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Abstract

:

The fretting corrosion behaviours of Al2O3 ceramic/Ti6Al4V alloy, 316 L stainless/Ti6Al4V alloy, and CoCrMo alloy/Ti6Al4V alloy pairs were studied in an in-house developed fretting-corrosion tester. The fretting behaviours were characterized by the Ft-D-N and Ft/Fn curves. The morphology of the worn surface was analyzed by energy dispersive X-ray spectrometry (EDX), a scanning electron microscope (SEM), and a white light interferometer (WLI). The fretting regimes were found to vary from slip regime (SR) to mixed fretting regime (MFR), with an increase in loads for the Al2O3/Ti6Al4V and 316 L/Ti6Al4V pairs, while for the CoCrMo/Ti6Al4V pair the fretting always remained in SR. The damage mechanism of the Al2O3/Ti6Al4V pair was mainly abrasive wear and corrosive wear, while for the 316 L/Ti6Al4V pair and CoCrMo/Ti6Al4V pair, the wear mechanism was mainly adhesive wear and corrosive wear with slight abrasive wear. The electrochemical impedance spectrum results show that the material transfer layer formed on the surface of the material can protect the material from corrosion for the 316 L/Ti6Al4V and CoCrMo/Ti6Al4V pairs.
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1. Introduction


Artificial joint implantation is used to treat joint diseases and trauma and is one of the most successful surgical treatments in the field of orthopedics [1]. At present, artificial hip joints have evolved from a monoblock design to the popular modular design, which enables the head and stem of the implant to use different materials [2]. Also, the modular design allows surgeons to match the most appropriate configurations for each patient to achieve better outcomes [3,4]. However, the combined head–neck interface and neck-stem interface introduced by the modular design also brings some clinical problems. A fastening contact interface is formed between two connecting parts, such as the head and neck. Under daily activities of the human body, there is a cyclic relative motion of small amplitude (micromovement as shown in Figure 1) between the contact interface. Finite element studies have shown that the micro-motion of the head–neck position in daily activities ranges from 0 to 38 µm [5,6]. At the same time, as body fluid enters the gap between the two contact surfaces, a corrosive environment is formed. The coupling of micromotion and corrosion results in fretting corrosion. Fretting corrosion is a chemical-mechanical process that could cause serious material damage [7,8,9,10]. It is well known that there is widespread fretting corrosion in the conical connection of the ball head and the femoral stem in total hip joints [11,12,13,14,15,16,17,18,19,20]. Similar phenomena also exist in the knee joints, shoulder joints, and spinal fixation that use the modular assembly [21,22,23,24,25,26,27].



In the past decades, the fretting corrosion behaviours of materials used for artificial joints have been investigated in many studies on the effects of mechanical conditions such as load, frequency, and displacement amplitude as well as electrochemical conditions such as pH, potential, and corrosive media. Swaminathan and Gilbert [28] and Royhman et al. [29] proposed a basic model for fretting corrosion experiments. For a given material pair in an electrochemical environment, a single fretting mode and different pH values were applied to measure the fretting current, friction coefficient/friction dissipation energy, etc. Barril et al. [30,31] studied the fretting corrosion behaviour of titanium alloys under different load and displacement amplitudes, pointing out that there was only significant wear in the slip zone. Royhman et al. [29,32,33] confirmed that the fretting friction coefficient and dissipation energy were affected by potential and solution chemistry. Liu et al. [34] found that the presence of inflammatory factors in the body reduced the stability of the oxide film on the surface of the alloy. In addition, torsional fretting corrosion behaviours of materials for artificial joints were also studied by Wang [35,36] and Lin [37,38].



At present, the material combinations used for artificial joints are mainly cobalt chromium molybdenum alloy, titanium alloy, stainless steel, and ceramic materials, with a number of variations. Clinical studies have shown that the corrosion behaviours at the joint interface of the hip joint are closely related to the material combinations, where galvanic corrosion may occur at the joint of different metal materials due to the difference of electric potential [17,39,40]. However, most researchers carried out experimental studies on one or two kinds of material combinations, therefore lacking a systematic comparison and sufficient understanding of fretting corrosion behaviours under various head and neck combinations. Therefore, the fretting corrosion behaviours of three typical material combinations of Al2O3/Ti6Al4V, 316 L/Ti6Al4V, and CoCrMo/Ti6Al4V were investigated in a new multifunctional fretting test machine in this paper, and the effects of contact load were also considered.




