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TEM study of microstructure development 
during low-cycle fatigue of an overaged 
AI-Mg-Si alloy 
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The evolution of dislocation structure during room-temperature, uniaxial, low-cycle fatigue of 
an overaged AI-Mg-Si alloy is studied. Ageing at 450~ produces a fine dispersion of Mg2Si 
precipitate particles. During fully reversed strain-controlled cyclic tests, these fine particles 
restrict deformation to local regions and a stable dislocation substructure is developed early in 
fatigue life. Substructural observations of hardening and saturation by transmission electron 
microscopy reveal extensive dislocation band formation on Mg2Si precipitate rods. Various 
microstructural features such as configuration of tangled dislocations, dislocation cells, 
precipitate morphologies, sizes, precipitate-free zones, etc., have been examined during cyclic 
hardening and saturation. The results have been analysed in terms of kinematic and isotropic- 
type microstructural mechanisms. 

1. I n t r o d u c t i o n  
Evolution of dislocation substructure and dislocation- 
precipitate interactions during uniaxial low-cycle 
fatigue (ULCF) of aged high-strength aluminium 
alloys have been the subject of many recent studies 
[1-9]. In these studies, the formation of dislocation 
loops [9], slip bands [1, 4-6, 8], dislocation cells [3, 
7], and the evolution of dislocation structure after 
ULCF have been observed by transmission electron 
microscopy (TEM). Two types of precipitate, depend- 
ing upon the ageing characteristics of the alloys, are 
generally identified; shearable and non-shearable. The 
shearable precipitates in underaged to peak-aged 
condition, show cyclic hardening to a peak stress 
followed by cyclic softening [1], whereas the non- 
shearable precipitates result in cyclic hardening lead- 
ing to saturation [10, 11]. The microstructural fea- 
tures have been related to the shape of the hysteresis 
loops [2, 4, 12], the stacking fault energy (SFE) [3], 
the strain amplitude [1, 2, 5, 63, and the cumulative 
strain (or number of cycles) [1, 2, 5, 8, 9]. 

There have been several investigations of precip- 
itation and ageing characteristics of A1-Mg-Si alloys. 
These alloys in the solution-treated and underaged 
state contain a fine dispersion of 13" needle-like zones, 
which are coherent and tie along (1 0 0). A precipitate 
free zone (PFZ) is usually observed along the grain 
boundaries. The PFZs form due to the absence of a 
critical vacancy concentration for precipitate nuclea- 
tion at the grain boundaries [13]. There are other 
dispersoids present and are linked to iron impurity 
and excess silicon. The peakaged and overaged 
alloys contain partially coherent rods of J3'-Mg2Si 

lying along (1 00), about 0.2 gm long and 0.01 ~tm 
wide. The rods are an intermediate phase and have a 
structure of highly ordered unit cell of MgzSi. The 
orientation relationship between the matrix alumin- 
ium and 13'-MgzSi rods has been reported to be 
(100)AI[J(1 10) 13'-Mg2Si [14, 15]. The growth of 
the needle-shaped zones into 13'-Mg2Si precipitate 
rods takes place by the diffusion of solute 
atom/vacancy groups into the compressive regions of 
the zones, i.e. along the matrix <100) directions 
[14-163. The degree of ageing of the solution-treated 
alloy determines the size and the strength of the 13' 
rods and the width of the PFZs. The width of the 
PFZs and the size of the dispersoids are significantly 
larger than the underaged alloys. On further ageing, 
13'-Mg2Si precipitate rods transform to 13-Mg2Si pla- 
tes. High-cycle fatigue studies on A1-Mg-Si in various 
solution-treated and aged conditions have also been 
conducted to study the effect of thermomechanical 
treatment (TMT), microstructural characteristics, re- 
sidual stresses on fatigue life. The results are analysed 
in terms of the effect of various shearable and non- 
shearable precipitates on slip localization, crack initia- 
tion, and propagation characteristics [17-20]. No 
studies have been made in the past with respect to the 
processes of interaction between dislocations and pre- 
cipitates resulting from ULCF of overaged precipita- 
tes. This is important because extensive dislocation 
movement and interaction with non-deformable over- 
aged MgzSi precipitates is expected to influence the 
development of microstructure and internal stresses in 
these alloys. 

