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Chapter 1: Introduction and Theoretical Background

PROBLEM BACKGROUND

Aluminum alloys have long presented an attractive alternative to steel as a

structural material in the automobile industry.  Their high strength-to-weight ratio

promises a reduction in the mass of vehicles without decreasing structural

performance, thus increasing fuel economy and safety.  For this and other reasons,

automobile manufacturers have utilized aluminum in the production of engine

blocks and even some body panels.  Probably the largest potential for mass-

reduction and increased performance lies in the use of aluminum to make body

panels, the body-in-white.  It is possible to achieve a decrease in weight of almost

50%, compared to steel, while maintaining equivalent structural performance.

However, aluminum is not as formable as its steel counterparts.  ÒWhile steel

sheet may provide up to 50% ductility in cold stamping operations, aluminum

typically provides less than 30% ductility [2].Ó  As a result, more complicated

body-in-white geometries cannot utilize the benefits of aluminum.  Thus, if

automobile manufacturers wish to extend the use of aluminum to all body panels,

they must adopt new forming methods and/or invent aluminum materials that

produce higher ductility.

 It is first necessary to understand the operation and limitations of the

mechanisms that enable greater formability.  Two methods exist to increase the

tensile ductility of a material by decreasing the onset of necking: increasing the
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strain-hardening rate or increasing the strain-rate-sensitivity of a material.

Because there are only limited possibilities to increase the strain-hardening rate of

aluminum alloys, changing the strain-rate-sensitivity holds the most promise for

increasing tensile ductility.  Deformation of strain-rate-sensitive materials is

commonly governed by the equation:

!  = kε&m (1)

where !  is the true flow stress, k is a constant at constant temperature and

microstructure, !& is the true strain rate, and m is the strain-rate-sensitivity

exponent [3].  The value of m, which can range from 0 to 1, controls the rate of

deformation localization, or necking, that takes place in a material, eventually

leading to fracture.  It is very difficult to predict or model the onset of necking in

a sample of uniform cross-section [4].  However, if one assumes an initial

sinusoidal variation in the cross-sectional area with length, the growth of a

localized neck exhibits a strong dependence on m.  As m decreases, the rate of

neck growth increases significantly, leading to much earlier failure.  For m = 0.2 a

theoretical maximum ductility of about 100% is calculated, while for m = 0.33

ductility of 500% and for m = 0.5 ductility of 8000% have been predicted [3].

Thus, in order to get higher formability in aluminum, manufacturers must find

ways to increase the value of the strain-rate-sensitivity exponent, m.

By raising the forming temperature higher than 0.6Tm materials often

experience creep flow, especially at low strain rates.  As a result, scientists have

increased the value of m in some aluminum alloys by processing at elevated

temperatures; appropriate microstructures can result in superplastic materials with
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extremely high tensile ductility.  ÒSuperplasticity is the capability of certain alloys

to undergo extensive, neck-free, tensile deformation prior to fracture [3].Ó

However, superplastic materials cannot be defined exclusively by their strain-rate-

sensitivity exponent. Materials can be separated into three commonly observed

categories based on the dominant deformation mechanism: grain-boundary sliding

(m "  0.5), dislocation-climb (m "  0.2), and solute-drag (m "  0.33).  These are the

most important mechanisms describing the presence or absence of high ductility

in aluminum alloys at elevated temperatures and must be understood before the

search for high-ductility aluminum can begin.

GRAIN -BOUNDARY SLIDING

Most materials, which have traditionally been considered superplastic, fall

in the category governed by the deformation mechanism known as grain boundary

sliding, or GBS.  During GBS grains slide and rotate relative to each other, giving

rise to high stresses at locations where sliding is difficult, such as grain-boundary

triple points.  Dislocation motion at these locations enables continued sliding at a

rate controlled by atom diffusion.  In this process the grain shape changes little,

leading to a greater number of grains in the tensile direction and a decrease in the

perpendicular direction [3, 5].  Extremely high ductility, in the range of 400%-

1500%, has been achieved in many aluminum alloys utilizing this mechanism [3].

