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The Influence of Precipitation on the Work-Hardening
Behavior of the Aluminum Alloys AA6111 and AA7030

L.M. CHENG, W.J. POOLE, J.D. EMBURY, and D.J. LLOYD

Tensile tests were conducted on the aluminum alloy, AA6111, after various artificial aging treatments
in order to examine the influence of precipitation state on yield stress and work-hardening behavior.
During artificial aging, significant changes in the work-hardening rate were observed as the precipitation
reaction proceeded. A semiempirical model has been developed to interpret these changes in work-
hardening rate. This model shows that the significant changes in work-hardening rate can be related
to the manner in which flow stress contributions from different obstacles are summed and the tran-
sition from shearable to nonshearable precipitates. The present study presents a new approach to deter-
mining the shearable/nonshearable transition from a series of tensile tests. Results on the aluminum
alloy AA7030 were also found to be consistent with the proposed theoretical framework. Finally,
the proposed model allows the overall mechanical response for a variety of aging conditions to be
rationalized.

I. INTRODUCTION

OVER the past decades, two important problems in
plasticity—namely, the accumulation of dislocations during
the plastic flow of a single-phase material and the interac-
tion of dislocations and second-phase particles, have received
much attention.[1–7] Comprehensive models and careful experi-
mental verification exist for both these problems. A basic
framework for work hardening has been established,[4,5,6]

which considers the hardening process as a competition
between dislocation accumulation and the loss of disloca-
tion line length (i.e., dynamic recovery). However, when a
complex problem such as the optimization of the heat
treatment for precipitation hardening Al alloys in order to
provide maximum formability is considered, the available
theoretical descriptions are less secure. The complexity arises
because precipitates and their related solute distribution
can influence the accumulation of dislocations in three dis-
tinct ways: (a) by influencing the mean free path of dis-
locations, (b) by creating an additional dislocation storage
mechanism due to the compatibility of flow needed if the
particles are hard and impenetrable, and (c) by influencing
the rate of dynamic recovery.

The addition of alloying elements to form solid solutions
is known to modify the work-hardening behavior,[8,9] pri-
marily by making dynamic recovery a more difficult
process.[10] This may arise from multiple mechanisms, i.e.,
changes in stacking fault energy due to alloying, solute drag
effects on dislocations,[2,3] etc. For materials containing

precipitates, further complications arise. The work-hardening
behavior of precipitate-containing alloys can be signifi-
cantly affected by the nature of precipitates. For example,
Byrne et al.[11] examined the stress-strain behavior of single
crystals in the Al-Cu system. These authors observed a large
difference in work-hardening behavior for samples with shear-
able and nonshearable precipitates. This was due to the obser-
vation that for samples with nonshearable precipitates, the
single crystals immediately began deformation by polyslip
rather than single slip and as a result no easy glide region
was observed. However, in polycrystals where deformation
begins with polyslip, the situation is less clear. Here, the
effect of shearable precipitates on work hardening has gen-
erally been considered in terms of the possibility of flow
localization on the glide plane[12] as the precipitate strength
is decreased by the dislocation shearing process. On the other
hand, for the case where a low volume fraction of non-
shearable particles is present, very high initial hardening rates
are observed (i.e., dispersion hardening systems). This has
been attributed to two fundamental mechanisms, i.e., the stor-
age of additional so-called geometrically necessary disloca-
tions[2,13] or the storage of elastic energy in the second-phase
particles.[14] Either of these viewpoints leads to large initial
hardening rates and a large change in the overall work-
hardening characteristics.[15] Finally, for materials with multiple
sets of obstacles (e.g., forest dislocations, solute atoms, and
precipitates), careful consideration must be given to the
appropriate method for adding the flow stress contributions
to determine the yield stress.[16–19] As the density of forest dis-
location increases during deformation, additional complica-
tions for the addition of flow stress contributions need to be
considered to understand work-hardening behavior.[20]

Clearly, work hardening in precipitation-hardening sys-
tems is considerably more complicated than for high-purity
materials or even solid solutions. However, it is of consid-
erable interest to study this behavior in the more complex
precipitation-hardening systems, since this may offer add-
itional insight into the mechanisms of precipitation and work
hardening. In addition, work-hardening behavior is of sig-
nificant relevance to industrial processes such as metal
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forming. Thus, the objective of the present work is to develop
a satisfactory understanding such that the flow stress and
hardening rate can be rationalized as a function of plastic
strain for a variety of precipitate distributions. This work pro-
vides a detailed experimental study on work-hardening behav-
ior for the industrial alloy AA6111 and the development of
an semiempirical model to help understand these results. The
results will also be compared to data for AA7030.