2. Materials and Methods


2.1. Materials


A ball/plane model was adopted in this study. The plane was made of a medical-grade Ti6Al4V for three pairs. There were three kinds of materials for the ball specimen—Al2O3 ceramic, 316 L stainless, and CoCrMo alloy—with a diameter of 12 mm. The chemical composition and main mechanical properties of the above four materials are shown in Table 1, Table 2, Table 3, Table 4 and Table 5. Thus, three material combinations, Al2O3/Ti6Al4V, 316 L/Ti6Al4V, and CoCrMo/Ti6Al4V, were compared in this study. Ti6Al4V was cut into 10 mm × 10 mm × 5 mm blocks by wire cutting. The surface was ground with 400 mesh, 600 mesh, and 800 mesh sandpapers to simulate the real head and neck surface roughness. Then, the sample was ultrasonically cleaned in absolute ethanol for 10 min, and finally dried and stored. Wires were soldered to the bottom of the block and inlaid with a metallographic insert, leaving only a 10 mm × 10 mm plane in contact.




2.2. Methods and Devices


In the current study, an in-house multi-function fretting-corrosion test apparatus (MFC-01) was developed. As shown in Figure 2, the apparatus consisted of a fretting module and an electrochemical workstation (CHI660E, Chenhua, China). For the fretting module, the normal load was achieved by shaking the feed motion of the hand-wheel ball screw pair to drive the slider down to compress the spring, and the tangential displacement was achieved by a piezoelectric ceramic driver. The upper clamp was insulated to avoid interference with the electrochemical signal. The block sample was installed in the lower clamp and connected to the working electrode of the workstation through a wire. A three-electrode system was used in the electrochemical test: the sample as the working electrode, a platinum plat with an area of 1 cm2 as the counter electrode, and Ag/AgCl (saturated potassium chloride) as the reference electrode.



The fretting tests were conducted under a series of loads (Fn) of 5, 10, and 15 N. The frequency (f) and the displacement amplitude (D) for all tests were 1 Hz and 10 µm, respectively. The fretting number of cycles (N) was 6000, and the test duration was 6000 s. The experimental medium was a saline solution with a volume fraction of 10% bovine serum. When fretting was over, electrochemical impedance spectroscopy measurement with a frequency of 105–10−2 Hz and an AC signal amplitude of 10 mV was performed immediately. All tests were performed at a room temperature of 25 ± 3 °C and repeated at least three times. The detailed test parameters are listed in Table 6.



The morphologies of the damaged scars were tested using scanning electron microscopy (JSM-6610LV, JEOL, AKISHIMA-SHI, Japan). The chemical composition of the debris was analyzed using energy-dispersive X-ray spectroscopy. The 3D morphology of the worn surface and wear volume was measured using a white light interferometer (GT X3, Bruker, Hanau, Germany).





3. Results and Discussion


3.1. Fretting Running Characteristics


The friction force-displacement (Ft-D) diagram is a reflection of the dynamic characteristics of the fretting interface. According to the different dynamic characteristics of the interface, the fretting behaviours could be divided into three fretting regimes: slip regime (SR), partial slip regime (PSR), and mixed fretting regime (MFR). Ft-D-N curves of three different material pairs under different loads are shown in Figure 3. For all material pairs, the Ft-D diagrams reached a stable state after 100 cycles, indicating that the surface had established an equilibrium contact state at this time. When the load was 5 N, with an increase in cycle numbers, the Ft-D curve was a parallelogram, and the fretting was in SR. When the load was 10 N, the Ft-D diagrams of the three types of mating pairs were still parallelograms in SR. However, when the load was increased to 15 N, for the Al2O3/Ti6Al4V and 316 L/Ti6Al4V pairs, the shape of the Ft-D curve gradually changed from a parallelogram to an ellipse shape, indicating that the fretting regime changed from SR to MFR. While the CoCrMo/Ti6Al4V pair showed different trends under this load, the Ft-D diagram was still a parallelogram and the fretting was always in SR. Therefore, compared with the CoCrMo/Ti6Al4V combination, Al2O3/Ti6Al4V and 316 L/Ti6Al4V combinations were not easier to slip.