In the present work, an investigation Of dislocation 
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substructure evolution and dislocation-precipitate in- 
teraction is conducted in overaged A1-Mg-Si alloy 
specimens subjected to low-cycle fatigue. The qualita- 
tive microstructural observations are discussed and 
analysed in terms of established kinematic and isotro- 
pic microstructural mechanisms operative in different 
regions of the microstructure. 

2. Experimental procedure 
2.1. Material and heat treatment 
Commercial A1-Mg-Si (6061 A1) bar was received in 
the form of a 12.7 mm diameter circular bar having a 
nominal composition of 0.94% Mg, 0.67% Si, 0.52% 
Fe, 0.27% Cu, and 0.31% Cr as alloying elements. The 
as-received microstructure of A1-Mg-Si alloy con- 
sisted of a uniform equiaxed grain size. The grain size 
determined by a linear intercept method was 70 gm. 
The material was solution treated at 530~ water 
quenched, and aged at 160 ~ for 18 h, followed by air 
cooling. The resulting microstructure consisted pre- 
dominantly of a fine dispersion of MgzSi zones. The 
specimens were further aged at 450~ for l h  to 
develop a coarse distribution of [Y-MgeSi precip- 
itate rods. 

2.2. Fatigue test ing 
The specimens were subjected, in laboratory air, to 
strain-controlled uniaxial cyclic loading in a mic'ro- 
processor-based, closed-loop, servo-controlled, elec- 
trohydraulic test machine of 89 kN capacity. The tests 
were conducted at a strain amplitude and strain rate 
of 0.005 and 1 x 10- 2 s - 1 respectively, up to various 
numbers" of cycles in the cyclic hardening and satura- 
tion region. The details of computer-controlled fatigue 
testing and measurement of internal stress variables 
and test results are being published separately [21]. 

2.3. Transmission electron microscopy 
Specimens for TEM were obtained by spark cutting 
3 mm diameter discs from sections of the gauge length 
perpendicular to the specimen axis. Slices about 1 mm 
thick were cut by a diamond saw and ground to about 
0.25 mm thickness. Thin foils were made by electro- 
polishing in a nitric acid-methanol mixture at 
- 35 ~ by double-jet technique using a Tenupol poli- 
sher operating at 20 V. The foils from undeformed and 
deformed specimens were examined in a Jeol 2000 FX 
electron microscope at 200 kV. Bright-field disloca- 
tion contrast was enhanced by tilting to various two- 
beam diffracting conditions. The precipitate size and 
morphologies were observed by tilting the foil away 
from the exact two beam case, thus minimizing the 
strain contrast. The approximate composition of vari- 
ous dispersoids was determined by energy dispersive 
X-ray analysis (EDXA) attached to TEM by obtaining 
a typical spectrum of the intensity (counts) as a func- 
tion of energy. 

3. Resul t s  
The solution treatment at 530~ water quenching, 
and ageing at room temperature for 18h showed 
a large number of quenched-in dislocatiori loops 
(Fig. la). The microstructure after ageing at 160 ~ for 
18 h consisted of a fine dispersion of Mg2Si zones in a 
matrix of aluminium (Fig. lb). 

The material was aged at 450 ~ for 1 h to obtain 
bigger particles. The overaged microstructures con- 
sisted predominantly of elongated, ordered [Y-Mg2Si 
precipitate rods of width 0.02-0.05 gm and lengths up 
to 2 lain, as shown in Fig. 2a. The black spherical spots 
in Fig. 2a are the [3'-Mg2Si precipitate rods observed 
"end on" in the [0 0 1] direction. Occasionally a large 
precipitate plate oriented along the same direction as 
[Y-Mg2Si precipitate was observed (Fig. 2b). The 

