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Abstract The severe operating conditions under cyclic variation in temperature and constraints have exposed
many industrial components to the phenomenon of thermal fatigue. In order to study the behavior of the
aluminum alloy 2017A in thermal fatigue, the alloy is submitted to a cyclic thermal load. The effect of cycling
in temperature on the macroscopic behavior were observed through the changes of the microstructure. Two
important parameters of thermal cycles were taken into account; the first is the maximum temperature Tmax
reached in a cycle. The second factor considered is the number of cycles applied. The results show a softening
when the number of cycle increases. This evolution is accentuated when Tmax is high. This fall of hardness is
due to the decomposition of the precipitates, which is responsible of the hardening of material.
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1. INTRODUCTION

Thermal fatigue is an almost ubiquitous phenomenon in our environment both in everyday life and in
the industrial field. In fact, fluctuations in temperature, whether seasonal, weekly, daily, or more
frequent, have a damaging character because these fluctuations are repeated over time. Let's briefly
mention some examples: the peeling of the paint due to coupled effects of variation of humidity and
temperature, the cracks that form at the bottom of a coffee cup due to the many fillings of hot liquid in
a cup whose walls are significantly colder.

In most cases, the mechanical parts are designed to withstand static mechanical loadings or, at best,
mechanical fatigue. It is sometimes found that these parts are subject to significant temperature
variations that can cause the material to break down by cracking and prematurely ruin these parts. The
phenomenon is commonly called thermal fatigue.

An example illustrating the effects of thermal fatigue is given below in the nuclear field, which
represents a significant part of the electricity production. However, its exploitation presents a lot of
risks, in particular the problem of radioactive fluid leaks. In 1998, on the site of the Civaux nuclear
power plant located in the department of Vienne, a leak was observed on the weld seam of the mixing
tee of the hot and cold fluids of the secondary cooling circuit. After expertise, a crack opening 180
mm long on the outer skin of the elbow was detected. In addition, cracking networks with cracks
limited to 2-3mm in depth were observed. The appearance of the networks of cracking made it
possible to conclude that this leak had for origin, the thermal fatigue [1].
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In order to enhance understanding of thermal fatigue phenomenon, many studies were conducted. A
comparative study on the change of microstructure under thermal loading of two aluminum alloys
was presented in details in [2]. The conducted study consists in applying a cyclic thermal loading on
the two aluminum alloys 2017A and 4047. A change in the mechanical properties reflected by a drop
in hardness as a function of the number of cycles was observed in both alloys due to microstructural
changes.

Sasaki in reference [3] reproduced in his thermal fatigue tests on the aluminum alloy 319(according to
ASTM designation system), work-conditions under which cylinder head of a diesel motor are
subjected. After the thermal fatigue tests, two types of precipitates were observed and categorized
into needle-like and ellipsoidal-like. This study led to the conclusion that thermal fatigue life is
influenced by temperature range, cycle period, strain range, and mean strain.

The purpose of this work is to give a contribution by an experimental study of the thermal fatigue
behavior of the 2017A aluminum alloy. Our main objective is to study the effect of heating and
cooling cycles on the microstructure of the chosen alloy. A thermal fatigue device designed at the
Laboratory Materials Engineering ensures the temperature cycling. Two parameters are considered,
namely: cycle number and maximum heating temperature.

2.PRESENTATION OF THE STUDY MATERIAL

2.1. Chemical Composition and Mechanical Properties

The material used in the study is the aluminum alloy 2017A. The analysis of the chemical
composition of the alloy was carried out by means of SPECROLAB spectrometer. The analysis
revealed the chemical composition presented in Table 1. which is equivalent to the standard

specification for A2017 aluminum alloy taken from [4].

Table 1. Chemical analysis results (wt%).

Element Result
Copper (Cu) 4.339
Manganese (Mn) 0.586
Iron (Fe) 0.700
Silicon (Si) 0.990
Zinc (Zn) 0.211
Magnesium (Mg) 0.931
Aluminum (Al) Bal.

The mechanical properties of the study material are shown in Table 2.

Table 2. Mechanical properties of the 2017A aluminum alloy [4].

Mechanical properties Result
Yield strength Re [MPa] 4.339
Tensile strength Rm [MPa] 0.586
Elongation A (%) 0.700
Hardness (HV) 0.990
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2.2.Metallographic Observation of the Study Material in the As-received Condition

The preparation of a sample of the material for microscopic examination consists of sampling,
coating, polishing and finally, chemical etching by the Keller reagent. As the material is delivered in
the form of extruded bars, Metallographic preparation of longitudinal and transverse sections to the
rolling direction were performed. Figure 1. shows the results of the optical micrographic observation.

Figure 1. Micrograph of the alloy 2017A: (a) longitudinal section and (b) transversal section.
3.THERMAL FATIGUE TESTS
3.1. Specimen Geometry
The thermal fatigue tests were carried out on tubular cylindrical specimens with a thickness of 2 mm

(in the useful zone). The specimens were taken and machined from cylindrical bars of dimensions
®30x130mm. Figure 2. shows the geometry and the dimensions of the test specimen.