Dissipated energy is a useful indicator for evaluating fretting damage, which corresponds to the area of the fretting loop. Total energy dissipation is equal to the sum of dissipated energy of each cycle [41,42]. In this study, we calculated the energy dissipation every 100 cycles to reduce the amount of computation. Total energy dissipation for different tribological pairs and loads is depicted in Figure 4. It could be seen that for all loads the total energy dissipation of the Al2O3/Ti6Al4V pair was the largest, that of the 316 L/Ti6Al4V pair was medium, and that of the CoCrMo/Ti6Al4V pair was the smallest. According to Section 3.2 and Section 3.3, for the Al2O3/Ti6Al4V pair, Al2O3 ceramic had high hardness and produced a large shear force, which caused a large number of spalling and ploughing marks on the surface of the material. This process consumed a lot of dissipated energy. While for the 316 L/Ti6Al4V pair and CoCrMo/Ti6Al4V pair, the damage of material was mainly adhesion and plastic deformation, which consumed less energy [42].




3.2. Analysis of Friction Coefficient


The coefficient of friction is an important index to characterize friction and wear behaviours. The friction coefficient is commonly characterized by the ratio of the average tangential force to the normal load in each circle. Figure 5 compares the coefficients of the three material pairs under different loads. As shown in Figure 5a, with the increase in loads, the coefficients of the Al2O3/Ti6Al4V pair showed a downward trend. The fluctuation of the coefficients under 5 N and 10 N was obviously higher than that under 15 N, which was mainly due to the fact that 5 N and 10 N fretting was in SR, and the material peeling and wear were more serious. For the 316 L/Ti6Al4V pair, the friction coefficient and its fluctuation increased with the increase in the loads. The 316 L material had lower elastic modulus and hardness, which made adhesion easier to occur. As the load increased, material transfer and adhesion became more serious during the fretting process, which led to an increase in the friction coefficient and the fluctuation of the coefficient. For the CoCrMo/Ti6Al4V pair, the evolution of coefficient under all loads was similar, indicating that the contact state was similar. The coefficients decreased with the increase in loads, revealing that the debris layer had a role in reducing friction and lubrication.




3.3. Analysis of Wear Morphology


To understand the damage mechanism of Ti6Al4V alloy under different pairs, the morphology of the wear scar of Ti6Al4V alloy under different pairs was obtained as shown in Figure 6, Figure 7 and Figure 8. In addition, the two-dimensional profile and EDX spectra of the wear marks under some conditions were also measured, which are exhibited in Table 7, Table 8 and Table 9.



Figure 6 is a scanning electron micrograph of the wear scar of Ti6Al4V alloy of the Al2O3/Ti6Al4V pair under different loads. It could be seen that when the load was 5 N and 10 N the morphology of wear marks of the Al2O3/Ti6Al4V pair presented a typical characteristic of abrasive wear. There were many furrows and spalling pits on the surface of the material, and spalling pits were obviously oxidized. Wear debris could hardly be found on the wear marks, and the main elements of the wear area were Ti, V, and Al (see Table 7), which were the main components of titanium alloy, indicating that material transfer had not occurred. When the load was 15 N, fretting ran in MFR, and the worn surfaces could be divided into a mild sticking area in the center and severe wear areas at the edge. There was no obvious damage observed in the central sticking area, and the damage in the outer wear area was also very slight, showing slight abrasive wear. Therefore, for the Al2O3/Ti6Al4V pair, its wear mechanisms were mainly abrasive wear and corrosive wear.



