nb-4Ta alloy ingot was homogenized at approximately 1200 °C for more than 6 h and β-forged at the same temperature to a forging ratio (cross section before forging/cross section after forging) of more than 3. Then, β-forging, while controlling the grain growth of the β-phase, was conducted at 1050 to 1100 °C to make the β-phase as small as possible, in proportion to the size of the billet and forging ratio. Afterwards, α-β-forging at Tβ-(35 to 50 °C) was conducted to obtain the α- and β-structures by decoupling the fine β-phase. Tβ indicates the β-transus temperature (100 vol% β phase). 100 and 50 mm square billets were manufactured by α-β-forging [1]. Some of the Ti-15Zr-4Nb-4Ta billets were α-β-rolled into rods or plates. After α-β forging or α-β rolling, all the Ti billets, rods, and plates were annealed at 700 °C for 2 h. Some of the α-β-forged Ti-15Zr-4Nb-4Ta billets, rods, and plates were solution-treated at 785 ºC for 1 h and then quenched in water. After the solution treatment, these Ti-15Zr-4Nb-4Ta billets, rods, and plates were aged at 400ºC for 8 h and then cooled in air (aged Ti-15Zr-4Nb-4Ta).



To compare the fatigue properties of the alloys with those of other implantable metals, vacuum-arc melting was performed on α-type C.P. grade 4 Ti (ISO 5832-2) [38] and (α + β)-type Ti-6Al-4V alloy used for medical implants (ISO 5832-3) [39]. All the fabricated ingots were soaked and β-forged into billets and rods under the following conditions: 1100 °C-3 h for C.P. grade 4 Ti and 1150 °C-3 h for Ti-6Al-4V. The billets and rods were then α-β-forged (starting temperatures: 850 °C for C.P. grade 4 Ti and 930 °C for Ti-6Al-4V). Some of the C.P. grade 4 Ti billets were cold-rolled to prepare 20% reduced C.P. grade 4 Ti (20% cold-rolled C.P. grade 4 Ti). Moreover, three types of stainless steel were prepared by vacuum-induction melting and mechanical alloying: ISO 5832-1 stainless steel [40], 316 L stainless steel, and high-nitrogen (high-N) stainless steel specified in ISO 5832-9 [41]. Cold-rolled ISO 5832 billets were solution-treated at 1075 °C for 30 min and then quenched in water (solution-treated ISO 5832). Some of these solution-treated billets were cold-rolled to prepare 20% reduced ISO 5832 (20% cold-rolled ISO 5832). 316 L rod bars were solution-treated at 1050 °C for 2 min and then quenched in water (solution-treated 316 L). A high-nitrogen stainless steel was also prepared in a powdered state by mechanical alloying in a nitrogen gas atmosphere. The powder was hot-pressed into rods at 1050 °C. The rod specimens were solution-treated at 1150 °C for 1 h and then quenched in water (solution-treated high-N) [42]. For comparison, a Co-Cr-Mo (ISO 5832-4) ingot (As-cast) was hot-forged into rod specimens and then annealed at 1200 °C for 1 h (annealed). After holding them at 1150 °C for 1 h, some of these annealed rods were hot-forged to a 60% reduction in area (hot-forged). Moreover, the hot-forged rods were hot-forged to a 60% reduction in area after holding them at 1000 °C for 1 h (warm-worked) [43]. High-carbon (high-C, 0.12%C) and low-carbon (low-C, 0.06% C) Co-Cr-Mo-Ni-Fe alloys, which are specified in ISO 5832-8, were also prepared by vacuum-induction melting. The hot-forged high-C rods were solution-annealed at 1200 °C for 15 min and then quenched in water. The solution-annealed high-C rods were cold-drawn to a 50% reduction in area (cold-drawn high-C). Some of the cold-drawn high-C rods were solution-annealed at 1130 °C for 5 min and then quenched in water (annealed high-C). The hot-forged low-C rods were solution-annealed at 1000 °C for 0.5 h and then quenched in water. They were then additionally cold-drawn to a 50% reduction in area (cold-drawn low-C) [44]. Moreover, a Co-Cr-W-Ni (ASTM F90) ingot was hot-forged into rod specimens [45]. The forged rods were solution-treated at 1075 °C for 1 h and then quenched in water. Table 1 shows the chemical compositions of the materials used in this study.



Table 1. Chemical compositions (mass%) of materials used.







	
Alloy

	
Chemical compositions (mass%)




	
Zr

	
Nb

	
Ta

	
Pd

	
Al

	
V

	
Fe

	
O

	
N

	
H

	
C

	
Ti






	
Ti-15Zr-4Nb-4Ta

	
15.52

	
4.0

	
4.0

	
0.18

	
-

	
-

	
0.026

	
0.20

	
0.042

	
0.0011

	
<0.005

	
Bal.




	
C.P. grade 4 Ti

	
-

	
-

	
-

	
-

	
-

	
-

	
0.197

	
0.275

	
0.003

	
0.0069

	
0.011

	
Bal.




	
Ti-6Al-4V

	
-

	
-

	
-

	
-

	
6.40

	
4.40

	
0.10

	
0.07

	
0.02

	
0.0027

	
0.025

	
Bal.




	
Alloy

	
Cr

	
Nb

	
Mo

	
Ni

	
Cu

	
Mn

	
Fe

	
P

	
N

	
W

	
C

	
S

	
Co

	
Si




	
Stainless Steel




	
316L

	
17.0

	
-

	
2.04

	
12.15

	
-

	
1.40

	
-

	
0.034

	
-

	
-

	
0.024

	
0.009

	
-

	
0.82




	
ISO (5832-1)

	
18.33

	
-

	
3.48

	
14.56

	
<0.01

	
1.77

	
Bal.

	
0.016

	
0.157

	
-

	
0.021

	
0.0014

	
-

	
0.79




	
High-N Stainless

	
21.63

	
0.54

	
2.43

	
9.72

	
0.08

	
2.88

	
Bal.

	
0.013

	
0.311

	
-

	
0.022

	
0.007

	
-

	
0.75




	
Co-Cr-Mo

	
27.82

	
-

	
6.23

	
0.51

	
-

	
0.6

	
0.68

	
-

	
-

	
-

	
0.26

	
-

	
Bal.

	
0.6




	
Co-Cr-Mo-Ni-Fe




	
High C

	
20.77

	
-

	
7.88

	
14.51

	
-

	
1.27

	
Bal.

	
0.005

	
-

	
-

	
0.12

	
0.0025

	
39.7

	
0.85




	
Low C

	
19.33

	
-

	
6.74

	
16.65

	
-

	
1.78

	
Bal.

	
<0.005

	
-

	
-

	
0.06

	
0.0006

	
40.1

	
0.47




	
Co-Cr-Ni-W

	
20.49

	
-

	
0.23

	
10.52

	
0.01

	
1.32

	
1.69

	
0.003

	
-

	
14.97

	
0.09

	
0.002

	
Bal.

	
0.14













2.2. Tensile Test


To establish baseline data for fatigue testing, smooth and notched mechanical tests were performed on each alloy. Three smooth tensile samples were prepared in accordance with JIS standard test methods for the tension testing of metallic materials (JIS H 4600) [46]. For each alloy, specimens of 8 mm diameter and 40 mm gauge length were pulled at a crosshead speed of 1 mm/min until a 0.2% proof strength was reached. The crosshead speed was then changed and maintained at 2.5 mm/min until the specimen fractured. Ultimate tensile strength (σUTS), 0.2% proof strength (σ0.2%PS), the percentage of total elongation (%T.E.) to fracture, and the reduction in area (%R.A.) were determined.



In the ASTM test method for the sharp V-notch tension testing of cylindrical specimens (E 602) [47], since the onset of plastic deformation occurs at the proof strength, it is widely recognized that the ratio of the notch tensile strength to the smooth 0.2% proof strength is a more useful predictor of toughness. V-notched tensile samples of annealed Ti-15Zr-4Nb-4Ta alloy were prepared with a stress intensity factor (Kt) of 3.2 (Figure 2c) and a notch root diameter of 6 mm. Notch tensile testing was performed according to ASTM E 602. Notch tensile strength (σNTS), the ratio of σNTS to σUTS, and the ratio of σNTS to σ0.2%PS, as required by ASTM E602, were determined.


Figure 2. Dimensions of notch fatigue test specimens. (a) Notch plate specimen (Kt = 1.8); (b) R-notched (Kt = 1.5, 2.0, 2.5, and 3.0); and (c) V-notched (Kt = 3.2) rod specimens.
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2.3. Specimens for Fatigue Test


Smooth fatigue test specimens were prepared in accordance with JIS T 0309. Figure 1 shows two types of specimen cut from annealed and aged Ti-15Zr-4Nb-4Ta alloys and various other implantable metals. Such specimens with rectangular and circular cross sections (plates and rods, respectively) were used as the test specimens; they have a continuous radius between their ends (hourglass-shaped plates and rod specimens). The specimens were machined with their longitudinal direction parallel to the forging direction. To remove the inner strain formed on the surfaces during manufacture, the surfaces were fully ground in the direction parallel to the test specimen using 600 and 1200 grit waterproof emery papers. Notch fatigue test specimens were prepared in accordance with JIS T 0310. R- and V-notched tensile samples with stress intensity factors (Kt) of 1.5, 1.8, 2.0, 2.5, 3.0, and 3.2 were prepared as shown in Figure 2. The stress intensity factor of the specimens was calculated in accordance with the relationship between stress intensity factor and notch configuration [i.e., the diagram showing the relationship between Kt and the ratios of r/D and d/D (r: radius fillet, d: notch root diameter, and D: specimen diameter)] in the stress concentration design factor handbook [48].


