C Stephan 
email: cyrille.stephan@onera.fr
  
Experimental identification of the dynamic behaviour of a bolted joint

In this paper, the dynamic behaviour of bolted joints is experimentally studied by means of a dedicated test bench. It is composed of a high load piezo-actuator with long range (up to 180 micrometers), a controller for the actuator and a 3D force cell. Displacements are measured by a set of capacitive sensors and a strain gauge located inside the actuator. Several pieces of bolted joints with similar geometry have been tested, for different roughness of surfaces in contact; furthermore a monolithic version has also been machined, to be used as a reference. Dynamical runs were performed at several values of torque, force displacement levels and excitation frequency. Post-processing of signals leads to the dissipated energy, apparent stiffness and equivalent damping as a function of amplitude, torque and frequency excitation values. Analysis of data gives insights about the influence of bolted joints on the evolution of modal parameters versus displacement, often observed during modal tests.

Introduction

Bolted joints are extremely widespread in industrial structures (aircraft, cars, trains,...). Even if their main function consists in ensuring a static connection between elements, their presence also has a major influence on the dynamic behaviour of structures [START_REF] Ewins | Modal Testing: Theory and Practice[END_REF]. Indeed, when a structure is excited by a dynamic excitation, a part of its kinetic energy is converted to heat through two mechanisms of damping. The first one is internal to material: during a cycle of vibration, material can accumulate energy during load, but not release it entirely during unload. The second source of damping takes its origin through micro-slip at joints.

In order to be able to discriminate between both phenomena, here we focus on metallic materials. Indeed, modal damping of monolithic pieces of metal (pieces without joints) is usually very low (<0.1%), while modal damping of metallic structures assembled by joints is generally much higher (~1%). Hence, for a structure made of several metallic pieces, the internal damping of material can be neglected compared to damping coming from joints.

When two parts jointed by a bolt vibrate, a relative movement between them can exist, even if the order of magnitude is micrometer. Micro-slip generated by this movement creates a source of energy loss localized to contact surfaces (see Figure 1). This process is extremely complex because it involves several physical phenomena at different scales of time and space. Indeed, if one wants to precisely study the dynamics at interfaces, it is necessary to take into account machining defects, including the roughness of parts. When two surfaces are linked by a bolt, contacts are not made on the whole area of nominal surfaces, but on the emerging asperities of surfaces. This requires considering both the behaviour of contacts at the asperity level on a microscopic scale, but also the behaviour of the structure at the macroscopic level. In addition, the wear of the surfaces in question, their running-in, the presence of initial foreign bodies or debris resulting from wear as well as temperature variations are parameters influencing the dissipation process [START_REF] Wang | Encyclopedia of Tribology[END_REF]. These approaches to friction (microscopic and macroscopic) are generally studied by two distinct disciplines: tribology and structural dynamics. These disciplines have evolved separately because they operate on scales that are difficult to unify. Despite this compartmentalization, rigorous modeling of damping should include the interactions between them, taking into account the highly multiscale nature of physical phenomena [START_REF] Eriten | Physics-based modeling for fretting behaviour of nominally flat rough surfaces[END_REF].

Although a complete modeling is not yet feasible, it is at least possible to characterize, or even to quantify, the impact of the presence of a joint on the modal behaviour of a structure [START_REF] Worden | Nonlinearity in Structural Dynamics[END_REF]. This can be done by identifying meta-models from the response of a joint when it is subjected to dynamic forces [START_REF] Gaul | Nonlinear dynamics of structures assembled by bolted joints[END_REF]. By plotting the force versus displacement signals, a curved ellipse is usually obtained, showing the apparent stiffness of the joint by its fitted slope, and the energy loss by its internal area (see Figure 2) [START_REF] Dion | Improvment of measurement techniques for damping induced by micro-sliding[END_REF]. 

Test bench

The purpose of this test bench is twofold: to apply and to measure a force-displacement relationship of a bolted joint, for different conditions of mechanical operation and excitation. The main elements are presented on Figure 3: • a frame, • a piezo-actuator, • 4 capacitive sensors, • a tri-axial force cell,

• a test piece.

The piezo-actuator, a P-235.9S model from Physik Instrumente, can generate movement along one axis for high load (up to 30 kN in push direction) and relatively long course (180 micrometers) for such a device. Due to piezo technology, these extremal values depend on the specimen under test. Internal strain gauges derive the position information from their expansion, providing accurate and clear displacement signal in the nanometer range. The actuator is associated with an amplifier and a controller, enabling a motion at its tip proportional to the applied voltage. This actuator can push, but is not designed to pull; thus if a sinusoidal motion of +/-A µm is required, it is necessary to also apply a static motion of at least 2A.