Figure 1 Transmission electron micrographs of the microstructures of solution-treated and aged specimens. (a) Solution treated at 530 ~ (b) 
solution treated as above and aged at 160 ~ for 18 h. 
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Figure 2 Transmission electron micrographs of a specimen in the overaged, undeformed, condition. (a) Cylindrical precipitate rods of JY- 
MgzSi in the matrix; (b) a large ~-Mg2Si precipitate plate; (c) diffraction pattern from a MgzSi precipitate rod; (d) a large polygonal precipitate 
particle in the grain interior; (e) irregular precipitates and PFZs along the grain boundaries; (f) dislocations at the Mg2Si precipitates and a 
precipitate plate. 
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Figure 3 Transmission electron micrographs of cyclically deformed specimens in the cyclic hardening region at &s/2 = 0.005 and k = 0.01 s 
after (a-c) two cycles, and (d-f) ten cycles. 
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dissolution of 13' rods in the areas surrounding the 
plate results in a precipitate-free region. The pre- 
cipitate plates were identified by selected-area diffrac- 
tion (SAD) and EDXA analysis in the TEM to be 
[3-MgzSi. The diffraction pattern from the Mg2Si pre- 
cipitate plates indicated an fc c structure with a lattice 
parameter of 0.64 nm (Fig. 2c). Large precipitates of 
spherical, polygonal, cylindrical shapes were also ob- 
served in the grain interior (Fig. 2d and f). The sizes of 
the large precipitates varied considerably and were in 
the range 1-10/am. A number of discretely distributed 
precipitates of arbitrary shapes and varying sizes were 
often encountered along the grain boundary as shown 
in Fig. 2e. The PFZs, 0.5-2.0 gm wide, were also 
observed along the grain boundaries and grain triple 
points as shown in Fig. 2a and e. In some cases, large 
particles also appeared to align themselves along cer- 
tain crystallographic directions. The large precipitates 
were too thick to obtain a suitable diffraction pattern 
for analysis. The EDX analysis was therefore employ- 
ed to identify the elements present in various pre- 
cipitates. The analysis of large precipitates of polygo- 
nal geometry showed a distinct Si peak whereas 
the large spherical precipitates consisted of silicon, 
chromium, iron and aluminium. A small number of 
dislocations, nucleated during precipitation and age- 
ing, were observed on the interface between the matrix 
and the [3' precipitate rods as well as other large 
precipitates (Fig. 2d and f). The small size of the 13' 
rods and the contrast associated with the large coher- 
ency strains present did not allow a close examination 
of the interaction between the dislocations and the [3' 
rods. 

The microstructures after two cycles at a strain 
amplitude of 0.5% (strain rate 1 x 10 -z s -~) during 
hardening show a build up of dislocation structure in 
the matrix (Fig. 3a and b). A large number of bowed 
dislocations with screw components are held up at [3' 
rods and other large precipitates (Fig. 3a). Dislocation 
multiplication results in increased dislocation activity 
in the channels between the 13' precipitates and a 
general tangling around [3' was observed. A significant 
number of dislocations in the form of dislocation 
loops and curved configurations lie between 13' pre- 
cipitate rods which act as pinning points. Multiple 
jogs generate long dipoles which decompose into 
loops (Fig. 3b). The dislocation loops associated with 
the interfaces of the 13' rods are debris from a bypass 
process, i.e. they are Orowan loops. An array of 
precipitates along a pinned grain boundary and PFZ 
of varying width, as well as the dislocation structure in 
the interior of the grains, are shown in Fig. 3c. In 
general, the boundaries contained many particles but 
no boundary cavitation was observed. Fig. 3d-f show 
the bright-field transmission electron micrographs 
after 10 cycles. A perpendicular "grid-like" configura- 
tion of dislocations in the form of intersecting disloc- 
ation bands exists throughout the bulk of the grains 
excePt at the PFZs. As the [3' rods tend to homogenize 
effectively the deformation in the matrix phase, any 
cell structure formed is very poorly defined. In some 
cases, the dislocation barid continued for long dis- 
tances as a distinct feature of the microstructure but in 

others they were recognizable only because of a rather 
diffuse contrast. The dislocation arrangement is less 
dense and irregular in the PFZs. The dislocation 
bands coincide with the ordered arrangement of [3' 
precipitate rods (Fig. 3f). 

