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Abstract

In present study, as a basic step for modeling the fatigue behavior of an extruded Al alloy cylinder, the fatigue crack
growth data of the alloy was collected in two orientations. Microstructural analysis revealed that the material had re-
crystallized grains and clusters of constituent particles aligned in the direction of extrusion. Fatigue life of the samples
revealed a shorter fatigue life representing a higher fatigue crack growth rate in transverse direction. The Paris con-
stants C and m were found to be 4 x 10" and 3.4 for the transverse orientation. The same constants were found to be 2
x 10" and 2.6 for the longitudinal direction. Post fracture analysis revealed that the topographical appearance of the
fractured surfaces in two orientations was different. The mechanism of crack growth was the formation of striations.
The present study revealed that the texture of the constituent particles created during extrusion process has a pro-
nounced effect on the crack growth rate in two orientations.
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1. Introduction

Mechanical failure of structures and components is
a serious concern in all types of industries. Almost
50-90% of all mechanical failures are due to fatigue.
The fatigue failure process uses the discontinuities in
the test material which act as weak links. These dis-
continuities normally act as the nucleation sites for
crack origins. To develop a material-based and reli-
able life prediction methodology, there is a need to
demonstrate direct link between microstructural fea-
tures and fatigue performance [1].

The anisotropy in the material produces the micro-
structural variations in different orientations of the
material. If the actual SN data are available, micro-
structural effects are inherently accounted for and
therefore do not have to be accounted for again. Ani-
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sotropy caused by cold working gives increased SN
fatigue resistance when loaded in the direction of the
working than when loaded in the transverse direction.
This is due to the elongated grain structure in the di-
rection of the original cold working.

In general, the fatigue process is characterized by
three distinct regions [2]. Region II normally known
as the Paris region shows essentially a linear relation-
ship between log da/dN and log AK. This region has
received the greatest attention as it is in this region the
Paris crack growth law can be applied, viz:

da/dN = CAK"

Here m is the slope of the line obtained from the
above equation and C is coefficient found by extend-
ing the straight line to AK=1 MPaVm. Both C and m
are experimentally obtained constants. The second
stage prevails for an appreciable time until finally the
material fails.

For a given material and environment, the fatigue
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crack growth behavior is essentially the same for
different specimens or components because the stress
intensity factor range (AK) is the principal controlling
factor in fatigue crack growth [3]. Thus the fatigue
crack growth rate (da/dN) versus AK data obtained on
simple specimen configurations, under constant am-

plitude conditions, can be used for engineering design.

Knowing the stress intensity factor expression, K, for
a given component and loading conditions, the fatigue
crack growth life of the component can be assessed
by integrating the sigmoidal curve between the limits
of initial crack size and final crack size.

Aluminum alloys are of vital importance for many
structural applications in automotive, aircraft and
nuclear industries [4, 5]. The principal design features
of these alloy systems are their high strength with low
density along with high corrosion resistance. The
6000 series aluminum alloys are frequently used due
to relatively high strength, good corrosion resistance
and high toughness in addition to their good formabil-
ity and weldability [6, 7].

Aluminum alloys generally contain constituent par-
ticles. These constituent particles are formed during
the cooling process when some of the alloying ele-
ments solidify more rapidly than the aluminum [8].
These particles are inherent in the material. Investiga-
tions of the nucleation and the crack growth process
in aluminum alloys have been extensively done [9-
20] and the constituent particles are found to play an
important role in the fatigue of aluminum alloys.

Many researchers have made experimental obser-
vations of the types of features that nucleate fatigue
cracks in aluminum alloys. Generally, it was observed
that the cracks were formed at debonded or broken
constituent particle clusters or at particles that cracked
when the material was rolled. Suresh et al. [21] have
highlighted the influence of the grain structure and
slip characteristics in aluminum alloys. They pointed
out that microstructural effects have a strong influ-
ence on fatigue crack growth rates near threshold.
Fonte et al. [11] have studied the effect of microstruc-
ture and environment on fatigue crack growth resis-
tance of aluminum alloys and concluded that these
significantly affect the process of fatigue crack
growth.

