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The work presented here is an experimental and numerical study on a new technology called friction shims. Those are thin shim made of steel with a shape of washer. Their coating made of nickel and micro diamonds aim to increase the friction coefficient when located at the interface of two parts. The mechanical behaviour as well as the static and fatigue strengths of titanium bolted joints with this specific technology are presented in this study. Specimens are representative of hole-to-hole aeronautical joints, involving large clearance and misalignments. Specimen geometrical and material definition are presented as well as test set up. The experimental test results show limited impact on the static strength and a large increase in the fatigue strength. A numerical analysis based on the finite element method was developed and correlated with the experiments to provides complementary information and to understand the mechanical behaviour observed during the static tests and the gain in fatigue strength.

Introduction

One of the main concerns of aircraft manufacturers is to be integrated into industry 4.0, for better agility in both design and manufacturing. This transition is achievable by the re-engineering of processes. This paper is set in the framework of the "hole to hole" bolted assembly process introduced by Bloem [START_REF] Bloem | Developments in Hole-to-Hole Assembly[END_REF]. This process constitutes a great opportunity to revolutionize aeronautic assembly lines by having structural parts individually drilled before the assembly phase. However, the main consequence of this process is the potential for misalignments of bolt holes when parts are mated, making the bolt installation impossible. The solution proposed by Bloem [START_REF] Bloem | Developments in Hole-to-Hole Assembly[END_REF] is to slightly increase the diameter of bolt holes so that assembly remains feasible. The investigations on bolt hole clearance and error locations have been the subject of many publications, in particular concerning composite laminates [START_REF] Askri | Effect of Hole-location Error on the Strength of Fastened Multi-Material Joints[END_REF][START_REF] Lecomte | An analytical model for the prediction of load distribution in multi-bolt composite joints including hole-location errors[END_REF][START_REF] Liu | Probabilistic bolt load distribution analysis of composite single-lap multi-bolt joints considering random bolt-hole clearances and tightening torques[END_REF][START_REF] Mccarthy | Bolt-hole clearance effects and strength criteria in single-bolt, single-lap composite bolted joints[END_REF][START_REF] Lawlor | An experimental study of bolt-hole clearance effects in double-lap, multi-bolt composite joints[END_REF]. According to these latest publications, clearance and misalignments have a significant effect on static and fatigue strengths. Such defects also have an impact on the loading behaviour, in particular on the macro slipping, i.e. the slipping occurring at a joint interface when the shanks of the bolts and the holes of the plates are not in direct contact due to clearance. This macro slipping is an unwanted phenomenon. It is not present in current aeronautical joints due to fit clearance but it is inherent in hole-to-hole assembly. To delay this phenomenon, friction load at the joint interface is the best leverage to work on.

There are two ways to increase friction load at the interface. The first one is to increase the normal load, i.e. increase bolt loads. Several studies have investigated the effect of increasing bolt loads on the static and fatigue strengths [START_REF] Benhaddou | Effect of axial preload on durability of aerospace fastened joints[END_REF][START_REF] Mccarthy | An analytical model for the prediction of load distribution in highly torqued multi-bolt composite joints[END_REF] experimentally and numerically. Those works have shown a positive impact of increasing bolt load on fatigue life of bolted joints. However bolt load is limited to bolt axial strength in particular in the aeronautic field were bolts, mostly working in shear, have low axial strength for mass gain purpose.

The second way to increase friction load is to increase friction coefficient at joint interface. The proposed solution evaluated in this work is based on this method and uses friction shims industrialized by 3M. This technology is already used in the industry mainly to increase torque transfer in rotating systems (automotive, energy…) or to delete unwanted macro or micro sleeping This study aims to identify and quantify the effect of technology that can increase friction when located at the interface of a titanium bolted joint. It considers the mechanical behaviour as well as the static and fatigue strengths. To the author's knowledge it is the first time that friction shims are studied to evaluated their impact on static and fatigue strength of aeronautics bolted joints. A finite element (FE) analysis will be developed to increase the understanding of phenomena at play in this study and to evaluate the best way to model them.
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Specimen preparation and testing procedure

Test specimens

For the experimental test campaign, the specimens were single-lap bolted joints made of titanium (TA6V) plates. Table 1 and Figure 1 give the dimensions of specimens, all dimensions being computed from the nominal bolt diameter (d=6.35mm). The real bolt diameter was 6.33mm. 𝑑 ̃ corresponded to the real hole diameter depending on the configuration. Fatigue and static specimens had different widths. For static loading specimens, a width of W=7d was used to insure bolt-bearing failure, while a width of W=4d was used for fatigue tests.