However, grain-boundary sliding only occurs in very fine-grained materials

obtained by special processing.  The largest grain size able to produce a material

with grain boundary sliding is approximately 20 µm [3].  If grain size increases

beyond this size, GBS is greatly reduced, primarily because of an increase in the
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number of sites along the grain boundaries which inhibit sliding.  In addition, the

rate-controlling diffusion processes tend to limit GBS to low rates and high

temperatures.  Most superplastic aluminum materials must be deformed at a strain

rate lower than 10-3 s-1 [3], which is too low for many high commercial production

rates.  As a result, the high cost associated with superplastic forming of these

materials has prohibited its use by automobile manufacturers.

DISLOCATION -CLIMB

In materials with coarse grain sizes, creep flow occurs as dislocations

move along internal slip planes until they encounter an obstacle, such as a buildup

of dislocations, where they must climb over the obstacle.  For such sequential

processes the overall creep rate is:

cgt !!! &&&
111

+=  (2)

where t!& is the total creep rate, gε&  is the strain rate contribution from glide, and

c!&  is the contribution from climb.  Thus, the slower process governs the rate of

creep.  In dislocation-climb creep, the rate controlling mechanism is the climb

process, which provides a creep rate approximately expressed in the equation:
n

L E
KD !

"

#
$
%

&=
'

(&  (3)

where DL is the lattice diffusion coefficient, E is the dynamic elastic modulus, and

n, the stress exponent, is about 5. The stress exponent, n, equals the inverse of the

strain-rate-sensitivity, n = 1/m.  As a result of this high value of n, necking occurs

relatively quickly, limiting the ductility of the material.  Materials exhibiting

dislocation-climb creep do not exhibit superplasticity, having values for
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elongation to failure typically less than 100%.  Creep of most pure metals and

many alloys is governed by this process, because the glide process is typically far

easier, and faster, than the climb process. This is true of high-purity aluminum,

where n = 4.5 over a wide range of strain rates, and some commercial aluminum

alloys which have a higher flow stress at equivalent temperatures and strain rates.

It is possible to decrease this value of n to 2 in such materials using GBS, but only

by greatly reducing the grain size, which requires special processing [3].  Thus,

for materials with coarse grain sizes, one should not expect materials in which the

dislocation-climb process governs creep to yield high tensile ductility.

SOLUTE -DRAG

With the addition of specific solute atoms to materials exhibiting

dislocation-climb creep, one can decrease the stress exponent, n, from 5 to 3.  In

this process, commonly referred to as solute-drag creep or class I creep behavior,

the solute atoms slow down the moving dislocations in the glide step, causing it to

be the rate-controlling step.  Weertman provides a good description of this

behavior in several solid-solution alloys by the equation [6]:
n

sol EEce

kT
AD !

"

#
$
%

&=
'

(
2

&  (4)

where A is a constant for each given material, Dsol is the diffusivity of the solute

atoms, k is BoltzmannÕs constant, c is the concentration of solute atoms, e is the

size misfit between the solvent and solute atoms, and n, the inverse of m, is equal

to 3.  Most important in this equation is the value of n = 3, which leads to much

slower necking and larger elongation than those produced during dislocation-
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climb creep.  In fact, materials exhibiting solute-drag creep have achieved tensile

ductility of up to 325% [7].  Furthermore, equation 4 is independent of the grain-

size of the material.  This means that manufacturers must perform no additional

processing to achieve high tensile elongation by solute-drag creep, as would be

required for materials exhibiting grain boundary sliding.  Another important

factor in equation 4 is the value of e, the size misfit factor.  It should be relatively

large (greater than 15%) in order for the solute atoms to significantly slow down

the glide process, making it rate-controlling. Finally, because equation 4 is

dependent on the diffusion coefficient of the solute atoms, the activation energy

of creep should be similar to that of diffusion of the solute species.  If it is not,

another solute or mechanism may be responsible for the overall material behavior.

Therefore, if solute-drag creep is present in a material, it could provide the best

combination of tensile elongation and processing ease.

With the large ductility solute-drag creep promises, it is important to

consider the atomic misfit size factor, solute concentration, strain-rate/temperature

regions, and cavitation that limit its use. Table 1 shows the values for atomic size

misfit in aluminum, as calculated by King [8]:

element Ag Ca Cr Cu Ga Ge Li Mg

# sf (%) +0.12 +177.1 -57.23 -37.77 +4.94 +13.13 -2.10 +40.82

element Mn Pb Si Sn Th Ti V Zn

# sf (%) -46.81 -53.63 -15.78 +24.09 +156.6 -15.06 -41.42 -5.74
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Table 1: Atomic size misfit factors in Al, according to King.

