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This study investigates the effects of cooling rate during heat treatments on the cyclic behavior and fatigue damage of 2017A aluminum type alloy. First, monotonic tensile tests were performed to quantify the evolution of the mechanical properties of the 2017A alloy. The obtained results allow us to observe that the nitrogen liquid quenching slightly increased the mechanical characterizations compared to the ice water quenching due to the quench sensitivity. With regard to the fatigue behavior study, cyclic strain imposed tension-compression loading tests at an amplitude of 0.3% were carried out. The obtained results show that the 2017A alloy demonstrates a cyclic hardening phenomenon for homogenized state up to failure, whereas the other states show a hardening up to cycle 100 and then a stabilization until rupture. In addition, the fatigue life is strongly affected by the cooling rate during quenching. Indeed, fatigue life is inversely proportional to the quenching temperature. However, the results have shown that by increasing the temperature the fatigue life increases also, but when reaching a maximum tempering temperature the fatigue life decreases. Scanning Electron Microscope (SEM) observations demonstrated that the dominant type of rupture is ductile. Moreover, considering that the failure is always in the maximum slip direction, we have deduced that the failure mode of the specimens is mode I.

INTRODUCTION

Aluminum alloys are widely used in the automotive and aerospace industries due to their high mechanical strength combined with low density and good fracture toughness. The high-strength aluminum alloy considered in the present study belongs to the Al-Cu alloys family. Such alloys were specifically designed for their useful mechanical properties in critical structural parts of aircraft. It contains copper (Cu) as a major alloying element and its hardening is obtained by thermal aging [START_REF] Khan | Experimental and numerical lifetime assessment of Al 2024 sheet[END_REF]. Indeed, heat treatments play a very important role in improving the mechanical of these alloys. A homogenization treatment, tempering and over-tempering, is commonly practiced for these alloys. The hardenability results from the interaction between the alloying elements and the applied heat treatment. It is well-known that the hardening of this alloy arises from Al2Cu and Al2CuMg precipitation, provided that the particles are finely and densely distributed [START_REF] Lados | Relationships between microstructure and fatigue crack propagation paths in Al-Si-Mg cast alloys[END_REF][START_REF] May | Analysis of the cyclic behavior and fatigue damage of extruded AA2017 aluminum alloy[END_REF][START_REF] Wang | Fatigue and fracture behaviour of structural Al-alloys up to very long life regimes[END_REF].

This work aimed to establish the heat treatment parameters and to progress in the understanding of the influence of this treatment on the cyclic fatigue behavior of alloy 2017A. Homogenization, rapid quenching and tempering heat treatments were carried out with control of the cooling rate by two types of quenching, one with ice-cold water and the other with liquid nitrogen. The influence of these treatments on the mechanical properties and fatigue behavior was evaluated at the macroscopic and microscopic scale.

EXPERIMENTAL PROCEDURE

Material and specimen preparation

The studied material is an AA2017 aluminum alloy with the average chemical composition given in Tab. To ensure the same microstructural state of the material and therefore the same initial mechanical properties, all specimens were heat treated according to homogenization annealing thermal cycle at 500°C for 6 h. The followed heat treatment consist to realize a structural hardening of specimens in three steps (Fig. 1): a solutionizing treatment at 500°C for 20 min, rapid quenching in salted ice water (0°C) or in liquid nitrogen (-200°C), and finally maturation or aging during 24 h at different temperatures (120°C, 180°C and 240°C). Finally, they were stored at -14°C to maintain the metallurgical state of the samples until the beginning of the test. 

Description of mechanical tests

To investigate the heat treatment effect on the fatigue behavior of 2017A aluminum alloy, two series of mechanical tests were carried out. In the first series, monotonic tensile tests were performed in order to identify the effect of thermal quenching in ice water or in liquid nitrogen on the mechanical characteristics of this alloy.

In the second series, fully reversed tension-compression fatigue tests were carried out in strain controlled cycles with a strain amplitude equal to ± 0.3% and a frequency of 03 Hz on the specimens subjected to the various stages and aging temperature of the heat treatment described above. The obtained lifetimes and stress response are compared to evaluate the heat treatments effect on the fatigue behavior.

EFFECT OF HEAT TREATMENT ON MONOTONIC BEHAVIOR UNDER TENSILE TESTS

The tensile tests results (conventional tensile curves) are presented in Fig. 2, from these curves; we can show the mechanical properties of the 2017A alloy under different states of heat treatments. Given the large number of the studied heat treatment states and in the objective of readability and comparison, it was considered necessary to present only the homogenization and quenching treatment states curves. Tab. 2 presents the mechanical properties of the 2017A alloy under different treatment states.

The observation of the tensile curves allow highlighting the cooling rate effect on the yield strength (elastic limit), the tensile strength and the elongation. Indeed, the quenched specimens showed an increase in mechanical properties compared to those with homogenization stage only. In addition, we noticed that the nitrogen liquid quenching slightly increased the mechanical characterizations compared to the ice water quenching due to the quench sensitivity. However, we have observed that Young's modulus is approximately identical for the different treatment states. 