Figure 1. Dimensions of smooth fatigue test specimens. (a) Plate; and (b) Rod specimens with continuous radius between ends (hourglass-shaped plate and rod).
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2.4. Fatigue Test


Smooth and notch fatigue tests were conducted in accordance with JIS T 0309 and JIS T 0310, respectively, using an electrohydraulic servo testing machine in air or Eagle’s medium at 37 °C. For the test in the solution, the specimen was fitted into a polyethylene testing cell containing Eagle’s medium and then set on a fatigue testing machine. The solution temperature inside the cell was maintained at 37 °C using heated water circulating around the cell. The tests were carried out in the tension-to-tension mode with a sine wave. The stress ratio [R = (minimum stress)/(maximum stress)] was 0.1 and the wave frequency was 10 Hz. S-N curves [maximum stress (maximum applied load/area of cross section) vs. number of cycles] of the various specimens were measured. The fatigue notch factor (Kf) and fatigue notch sensitivity (q) were estimated from the S-N curves of each alloy. Kf is the ratio of the fatigue strength of a smooth sample to the notched fatigue strength at 107 cycles [i.e., Kf = (σSmooth)/(σNotch)]. The fatigue notch sensitivity (q) was calculated using q = ( Kf − 1)/(Kt − 1) [49].




2.5. Fatigue-Crack Growth Test


The fatigue crack growth test was conducted in accordance with JIS T 0310. To investigate the effect of heat treatment (microstructure) on fatigue crack growth properties, the following four treatments were performed on Ti-15Zr-4Nb-4Ta billets: β-annealing at 1100 °C for 2 h and then air-cooling (β-annealed, acicular structure); α-β forging at 800 °C after β-annealing (α-β-forged structure); annealing at 650 °C for 2 h after α-β forging and then air-cooling (annealed α-β granular structure); solution treatment at 785 °C for 1 h, quenching in water, aging at 400 °C for 8 h, and then cooling in air (aged structure). The compact tension (CT) specimen shown in Figure 3a was cut from four types of heat-treated Ti-15Zr-4Nb-4Ta (β-annealed, α-β forged, annealed, and aged), annealed Ti-6Al-4V, annealed Co-Cr-Mo-Ni-Fe alloys, and solution-treated ISO 5832 stainless steel. Moreover, to investigate the effect of the cutting direction on fatigue crack growth properties, CT specimens were cut from four directions (L-T, T-L, S-T, and S-L) as shown in Figure 3b.


Figure 3. (a) Dimensions of compact test (CT) specimens; and (b) cutting directions.
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Fatigue crack growth properties are shown in Figure 4. The longitudinal axis represents the fatigue crack growth rate (da/dN), and the abscissa the stress-intensity factor range (ΔK). Figure 4 is divided into three regions. The fatigue crack growth rate is very low in Region I, and the crack rate is deemed not to increase practically below a certain ΔK. This ΔK is referred to as the threshold stress-intensity factor range and is indicated as ΔKth. ΔKth is generally represented as ΔK at da/Dn = 107 mm/cycle [37,50]. Region II is the range where the crack grows stably, and a linear relationship, referred to as the Paris expression, exists between da/dN and ΔK when they are expressed as a double logarithm; the formula is represented as da/dN = C(ΔK)m, where C and m are material constants and ΔK = Kmax − Kmin, which is the difference between the maximum and minimum stress intensities in a fatigue cycle, i.e., the stress range. Stress intensity can be expressed by [image: there is no content], where σ represents the applied stress, and F is a dimensionless function of crack length (a) and the length of the cracked body (W) and depends on the specimen/object geometry [37,50]. For the compact-tension specimens used in this study, the stress-intensity range becomes:


ΔK = Kmax − Kmin = (1 − R)Kmax



(1)






R = Kmax/Kmin = Pmax/Pmin



(2)






ΔP = Pmax − Pmin = (1 − R) Pmax



(3)






ΔK = ΔP(2 + α)(0.866 + 4.64α − 13.32α2 + 14.72α3 − 5.6α4)/B/[image: there is no content]/(1 − α)3/2



(4)




where ΔP is the load range, B is the sample thickness, and α = a/W. Fatigue crack growth in region II is measured using the constant-force amplitude test, which applies a constant force on the specimen repeatedly. However, that in region I cannot be measured using the constant-force amplitude test for the following reasons. When a fatigue crack growth test is conducted, it is necessary to create a precrack on the tip of the machined notch. However, when force for the actual fatigue crack growth test is reduced to more than its acceptable level, the fatigue crack stops propagating owing to compressive residual stress formed on the crack tip. In addition, fatigue precrack creation at a smaller ΔK takes a very long time until a fatigue crack is induced. Thus, JIS T 0310 and ASTM E647 state the calculation procedure for the fatigue crack growth rate obtained by the K-decreasing test. The K-decreasing test is, as shown in Figure 4, a method of calculating the fatigue crack growth rate in region I by decreasing K exponentially with crack propagation, while slightly shedding off the load up to the extent that the prior loading history does not affect the fatigue crack growth property. There are differences in the test method used between regions I and II. When calculating fatigue crack growth properties in regions I and II with one CT specimen with an inner area of 60 × 62.5 mm2, crack growth in region I was first measured, and then, after increasing the load, crack growth in region II was measured. In region III, crack growth is rapid owing to cleavage or unstable-ductile fracture. In this work, the fatigue crack growth rate was only measured in regions I and II.


Figure 4. Testing method for fatigue crack growth properties.
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Figure 5 shows the fatigue crack growth test jig in air atmosphere and the equipment used in this study. For the test in the solution at 37 °C, the specimen was placed in a testing cell containing 0.9% NaCl and then set on the transverse-mounted testing machine. The solution at 37 °C was circulated into the cell. A conceptual diagram of the method is shown in Figure 6. The fatigue crack length (a) was determined by the compliance method using a computer. Compliance is the ratio of the crack opening displacement δ to the load P (δ/P); the longer the crack, the larger the compliance. The relationship between compliance and crack length is formulated, and the crack length is calculated automatically from the compliance. A constant-force K-decreasing test was conducted under the conditions shown in Figure 6 in accordance with JIS T 0310 and ASTM E647. First, a precrack was introduced by the K-decreasing method, reducing the force automatically with crack propagation; then, the fatigue crack growth rate of da/dN = 10−5 − 10−2 mm/cycle was calculated by the K-increasing method, increasing K with crack propagation. When calculating a full curve for one specimen, the K-decreasing method, while reducing the force automatically with crack propagation, was applied to calculate the crack growth rate in region I down to ΔKth. The force ratio (R = minimum force/maximum force) was 0.1. The frequency in the fatigue precrack introduction test was 20 Hz, and that in the actual fatigue crack growth test was 30 Hz. The fatigue crack growth rate was calculated as a tangential line of the curve indicating the relationship between crack length (a) and cycle number (N) (da/dN). The fatigue crack growth system using a PC (Figure 5) was used for smoothing the A and N relation data by the seven-point approximation method in accordance with ASTM E647. The seven-point approximation method determines the second-order polynomial factor by the least-squares method in the range of ai-3 ≦ a ≦ ai + 3 after adapting seven each of the a and N successive digital data points to a second-order polynomial factor.


ai = b0 + bi (Ni − c1)/c2 + b2(Ni − c1)2/c2



(5)




where b0, bi, and b2 are factors;


c1 = (N−3 + Ni + 3)/2, and c2 = (Ni + 3 − Ni + 3)/2



(6)




Fatigue crack growth rate was calculated using a derivative of the above formula. Displacing each of the data points and grouping them into seven points were alternately performed to determine the fatigue crack growth rate.


Figure 5. Fatigue crack growth test jig and equipment used.
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Figure 6. Fatigue crack growth test procedure.
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3. Results and Discussion


3.1. Mechanical Properties of Various Implantable Metals


Table 2 shows a comparison of the mechanical properties of the various heat-treated implantable metals (highly biocompatible Ti-15Zr-4Nb-4Ta alloy, Ti-6Al-4V alloy, C.P. grade 4 Ti, three types of stainless steel, Co-Cr-Mo alloy, two types of Co-Cr-Mo-Ni-Fe alloy, and Co-Cr-Ni-W alloy). The means of 0.2% proof strength (σ0.2%PS), ultimate tensile strength (σUTS), total elongation (T.E.), and reduction in area (R.A.), and their corresponding standard deviations were calculated for three test specimens of each material. The mechanical strengths of the implantable metals were markedly increased by a combination of manufacturing processes and heat treatment. In particular, the strength of the 20% cold-worked C.P. grade 4 Ti was close to that of the Ti alloy. The highly biocompatible Ti-15Zr-4Nb-4Ta alloy exhibited an excellent balance between strength and ductility. The mechanical strengths of the 20% cold-worked stainless steel, hot-forged and warm-worked Co-Cr-Mo, cold-drawn Co-Cr-Mo-Ni-Fe, and aged Ti-15Zr-4Nb-4Ta alloys were markedly higher than those of the solution-treated and annealed materials. On the other hand, the T.E. and R.A. values of the same materials decreased with an increase in their strengths. The values of σ0.2%PS, σUTS, T.E., and R.A. from each of the Co-Cr-Mo alloy, CP-Ti grade 4, and Ti-6Al-4V alloy specimens were close to those reported in the literature [50,51,52]. Table 3 shows the notched tensile properties of the Ti-15Zr-4Nb-4Ta alloy. The results for the other materials except Ti-15Zr-4Nb-4Ta shown in Table 3 were cited from the literature [49]. The notched tensile strength (σNTS) of the Ti-15Zr-4Nb-4Ta alloy was much higher than that of the smooth specimen. The σNTS/σUTS and σNTS/σ0.2%PS values of each alloy were within the 1.4–1.5 and 1.6–1.8 ranges, respectively. The effect of the V-notch on the tensile strength of Ti-15Zr-4Nb-4Ta alloy at Kt = 3.2 coincided with the result reported in the literature [49].