Because the atomic size of the solute atoms should be either significantly larger or

smaller than the solvent, one should expect a great number of the elements listed

in Table 1 to demonstrate the possibility of causing solute-drag creep in an Al

matrix material.  However, due to solubility, reactivity, and other considerations

only aluminum alloys containing Mg, Ge, Cu, and Zn have demonstrated solute-

drag creep [3, 9].  Of these, magnesium has the most pronounced impact in

creating solute-drag creep.  Furthermore, it is important to note that the value of n

does not always decrease linearly with solute addition.  In previous studies [2, 7,

10-16], increasing the concentration of magnesium beyond approximately 3 at.%

did not affect the creep behavior of aluminum at a given temperature and creep

rate, within the solubility limit.  Conversely, decreasing the concentration of Mg

below 2.2 at.% can result in the disappearance of solute-drag behavior, because at

low concentrations the drag effect is weak.  Similarly, Mostafa and Mohamed

have observed the disappearance of solute-drag behavior in Al-Zn alloys at Zn

concentrations less than 10 at.% [9].  Although these observations seem to

contradict the dependence on concentration as indicated by equation (4), this is

because dislocations become completely saturated with solute atoms at low solute

concentrations [16].  A further limitation on the occurrence of solute-drag

behavior is the range of temperatures and strain rates in which it is found.  It is

possible to compare data taken at different temperatures by normalizing strain rate

with diffusivity and plotting it as a function of flow stress normalized by the

dynamic modulus.  Diffusivity of Mg in Al is expressed as )/( RTQ
oeDD !=  with
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Do = 5 x 10-5 m2/s and Q = 136 kJ/mole, the activation energy found for creep in

binary Al-Mg, which is very close to 142 kJ/mole, the value for self-diffusion in

Al, and 136 kJ/mole, the value for Mg diffusion in Al [7].  Above D/!&  = 7 x 1012

m-2, power-law breakdown occurs, greatly increasing n and, thus, limiting

ductility.  In pure aluminum, this value is about 1 x 1013 m-2.  For a commercially

viable strain rate of 1 x 10-2 s-1 this would mean a temperature of approximately

330o C is necessary for solute-drag creep.  Therefore, the achievement of solute-

drag behavior necessitates the use of high temperatures and relatively slow strain

rates.  The final limitation on the use of solute-drag behavior is the occurrence of

cavitation, primarily caused by precipitates and proeutectic products.  Even if the

solute-drag mechanism occurs in a material, cavitation can cause large reductions

in elongation and weaken the material, making its subsequent use for engineering

applications very risky.  In studies with ternary alloys of Al-Mg-Mn the

manganese tended to form particle clusters, which caused cavitation in the parent

material in proportion to the Mn content [7].  Thus, the presence of precipitates

and proeutectic products limits the benefits of solute-drag creep in aluminum and

must be considered, along with the other limitations mentioned above, before

assuming a material is suitable for high strain forming.

SCIENTIFIC OR COMMERCIAL ALLOYS

Although solute-drag creep promises high-ductility with minimum

processing, its application to the automotive industry depends on whether

commercially viable alloys can provide both large elongation and low cost.

Binary, low-impurity alloys of Al-Mg consistently achieve elongation over 200%
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without significant cavitation.  However, these alloys require special processing to

prevent impurities, making them too expensive for applications in the auto

industry.  Commercial, 5000-series aluminum alloys containing Mg satisfy the

cost requirements of the auto industry, but contain excess impurities, which lead

to greater cavitation and lower elongation than low-impurity material.  An

important question is: ÒHow much will the greater cavitation decrease

formability?Ó  Will solute-drag creep behavior in commercial aluminum yield

high enough ductility for its application to body panel forming?  Does solute-drag

creep behavior occur only in Mg-containing commercial aluminum, or is it also

found in alloys containing Zn?  This thesis investigates the creep behavior of five

commercial aluminum alloys and one custom alloy to determine the presence of

solute-drag creep and evaluate each alloyÕs applicability to automotive forming.
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Chapter 2: Experimental Setup and Evaluation Techniques

TESTED MATERIALS

The materials used for this investigation were aluminum alloys 5754,

5182, 5182cc, 7150, 6111, 6022, and Al-5.1Zn.  Compositions of these alloys are

given in Table 2.  The three important factors evident in Table 2 are the effect of

Mg content (5754 vs. 5182), the effect of 5 Ð 6 wt.% Zn (7150 and Al-5Zn), and

the effect of Si content (6111 and 6022).  It is important to note that the

compositions of Al 5182 and Al 5182cc are the same.  However, Al 5182cc is a

continuously cast alloy and yielded different results than Al 5182 during tensile

testing.  All of these materials undergo no special processing steps beyond those

used in commercial production to reduce or homogenize their grain size.

