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a b s t r a c t

Stress–strain characteristics of Al-5356 are studied. Stress oscillation (repetitive stress drop or serration)
in stress–strain relations (jerky flow or the Portevin–Le Chatelier (PLC)) was observed at the temperature
ranging from 303 to 373 K at strain rate (S.R.) of 1.5 × 10−3 s−1. A relation between the stress reload
parameter ��R and the strain ε in the jerky flow was found to be in the form [��R = A exp(ε/˛)] with
a growth constant ˛ independent on grain diameter d and /or deformation temperature Tw. The effect
of grain diameter d on the work-hardening parameters (WHP) yield stress �y, fracture stress �f, total
strain εT, work-hardening coefficient �p(=d�2/dε) and the strain-hardening exponent n(=d ln �/d ln ε)
of Al-5356 alloy were evaluated at the applied deformation temperature range. The grain diameter d
1.66.Dk

eywords:
etals and alloys

recipitation
icrostructure

and deformation temperature Tw significantly decreased the total strain εT, the yield stress �y and the
fracture stress �f of the tested samples, while the strain-hardening exponent n changed slightly. The
relationship between the yield stress �y of the alloy under investigation and temperature follows an
Arrhenius law. The mean activation energy of the deformation process was found to be ∼87 kJ/mole,
close to the activation energy of grain boundary diffusion in aluminum alloy.
-ray diffraction
erration

. Introduction

The high strength to weight ratio, high strength, good forma-
ility, excellent corrosion resistance and good weldability make
luminum alloys the preferred metals for many manufactured
roducts such as automotive industry. This has greatly increased

n recent years. In the last few decades, a series of active research
as been made on the development of such lightweight met-
ls, driven by the need to increase fuel efficiency, by making
ightweight automobiles [1,2]. With increasing trend to substitute
ome automobile parts with light alloys, Al–Mg alloys com-
ine corrosion resistance with reasonable strength, ductility and
eldability. Therefore it has become of interest in lightweight

tructural applications in the transportation industry. Alloying ele-
ents are usually added to aluminum to increase its strength

y two methods: (a) disperse alloying elements in solid solu-
ion and cold work the alloy (work-hardening alloys), and (b)
issolve the alloying elements into solid solution and precipitate

hem as coherent particles (precipitation-hardening alloys). Mag-
esium forms a solid solution in Al and it can be dissolved up
o 10 wt.% at high temperatures [3]. Also, it is attractive as an
lloying element since it is known to enhance the recovery pro-

∗ Corresponding author. Tel.: +0020239770940; fax: +20 25428940.
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cess within Al, which may enhance super plastic response of this
alloy.

Solder alloys serve as structural materials to sustain compo-
nents. To ensure the reliability of solder joints, knowledge is
required about the mechanical properties of the solder under ser-
vice conditions. Furthermore, in order to analyze the stress or
the strain distribution of solder joints subjected to mechanical or
thermal loading, the stress–strain curves under various loading
conditions should be determined.

During plastic flow, the spatial arrangement of dislocation
ensembles derives from interactions of dislocations with strong and
dense local obstacles other than dislocations (solute atoms, precipi-
tates, lattice friction, Peierls forces, etc.) on the one hand, and on the
other hand from their mutual interactions. If observed sufficiently
large with a resolution scale, the former usually induces rather
than uniform dislocation distributions and plastic flow, whereas
the latter, which tends to prevail as deformation proceeds and dis-
locations multiply, leads to the emergence of collective behaviour
and patterning [4]. Thus, at some stage uniform plastic flow may
become unstable and may give way to localized straining. Then,
the spontaneous formation of patterns, sometimes regular, some-

times propagating, may be observed on the surface of the deformed
material. Jerky flow or the Portevin–Le Chatelier (PLC) effect is one
of the most prominent examples of such plastic instabilities.

