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Low Cycle Fatigue Behavior of AI-Mg-Si Alloys Extruded Parts
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Over the past years, Al-Mg-Si alloys have been largely applied in automotive industry, which has
required a deep knowledge of their mechanical properties and the influence of precipitates distribution
on their mechanical behavior. This work evaluated the main mechanical properties of AA6005, AA6063,
and AA6351 alloys by means of tensile and low cycle fatigue tests with 0.005 seg! deformation rate
and 0.3% < ¢ <1.2% strain amplitudes. Besides, the hysteresis loop and internal stress analysis were
investigated to analyze hardening and softening phenomena and to evaluate the friction and back
stresses, respectively. Macro and microstructural were performed focusing in intermetallic distribution.
Concerning the low cycle fatigue behavior, AA6351 presented shorter lives for strain amplitudes higher
than 0.5%, and AA6005 showed the highest fatigue strength and fatigue ductility. AA6063 showed
the lowest fatigue strength due to the presence of coarse particles (Fe,Mn)SiAl. During internal stress
analysis, the highest value of friction stress for AA6351 indicates the effect of hardener precipitates
are the most relevant role for cyclic loadings and the lowest back-to-friction stress ratio indicating that
deformation is controlled by particles. In the other hand, AA6063 showed the lowest friction stress
due to low amount of fine precipitates.

Keywords: A/-Mg-Si alloys, low cycle fatigue, internal stress, cyclic hardening, cyclic softening.

1. Introduction

Al-Mg-Si alloys (AA6XXX series) are some of the most
important, widely used precipitation-hardenable aluminum
materials. The amount of silicon in Al-alloys can influence
the stoichiometry of Mg, Si and a-(Fe,Mn)SiAl, which are
the main precipitates affecting fatigue behavior'. In these
alloys, a few elements (e.g., Mn and Cr) are used for grain
control, and silicon in high percentage can be segregated to
grain boundaries, causing fracture of the boundary during
recrystallization123. The mechanical properties of aluminum
alloys depend on the interaction among chemical composition,
microstructure, heat treatment, and strain processes, in which
dislocations and alloy elements are the most significant factors
for the hardening phenomena. The presence of particles
creates a barrier to dislocations movement, thus influencing
the hardening rate and the slope of the stress-strain curve!.

Some of the aspects that control the main mechanical
properties in the Al-Mg-Si alloys are:

Intermetallic coarse particles shaped mainly during
solidification and containing Fe and Si. They include insoluble
compounds such as Fe, Mn(Al,), Fe(Al,), and a-Al(Fe, Mn)
Si and others partially soluble (e.g., Mg Si)".

Dispersoids, which are intermetallic compounds containing
Cr, Mn, and Zr.

*e-mail: marcelo.paes@usp.br

Fine precipitates shaped during heat treatment, which
promote hardening, yield, and tensile strength increase.

Grain size and shape after recrystallization, which,
under the influence of dynamic recovery due to the high
stacking fault energy (SFE) of aluminum, are significant to
microstructural features.

Dislocation structures, which are important for the
hardening process due to interaction with intermetallic and
dispersoid particles.

In terms of mechanical properties, intermetallic
coarse particles do not influence yield and tensile strength
significantly; however, they reduce the alloys ductility.
On the other hand, the fine precipitates increase both yield
and tensile strength and can act as crack nucleation sites
during the fatigue process®. Crack nucleation during cyclic
loading also occurs due to the presence of Mg,Si in the
grain boundaries, leading to a tensile concentration in those
points®. According to TEM analysis performed by Jiang et al.’,
the presence of Mg Si particles anchors the dislocations
movement creating high-energy points and favoring the
crack nucleation. Considering the techniques available for
fatigue life prediction the strain-life study conducts to a
general law that take into account the high cycle and low
cycle fatigue approaches. This approach considers the total
deformation amplitude ¢  observed in the hysteresis loop as
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being a summation of ¢ , (elastic component) and €, (plastic
component) according to Equation 1:

Eat = €ae T Eap (1)

The cyclic stress strain curves (CSSC) are very useful
to evaluate the cyclic hardening and softening of the alloy.
The multiple hysteresis loop in distinct strain amplitudes
and gathering to CSSC can be described in Equation 2:
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Where E is the Young’s modulus, K is the cyclic strength
coefficient and n’ is the cyclic hardening exponent®.
Considering the Basquin and Coffin Manson s relationships
for, respectively, stress-life and strain-life fatigue, the general
equation for low cycle fatigue behavior, can be written as
Equation 3:

Cal =%(2Nj')b +el (2N ) 3)

Where E is the Young’s modulus, 2Nf is the number of
reversals to failure, o’ and &'y are the fatigue strength and
ductility coefficients b, and ¢, are the fatigue strength and
ductility exponents, respectively®.