Alloy Si Cu Mg Ti Fe Mn Cr Zn

5754 0.40 0.10 3.10 - - 0.50 0.30 0.15

5182 0.09 0.09 4.30 <0.01 0.23 0.35 0.04 <0.01

7150 0.12 2.20 2.40 0.06 0.15 0.10 0.04 6.40

Al-5Zn - - - - - - - 5.10

6111 0.90 0.70 0.75 - - 0.30 0.10 0.15

6022 1.1 0.04 0.50 0.02 0.1 0.07 0.02 <0.01

Table 2: Composition in wt. % of each alloy studied.
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TENSILE TESTS

In determining mechanical properties each material underwent a series of

tensile tests using an ATS (screw-driven cross-head) universal testing machine at

temperatures from 225o C to 500o C.  Figure 1 shows the dog-bone samples with a

gage length, L, of 50.8-mm and a width, W, of 0.235Ó±  0.003Ó. The thickness, T,

of the samples varied according to material as follows: 5182, 5182cc, and 5754

samples had a thickness of 0.063Ó, Al-5Zn and 7150 samples had a thickness of

0.1Ó, 6111 samples had a thickness of 0.040Ó, and 6022 samples had a thickness

of 0.036Ó.  The radius, R, of each sample was assumed constant throughout the

entire test for ease of measuring the elongation.  This resulted in elongation that is

slightly greater than the measured elongation, but this difference was very small.

Figure1: Dog-bone sample dimensions

The grips used to hold the samples in place were wedge-type grips with a pin to

prevent complete slippage. After a sample was secured into the clamps, one K-

type thermocouple was attached to the top, and one was attached to the bottom of

the sample to monitor the temperature of and the temperature difference across
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the sample throughout the test. A three-zone resistive furnace heated the test

clamps and specimen to the desired temperature prior to each test.  This furnace

was controlled by manually adjusting the proportional constant of a PID power

controller, and took a minimum of 45 min. to achieve a stable temperature.  Once

the desired temperature was reached, constant monitoring and adjusting of the

proportional constant kept the temperature the same within ±  2 oC.

With the sample and thermocouples at the desired temperature, the

operator chose to run a strain-rate-change (SRC) test or an elongation-to-failure

(EF) test from the control software.  A SRC test was used to measure the

relationship between plastic strain-rate and flow stress using a series of constant

cross-head speeds.  An initial prestrain step of 15% plastic strain was imposed to

stabilize the microstructure.  Subsequently, ten different, sequential cross-head

speeds varied the true strain-rate from approximately 5x10-5 to 2x10-2 s-1, resulting

in a plastic strain of approximately 2% for each step.  When this test was

complete, the resulting stress-strain curve was analyzed to construct a plot of the

variation of stress with true strain-rate.  A power-law fit to the data was used to

determine the stress exponent, n, for each material at a specific temperature and

rate.  By dividing the true strain-rate by the diffusivity of the material, and

normalizing stress by the dynamic modulus, the data for all testing temperatures

converged onto one powerful graph, displaying the range over which the

controlling creep mechanism operated.

A further use of the data provided by a SRC test is the determination of

the value for the creep activation energy, Qc, to establish which diffusion
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mechanism was responsible for the creep behavior.  Previously, equation (4)

included the dependence of the strain rate on diffusivity.  Diffusivity is found by

using the equation:

!
"

#
$
%

&
'=

RT

Q
DD c

o exp (5)

where R is the universal gas constant and T is the temperature.  After inserting

this into equation (4), taking the natural log, and rearranging, the resulting

equation is:

!
!
"

#

$
$
%

&
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(

)
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,+-=
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EEce

AkT
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RT
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Thus, a linear equation of the form, y = mx + b, results.  If a vertical line is drawn

through the plot of !&ln  vs. ln(! /E), as shown in Figure 2, it is possible to plot the

values of ε&ln  vs. 1/T at constant ! /E, as shown in Figure 3.  The slope of this

resulting line is -Qc/R.
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Figure 2: Sample plot of !& vs. (! /E)

Figure 3: Sample plot of ln!& vs. 1/T to determine Qc

Taken at a number of different values for ln(! /E), a number of different values of

Qc can be calculated and the average taken.

