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Room temperature tensile tests were performed on AIMg6.5 alloy sheet, with
initial strain rates of 6.7x10 *s ', 6.7x10 > s ' and 6.7x10 2 s !, after imposing 70%
cold rolling reductions, and annealing at 320 °C/3h. The Portevin-Le Chatelier effect is
the main mechanism of unstable plastic flow, caused by Mg solute-dislocation interac-
tions. Although, a comprehensive comparison of the energies of activation, relevant for
serrated yielding, revealed a wide range of values, calculations based on the used strain
rates, retained vacancy concentration and the Mg solute diffusion coefficient at room
temperature, indicate that serrations are expected to appear from the start of plastic
deformation. In other words, under the performed test conditions, the Mg solute atoms
are mobile enough for the majority of dislocations to travel in conjunction with the Mg
atmospheres. After deformation at a strain rate of 6.7x10 2 s ! the "D" type serration
observed, as a series of successive not completely flat stress plateaus, indicates a
complex deformation process, affected by strain hardening, coused by dislocation
reactions and the propagation of a kind of non-hardening deformation bands.
Key words. AlMg alloy, serrated yielding, diffusion, activation energy, deformation
behaviour.

The flow stress serrations and related surface markings, as a generally
occuring phenomena in Al-Mg alloys,! are of concern in industrial forming
processes. As well as the negative strain rate sensitivity (SRS) associated with
its occurrence, tends to limit the tensile ductility by inducing a localized shear
failure.2> A main goal would be the ability to predict the strain rate and
temperature regimes outside of which serrated yielding does not occur. In this
rescept, the strain rate dependence of critical strains, recently examined at room
temperature in a AI3Mg alloy,* which shows good agreement with the prediction
of the model of Kubin and Estrin,? seems to be promising. Further, the appear-
ance of "D" type serrations as a series of successive plateaus of constant flow
stress, under certain conditions, seems to be an important manifestation of some
specific hardening effects during plastic deformation.%’

The aim of the present work was to consider the room temperature appearance
of serrated yielding, and the observed strain bursts, relevant to hardening in the
tested AlMg6.5 type sheet metal. Also, a comprehensive analysis was made in
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respect to the discrepancies between the values of the activation energy for serrated
yielding in Al-Mg alloys.

EXPERIMENTAL

Material

The as received AIMg6.5 type sheet (2.5 mm thick), with the chemical composition in wt%, of
Al-6.5Mg-0.64Mn-0.18i-0.2Fe-0.03Zn-0.05Ti, was cold rolled 70%, and annealed at 320 °C/3h, in an
inert gas atmosphere.

Tensile testing

Room temperature tension test were carried out using small ASTM tension specimens with a
25 mm gauge length. In continuous tests, three cross-head rates were applied: Imm/min, 10mm/min
and 100 mm/min, giving initial strain rates of & = 6.7x10 *s ], £=6.7x10°s 'and g3=6.7x10 2
s '1, respectively.

RESULTS

Discontinuous yielding was observed in the tested AIMg6.5 alloy within a
limited interval of strain rates, €, ranging from 6.7x10~% s! t0 6.7x102 s~!. The
flow curves do not exhibit critical strains, separating regions of smooth and jerky
flow, i.e., serrated yielding starts from the beginning of plastic deformation (Fig. 1).
At the strain rate of 6.7x10~% s7! (curve 1), the serrations are of a form such that the
load falls below the general level of the curves, i.e., they exhibit type C serrations,
which increase gradually as the deformation proceeds.

On increasing the strain rate to 6.7x107 s~ this alloy exhibits type 4
serrations or combinations of 4 and B serrations (curve 2 in Fig. 1). At the strain

1

@ ¢ =6710""
@ &,=6.710751
® £;67107%51

—3 Al ) Fig. 1. Load vs. extension curves

at different strain rates.
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rate of 6.7x1072 s~! serrations were observed to occur in a series of successive
plateaus of constant stress, separated by stress jumps Ao (curve 3 in Fig. 1),
sometimes described as D or combiined D+B serrations.® The length of these
plateaus, Agy, increases during deformation. It was found by fitting the general shape
of curve 3 that the strain hardening exponent is n = 0.35. On the other hand, the
plateaus have slopes of varying values, including positive and negative values (see
Fig. 2), giving an average n,y = 0.46.