Other studies involving Al-Mg-Si alloys confirms the
hardening/softening phenomena during cyclic strain control
tests and relating that to microstructural approach!’.

During the study of cyclic stress-strain behavior the
cyclic softening and hardening processes are expressed by
the change in the stress amplitude necessary to cause a given
strain amplitude. The applied stress must be in equilibrium
with internal stresses, which can be considered in terms of the
distance in which they are effective. The concept of internal
stresses appears both in visco-plastic models of continuum
mechanics and microscopic theories of deformation''.
Two internal stress parameters obtained directly from the
hysteresis loop, namely the friction stress and the back stress,
are often used in the study of the cyclic behavior of metallic
materials. The friction stress o, is the stress required locally
for a dislocation to move and is mainly related with short-
range obstacles such as the lattice friction. The back stress
o, provides a long-range interaction with mobile dislocations
and is mainly related to the microstructural barriers or
strain incompatibilities in the material®>. In metallurgical
terminology, this refers to the stress that arises against the
dislocation movement due to the stacking of same signal
dislocations. Being of elastic nature, the back stress decreases
during the reversed deformation and then increases again
in the opposite direction, in order to resist the continuity
of deformation'®'*. Therefore, internal stresses are defined
based on dislocation behavior during plastic deformation
and are empirically related to the microstructural quantities,
such as grain size and dislocation density.

These two internal stresses (back and friction stress) are
determined according to Cottrell method as Figure 1 below,
where ¢ _is the peak stress.

According to Giordana et al.'>, Meininger and Gibeling'®,
the internal stresses can be defined as below:
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Proudhon et al.'’, observed in AA6111 alloy the effects
of precipitates distribution in internal stress. The back
stress is small in cases of high precipitates volume fraction
favoring the friction stress domain. Thus, the friction stress
prevails. Other features that consider the evolution of back
stress could also be observed using different alloys'? as the
internal stress evolution with the number of cycles indicating
the strain hardening/softening phenomena'®.

The aim of this work is to assess three Al-Si-Mg alloys in
terms of their low cycle fatigue behavior by means of strain-
controlled tests and considering tensile tests to determine
their main mechanical properties. The relationship between
fatigue properties, internal stresses, microstructure and
hardening precipitates is discussed in order to characterize
the cyclic deformation mechanisms. Besides, a fractographic
analysis is necessary to correlate crack propagation rate and
microstructure.

2. Materials and Methods

The materials used in this work were AA6005, AA6063,
and AA6351 alloys in T6 temper, received as 10 mm
diameter bars, solution treated at 580°C and aged at 180°C
for 6 hours. Samples were machined as per ASTM E8&/
E8M-13" and E606/E606M-21° for tensile and low cycle
fatigue tests, respectively. These samples were produced by
direct extrusion in which the billets are heated in a furnace
until complete solubilization of secondary phases. Once at
the temperature is reached a portion of lubricant is applied
to the billet and ram to maintain them together. After that,
a pressure is applied to the billet that is forced to move
through a die. Thus, the metal is squeezed through the die
and exit the extrusion press.

Tensile tests samples were machined with gage length of
30 mm, length of reduced section of 32 mm, length of grip
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section of 40 mm, radius of fillet of 6 mm, gage diameter
of 6 mm and diameter of grip section of 9 mm.

Fatigue test samples were machine gage length of 8 mm,
length of reduced section of 21.08 mm, length of grip section
of 49 mm, radius of fillet of 12 mm, gage diameter of 5 mm
and diameter of grip section of 8 mm.