An EF test obtained the ductility of a material at one specific strain-rate

and temperature.  During this test the monitoring software held the cross-head

speed constant until the material failed.  Following failure the elongation was

measured, and results at numerous temperatures and strain-rates were plotted onto

one graph of EF% vs. D/!& , showing the aluminumÕs transition into its high-

ductility region.  Some slipping of samples occurred in the grip during the initial

portions of the tests, leading to errors in the computerÕs measurement of strain.

This was compensated by manual measurements of sample length taken before

and after each EF test.  The appendix shows these data, along with the conditions

of each test.

ln !&

1/T

R

Qc!
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Chapter 3: Test Results and Discussion

SRC TESTS

Data from SRC tests of 5182, 5754, 5182cc, 6111, and Al-5Zn are shown

in Figure 4 through Figure 8.  For each material, data are plotted as rate of plastic

Figure 4: Data from SRC tests on 5182 at various temperatures.

strain against modulus-compensated flow stress on dual-logarithmic scales.  The

value for the dynamic modulus is calculated from the data of Kšster for pure

aluminum using the polynomial fit [17],
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EAl = 71,781 Ð 29.83T Ð 0.03084T2 (7)

Where E is the dynamic YoungÕs modulus in MPa and T is temperature in oC.

Figures 4-8 indicate the operation of two different creep mechanisms: solute-drag

creep and dislocation-climb creep.

Figure 5: Data from SRC tests on 5754 at various temperatures.
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Figure 6: Data from SRC tests on 5182cc at various temperatures.
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Figure7: Data from SRC tests on 6111 at various temperatures.
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Figure 8: Data from SRC tests on Al-5Zn at various temperatures.
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The 5182 and 5754 alloys, shown in Figures 4 and 5, have a stress

exponent slightly larger than n = 3 at high temperatures and low strain rates.  This

value indicates solute-drag creep, as has previously been reported in Al-Mg

alloys.  The minimum stress exponents measured by polynomial fit are n = 3.3 for

5182 and n = 3.6 for 5754.  At high strain rates and low temperatures,

corresponding to a value for strain rate compensated by diffusivity of 1x1013 m-2

and greater, power-law breakdown occurs.  Figures 9Ð13, which contain plots for

each material of true strain compensated by the diffusivity of Mg in Al versus

Figure 9: Data from SRC tests on 5182 plotted as !&/D against ! /E.
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modulus-compensated stress, demonstrate that the majority of tests were

conducted near conditions of the classically defined power-law breakdown.  This

is the reason that the value of the stress exponent in Figures 4-8 increases with

increasing temperature and strain rate.  It is interesting that the 5182, with 4.30

Mg wt.% displayed lower values of n than 5754, with 3.10 wt.%, even though

additional amounts of Mg past approximately 3 wt.% are not expected to

significantly enhance the solute-drag effect. It is possible that the additional

alloying elements in the commercial material inhibit some of the solute-drag

Figure 10: Data from SRC tests on 5754 plotted as !&/D against ! /E.
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effect.  It has previously been hypothesized that, due to the nearness in value, but

opposite sign of the volumetric size factors, (Table 1) one Mn atom acts as a sink

for one-Mg atom, reducing the effective concentration of Mg [7].  This hypothesis

could also be applied in a limited capacity to Silicon, which has a Ð15.78%

volumetric size misfit in Al.  5754 has a higher concentration of both Mn and Si,

limiting the effective Mg concentration available for solute-drag to about 2.5

wt.%, according to the above hypothesis.