As shown in Figure 7, for the 316 L/Ti6Al4V pair, when the load was 5 N, the wear of the material was slight and the surface of the material was covered with shallow furrows evenly, indicating that abrasive wear was dominant. When the load increased to 10 N, a thick layer of debris was formed on the worn surface, and many grooves parallel to the fretting direction were evenly distributed on the wear debris layer, revealing abrasive wear. Figure 9 shows the existence of the debris bed. The two-dimensional profiles of the two pairs were higher than the surface of the substrate material, which indicated that there was debris accumulation. To clarify the composition of the debris bed, EDX analysis was performed. As illustrated in Table 8, many Fe, Cr, and Ni elements were detected, and these elements were the main constituent elements of 316 L. In addition, the oxygen element weight percentage reached 45.40%. Because the hardnesses of Ti6Al4V alloy and 316 L stainless steel are similar, it is easy to produce an adhesion effect. Under the action of normal pressure and friction heat, the contact interface adhered. When the fretting started, the adhesive node was sheared and fractured under the action of the tangential force. At this time, the material on the 316 L ball was transferred to the surface of the titanium alloy, and it was repeatedly rolled and oxidized to form a material transfer layer. Thus, its wear mechanisms were mainly adhesive wear, abrasive wear, and corrosive wear. When the load was 15 N, the adhesion effect was strengthened, and fretting ran in MFR. The wear area could be divided into the adhesion area in the middle and the serious wear area at the edge. As the micro slip only occurred at the edge of the contact area, the damage in the middle of the contact area was very slight, and the damage mechanism of the severe wear area at the edge was also adhesive wear, abrasive wear, and corrosive wear.



Figure 8 is a scanning electron micrograph of the wear scar of Ti6Al4V alloy of the CoCrMo/Ti6Al4V pair under different loads. For all given loads, fretting ran in SR, and the surface of the Ti6Al4V alloy was covered with a debris layer. According to the EDX analysis (see Table 9) and 2D profile (see Figure 9), the existence of the debris layer was confirmed, and its composition contained a large number of elements of CoCrMo. The formation process of the debris layer of the friction pair was similar to the 316 L/Ti6Al4V pair. The damaged area of the material increased with an increase in loads. It could be seen that, for all conditions, grooves were formed on the surface of the material due to ploughing, and a lot of evidence of pitting corrosion could be found. In short, the damage mechanisms for the CoCrMo/Ti6Al4V pair were mainly adhesive wear, abrasive wear, and corrosive wear.



In summary, due to the material properties of the three friction balls, the damage mechanisms of Ti6Al4V alloy under different material combinations were different. The hardness of the Al2O3 ceramic ball was as high as 1500 HV, while the base material of Ti6Al4V alloy was only 260 HV. It could directly shear and plough the base material during friction, and the damage mechanism was mainly abrasive wear and corrosive wear. However, the hardness of 316 L alloy and CoCrMo alloy was relatively small, which was 150 HV and 320 HV, respectively. In the process of fretting, the friction interface was easy to adhere to. Therefore, for the 316 L/Ti6Al4V pair, under low load, the adhesion was not obvious, and the damage mechanisms were abrasive wear and corrosive wear. While under high load, the damage mechanisms were adhesive wear and corrosive wear. For the CoCrMo/Ti6Al4V pair, the damage mechanisms were mainly adhesive wear and corrosive wear with slight abrasive wear.




3.4. Electrochemical Impedance Spectrum Analysis


As shown in Section 3.3, we found that after fretting, for the 316 L/Ti6Al4V and CoCrMo/Ti6Al4V pairs, a thick material transfer layer was formed on the surface of the Ti6Al4V alloy, but not for the Al2O3/Ti6Al4V pair. In order to determine the effect of the material transfer layer on the corrosion performance of the material, the electrochemical impedance test was carried out on the Ti6Al4V alloy after fretting under three pairs. It should be noted that in electrochemical impedance spectroscopy (EIS) measurement, the tested object is the worn Ti6Al4V alloy itself, and it is not matched with other materials. Figure 10a,b show the Nyquist diagrams of the electrochemical impedance spectroscopy and the Bode diagram, respectively. Figure 11 is an equivalent circuit diagram of an impedance spectrum. The circuit included a solution resistance, Rs, a constant phase element, CPE, a surface film resistance, Rfilm. For three material pairs, Nyquist diagrams all presented an approximate semicircle, indicating that the electrode reaction on the surface of the substrate was mainly controlled by the charge transfer process, and the radius of the semicircle from large to small was the sample after rubbing with 316 L, the sample after rubbing with CoCrMo, and the sample after rubbing with Al2O3. The Bode diagram shows that the substrate electrode reaction system under the three material pairs had only one time constant, and the phase angle peak under the Al2O3/Ti6Al4V pair had the lowest peak width and the narrowest peak width, indicating that the damage to surface film was more serious than the other two pairs. Table 10 shows the EIS fitting results of the three material pairs using ZSimpWin software. It could be seen that the Rfilm value of the sample after rubbing with 316 L was the largest, the sample after rubbing with Al2O3 was the smallest, and the sample after rubbing with CoCrMo was in the middle. Therefore, the samples with a thick material transfer layer had a better corrosion resistance. This illustrated the fact that the material transfer layer formed on the surface of the material played a protective role under the 316 L/Ti6Al4V and CoCrMo/Ti6Al4V pairs.