Table 2. Mechanical properties of implantable metals and comparison of ratio of fatigue strength at 107 cycles (σFS) to σUTS among alloys.







	
Alloy

	
σ0.2%PS (MPa)

	
σUTS (MPa)

	
T.E (%)

	
R.A (%)

	
σFS/σUTS






	
Ti-15Zr-4Nb-4Ta




	
Annealed (Plate)

	
800 ± 14

	
910 ± 10

	
19 ± 2

	
-

	
0.54




	
Annealed (Rod)

	
848 ± 2

	
915 ± 3

	
21 ± 2

	
55 ± 3

	
0.80




	
Aged (Rod)

	
894 ± 5

	
1020 ± 8

	
15 ± 2

	
48 ± 3

	
0.89




	
C.P. grade 4 Ti




	
Annealed

	
616 ± 6

	
700 ± 8

	
31 ± 4

	
44 ± 2

	
0.69




	
20% Cold-worked

	
859 ± 2

	
870 ± 2

	
14 ± 1

	
39 ± 3

	
0.50




	
Ti-6Al-4V

	
849 ± 1

	
934 ± 1

	
16 ± 1

	
42 ± 3

	
0.73




	
Stainless steel




	
ISO 5832




	
Solution-treated

	
338 ± 30

	
680 ± 8

	
68 ± 4

	
70 ± 2

	
0.55




	
20% Cold-worked

	
760 ± 5

	
878 ± 19

	
30 ± 11

	
70 ± 4

	
0.79




	
SUS 316L




	
Solution-treated

	
262 ± 6

	
567 ± 2

	
56 ± 6

	
74 ± 7

	
0.67




	
High-N




	
Solution-treated

	
436 ± 4

	
830 ± 4

	
37 ± 2

	
48 ± 7

	
0.57




	
Co-Cr-Mo




	
As-cast

	
380 ± 30

	
550 ± 50

	
6 ± 3

	
14 ± 2

	
0.72




	
Annealed

	
552 ± 4

	
915 ± 15

	
20 ± 2

	
14 ± 1

	
0.75




	
Hot-forged

	
669 ± 40

	
1075 ± 20

	
7 ± 2

	
10 ± 2

	
0.74




	
Warm-worked

	
760 ± 5

	
1153 ± 16

	
12 ± 2

	
8 ± 2

	
0.84




	
Co-Cr-Mo-Ni-Fe




	
High C




	
Annealed

	
474 ± 4

	
1003 ± 4

	
65 ± 2

	
47 ± 2

	
0.64




	
Cold-drawn

	
1220 ± 56

	
1622 ± 22

	
12 ± 2

	
44 ± 4

	
0.68




	
Low C




	
Annealed

	
410 ± 10

	
900 ± 4

	
38 ± 4

	
54 ± 4

	
-




	
Cold-drawn

	
1174 ± 45

	
1549 ± 22

	
9 ± 2

	
36 ± 5

	
0.69




	
Co-Cr-Ni-W




	
Annealed

	
568 ± 30

	
1096 ± 34

	
47 ± 2

	
40 ± 2

	
0.62










Table 3. Comparison of smooth and notched tensile (Kt = 3.2) strengths obtained in this work and reported in the literature among different materials [49].







	
Material

	
Smooth tensile test

	
Notch tensile

	
Ratio




	
σ0.2%PS

	
σUTS

	
σNTS

	
σNTS/σ0.2%PS

	
σNTS/σUTS






	
Ti-15Zr-4Nb-4Ta (Annealed rod)

	
848 ± 2

	
915 ± 3

	
1358 ± 17

	
1.60

	
1.48




	
SUS 316L

	
791 ± 11

	
1008 ± 7

	
1449 ± 3

	
1.83

	
1.44




	
C.P. grade 4 Ti

	
725 ± 8

	
888 ± 8

	
1310 ± 8

	
1.81

	
1.47




	
Ti-6Al-4V

	
827 ± 6

	
1024 ± 5

	
1426 ± 9

	
1.73

	
1.39















3.2. Fatigue Properties of Various Implantable Metals


Figure 7, Figure 8 and Figure 9 show the S-N curves obtained from the smooth hourglass-shaped rod specimens of the various treated implantable metals (annealed and aged Ti-15Zr-4Nb-4Ta alloys, annealed Ti-6Al-4V, solution-treated, and 20% cold-worked stainless steels, annealed, hot-forged, and warm-worked Co-Cr-Mo alloys, and annealed and cold-drawn Co-Cr-Mo-Ni-Fe alloys). Arrows in the figures indicate the lack of specimen fracture. For the Ti alloys, the fatigue strength (740 MPa) of Ti-15Zr-4Nb-4Ta at 107 cycles was slightly higher than that (680 MPa) of Ti-6Al-4V, as shown in Figure 7. The fatigue strength (approximately 700 MPa) of the stainless steel at 107 cycles was markedly improved by 20% cold working; it became close to that of the Ti alloy. The fatigue strength (approximately 1000 or 700 MPa) of the Co-Cr-Mo alloy at 107 cycles was markedly increased by warm working or hot forging; it was considerably higher than those of the Ti alloys (Figure 8). The fatigue strengths of the high-C and low-C Co-Cr-Mo-Ni-Fe alloys at 107 cycles were markedly improved by cold drawing compared with those of the annealed alloys; they were approximately 1100 MPa (Figure 9). The fatigue strength of the annealed Ti-15Zr-4Nb-4Ta alloy at 107 cycles was higher than that of Ti-6Al-4V and β-type Ti-12Mo-6Zr-2Fe alloys in the literature (both strengths are approximately 600 MPa) [52]. Also, the fatigue strength of the aged Ti-15Zr-4Nb-4Ta alloy at 107 cycles was higher than that of aged β-type Ti-29Nb-13Ta-4.6Zr alloy [53]. The ratios of the fatigue strength (σFS) of these materials at 107 cycles to the ultimate tensile strength are shown in Table 2. The σFS/σUTS values of all the materials were within the 0.5 to 0.9 range. The annealed and aged Ti-15Zr-4Nb-4Ta alloy rods exhibited particularly high σFS/σUTS values of approximately 0.8 and 0.89, respectively.


Figure 7. S-N curves obtained by tension-to-tension fatigue test in air for (a) annealed and aged Ti-15Zr-4Nb-4Ta alloys; and (b) annealed Ti-6Al-4V alloy rods.
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Figure 8. Comparison of S-N curves obtained by tension-to-tension fatigue test in Eagle’s medium at 37 °C for (a) stainless steels; and (b) Co-Cr-Mo alloys treated under various conditions.
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Figure 9. S-N curves obtained by tension-to-tension fatigue test with sine wave (10 Hz) for annealed high-C Co-Cr-Mo-Ni and 50% cold-drawn high-C and 50% cold-drawn low-C Co-Cr-Mo-Ni alloy rods.
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3.3. Effect of Notch on Fatigue Strength of Various Implantable Metals


Figure 10 shows the effect of a notch (Kt = 1.8) on the S-N curves obtained from the annealed Ti-15Zr-4Nb-4Ta alloy plate. The fatigue strength of the alloy plate at 107 cycles slightly decreased with the existence of a notch. The effect of the stress intensity factor (Kt = 1.5, 2, 2.5, and 3) introduced by the R-notch on the S-N curves obtained from the annealed Ti-15Zr-4Nb-4Ta alloy rods is shown in Figure 11a. The fatigue strength at 107 cycles tended to decrease with increasing Kt from 1.5 up to 3. The effect of σmax × Kt on the S-N curves of the same rods is shown in Figure 11b. In particular, at Kt less than 2, σmax × Kt in the high-cycle region (i.e., 107 cycles) of the S-N curves was close to the value of σmax (σFS) obtained with the smooth specimens (Kt = 1). It is considered that these findings are useful for implant design, i.e., for evaluating the durability of the stress concentration region of implant devices using σFS (σmax) measured in smooth specimens and the stress intensity factor Kt in the stress concentration region.


Figure 10. Effect of notch on S-N curves obtained by tension-to-tension fatigue test with sine wave (10 Hz) for annealed Ti-15Zr-4Nb-4Ta alloy plates.
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Figure 11. Effect of R-notch on S-N curves obtained by tension-to-tension fatigue test with annealed Ti-15Zr-4Nb-4Ta alloy rods. Effects of (a) stress intensity factor (Kt); and (b) σmax × Kt on S-N curves.



