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Abstract
Deformation Behavior of Aluminum Alloy 6111-T4
_'b ;
Carol Tseng
Doctor of Philosophy in Materials Scie;lce and Engineering
University of California, Berkeley

Professor J. W. Moris, Jr., Chair

Although aluminum alloys have found increasing usage in the automotive
industry, their lower tensile clongations as compared with the low carbon .steels they
. replace has raised concern about their lower formability. Lower formability imposes
design and econqmic constraints on the automakers. The cause behind this lower
elongation is the primary focus of this research. The specific alloy studied is 6111-T4
(Al-0.76Si-0.61Mg-0.82Cu in w/0), which is used in automobile outer body pé.nels. In
order to determine the factors that are limiting the elongation, it is critical to understand
the deformation behavior of this alloy. To investigate tﬁe deformation behavior of this
alloy, uniaxial tensile tests were performed at various temperatures (300K, 77K and
© 4.2K), strain rates (104, 5 x 104, 103, 102, 10-1/s) and specimen geometries. The work
hardening and deformation behavior were examined both qualitatively and quantitatively.

Ex-situ and in-situ observations were made on the tensile samples by using videography
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and optical miéroscopy. Several important findings resuited from this study. First,
oscillations in the work hardening are due to the formation and propagation of
deformation islands and deformation bands. Deformation islands are areas of localized
deformation that occur in a cluster of grains.. Second, the microstructural feature
dominating the formation and'propagation of the islands are the clustering of similarly
oriented grains and the clustering of large sized grains. Third, the sh@ drop in work
hafdening near the diffuse necking criterion for the 300K, 104 /s test samples is due to
the inhomogeneous deformation arising from these clusters. Finally, diffuse and local
necks form before the theoretical predictions. The inhomogeneoﬁs microStrucf.unes
causing the deformation islands and bands to form and propagate, thus leading to strain

localization and eventual premature failure.
—
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to the point where it is more favorable to begin deformation in the next

weakKest area.
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1 INTRODUCTION

1.1 Background

Due to a mandatg for designing more fuel efficient cars, the automotive industry
has, in recent years, turned from the traditional low carbon steels to lighter weight
alternatives such as aluminum alloys. | With its higher specific strength, aluminum can be a
competitive alternative. Automobiles made entirely of aluminum, e.g. thé Honda NSX and
the Audi A8, have been introduced, while other models are becoming more aluminum
intensive by weight. For outer body panel applications, alloy 6111-T4 (Al-0.76Si-
~ 0.61Mg-0.82Cu in w/0) has become a particularly attractive alternative to steel.

Despite the weight savings advantage in substituting aluminum alloys for steel,
there are drawbacks to using aluminum. One Qf the most serious disadvantages is thé
lower uniaxial tensile elongation of 6111-T4 compared with Aluminum Killed Drawing
Quality (AKDQ) steel, a typical outer body panel steel, as shown iﬁ figure 1. Since
~ uniaxial tension can be mathematically related to more complex stress-strain states such as

those séen in forming operations, this lower elongation indicates lower formability and
thﬁs, greater difficulty in forming complex parts. It is therefore desirable to improve the .
_ elongatidn of 6111. To improve the elongation, it is necessary first to understand what
factors are affecting the elongation and then to understand how to manipulate these factors.
such that an increase in elongation can be attained. |

There are three factors that can affect the elongation: work hardening rate,

. . . L . ; do
inhomogeneous deformation and strain rate sensitivity. The work hardening rate, 0 = o
£

is especially important prior to the onset of necking. For a sheet material deformed in
uniaxial tension, the necking criterion is given by

(e}
-5 | (1.1)

where



O = true stress.

This criterion can be seen graphically in figure 2a. The work hardening rate and g— can be

plotted versus the true strain s; Where the two curves meet is where the onset ‘of local
necking occurs. The onset of necking can be delayed when the wori( hardening rate is high
at higher strains, as shown in figure 2b, therefore increasing the elongation.