Fig. 4 shows the microstructures after 30 cycles in 
the early stages of saturation. The matrix dislocations 
further fill the channels between the [3' rods and are 
stored at the precipitate-matrix interface (Fig. 4a). The 
cell-like dislocation structure is developed in the PFZs 
as shown by grain A in Fig. 4b. The dislocation 
structure in the PFZ of the grain B below is not visible 
due to the misorientation between the bulk of the 
grain and the PFZ but one can observe the ordered 
arrangement of precipitates below the PFZ boundary. 
In the interior of the grains, the dislocation bands are 
well established although many bowed out disloca- 
tions exist in the inter-band region (Fig. 4c). The 
arrangement of boundary fringes around pinned grain 
boundary AB suggests that the boundary appears 
more likely to be wrapped around the particle (P) than 
pass through it (also Fig. 3c). Because the orientation 
of the intersecting perpendicular dislocation bands 
was the same as the 13' precipitate rods, the slip bands 
had a different orientation from grain to grain. The 
gradient of dislocation density is sharply defined be- 
tween dislocation band and inter-band region. The 
dislocation-precipitate networks terminate at PFZ 
boundaries (Fig. 4c and e). The dislocation structure in 
the vicinity of a 13' plate is marked by a more cellular 
dislocation configuration due to the absence of pre- 
cipitate rods (Fig. 4d). The dislocation structure of a 
region free of [3' precipitates but in the vicinity of large 
dispersoids is shown in Fig. 4f. 

Fig. 5 shows transmission electron micrographs of a 
specimen after 511 cycles. A complete saturation in the 
flow stress was observed at this stage. The 13' rods are 
now fully covered by dislocations (Fig. 5a and b). The 
dislocation-precipitate bands are more intense with a 
dense network of dislocation debris between the 
bands. A large number of dense dislocation tangles 
were also observed in the vicinity of large (> 1 gm) 
precipitates as shown in Fig. 5c. The large particles at 
the grain boundaries do not show as much evidence of 
associated dislocation activity. Mobile dislocations do 
not penetrate the precipitate rods but are slowed 
down at the boundary probably due to a high resist- 
ance inside the particle. Dipolar dislocation walls such 
as those within persistent slip bands (PSBs) in copper 
were observed in the PFZs as shown in Fig. 5d. The 
dislocation density in the PFZ was generally lower 
than the inter-band region. Shearing of large pre- 
cipitate particles in the interior of the grains by matrix 
dislocations was observed leading to the formation of 
anti-phase boundaries (Fig. 5e). Occasional cracking 
of large precipitates was also observed (Fig. 5f). No 
shearing or cracking of the grain-boundary precipita- 
tes in the PFZs was observed. 