3.5. Limitations


This research, however, was subject to several limitations. First, in clinical application, the load range of the joint interface is very large, and this study only considered the fretting corrosion behaviours under some conditions. Additionally, no efforts were made to determine the contribution of wear and corrosion in the fretting corrosion process and their interaction. Only the worn surface of Ti6Al4V was characterized, but that of the friction pair was not characterized. It would be more sensible to combine the damage situation of the two to determine which material pair is the best. Longer time tests and joint motion simulation tests in vitro should be conducted to determine which pair is preferable.





4. Conclusions


The fretting-corrosion performances of three typical material pairs for modular head-neck junctions in hip implants were investigated and compared, and the following conclusions were drawn:



(a) Within the given load range, the fretting regime of Al2O3/Ti6Al4V and 316 L/Ti6Al4V pairs changed from SR to MFR as the load increased, while the CoCrMo/Ti6Al4V pair was always in SR, indicating that the CoCrMo/Ti6Al4V pair was easier to slip.



(b) For the Al2O3/Ti6Al4V pair, the damage mechanism was mainly abrasive wear and corrosive wear, while for the 316 L/Ti6Al4V and CoCrMo/Ti6Al4V pairs, a layer of material transfer layer was formed on the worn surface, and the wear mechanism was mainly adhesive wear and corrosive wear with slight abrasive wear.



(c) Judging from the wear morphology, the damage to the Ti6Al4V alloy was the smallest when paired with Al2O3, while it was more serious when paired with 316 L and CoCrMo.



(d) The electrochemical impedance spectrum results show that the material transfer layer formed on the surface of the material can protect the material from corrosion under the 316 L/Ti6Al4V and CoCrMo/Ti6Al4V pairs.
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Figure 1. Damage mechanism of the contact interfaces in an artificial hip joint. 
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Figure 2. Simplified diagram of the fretting-corrosion device. 1: stage, 2: electrolyte container, 3: counter electrode, 4: upper clamp, 5: load sensor, 6: reference electrode, 7: connecting rod, 8: piezoelectric ceramic, 9: shockproof table, 10: bracket, 11: upper sample, 12: lower sample, and 13: electrolyte solution. 
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Figure 3. Ft-D-N diagrams of three material pairs with different loads under different cycles. (a) Al2O3/Ti6Al4V; (b) 316 L/Ti6Al4V; (c) CoCrMo/Ti6Al4V. 
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Figure 4. Variation of the total energy dissipated under load for different pairs. 
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Figure 5. Variation of friction coefficient of three types of pairing under different loads. (a) Al2O3/Ti6Al4V; (b) 316L/Ti6Al4V; (c) CoCrMo/Ti6Al4V. 
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Figure 6. SEM micrographs of the wear scars of Ti6Al4V alloy for the Al2O3-Ti6Al4V pair under various loads. (a) 5 N; (b) 10 N; (c) 15 N; (d) enlarged view of the area marked by the dashed box in (b). 
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Figure 7. SEM micrographs of wear scars of Ti6Al4V alloy for the 316 L/Ti6Al4V pair under various loads. (a) 5 N; (b) 10 N; (c) 15 N. 
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Figure 8. SEM micrographs of wear scars of Ti6Al4V alloy for the Al2O3-Ti6Al4V pair under various loads. (a) 5 N; (b) enlarged view of the area marked by the dashed box in (a); (c) 10 N; (d) 15 N. 
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Figure 9. The profile curve of the three material combinations. 
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Figure 10. The electrochemical impedance spectroscopy (EIS) of three types of matching pairs under the same load. (a) Nyquist diagram; (b) Bode diagram. 
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Figure 11. Equivalent circuit model of the impedance spectrum. 
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Table 1. Chemical composition (wt. %) of Ti6Al4V alloy.
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	Elements
	Al
	V
	Fe
	C
	O
	N
	H
	Ti





