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For industrial composite structures, fretting friction is a critical problem. Thermosetting resins are promising materials for these structures due to good mechanical and thermal properties. Two mechanisms of the propagation of fatigue cracks in bismaleimide resin, i.e., the effect of the temperature and the type of the stress ate studied.

INTRODUCTION

In modern industry, especially aircraft industry, increasingly lighter materials continue to grow in pop ularity. This strategy requires the replacement of metal alloys by organic and ceramic composites [START_REF] Grigor'ev | Directions of development of technology of object production from polymer composition materials by coiling method[END_REF][START_REF] Grigor'ev | Training of technologists for modernization of machine building complex of Russia, Spravochnik[END_REF][START_REF] Grigor'ev | Solution of machine engineering tech nological refinement problems[END_REF]. Dur ing operation, these materials experience severe vibra tion and the effect of elevated temperatures [START_REF] Maslov | Measurement of the roughness parame ters of a treated surface in turning parts fabricated from heat resistant alloys[END_REF][START_REF] Krasnovskii | A study of the process of continuous forming of nanocrystalline com posite powders[END_REF], which results in so called fretting friction on contact spots. Fretting is a contact loading phenomenon characterized by oscillation relative movement with a very low amplitude that leads to the surface nucleation of cracks and/or wear in the contact of two surfaces. It is shown that, during fretting, modes of fracture are governed by the amplitude of displacement. Low amplitudes cause partial sliding in the contact zone. In this case, the contact zone consists of the stationary central area and the surrounding annular sliding area. This sliding condition is characterized by a fretting loop of a closed elliptical shape, i.e., the ratio of the friction force to the applied displacement and favors the nucleation and propagation of cracks. As soon as the amplitude of displacements begins to exceed the transition region of the amplitude of displacement δ t , the global sliding condition becomes valid in the con tact zone. In this case, global sliding occurs within the whole contact zone and is characterized by a fretting loop of a quadratic shape. This mode of sliding is accompanied by increased energy of dissipation in the contact zone, as well as favors the formation of wear particles and their separation from the surface. Vingsbo and Soderberg [START_REF] Vingsbo | On fretting maps[END_REF], as well as Vincent et al. [START_REF] Vincent | Testing meth ods in fretting fatigue: a critical appraisal[END_REF], supplemented this analysis with fretting maps that rep resented various sliding conditions and corresponding fracture modes as functions of the amplitude of dis placement and the normal load (Fig. 1). Cracks mainly nucleate in the partial and mixed fretting modes, while wear occurs at high sliding amplitudes in the global sliding modes. In order to better understand a mechanism of the fracture of a composite material during fretting friction, it is initially necessary to study the behavior of the pure matrix.

The aim of this work is to investigate a temperature dependence of the fatigue characteristics of the ther mosetting bismaleimide resin during fretting friction. These resins are characterized by high thermal stabil ity at temperatures of up to 300°C, which exceeds the limiting operational temperature for epoxy resins. In addition, bismaleimide resin has a high elastic modu lus, excellent chemical resistance, good fatigue endur ance, and light weight [START_REF] Stenzenberger | Structural Adhesives: Develop ments in Resins and Primers[END_REF][START_REF] Terekhina | Investigation of tribological properties of polymer composite materials based on bismaleimide binder[END_REF]. In this work, two mecha nisms of the propagation of fatigue cracks are studied and the effect of the temperature and the type of the stress on the propagation of the cracks during fretting friction is shown.

METHODS

The nucleation and propagation of cracks were studied using a NENE electrodynamic vibrational sys tem (Fig. 2). During its operation, the normal force P is kept constant, while the friction force Q and the dis placement δ change. Therefore, the hysteresis loop Q-δ can be recorded by a software program used to obtain the numerical variables that include the energy of dissipation Ed, i.e., the area of the hysteresis loop (which is also related to the friction work done in a sin gle fretting cycle); the sliding amplitude δ 0 , i.e., the residual displacement at Q = 0; the tangential force amplitude Q*; and the displacement amplitude δ*.

The ball on plane arrangement was employed. The operating principle was based on the movement of a bearing steel specimen with a radius of 22.22 mm over a 4.1 × 20 × 25 mm rectangular polymer speci men under the effect of a constant normal load of 120 N (88.5 MPa). During tests, constant and variable displacement amplitudes were superimposed. In all tests described in this work, the frequency of the fric tion force was 10 Hz. In order to study the effect of the temperature on the propagation of cracks, the tests were carried out in a closed chamber with a constant relative humidity of 40-50% under room conditions, as well as at temperatures of 90 and 190°C. A qualita tive analysis of cracks is based on the measurement of the maximum surface length of a crack l, which is the first to nucleate at the boundary of the contact along the sliding direction and perpendicularly propagates the fretting stresses (Fig. 3).