Three types of bands have been commonly distinguished in
polycrystals in simple tension under constant applied strain rate

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:afawzy1955@yahoo.com
dx.doi.org/10.1016/j.jallcom.2010.04.119
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Table 1
The chemical compositions of the Al-5356 solder alloy.
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5–7]. Type A bands are seen at large strain rates. They propa-
ate continuously and are associated with weak undulations in
he stress–strain curve. Type B “hopping bands” occur at lower
train rates. They are static bands formed sequentially ahead of one
nother, thus, they are giving an impression of propagation. The
ssociated stress drops are larger and more regular than in type A.
t even lower strain rates, type C bands are static, but they nucle-
te randomly along the sample, and produce marked serrations of
arge amplitude on the stress–strain curve.

The Portevin–Le Chatelier (PLC) effect is observed during plas-
ic deformation of many alloys at a specific regime of temperature,
train and strain rate. At an imposed strain rate, the stress–strain
urve develops serrations associated with repeated initiation and
ometimes propagation of deformation bands [6,8,9]. It has first
een explained by Cottrell [10], with the collective repeated break-
way and recapture of dislocations from their solute clouds of
oreign atoms that the diffusion velocity of which is of the same
rder of magnitude as the dislocation velocity (viscous flow). It
as to be noted that the Cottrell theory is based on bulk diffu-
ion, whereas later on, theoretical and experimental investigations
ndicated the pipe diffusion mechanism, i.e. the solute diffusion
long the dislocation lines, to be more relevant, in particular at
oderate and lower temperatures [11–17]. This process is known

s dynamic strain aging (DSA). More specifically, solute atoms
iffuse to and age mobile dislocations during their temporary
rrest at local obstacles [7]. This diffusive process is commonly
onsidered the reason for PLC instabilities. This dynamic strain
geing can lead to a negative strain rate sensitivity of the flow
tress within a certain range of applied strain rates and temper-
tures. This is when both types of defect have comparable mobility
11,18,19].

The present work is devoted to get an insight and provides some
dditional information about the effect of the grain diameter d on
he (i) work-hardening parameters of Al-5356 specimens over a
emperature range from 303 to 373 K and (ii) PLC phenomenon in
l-5356 solder alloy.

. Experimental procedures
.1. Sample preparation

This study has been carried out on commercial Al-5356 alloy supplied from
lumisr factory-Helwan-Cairo-Egypt in the form of rod of 3 mm in diameter. The
hemical compositions of the solder alloy under investigation are given in Table 1.
he rods were cold drawn in steps to wires 0.6 mm in diameter for stress–strain

Fig. 1. Photomicrographs of Al-5356 alloy specimens annea
n Cr Zn Ti Be

.05–0.2 0.05–0.2 0.1 0.06–0.2 0.0008

measurements. A part of the alloy was rolled into sheet of 0.3 mm in thickness and
5 mm width for microstructure investigation.

2.2. Heat treatment and structure examination

Samples in the form of sheet (5 mm × 6 mm) and wires (50 mm in length) of dif-
ferent grain diameters were obtained by annealing three groups of samples for 5 h in
the solid solution region at the temperatures 673, 723 and 823 K, respectively using
a thermo regulated furnace to produce stable grain sizes. The temperature inside
the furnace was constant to within ±2 K. After annealing, the specimens were air
quenched. Structure of the heat treated samples was examined by optical, scanning
electron microscope (SEM), energy dispersive X-ray spectrometer (EDS) and X-ray
diffraction (XRD) investigations. Prior to optical microscope examination, the sam-
ples were electropolished using an electrolyte consisted of 35% ortho-phosphoric,
40% ethanol and 25% water. To reveal the grain boundaries, the specimens were
etched with 90% ortho-phosphoric acid. The average grain diameters obtained were
10, 14 and 23 �m, as determined optically by the line intercept method. Optical and
SEM micrographs for specimens with different grain diameters, given in Figs. 1 and 2,
showed that a dark phase decreased in size and seemed to be segregated at grain
boundaries with the increase of the grain diameter.

EDS analysis (shown in Fig. 3) was performed on some heat treated samples
of Al-5356 alloy. Different dark zones of Fig. 2a were selected for the detection of
the elemental composition, the mean percentage of Al and Mg elements yielded the
values of 96.4 and 3.6, respectively.