In a study on aluminum alloy 2024-T3, Ali Merati
[1] concluded that although constituent particles were
the main fracture origins for unclad specimens, there
were no clear relations between fatigue life and the
fatigue subset discontinuity (particle) size, i.e. a larger

discontinuity did not result in a shorter fatigue life. He
also pointed out that there are factors such as grain
size and orientation that could play crucial roles while
determining the fatigue life. Minimizing discontinui-
ties including the constituent particles in the alumi-
num alloys is a key to good fatigue resistance. In a
study on an aluminum alloy AA 2026 extrusion bars,
it was observed that reducing the density of constitu-
ent particles improved the fatigue resistance of the
alloy [22].

The objective of the research work is to carry out
theoretical and experimental investigations of an ex-
truded aluminum alloy thick-walled cylinder under
fatigue loadings. In the work presented in this study,
as a basic step to achieve the objective, the fatigue
crack growth data of a high strength Al-Mg-Si alloy
AA 6061-T6 was collected using middle tension
M(T) specimens. Samples from an extruded thick-
walled cylinder were prepared in two orientations;
CR (transverse) and LR (longitudinal) and tested
under constant amplitude loads according to the stan-
dard ASTM E 647. The loading conditions on CR
and LR samples represent the hoop and axial stress on
the cylinder, respectively. Prior to fatigue testing, the
microstructural analysis was conducted with the help
of optical and scanning electron microscopes and the
mechanical properties were determined. After the
fatigue tests, the topographical features of the frac-
tured surfaces were examined using scanning electron
microscope (SEM).

2. Material and experimental procedure

2.1 Material characterization

The component under investigation was extruded
thick-walled cylinder of aluminum alloy. The mate-
rial of the cylinder was characterized before fatigue
testing. This includes the chemistry, microstructural
evaluation and the mechanical properties in mono-
tonic tensile loading. The tests were conducted in two
orientations; longitudinal (along the extrusion direc-
tion) and transverse (perpendicular to the extrusion
direction).

2.1.1 Chemical composition

The chemical composition of the extruded material
is given in Table 1. The material confirms the specifi-
cations of aluminum alloy AA 6061. The major con-
stituents of the alloy are Al, Mg and Si.
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Table 1. Nominal composition of the extruded material. &0
L A5 |
Element Wt. % [ - |
I I
Mg 0.94
Si 0.64 — — - r-IA_._._ I
. ol Lyd
Fe 0.20
Cu 0.19 |
Cr 0.10 L1 + 1. 1 1
|
Mn 0.06
Al Bal.

2.1.2 Mechanical properties

The material was in T6 heat treatment condition.
Prior to fatigue testing, tensile tests were conducted
according to ASTM B557M standard and the tensile
properties of the material were determined.

2.1.3 Microstructural analysis

Metallographic sections were prepared using stan-
dard procedures and optical and scanning electron
microscopes were used to examine the microstruc-
tural features of the alloy. Samples were studied in
polished as well as etched conditions, in two orienta-
tions. Etching was done in 3% HF solution to reveal
the grain size and their orientation. Energy Dispersive
X-ray (EDX) analysis of the constituent particles was
conducted in SEM.

2.2 Fatigue crack growth testing

2.2.1 Sample preparation

Fatigue crack growth tests were performed on mid-
dle tension M(T) specimens. Samples were cut from
the extruded cylinder and machined to final dimen-
sions according to the standard ASTM E 647 [23].
Samples were prepared in two orientations; CR and
LR. These orientations refers to the standard ASTM E
399 which provides the crack plane orientation code
for bar and hollow cylinder. The notch direction in
the two sets of samples was such that the crack
propagation in both the cases was along the radial
direction of the cylinder. The samples CR and LR
under loading conditions represent the hoop and axial
stress on the cylinder. The samples were subjected to
mechanical grinding and subsequently fine polishing
with 1 wm alumina powder to minimize the surface
roughness effects. Due to the limitation of wall thick-
ness, the sample in CR direction was a bit smaller
than the sample in LR direction. However, the dimen-
sions of both the samples were within the range as

Detail A

Roct radius=0.15

Fig. 1. Dimensional details of the M(T) sample - CR direc-
tion (dimensions in mm).

given in the standard ASTM E 647. The dimensions
of the CR sample are given in Fig. 1. The same for
the LR sample were 2.5 mm thickness and 20 mm
width.