Table 1 shows the chemical composition of the alloys
according to ASTM B221-212! and the verified composition
by using a spectrophotometer Ametek Spectromaxx LMFO05.

Macro and microstructural characterization of longitudinally
sectioned extruded bar samples were performed. For the
sample preparation, the sequence of sandpapers 600, 800,
1200 and 2000 was adopted, followed by final polishing
with colloidal silica suspension. Samples were etched
with 0.5% HF solution and the macrostructure was taken
under polarized light. The samples were analyzed using an
Olympus BX51M optical microscope and a LEO 1450VP
scanning electron microscope, and the volumetric fraction
of particles was determined by means of Image J software.

Tensile tests were performed for each alloy in a MTS
810.23M equipment, according to ASTM E8/E8M-13" at
1.0 mm/min speed and with a 25 mm extensometer as reference.

Low cyclefatigue tests were conducted at 0.005 seg™! deformation
rate and 0.3% < g  <1.2% strain amplitudes with triangular
wave shape. The peaks of true stress-strain hysteresis loops
from different deformation amplitudes provided the cyclic
stress-strain curves, and the elastic and plastic deformation
amplitudes determined from the half-life hysteresis loops
were used to calculate the strain-life curve parameters
according to Equation 3.

Internal stress analysis was performed in order to evaluate
the friction and back stresses o, and o, whose calculation
was performed in accordance to the technique proposed by
Kuhlmann-Wilsdorfand Laird" based on the method initially
suggested by Xu et al.'?, Bai et al.'$, Cottrell2. Considering
the peak stress (o ) as the stress amplitude in the loading
cycle and denoting the flow stress by o, see Figure 1, the
friction and back stresses were estimated by Equations 1,
2 and 3'°. The internal stress evolution was determined, for
each alloy, taking the recorded hysteresis loops for the 0.5%
strain amplitude tests.

3. Results

The results were summarized into four sections, namely
microstructural analysis, tensile properties, low cycle fatigue
tests, and fracture surface analysis.

3.1. Macro and Microstructural analysis

Figures 2 and 3 shows the alloys macro and microstructure,
respectively. Figure 2 shows green and yellow vertical
lines in the edges that bounds the machined diameter used
in specimens for tensile and fatigue tests. Figures 2a and b
display the recrystallized grains in the edges and elongated
and coarse grains in the center of, respectively, AA6005 and
AA6351 samples. Figure 2¢ shows a totally recrystallized
structure mainly due to the low volume fraction of particles
rich in manganese that enables recrystallization. Moreover,
the low amount of manganese in AA6063 avoids the
occurrence of pinning in the grain boundaries, thus leading
to recrystallization®.

Figures 3a and b show the microstructure of AA6005 alloy
and (c) and (d) depict that of AA6351. Coarse intermetallic
particles of a-(Fe,Mn)SiAl of 3um maximum size for
AA6005 and Spm maximum size for AA6351 can be observed.
Figures 3e and f show the microstructure of AA6063 with
oblong particles of 8um a-FeSiAl. The coarse particles
observed under optical microscope are not the hardening
ones generated during aging, but insoluble particles that
fracture during mechanical processes and produce voids
whose coalescence reduces the shear energy.

3.2. Tensile properties

Figure 4 depicts the tensile stress-strain curves for
AA6005, AA6063, and AA6351 alloys and Table 2 shows
their main mechanical properties containing both mean
and standard deviations for each property, where o, is the
yield strength, o _is the ultimate tensile strength, AL is the
elongation in percentage, E is Young’s modulus.

The results in Table 2 show the AA6351 has the highest
O, and o values, which, according to Table 1, can be
related to the higher Si and Mn content of this alloy. It is
known that a manganese addition from 0.5% increases both
yield strength and ultimate tensile strength with no ductility
influence?. In terms of microstructure, the manganese addition
creates MnAl, dispersoids, which hampers the dislocations
movement and hardens the material®>. On the other hand,
the low amount of manganese in AA6063 justifies its lower
yield and tensile strength. AA6005 alloy, showed intermediate
mechanical properties between AA6063 and AA6351 alloys.
The amount of manganese in AA6005 alloy is higher than
AA6063 that justifies both o and o,

Table 1. Chemical composition of aluminum alloys according to ASTM B221-21%' specification and verified.