When we speak of crack analysis, we usually mean the measurement of the length of a subsurface crack (b, mm). However, the measurement of such a crack requires the long and thorough preparation of the cross section surface, while the length of surface cracks can be directly measured by an optical or elec tron microscope. In order to establish an interrelation between these two values and to characterize the mor phology of a subsurface crack, some cross sections of experimental specimens were examined (Table 1).

The slope of these cracks is practically perpendicu lar to the surface plane (<15°) (Fig. 4a). Figure 4b confirms an almost linear correlation between l and b. In other words, in the three dimensional space, the morphology of a crack is presented by an elliptical shape at least in the studied length range. Therefore, the length of a subsurface crack can be expressed through the length of a surface crack as follows: b = Hl, where H = 0.0814. 

MATERIALS

The HexPly ® M61 bismaleimide resin (Hexcel Co., France) was tested for fretting. A standard vulca nization cycle of this resin included the stage of pre paring the resin in an autoclave at a temperature of 190°C for 4 h followed by independent vulcanization out of the autoclave at a temperature of 220°C for 16 h; the heating rate was 1 K/min. During the fretting tests of this resin, a bearing steel counterbody was used. Table 2 presents the mechanical characteristics of the materials.

RESULTS AND DISCUSSION

Description of Crack Propagation

Using electron microscopy, it has been found that, irrespective of fretting friction modes and the temper ature, the nucleation and propagation of two symmet ric cracks located at the boundaries of the contact along the central axis are first to be observed (Fig. 5a).

Here and below, these cracks, referred to as "primary cracks," propagate by the progressive fatigue mecha nism perpendicularly to the sliding direction. They are observed under all sliding conditions at a fairly great friction force. Observations of the cross sections have also revealed the appearance of so called numerous secondary microcracks. The location of these microc racks depends on the sliding region; in the partial slid ing mode, they are restricted to the sliding ring, but, in the global sliding mode, they appear over the whole contact zone (Fig. 5b). These microcracks are usually very short (shorter than 5 µm) and are located at an angle of 45° to the surface plane. This packet of the microcracks favors the separation of fatigue particles and the formation of a protective third body layer with time (Fig. 5c). Since these secondary microcracks 1).

have a slight effect on the contact zone as a whole, this analysis will mainly be focused on the phenomenon of the nucleation and propagation of primary cracks.

Dynamic Analysis of Crack Propagation

The dependence of the process of the propagation of fretting cracks on the cyclic shear of the surface and the friction force amplitude is studied. Figure 6a shows the dependence of the friction force on the number of fretting cycles at two constant amplitudes, including the global and mixed sliding modes, respectively. The observed differences in the process of the propagation of fretting cracks are due to the dependence on fluctu ations of the coefficient of friction resulting from sur face fracture during global sliding. In the global sliding mode, the coefficient of friction has reached the max imum value for less than 2000 cycles (from µ = 0.3 to 0.83). It then decreases to 0.8 and becomes stabilized because of the formation of a third body. Initially, the mixed sliding mode demonstrates a similar behavior of this process. However, as soon as the coefficient of friction reaches a transition value at which the contact tends to the partial sliding condition, the friction force becomes stabilized. It should be noted that, after the transition to the partial sliding region, the ratio Q*/P can no longer be related to the coefficient of friction, since a part of the shear stress is controlled by elastic accommodation in the stationary contact zone.

As was expected, the fracture process can be con trolled by the amplitude of contact stress and the loading history, i.e., the accumulation of damage. In the beginning of the tests and at low amplitudes of friction force, no damage is observed (region I). However, the higher the friction force amplitude, the more rapidly the nucleation of primary cracks takes place (region II). As was noted above, the nucleation of secondary cracks was controlled by stable sliding conditions. When partial sliding occurs, the secondary cracks are restricted to the outer sliding region of the contact zone; when global sliding occurs, the second ary cracks nucleate and propagate over the whole con tact zone (region III).

The propagation of fretting cracks may also develop by a different mechanism. Figure 6b shows the depen dence of the steady friction force amplitude, i.e., the amplitude achieved after 50000 cycles on the superim posed displacement amplitude. During partial sliding, the friction force linearly increases until the maximum value is reached (µ t = 0.83), which corresponds to transition to the mixed sliding mode. The friction force is them somewhat decreases and, when the glo bal sliding occurs, gets stabilized at the value µ stab = 0.8 at which a protective third body layer is formed. Therefore, during global sliding, the coefficient of friction is characterized by the value µ stab in addition to the maximum transient state µ t .