[image: Materials 05 02981 g011]










Figure 12 and Figure 13 show the effect of the V-notch (Kt = 3.2) on the S-N curves of the annealed Ti-15Zr-4Nb-4Ta alloy rods. The effect of the V-notch on the S-N curves of the solution-treated stainless steel (ISO 5832) was small. However, the fatigue strength of the 20% cold-worked stainless steel markedly decreased with the existence of the V-notch. The effect of the V-notch on the S-N curves of the cast and forged Co-Cr-Mo and Co-Cr-Mo-Ni-Fe alloys was observed, as shown in Figure 12c–e, respectively. The fatigue strengths of the 20% cold-worked C.P. grade 4 Ti, annealed and aged Ti-15Zr-4Nb-4Ta alloys, and annealed Ti-6Al-4V alloy at 107 cycles were markedly lower than those of the smooth specimens. Figure 14 shows the effect of Kt on the notched fatigue strength σn at 107 cycles obtained with the annealed Ti-15Zr-4Nb-4Ta and Ti-6Al-4V alloys. The σn of the V-notched Ti-15Zr-4Nb-4Ta rod decreased with increasing in Kt at Kt < 2. However, it showed no decrease above approximately Kt = 2. Also, the difference between σn and σFS/Kt increased at 2 < Kt This might be due to a nonpropagating crack at the crack tip. The fatigue strength (500 MPa) of the annealed Ti-15Zr-4Nb-4Ta alloy with a notch (Kt = 2.0) at 107 cycles was higher than that of Ti-6Al-4V and Ti-12Mo-6Zr-2Fe alloys with a notch (Kt = 1.6) reported in the literature (approximately 200 and 400 MPa, respectively) [52]. The fatigue notch factors (Kf) and fatigue notch sensitivities (q) obtained in the notch fatigue test are summarized in Table 4. The q values of the R-notched Ti alloy were higher than those of the V-notched Ti alloy. The q value of the Ti-6Al-4V alloy obtained in this study was close to that of Ti-6Al-4V alloy reported in the literature (approximately 0.5) [53].


Figure 12. Effect of V-notch on S-N curves obtained by tension-to-tension fatigue test (sine wave, 10 Hz) for implantable metals.
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Figure 13. Effect of V-notch on S-N curves obtained by tension-to-tension fatigue test (sine wave, 10 Hz) for Ti alloys.
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Figure 14. Effect of stress intensity factor (Kt) on notched fatigue strength (σn) and smooth fatigue strength (σFS) at 107 cycles obtained by tension-to-tension fatigue tests with annealed Ti-15Zr-4Nb-4Ta rods and plates and Ti-6Al-4V rods.
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Table 4. Comparison of fatigue notch factor (Kf) and fatigue notch sensitivity (q) at 107 cycles among alloys.







	
Alloy

	
Kf

	
q






	
Ti-15Zr-4Nb-4Ta




	
Annealed plate (Kt = 1.8)

	
1.15

	
0.2




	
Annealed rod

	
-

	
-




	
R-notch

	
Kt = 1.5

	
1.42

	
0.84




	
Kt = 2.0

	
1.80

	
0.80




	
Kt = 2.5

	
2.30

	
0.86




	
Kt = 3.0

	
2.6

	
0.8




	
Ti-15Zr-4Nb-4Ta




	
V-notch

	
Kt = 3.2




	
Annealed rod

	
1.8

	
0.4




	
Aged rod

	
2.5

	
0.7




	
Ti-6Al-4V




	
V-notch

	
Kt = 3.2

	
2

	
0.45




	
Annealed rod




	
C.P. grade 4Ti




	
Kt = 3.2 (20% Cold-worked)

	
1.55

	
0.25




	
ISO 5832 Stainless steel




	
Solution-treated (Kt = 3.2)

	
1.29

	
0.13




	
20% Cold-worked (Kt = 3.2)

	
1.84

	
0.38




	
Co-Cr-Mo




	
Cast (Kt = 3.2)

	
1.65

	
0.30




	
Forged (Kt = 3.2)

	
1.56

	
0.25




	
Co-Cr-Mo-Ni-Fe




	
Annealed (Kt = 3.2)

	
1.59

	
0.27



















3.4. Fatigue-Crack Growth Properties of Various Implantable Metals


The relationships between the fatigue crack growth rates (da/dN) of all the materials tested and the stress-intensity factor range (ΔK) (fatigue crack growth rate) are shown in Figure 15, Figure 16, Figure 17 and Figure 18. Figure 15 shows the effects of the specimen cutting direction (S-L, S-T, or L-T) on the fatigue-crack growth rates of the specimens cut from the annealed and aged Ti-15Zr-4Nb-4Ta alloys. The threshold stress-intensity factor range ΔKth of the aged alloy was slightly larger (excellent) than that of the annealed alloy. On the other hand, there was no difference in the fatigue crack growth rate between S-L, S-T, and L-T in the stable growth range or at ΔKth. Figure 16 shows the effects of forging and heat treatment on the fatigue-crack growth rates of the L-T and T-L specimens cut from the β-annealed and α-β-forged Ti-15Zr-4Nb-4Ta alloys. It is clear that the effects of forging and heat treatment were negligible. Figure 17 shows the effect of 0.9% NaCl on the fatigue-crack growth rates of the L-T and T-L specimens cut from the annealed Ti-15Zr-4Nb-4Ta alloys after α-β forging. Although the fatigue crack growth rate in 0.9% NaCl indicated was equal to that in air, the ΔKth values for both L-T and T-L in 0.9%NaCl were slightly larger. This is probably because a clogged crack tip with a corrosion product induced oxide-induced crack closure. The L-T specimen was considered to have the most appropriate cutting direction from the results. A comparison between the fatigue-crack growth rates of the annealed Ti-15Zr-4Nb-4Ta alloy, annealed Ti-6Al-4V alloy, solution-treated stainless steel, and annealed low-C Co-Cr-Mo-Ni-Fe alloy is shown in Figure 18. The fatigue-crack growth rate of the Ti-15Zr-4Nb-4Ta alloy was similar to that of the Ti-6Al-4V alloy. On the other hand, the ΔK values of the stainless steel and Co-Cr-Mo-Ni-Fe alloy were much larger than those of the Ti alloys at 10−3 mm/cycle to 10−7 mm/cycle. The reason for this is that the Young’s moduli (E) of the stainless steel and Co-Cr-Mo-Ni-Fe alloy are higher than those of the Ti alloys. The ΔKth of the Ti-6Al-4V alloy was smaller than the literature value (approximately 8 MPa [image: there is no content]) [54]. The reason for this may be the effect of the manufacturing process of the alloy. The material constants C and m of the implantable metals determined by the Paris equation (Region II) in the fatigue-crack growth test are summarized in Table 5. The value of m of the Ti-6Al-4V alloy in this study was close to that of Ti-6Al-4V-0.1Ru alloy reported in the literature (4 to 5) [55], whereas the C values were slightly different between these Ti alloys [55].


Figure 15. Effects of cutting direction on fatigue crack growth rate obtained by fatigue crack test of annealed and aged Ti-15Zr-4Nb-4Ta alloys in air.
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Figure 16. Effects of heat treatment on fatigue crack growth rate obtained by fatigue crack growth test of β-annealed and α-β-forged Ti-15Zr-4Nb-4Ta alloys in air.
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Figure 17. Effect of 0.9% NaCl on fatigue crack growth rate obtained by fatigue crack test of annealed Ti-15Zr-4Nb-4Ta alloy.
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Figure 18. Effects of material on fatigue crack growth rates of specimens cut in L-T and T-L directions.
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Table 5. Comparison of m and c obtained by fatigue crack growth test (L-T) of various metals.







	
Alloy

	
c

	
m

	
m'






	
Ti-15Zr-4Nb-4Ta




	
Annealed (L-T)

	
3.44 × 10−8

	
3.48

	
1.3




	
0.9%NaCl (L-T)

	
1.67 × 10−8

	
4.48

	




	
Aged (L-T)

	
0.83 × 10−8

	
3.73

	
0.6




	
Ti-6Al-4V




	
Annealed

	
3.07 × 10−8

	
3.0

	
1.4




	
Stainless (ISO 5832)




	
Solution-treated

	
1.94 × 10−12

	
5.32

	
0.9




	
Co-Cr-Mo-Ni-Fe




	
Annealed

	
0.15 × 10−8

	
3.24

	
0.83


















The maximum stress amplitude (Δσth) at which no crack propagation occurs, estimated from ΔKth, was compared with the amplitude of fatigue strength (σn × 0.9) at 107 cycles obtained from the V-notched rod specimen. The relationship between ΔKth and Δσth is expressed as ΔKth = Δσth[image: there is no content]f, where f is the correction factor of the specimen and crack configuration. f could be determined using the Stress Analysis of Cracks Handbook [56]. The relationship between the maximum stress σth (Δσth/0.9) used in this work and ΔKth is expressed by σth = ΔKth/f(d/D)/[image: there is no content]/0.9; here,


f(d/D) = 1/2[1 + 1/2(d/D) + 3/8(d/D)2 − 0.363(d/D)3 + 0.731(d/D)4]/[image: there is no content]



(7)




where d/D = 0.8, d is the notch root diameter, and D is the specimen diameter. The f (d/D) of the V-notched rod specimen used in this work (Figure 2c) is 0.39 [57]. The value of σth calculated using ΔKth was fairly small compared with the fatigue strength (σn) at 107 cycles measured by the notch fatigue test. For example, the value of σth of the annealed Ti-15Zr-4Nb-4Ta alloy calculated with ΔKth = 2.2 MPa [image: there is no content] was approximately 64 MPa, which was approximately one-fifth of the amplitude of the notch fatigue strength at 107 cycles (Δσn = σn × 0.9 = 360 MPa), as shown in Figure 14. The reason for this might be related to the increase in notch tensile strength, as shown in Table 2. In addition, it might be related to the differences in notch configuration and machining conditions between the notched and CT specimens at the crack tip. The slope (m’) of the S-N curve of log σmaxvs. log Nf plotted in the low-cycle region (approximately < 5 × 104 cycles) estimated from the S-N curves obtained by the V-notched rod fatigue test is shown in Table 5 in comparison with the constant m. It is considered that these values were close to the value of m determined using the Paris equation (Region II) in the fatigue-crack growth test [37]. However, m’ is considerably smaller than the constant m determined by the Paris equation. From the results obtained in this work, it is suggested that the notched fatigue test with a stress concentration factor at concentrated parts of implant products, such as metallic bone plates, nails, screws, spinal implants, and artificial hip stem products, is more important than the fatigue crack growth test for durability evaluation. Thus, it is considered that the effectiveness of the notched fatigue strength is greater than that of the fatigue crack growth rate for the durability evaluation of implant products.