II. EXPERIMENTAL PROCEDURE

AA6111 aluminum alloy was obtained from Alcan Interna-
tional (Kingston, Ontario, Canada) in sheet form, 1 mm in
thickness. The material had been industrially cold rolled and
then processed through a continuous annealing line where the
alloy was recrystallized and solution heat treated. Samples of
the AA7030 aluminum alloy were received from Hydro-Raufoss
(Raufoss, Norway) in the form of extruded plates. The chem-
ical compositions of these two alloys are given in Table I.

In order to produce samples with different states of pre-
cipitation, AA6111 was first solution treated for 20 minutes
in a salt bath at 560 °C, water quenched, and then artificially
aged at 220 °C or 250 °C in an oil bath for different aging
times. To obtain a high density of precipitates in the AA7030
aluminum alloy, multistep aging treatments, including natural
aging and two-step artificial aging treatments, were used. The
material was first solution treated for 20 minutes at 480 °C
in an air furnace, followed by water quenching and then nat-
ural aging for 24 hours at room temperature. After natural
aging, the samples were aged at 100 °C for 5 hours followed
by aging at 180 °C for up to 7 days. It has been shown that
for 7000 series aluminum alloys, natural aging prior to the
subsequent artificial aging leads to a finer distribution of pre-
cipitates, which results in a higher peak strength.[21]

Tensile tests were conducted on these alloys at room tem-
perature after different aging conditions at a nominal strain rate
of 2 � 10�3 s�1 using a MTS (Eden Prairie, MN) servohydraulic
system with an Instron (Canton, MA) 8500 controller. For all
tests, deformation was measured in the reduced section of the
specimens using an extensometer with a 25-mm gauge length.
The work-hardening rate was determined by numerically dif-
ferentiating the true stress–true strain data using a moving regres-
sion analysis. For each data point on the �- curve, it and the
six adjacent data points were used to obtain a best-fit linear
regression line. The slope of the linear regression line was then
treated as the work-hardening rate at that point. The resulting
derivative was then smoothed to reduce the noise in the data.

III. RESULTS

The plastic portions of the stress-strain curves for AA6111
with different levels of aging are shown in Figures 1(a)
and (b) for underaged and overaged samples. In Figure 1(a),
it can be observed that the supersaturated solid solution (SSS)

�

shows substantial evidence of serrated flow. This diminishes
as aging proceeds with no evidence at the peak strength.
There is only a small difference in the plastic stress-strain
behavior between the SSS and underaged sample (i.e., at
approximately 1/3 of the peak strength). The most striking
feature that can be observed from these data is the dra-
matic drop in the level of work hardening as aging proceeds
from the underaged to peak-aged condition. Both the initial
work-hardening rate and the magnitude of the flow stress
increase at a given strain are dramatically reduced. One prac-
tical effect of this decrease in work-hardening capacity as
the flow stress is increased is the drop in the uniform elon-
gation of the peak-aged material. In contrast, Figure 1(b)
shows data for overaged samples, where one observes an
initially almost linear hardening rate, which is at a much

Table I. Compositions of Alloys (Weight Percent)

Alloy Zn Mg Si Cu Fe Mn Cr Ti Zr

AA6111 — 0.8 0.6 0.7 0.25 0.2 0.05 0.06 —
AA7030 5.6 1.25 0.5 0.3 0.14 — — — 0.03

Fig. 1—(a) Plastic stress-strain curve for underaged and peak-aged curves;
yield stress for supersaturated solid solution (SSS), underaged, and peak
aged are 55, 150, and 335 MPa, respectively. This corresponds to an aging
treatment of as solution treated, 1 min at 220 °C and 1 h at 220 °C, respec-
tively. (b) Plastic stress strain curves for overaged samples. Yield stress
for the peak-aged, overaged, and massively overaged are 335, 185, and
140 MPa, respectively. This corresponds to an ageing treatment of 1 h at
220 °C, 50 days at 220 °C, and 7 days at 250 °C, respectively.