Figure 11: Data from SRC tests on 5182cc plotted as !&/D against ! /E.
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The 5182cc material demonstrated a minimum stress exponent of n = 3.9,

greater than either the normally cast 5182 or the 5754 aluminum.  This is

somewhat surprising given the fact that the alloy content of 5182cc and 5182

should be the same.  One possible reason for this result lies in the different casting

processes of the two materials.  Continuous casting is a relatively new technology

that does not consistently generate low amounts of impurities in a billet. As a

result, the tensile specimens may have different amounts of impurities and

particulates, which would tend to form cavity stringers during the rolling process.

Figure 12: Data from SRC tests on 6111 plotted as !&/D against ! /E.
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In addition, the 5182cc samples were cut with the tensile axis perpendicularly

oriented to the rolling direction of the sheet material, which may tend to link

cavities across the cross-section, causing earlier failure.

The SRC tests using Al-5Zn and 6111 alloys yield a stress exponent of

approximately n = 5 at low strain rate and high temperature, as shown in Figures

7 and 8.  This value indicates the occurrence of dislocation-climb creep, [18].

The minimum stress exponents measured by polynomial fitting to the data are n =

4.9 for Al-5Zn and n = 4.8 for 6111.  SRC test data for alloys 7150 and 6022 do

Figure 13: Data from SRC tests on Al-5Zn plotted as !&/D against ! /E.
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not appear here, but individual SRC tests on each of these alloys also indicate

deformation by dislocation-climb creep.  The minimum stress exponent measured

for the 7150 alloy in a SRC test at 300 oC is n = 6.1.  The low ductility of the 6022

caused early failure in the SRC test, due to necking at low strains.  This behavior

also took place in SRC tests of 6111 at low temperature, yielding reasonable data

only for the two highest temperatures tested.  Necking during SRC tests skews the

apparent stress exponent to a higher value than the actual stress exponent of the

material. In a test conducted at 500 oC the behavior of 6022

Figure 14: Creep activation energy from SRC tests of 5182.
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Figure 15: Creep activation energy from SRC tests of 5754.
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Figure 16: Creep activation energy from SRC tests of 5182cc.
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Figure 17: Creep activation energy from SRC tests of 6111.
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Figure 18: Creep activation energy from SRC tests of Al-5Zn.

6111 and Al-5Zn alloys.  Furthermore, the presence of additional particulates in

the 5182cc and 6111 alloys results in strengthening which increases the activation

energy for creep beyond that for diffusion.
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rate, D/!& .  Because EF tests are conducted at constant cross-head speeds, the

initial,

Figure 19: EF data for 5182, 5754, 7150, Al-5Zn, 6111, and 6022 alloys
plotted as a function of D/!& .

true strain rate is used in the calculation of D/!& .  The diffusivity value is that of

Mg diffusion in Al, which is calculated using Do = 5 x 10-5 m2/s and an activation
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tabular format.  Figure 19 gives a plot of all the materials tested with the
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approximately 140% when D/!&  < 1013 m-2.  The Mg content of these alloys is

responsible for this behavior for the same reasons described in the previous

section concerning SRC tests.

The 7150 and Al-5Zn alloys exhibit ductility less than 90% under all test

conditions.  The ductility increases with decreasing D/!& , like the 5000-series

alloys, but this increase is not caused by solute-drag creep.  7150 does contain 2.4

wt.% Mg, but exhibits the same SRC behavior as Al-5Zn, which contains no Mg.

Furthermore, the SRC data from the previous section (Figure 8) show that at

values of D/!&  = 10 13 m-2 there is a transition from the power-law breakdown

region to dislocation-climb behavior.  Thus, it is this transition in stress exponent

to n = 5 that leads to the rise in ductility of 7150 and Al-5Zn.  For these materials

it is more appropriate to compensate strain rate by the self-diffusivity in Al, but

Figure 19 uses Mg diffusivity in Al due to the ease of comparing all the materials

on one plot.  This is reasonable because, as previously noted, the activation

energies of both diffusion mechanisms are nearly identical (136 kJ/mole for Mg in

Al vs. 142 kJ/mole for self-diffusion in Al).  Characteristics of solute-drag creep

have been observed in an Al-10Zn material by Mostafa and Mohamed [9].  Zinc

has a smaller volumetric misfit in Al than Mg, -5.74% versus +40.82%, [8], and

should not promote solute-drag creep as effectively as Mg.  Accordingly, Mostafa

and Mohamed found that dislocation-climb creep occurred with rising stress in

Al-10Zn as dislocations break away from their solute atmospheres.  If 10wt.% Zn

causes limited solute-drag behavior, 5Ð6 wt.% Zn, as is found in 7150 and Al-
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5Zn, is even less likely to enable increased ductility as a result of solute-drag

creep.