4. Conclusions


The mechanical properties, fatigue strengths, and fatigue crack growth rates of Ti-15Zr-4Nb-4Ta alloy were compared with those of other implantable metals, namely, commercially pure (C.P.) grade 4 Ti, Ti-6Al-4V, Co-Cr-Mo, Co-Cr-Mo-Ni-Fe, and Co-Cr-W-Ni alloys, and stainless steels. The highly biocompatible Ti-15Zr-4Nb-4Ta alloy exhibited an excellent balance between strength and ductility. Mechanical strengths were also markedly increased by a combination of manufacturing processes and heat treatment. In particular, the strength of the 20% cold-worked C.P. grade 4 Ti was close to that of the Ti alloys. The mechanical strengths of the 20% cold-worked stainless steel, and hot-forged and warm-worked Co-Cr-Mo, cold-drawn Co-Cr-Mo-Ni-Fe, and aged Ti-15Zr-4Nb-4Ta alloys were markedly higher than those of the solution-treated and annealed materials. On the other hand, the T.E. and R.A. values of these materials decreased with an increase in mechanical strength. The notched tensile strength (σNTS) of the Ti-15Zr-4Nb-4Ta alloy was also much higher than those of the smooth specimens. The tension-to-tension fatigue strength of the annealed Ti-15Zr-4Nb-4Ta alloy rod at 107 cycles was approximately 740 MPa, which was slightly higher than that (680 MPa) of the Ti-6Al-4V alloy. The fatigue strength of this alloy was much improved by aging treatment after solution treatment. The fatigue strength of the stainless steel at 107 cycles was markedly improved by 20% cold working and became close to that of the Ti alloy. The fatigue strength of the Co-Cr-Mo alloy at 107 cycles was markedly increased by warm working or hot forging and was considerably higher than that of the Ti alloy. The fatigue strengths of the high-C and low-C Co-Cr-Mo-Ni-Fe alloys were markedly improved by cold-drawing compared with that of the annealed alloy; the strength of these alloys was approximately 1100 MPa. The ratios of fatigue the strength (σFS) at 107 cycles to the ultimate tensile strength (σFS/σUTS) of all the materials were within the 0.5 to 0.9 range. The annealed and aged Ti-15Zr-4Nb-4Ta alloy rods exhibited high σFS/σUTS values of approximately 0.8 and 0.9, respectively. The effect of the V-notch on the S-N curves of the solution-treated stainless steel was small. However, the fatigue strength of the 20% cold-worked stainless steel markedly decreased with the existence of the V-notch. The notch fatigue strengths of the 20% cold-worked C.P. grade 4 Ti, and annealed and aged Ti-15Zr-4Nb-4Ta and annealed Ti-6Al-4V alloys at 107 cycles were considerably less than those of the smooth specimens. The fatigue crack growth rate in 0.9% NaCl was equal to that determined in air. The threshold stress-intensity factor range (ΔKth) of the aged alloy was slightly larger than that of the annealed alloy. There was no difference in the fatigue crack growth rate between the S-L, S-T, T-L, and L-T directions in the stable growth range or at ΔKth. The L-T specimen was considered to have the most appropriate cutting direction from the results. The reason for this is that the stainless steel and Co-Cr-Mo-Ni-Fe alloy had larger ΔK values than Ti alloys. The strength (σth), which indicates no crack propagation, estimated using ΔKth values, was fairly small compared with the fatigue strength at 107 cycles (σn) obtained by the notched fatigue test.







Acknowledgments


This study is partially funded by the Ministry of Economy, Trade, and Industry, Japan, as part of the “Program to support the collaboration between hospitals and businesses for the development and improvement of medical equipment and devices to solve unmet medical needs (supplementary budget, 2010FY).”




References


	1. 
Okazaki, Y. On the effects of hot forging and hot rolling on the microstructural development and mechanical response of a biocompatible Ti alloy. Materials 2012, 5, 1439–1461. [Google Scholar] [CrossRef]

	2. 
Okazaki, Y.; Gotoh, E.; Manabe, T.; Kobayashi, K. Comparison of metal concentrations in rat tibia tissues with various metallic implants. Biomaterials 2004, 25, 5913–5920. [Google Scholar] [CrossRef] [PubMed]

	3. 
Okazaki, Y.; Gotoh, E.; Nishimori, M.; Katsuda, S.; Manabe, T.; Kobayashi, K. Osteocompatibility of stainless steel, Co-Cr-Mo, Ti-6Al-4V and Ti-15Zr-4Nb-4Ta alloy implants in rat bone tissue. Mater. Trans. JIM 2005, 46, 1610–1617. [Google Scholar] [CrossRef]

	4. 
Japanese Industrial Standards Committee. Titanium Materials for Surgical Implant Applications Part 4 Wrought Titanium 15-Zirconium 4-Niobium 4-Tantalum Alloy; JIS T 7401-4; Japanese Industrial Standards Committee: Tokyo, Japan, 2009. [Google Scholar]

	5. 
Sharma, A.K.; Kumar, A.; Joshi, G.R.; John, J.T. Retrospective study of implant failure in orthopaedic surgery. Med. J. Armed Forces India 2006, 62, 70–72. [Google Scholar] [CrossRef]

	6. 
Brunner, H.; Simpson, J.P. Fatigue fracture of bone plates. Injury 1980, 11, 203–207. [Google Scholar] [CrossRef] [PubMed]

	7. 
Takase, K.; Yamamoto, K. Mechanical strength and optimal site of placement of a threaded bone screw assessed on the basis of the screw breakage for non-union of the scaphoid: A biomechanical study. Hand Surg. 2005, 10, 225–230. [Google Scholar] [CrossRef] [PubMed]

	8. 
Ongkiehong, B.F.; Leemans, R. Proximal femoral nail failure in a subtrochanteric fracture: The importance of fracture to distal locking screw distance. Inj. Extra 2007, 38, 445–450. [Google Scholar] [CrossRef]

	9. 
Najibi, S.; Lemos, M.; Fehnel, D. Mechanical failure of the long gamma nail in two proximal femur fractures. Iowa Orthop. J. 2010, 30, 205–210. [Google Scholar] [PubMed]

	10. 
Kasimatis, G.B.; Lambiris, E.; Tyllianakis, M.; Giannikas, D.; Mouzakis, D.; Panagiotopoulos, E. Gamma nail breakage: A report of four cases. J. Orthop. Surg. 2007, 15, 368–372. [Google Scholar]

	11. 
Gaebler, C.; Stanzl-Tschegg, S.; Tschegg, E.K.; Kukla, C.; Menth-Chiari, W.A.; Wozasek, G.E.; Heinz, T. Implant failure of the gamma nail. Injury 1999, 30, 91–99. [Google Scholar] [CrossRef] [PubMed]

	12. 
Dunlop, D.G.; Brenkel, I.J. The supracondylar intramedullary nail in elderly patients with distal femoral fractures. Injury 1999, 30, 475–484. [Google Scholar] [CrossRef] [PubMed]

	13. 
Ip, D. Premature biomechanical failure of the distal fixation screws of the IC nail. Injury 2003, 34, 786–788. [Google Scholar] [CrossRef] [PubMed]

	14. 
Bucholz, R.W.; Ross, S.E.; Lawrence, K.L. Fatigue fracture of the interlocking nail in the treatment of fractures of the distal part of the femoral shaft. J. Bone Joint Surg. Am. 1987, 69, 1391–1399. [Google Scholar] [PubMed]

	15. 
Syed, A.A.; Kennedy, J.G.; Mullet, H.; O’Flanagan, J.; Taylor, D. Fatigue failure of an AO spiral blade. Arch. Orthop. Trauma Surg. 2000, 120, 366–368. [Google Scholar] [CrossRef] [PubMed]

	16. 
Hahn, D.; Bradbury, N.; Hartley, R.; Radford, P.J. Intramedullary nail breakage in distal fractures of the tibia. Injury 1996, 27, 323–327. [Google Scholar] [CrossRef] [PubMed]

	17. 
Wee, J.L.H.; Sathappan, S.S.; Yeo, M.S.W.; Low, Y.P. Management of gamma nail breakage with bipolar hemi-arthroplasty. Singapore Med. J. 2009, 50, e44–e47. [Google Scholar] [PubMed]

	18. 
Wähnert, D.; Hoffmeier, K.L.; von Oldenburg, G.; Fröber, R.; Hofmann, G.O.; Mückley, T. Internal fixation of type-C distal femoral fractures in osteoporotic bone. J. Bone Joint Surg. Am. 2010, 92, 1442–1452. [Google Scholar] [CrossRef] [PubMed]