(a)

(b)
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220 °C) and then increases during overaging (49 hours and
50 days at 220 °C). In order to characterize these effects
quantitatively, two operational parameters have been defined,
as shown in Figure 3. The first parameter is �max and it is
defined as the maximum work-hardening rate in the plas-
tic regime. The second parameter is d�/d� and it is defined
as the slope of the �-� plot. For the samples with a non-
linear �-� behavior, the slope is taken asymptotically as �
goes to zero.

The results for the analysis of the initial work-hardening
rate as a function of the yield stress are shown in Figure 4.
It can be observed that as the yield stress first increases
during aging, the initial work-hardening rate decreases to a
minimum near the peak strength. There is then a constant
or slightly increasing value for �max as the yield stress drops
during overaging. Once the overaged yield stress drops below
approximately 275 MPa, �max dramatically increases. Figure
4(b) shows the evolution of d�/d� during aging. The value
of d�/d� is almost constant up to the peak strength with a
magnitude of 12.5 to 15. Again, at a yield stress of approx-
imately 275 MPa, the magnitude of d�/d� increases dra-
matically and then remains constant at a value of 35 to 40.

In Section IV, the physical significance of these oper-
ational parameters will be examined and it will be shown
that the dramatic change in the �max and d�/d� at an over-
aged yield stress of approximately 275 MPa is consistent
with this being the shearable/nonshearable transition point.

IV. DISCUSSION

The theoretical framework for the development of con-
stitutive laws for alloys containing shearable and nonshear-
able precipitates has recently be reviewed by Estrin.[2] The
formulism for the evolution of dislocation density with
plastic strain can be written as a generalization of the
Kocks/Mecking[4] approach; i.e.,

[1]
�r

��P � (k1r
1/2 � f k2r � kD)Fig. 2—The instantaneous work-hardening rate vs reduced flow stress for

AA6111 samples aged at 220 °C.

Fig. 3—Schematic diagram showing the definition of �max and the slope d�/d� for the two characteristic behaviors observed: (a) linear �-� and (b) non-
linear �-� plots.

(a) (b)

higher level than the peak-aged condition followed by a dis-
tinctively rapid drop off in the level of work hardening at
larger strains for the overaged samples.

It is conventional to examine work-hardening behavior
by plotting the instantaneous work-hardening rate vs the
flow stress increase (i.e., �-�Y). Figure 2 shows the data
for a selected number of samples that have been aged at
220 °C. These data provide quantitative confirmation for
the qualitative observations made regarding Figure 1. All
curves show an initially very rapid decrease in the slope
of the �-� curve, which is associated with the elastic plas-
tic transition. After the elastic/plastic transition, there are
two distinctive types of behavior. For underaged and peak-
aged samples, there is an approximately linear decrease of
work-hardening rate as the flow stress increases. For the
overaged samples, after the elastic/plastic transition, the
work-hardening rate shows an almost constant hardening
rate followed by a sharp decrease in hardening rate as the
flow stress increases. Overall, the initial hardening rate first
drops as aging proceeds (e.g., for 1 minute and 1 hour at
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Fig. 4—Plots of the operational parameters vs yield stress for AA6111:
(a) �max vs the yield stress and (b) the slope d�/d� vs the yield stress.
Note: open symbols for underaged samples and closed symbols for over-
aged samples.

where 	 is the dislocation density, �P is the plastic strain,
and k1, k2, f, and kD are constants. The first term on the right
side of Eq. [1] represents the dislocation storage rate due to
trapping of dislocations by other dislocations, and this is
geometrically related to the mean free path of the disloca-
tion. The second term is the dynamic recovery term, which
is dependent on temperature, strain rate, and solute con-
centration, and f represents a modifying factor due to the
effect of dislocation/precipitate interactions on dynamic
recovery. Finally, the last term is due to the storage of
geometrically necessary dislocations due to nonshearable
particles. The flow stress contribution from dislocation hard-
ening, , can be written as