The extent of inhomogeneous deformation can also affect the elongation.
Deformation inhomogeneities range from the microscopic level of slip bands to
macroscopic scale localized deformation that occurs in groups of grains. Localized
deformation can manifest itself as deformation concentrating in a few grains, -or islands, to
deformation occurring in a band which can span the width of a sample (figure 3). Islands‘
which cause macroscopic strain localizations can hasten the onset of a neck, thus affecting
the elongation [Gillis and Jones, 1979; Jalinier, Christodoulou, Baudelet and Jonas, 1977].

The critical defect size and shape, due to strain localization, that will cause necking
will depend on the material and can be affected by the strain rate sensitivity. For instance,
when a deformation band f,ormvs in a weak area, it causes a local instability. The strain rate
in this band is higher than the strain rate in the rest of the sample. In a strain rate sensitive
material, the softening due to the band is quickly damped out due to local hardening. This
ability to offset local instabilities is especially important near necking [Ghosh, 1974].
Since alurﬂinum, is less strain rate sensitive than steel, it may be more susceptible to
premature failure when these bands form, and the critical defect size to cause necking may
be smaller than that of steel.

Since it is believed that localized deformation is detrimental to the elongation,
~ improving the elongation would entail manipulating the microstructure in order to reduce -
“the incidence of localized deformation. Van'oﬁs microstructural features can affect the

formation and propagation of localized deformation in this alloy: solute distribution,
precipitate structure, grain size distribution and local crystallographic texture variations.

These features can cause localized deformation to form and propagate by influencing the
2



stress concentrations at the deformation front. Deformatiqn will propagate when it can
overcome‘local obstacles in the microstructure. The solute distribution and precipitate
structure can affect the accommodation of such stresses from grain to grain. The grain size
distribution can influence the propagation of deformation through the local grain
distribution. If there 1s a cluster of large sized grains surroﬁnded by a cluster of small sized
grains (figure 4a), it can be easier for deformation to proceed through the cluster of large
grains because it is softer relative to the cluster of small sized grains.

Texture has been observed to affect the orientation of deformation bands [Robinson
and Shaw, 1994]. The orientation of these bands can range from 52° to 66°. In a material
that has more than one crystallographic texture present, an inhomogeneous texture
distribution may also affect the formation and propagation of the deforming regions. For
example, in figure 4b, when a cluster of similarly oniented grains has an onentation .
different from the surrounding grains and if fhis cluster of grains is located in a weak area,
a few deform first. With increased deformation, it may be easier to ®nﬁnue deforming
grains in this cluster, thus localizing the deformation. The size and propagation direction of
the localized deformation, of course, still depend.on the local stresses. These local stresses
arise. from the superposition of the global stress distribution and the local stress
- concentration. Since the localized deformation is macroscopic in size, more macroscopic
microstructural features such as local texture variation or grain size distribution will more -
- likely influence the formation and propagation of the localized defﬁrmation.

In aluminum alloys, deformation bands have been link;d with serrated ﬂow [Kim,
et al., 1979; Robinson and Shaw, 1994; Robinson, 1994; Chihab, et. al 1987; Cetlin, et
al., 1973; Reed-Hill and Gulec, 1975; Rodriguez, 1984; Fujita and Tabata, 1977; Phillips
and Swain, 1952-3]. An example of this serrated flow in alloy 6061 (Al-1.0Mg-0.6S1
w/o) is shown in figure 5 [Robinson, 1994]; the serrations are the short wavelength
serrations seen in the inset, and the longer wavelength oscillations will be discussed: furth_ef

in section 6.3.1.1.1. This serrated flow has been attributed to the Portevin-Le Chatelier
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(PLC) effect [Portevin and Le Chatelier, 1923; Portevin and La Chatelier, 1924], where the ‘
serrations are due to the solute-pinned dislocations breaking free. Deformation bands have
been observed to occur in materials exhibiting such serrated flow. Although varioué
researchers have attempted to correlate the serrations and bands [Kim and Chaturvedi,
1979; Chihab, et al., 1987; Cetlin, et al., 1973; Fujita and Tal;ata, 1977; Phillips and
Swain, 1952-3], no direct correlation has been convincingly established. The exact nature
of how the PLC effect can affect something on the order of the size of a deformation band
is ﬁndetermined. |

How localized deformation initiates and propagates is still not well understood.
Fujita and Tabata ha've suégested the need for "trigger grains" to nucléate small scale strain ’
localizations [Fujita and Tabata, 1977]. With the yielding of these "tri gger gxﬁjns",
neighboring grains deform. They believe that these localizations will grow to the size of a
few grains and that bands of deformation correspond to the serrations in the stress-strain

curve.