2.2.2 Test parameters

The fatigue crack growth experiments were per-
formed on a servo-hydraulic testing machine in ac-
cordance with the standard ASTM E 647 [23]. The
tests were conducted in tension-tension mode under
constant amplitude loading with R ratio 0.1. A sinu-
soidal waveform was applied at a loading frequency
of 10 Hz. The tests were conducted at maximum
stress levels representing 10 to 40% of the yield
strength of the material. A total of 12 samples for
each CR and LR orientations were tested. A pre-crack
length of 1 mm was maintained as per requirement of
the standard. The data from the start of the pre-crack
to 1 mm and up to the failure was recorded. Crack
length was measured with the help of traveling micro-
scope at a magnification of 100 X. The resolution of
the measuring system was 0.01 mm. The tests were
interrupted for short times to measure the crack length.
During testing, the number of cycles and crack exten-
sion data were recorded until failure. The number of
cycles to failure was taken as the fatigue life of the
samples. Testing was conducted in air at 20°C and
approximately 50% relative humidity.
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2.3 Fractography

All the failed specimens were inspected using a ste-
reo microscope. After the inspection the fractured
surfaces of the specimens were cut using a cutting
tool, reducing the height of the samples, cleaned in
acetone and examined in SEM. The topographical
features were studied to understand the interaction of
fatigue crack with the constituent particles and the
grain structure. The images of the important features
of the fracture surfaces were recorded. Inspection was
conducted with the electron beam in alignment with
the applied axial force.

3. Results and discussion

3.1 Microstructural analysis

Fig. 2 shows the SEM micrograph of the etched
sample in longitudinal direction. The constituent par-
ticles are visible preferably along the grain boundaries
and aligned along the extrusion direction. Examina-
tion of these particles at high magnification revealed
that clusters of particles were present at these loca-
tions. It seems that these particles were formed during
solidification and fractured in fragments and aligned
along the axis of the cylinder during extrusion. EDX
analysis showed that the alloy frequently contained
the particles rich in Al, Fe, Si, Cr and Mn. However,
particles rich in Al, Mg and Si were also present in
the alloy. The area fraction of the particles in two
orientations is given in Table 2.

Fig. 3 shows the microstructure of the alloy in lon-
gitudinal and transverse directions. These micro-
graphs represent the plane in which crack propagation
had taken place during fatigue testing. The etched

f mconsﬁt_uqllt;
' particles, |

Fig. 2. SEM micrograph of the alloy showing the constituent
particlesin longitudinal direction.

microstructure revealed that it consists of recrystal-
lized grain structure. It seems that the grains elon-
gated along the extrusion direction during extrusion
process. These elongated grains recrystallized during
the heat treatment after extrusion. The grain size of
the alloy in longitudinal and transverse directions is
given in the Table 2. The results show that the recrys-
tallized grains are almost equiaxed.

3.2 Mechanical properties

The mechanical properties of the extruded alloy in
two orientations determined at a strain rate of 3 x 10
/s are given in Table 3. The analysis of the results
presented in Table 3 shows that the yield strength and
ultimate tensile strength of the material in the two
orientations were not different. However, the differ-
ence in the deformation behavior was significant.

Table 2. Quantitative microstructural analysis.

Microstructural Orientation
feature Longitudinal Transverse
Grain size, um 135 15+4
Particles area
. St 1112
fraction, % 65 0 3

Fig. 3. Optical micrographs revealing the microstructure of
the alloy in a) longitudinal and b) transverse directions.
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Table 3. Nominal mechanical properties of extruded alloy.

Table 4. (a) SN data for CR orientation.