DISCUSSION

On the origin of serrated yielding at the start of plastic deformation

It is obvious from Fig. 1 that serrated yielding occurs from the very beginning
of plastic deformation. At the strain rate of 6.7x1 0~*s71, the dislocations can easily
be locked by Mg solute atmospheres, but at higher strain rates the velocity of the
mobile dislocations is high enough to break away from their atmospheres. However,
the Mg solute mobility is also high enough to catch up and move with the mobile
dislocations. Since the critical temperature, 7, above which Portevin - Le Chatelier
effect (PL) occurs is = 0 °C3:9 for Al-Mg based alloys, the equilibrium vacancy
concentration and the Mg solute mobility are large enough to allow serrated yielding
to start occuring from the beginning of plastic deformation. Furthermore, the Mg
solute mobility can be enhanced by the increasing vacancy concentration introduced
by the deformation.

According to the procedure used by King et al3 and the estimation by
Cottrell!? that serration takes place in aluminum alloys when:
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D=10""¢ m’ s (1)
it is possible to estimate the appearance of serrations on the stress-strain curve of
the mvestlgated Al-6.5 % Mg alloy. For the slowest strain rate used m thls work,
6.7x107 Eq (1) gives D= 6.7x10""® m? s!. Taking: Dy = 10* m? s and ©

=131 kJ mol 11 or = 150 kJ mol ™! 3 the room temperature diffusion coefficient
for Mg (present in a large quantity) can be calculated to be in the range from D =
43x108 m? s to D = 1.8x107 m? s~ , respectively. It is concluded from this
calculamon that serrated yielding would not be expected, due to the activation energy
gap, until plastic deformation had increased the vacancy concentration.
According to Cottrell,
diffusion coefficient by:

the deformation induced vacancies will enhance the

D =0.12 Cy exp (- Env/RT) 2)

where Eyy is the energy of activation for the exchange of vacancies and solute
atoms, and Cy is the vacancy concentration. £y is a part of the activation encrg%
for the diffusion of a substitutional solute. For this reason Ly, in the Cottrell
equation:

g = Axéxexp (En/RT) 3)
refers to the cnergy of activation for the migration of vacancies rather than solute.
According to Seitz, 1 this vacancy fraction increases with strain:

C, = Bxe xexp (m) “4)

where € is the strain, and B and m are constants. The value of the exponent in this
vacancy concentration relation is usually between 1 and 2 for substitutional alloys
and 0 for interstitial alloys. Based on this consideration, it is to be expected that for
each strain rate and temperature there will be a critical strain, g, as Which serration
begins After the specimen is quenched from = 320 °C D oc 6><10 m s For

the range of strain rates used in our experiments, 6.7x10* s 10 6.7%1072 , Eq.
(2) predicts that for serrations to occur the diffusion coefﬁcients need to bc:

Dy =6.7x10718 m2s 1 for €1 =6.7x104 s

Dy =6.7x1071 7 m?s 1 for € =6.7x1073 7!

D3=6.7x10710m? s for £3=6.7x1072 571

Itis obvious that all D values lie below D = 6x107 18 m?s71 e.g., it is expected
that serrated yielding will start with zero plastic strain (theoretically) or with a
minimum plastic strain (experimentally), ! as was observed in our experiments (see
Fig. 1). This model, based on vacancy assisted dynamic strain aging, is only valid
if the vacancy concentration present at 320 °C is retained on accelerated cooling to

room temperature, which is a resonable assumption because of the high binding
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energy in the range!d of 11.6 and 27.1 kJ mol 1,10 between Mg atoms and vacancies
in an aluminum matrix. The high Mg atom/vacancy binding energy in aluminum,
Epmgy, is caused by a large relaxation of elastic-strain energy associated with
placing a Mg atom adjacent to an Al matrix atom in a perfect lattice, the origin of
which lies in the large difference (11.7%) in diameters of Al and Mg atoms.
According to Faulcner,!” the electronic contribution arising from interaction be-
tween outer-electron orbital of the Mg and the Al matrix atoms, Ee, is much smaller,
i.e., the relaxation term, £, in equation: 18

EngV :Ee + E\‘ (5)

has the dominant effect. .