[2]

where is a constant of order 0.3, b is the magnitude of
the Burgers vector, G is the shear modulus (25.4 GPa),
M is the Taylor factor (i.e., 3.06 for fcc metals), and 	 is
the dislocation density. Furthermore, Estrin[2] suggests that
the flow stress can be taken as a linear sum of the precipi-
tation and dislocation-hardening contributions:

[3]s � s� � sppt

a�

s� � a�GbMr1>2
s�

However, for situations where multiple sets of obstacles
are present such as precipitates and dislocations, Kocks[20]

has proposed that other superposition laws should be con-
sidered when examining work-hardening behavior. In the
present work, it is proposed that a more general form for
the flow stress addition law be taken to include the solid-
solution-strengthening component and to account for dif-
ferent ways of summing the precipitation and dislocation
hardening contributions; i.e.,

[4]

where n can vary between 1 and 2, and is the contri-
bution from the solid solution. The question of addition laws
has received considerable attention[16,18,19] and has been
related to relative density and strength of the obstacles to
dislocation motion. This is of particular relevance to the pre-
sent work since the strength of precipitates as obstacles
increases as the precipitate size increases during aging. The
limiting cases are as follows: The computer simulations of
Foreman and Makin[16] suggest that the case of n � 1 only
applies when there is a high density of weak obstacles and
a low density of strong obstacles. This would correspond
to the early stages of precipitation when there is a high den-
sity of weak precipitates and a low density of forest disloca-
tions (strong obstacles). On the other hand, for later stages
of aging, there is a condition where the obstacle strength of
the precipitates and the average obstacle strength for cutting
of forest dislocations would be identical. For this case, a value
of n � 2 would be appropriate (i.e., one should clearly add
the obstacle densities not the flow stress contributions). At
intermediate cases, the appropriate value of n falls between
these extremes. The implications of this on the work-hardening
behavior will be considered in the following sections.

A. Shearable Precipitates—Effect of Flow Stress
Addition Law

In the case of shearable precipitates, the term kD in Eq. [1]
is equal to zero; i.e.,

[5]

where the term fs is a factor relating to the effect of shear-
able precipitates on dynamic recovery. Combined with
Eq. [2], this may be directly integrated to give the well-
known Voce equation:

[6]

where is the saturation stress for the dislocation hard-
ening contribution and is the initial work-hardening rate
for dislocation contribution to flow stress. The constants 
and can be directly related to the terms k1 and k2 in
Eq. [5] as

[7]

and

[8]s�s �
a�GbMk1

fs k2

u�o �
a� GbMk1

2

u�o

s�s

u�o

s�s

s� � s�s � s�s exp a�u�o

s�s
 �Pb

�r

��P � (k1r
1/2�fsk2 r)

sss

s � sss � (s� ˛

n � sppt
˛

˛

n)1>n

(a)

(b)
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Combining Eq. [6] with the flow stress addition law
given by Eq. [4] allows for a complete description of the
work-hardening behavior of alloys containing shearable
precipitates.

In Section III, two operational parameters (�max and d�/d�)
were defined to characterize the work-hardening behavior.
It is now possible to explore the physical significance of
these parameters in the described theoretical framework.
After substituting Eq. [6] into Eq. [4] and then differentiat-
ing with respect to strain, the overall work-hardening rate,
�, is given by

[9]

and the derivative d�/d� is given by:

[10]

For the case of n � 1, the operational parameter �max is
equal to in Eq. [9]. In this case, the term, �max, has a
clear physical basis as it is directly related to the disloca-
tion storage term, k1, through Eq. [7]. Also, for n � 1, the
parameter, d�/d�, reduces to

[11a]

or, by substituting Eqs. [7] and [8] into Eq. [11a],

[11b]

Therefore, d�/d� also has a clear physical basis; it is
directly proportional to the rate of dynamic recovery, k2.

However, for 1 
 n 
 2, the overall initial work-hardening
rate �max is given by

[12]

The term is always less than

unity and its magnitude is reduced as either the value of n
or �ppt increases. In this case, the magnitude of �max loses
its direct physical basis (it is no longer solely related to the
dislocation storage term), but it can be clearly rationalized
as a direct consequence of the incorporation of the addition
law into the analysis, i.e., the overall initial work-hardening
rate is reduced, viz., the work-hardening rate solely due to
dislocation hardening for 1 
 n 
 2.