In the frame of hole-to-hole, three different configurations were used for the specimen geometry. Configurations A and B had aligned bolt holes with diameters of 6.38 and 6.88mm, respectively, while configuration C presented hole location errors in the loading direction, with opposite values of -0.5 and 0.5mm, and the diameter of the holes was 6.88mm. Table 2 presents the three different configurations and their associated clearances. 

Friction washer

In this work, 3M industrial friction shims were used. Their geometry, positioning within the joint, and composition are given in Figure 2. A shim comprises a stack of three layers with a sheet of steel as the principal layer at the centre of the shim (0.15mm from micro measurement). On the exterior face, a thin layer of nickel is used to encapsulate diamonds. When the fasteners are installed, the diamonds create indentations in the specimen plates, thus creating higher friction grip. In this study grade 25 shims were used. The grade is based on the diamond average size, here 25µm. The shim has the shape of a washer with an inner diameter of 6.4mm and exterior diameter of 11mm. Corrosion risk are not a major concern at this step of the study. Furthermore titanium is subject to corrosion, but the oxide layer formed becomes very protective and waterproof and its thickness slowly increases.

Table 2. Configurations tested with clearance, misalignment and geometry

Testing setup

In this study, tensile tests to failure and fatigue tests were carried out to determine the joint behaviour in static and fatigue strength. Firstly, the tensile tests aimed at determining the static ultimate strength of the joint. It was evaluated by applying a constant displacement of 0.5mm/min at the tip of the specimen up to failure. The results were used to identify the stress range for the following fatigue tests and correlate the FE model in Section 4. Finally, the tensile tests were also used to assess the critical slipping load, characterized by a strong relative displacement between the two plates of the joint (so called macro slipping).

The fatigue tests were carried out with a loading ratio of R=σmin/σmax=0.1 and a frequency of 10 Hz. Each configuration was tested on seven specimens and the remote stresses applied were chosen to characterize the fatigue strength of the joints in the range of 10 4 to 10 6 cycles of fatigue life. The observed test results gave S-N curves and the Airbus Fatigue Indicator (AFI), corresponding to the stress level to reach a lifetime of 10 5 cycles.

Fig. 2. Friction shim positioning and composition from micro cut observations
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Experimental test results and discussion

Static loading to failure

The static test results are gathered together in Figure 3. Those for configurations without friction shims are shown in dashed lines (A, B and C). The configurations with friction shims have solid lines (A_FS, B_FS and C_FS). The same nomenclature will be used for fatigue test results later in this paper. For reasons of confidentiality, the load has been normalized with the maximum ultimate load reached by configuration A_FS.

Joints without friction shim

At the beginning of the loading, all configurations follow the same path. In this phase, load is transmitted only by friction at the joint interface. Then, at a similar normalized load of 0.12, a change in curve slope can be observed for each specimen. The configurations A and C have a change of slope but the curve remains linear. However configuration B presents a nonlinear phase from 0.12 to 0.25 where the slope decreases then increases to finally become linear again with a slope similar to that of configuration A. This non-linear phase corresponds to macro-slipping. Theoretically, equation ( 1), can be used to compute the Coulomb's law friction coefficient, with FN the normal load, which is the bolt load, FT the tangential load and µ the friction coefficient. However, in this case, the macro slipping does not occur at a constant load level so it is hard to assess the correct tangential load. Assuming a friction coefficient of 0.4 for titanium/titanium contact [START_REF] Meier | In-process Measurement of the Coefficient of Friction on Titanium[END_REF] and knowing the normal load from previous instrumented installation tests, equation ( 1) gives a tangential normalized load value of 0.19. This value is in the middle of the macro-slipping zone and thus appears coherent.

FT =µ . FN (1)

It can be observed that this phase only exists for configuration B. For configurations A and C, the transition between the two linear phases is almost direct due to the geometry and clearance parameters of those configurations.