These values of the coefficient of friction are pre sented in Table 3 for different values of the tempera ture and normal load. As was mentioned above, it has been shown in this work that no cracks nucleate on the contact surface until the cyclic load of the friction force remains below the crack nucleation limit (I). Above this value, which is close to the mixed sliding mode, a primary crack occurs (II). As the friction force increases to the maximum value in the mixed sliding mode, the primary crack grows and secondary cracks simultaneously appear within the sliding ring (II). As soon as the contact zone transits to the global sliding mode, the secondary cracks propagate over the whole contact zone (III) (Fig. 6b).

In order to explain the nucleation of primary cracks, the surface distribution of the maximum Tresca tensile and shear stresses for two sliding condi tions, i.e., partial and global sliding is presented in Fig. 7 with allowance for the Hertz-Mindlin elastic theory [START_REF] Mindlin | Compliance of elastic bodies in contact[END_REF]. Subsurface stresses were calculated using the FORTRAN code that considered both the contact pressure and the surface shear stresses determined by the Mindlin expressions together with the analytical Gamilton expressions for subsurface stresses etc. [START_REF] Hamilton | Explicit equations for the stresses beneath a sliding spherical contact[END_REF]. An analysis of the data obtained shows that the maxi mum tensile stresses arise at the boundaries of the con tact, while the maximum shear stresses are uniformly distributed over the sliding region. For an undamaged surface, results of this analysis should be accepted with caution in the case of a long crack. Assuming that pri mary cracks permanently appear at the boundaries of the contact and propagate nearly perpendicularly to the contact surface, i.e., perpendicularly to the direc tion of the maximum principal stresses, it can be con cluded that cracks in the bismaleimide resin, included the nucleation and propagation stages, are mainly controlled by the tensile stress component. This indi cates the brittle behavior of the resin below the glass transition temperature (T < T α ≈ 265°C).

Analysis of Propagation of Crack under Effect of Plane Fretting Stresses: Influence of Temperature on Condition of Crack Arrest

In order to elucidate how the temperature affects the propagation of a crack, we carried out tests at tem peratures of 20, 90, and 190°C for mixed (Fig. 8a, δ* = 30 µm, Q* = 90 N) and global (Fig. 8b, δ* = 100 µm, Q* = 100 N) fretting modes of sliding. It has been found that, under the effect of plane fretting stresses, the crack initially propagates very rapidly and reaches a stable maximum length after 10000 cycles. This evolution of the length of the subsurface crack can be explained by the rate of its propagation (Fig. 9). An initial crack induced by the effect of the very criti cal contact stress is characterized by a high stress intensity function and, therefore, high propagation rates. However, under the surface, the contact stresses grow so that the deeper the crack, the lower the value of the stress intensity function. Figure 9 shows a pro gressive decrease in the rate of crack propagation.

The rate of crack propagation decreases until the superimposed value of ΔK remains less than the crack arrest limit ΔK_th below which the crack is arrested, i.e., when ΔK < ΔK_th and db/dN = 0. This fact of crack arrest results in a permanent increase in the maximum crack length after N > 20000 cycles. One of the interesting conclusions drawn from this analysis is that the maximum crack length lca is indirectly related to the crack arrest limit ΔK_th. The greater the crack length lca the less is ΔK_th. With allowance for results of studying the mixed sliding mode in which wear does not result in transformations on the contact surface (δ* = 30 µm), at temperatures of 20, 90, and 190°C, changes in the maximum crack arrest lengths are 2, 3.2, and 3.7 mm, respectively. Since, at these temper atures, the superimposed cyclic amplitude of the fric tion force is nearly the same, it was supposed that the effect of the temperature substantially reduces the crack arrest limit for the bismaleimide resin ΔK_th.

Between 20 and 90°C, a decrease in this characteristic is very noticeable and, between 90 and 190°C, it is less marked. It should be noted that, above 190°C, the mechanical characteristics of the polymer material drop sharply; a slightest increase in the crack length can be due to a substantial decrease in the contact stress because of contact area expansion.

It should be noted in conclusion that a qualitative analysis of conditions of crack attest requires a com plete viscoelastic plastic contact analysis to be carried out, including modeling a three dimensional crack [START_REF] Kremnev | On correlation of linear and nonlinear mechanics criteria of material failure[END_REF][START_REF] Grigor'ev | Prospects for tools with ceramic cutting plates in modern metal working[END_REF]. This complex study is beyond the scope of this work and, therefore, the analysis presented is restricted to quantitative description.