	Percentage
	6.05 ± 0.63
	3.95 ± 0.5
	0.11
	0.014
	0.140
	0.006
	0.001
	Balance
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Table 2. Chemical composition (wt. %) of CoCrMo alloy.
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	Elements
	Cr
	Mo
	Ni
	Fe
	Mn
	Si
	C
	N
	Co





	percentage
	28.10 ± 2.10
	5.90 ± 1.10
	0.88
	0.65
	0.63
	0.22
	0.25
	0.12
	Balance
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Table 3. Chemical composition (wt. %) of 316 L alloy.
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	Elements
	Cr
	Ni
	Mo
	Mn
	Si
	Co
	C
	Cu
	S
	Fe





	Percentage
	17.4 ± 1.6
	13.0 ± 0.7
	2.6 ± 0.4
	1.73 ± 0.6
	0.66
	0.20
	0.0165
	0.097
	<0.001
	Balance
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Table 4. Chemical composition (wt. %) of Al2O3 ceramic.
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	Elements
	Al2O3
	Na2O
	CaO
	SiO2
	Magnetic





	Percentage
	≥98.5
	≤0.5
	≤0.5
	≤0.3
	≤0.003










[image: Table] 





Table 5. Main mechanical properties of Al2O3 ceramic, 316 L steel, CoCrMo alloy, and Ti6Al4V alloy.
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	Materials
	Tensile Strength

(MPa)
	Yield Strength

(MPa)
	Elongation

(%)
	Elastic Modulus

(GPa)
	Poisson’s Ratio
	Hardness

(HV)





	Al2O3 ceramic
	/
	/
	/
	370
	0.2
	1500



	316 L steel
	635
	280
	12
	197
	0.3
	150



	CoCrMo alloy
	1507
	962
	20
	200
	0.3
	320



	Ti6Al4V alloy
	860
	795
	12
	110
	0.3
	260
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Table 6. Fretting corrosion test parameters.
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	Parameter
	Values





	Displacement, D
	D = 10 µm



	Normal load, FN
	FN,1 = 5 N; FN,2 = 10 N; FN,3 = 15 N



	Frequency
	1 Hz



	Test medium
	physiological saline with 10% volume bovine serum (100 mL)
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Table 7. EDX analysis of spot 1 in Figure 6 (The error is about 2%).
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	Element
	O
	Al
	Si
	Cl
	Ti
	V





	Wt.%
	27.31
	3.72
	0.53
	0.19
	65.91
	2.34
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Table 8. EDX analysis of spot 2 in Figure 7 (The error is about 2%).
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	Element
	C
	O
	Na
	Al
	Si
	Cl
	K
	Ti
	V
	Cr
	Fe
	Ni
	Cu





	Wt.%
	4.14
	45.4
	0.65
	0.19
	0.59
	2.7
	0.34
	4.52
	0.3
	25.11
	11.32
	3.66
	1.07
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Table 9. EDX analysis of spot 3 in Figure 8 (The error is about 2%).
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	Element
	C
	O
	Na
	Al
	Cl
	K
	Ca
	Ti
	V
	Cr
	Co
	Mo





	Wt.%
	1.62
	50.62
	0.60
	0.71
	0.96
	0.41
	0.16
	20.14
	1.13
	16.95
	3.53
	3.18
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Table 10. The fitting results of EIS under three material pairs.
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	Rs

(Ω·cm−2)
	CPE

(F·cm−2)
	n
	Rfilm

(Ω)





	Al2O3/Ti6Al4V
	47.85 ± 0.51
	3.895 × 10−5 ± 9.69 × 10−7
	0.9
	2.592 × 104 ± 76.36



	316 L/Ti6Al4V
	27.75 ± 0.17
	2.348 × 10−5 ± 1.69 × 10−6
	0.8
	1.504 × 106 ± 1484.92



	CoCrMo/Ti6Al4V
	46.78 ± 0.43
	2.792 × 10−5 ± 1.62 × 10−6
	0.9
	1.605 × 105 ± 989.95
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