After the macro-slipping, the shank of fasteners and the holes come into contact and the load is then transmitted through the fasteners by bearing. This phase is linear while the deformation within the plate and the bolts remain elastic. This elastic deformation lasts until around 0.69 for configurations A and B. Finally, a nonlinear phase begins and lasts up to final failure of the specimensin this case by simultaneous shearing of the fasteners at a similar load of around 0.97.

For configuration C, the linear loading phase lasts until 0.46, when a nonlinear phase begins and continues until failure of the first fastener at 0.6 (fastener 2 in the scheme from Table 2.). At the instant of failure, the load drops from 0.6 to 0.29, then increases again until the final failure of the second bolt occurs at around 0.48. 

Joints with friction shims

The global behaviour is very close to that without friction shims. The observed differences are described below.

The first linear phase, where load is transmitted by friction, reaches a much higher load: around 0.36 for configurations A and C, and 0.32 for configuration B.

After the slipping points for all the configurations, a small decrease of load, around 0.02, can be observed. This observation tends to indicate that the slipping behaviour of joints with friction shims has a static and a dynamic friction coefficient [START_REF] Berardo | An experimental-numerical study of the adhesive static and dynamic friction of micropatterned soft polymer surfaces[END_REF].

The macro-slipping phase is only visible on configuration B, similarly to a test without friction shim. However, it occurs at a quasi-constant load value of 0.30. Assuming the same bolt load, equation 1 gives values of 0.66 and 0.62 for the static and dynamic friction coefficients, respectively. Regarding the elastic deformation phase of the fasteners, the yield strength seems to be higher for joints with friction shims. However, the final failure reaches a similar load level of 1.00 for configurations A and B.

For configuration C, the maximal load reached before failure, occurs at the same moment, just before failure of the first bolt. However, the load level is higher for joints with friction shims, as it reaches 0.71.

Fatigue tests

Figure 4 presents the fatigue test results and the S-N curves extrapolated from raw data. For reasons of confidentiality, stress data have been normalized so that the Airbus Fatigue Indicator (AFI) of the configuration A is set to 1. The AFI corresponds to the stress value for a fatigue life of 10 5 cycles.

The results show two distinct phenomena. Firstly, at high stress levels, the more impacting parameter is the geometric configuration. As expected, configuration shows the highest fatigue life; for a normalized stress of its fatigue life is around 40000 cycles. Configuration B follows, with a very similar fatigue life. Finally configuration C shows the life, with 25000 cycles.

Secondly, at low levels of stress, the more impacting parameter is the presence or absence of the friction shim. The highest numbers of cycles reached before failure were observed at a representative stress value around 0.88 for the three configurations with friction shims. For the three configurations without friction shims, the highest number of cycles reached before failure were observed at representative stress around 0.7.

Finally, the three configurations with friction shims showed a 20% increase in their respective AFI compared with joints without friction shims. In particular, the AFI of configuration C_FS, despite the misalignment defects, was greater than the AFI from configuration A, representative of a conventional aeronautic joint.

Fatigue failure analysis

In this study, the design of specimens is such that failure occurs in the plates section close to the bolt holes. Due to the presence of two fasteners, the failure can occur on either the head part (hole 1), or the collar part (hole 2) as shown in Figure 5.

The failure location for each configuration is detailed in Table 3. It appears that the friction shim has no impact on the location on the failure. However, the geometric configuration tends to have an impact. For configuration A, the failure is equally distributed between the two sites; for configuration B, the failure occurs more often on the collar part; and for configuration C, the failure always occurs on the collar part. After observing the failure locations, fracture profiles were observed. In all cases, with or without friction shim, the fatigue failure started at the joint interface as shown in Figure 6. From those observations it can be noted that friction shims have no impact on the failure profile, despite the increased friction at the interface. Figure 6 also shows the gap between the two titanium plates when a friction shim is installed at the interface of the joint. 