On the other hand, when 1 
 n 
 2, the second oper-
ational parameter, d�/d�, has a complicated functional form
given by Eq. [10]. However, it can be shown through a series

c Csppt
n � s�

n
 D d

1�n

n

 

s�
n�1 d

umax � c Csppt
n � s�

n
 D1�n

n  s�
n�1 du�o

du

ds
�

�fs k2

2

du

ds
� �

u�o

s�s

u�o

# a c (1 � n)s�
n�1

sppt
n � s�

n �
n�1
s�

d �
1

s�s
c (1 � n)s�

n

sppt
n � s�

n � n d b

du

ds
� u�o s� ˛

n�1 csppt
n � s�

n d
1�n

n

u � c Csppt
n � s�

n D1�n
n s�

n�1 d # u�o a1�
s�

 s�s
b

of calculations that when 1 
 n 
 2, and except for small
values of � s, reasonable combinations of � s and �ppt give

[13]

Thus, this operational parameter is independent of the
addition law and can still be physically related to the rate
of dynamic recovery, k2, through Eq. [11b].

B. Calculations—Shearable Precipitates: The effect of n

To better illustrate the implications of this analysis, a
series of calculations have been conducted. Reasonable values
for k1 and k2 have been chosen by fitting to the experi-
mentally determined stress-strain curve for the supersatu-
rated solid solution curve (k1 � 7.5 � 108 m�1, k2 � 27,
which correspond to values of � s � 185 MPa and � o �
2500 MPa). Furthermore, to a first approximation, it is
assumed that the geometric storage of dislocation line length
is unaffected by shearable precipitates. On the other hand,
the rate of dynamic recovery could decrease as the solid
solution is depleted and precipitates are formed. These are
competing processes as k2 is proportional to solute content,
which decreases during precipitation, while fs would be
expected to increase when precipitates form. As a starting
point, it will be assumed that these effects cancel each other
out so that the product, fs k2, does not change, i.e., fs � 1.

The results of these calculations for different values of n
are shown in Figure 5. Comparison with the experimental
results suggests that a good fit to the data at the peak strength
can be found for a value of n � 1.5 to 2. Notice the dra-
matic drop in the initial work-hardening rate as the value
of n is increased. This compares favorably with Figure 4(a),
which shows that as the yield stress of the alloy increases,
the initial work-hardening rate dramatically decreases, reach-
ing a minimum near the peak strength.

In addition, the data for the variation of d�/d� with yield
stress shown in Figure 4(b) can now be interpreted as a direct
measure of the rate of dynamic recovery. In Figure 4(b), it
can be observed that the value of d�/d� is essentially a con-
stant up to the peak strength. This is consistent with the

��

du

ds
� �

u�o

s�s

��

Fig. 5—Comparison of model calculations with experimental curves for
different n values assuming shearable precipitates with �ppt � 300 MPa,
k1 � 7.5 � 108 m�1, and k2 � 27, which corresponds to values of � s �
185 MPa and � o � 2500 MPa.�

�
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assumption that the rate of dynamic recovery does not sig-
nificantly change when the precipitates are shearable. The
experimentally determined value of d�/d� is about 12.5 to

15, which compares well with the value for � 13.5,
which was used in the model calculations.

However, it is worth noting that at present there is only an
empirical relationship between the appropriate value for n and
the yield stress of the alloy, i.e., as �Y increases. It is
difficult to predict from first principals the nature of the add-
ition law for the immediate cases where there is a mixture of
obstacles with moderately different obstacle strengths. In these
cases, it would be useful to have a more complete set of com-
puter simulations similar to the work of Foreman and Makin.[16]

C. Nonshearable Precipitates

It is expected that as the size of the precipitates increases,
there will come a critical point when the dislocation will no
longer shear the precipitate. Under these conditions, the
deformation of the alloy is altered due to the storage of the
so-called geometrically necessary dislocations around the non-
shearable precipitates. As straining continues, it is expected
that the initial array of Orowan loops will plastically relax
by a variety of mechanisms such as the nucleation and glide
of prismatic dislocation loops around the particles (Ashby[22]

provides a more complete discussion). This process of stor-
age and relaxation can be considered in an average sense, as
an additional mechanism for storing dislocation line length,
which is mathematically described by the term kD in Eq. [1].