Figure 3: Main elements of the test bench

The test specimen undergoes on its upper side a controlled motion by the piezo-actuator, and is blocked on its lower side by a 3D force cell. This device measures the reaction force, along the main axis (here Z axis see Figure 1), as well as the other force components of the normal surface (XY). In fact, the piezo-actuator can sustain very high load along its main axis, but only low values of shear loads (max 147N). So it was necessary to control these components, at least indirectly at reaction surface.

Micro-displacements were measured using capacitive sensors (Fogale technology) at 4 positions, on either side of the vertical motion, and on both lateral sides. The voltage measured by a capacitive sensor is sensitive to the gap between its head and an object, but depends also on the nature of the object (material, shape) itself; then a curve of sensitivity needs to be carefully obtained before each series of experiments. By taking appropriate precautions during mechanical operations, reproducible measurements were obtained in the micrometer range. Test pieces were designed to represent elementary bolt assemblies. They are made of 3 parts, linked by a bolt (diam. 10 mm) in the middle (Figure 5, bolt not represented). They are symmetrical along the XZ plane, in order to enable a motion of surfaces mainly along Z direction. Two versions were machined by varying the roughness of surfaces in contact: Ra=0.8 µm (good quality) and Ra=3.2 µm (medium quality). A third version, called monolithic, follows the same geometry, but is made of only one machined piece. It is used as a reference during experiments, because it has no surfaces in contact: then all the damping for this piece comes from the material itself. All pieces were made in alloy AU4Pb.

Experiments

The purpose of the experiments was to obtain a series of force-displacement curves, by varying torque values, displacements of the piezo-actuator, for each test piece.

Torque values were varied from 10 to 60 Nm. The range 10-40 Nm is tested here for visualizing trends, but in practice this kind of bolt performs its static function of link between 40 and 60 Nm. Torque was applied using a torque wrench FACOM E.306-340D with +/-2% of accuracy.

Since the piezo-actuator can only push, a static displacement must be applied to enable dynamic displacements. As the maximum available range of the actuator is 180 µm, by convention a static displacement of 90 µm was applied for all the experiments, thus potentially providing the full range during tests.

Fixed sines signals excited the test piece at distinct displacements from 9 to 54 µm and at several frequencies from 1 to 80 Hz, far below the first flexible mode of the test piece alone. The upper limits on amplitude and frequency were a compromise based on the maximum power that could be delivered by the electronic amplifier of the actuator.

By convention, the plotted displacement is the relative motion along Z direction between sensors #1037 and #1039 (Figure 4); anyway sensors #1038 and #1040 gave similar results. Components of force along X and Y directions were always very low (<1% of Z component); only the component along Z direction was kept for post-processing, thus confirming the symmetry of motion.

An example of such a run is plotted on Figure 6. • its increasing path: raise of force/displacement over time,

• its decreasing path: diminution of force/displacement over time,

• the area internal to the paths: energy loss over a cycle (of the order of mJoule),

• the slope of the cycle: it corresponds to the apparent stiffness of the tested piece (given in N/µm).

Area and slope can be identified by 2 different techniques. In the first approach, the internal area can be computed by numerical integration of both paths and the slope can be approximated by a linear polynomial regression. Then each cycle over time gives values of energy loss and apparent stiffness. By averaging these values over multiple cycles, errors due to noise measurement and identification technique can be significantly reduced.

The second approach is outwardly more elegant: it consists in an ellipsis fitting of the cycle. Indeed in a linear regime, a hysteresis curve of a single-degree-of-freedom can be modeled by an ellipsis. Parameters of the ellipsis can be identified over several cycles of oscillation, reducing the sensitivity to measurement noise. Internal area and slope are then computed by classical formulae for ellipsis.

Unfortunately, at amplitudes involving micro-slip, the hysteresis curve no longer looks like an ellipsis, as can be seen on Figure 7. This approach is still valid at lower amplitudes, but not really useful here since the focus is more critical on higher amplitudes. In the following only the first approach is kept, even if it is more sensitive to noise measurement. It could be noticed that hysteresis curves plotted on Figure 7 were the most distorted cases; at lower displacement amplitudes, curves were much closer to ellipses. In a run, the applied amplitude is gradually increased until reaching its nominal value. From this value, by plotting the evolution of the apparent stiffness versus number of cycles, an adjustment delay was regularly observed before the joint reaches a stable dynamic behaviour (see Figure 8). As a consequence, for this study, energy loss and apparent stiffness values will be provided after a hundred cycles, to give enough time for the dynamic behavior of the joint to stabilize around a stationary state. 