Finite Element analysis

To fully understands the observed experimental tests results, a three-dimensional (3D) FE model was set up with the commercial code Abaqus © . The geometrical, material, and stress parameters were respected according to their description in Section 2. Materials were defined with their elastic-plastic behaviour. The parameters remain confidential. The model has three calculation steps. During the first step, the bolts are loaded under tension, and both plates are clamped at their extremity with no displacement allowed. The second step is a step of relaxation. The last step is the loading step. Plate 1 (head side) is clamped at its extremity while a ramp of displacement is imposed at the extremity of plate 2 (collar side). The value of the displacements corresponds to the ones observed experimentally up to failure of the bolts, or to the failure of the first bolt for configurations C and C_FS. Contact is modelled with both a normal hard contact law and a tangential penalty law, for all the contact zone: bolt head/plate, collar/plate, bolt shank/plate, and plate/plate. A parametric study was run on the value of the penalty coefficient to match the experimental results. The final value of the penalty coefficient is 0.25 for configurations without friction shim. This value is lower than the one found experimentally, 0.4, but it is in agreement with previous results from McCarthy et al. [START_REF] Mccarthy | Experiences with Modeling Friction in Composite Bolted Joints[END_REF].

There were some convergence difficulties with configuration B. The large macro slipping due to the large clearance generated some computation errors. To stabilize the contact, the elastic slip of the tangential law was increased from 0.005 to 0.01.

To model the configurations with friction shim, the plate/plate contact region was decreased to match the surface area of the washers. In addition, the friction coefficient was strongly increased to 0.7, once again following a parametric study. The bolt loads remained unchanged as the same bolts were used in all of the configurations. Figure 9 presents the experimental and numerical load versus displacement curves. It can be observed that experimental and numerical results look very similar. The slight difference between A_FS and A_FS_NUM is due to the presence of clearance (0.06 mm) that was not taken into account in the numerical model. In the FE model, each contact load, normal or tangential, can be extracted. It was used to investigate the load distribution between fasteners and friction. In Figure 8, the evolution of each load: Bolt 1, Bolt 2 and Friction (with and without Friction Shim), is compared with the global load applied to the specimen for configurations C and C_FS. It can be observed that bolt 1 never transfers load. Static tests and numerical simulations have shown that failure of bolt 2 occurs before the contact of the first fastener, see Figure 7. These observations are coherent with the observed fatigue failure locations, as all failures were observed on hole number 2.

It can also be seen that the load carried by friction at the interface reaches a much higher maximum level for C_FS (0.28) than with C (0.1). Numerical results also show that the load transmitted by bolt 2 is higher by a value of 0.2 when the joint has no friction shims. Those observations are consistent with the experimental results. 

Conclusions

In this study, an experimental campaign was conducted to investigate the effect of 3M friction shims at the interface of titanium bolted joints. The criteria studied were mechanical behaviour, quasi-static strength and fatigue life. A 3D numerical model by FE was developed to investigate the phenomena involved in greater depth.

Regarding the mechanical behaviour, the experimental tests showed that the macro slipping occurred at higher loads for joints with friction shims, and that the slipping behaviour was a combination of static and dynamic friction. Regarding static strength, friction shims have no impact on joints with aligned holes and have a low impact on joints with misaligned holes. The numerical model showed that, as the load increases in the bolts, the friction load decreases, explaining the observed results. In particular, for the configurations with misaligned holes, the heterogeneous distribution of load among the fasteners generated damage initiation in one of the bolts. The remaining one was not damaged, thus keeping the friction load effective.

Finally, regarding fatigue life, friction shims led to an increase of 20% on the Airbus Fatigue Indicator, even for joints with geometrical defects. The numerical model showed that, at the same loading level, the joints with friction shims were transmitting less load through the bearing of the bolts, thus reducing the stress in the plates.

The next steps on this project are to run similar experiments with different plate material in particular aluminium and composite material widely use in the aeronautic industry. Corrosions risks will also be evaluated more intensively reading aluminium as this material is more sensitive to corrosion than titanium.
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  was possible to obtain similar results numerically by strongly increasing the friction coefficient and reducing the elastic slip.
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 9 Fig. 9. Comparison between experimental and numerical results for configurations without friction shim on top and with friction shim on the bottom

  

Table 1 .

 1 Specimen geometry calculation and values

		d	𝒅 ̃	a	L	e	p		W	t
	Calculation	-	-		18d+a 2d	4d	7d (static)	4d (fatigue)	d/2
	Value (mm) 6.35	6.38 (A), 6.88 (B, C)	70 184.3 12.7 25.4 44.45	25.4	3.175

Fig. 1. Specimen geometry definition, numerical model and in reality