In this work, it is assumed that the storage of dislocations
is dominated by the mean free path between precipitates
(this distance is much smaller than the average dislocation
spacing) so that Eq. [1] reduces to

[14]

Equation [14] can be directly integrated and combined with
Eq. [2] to give

[15]

where kD is the storage term for geometrically necessary dis-
locations. It is assumed that nonshearable precipitates and
forest dislocations are both strong obstacles. Therefore, the
overall flow stress should be calculated by summing the
obstacle densities on the glide plane (i.e., n � 2). By com-
bining Eqs. [2], [4], and [14], and then rearranging, the over-
all work-hardening rate can be shown to be given by

[16]

Differentiating Eq. [16],

[17]

�
fns k2

2
 £  2s�

(sppt
2 � ��

2 )1/2
 �

��
3

(sppt
2 � ��

2 )3/2
§

du

ds
� �

(aGbM)2 kDs�

2 (�ppt
2 � ��

2 )3/2

u � c s�

[sppt
2 � s�

2 ]1/2 d # c (aGbM)2kD

2s�
 � 

fnsk2s�

2
d

s� � aGbM c  kD

fnsk2
 (1�exp (�fnsk2�

p)) d 1/2

�r

��P � (kD � fns k2 r)

n → 2

fsk2

2

Returning to the defined operational parameters used to
characterize the work hardening in Section III, it can be
seen that for small values of dislocation hardening, , the
initial work-hardening rate, , is a function of kD/�ppt.
Since both kD and �ppt are inversely proportional to the
mean precipitate spacing, �max becomes independent of the
yield strength for overaging of nonshearable precipitates.
This is consistent with the data shown in Figure 1(b), which
show little change in the initial work-hardening rate when
comparing the samples that are overaged and massively
overaged. For the second operational parameter, recall that
for overaged samples, where � was not a linear function of
the flow stress, the definition for d�/d� was chosen as

.
Using this definition, it can be shown that Eq. [17]

reduces to

[18]

provided that (this is reasonable for overaged
conditions where �ppt is relatively small). Under these condi-
tions, the operational parameter, d�/d�, is again a direct
measure of the rate of dynamic recovery, although this predicts
that the magnitude of d�/d� is twice as large as for the case
of shearable precipitates (i.e., compare to Equation [11b].

D. Calculations for Nonshearable Precipitates

In order to conduct calculations, one must estimate values
for kD and fns k2. The geometric storage distance, kD, is given by

[19]

where M is the Taylor factor, b is the magnitude of the Burgers
vector, L is the spacing of the precipitates on the glide plane,[22]

and �D is a constant. The spacing of obstacles can be calcu-
lated from the precipitation-hardening contribution:[23]

[20]

assuming that for nonshearable precipitates, F � 2T, where T
is the line tension of the dislocation. A value of 0.3 for �D was
selected in order to have a reasonable fit to the initial rate of
work hardening. The value of fns k2 was chosen to be exactly
the same value as was used in the calculations for shearable
precipitates (i.e., fns k2 � 27). As shown in Figure 6, this choice
of parameters gives reasonable agreement between the experi-
ments and the model prediction. However, a close compari-
son with Figure 4b shows that the experimentally determined
magnitude of d�/d� is 35-40, i.e., approximately 1.3-1.5 times
greater than that used in the model. Calculations have shown
that increasing the magnitude of fns k2 by this factor only has
a minor effect on the  predictions shown in Figure 6.

It does, however, suggest that the underlying rate of dynamic
recovery is greater for the case of nonshearable precipitates
than for solid solutions or shearable precipitates. This is not
unreasonable since a cooperative mechanism for recovery of
the relaxed structure can be envisioned. First, dislocations
of opposite sign are locally stored around nonshearable
precipitates. Recovery of these dislocations is relatively easy

L �
MF

bsppt

kD � aD 
M

bL

s� � sppt

du

ds
`
u�0

� �fns k2 

du/ds ƒ u�0

umax

s�
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Fig. 6—Comparison of model calculations with experimental curves for
overaged samples with nonshearable precipitates: �ppt � 150 MPa, and
fnsk2 � 27. Note: massively overaged and overaged correspond to 7 days
at 250 °C and 50 days at 220 °C, respectively.

since the glide length for annihilation will be short. Second,
for closely spaced nonshearable precipitates, the possibility
exists for easy annihilation of oppositely signed loops from
adjacent precipitates. These considerations can be used to ratio-
nalize the enhanced dynamic recovery rate that is experi-
mentally observed under these conditions.