Alloy Si Fe Cu Mn Mg Cr Zn Ti

AA6005

. 0.50-0.90 0.35 max 0.30 max 0.50 max 0.40-0.70 0.30 max 0.20 max 0.10 max
Specified
AA§005 0,82 0,22 0,09 0,25 0,47 0,002 <0,001 0,03
Verified
AA6963 0.20-0.60 0.35 max 0.10 max 0.10 max 0.45-0.92 0.10 max 0.10 max 0.10 max
Specified
AA.6063 0,53 0,18 0,01 0,02 0,44 0,001 0,001 0,03
Verified
AA6.351 0.70-1.30 0.50 max 0.10 max 0.40-0.80 0.40-0.80 - 0.20 max 0.20 max
Specified
AAG3S 1,01 0,19 0,10 0,48 0,37 - 0,001 0,03

Verified
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Table 2. Mechanical properties of the studied aluminum alloys.
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Figure 2. Macrostructure of AA6005 (a), AA6351 (b), and AA6063 (c). 37,5X Magnification.

Alloy o, (MPa) o, (MPa) AL (%) E (GPa) O,/ O,
AA6005 256+0.97 286+1.11 18+0.59 66+1.55 1.12+0.01
AA6063 230+0.54 26140.86 1940.62 63+0.72 1.14+0.00
AA6351 3314£2.58 354+2.46 15+0.45 68+1.54 1.07+0.00

Yet, AA6351 shows the highest Young’s modulus (E)
value, compared to AA6005 and AA6063, indicating its
higher elastic stiffness. Regarding the elongation (AL),
AA6005 and AA6063 show higher values associated with
low values of yield strength and tensile strength.

The o, /o  ratio shows the material strain-hardening
grade, for which values above 1.4 is considered high,
whereas those below 1.2 are considered low?®. In this study,
the ratio was below 1.2 for all aluminum alloys, revealing
a high SFE for the materials where the narrow distance
between partial dislocations enables cross slip and further
dislocation extinction, thus hampering the occurrence of
strain-hardening.

Towards a better comprehension of strain hardening,
true-stress X true-strain tests determined the strain-hardening
exponent (n) and Ludwik model was applied. The strain-

hardening exponent (n) is a material’s capacity for hardening
during plastic strain, K is the strength coefficient, and E is the
elasticity modulus. Although K and 7 are considered constants,
they also depend on processing conditions. The higher the
n, the higher the curve inclination, and the lower the n, the
closer the curve to a horizontal shape.

Table 3 shows K and n calculated by Ludwik model.

Low values of n were observed (<0.1) for the alloys tested
due to the high SFE in aluminum alloys, AA6351 showed
the highest K value, according to the high ¢ and o, and
AA6063 showed the highest 1, as depicted in the csm/csy ratio.

3.2.1. Effect of intermetallic phases on tensile
properties

In a nutshell, it is possible to summarize the effects of
alloy elements and intermetallic phases in main mechanical
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Figure 3. Microstructures of AA6005 alloy under (a) 200x magnification, (b) 500, AA6351 alloy (c) 200x, (d) 500x and AA6063 alloy
(e) 200x%, (f) 500x in as-cast and T6 temper conditions.

Table 3. K and n for true-strain x true-stress tests. properties during tensile test according to Table 4. It depicts

Alloy K (MPa) n the influence of elements and compounds on mechanical

AA6005 382+2.64 0.087+0.002 properties by upward and downward arrows, €. g. manganese
AA6063 358+4.04 0.096+0.003 addition, increases (1) o, justified by line named “Causes”.
AA6351 451+3.78 0.067+0.001