EFFECT OF HEAT TREATMENT ON THE CYCLIC BEHAVIOR AND FATIGUE LIFE

As explained in the previous section, the effect of heat treatment on fatigue life has been investigated through the realization of fatigue tests under strain-controlled tension-compression in an amplitude of ± 0.3% on specimens initially subjected to the heat treatment described above. To give a first overview of the elastoplastic behavior evolution of the 2017A alloy in fatigue tests, the stress-strain loops comparison for the different metallurgical states are represented in the Fig. 3. The analyzed results in terms of the evolution of the stress amplitude show that the heat treatments have an effect on the behavior of the material studied (2017A) in cyclic loading. The cyclic behavior tests show a phenomenon of cyclic hardening for the homogenized state until failure, on the other hand the other states show a hardening until cycle 100 then a stabilization until failure (Fig. 4). However, the observed stress levels did not show a significant difference for the studied metallurgical stats. The values of the stresses remain more or less close, in particular during the quasi-plateaus at mid-life.

In order to evaluate the heat treatments effect on cyclic lifetimes in fatigue of the 2017A alloy, Table 3 provides a summary and comparison of the lifetimes obtained for each metallurgical stats. We find that quenching with ice water increases the fatigue lifetimes by a factor of 2 (~3100 cycles) compared to the homogenized state.

In opposition, the liquid nitrogen quenching was damaging (~1000 cycles) compared to the homogenization metallurgical state (1500 cycles), which can, due to excessive cooling, causes distortion or deformation in the specimens, and causes a very high level of internal stress. Furthermore, it can also be observed that the more the tempering temperature increases, the more the fatigue lifetimes also increases until reaching a maximum temperature (180°C) where it decreases. In order to understand the mechanisms of 2017A alloy failure under the applied treatments effect, microstructural analyzes were carried out using a Scanning Electron Microscope (SEM) on the fracture faces of the tested specimens (Fig. 5). It has been observed that the dominant type of rupture in this material is ductile. Indeed, the investigation of the morphologies of the rupture zones for all the specimens shows the presence of cupules. Inside the latter, precipitates remain stuck and propagation generally occurs in three sequences : (i) germination of cavities around inclusions, (ii) cavity growth and (iii) coalescence of the cavities leading to the appearance of a macroscopic crack. These cupules lead to the reduction of the active surface of the specimen until the rupture, consequently a ductile rupture occurs. Moreover, considering that the failure is always in the maximum slip direction, we have deduced that the failure mode of the specimens is mode I. 

CONCLUSIONS

The main objective of this work was to establishment of the heat treatments parameters, and to progress in understanding the influence of this treatment on the monotonic and the cyclic fatigue behavior of the 2017A alloy. We have found that using liquid nitrogen as a quenching liquid allows obtaining better mechanical characteristics (σy, σmax) compared to ice water in the case of monotonic characterization. However, the cyclic behavior tests showed that the 2017A alloy demonstrates a cyclic hardening phenomenon for homogenized state up to failure, whereas the other states show a hardening up to cycle 100 and then a stabilization until rupture. Moreover, the ductility drops drastically with the increase of the cooling rate, and it can be confirmed that the tempering temperature is proportional to the mechanical characteristics, until it reaches a critical temperature (threshold), where we have found that this proportionality is reversed. In the same way, obtained fatigue lifetimes confirmed that quenching with ice water showed an increase in lifetimes compared to the homogenized state, contrary to the liquid nitrogen quenching, due to excessive cooling. Scanning Electron Microscope (SEM) observations on the fracture faces has been demonstrated that ductile failure was dominant type for this material. Moreover, considering that the failure is always in the maximum slip direction, we have deduced that the failure mode of the specimens is mode I.
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 1 Fig. 1. Summary of the applied heat treatments.
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 22 Fig. 2. Conventional tensile curves of the 2017A alloy under the different treatments states.
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 3 Fig. 3. Comparison at mid-life of hysteresis loops of fatigue tests: (a) homogenization vs. quenching, (b) quenching in ice water and (c) quenching in nitrogen.

Fig. 4 .

 4 Fig. 4. Comparison of stress amplitude evolution of fatigue tests: (a) homogenization vs. quenching, (b) quenching in ice water and (c) quenching in nitrogen.
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 5 Fig. 5. Fracture faces SEM observations : (a) homogenization, (b) quenching in ice water (1) and (c) quenching in nitrogen (2), (d) (1) + tempering 180 °C and (e) (2) + tempering 180 °C.

1. Tab. 1.

  Average chemical composition of AA2017 aluminum alloy in % used in the study.

	Cu	Mg	Mn	Fe	Si	Zn	Ni	Cr	Al
	3.9-4.0	1.1-1.2	0.7-0.8	0.5-0.6	0.6-0.7	<0.21	<0.16	<0.10	rest

  Tab. 3. Fatigue lifetimes obtained for each metallurgical stats (Cycles).

	Metallurgical stats	Test 1	Test 2	Test 3	Average
	Homogenization annealing	1700	1500	1400	1533
	Quenching in ice water (1)	3200	3600	2600	3133
	(1) + Tempering 120°C	3300	3500		3600
	(1) + Tempering 180°C	5300	5600	5500	5467
	(1) + Tempering 240°C	4000	4800	4900	4567
	Quenching in liquid nitrogen (2)	500	1600	800	967
	(2) + Tempering 120°C	2600	2300	2100	2333
	(2) + Tempering 180°C	3100	inconclusive tests due to a	3100
	(2) + Tempering 240°C	2800	large dispersion	2800