.. )
Properties Orientation Sample # | AS (MPa) N(CR Average N(CR % .
Longitudinal Transverse (cycles) (cycles) scatter
: 1. 4037 21
strength, MPa 2. 2973
Ultimate tensile 3. 5078 1
strength, MPa 354 353 4. 112 5029 5054
Elongation, % 16 9 5 8376 1
Reduction of area, % 50 24 6. 97 8233 8305
Elastic modulus, GPa 71 71 7. o 12195 13088 18
Hardness, HV 115 115 3. 15780
9. 28653 3
These properties indicate that the recrystallized grain o 63 2005 29343
structure has eliminated the effect of texture on the
. . . 11. 47 99521 - -
yield and tensile strengths of the material. However, o . 25017
the texture produced by the clusters of the constituent - - -
particles was not eliminated by subsequent heat Standard deviation / Average Nr x 100
treatment processes and that reduced the elongation o
. . . . Table 4. (b) SN data for LR orientation.
and reduction of area in the transverse direction.
Average
X Sample #| AS (MPa) | NLR (cycles) NLR % scatter
3.3 Fatigue test results (cycles)
3.3.1 Fatigue life of the samples L 129 8264 7667 11
Tables 4a and 4b provide the results of the stress 2. 7070
range (AS) and the number of cycles to failure (Ny) 3. - 9986 0635 s
for the samples tested in CR and LR orientations, 4, 9283
respectively. The scatter in the results is also given in 5. 15507
the table and it should be noted that the difference in 6. o7 12565 14036 15
the fatigue life in two orientations is beyond the limit 5 26550
of the scatter at any stress level. It’s worth mentioning e 82 21179 23865 16
here that although the sample size in the two orienta- 9' 3672
tions was a bit different, however the loading condi- —1 63 64609 2
tions during testing were ensured to be the same for 10. 65546
both the orientations. As already mentioned that for a 1. 47 264476 - -
given material and environment, the fatigue crack 12. 31 600000 + - -
growth behavior is essentially the same for different ~ + runout

specimens because the stress intensity factor range is
the principal controlling factor in fatigue crack
growth [3]. Thus the da/dN versus AK data obtained
from the samples, under constant amplitude condi-
tions, can be compared and used for engineering de-
sign.

Table 5 shows the comparison of the data for two
orientations. A statistical regression analysis of the
experimental data was conducted using the Microsoft
Excel software which provides the different regres-
sion types. The plots of the SN data were obtained
and the trendlines added to the curves. These trendli-
nes are used to graphically display the trends in data

Table 5. Comparison of the SN data for two orientations.

Number of cycles to failure, N¢

e N:«CR NLR I\Ii;[fé]i{_ % increase
1. 129 3505 7667 4162 119

2. 112 5054 9635 4581 91

3. 97 8305 14036 5731 69

4. 82 13988 23865 9877 71

S. 63 29343 64609 35266 120

6. 47 99521 264476 | 164955 166

7. 31 480179 | 600000 + | 119821 + -
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and depends on the type of the data used. When the
data is fitted to a trendline, Excel automatically calcu-
lates its R-squared value. R-squared (R%) value is an
indicator from 0 to 1 that reveals how closely the
estimated values for the trendline correspond to the
actual data. A trendline is most reliable when its R*
value is at or near 1. This value is also known as the
coefficient of determination.

The analysis of the data presented in Table 5 shows
that the data is best fitted with the power law relation-
ship and provides coefficient of determination, R’
equal to 0.9899 and 0.9857 for CR and LR orienta-
tions, respectively. The data shows that in both the
orientations, fatigue lifetime increases as the stress
amplitude decreases. Table 5 clearly revealed a
shorter fatigue life of the samples prepared in CR
orientation. The percent increase in the number of
cycles to failure in LR orientation at any stress level is
also shown in the table. The difference between the
two orientations is more evident at lower stress levels,
a possible explanation of which is the texture of the
constituent particles. Clusters of aligned particles in
CR orientation were present in the direction perpen-
dicular to the loading axis and more favorably ori-
ented for crack initiation and growth. The shorter
fatigue life is of serious concern because in this orien-
tation the hoop stress in the cylinder has about twice
the value of the axial stress [24].

3.3.2 Crack extension

Plots in Figs. 4 and 5 show the crack length versus
the number of cycles for CR and LR orientations,
respectively.

The legends indicate the maximum stress level in
percent of yield strength of the material. The data
covers the complete range from start of the crack at
the notch up to the specimen failure. A pre-crack
length of 1 mm is marked on the graph. Above pre-
cracking line the curve becomes linear representing a
smooth increase of crack length with the increase in
number of cycles. Effect of the stress level on the
onset of crack from the notch and the crack extension
up to failure is clear from the plots. Both the number
of cycles to start the crack from the notch and the
maximum value of the crack length up to failure in-
crease with the decrease in the stress level. Compar-
ing the two graphs in Figs. 4 and 5, it is evident that
in CR orientation, at the same stress level, the crack
started earlier and the maximum value of the crack
length is smaller.
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Fig. 4. Plot of the crack length versus the number of cycles
for CR orientation.
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Fig. 5. Plot of the crack length versus the number of cycles
for LR orientation.