The discussion of results, were discussed in the previous topic.
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Table 4. Elements and intermetallic phases effects.
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Element o, (MPa) o, (MPa) csm/csy K (MPa) n
Mn addition 1 1 ! 1 |
Si addition i 1 l i -
MnAl, 1 1 - 1 |
Cause Alloying element effect Alloying element Low strain Alloying element All hardening
and hampering of effect and hardening (<1.2). effect and exponent <0,1. Due
dislocations by MnAl . hampering of Due to high SFE. hampering of to high SFE.
dislocations by dislocations by
MnAl, MnAl,
400 . ; . y . Table 5. Properties of cyclic stress-strain curves.
- il Alloy K’ (MPa) n’
AA6005 440 0.096
500 4 AA6063 354 0.072
AA6351 733 0.162
250 4
g -
o Table 3, AA6351 shows the highest cyclic strain hardening
ﬁ = 1 exponent (n’), followed by AA6005 and AA6063. Both size
1004 . J and distance bej[ween prempltated partlcl’es may be. the cause
AABOOS for such behavior reversal in terms of #’ and, during cyclic
50 +  AABDES - loading, the hardening effect seems to be deeply affected
+ AAB351 by the interaction between dislocation and intermetallic
°1 ] particles (Fe, Mn)SiAl, and Mg, Si).
oj;o : 0_4{15 0.10 015 020 The low cycle fatigue properties were determined by a

Strain {mmimm)

Figure 4. Stress-strain curves for the three Al-Mg-Si alloys.

3.3. Low cycle fatigue analysis

Figure 5 shows the peak stress (c,) evolution with the
number of deformation cycles under strain control for six
different % ¢, (total strain amplitude) values. For all alloys
tested the cyclic stress response is mainly characterized by
slight hardening followed by a variable softening, it means
that the peak stress is strongly dependent on the applied
strain amplitude from 0,5 to 1,2%'>**. It was an expected
behavior due to high SFE of aluminum that presents high
dislocations mobility favoring the cross slip and consequently
softening the material. Mrowka-Nowotnik & Sieniawsky* and
Borrego et al.?, reported a similar behavior as aforementioned
and observed a short cyclic hardening followed by a long
cyclic softening for AA6XXX alloys.

Figure 6 shows the stabilized half-life hysteresis loops
for different strain amplitudes, translated to a common point.
The Masing behavior is closer to an ideal shape only for
AA6351. The aforementioned behavior was observed in
alloys hardenable by precipitation whose distance between
precipitates is small and non-shearable, promoting a strain
control by such precipitates. On the other hand, a large
distance between particles leads to a non-Masing behavior,
in which the strain is controlled by the aluminum matrix®.

Table 5 shows the properties of cyclic stress-strain
curves, where the strain hardening mechanism seems to
change during cyclic loading. Differently from the results in

linear fit of log (¢ ) versus log(2N ) obtained for each test by
the least square method. Figure 7 depicts the low cycle fatigue
curves and Table 6 shows the low cycle fatigue properties.

The transition life that bounds the low cycle to a high
cycle state is 500<2Nf<700 for AA6005 and AA6063 and
2Nf<200 for AA6351. During low cycle behavior, in which
2Nfis lower than 1000 reversals, AA6351 shows fatigue life
lower than those of the other alloys, mainly due to its low
ductility. However, as the strain amplitude decreases, the
fatigue life increases for AA6351.

As shown in Table 2, AA6351 hasalow o, o, ratio,
and a low strain-hardening exponent, thus implying in higher
tolerance to fatigue damage and avoidance of a catastrophic
crack propagation. On the other hand, AA6063 shows lower
strain-hardening exponent, ¢, o, ratio higher than those of
other alloys, and lowest fatigue life for low strain amplitudes.

Table 6 shows the low cycle fatigue properties, where
o’ fis the fatigue strength coefficient, b is the fatigue strength
exponent, €’ fis the fatigue ductility coefficient, and c is the
fatigue ductility exponent.

AA6005 showed the highest fatigue strength coefficient
(o’ f) and the highest fatigue ductility coefficient (a’f) and,
according to Figure 7d, the most satisfactory behavior for
different strain amplitudes, except for situations in which
the reversals to failures are higher than 1000 cycles.

Christ & Mughrabi?’, Liu et al.?® and Brammer et al.”,
claimed the cycle strain-stress path is highly influenced by
the material’s microstructure and intermetallic particles. Both
damage grade and rate are controlled by the matrix strength
and size, morphology, and distribution of intermetallic phases.
A few samples in AA6063 showed an abrupt total fracture
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Figure 5. Evolution of peak stress of aluminum alloys under low cycle fatigue. (a) AA6005, (b) AA6063, and (c) AA6351.
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Figure 6. Steady-state hysteresis loops, translated to a common point, for aluminum alloys: (a) AA6005, (b) AA6063, and (c) AA6351.
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Figure 7. Low cycle fatigue curves. (a) AA6005, (b) AA6063, (c) AA6351, and (d) Total strain amplitude curves for the three alloys.