XRD investigations of these samples and analysis of the diffraction patterns were
performed and a representative one corresponding to the grain diameter 10 �m is
shown in Fig. 4. This figure showed that the obtained spectral lines correspond to (i)
fcc Al matrix at (1 1 1) and (2 0 0), (ii) Mg at (1 0 4), (iii) �-phase (Al3Mg2) at (19 5 1)
and (16 16 4), and (iv) AlFe3 at (4 4 0) crystallographic planes at definite positions
irrespective of the grain diameter. Only the relative intensities of these spectral lines
were changed. As shown in Fig. 5, the decrease of the particle size associated with
increasing the grain diameter is confirmed by calculating the particle size (t) from
the half width of the spectral lines corresponding to Al3Mg2 phase using the formula
[20]:

t = �

B cos �
(1)

where � is the used wavelength in the X-ray diffraction patterns and B is the diffrac-
tion line measured at half its maximum intensity (radians).

3. Experimental results and observations

Experimental sets of stress–strain relations were performed at
different temperatures for the alloy wires having different grain

diameter by using a tensile testing machine described elsewhere
[21]. The deformation temperature studied 303, 323, 348 and 373 K.
The wires were heated while they were clamped in the tensile test-
ing machine. The strain rate was kept constant at 1.5 × 10−3 s−1 in
all experiments.

led for 5 h at (a) 673 K (10 �m) and (b) 823 K (23 �m).
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in Fig. 7b. The unique grain diameter for both �f and �y was found
to be ∼29 �m at which �f and �y correspond to the values 90 and
38 MPa, respectively. This confirms the decrease of both �f and �y
Fig. 2. Scanning electromicrographs of Al-5356 alloy specimens anne

.1. Effect of grain diameter and deformation temperature

Fig. 6 represents a set of stress–strain curves for the three grain
iameters carried out at room temperature. Similar curves were
btained at deformation temperatures (323, 348 and 373 K). From
ig. 6 it is clear that:

(i) Stress–strain curve of the smaller grain diameter is shifted
higher than the larger ones, which mean higher work-
hardening parameters namely, fracture stress �f, yield stress
�y, total strain εT and work-hardening coefficient �p.

(ii) A serration behaviour is observed in all the stress–strain curves
in all different grain diameters.

iii) The difference between the upper and lower limits of the

serration (serration amplitude) was found to be inversely
proportional to the grain diameter i.e., the larger the grain
diameter is, the smaller the serration amplitude becomes
which means the weaker serration process.

ig. 3. EDS for the Al-5356 alloy showing the existence of Al and Mg elements.
or 5 h at (a) 673 K (10 �m), (b) 773 K (14 �m), and (c) 823 K (23 �m).

3.2. The work-hardening parameters

From the representative stress–strain curves of Fig. 6 and simi-
lar curves at different deformation temperatures, it was clear that
increasing the deformation temperature decreased both the yield
stress �y and fracture stress �f. For wires tested at different defor-
mation temperatures, an inverse relation was found between �f
and grain diameter d. This relation is linear as shown in Fig. 7a.
Extrapolation of these lines intersects at a point of unique grain
diameter that makes the value of �f independent on deformation
temperature. The relation between the yield stress �y and grain
diameter was also found similar to that obtained with �f as shown
with increasing d.

Fig. 4. X-ray diffraction pattern of the Al-5356 alloy under investigation.
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Fig. 5. The grain diameter dependence of particle size in the Al-5356 alloy.

The temperature dependence of the total strain εT is shown in
ig. 8 which indicates that, the total strain εT decreased at any given
eformation temperature with increasing grain diameter d. While
t any given grain diameter, it decreased with increasing the defor-
ation temperature Tw until it reached a minimum value at 348 K,

nd then increased with increasing Tw.
Above a strain of 0.002 (ε > 0.002), the stress–strain curves

ere parabolic around the yield stress �y. Accordingly, the work-
ardening coefficient �p(=d�2/dε) [22] was calculated. Fig. 9 shows
representative linear relation between �2 and ε for specimens
ith different grain diameters tested at 303 K. The work-hardening

oefficient �p was calculated from the slopes of these straight
ines and the grain diameter dependence of it is shown in Fig. 10.
rom this figure, it is clear that the work-hardening coefficient �p

ecreases with increasing both the grain diameter and deformation
emperature.