1.2 Phyéical Metallurgy of 6111-T4

6111 is supplied in the -T4 condition, the condition in which it i.'s used for forming
operations. This temper designation refers to a final thermomechanical process that
consists of a solution heat treatment, a quench, a 0.5% stretch to inérease the flatness of the .
sheet, and a natural age. In this condition the material will have a microstructure that
consists on GP zones and some free solutes. The texture is expected to consist
predominantly of the recrystallization texture, where recrystallization textural: components
such as Cube {100} <001> and Goss {110}<001> are present, with small contﬁbuﬁons
from the rolling textures such as Brass {110}<112>, Copper {211}<I111> and S.
{123}<634>.



1.3 Objective
The overall purpose of this research is to understand what limits the elongation in
6111. To achieve this objective, there are two specific issues that need to be addressed.
First, how deformation proceeds and how it affects the elongation needs to be understood.
Second, the mechanism involved in the deformation behavior must be determined. Once
this mechanism is identified, then recommendations on the optimal microstructure can be

made to obtain the desired improvement in elongation.



' 2 EXPERIMENTAL PROCEDURE
AN

The material, 6111-T4, used in this investigation was supplied by ALCOA as 0.030
inch thick sheet. This material underwent a final thermomechanical process of a solution
heat treatment, a quench, a 0.5% stretch to increase the flatness of the sheet and finally a
natural age until stabilized. It was important to characterize the deformation behavior first,
to compare the properties with those of AKDQ steel. Then, observations of the surface
were necessary to detexmine the extent of islands occuﬁing in the sample and how it
affected the developrrient of the local neck. To determine the microstructural cause of the
islands, the material needed to be characterized before testing. In-situ observations during
- testing were necessary to observe how the islands formed and propagated through the

sample. |
“To characterize the deformation behavior of this alloy, uniaxial tensile tests were
performed at three test temperatures (4.2K, 77K and 300K) and five stmm Tates (10'4, 5x
104, 10-3, 10’2, 10’1 /s) in both the longimdinal and transverse directions; the test matrix is
. shown in Table 1. The temperatures were chosen to determine how deformation behavior
| changed with decreasing temperature; 77K is the temperature of liquid nitrogen, and 4.2K
- is the temperature of liquid helium. The changes in temperature are also useful in
* eliminating different microstructural features and fnechanisms when trying to evaluate their
effect on the deformation behavior. The strain rates covered the range of strain rates
encountered during a typical forming operation. Specimen dimensions are shown in figure
6a and were designed and machined according to a modified ASTM E-8 Standard.  For
mechanical properties and work hardening comparison purposes,- tensile specimens of
AKDQ steel (Fe-0.05C w/o), with dimensiéns shown in figure 6a, were also tested at
300K and at two strain rates (104, 10! /s). For 6111-T4, fractography was performed on
tensile samples with an SEM to detect any fracture mode changes at the different test

conditions.



As mentioned above, the material was received in the -T4 condition. The .
microstructure, as reported by others [Bull, Burger, Gupta, Jeffrew and Lloyd, 1994],'
generally consists of some GP zones and solutes. By solution heat treating, these GP
zones will dissolve and the solute population will increase. The effect of solute/precipitate -

' distribution on the deformation behavior was investigatéd by solution heat treating
transverse tensile samples (550 °C for 10 minutes, then ice water quench) and then testing
them within 30 minutes of quenching at 300K and at 104 and 10-! /s.