By far the lowest ductility, when tested under identical conditions as the

other materials, belongs to the 6111 and 6022 alloys.  6000-series materials

contain a low weight-fraction of alloying additions in comparison with the other

materials in Table 2.  However, 6111 and 6022 both contain a significant amount

of silicon, in excess of the expected solubility of Si in Al for all but the highest

testing temperatures.  The maximum solubility of Si in Al is 1.6 wt.% at 577 oC

[19].  At the lower temperatures of tests in this investigation, the solubility of Si

in Al is significantly less than this.  Thus, it is reasonable to assume that the 0.9

and 1.1 wt.% additions of Si in 6111 and 6022 are not completely dissolved.  If

undissolved Si is limiting ductility, 6111 should demonstrate a transition to higher

ductility at a lower temperature than 6022, due to its lower Si content.  Indeed,

Figure 19 shows that 6111 attains significantly higher elongation than 6022 as the

temperature increases past 450 oC.  Additionally, both 6111 and 6022 experience

early failure in the previously mentioned, SRC tests.  6111 yields meaningful data

for SRC tests at 450 and 500 oC (Figure 7), but 6022 fails shortly after the initial

prestrain step, and there is no possibility of calculating the stress exponent from

these test data.  Thus, it is very likely that undissolved Si impedes dislocation-

climb creep and hinders ductility enhancement until much higher temperatures

than those experienced by the other alloys of this investigation.

Figure 20 compares the data taken from EF tests of 5182 and 5182cc, as a

plot of EF% versus D/!& .  The most evident aspect of this figure is the large
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amount of scatter in elongation values for the 5182cc material in comparison to

the values for 5182.  Upon closer inspection, the 5182cc material follows different

Figure 20: EF data for 5182 and 5182cc alloys plotted as a function of
D/!& , revealing the behavior of 5182cc at different strain rates.
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300 oC where EF% begins to decrease.  This behavior points to cavitation,

possibly because of some additional particulates or proeutectic products in the

5182cc material compared to 5182.  Particulates can act as sites for the nucleation

of cavities.  Continuous casting, because it is still a process under development

for aluminum alloys, would be expected to produce a ÒdirtierÓ material than

traditional processing methods, resulting in an increased number and size of

undesired particulates.  When cavitation controls tensile ductility, elongation will

decrease with increasing temperature because of an increase in cavity growth rate.

This trend would compete with enhanced ductility from solute-drag creep.  The

result is an initial increase in EF% as temperature increases, due to solute-drag

creep, followed by a decrease in EF% as temperature further increases, from

enhanced cavitation.  Thus, these two competing mechanisms could explain the
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Figure 21: EF data for materials from the present investigation compared to
commercial and scientific Al alloys from previous investigations,
plotted against the logarithm of the Zener-Hollomon parameter.

large difference in behavior with variation of strain rate.
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should experience a further increase in ductility according to the trend shown by

Al-3.0Mg-0.25Mn.  However, tests at lower values of D/!&  were not investigated

because of the limited commercial practicality of forming parts at high T and low

!&.  Additionally, the 5182 alloy in this investigation yields slightly lower values

of EF% than the investigation conducted by Ayres [20].  This is most likely due to

statistical repeatability or slight variations in test control and material processing.
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Chapter 4: Conclusions and Recommendations for Further
Research

It is possible to obtain enhanced ductility in commercial Al alloys through

the mechanism of solute-drag creep.  This behavior occurs in 5xxx series Al

alloys containing Mg, but not in 7xxx or 6xxx series Al alloys containing Zn or

Si, respectively. The two materials exhibiting solute-drag creep, 5182 and 5754,

achieve stress exponents close to three and values of elongation consistently

greater than 140% without grain refinement at D/!&  ≤  1013 m-2.  Although 5xxx

series alloys are not usually heat-treatable, the performance of 5182 and 5754

demonstrate the possibility of adding additional alloying elements for

precipitation hardening after forming, provided the elements remain in solution

during deformation.  If the casting process results in a ÒdirtyÓ material with many

particulates, the ductility may be greatly diminished.  Continuously cast 5182

displays behavior consistent with undissolved particulates and proeutectic

products.  This causes a large amount of scatter in the ductility as a function of

D/!& , making prediction of values spotty at best.  Furthermore, a rolling direction

oriented perpendicularly to the specimen tensile axis contributes to a decrease in

ductility, enabling easier linking of cavities.  Thus, it is possible to enhance

ductility in commercial Al-Mg alloys using solute-drag creep while adding other

alloy additions that do not result in undissolved particulates for improved material

properties.