	19. 
Heiney, J.P.; Barnett, M.D.; Vrabec, G.A.; Schoenfeld, A.J.; Baji, A.; Njus, G.O. Distal femoral fixation: A biomechanical comparison of trigen retrograde intramedullary (i.m.) nail, dynamic condylar screw (DCS), and locking compression plate (LCP) condylar plate. J. Trauma Acute Care Surg. 2009, 66, 443–449. [Google Scholar] [CrossRef]

	20. 
Chen, C.S.; Chen, W.J.; Cheng, C.K.; Jao, S.H.E.; Chueh, S.C.; Wang, C.C. Failure analysis of broken pedicle screws on spinal instrumentation. Med. Eng. Phys. 2005, 27, 457–496. [Google Scholar]

	21. 
Lindsey, C.; Deviren, V.; Xu, Z.; Yeh, R.F.; Puttlitz, C.M. The effects of rod contouring on spinal construct fatigue strength. Spine 2006, 31, 1680–1687. [Google Scholar] [CrossRef] [PubMed]

	22. 
Chiu, Y.C.; Yang, S.C.; Yu, S.W.; Tu, Y.K. Pedicle screw breakage in a vertebral body: A rare complication in a dynamic stabilization device. Formos. J. Musculoskel. Disord. 2011, 2, 143–146. [Google Scholar] [CrossRef]

	23. 
Kirkpatrick, J.S.; Venugopalan, R.; Beck, P.; Lemons, J. Corrosion on spinal implants. J. Spinal Disord. Tech. 2005, 18, 247–251. [Google Scholar] [PubMed]

	24. 
Palmer, D.K.; Husain, A.; Phipatanakul, W.P.; Wongworawat, M.D. Failure of a new intramedullary device in fixation of clavicle fractures: A report of two cases and review of the literature. J. Should. Elbow. Surg. 2011, 20, e1–e4. [Google Scholar] [CrossRef]

	25. 
Huot Carlson, J.C.; van Citters, D.W.; Currier, J.H.; Bryant, A.M.; Mayor, M.B.; Collier, J.P. Femoral stem fracture and in vivo corrosion of retrieved modular femoral hips. J. Arthroplast. 2012, 27, 1389–1396. [Google Scholar] [CrossRef]

	26. 
Efe, T.; Schmitt, J. Analysis of prosthesis stem failures in noncemented modular hip revision protheses. J. Arthroplast. 2011, 26, e7–e12. [Google Scholar] [CrossRef]

	27. 
Ellman, M.B.; Levine, B.R. Fracture of the modular femoral neck component in total hip arthroplasty. J. Arthroplast. 2011, 28, e1–e5. [Google Scholar]

	28. 
Azzam, K.A.; Austin, M.S.; Sharkey, P.F. Early failure of a nonmodular titanium femoral stem after primary hip arthroplasty. J. Arthroplast. 2010, 25, e1–e5. [Google Scholar] [CrossRef]

	29. 
Wright, G.; Sporer, S.; Urban, R.; Jacobs, J. Fracture of a modular femoral neck after total hip arthroplasty. J. Bone Joint Surg. Am. 2010, 92, 1518–1521. [Google Scholar] [CrossRef] [PubMed]

	30. 
Vallier, A.H.; Hennessey, T.A.; Sontich, J.K.; Patterson, B.M. Failure of LCP condylar plate fixation in the distal part of the femur. J. Bone Joint Surg. Am. 2006, 88, 846–853. [Google Scholar] [CrossRef] [PubMed]

	31. 
Woolson, S.T.; Milbauer, J.P.; Bobyn, J.D.; Yue, S.; Maloney, W.J. Fatigue fracture of a forged cobalt-chromium-molybdenum femoral component inserted with cement. J. Bone Joint Surg. Am. 1997, 79, 1842–1848. [Google Scholar] [PubMed]

	32. 
Patel, A.; Bliss, J.; Calfee, R.P.; Froehlich, J.; Limbird, R. Modular femoral stem-sleeve junction failure after primary total hip arthroplasty. J. Arthroplast. 2009, 24, e1–e5. [Google Scholar] [CrossRef]

	33. 
Lakstein, D.; Eliaz, N.; Levi, O.; Backstein, D.; Kosashvili, Y.; Safir, O.; Gross, A.E. Fracture of cementless femoral stems at the mid-stem junction in modular revision hip arthroplasty systems. J. Bone Joint Surg. Am. 2011, 93, 57–65. [Google Scholar] [CrossRef] [PubMed]

	34. 
Buttaro, M.A.; Mayor, M.B.; van Citters, D.; Piccaluga, F. Fatigue fracture of a proximally modular, distally tapered fluted implant with diaphyseal fixation. J. Arthroplast. 2007, 22, 780–783. [Google Scholar] [CrossRef]

	35. 
Japanese Industrial Standards Committee. Test Method for Fatigue Properties of Metallic Biomaterials; JIS T 0309; Japanese Industrial Standards Committee: Tokyo, Japan, 2009. [Google Scholar]

	36. 
International Association for Testing Materials (ASTM). Standard Practice for Corrosion Fatigue Testing of Metallic Implant Materials; ASTM F1801; ASTM: West Conshohocken, PA, USA, 2004. [Google Scholar]

	37. 
Japanese Industrial Standards Committee. Test Method for Notch Sensitivity and Fatigue Crack Growth Properties of Metallic Biomaterials; JIS T 0310; Japanese Industrial Standards Committee: Tokyo, Japan, 2009. [Google Scholar]

	38. 
International Organization for Standardization. Implants for Surgery—Metallic Materials—Part 2: Unalloyed Titanium; ISO 5832-2; International Organization for Standardization: Geneva, Switzerland, 1999. [Google Scholar]

	39. 
International Organization for Standardization. Implants for Surgery—Metallic Materials—Part 3: Wrought Titanium 6-Aluminium 4-Vanadium Alloy; ISO 5832-3; International Organization for Standardization: Geneva, Switzerland, 1996. [Google Scholar]

	40. 
International Organization for Standardization. Implants for Surgery—Metallic Materials—Part 1: Wrought Stainless Steel; ISO 5832-1; International Organization for Standardization: Geneva, Switzerland, 2007. [Google Scholar]

	41. 
International Organization for Standardization. Implants for Surgery—Metallic Materials—Part 9: Wrought High Nitrogen Stainless Steel; ISO 5832-9; International Organization for Standardization: Geneva, Switzerland, 2007. [Google Scholar]

	42. 
Okazaki, Y. Effects of solution treatment and cold rolling on microstructure and mechanical properties of stainless steel for surgical implants. Mater. Trans. JIM 2008, 49, 1423–1427. [Google Scholar] [CrossRef]

	43. 
Okazaki, Y. Effects of heat treatment and hot forging on microstructure and mechanical properties of Co-Cr-Mo alloy for surgical implants. Mater. Trans. JIM 2008, 49, 817–823. [Google Scholar] [CrossRef]

	44. 
Okazaki, Y. Effects of annealing and cold drawing on microstructure and mechanical properties of Co-Cr-Mo-Ni-Fe alloys for surgical implants. Mater. Trans. JIM 2008, 49, 1656–1660. [Google Scholar] [CrossRef]

	45. 
International Association for Testing Materials (ASTM). Standard Specification for Wrought Cobalt-20chromium-15tungsten-10nickel Alloy for Surgical Implant Applications; ASTM F90; ASTM: West Conshohocken, PA, USA, 2009. [Google Scholar]

	46. 
Japanese Industrial Standards Committee. Titanium and Titanium Alloys—Sheets, Plates and Strips; JIS H 4600; Japanese Industrial Standards Committee: Tokyo, Japan, 2012. [Google Scholar]

	47. 
International Association for Testing Materials (ASTM). Standard Method for Sharp-Notch Tension Testing with Cylindrical Specimens; ASTM E602; ASTM: West Conshohocken, PA, USA, 2003. [Google Scholar]

	48. 
Peterson, R.E. Grooves and notches. In Stress Concentration Design Factors; John Wiley & Sons: New York, NY, USA, 1965; pp. 21–58. [Google Scholar]

	49. 
Roach, M.D.; Williamson, R.C.; Zardiackas, L.D. Comparison of the corrosion fatigue characteristics of CP Ti-Grade 4,Ti-6Al-4V ELI, Ti-6Al-7Nb, and Ti-15Mo. In Titanium, Niobium, Zirconium, and Tantalum for Medical and Surgical Applications; Zardiackas, L.D., Karaay, M.J., Freese, H.L., Eds.; ASTM: West Conshohocken, PA, USA, 2005; pp. 183–201. [Google Scholar]

	50. 
Berry, G.; Bolton, J.D.; Brown, J.B.; McQuaide, S. The production and properties of wrought high carbon Co-Cr-Mo alloys. In Cobalt-Base Alloys for Biomedical Applications; Disegi, J.A., Kennedy, R.L., Pillar, R., Eds.; ASTM: West Conshohocken, PA, USA, 1999; pp. 11–31. [Google Scholar]

	51. 
Murray, N.G.D.; Jablokov, V.R.; Freese, H.L. Mechanical and physical properties of Titanium-12molybdenum-6zirconium-2iron beta titanium alloy. In Titanium, Niobium, Zirconium, and Tantalum for Medical and Surgical Applications; Zardiackas, L.D., Karaay, M.J., Freese, H.L., Eds.; ASTM: West Conshohocken, PA, USA, 2005; pp. 3–15. [Google Scholar]