The effect of specimen geometry on deformation behavior was studied. by testing
6111-T4 in three sheet specimen configurations and by testing 6061;T6 sheet and round
cross-section tensile samples;v 6111-T4 was not available in plate or bar form. The test
matrix is shown in Table 2. Because deformation islands and bands are on a mMacroscopic
scale, it is very possible that a larger scale microstructural feature, such as a cluster of
grains, is the dominating feature. If the gage width is narrower, the clusters will occupy a
greater area fraction of the gage area. Changes in specimen geometry wéuld be reflected in
the work hardenihg oscillations. The effect of varying specimen geometry is further |
discusséd in section »6;3.3.3. Two additional 6111-T4 sheet specimen geometries were
tested where the width of the reduced area was made wider and narrower than the standard
samples above; they are depicted in figure 7. The gage length, however, remained 25.4
mm (1 in.) for all sample geometries. The wide specimens have a gage width of
approximately 13.8 mm (0.545 in) (figure 6b), the standard sampies (which are used in the
standard tensile tests) are approximately 9.5 mm (0.375 in.), and the narrow samples are
5.1 mm (0.2 in.) wide (figure 6¢) [Chan, 1999]. Tensile tests were conducted at 104 /s
and 300K for all three, with one sample for the wide specimen and two for the narrow, and
at 10-1 /s for the wide (two samples) and standard samples. For 6061-T6, sheet specimens
were 0.79 mm (0.031 in.) thick, and the'same specimen configuration (figure 6a) as the

6111-T4 standard samples was used. Round cross-section samples [Chan, 1999] were



machined with the dimensions shown in figure 6d. These saniples were tested at 300K and

at strain rates of 104 and 10-1 /s.

Table 1- Tenstile test matrix.

T Alloy, 104 5x10f1 103 102 101

K] Orientation /s /s /s Is Is

- 300 6111-T4,L X X X
6111-T4, T X X X

6111 SHT X X

AKDQ Steel } x X

77 611-T4L | x X
6111-T4, T X X

4.2 6111-T4,L | x X

Table 2- Tensile test matrix, 300K
Alloy, Geometry’ ‘ 104 /s 101/

- 6111-T4, Wide X X
6111-T4, Standard X X
6111-T4, Narrow X
6061-T6, Sheet X X
6061-T6, Round Cross-section X

To determine the extent of deformation island and band formation in this material, -
longitudinal specimens were polished and pulled in tension to vaﬁous strains at 300K, 77K
and 42K. Both ex-situ and in-situ observations were made. At 300K and 104 /s, .
specimens were polished to 0.05 wm and strained to plastic strains of 1%, 4% and failure.
The 77K sample was polished to 600 grit and then strained at 104 /s to a strain near ‘
necking, approximately 27%. At4.2K, a sample was polished to 0.05 um and was tested
at 104 /s and 10-1 /s to failure. For all of the above samples, ex-situ observations were
made with an optical microscope. The resolution of the optical microscopy depends on

many factors, such as the objective lens used, etc. Sub-micron resolution is obtained in the
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worst case scenario, and this resolution is more than adequate since the feature of interest 1s
on the order of several grain diameters. In addition, in-situ videography during a tensile
test was performed on a longitudinal tensile sample that was polished to 600 grit. The test
conditions were 10-3 /s and 300K; a faster strain rate was chosen such that changes in the
deforming surface could be viewed more quickly. |

The onset of diffuse and local necking needed to be determined. Tensile specimens
were marked at approximately 1.3 mm (0.05 in.) intervals in the gage section, and both
width and thickness measurements were taken before and after straining. Six specimens
~ were tested at 300K at a strain rate of 104 to various strains: before the onset of diffuse
necking (15.99%, 20.11%, 20.59%; BDN1, BDN2, and BDN3, respectively), after the
onset of diffuse necking but before the onset of local necking (18.70% and 22.59%; DN1
and DN2, respectively), and after the onset of local necking (21.36%, LN).