Data analysis

Evolutions of energy loss and apparent stiffness for the two assembled test pieces (Ra=0.8 µm and Ra=3.2 µm) are presented on Figure 9 and Figure 10, for different cases of torque values. For each test piece, corresponding values of the monolithic version are also shown to serve as references. The excitation frequency is 1 Hz. From a qualitative point of view, curves of both assembled pieces follow the same trends. For a constant applied displacement, the higher the tightening torque, the higher the energy loss. When the tightening torque is the highest, curves of both assembled pieces tend to get closer to the monolithic, without reaching them.

For the apparent stiffness, the influence of the tightening torque is more obvious: the higher the tightening torque, the higher the apparent stiffness. This confirms the intuition that, the more you tighten, the more the surfaces linked by the bolt are under pressure. Surfaces in real contact (asperities at the microscopic level) should be increasingly extended, until reaching a maximum which would correspond to the nominal surfaces in contact. Then the assembled pieces would behave like the monolithic version.

In practice, it also depends on Ra. For a roughness coefficient Ra=0.8µm (Figure 9), corresponding to good quality of surfaces, apparent stiffness values tend to reach the monolithic curve. On the other side, for Ra=3.2µm, corresponding to medium quality of surface, the apparent stiffness for a torque can be even higher than the monolithic version.

Beyond To=20 Nm, apparent stiffness is quite independent of vibratory amplitude for both assembled pieces, like for the monolithic version. Only one case (Ra=0.8µm, To=40Nm) showed a clear decrease, without obvious explanation. In general, it is really necessary to descend to low tightening torques (To<20 Nm) to observe a tangible decrease in the apparent stiffness for high amplitudes. In both assembled pieces, the higher the tightening torque, the higher the energy loss. To properly analyze the evolution of energy loss, it is useful to recall its analytical expression for a simple linear one-degreeof-freedom system with k the stiffness, c the damping coefficient (physical space), xm the maximum vibratory amplitude in a cycle and = 2!" # the angular frequency of excitation.

In the particular case of = $ (angular eigenfrequency), then the modal damping ratio is given by For a purely linear system, this ratio should be constant, whatever the vibratory amplitude is. If this ratio shows a dependency versus xm, then it proved that either k, or c, could be sensitive to values of xm.

Evolutions of this ratio for an assembled piece (Ra=3.2 µm) are given on Figure 11, in comparison with the monolithic version (the second version with Ra=0.8 µm gave similar trends). Two observations can be done.

• The monolithic shows a quasi-stationary tendency: its behaviour may then be concluded as linear.

• For the assembled version, the weaker the tightening torque, the higher the ratio. Besides, there is a clear change of behaviour for xm>40 µm and To<40 Nm. However, it is not yet obvious whether it is k, or c, or both of them which depend on xm. For a linear structure, this coefficient c should be constant, and in particular independent from the excitation frequency ω and the vibratory displacement xm. Its value is computed from measurements for different frequencies and two extreme cases of torque 5 Nm and 50 Nm (Figure 13). It shows that c is strongly dependent on ω (logarithmic scale on ordinate axis). Besides, if the torque is low (5 Nm, figure on the left), then c depends also on xm. On the other side, if the torque is high (80 Nm, figure on the right), then c is almost independent of xm: it behaves linearly.

From these observations, an empirical law for the expression of c may be proposed as a product of 2 independent functions:
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When the excitation frequency ω is fixed, then

• if the torque value To is weak, then θ depends on the vibratory displacement xm;

• if the torque value To is high, θ is almost constant, so is c: the structure behaves then linearly.

In practice, the torque applied on a bolted joint is almost always high, because it needs to fulfill its function of static link. Hence for a fixed sine excitation, the physical damping coefficient c can be considered as constant. On the other hand, for variable excitation frequency, the evolution of c depends on the variation of ω, but not on xm.

As a consequence, when a structure assembled with bolts is tested by modal analysis, variations of modal damping ξ may not be due to a dependency of c to displacement xm, but to the dependency of apparent stiffness k versus xm, and mostly to the dependency of c to excitation frequency ω (particularly visible during a sine sweep excitation).

Conclusion

A test bench was designed to study the dynamic behaviour of a bolted joint. It combines a piezo-actuator with a controller to precisely apply displacement on the side of a test piece. Force and micro-vibrations were respectively measured by a tri-axial force cell and by capacitive sensors. Data analysis showed that apparent stiffness and energy loss are highly dependent on mechanical and test conditions. In brief, apparent stiffness is highly dependent on vibratory displacement, while damping coefficient mostly depends on excitation frequency for a strong torque applied on the bolt. Besides, it could also suggest that variations of modal damping for structures assembled by bolted joints are mostly due to sensitivity of apparent stiffness, and to a lesser extent to variations of physical damping coefficient.
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