	52. 
Wang, K.K.; Gustavson, L.J.; Dumbleton, J.H. Microstructure and properties of a new beta titanium alloy, Ti-12Mo-6Zr-2Fe, developed for surgical implants. In Medical Applications of Titanium and Its Alloys; Brown, S.A., Lemons, J.E., Eds.; ASTM: West Conshohocken, PA, USA, 1996; pp. 76–87. [Google Scholar]

	53. 
Niinomi, M. Mechanical biocompatibilities of titanium alloys for biomedical applications. J. Mech. Behav. Biomed. Mater. 2008, 1, 30–42. [Google Scholar] [CrossRef] [PubMed]

	54. 
Niinomi, M.; Saga, A.; Fukunaga, K. Long crack growth behavior of implant material Ti-5Al-2.5Fe in air and simulated body environment related to microstructure. Int. J. Fatigue 2000, 22, 887–897. [Google Scholar] [CrossRef]

	55. 
Langy, M.A.; Stock, S.R. Fatigue-crack growth in Ti-6Al-4V-0.1Ru in air and seawater: Part I. Design of experiment, assessment, and crack-growth-rate curves. Metall. Mater. Trans. A 2001, 32A, 2297–2314. [Google Scholar]

	56. 
International Association for Testing Materials (ASTM). Standard Test Method for Measurement of Fatigue Crack Growth Rates; ASTM E647; ASTM: West Conshohocken, PA, USA, 2011. [Google Scholar]

	57. 
Tada, H.; Paris, P.C.; Irwin, G.R. Three-dimensional cracked configurations. In The Stress Analysis of Cracks Handbook, 3rd ed.; ASME: New York, NY, USA, 2000; pp. 333–414. [Google Scholar]





© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).







media/file13.jpg
Setting of test specimen

1

Measurement of longitudinal elastic moduli
 Insertion of precrack (a0): [K-decreasing test, Sine wave, 20 Hz,
.05, Precrack length > 0.1 B, AK at the start: e.g., 6 MPa ym,
.2, K-decreasing ratio:

2 mm -, Crack length at the start:
14 mun, Final crack length: e.g., 15 mm], (B: Thickness)

1

a) Parameter settings
 Specimen size (Thickness and width)
- Conditions (Sine wave and R=0.1)
K-decreasing test
+ Frequency: 30 Hz
+ K at the start: e.g., 5 MPa Vi
« K-decreasing ratio: -0.08 mm-"
- Crack length at the start: 16 mm
- Crack length increment: Ja, 1 CT: 025 mm
 Final crack length: e.g., 30 mm
Keinereasing test
+ Frequency: 20 Hz
- AK at the start: e.g., 4 MPa Vi
+ Crack length at the start: e.g.. 28 mm
- Za: 025 mm
 Final crack length: .g., 45 mm
b) Measurement of crack length and number of cycles

1

Determination of (AK) and da/dN






media/file30.png
1000

O, :Ti-15Zr-4Nb-Ta
A Ti-6Al-4V
800 {asmooth

I:f R (OFs )
- 600
=
o) i
=
s 400 (o oy E N
bu' Ors | K¢
2001

. Oy, Calculated with AKy,

1 1.5 2 2.5 3 3.5
Stress Intensity Factor, K,






media/file18.png
Maximum Stress, o,,,,/ MPa

Maximum Stress, o,,,, / MPa

1000

(a) 10 Hz
- R=0.1
800}
600
I ]
] A
400 C NN = AT

O : Cold-worked (ISO 5832-1)
200 [: Solution-treated high N(ISO 5832-9)
@ : Solution-treated (ISO 5832-1)
A\ : Solution-treated 316L

03 104 10° 107 108

-0

1400

1200

[
[

1000

800

600

A
A
Cast Co-Cr-Mo
ﬁ.

400 -

[J] :Warm-worked Co-Cr-Mo
A\ ‘Forged Co-Cr-Mo
200 |- O :Annealed Co-Cr-Mo

- A ‘Annealed Co-Cr-W-Ni

107 108

0 M S ST |
103 104 10° 108

Cycles to Failure, Nf(arb. unit)





media/file35.jpg
Crack Growth Rate, da / dN (mm / cycle)

102

109

10+

10°

10°

107

10°

10

Stress Intensity Factor Range, AK (MPa - yim)

100





media/file21.jpg
Maximum Stress, o ., / MPa

-
=)
=1
=1

©
=3
=1

600

400

O :Smooth
M :K=1.8

Lol ol vl vl vl 1

103 104 108 108 107 108

Cycles to Failure, Nf (arb. unit)






media/file26.png
Maximum Stress, o,,,, / MPa

1200

1000

800

600

400

200
1000

—

800

600

400

200

1200

1000

800

600

400

200
1

_(a) 1SO 5832 Stainless
~  Solution-treated
B Smooth
I L veend oo v veepd oy o paeel g |||||INP1|:(|:|rlllﬁld
0° 104 10° 108 107 108
| (c) Cast Co-Cr-Mo
I %\Q\% Smooth
B @)
- On U 1
M mE
Notched

Lrannl v sl o il L L anul
0° 104 10° 10° 107 108
L (e) Annealed Co-Cr-Mo-Ni-Fe
! % Smooth
_ Inn|
i | | | Nclntched |
03 104 10° 108 107 108

Cycles to Failure, Nf (arb. unit)

1200
_ (b) 1ISO 5832 Stainless
1000 | 20% Cold-worked
800 | Smooth
600 |-
400 _ Notched
200 vl el g sl vl sl
10° 104 10° 108 107 108
1200
(d) Forged Co-Cr-Mo
1000
I Smooth
800 -
600 | O O
I D [+ I:I-:
400 - Notched
200 pavanl o sl oy sl el oy sl
10° 104 10° 108 107 108

Cycles to Failure, Nf (arb. unit)





media/file27.jpg
Maximum Stress, 0,,,, / MPa

1200

1200

(@)Ti-15Zr-4Ta4Nb Annealed ©TH1524TadNb  Aged
1000 1000
Smooth |
800 o 800 smooth
600 600 2\ "= 10g Gy oG NF
400 Lo 400
Notched
200 200
00 00 100 100 107 00 2908 100 10 108 107 108
1000 1200 ——
(€) 20% Cold-worked C.P. grade 4 Ti (@) Tr-6AHV. “Annealed
800 1000
< Smooth
600 W“ sl o moo
400 600
o= Notched
L] Notched 490
B T T T T T O T T

Cycles to Failure, Nf (arb. unit)

Cycles to Failure, Nf (arb. unit)





media/file3.jpg
(a) Notched plate






media/file22.png
Maximum Stress, o,,,, / MPa

-
o
o
o

(o]

o

o
|

600 -

400

O :Smooth
H:K=18

103

104 10° 106 107 108
Cycles to Failure, Nf (arb. unit)






media/file19.jpg
Maximum Stress, o ,.,, / MPa

Sine wave
1400 10 Hz

=

n

=3

o
T

1000( lind
800

600

| O: High-C Annealed
4001 7 : High-C Cold-drawn

[ A: Low-C Cold-drawn
200 ——tul vl ol

104 105 10 107 10°

Cycles to Failure, Nf(arb. unit)





media/file7.jpg
(a1cT

2x 125 sa

T*H*s
215
60

12.5 12.5
62,5
(b) Cutting direction NictalTiow
T
[ D
A B [¢)
SSERNwEN ry
R 5 o
£ ST ST

T : Width direction
L : Length direction
S : Thickness direction





media/file28.png
Maximum Stress, o,,,, / MPa

1200

1000 -

600

400 -

1200

1000 -

800

600 %DD\_‘
: Notched
400 Lo e

1200
| (a)Ti-15Zr-4Ta-4Nb Annealed
1000 |
- Smooth o
800 [ O
600
| Notched
400 %& %»
200 [ Ll Laaannl g o aaanul ool g gl
103 104 10° 1068 107 108
1000
| (c) 20% Cold-worked C.P. grade 4 Ti
800 -
- O
400 |-
i [~
200 I Notched
D 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIII 1 1 IIIIIII
10° 104 10° 108 107 108

Cycles to Failure, Nf (arb. unit)

(b)Ti-15Zr-4Ta-4Nb Aged

800 Smooth

m' = log 0./ log Nf
- Notched A
200 NI IO 1T I O T OO I A O 11 I W W WA A1
103 10* 10° 106 107 108
o Smooth

00 ol ol 0 sl sl el
103 104 10° 108 107 108

Cycles to Failure, Nf (arb. unit)





media/file10.png
Log da/dN

Fracture

T K-increasing test

l K-decreasing test

da/dN=C(AK)"

I)K- decreasmg fest

Crack length

Crack length

4 <10-°°mm/ cycle
o o°

o
O

(o

Number of Cyclesr

K-increasing test
 >10°°mm / cycle

| —

Number of Cyclesr





media/file5.png
(a) Notched plate

& AL _
1 \k“ L _//
w0 /—"4 R
- ﬁ- ........... 1‘:._'_'_§__1_J-'_'F$_ ............. _
¥ !
¥ /_6.33 ﬂg’ E—
20 | V3 (& 20 | |






media/file33.jpg
Crack Growth Rate, da / dN (mm / cycle)

102

109

104

109

10°

107

10°

10

Stress Intensity Factor Range, AK (MPa - yim)

100





media/file32.png
Crack Growth Rate, da / dN (mm / cycle)

1072

1073

104

10°

10

107

108

L) IIITIII L] L) IIIIIII' L] Ill"ll'll Ll IIIIIII[ T llllllll L] T TrrrreT

L

10

Stress Intensity Factor Range, 4K (MPa -

100

Vm)





media/file14.png
Serting of test specimen

l

Measurement of longitudinal elastic moduli

* Insertion of precrack (ap): [K-decreasing test, Sine wave, 20 Hz,
R=0.05, Precrack length = 0.1 B, Z1K at the start: e.g.. 6 MPa ﬁ,
Za: 0.2, K-decreasing ratio: -0.2 mm - 1, Crack length at the start:
e.g., 14 mm, Final crack length: e.g., 15 mm], (B: Thickness)

l

a) Parameter settings
* Specimen size (Thickness and width)
* Conditions (Sine wave and R=0.1)
K-decreasing test
* Frequency: 30 Hz
« /IK at the start: e.g.. 5 MPa v'rﬁ

* K-decreasing ratio: -0.08 mm - !