.3. Strain-hardening exponent

At strain >0.002, the stress–strain curves were found to obey the
ell-known power law [23]:
= ˇεn (2)

here ˇ is the strength coefficient and n is the strain-hardening
xponent. Fig. 11 shows a representative linear relation between
n � and ln ε for specimens with different grain diameters tested at

ig. 6. Representative stress–strain curves of Al-5356 specimens at different grain
iameters (10, 14 and 23 �m) and tested at 303 K.
Fig. 7. Dependence of the work-hardening parameters on d for (a) the fracture
stress �f , and (b) the yield stress �y for specimens tested at different deformation
temperatures.

303 K. Values of n were calculated from the slopes of these straight
lines at the different deformation temperatures as illustrated in
Fig. 12. It is clear that n decreases slightly with the increase of both
the grain diameter d and the deformation temperature Tw.

3.4. The activation energy (Q)

The energy activating the deformation process may be evaluated
from the variation of the yield stress � , as related to the deforma-
y

tion temperature Tw, through the kinetic rate equation [21]:

�y = k
[

ε̇ exp
(

Q

RT

)]m

(3)

Fig. 8. The deformation temperature dependence of the total strain εT for Al-5356
alloy specimens having different grain diameters.
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ig. 9. Representative relation between �2 vs. ε for Al-5356 alloy specimens tested
t 303 K with different grain diameters.

here k is a material constant, ε̇ is the strain rate, R is the universal
as constant and m is the strain rate sensitivity index. To estimate
he value of the activation energy Q for the deformation process,
he standard Arrhenius plot of ln �y vs. 1000/T is to be constructed
s shown in Fig. 13. From the slopes of the obtained straight lines,

he calculated mean value of the activation energy Q was found
7 kJ/mole, which is in accordance with that obtained in similar
ork by Yong-yi et al. [24].

ig. 10. Grain diameter dependence of the work-hardening coefficient �p for Al-
356 alloy specimens tested at different deformation temperatures.

ig. 11. Representative relation between ln � vs. ln ε for Al-5356 alloy specimens
ested at 303 K having different grain diameters.

(

(

Fig. 12. Temperature dependence of the strain-hardening exponent n.

3.5. The serration characteristics

In the present study on Al-5356 alloy, a stress oscillation (stress
drop or serration) in stress–strain relations (jerky flow or the
Portevin–Le Chatelier (PLC)) was observed at the temperature rang-
ing from 303 to 373 K at strain rate of 1.5 × 10−3 s−1. From Fig. 6,
it is clear that in the plastic deformation region, the stress ampli-
tude �� is found to (i) increase with increasing strain at any grain
diameter and (ii) decrease with increasing the grain diameter d.

It was reported earlier that an electronic noise – similar to actual
serrations – is superimposed on the signals from the load cell [25].
Software has now been developed to minimize these aberrations
in the load-extension curve. One way to smooth the curve is by
averaging a few successive data points and plotting only such aver-
age values. It was found that averaging ten successive data points
minimizes the scatter due to the noise without altering the true
response from the sample. To get more characteristics of the ser-
rated part in the stress–strain curve, it was convenient to magnify
this part and construct a relation between stress and time as shown
in Fig. 14, thus the following parameters can be identified [26]:

(i) The stress reload ��R, which is the stress difference between
the beginning and the end of the serration step in the reloading
range.
ii) The reloading time �tR, which is the time needed for the reload-
ing process.

iii) The stress drop ��D, which is the stress difference between the
highest and lowest points of a serration step.

Fig. 13. Arrhenius plot of ln �y vs. 1000/T for Al-5356 alloy.
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Fig. 16. Reloading rate as a function of strain.

ig. 14. An enlarged portion of a computer-recorded stress–time curve with various
arameters defined.

iv) The drop time �tD, which is the time elapsed during a stress
drop.

v) The period of a serration �tS; this is the time interval between
the onsets of two successive serration steps.