Table 6. Low cycle fatigue properties.

Alloy o’ (MPa) b &, c
AA6005 488 -0.07 4.71 -1.04
AA6063 450 -0.09 3.92 -1.08
AA6351 470 -0.06 0.62 -0.90

with no stress amplitude reduction, which is associated with
the presence of coarse particles a-(Fe,Mn)SiAI*’. According
to Molent et al.>!, Merati*?, such large particles are preferred
for crack nucleation, thus explaining the low fatigue life for
AA6063. The smaller size and more distributed particles
in AA6005 and AA6351 the larger deviations of crack
propagation and justifies the longer fatigue life.

Figure 8 shows the microstructure of AA6063 containing
particles of a-(Fe,Mn)SiAl along the grain boundaries and
etched with K [Fe(CN),] and NaOH.

Figure 9 displays the internal stress analysis that considered
friction stress, back stress, and peak stress obtained from
hysteresis loop during 0.5% strain amplitude. A higher
value of peak and friction stress rather than back stress is

Figure 8. Microstructure of AA6063 (1000x magnification) by SEM*.

observed for all alloys studied. Moreover, the friction stress is
descending in the first stage and then reaches a steady state.

On the other hand, the back stress is ascending in the
first stage of the test. AA6351 showed the highest friction
stress values, whereas AA6063 showed lower values and



Low Cycle Fatigue Behavior of Al-Mg-Si Alloys Extruded Parts 9
275 R iAo e s L s S
250 - Ao SIRER R S ik _: b Gk am— e Lo e B o] T
e S A A aatah " i
A s & A A, PUREET *k‘n‘“"" Y £ Y
200 J 200 it J
™ ™
o [« N
2 s | S 150 1
2 iﬂ:i_ﬂﬂ5ak sftress g -
5w e Ga A .
& 1 —— bacl-c stress o, b a —=&— back stress a,
—4— friction stress o, fiction stress o,
504 4 50 B
% " il = ‘t"“o e 0 Y S —o 0 0g 00y o Rt
0 T T T L R R R L | T 0 * T T T
2 10 100 000 3000 2 10 100 1000 3000
Number of reversals, 2N¢ Number of reversals, 2N¢
(a) (b)
350 T 1 1 T 50 | T L] el TR L)
1 - n
R e = . e
250~ 4
& =0 ]
=
9 %09 Aae3s1 1
g - 1 —® peakstress o,
T _ —#— back stress o, ]
s0 —&— friction stress o, i
L] L]
0 @ o .‘h L se®e oo - *
25 . : T
2 10 100 1000 3000
Number of reversals, 2N¢
(c)
Figure 9. Evolution of internal stresses along cyclic strain. (a) AA6005, (b) AA6063, and (c) AA6351 (g,=0,5%).
a steady behavior for all internal stresses measured mainly =~ Table 7. Back-to-friction stress ratio™.
due to coarse (Fe,Mn)SiAl and Mg,Si particles. Alloy 5, [MPa] s, [MPa] 5,/ o,
The higher friction stress values of AA6351 are justified
ens . Hes ot ] AAG6005 234 28 0.12
by high amount of intermetallic particles; consequently,
during cyclic strain, the precipitates substantially contribute AA6063 215 28 0.13
to the strain mechanism. AA6351 309 11 0.04

Table 7 shows the back-to-friction stress ratio for studied
alloys. Despite the arbitrariness due to the definition of yield
stress, it can be seen that AA6351 showed a lower back stress
to friction stress ratio when compared to the other alloys.
Plumtree and Abdel-Raouf*, state a low back-to-friction
stress ratio occurs when interparticle spacing is small and
deformation is controlled by particles. Higher back-to-friction
ratio indicates large interparticle spacing and deformation
controlled by matrix.