3.3.3 Fatigue crack growth curve

The variations of fatigue crack growth rates with
the AK are shown in Fig. 6 for the CR and in Fig. 7
for the LR samples. These figures show the data ob-
tained from all the samples tested at different stress
levels. The plots on log-log scale indicate typical
sigmoidal shape. The experimental values of the Paris
constants were obtained from these plots and the re-
sults are given in Table 6.

Although the tensile strength of the material in two
orientations was nearly the same, the fatigue crack
growth rate in the CR orientation was higher as com-
pared to LR, which can be attributed to the presence
of favorably oriented clusters of constituent particles.

It should be noted that within same material the
crack growth rates in two different orientations is
markedly different and should be considered to get
the optimized results. Thus the present study con-
cludes that the pattern of distribution of the constitu-
ent particles created during extrusion process has a
pronounced effect on the crack growth rate.
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Table 6. Paris constants obtained from the experimental data.

Alloy Form Orientation | C (m/cycle) m
AA 6061- ) CR 4x10™ 34
Extrusion
To LR 2x 107 2.6
1.00E-05
L]
1OOE-06 s
&
:
'y
- 1O0E-07 | »,
5 s
-l
: ¢
LOvE-8 |
L & &
| ]
1LO0E-8
1 9 100
log K, MPa.

Fig. 6. Fatigue crack growth rate curve for CR orientation.
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Fig. 7. Fatigue crack growth rate curve for LR orientation.

3.4 Post-fracture analysis

Post fracture analysis in SEM revealed that the
fracture appearance changed with the sample orienta-
tion and resembles the respective microstructural
features of the alloy. Fig. 8 shows the SEM micro-
graphs of the samples tested at AS equals 63 MPa for
the two orientations at intermediate AK. The corre-
sponding numbers of cycles to failure for these sam-
ples were 28653 and 63672, respectively. The SEM
images of the two fractured surfaces show a faceted
fracture. The crack propagated along the crystallo-
graphic planes. At higher magnifications striations
were found on the entire fatigue fracture surface.
Their spacing varied from near threshold to the stage
I crack growth region. This indicates that the gen-
eral mechanism of crack growth was the formation of

Fig. 8. SEM micrographs of fatigue fractured surfaces of a)
CR and b) LR orientation at intermediate AK (arrow indicates
crack growth direction).

striations. However, clusters of constituent particles,
as were observed during microstructural analysis
were found on the fracture surfaces of the CR orienta-
tion; region A in Fig. 8(a). It can be seen that the
mechanism of crack growth locally changed in the
regions containing high density of these particles. The
higher crack growth rate found in the CR direction
can be attributed to this phenomenon.

4. Summary and conclusions

In present study, the fatigue crack growth data of a
high strength Al-Mg-Si alloy AA 6061-T6 was ac-
complished using middle tension M(T) specimens.
The following conclusions can be drawn on the basis
of the study;

(1) The extruded material was composed of recrys-
tallized grains. In the longitudinal direction, clusters
of constituent particles were found aligned along the
direction of extrusion.

(2) Monotonic tensile properties of the material in
two directions showed that the yield and tensile
strengths were almost the same. However, higher
values of elongation and reduction in area were ob-
served in the longitudinal direction.
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(3) The fatigue life analysis of the samples in two
orientations indicated a shorter fatigue life in CR di-
rection.

(4) The da/dN versus AK plot on log-log scale
showed a typical sigmoidal shape. The fatigue crack
growth rate in the CR orientation was higher as com-
pared to LR orientation.

(5) For the CR orientation, the Paris constants C
(m/cycle) and m were found to be 4 x 10" and 3.4,
respectively. The same constants for the LR orienta-
tion were found to be 2 x 10" and 2.6, respectively.

(6) Post fracture analysis revealed that the fracture
appearance changed with the sample orientation. The
general mechanism of crack growth was the forma-
tion of striations.

(7) The present study revealed that the texture of the
constituent particles created during extrusion process
has a pronounced effect on the crack growth rate in
two orientations.
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