Figure 2. Geometry and dimensions of the thermal fatigue test specimen.
3.2. Experimental Procedure

The thermal fatigue device used exploits the principle of joule heating. An electric furnace with a
nominal power of 1000W allowing to reach the temperatures of the order of 500 ° C on the outer
surface of the specimen. Cooling is achieved by circulating water inside the specimen (tube) with a
constant flow rate of 7.5 1 / min, and the face is exposed to the open air and cooling is obtained
therefore, by Natural convection. A schematic representation of the device is shown in Figure 3.
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Figure 3. Schema of the thermal fatigue test device.

Given the time of a cycle; relatively high (more than three minutes), a moderately fast data
acquisition system with microcomputer data storage was developed. This microcomputer is linked to
a SCXI-1000 signal conditioner that amplifies weak signals, isolates them and filters them to obtain
more precise measurements.

An interface for data acquisition was developed with LabView software. It ensures the acquisition
and continuous recording, over several channels, the temperature as a function of time. The
thermocouple used is of type K, of diameter 0.1 mm, glued on the external surface of the specimen in
the middle of the useful part.

In order to follow the evolution of the temperature over time, we glued a thermocouple of type k of
diameter 0.1mm on the external surface of the specimen in the middle of the useful part. The thermal
cycles obtained on the outer surface of the test piece are shown in Figure 4. The control of the
temperature of the furnace is done by another thermocouple.

The cycling in temperature is done without the intervention of the operator. Simply specify the
setpoint values (Tmax and Tmin) on the control interface and start the test. As soon as the temperature
of the specimen reaches the value Tmax, the water pump starts automatically to ensure the cooling of
the specimen to the temperature Tmin.
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Figure 4. Thermal cycles applied to the thermal fatigue specimen.
During cooling, the oven remains energized in order to minimize heating time during the next cycle.

Table 3. presents all the thermal cycles adopted in this study. The minimum temperature of the

thermal cycle (Tnin) was kept constant at 80 ° C for all tests, while the maximum temperature (T p,x)
was varied between 200°C and 280°C.

Table 3. Adopted thermal cycles.

Oven power [W] 1000
Tmin [°C] 80
Tmax [°C] 200-280

Heating time [s] 210-300

Cooling time [s] 35-45

There are two types of tests, commonly called "interrupted" and "continuous" tests. The interrupted
tests are used to follow the evolution of mechanical properties in the surface of the specimens during
cycling (oxide layer, hardness, etc.). Continuous tests are destructive and allow the termination of
softening and changes in microstructures. In our case, continuous type tests are performed. Table 4.
shows the number of cycles at a standstill for the continuous tests considered in this study.

Table 4. Number of cycles at the end of thermal fatigue tests.

o Duration of
Tmax [°C] thermal cycle [s] Number of cycles
200 210 1000 | 5000
280 300 10 | 1000 [ 3000

4. RESULTS AND INTERPRETATIONS
4.1. Influence of Thermal Cycling Factors on Hardness

In order to study the influence of thermal fatigue on the mechanical properties of aluminum alloy
2017A, hardness tests on different specimen having undergone different cycling are carried out, in
other words, different number of cycles at different maximum temperatures Tmax. Hardness tests are

realised by indentation of a Vickers indenter with a load of 30 kg. The results obtained are shown in
Figure 5.
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Figure 5. Evolution of hardness as a function of cycle number and T ;.

It can be observed from the results, that the hardness decreases linearly with In (N), and this evolution
is more pronounced for the tests at Tmax = 280 ° C, the trend curve passes virtually by all points.

It should be noted that the hardness difference between the tests at 200°C and 280°C becomes larger
when In (N) increases. This difference can be seen after 10 cycles only, the hardness goes from
154(HV) in the initial state up to 140(HV) at Tmax = 200°C, and it reaches 131 (HV) at Tmax =
280°C

To be able to interpret the results obtained, it is preferable to have a prior idea of probable events.

The hardness drop is probably due to the following:

. Migration of the precipitates towards the core of the part in this case A12Cu precipitates which
are harder than pure aluminum (o phase),

Migration of precipitates to grain boundaries,

Reduction in the total area of the grain boundaries,

Movement of dislocations,

Increase in the number of gaps.

The third hypothesis is ignored since the chemical etching done has not allowed us to see grain
boundaries for samples with a high number of cycles. As the means of characterization put at our
disposal do not allow us to verify hypotheses four and five, the only possibilities that remain are the
first and the second.

To identify the exact cause that led to the hardness decrease, an analysis of the microstructure at
different stages of thermal fatigue must be performed, which allows a correlation between the micro
and macroscopic properties of our alloy.
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4.2. Influence of Thermal Cycling Factors on Precipitation Rate

Samples taken from several specimens in various directions and at different numbers of cycles and
different temperatures (Tmax), are visualized by high- performance scanning electron microscope
(SEM), the images obtained are set out below.