The calculation of Miura!® shows that the energy of activation for the onset
of serrated yielding, E,gy, in Al-Mg alloys, 57.8 £ 2 kJ mol~! (generally, depending
on the serration type, it is in the range between 44 and 70 kJ mol ™! 2O) is substantially
larger than the energy of activation e for the diffusion of Mg in Al, which is in
the range from 33.7 kJ mol™1,2122 to 53 kJ mol™1,23-25 or, as a O value, it is in the
range from 131 kJ mol™! to 150 kJ mol™ 3-!! because O/Ey, can be as high as 2.5
to 3 for an alloy in equilibrium conditions. 11,26

The difference between Miura’s!? value of 57.8+2 kJ mol™! and the values for
the energies of activation Ep, for the diffusion of Mg in Al, which are in the range
from 33.7 kJ mol™! 21:22 to 53 kJ mol™!,23-25 can be rationalized by the presence of a
significant number of vacancies in the Al matrix before the start of the test. As a result
of the high binding energy, Epmgy, between Mg and vacancies, which has been
determined as 11.6 kJ mol™!,!5 24 kJ mol™!,8 and 27 kJ mol ! 202! and the high Mg
solute content in the investigated alloy, there is reason to believe that the Mg solute will
trap 1.2x1076 vacancies, present at the annealing temperature of 320 °C. In such a case,
assuming the trapped vacancies are already present in the matrix, one can obtain:

E,sy= (Ery — Env) — Epmgv 6)

where Efy and E,,v are energies of the activation for formation and movement of
vacancies in aluminum, respectively. Assuming a sufficient number of quenched-in
vacancies present at the start of the deformation, i.e., Efy = 0, and substituting typical
values in Eq. (6), one obtaines:

Eny = Exsy — Eomgy = 57.8 — 24.06 = 33.74 kJ mol” (7)

This value lies between the substantially larger value of 58 kJ mol ™! derived by
Charnock®® and the smaller values of 19.3 kI mol ! and 24.13 kJ mol ™' obtained
by Harris®’ in an Al-7 wt.% Mg and Al-5 wt.% Mg alloy, respectively. King et al’®
obtained E;sy = 19.7 kI mol™ in Al-Zn-Mg base alloys The reasons for the large
deviations of E,gy values present in the literature may be due to:

a) Cottrell’s expressions only hold at low temperatures, around 0.3 73, depend-
ing on the strain rate and Mg content, as was suggested by Charnock.2
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b) Instead the interaction of mobile Mg solute with the moving dislocations,
the Mg solute atoms diffuse along dislocations at forest intersections, as was
suggested by Mulford and Kocks.2®

¢) The number of quenched-in vacancies, present at the start of deformation,
is not sufficient to cause the Eyy term to neglected, as has been suggested by King
et al., and some other authors.

This value is comparable with the ragne of energy of activation values 35 to
55 kJmol~! for serrated yielding in Al-Mg base alloys.2!29-34 Similar discrepancies
have been observed for lithium in Al-Li base alloys.3 The vacancy concentration
is expected to be sufficiently high at room temperature to allow serrated yielding to
start at zero critical strain, i.e., € = 0, which is in very good agreement with
Charnock’s?0 explanation of the effect of critical temperature (7, = 0 °C) for serrated
yielding in the behavior of Al-5 wt.% Mg, and other substitutional alloys.

TABLE L. The values of energies of activation: Emy, Easy, and Emmg, relevant for serrated yielding
processes in Al-Mg based alloys [kJ mol ]]

Alloy Em\/** Easy EmMg References
Al-Mg 72.4[61] 231 [36]
Al-3% Mg 24.1 62.7 [27]
Al-7% Mg 19.3 57.9
Al-3% Mg 72.4[61] 48.3 53.1 (23]
range: 40.5-54.1
Al-5% Mg 33.8 96.5 [22]
Al-Mg 118-160 (3]
Al-5.6% Mg 72.4[61] ) 53.1 [16]
Al-08.% Mg 72.4[61] 53:1 (24]
Al-0.7% Mg 72.4[61] 531 [25]
Al-5% Mg 4435 é;’;*A (50- [20]
55-62 for B
(=40)
Al-Mg 57 [19]
Al-Mg 26.1-43.4 [13]
Al-5.6% Mg 26.1 [16]
Al-8.6% Mg

Al-3% Mg 32.8 [37]
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TABLE I. Cont