For each serration step, the serration parameters were cal-
ulated for each grain diameter at all applied deformation
emperatures. The dependence of the size of the stress reload value

� , as a representative serration parameter, on the plastic strain
R
hich is obtained from an automated evaluation, is plotted in

ig. 15a. Since serrations along a stress–strain curve are rarely com-
letely uniform, the data of the stress reloads scatter widely. It was
ound that the stress reload ��R increases exponentially with the

ig. 15. The dependence of (a) the stress reloads ��R and (b) the time reloads �tR

n plastic strain.
Fig. 17. Representative relation between ln(��R) vs. ε for Al-5356 alloy specimens
tested at 303 K with different grain diameters indicated in the figure.

plastic strain for all different grain diameters and deformation tem-
peratures. The best fit exponential behaviour was found to obey the
equation:

��R = A exp
(

ε

˛

)
(4)

where A is a constant and ˛ is the serration growth constant. The
dependence of the reloading time �tR on the plastic strain was
also found similar to that obtained with ��R as shown in Fig. 15b.
Moreover, the reloading rate ��R/�tR is increased with strain as
seen in Fig. 16 and it can be concluded that the time for segregation
of solute atoms at the dislocation line increases as the load rate
decreases.

A representative linear relation between ln(��R) and ε for spec-
imens tested at 303 K for the grain diameters 10, 14 and 23 �m is
shown in Fig. 17. Straight lines were obtained, the slope of which
gave the values of (1/˛). The calculated values of ˛ were found to be
0.111, 0.109 and 0.099 for the grain diameters 10, 14 and 23 �m,
respectively. These results indicated that the growth constant ˛
is independent on the grain diameter of the tested samples. Simi-
lar calculation at the different deformation temperatures indicated
that ˛ is also independent on the deformation temperature.

4. Discussion
Concerning the structure of the heat treated samples under
investigation, the morphology was observed in the SEM and the
dark phase was examined with the energy dispersive X-ray spec-
trometer (EDS) (see Fig. 3). The investigation by XRD showed the
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xistence of the �-phase intermetallic compound Al3Mg2, as illus-
rated in the diffraction pattern of Fig. 4. According to what is

entioned before, the general feature of the obtained stress–strain
urves was found to be sensitive to both the grain diameter d and
he deformation temperature Tw exhibiting repetitive stress drops
n the stress–strain curves. It is clear from Fig. 2 that increasing
he grain diameter was associated with a refinement in the parti-
le size. This refinement may be a result of increasing the annealing
emperature to about 0.72–0.9Tm to achieve larger grain diameters,
hich may result in partial dissolution of larger �-phase particles

nd coalesce of ultra fine ones. The refinement may result in the
ecrease of the height of the obstacles to dislocation motion, thus,
he decrease of the work-hardening parameters �f and �y can be
ccounted for. It should be noted that as the particle size decreases,
hile raising the annealing temperature to increase the grain diam-

ter, a process of migration of these particles takes place towards
he grain boundaries as seen in Figs. 1b and 2b, c. Consequently,
he surface energy of the boundaries becomes higher; therefore
ow stress is needed for intergranular fracture to take place. Thus,
he observed low total strain εT with increasing the grain diameter
an be explained.

The unique value of d (∼29 �m) obtained in Fig. 7a and b means
hat the fracture becomes athermal process for this grain size and
he stress required to attain the fracture is �f ∼ 90 MPa. In addition,
he maximum stress, which still maintains the material within the
lastic region, is �y ∼ 38 MPa without thermal agitation.

Regarding the effect of deformation temperature, it is known
hat the hardenability of a polycrystalline material is reduced by
aising the deformation temperature [27]. This recovery reaction
s responsible for the observed decrease in wires hardenability as

easured by �f and �y (Fig. 7a and b) this is from one hand. On the
ther hand the decrease in the total strain εT (Fig. 8) at deforma-
ion temperature less than 348 K is due to pinning of dislocations
hat cannot breakaway from these pinning centers. While at tem-
eratures higher than 348 K, breakaway process takes place and
islocations can move freely leading to an increase in the total strain
T.