The 2017A alloy at the initial state: The SEM micrpgraph of the alloy 2017A Figure 6. indicates that
the alloy structure is formed of aluminum crystals in solid solution (white) with AI2Cu (0) insertion
(light gray) and other types of precipitates in segregations.

The 2017A alloy after 10 cycles at Tmax = 280°C: As seen previously, the hardness decreased after
only 10 cycles. By comparing the cross-sectional and longitudinal section of the sample taken Figure
7.(a) and Figure 7.(b), it is noted that the distribution of the precipitates is the same in both directions,
which makes it possible to eliminate the hypothesis of the depletion of the Al12Cu surface.

Figure 6. SEM micrograph indicating the constituent particles of the 2017A alloy at the initial state:
(a) longitudinal section and (b) transversal section.

By comparing the microstructure of the alloy at initial state and after 10 cycles, it can be noted that
there is no change in the microstructure or in the size of the precipitates; therefore the decrease in the
hardness is mainly due to the increase of the number of pores [5]. The increase of the number of pores
results from the rise in temperature during the heating phase [6].

The increase in the number of pores as a function of temperature is governed by the following
equation:

E
n; = Ne KT (D
Where
ng pore concentration per unit volume,
N number of atoms per unit volume
E energy of formation of pores,
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K Boltzmann constant,

T absolute temperature [K].

Figure 7. SEM images of the 2017A alloy after thermal fatigue tests with T,,,=280°C: (a) longitudinal section after
10 cycles; (b) transversal section after 10 cycles; (¢) and (d) after 1000 cycles; (e) and (f) after 3000 cycles.
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Figure 8. SEM images of the 2017A alloy after thermal fatigue tests with T,,,=200°C: (a) and (b) after 1000 cycles;
(c) and (d ) after 5000 cycles.

The 2017A alloy after 1000 cycles at Tmax = 280°C: By comparing the alloy after 1000 cycles with
the initial state, it can be observed a change in size and in the distribution of precipitates. By carrying
out a larger magnification, it is noted that there is a decomposition of the precipitates A12Cu (0).
Referring to the Al-Cu binary equilibrium diagram in Figure 9. each time the material is brought to a
temperature of 280°C the portion (A) which is shown in Figure 9. dissolves and the percentage of the
dissolve portion can be determine by the rule of the inverse segments.

The 2017A alloy after 3000 cycles at Tmax = 280°C: The findings that can be drawn from Figure 7.(f)
is that the decomposition of precipitates A12Cu (0) continues; therefore, their sizes are much finer.

The alloy 2017A after 1000 cycles at Tmax = 200°C: The decomposition of the precipitates Al12Cu is
always noted Figure 8.(a) and Figure 8.(b) , nevertheless As this time the heating temperature is lower

than the first, the fraction dissolved at each cycle is less important.

The 2017A alloy after 5000 cycles and Tmax = 200°C: After 5000 cycles, the appearance of pores,
which are the preferred sites for the formation of microcracks Figure8.(c).
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Figure 9. Aluminum-rich part of the Al-Cu equilibrium diagram [7].

The micrographs of the samples taken were obtained in (BSE) which means in backscattered
electrons, these images in contrast "Z' make it possible to give a relief in phase contrast, the phases
which consist mainly of heavy elements appear in contrast white while the phases formed of light
elements appear in dark contrast. This phase contrast allowed us to distinguish four phases in all, a
matrix in dark gray as well as three types of precipitates under different color contrast Figure 10.
Thanks to these images obtained it was possible to carry out a chemical composition analysis with the
help of the EDS analyzer, of the four phases present Figure 11.

In order to determine the nature of the precipitates (1), (2) and (3), a XRD analysis was performed on
the different samples Figure 12. We were able to confirm the presence of two precipitates, the
precipitate 2 as AlICuMg and the precipitate 3 as AI2Cu. The first precipitate does not appear on the
diffractograms, this is probably due to: the coarse scan step, the resemblance of the mesh parameters
between the different precipitates and the matrix.

Analyse 3 o

Figure 10. Phases present in the alloy 2017A.
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Figure 11. Different phases in the 2017A alloy with EDS microanalysis: (a) Precipitatedl. (b) Precipitated2.
(c)Precipitated3. (d) Matrix.
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Figure 12. XRD spectra of the samples taken from the test specimens tested in fatigue thermal.

S.CONCLUSION

The objective of this work is to observe the effects of temperature cycling on the macroscopic
behavior through changes in the microstructure. Two important parameters of thermal cycles were
taken into consideration; the first is the maximum temperature reached in one cycle. The second
factor considered is the number of cycles applied.
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For this purpose, thermal fatigue tests on 2017A aluminum alloy specimens were carried out. The
results of these tests showed:

J A softening as the number of cycles increases. That evolution is more pronounced when Tmax
is higher,
. Supported by XRD analysis and SEM micrograph, we were able to determine that this drop in

hardness is due to the decomposition of precipitates, responsible for hardening of the material,
present in the matrix. This decomposition of the precipitates will increase the resistance to
fatigue.
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