Alloy Em\/** Easy EmMe References
Al-1% Mg
Al-3% Mg 33.8 82 : [38,39]
Al-5% Mg
Al-3% Mg 53.1[66,67] 26.1-45.4 [40]
Al-1% Mg

Ebomgv - Bindin% %ngrgy between a vacancy and a Mg atom in aluminum, which is in the range from 19.3kJ mol ™! 14!

to 27.1 kJ mol ™. .
Ebvpmg - Bindin% energy between dislocations and Mg atoms, estimated as being between 19.3 kJ mol ™ 1" and
27.1 kI mol™" "™ or even 48.3 kI mol !,
Emv - Energy of activation to move a vacancy in aluminum
Easy - Energy of activation for serrated yielding
Emmg - Energy of activation for Mg diffusion in Al
The values in brackets were determined by the method developed by Pink and Grinberg42

The energy of activation for serrated yielding, E,gy, is closely related and may
be compared to the binding energy between the Mg solute and the dislocations,
Eymgp. However, it should be noted that the available data in the literature for the
binding energy between a vacancy and Mg solute EngV,3O,40 the activation energy
for Mg solute diffusion in Al, EmMg,3>23~26 as well as the activation energy for
serrated yielding of Al-Mg type alloys, Easy,19720’26>29'35 »43 vary considerably. So,
it is to be expected that considerations, regarding serrated yielding in these alloys,
based on the Mg solute/vacancy binding energy,44 and/or the binding energy
between the Mg solute and dislocations,? may not be sufficiently conclusive.

The deformation behaviour

The decrease in the magnitude of the load diminishing with increasing strain
rate can be rationalized by a decrease in the available time for the formation of a
Mg solute atmosphere around the mobile dislocations. Increasing strain rate, &,
would result in a decrease of the waiting time of the mobile dislocations at obstacles
and, consequently, would make the Mg solute atmospheres formed around waiting
dislocations more dilute. Such strain aged dislocations require a smaller stress in
order to be released and continue to move.

In the constant strain rate test at €3 = 6.7 X 1072 57! the serrated yielding effect
is manifested as a discontinuity in the load (F)-elongation (A/) curves (Fig. 1, curve
3) in the form of strain bursts, already observed by Hamersky,6 indicating that the
stress increase preceding the strain burst is of a plastic nature. The presence of
plateaus on the strain-stress curves indicates type D serrations, first observed by
Wijler er al,” due to band propagation similar to Liders band with no work
hardening or strain gradient ahead of the moving band front,*> because, outside the
band, the dislocations are anchored by Mg solute atmospheres. A close inspection
of the flow curve in Fig. 2 reveals that the plateaus are not completely flat. This
indicates an interplay between strain hardening, due to an increase in the dislocation
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density with deformation, and band propagation coupled with serrated yielding. If
the plateaus are not completely flat, depending on which effect dominates the
deformation process, the slopes of the plateaus can be positive or negative. A positive
slope is caused by the dominant effect of homogeneous deformation and related
strain hardening. A negative slope can be rationalized in terms of an increase in the
vacancy concentration, which facilitates Mg diffusion and inhomogeneous defor-
mation inside the propagating band.

According to Wijler ef al.,” an increase of stress between two plateaus, Acy,
(see Fig. 2), can be correlated to the plateau length by the work hardening coefficient

for homogeneous deformation, n, and the length of the plateau, Agy:
AG, = n X Agy (8)

It is interesting to note that the strain hardening coefficient value, n (for curve 3
in Fig. 1, n = 0.35), is not the same as the average value of the strain hardening
coefficients of the stress-strain segments on the same curve (Fig. 2), which is an average
nay = 0.46. This indicates significant pertubation of PL bands along the deformation
curve, and represents only localized deformation behavior, which may or may not have
amacroscopic effect in the form of mixed type serrations. This may be the explanation
for the significant variations in the activation energy data for serrated yielding of Al-Mg
type alloys present in the literature, 19-20:29-34.43 I addition, the influence of specimen
geometry on the PL bands formation also has to be taken into account.’