Experimentally, it is difficult to separate the dislocation hard-
ening from the overall hardening behavior due to the effects
of the flow stress addition law. However, it is possible to
separate these effects using the model parameters. Figure 7
shows a comparison of the plastic stress-strain behavior due
to dislocation hardening for the cases of shearable and non-
shearable precipitates. The results are as expected, in the
presence of nonshearable precipitates, the initial rate of disloca-
tion hardening is much higher due to the extra storage of
geometrically necessary dislocations. However, the saturation
stress is very similar since this represents the physical limit to
the density of dislocations that may be stored in the crystal.

E. Shearable/Nonshearable Transition Point

It is not apparent a priori that the shearable/nonshearable
transition should occur at the peak strength. Strengthening
due to precipitation is given by

[21]

The peak strength is given by the highest value of F/L,
which may not be when F is at its maximum (i.e., when

). In fact, there is strong evidence from the in-situ
TEM work of Vivas et al.[24] that for a similar alloy (i.e.,
AA6056), the precipitates are shearable at the peak strength.
Also, the recently developed yield stress model for AA6111
of Esmaeili et al. explicitly assumes that the shearable/
nonshearable transition occurs at an overaged condition.[25]

The proceeding analysis shows that as a natural consequence
of the dislocation accumulation laws for shearable and non-
shearable precipitates (i.e., Equations [5] and [14], respec-
tively), the slope of the �-� plot, d�/d� undergoes a step
change in magnitude at the shearable/nonshearable transition
(i.e., compare Equations [11b] and [18]). Based on these
considerations, it is proposed that the shearable/nonshearable
transition can be determined from this very distinctive change

F � 2T

sppt �
MF

bL

in magnitude of d�/d�. This can be directly observed by the
transition point in a plot of such as that shown
in Figure 4. For AA6111, the experimental data in Figure 4
would suggest that shearable/nonshearable transition occurs
at an overaged yield stress of approximately 275 MPa (note
the peak strength was 335 MPa).

Until this point, the change in work-hardening behavior has
been considered from a phenomelogical point of view. It is
useful to consider the shearable/nonshearable transition in terms
of the precipitation sequence for AA6111. The Al-Mg-Si-Cu
system has a complex precipitation sequence and it has been
suggested that the precipitation sequence is dependent on the
chemistry of the alloy, particularly the Mg/Si ratio and the
concentration of Cu.[26,27] Lloyd et al.[28] proposed that the pre-
cipitation sequence in the AA6111 can be presented as

The different precipitation states during the aging of the
AA6111 at 180 °C have been examined by Perovic et al.[29]

and Wang et al.[30] It has been observed that a high density
of very fine 
� precipitates is predominant for underaged
conditions; while at the peak strength, 
� and small density
of Q precipitates are observed. For the overaged materials,
long lath-shaped Q precipitates are dominant. If it is assumed
that the state of precipitates in underaged, peak-aged, and
overaged conditions is similar for aging at 220 °C, then the
shearable/nonshearable transition appears to be associated
with the transition from 
� to Q� precipitates, which occurs
during overaging.

F. Application of Analysis to AA7030

To examine this approach for another aluminum alloy,
tensile tests were conducted on the alloy AA7030 for a
range of underaged and overaged conditions. Figure 8 shows
the �-� plot derived from the tensile tests. The results are
similar to AA6111, i.e., (1) the initial hardening rate first
decreases and then later increases as aging proceeds, and
(2) there is a large difference in the magnitude of 
between underaged and overaged samples. Figures 9(a) and
(b) show the plots of and as a function of the
yield stress. The initial work-hardening rate, , shows aumax

du>dsumax

du>ds

 b� � Q¿ →  equilibrium Q � Mg2Si
SSS → clusters/GP zones → 

du>ds vs sY

Fig. 7—Model calculations for dislocation hardening with shearable and
nonshearable precipitates.
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Fig. 9—Plots of the operational parameters vs yield stress for AA7030. (a) �max

vs the yield stress and (b) the slope d�/d� vs the yield stress. Note: open sym-
bols for underaged samples and closed symbols for overaged samples.

assumed that the transition was at the peak strength for 7000
series alloys.