* Crack length at the start: 16 mm
* Crack length increment: Ala, 1 CT: 0.25 mm
* Final crack length: e.g., 30 mm
K-increasing test
* Frequency: 20 Hz
- /1K at the start: e.g.. 4 MPa \?‘E
* Crack length at the start: e.g., 28 mm
Aa: 0.25 mm
* Final crack length: e.g.. 45 mm
b) Measurement of crack length and number of cycles

l

Determination of (/K) and da/dN






media/file11.jpg
CT,

Condition control

Jig

Clip gauge

Control
system

PC






media/file6.png
(b) R-notched rod

. (100)
25 .15 .15
) [ 11 | "
S T S D \D-‘; ______ u _.I_.\-u ___________ _E._ .......
\-% 6.35/
(1) K, =1.5 (3) K, = 2.0
r=

22R____ r=0.85R

| —
T i @ [\
) | e | W

, !

Lo =]
2) K, = 2.5 (4) K, = 3.0
r=04R r=0.16R
J Te) .
; F i
o 'ﬁ"[ =) ©
-

'PIG. 6.3%/ 60° 0.24-mm-radius fillet

i | do o 4 I D ]
_e' 3 "é.- '9-
P - L > o+ :—I
) s 1 I 45 15 |






media/file36.png
Crack Growth Rate, da/dN (mm / cycle)

102 ¢

103

104

107

108

1077

108

L ' L llllll L i i i I T —

10

Stress Intensity Factor Range, AK (MPa - \/m)

100





media/file15.jpg
(@) Sine wave
1200 O 10 Hz
R=0.1
1000 5 Aged
o
g 1 o Q oo o
3 s00f 0o =
5 L
g oo Annealed D“D__
E 10 10¢ 10° 10° 107 10° 10°
H
E (b)
'S 1000(
s
= L
800 (%) ©
800 . . . . f
10° 10* 10° 10° 107 10° 10°

Cycles to Failure, Nf(arb. unit)





media/file37.jpg
Crack Growth Rate, da / dN (mm / cycle)

102

10

104

10,

10

107

10

InAir

V7 A
Ti-6AI4v(T-1) Awritszranb-aTa (L)

10 100

Stress Intensity Factor Range, AK (MPa - \m)





nav.xhtml


  materials-05-02981


  
    		
      materials-05-02981
    


  




  





media/file16.png
- (a) Sine wave
1200 O 10 Hz
R=0.1
1000 Aged
©
s [ LB °C 0 o o
§ soor %\EEE% -
b B ] @%’
7] [
g 600_— Annealed -
5 raanl ol R | 3 3 aaaul 3 3l IR
£ 10° 10* 10° 10° 107 108 10°
=
= L (b)
< 1000+
©
= N
800 |- 636)
600 Lt ol Lt ool Lo nud L1 ranul L ol L Ll
10° 10* 10° 10° 107 108 10°

Cycles to Failure, Nf(arb. unit)





media/file2.png
(a) 6.3S o & l -
<
.............................................. E I P N
/\ |
(30) | 60 | 130 |
o © 5
w
(b) | 6.3S 3?& fﬁ‘ I
[ v m
................. _.E..._ e E.._._._._._._.
F 3 “_-‘N‘H . +
(40) _ 60 | 40






media/file20.png
Maximum Stress, o,,,, / MPa

i Sine wave
1400_ 10 Hz
12001

i o &

1000 I
800+

= O

600} o=
[ O: High-C Annealed
4001 7 : High-C Cold-drawn
— A : Low-C Cold-drawn
Ll Lol Ll L lan

200
104 10° 10° 107 108
Cycles to Failure, Nf(arb. unit)





media/file23.jpg
©
g Sine wave
= [ 10 Hz
bg 800 - o @ o % Q Kt
b L
1
o 600 |
& L
£
g 400
= L
s
= 20
108 104 108 108 107
1400  b) o O:K=1.0 [:K=15 A:
L ®:K=25 A:
L. 1200 A0 A
"4 b % n A
X, 1000 S A
°§ [ ’5’ [
800 - o R—m- @[ﬁ A q.
600
" L . 1
10° 10¢ 108 106 107 108

Cycles to Failure, Nf(arb. unit)





media/file24.png
1000

(a) Sine wave
B 10 Hz

%:,O.‘(%K1

o
o\

o0

o

o
|

Maximum Stress, o, / MPa
»
o
o
|

400 K:=2.5
M\%
200 Ll L1l L1l L1l L1 ||||T
103 104 10° 106 107 108
1400 + (b) PS O:K&=1.0 O:K=1.5 A:K=2.0
i ®:K=25 A:K=3.2
_ 1200 - A® A
X . % A A
X
1000 | NS A
& - A o
800 - O “B—0— Do 4 4.
600
L1 1inul L1 1l L1 il L1l L1 1111
103 104 10° 106 107 108

Cycles to Failure, Nf(arb. unit)





media/file29.jpg
Ogs and o,/ MPa

1000

800

i-15Zr-4Nb-Ta
Ti-6Al-4V

oy, Calculated with 4Ky,
1 1 1 1

1.5 2 25 3 3.5
Stress Intensity Factor, K,





media/file1.jpg
(40)

40






media/file31.jpg
Crack Growth Rate, da / dN (mm / cycle)

102

10°

104

10°

10°

107

10°

10 100

Stress Intensity Factor Range, AK (MPa - yim)





media/file25.jpg
Maximum Stress, Oy, / MPa

1200 1200
(a) 1SO 5832 Stainless (b) ISO 5832 Stainless
1000 Solution-treated 1000 20% Coldworked
800 800 %; Smooth
500 Smooth 500
400 400
. otched | o0 o
10° 100 10°  10° 107 10° 10°  10°  10°  10° 107  10°
1000 1200
(c) Cast Co-Cr-Mo (d) Forged Co-Cr-Mo
800 1000
600 00
2Q smootn
%) a o 500 oo o o
200 Notched | 400 Notched
o i 200 -
100 10 10* 10° 107 10° 100 10t 10* 10t 107 10°
1200 i i
R SRR Cycles to Failure, Nf (arb. unit)
1000
800
Smooth
500
00
Notched
200
100 10 10°  10° 107 10°

Cycles to Failure, Nf (arb. unit)





media/file12.png
Condition control

cell Load
Jig
o Clip gauge y
¢ » Control
¢ system
PC

N





media/file9.jpg
Log da /dN

Fracture

da/dN=C(AK)"

T K-increasing test

l K-decreasing test

I

Crack length

Crack length

) K-decreasing test
4 <10°mm /cycle

o ©
00

Number of Cycles

LK-increasing test
>10 mm / cycle

Number of Cycles





media/file0.png





media/file38.png
Crack Growth Rate, da /dN (mm / cycle)

102

103

10

107

10°®

107

108

- In Air
A
- Ti-6A1-4V (L-T) 9
Vi o\
- Ti-6Al-4V (T-L) —*Ti-15Zr-4Nb-4Ta (L-T)
1 1 i IR S T T | 1 i i PR T T
10 100
Stress Intensity Factor Range, AK (MPa - /m)





media/file4.jpg
(b) R-notched rod

25

Fs 633/ 80° 0.24-mm.radius fillet
S s Tt N
a3 'I b 3
25 15 15 I

(100)






media/file8.png
(@)1 CT

-

~ \g a| _ DI
% - ld {_; L7=] I S—
A1 B R i
R 0.1 _ 1
a5 |
) 50 112.5 12.5
D 62.5 B ; X g
b) Cutting direction
(b) 9 ) Metal flow .
C D
A B O
>
D c::\; O 4o
s T-L \ LT N0 | =T

T : Width direction
L : Length direction
S : Thickness direction





media/file34.png
Crack Growth Rate, da/dN (mm / cycle)

102

103

104

10°

10

107

10

L) Vllllll L] L) lllllll T L) Ill“'l L T lllllll L] L) Illlll' ) L AN A

1 1 PR T T A B | 1 1 i1 1 1 1

Stress Intensity Factor Range, 4K (MPa - /m)

100





media/file17.jpg
Maximum Stress. .,/ MPa

Maximum Stress. 0,/ MPa

1000,

800|

600|

400]

O:Cold-worked (IS0 5832-1)
200 [3: Solution-treated high N(ISO 5832-9)
@:Solution.treated (IS0 5832-1)

A Solution-treated 316L.

100 100 108 10 107

1200

1000

800

600

400

100 100 100 100 107
Cycles to Failure, Nf(arb. unit)

100