3.3.1. Effect of intermetallic phases on fatigue
properties

Briefly, it is possible to summarize the effects of
intermetallic phases and their distribution in main mechanical

properties during fatigue tests according to Table 8. Again, as
depicted in Table 4 the arrows show the trend of mechanical
property influenced by intermetallic phase and its distribution.
The discussion of results, were discussed in the previous topic.

Figure 10 depicts the fiactographic analysis for (a) AA6005,
(b) AA6063, and (c) AA6351. The striation spacing is 1-1.5um in
AAG6351, approximately 3pum in AA6005, and 4pum in AA6063.
The lowest striation spacing shown by AA6351 indicates its
lower crack propagation rate compared to the other alloys. It also
implies in high strength to crack propagation for AA6351 due
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Figure 10. Fractography analysis showing striation for all alloys tested. (a) AA6005, (b) AA6063, and (c) AA6351.

Table 8. Intermetallic phases and their distribution effects.

Intermetallic phases ) ) 5 )
and distribution " K o'f ef °r % o,/ 0
(FeMn)SiAl 1 - ! 1 1 ! -
Mg, Si i - - - 1 ! -
Large intermetallic ) ) ) _ ) '
spacing
Small Intermetallic ) ) ) ) ) !
spacing
Strongly Large Larce
Low values dependent particles artifles High amount Laree and Deformation
Cause associated to alloy reduces ptakes to of fine cr;garse controlled
high SFE elements and  fatigue lige, premature intermetallic (FeMn)Sidl by matrix or
’ hampering of e. g. AA46063 Jatigue phase precipitates
dislocations alloy. &

to the short distance between precipitates, which changes the
crack propagation way and increases the fatigue strength.

4. Conclusions

The results from tensile and fatigue tests correlated the
mechanical behavior among alloys considering chemical
composition, grain size, intermetallic size and distribution.

AAG6351 showed the best mechanical properties in tensile
tests, higher o, 6, £ and lower AL, justified by the high

uts’

amount of silicon and manganese, which contribute to the
formation of hardener precipitates.

The AA6063 macrostructure showed a smaller and
homogeneous grain size, however, the lowest fatigue strength
due to the low amount of alloy elements. In fact, the presence
of large intermetallic phases works as crack concentrators,
thus reducing its fatigue life.

During low cycle behavior, AA6351 showed a low fatigue
life for reversals lower than 1000 cycles mainly due to its
low ductility. However, as the strain amplitude decreases,
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the fatigue life increases for AA6351 alloy justified for
showing a low o, o ratio, and a low strain-hardening
exponent implying in higher tolerance to fatigue damage.
AA6063 showed lower strain-hardening exponent and o
0, ratio higher than those for other alloys resulting in the
lowest fatigue life for low strain amplitudes.

Yet, for cyclic loading under strain control, AA6005 showed
the highest fatigue strength coefficient (6” ) and the highest
fatigue ductility coefficient (sf J-AA6063 showed the lowest
fatigue strength coefficient (¢’ /) mainly due to the presence
of coarse particles o-(Fe,Mn)SiAl that are preferred for crack
nucleation, thus explaining the low fatigue life. AA6351 showed
the lowest fatigue ductility coefficient (¢’ /) mainly due to the
highest cyclic strain hardening exponent (n”).

The highest value of friction stress for AA6351 indicates
the effect of hardener precipitates as the most relevant role
for cyclic strain control. On the other hand, AA6063 and
AA6005 have shown the lower values of internal stresses
due to their low amount of manganese and silicon.

The internal stress analysis also considers the back-
to-friction stress ratio, and the lower value presented by
AA6351 alloy indicates a lower interparticle spacing in this
alloy, which plays a major role in the deformation behavior.

In short, the intermetallic phase analysis for tensile tests
presents the MnAl, compound responsible for hampering
of dislocations and promoting the hardening phenomena
besides, the hardening effect of manganese and silicon as
alloying elements. For fatigue tests analysis, the presence of
large (FeMn) SiAl particles takes the material to premature
fracture. Considering the internal stress analysis, friction
stress is strongly affected by high amount of fine (FeMn)
SiAl and Mg Si intermetallic particles. On the other hand,
the back stress is affected by large and coarse (FeMn) SiAl
and Mg, Si particles. The back-to-friction stress ratio is very
dependent of distance between particles.
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