G. Application to Alloy Design

Finally, it is worth commenting on the application of this
work to the problem of alloy design in high-strength alu-
minum alloys. Near the peak strength, the overall ductility
of these alloys is often limited by the necking, which occurs
when the Considére condition is reached. In this work, we
have shown that the work-hardening rate decreases as the
peak strength is approached due to the nature of the flow
stress superposition law. This is particularly important if the
precipitates are shearable at the peak strength, since in this
case, the underlying dislocation storage rate will be relatively
low, resulting in the early formation of a neck. If, however,
one could engineer the microstructure to have one set of par-
ticles to achieve strength (high density of small precipitates)
and then add a second population of nonshearable particles
to enhance the work-hardening contribution due to disloca-
tion hardening, then it may be possible to delay necking. This
idea is currently being examined from a theoretical and experi-
mental point of view.

V. CONCLUSIONS

A detailed experimental study of work-hardening behav-
ior has been conducted for two commercial aluminum alloys,
AA6111 and AA7030. Strong changes in work hardening
were observed for different conditions of artificial aging. The
analysis of the experimental results has focused on two para-
meters to characterize the work-hardening behaviour—the
initial work-hardening rate, , and the slope of the 
plot, . The parameter is related to the initial storage
rate of dislocations but is also affected by the flow stress
superposition law, while it can be shown that is related
to the rate of dynamic recovery.

These experimental results can be qualitatively understood
by applying the basic framework of Estrin[2] and Mecking and
Kocks[4] with the additional consideration regarding the appro-
priate manner for summing the flow stress contributions from
precipitation and dislocation hardening. A theoretical analysis
in this framework shows that a significant change in the slope
of the plot, , accompanies the shearable/nonshear-
able transition. This suggests that by carefully examining the
experimental data from a series of tensile tests, it is possible
to determine the shearable/ nonshearable transition from the
work-hardening behavior. In addition, the present work pro-
vides a semiempirical approach to interpreting a complex
problem, which enables the overall mechanical response for
a variety of aging conditions to be rationalized.

LIST OF SYMBOLS

�D constant relating to the storage of geometrically
necessary dislocations

� constant in the relationship between dislocation
density and flow stress

b magnitude of the Burgers vector
k1 dislocation storage rate term due to statistically

stored dislocations

�

du>dsu-s

du>ds

umaxdu>ds
u-sumax

Fig. 8—The instantaneous work-hardening rate vs reduced flow stress for
AA7030 samples aged at 180 °C.

large drop as aging proceeds and reverses this trend very
near to the peak strength. The parameter, , also shows
a step change in behavior near the peak strength. In this
case, it appears that the shearable/nonshearable transition
occurs very near to the peak strength. This would be con-
sistent with recent precipitation-hardening models by both
Deschamps and Brechet[31] and Poole et al.,[32] which have

du>ds

(a)

(b)
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k2 dislocation storage rate term due to dynamic
recovery

kD dislocation storage rate term due to geometrically
necessary dislocations

f, fs, fns constants representing the modification of the dynamic
recovery due to precipitate effects; subscripts s and
ns refer to shearable and nonshearable precipitates

F strength of nonshearable precipitates
G shear modulus
L spacing of precipitates on the glide plane
M Taylor factor
n exponent used in flow stress addition law

total strain
P plastic strain

	 dislocation density
� overall total flow stress of the alloy
�ss solid solution contribution to flow stress
�ppt precipitation-hardening contribution to flow stress
�Y yield stress
� dislocation hardening contribution to flow stress
� s saturation stress for dislocation hardening contri-

bution
T line tension of the dislocation � Gb2/2
� work-hardening rate for dislocation hardening
� o initial work-hardening rate for dislocation contri-

bution to flow stress
� overall work-hardening rate of alloy
�max overall initial work-hardening rate of alloy as

defined in Fig. 3
d�/d� as defined in Fig. 3
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