4. Discussion 
The evolution of dislocation structure in the grain 
interior and PFZs leading to cyclic saturation can be 
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Figure 4 Transmission electron micrographs of cyclically deformed specimens in the cyclic hardening region at A~/2 = 0.005and ~ = 0.01 s 1 
after 30 cycles showing, (a) dislocation-precipitate grid structure in the grain interior, (b) dislocation structure in the PFZ, (e) dislocation 
structure at a grain triple point, (d) dislocation structure in the vicinity of a large Mg2Si precipitate plate, (e) termination of dislocation bands 
at the PFZ boundary, (f) dislocation interaction with smaller precipitates. 
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Figure 5 Transmission electron micrographs of a cyclically deformed specimen after 511 cycles at &~/2 = 0.005 and/ :  = 0.01 s-1 showing, 
(a, b) well established dislocation-precipitate grid structure, (c) interaction of dislocations with a large spherical particle, (d) dislocation di- 
polar walls in a PFZ, (e) shearing of a large precipitate, (f) cracking of a large precipitate. 
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summarized as follows. The dislocation density is 
uniformly low prior to cycling throughout the speci- 
men. Dislocation generation during the first cycles 
lead to an increase in the dislocation density in the 
grain interior. Screw dislocation motion, multiplica- 
tion, and mutual interaction within the [3' rods leads to 
the formation of jogs on screw dislocations. Disloca- 
tion clusters, built up of edge multipoles, and debris 
appear between the [3' rods while the free dislocations 
approach the [3' rod-matrix interfaces. The disloca- 
tions produced in the early stages of cycling are locked 
progressively by the precipitates and lead to a more 
planar arrangement of dislocations within the grains. 
The mean free path of dislocations in the grain interior 
where a closely spaced and ordered distribution of [3' 
precipitate rods exists is smaller than the statistically 
random distribution of a few large dispersoids and 
precipitates in the PFZs and grain interiors [22, 23]. It 
is therefore expected that the contribution of 9' pre- 
cipitates to the slip mode and total dislocation density 
is large during initial stages of cycling. In the PFZs, 
the capacity of three-dimensional motion via cross- 
slip easily allows for the dislocation arrangement into 
wavy configurations. Also, in the vicinity of large [3 
plates, extensive cross-slip of screw dislocations due to 
the absence of [3' rods leads to wavy slip configura- 
tions typical of pure aluminium. These observations 
are in agreement with the fatigue of A1-3%Cu alloy 
containing non-shearable 0' plates [24] where a gen- 
eral tangling of dislocations with the precipitate plates 
has been observed when the plates are closely spaced. 
However, when the plates are widely apart, disloca- 
tion cells form in the matirx. 

At large cycles, the mean free path of the disloca- 
tions between the [3' precipitates is progressively re- 
duced and is considerably smaller than the geometric 
slip distance which depends on the shape and spacing 
of [3' rods. Consequently, statistically stored disloca- 
tion density may dominate the total dislocation dens- 
ity of the alloy [22, 23]. The dense tangled disloca- 
tions relieve the high stresses localized around the 
particles in order to make the plastically sheared state 
of the matrix compatible with the elastically deformed 
state of the particle. The essential characteristics of the 
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Figure 6 Schematic drawing of the microstructure formed after 
cyclic saturation. 
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microstructure in the steady state are shown schemati- 
cally in Fig. 6. 

Various observations during cyclic hardening and 
saturation stages can be broadly divided into kine- 
matic (or directional) and isotropic mechanisms, i.e. 
mechanisms responsible for kinematic and isotropic 
hardening, respectively [21,25]. Kinematic mech- 
anisms observed include dispersion hardening due to 
the interaction of dislocations with precipitate par- 
ticles, dislocation bowing between particles, disloca- 
tion looping and pile-ups at the large non-shearable 
precipitates and [3' rods, and dislocation multiplica- 
tion within the matrix. Isotropic mechanisms ob- 
served include mechanisms involving the formation of 
jogs, tangles, and dislocation forests within the matrix 
between the [3'-MgzSi precipitate rods and dislocation 
cells within the soft PFZs. Both kinematic- and iso- 
tropic-type mechanisms are responsible for the build 
up of inhomogeneous dislocation structure during 
cyclic hardening and saturation. 

5. Conclusions 
1. A continuous increase in the density of disloca- 

tions in the interior of the grains as well as in the PFZs 
is observed up to 30 cycles at a strain amplitude and 
strain rate of 0.005 and 1 x 10 -2 s -1, respectively, in 
the cyclic hardening region. The observations reveal 
no significant increase in the dislocation density in the 
region 30-511 cycles. 

2. Dislocation tangling at [3'-MgzSi precipitate rods 
contribute predominantly to cyclic hardening in the 
early stage. A stable dislocation band structure exists 
throughout the bulk of the specimen except at PFZs at 
high cycles. A more cell-like structure forms at the 
PFZs and in the vicinity of large [3 plates where the 
absence of precipitates tends to cause extensive cross- 
slip. 

3. Various kinematic- and isotropic-type strength- 
ening mechanisms operate during cyclic deformation 
of overaged AI-Mg-Si alloy such as Orowan disloca- 
tion looping, dislocation bowing, formation of jogs, 
tangles, and dislocation forests. The mechanisms 
are responsible for the build up of inhomogeneous 
dislocation structure during cyclic hardening and 
saturation. 
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