CONCLUSIONS

This work was aimed at investigating the contact fatigue behavior of the bismaleimide resin under the effect of plane fretting loads at various temperatures. It has been found that the nucleation and propagation of so called primary cracks at the boundaries of the con tact are one of the main mechanisms of fracture during the fretting friction of the bismaleimide resin. This location corresponds to the point of contact where high cyclic tensile stresses arise. For various sliding modes, three regions were determined that correspond to no damage, the nucleation of a crack, and the prop agation of primary cracks at temperatures of 20, 90, and 190°C. It has been found that, at temperatures of 90 and 190°C, cracks nucleate and propagate faster than under normal conditions. This is explained by the brittle behavior of the bismaleimide matrix at T < T g = 263°C.
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 12 Fig. 1. Fretting maps of contact of bismaleimide resin with bearing steel for various temperatures: (PSM) partial sliding mode; (MSM) mixed sliding mode; (GSM) global sliding mode; black circles are experimental points corresponding to process of crack nucleation.
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 3 Fig. 3. Schematic description of morphology of primary cracks: l is surface crack length; b is subsurface crack length.
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 4 Fig. 4. (a) Surface of cross section of specimen with crack (δ = ±30 µm, P = 120 N, N = 10 4 cycles, t = 20°C); (b) ratio of subsurface crack length b to surface crack length l (Table1).
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 56 Fig. 5. Nucleation and propagation of cracks during fracture of polymer material: (a) propagation of primary cracks over bound aries of contact (20°C, δ* = ±30 µm, 10 4 cycles); (b) propagation of secondary cracks in partial sliding mode (20°C, δ* = ±30 µm, 2 × 10 5 cycles); (c) secondary cracks filled by third body in global sliding mode (20°C, δ* = ±100 µm, 2 × 10 5 cycles).
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 7 Fig. 7. Evolution of maximum surface stress depending on number of fretting cycles ((1) σ 1max is maximum principal stress, MPa; (2) T max is maximum shear stress, MPa) for two presented sliding conditions (bismaleimide resin (20°C)/bearing steel, R = 22.22 mm, P = 120 N, a = 807 µm, p max = 88 MPa): (a) partial sliding condition: k = c/a = 0.8, Q*/µP = 0.5 and (b) global sliding condition: k = c/a = 0.0, Q*/µP = 1.0.
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 89 Fig. 8. Evolution of maximum surface crack length l depending on number of cycles at various temperatures: (a) mixed sliding mode (P = 120 N, δ* = 30 µm, Q* ≈ 90 N (average values)); (b) global sliding mode (P = 120 N, δ* = 120 µm, Q* ≈ 100 N (average values)).

Table 1 .

 1 The behavior of a crack in contact of bismaleimide resin with bearing steel under steady partial sliding condition (a is contact zone radius and c is radius of stationary contact zone in partial fretting mode)

	δ*, ±μm	P, N	Q, N	N, cycles	T, °C	a, mm	c, mm	c/a	l, mm	b, mm	α, deg
	30	120	94	80000	20	0.8	0.7	0.88	2	0.18	84
	30	120	96	10000	90	0.8	0.7	0.88	3.1	0.253	84
	30	120	96	80000	90	0.8	0.7	0.88	3.4	0.28	85
	30	120	84	7000	190	0.9	0.83	0.92	3.3	0.265	87
	30	120	81	80000	190	0.9	0.8	0.89	3.8	0.3	87

Table 2 .

 2 Mechanical characteristics of bearing steel and bismaleimide resin at room temperature (temperature of bismale imide resin T α corresponds to glass transition temperature at frequency of 10 Hz)

	Materials	E, GPa	ν	σ u , MPa	σ 0.2 , MPa R a , μm	Hardness	T α ,	°C
	AISI 52100	210	0.3	2200	2000	0.1	60-67 HRC	-
	Bismaleimide resin 3.58 (V = 0.1 mm/min) 0.35 35 (V = 0.1 mm/min)	-	0.778 81 Shore D	265
		(a)		(b)	(c)			
		δ*	δ*		δ*			
		Primary cracks	Primary cracks	Secondary Third cracks body			
		1 mm		1 mm		2 mm		

Table 3 .

 3 Coefficient of friction in transition from mixed to global sliding of contact of bismaleimide resin with bearing steel at various temperatures under various normal loads (f = 10 Hz)

	T, °C	20	90	190
	P = 30 N δ t (±μm)	14	16	
	μ t	1.00 ± 0.10 1.2 ± 0.05	
	μ stab	1.08 ± 0.02 1.1 ± 0.02	
	P = 120 N δ t (±μm)	35	38	50
	μ t	0.83 ± 0.02 0.86 ± 0.02 1.00 ± 0.02
	μ stab	0.80 ± 0.02 0.95 ± 0.02 1.09 ± 0.02
	P = 250 N δ t (±μm)	60	62	
	μ t	0.76 ± 0.02 0.78 ± 0.02	
	μ stab	0.78 ± 0.02 0.80 ± 0.02