 The tested Al alloys containing zinc, from the 7xxx and 6xxx series,

exhibit properties consistent with dislocation-climb creep.  Although they
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approach ductility values of 100%, this occurs at high temperatures and low

strain-rates unsuitable for automotive manufacturing.  In addition, the

performance 6111 and 6022 alloys prove the unsuitability of silicon additions in

aluminum alloys used for forming at elevated temperatures.  Silicon does not

remain in solution, except at the highest testing temperatures, impeding

dislocation motion and causing early failure.  Also, zinc additions should not be

expected to enhance warm-temperature ductility in aluminum alloys or provide

materials suitable for automotive forming.

While the mechanical behavior characterized by this investigation is

promising, it provides only a limited understanding of the mechanisms leading to

enhanced ductility without microstructural evaluation.  Further study is currently

underway to analyze the grain size, grain structure, and cavity content, in hopes of

completely understanding the mechanisms enhancing and limiting ductility.

Another interesting topic of further study is the behavior of 5182cc at different

strain-rates.  More mechanical testing of this material should help to determine if

some factor other than D/!&  is needed to characterize its behavior.  Additionally,

analysis of the material microstructures, using TEM, to determine what

particulates are present could help establish the reasons for the large divergence of

5182cc behavior from normally cast, 5182 behavior.  Finally, more mechanical

testing should be performed to determine the statistical variance in ductility.

Although the few material tests that were performed give an indication of

commercial Al-Mg behavior, it would be unwise to approve such a material for

use in an industry where safety is of utmost importance.  With further study and



39

understanding it should be possible to implement the use of commercial

aluminum alloys in automotive body-panel forming that will increase fuel

efficiency and, hopefully, quality of life in the future.
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Appendix

Alloy T (oC) ! o (s
-1) ! o/D (m-2) EF%

5182 301 0.1 4.76E+15 51.2
5182 225 0.01 3.68E+16 44.7
5182 349 0.01 5.28E+13 129
5182 499 0.01 7.19E+12 138
5182 250 0.001 7.67E+14 87.1
5182 349 0.001 5.28E+12 143
5754 250 0.01 7.67E+15 54.2
5754 350 0.01 5.06E+13 107
5754 400 0.01 7.19E+12 142
5754 300 0.001 5.00E+13 110

5182cc 300 0.1 4.97E+15 47.65
5182cc 350 0.1 5.03E+14 51.55
5182cc 400 0.1 7.16E+13 47.65
5182cc 450 0.1 1.33E+13 94.75
5182cc 250 0.01 7.60E+15 45.75
5182cc 300 0.01 4.97E+14 57.65
5182cc 350 0.01 5.03E+13 78.15
5182cc 400 0.01 7.16E+12 96.35
5182cc 225 0.001 3.65E+15 52.25
5182cc 250 0.001 7.60E+14 70.35
5182cc 300 0.001 4.97E+13 111.2
5182cc 350 0.001 5.03E+12 92.7
5182cc 400 0.001 7.16E+11 81.75
7150 224 0.01 3.94E+16 27
7150 300 0.01 5.00E+14 50.9
7150 350 0.01 5.06E+13 76.1

Al-5Zn 303 0.01 4.31E+14 28.4
Al-5Zn 350 0.01 5.06E+13 89.4
Al-5Zn 400 0.01 7.19E+12 85.5
Al-5Zn 300 0.001 5.00E+13 85.3
6111 350 0.01 5.06E+13 23
6111 400 0.01 7.19E+12 42.6
6111 450 0.01 1.34E+12 85.3
6111 500 0.01 3.10E+11 108
6022 350 0.01 5.06E+13 31.2
6022 400 0.01 7.19E+12 38.8
6022 450 0.01 1.34E+12 58.4
6022 500 0.01 3.10E+11 90.2

. .
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