SUMMARY

Serrated yielding in the investigated Al-5.6% Mg alloy was observed to be
present from the onset of plastic deformation at room temperature, indicating that
the critical temperature is below the test temperature and the point defect concen-
tration is sufficiently high to allow the PL effect to appear with zero critical strain.
Our calculations confirmed the experimental observations that, under the investi-
gated conditions, serrated yielding would commence with zero critical strain.
Regardless of the diffusion mechanism (volume or pipe), it is to be expected that,
at room temperature, and the used strain rates, the Mg solute atoms in the Al matrix
are so mobile that the majority of dislocations move only in conjunction with a Mg
atmosphere.

The energy of activation for serrated yielding, £,sy, is closely related and may
be compared to the binding energy between the Mg solute and the dislocations,
EvxMgD. However, is should be noted that the data available in the literature for the )
binding energy between vacancies and Mg solute, Eppgy, the energy of activation
for Mg solute diffusion in Al, Emppg, as well as the energy of activation for serrated
yielding of Al-Mg type alloys, E,gy, vary considerably. Consequently, it is to be
expected that considerations, regarding serrated yieldin in these alloys, based on the
Mg solute/vacancy binding energy, and/or the binding energy between the Mg solute
and the dislocations, may not be sufficiently conclusive and further work is needed
in order to clarify these ambiguities.
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With increasing strain rate, the appearance of serrated yielding changed from
Cto A or A+B, and finally to D type as a series of successive stress plateaus which
are not completely flat (the stresses are not completely constant). The average strain
hardening exponent of the idnividual plateaus differ from the 7 value estimated from
the general flow curve. This effect is assumed to be the result of interplay between
strain hardening and propagation of the proposed non-strain hardening deformation
band in the materials with serrated yielding.

M3BOJN

IMCKOHTHUHYUPAHO IOITYIITAILE KOJLJIEI'YPE AlMg6.5
EHIPE POMXAIbU, MUIbAHA ITIOIIOBU'H n BETUMUP PAIIMUITIOBUR

Texnoaouuxo-meimianypuiku paxyaidied, Yuusepauitieiti y Beozpady, Kaprezujesa 4, it.itp. 494, 11001 beozpad

3are3Ha HCIUTHBAA CY BPIIEHA Ha JTUMy OJf JieType AIMgO6.5, HaKOH 1ITO je MaTepujalt
xiajHo jecopmucan Bambarem 70% u skaper Ha 320 °C/3h. Bpsune fedopManuje npu 3a-
Tesamy cy omne 6,7x10 457167310 % s w 6,7x10 e oGujeHu pe3yaTaTh TOKa3yjy jia ce
Ha cOGHOj TEMIIEpaTypH, 3a CBE TpH Op3uHe Aeopmanyje, 3anaxka nojasa Portevin-Le Chatelier-
oB echekTa OJf caMor MoueTKa gedopmarje. JIpyruM pevuma, y CBIM CIIy9IajeBiMa KpUTHIHa
nedpopmarja je jennaka Hymu. Llenosura aHamusa myGIMKOBAHHX aKTHBALMOHUX CHEPrHja,
pETEBAHTHHX 3 0jaBy JUCKOHTHHYHPAHOT NONYIITamba, IOKa3yjy 3HAvajHEe PA3NuKe Y BPEf-
pocTuMa. VI mopej| Tora, NpUMeheHr MOJICIL H3patyHaBama Any3uoHuX KoeuuujcHara 3a
[laTe yCIOBe CKCMEpUMEHTa, MOTBphyje N0jaBy AMCKOHTHHYHPAHOT NONYIITAA IPA HYIITO]
KpuTIaHOj Aepopmatuju. HoGHjeHn pe3yITaTi 1 IPUMEHEHI NPOPATYH MOKa3yjy jia ¢y KOJ{
nerype AIMg6.5, aToM1 MarHe3ujymMa 0BOIBHO MOKPETHY HAa COOHO] TeMIeparypu, i fia ce
pehuHa pucokanmja kpehe 3ajeHo ca armocdepama MareHesujymoBux aroma. Hakon Ha-
jBehe Gp3ume fechopmanyje, 3anaxkeHa je nojasa "D TUCKOHTHHYUTETA, KAO CEpHje Y3acTol-
HIIX HATIOHCKUX [IITAT0A, yKa3yjyhu Ha CITOYKEHN MeXaHu3aM jieopMalgje myTeM HHTEPAKIIjE
nehOpMAIIOHOT OjauaBarba i nojase Ae(OPMAIOHIX TPaKa KOje He Ojauasajy.

(ITpumiseHo 5. maja 1998)
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