As the investigated samples showed parabolic hardening char-
cteristics, it is acceptable to adopt Mott’s [28] work-hardening
odel. This model predicts the relation for the coefficient of work-

ardening

p = G2b

2�2L
(5)

here L is the distance slipped by moving dislocation, G is the shear
odulus, and b is the interatomic distance. In the polycrystalline
etals, grain boundaries limit the slip distance of dislocations

rom any source within grain. Accordingly, a small value of L leads
o rapid hardening rate and vice versa on the one hand, this is
onsistent with the inverse relation between �p and the grain
iameter shown in Fig. 10. On the other hand the decrease in
he work-hardening coefficient �p with increasing the deforma-
ion temperature could be explained as due to the fact that when
hermal agitation is increased, it is then easier for dislocation to
vercome obstacles in the matrix. Thus the average slip distance L,
ill be increased [29], which gives rise to the decrease of �p.

It is well known that both the total strain εT and the strain-
ardening exponent n of Eq. (2) are important factors in judging the

ormability of the material [23]. The large value of n means greater
esistance to necking and is more suitable for forming options
nvolving tensile deformation (more ductile). In other words, one

act of ductility is the ability to elongate without fracture [30]. From
he variation of both εT and n with the grain diameter d, as seen in
igs. 8 and 12, it is clear that n showed similar behaviour of εT with
. Thus, the variation of the strain-hardening exponent n with d sug-
ests that the mechanical response in this behaviour seems to be
mpounds 502 (2010) 139–146 145

essentially affected by the accompanied variations of the internal
structure of the tested material as has been discussed before.

The value of the energy activating the deformation process Q,
calculated from Fig. 13, was found to be ∼87 kJ/mole, which is
in accordance with that needed for the activation energy of grain
boundary diffusion in aluminum alloy. It is found in agreement with
the results obtained in other works [24,31–33].

Serrations, seem to be type B, observed in the obtained
stress–strain curves in this work can be attributed to the presence
of some retained Mg, Cu, and Si atoms in the solid solution treated
samples besides ˇ (Al3Mg2) and AlFe3 phases. This is according
to what has been detected from X-ray diffraction analysis. These
entities may cause an anchoring of the dislocations created dur-
ing the plastic deformation. A detachment of these dislocations
requires instantaneous increase in stress (during tensile tests) in
order to liberate the dislocations from the above mentioned phases.
The observed decrease in stress, up to the moment of dislocation
movement, is occurring at the subsequent defects. This is repeated
periodically and serrations are attained in each stress–strain curve.
As mentioned before in our experimental results, the serration
amplitude (��) was found to be inversely proportional to the grain
diameter of the tested sample (see Fig. 6). This may be explained
as follows: as the grain diameter increases, the particle size of the
�-phase (Al3Mg2) decreases as shown in Figs. 2 and 5. Thus, the
decrease of the serration amplitude with increasing the grain diam-
eter can be accounted for. This is in agreement with the results
obtained by Darowicki et al. [34].

5. Conclusions

The main conclusions to be drawn from this study may be sum-
marized as follows:

(i) The WHP �f and �y decreased with increasing grain diameter
and/or deformation temperature. The former was attributed
to the refinement in the particle size, while the later makes
thermal agitation more effective.

(ii) The total strain εT decreased with increasing the grain diame-
ter, which might be attributed to the migration of the �-phase
towards the grain boundaries leading to earlier fracture.

(iii) The total strain εT decreased with increasing the deformation
temperature up to 348 K due to pinning of dislocations that
cannot breakaway from these pinning centers. At tempera-
tures higher than 348 K, a breakaway process takes place and
dislocations can move freely leading to an increase in the total
strain εT.

(iv) The work-hardening coefficient �p was found to be decreased
with increasing grain diameter and/or deformation temper-
ature. This is due to the decrease of the slip distance of
dislocations.

(v) The mean value of 87 kJ/mole for the energy activating the
deformation process is found to correspond with the activa-
tion energy of grain boundary diffusion in aluminum alloy.

(vi) The observed serration behaviour might be attributed to the
presence of entities, which cause an anchoring of the disloca-
tions leading to increase the stress necessary to liberate the
dislocations from it. Then a decrease in stress takes place.

(vii) The growth constant ˛ (∼0.1) in the serration equation
��R = A exp(ε/˛) is found to be independent on both grain
diameter and deformation temperature of the tested samples.
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