The microstructure needed to be characterized by both optical microscopy to
determine grain size, grain distribution and degree of clustering of similar sized grains and
Electron Backscattered Pattern (EBSP) Microscopy to determine the degree of clustering of
similarly oriented grains. For optical microscopy, the samples were mechanically polished
to 0.05 ym and then etched with Keller's Reagent (2.5% HNO3, 1.5% HCI, 0.5% HF,
- HpO bal.). Grain size statistics were analyzed using NIH Image. 1.62. For grain
orientation characterization, sub-sized specimens (figure 6e), prior to tensile testing, were
mechanically polished to 0.05 ym. The polishing solution for the 0.05 ym step was an
alumina and colloidal silica suspension of pH 9. Grain orientations in a 7 mm X 2.5 mm
(233 x 83 grains) region in the middle of the gbage section were determined. The sampling

mesh had a pitch of 50 pm. -



3 MATERIAL CHARACTERIZATION RESULTS
3.1 Optical Microscopy and SEM
From the optical microscopy, it does appear thal'tithere is clustering of similar sized
grains. In figure 7a, clusters of larger sized grains (those greater than approximately 50

um) are colored in figure 7b (the same micrograph as in 7a). Smaller sized grains are also

observed to cluster in these micrographs. The clusters of large sized grains can act as soft

areas in the specimen while the clusters of small sized grains can act as hard areas. The
grain size analysis reveals that the average grain size is approximately 30 ym. A histogram
of the grain size distribution is shown in figure 8. Tﬁere is a large population of grains
around 4-5 ym, and the distribution is skewed towards the smaller grain sizes. In addition,

a rather large population of a secondary phase is visible. From SEM EDS analysis, the

secondary phases have several different compositions: Al-Mg-Cu, Al-Fe-Mn-Si-Cu and

Al-Fe-Mn-Mg-Si-Cu. Exact compositions were not determined because standards were not
available, and the area sampled included the matrix. The presence of such a large
population of inclusions could influence the void population when the specimen begins to

neck; the implications of this observation will be discussed in section 6.2.1.

3.2 EBSP
Grain orientation can be detefmined by performing EBSP in the scanning electron
microscope (SEM) [Adams, Wright and Kunze, 1993; Michael and Goehner, 1993;
Dingley, 1984; Dingley and Baba-Kishi, 1990; Randle, 1992]. Wheﬁ an incident electron
beam enters the specimen, electrons are scattered, elastically and inelastically, in all
directions. Electrons that are backscattered from the specimen are collected thfough a
detector. Those backscattered electrons that satisfy the Bragg condition diffract to form

pairs of bright (excesé) and dark (defect) lines, or Kikuchi lines [Michael and Goehner,

1993]; the arrangement of these Kikuchi lines, called a Kikuchi pattern, are related to the .
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specimen crystallographic structure and orientation [Edington, 1975; Thomas, 1962]. With
a polycrystalline specimen, the orientation of a particular grain can be obtained.
Microtexﬂre information can be determined in the folloWing manner. Two axes are
needed; there is the reference crystal axes, X, Y, and z, and the grain axes, Xg, g, and
zg. The crystal axes can be brought into coincidence with the grain axes by perfonning
three successive rotations: 1) rotation of @ about the z; axis, 2) rotation of ® about the x¢
axis and 3) rotafion of ¢y about the z; axis [Randle, 1992]. The angles @1, © and @y,
using Bunge's convention [Bunge, 1982], are also known as Euler angles and describe the
orientation of the grain. These angles can be used to calcﬂate a 3 x 3 orentation matrix
which représents a three dimensional orientation with respect to the reference axes. Each

element, aj;, can be calculated by the following equations:

aj1 = cosQ1cosqy - singysingzcosP

a2 = -cos@1singy - sin@1cosgcosP

a3 = sin@psin®

ap] = singicosqy + cos@ysingcos®P -

azp = -sin@ysingy + coscosgacosP : o 3.1)
ag3 = -cos@isin®
a3 = singpsin®
a3 = cos@psin®
a3z = cosP |
Then, by performing a series of matrix operations and transformations (see Appendix A
[Krenn, 1996}), a nﬁsorientation angle can be calculated between the grain orientation and
the ideal orientation. There are several ideal recrystallization and rolling textures expected
in 6111-T4: Cube, Goss, R,}P, Q, Brass, Copper and S; their Euler angles are listed in

Table 3. Those grains that have an angle of misorientation less than 15° are considered as
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the ideal orientation. For instance, if a grain has a misorientation angle of 10° from the
Goss texture, then it is considered to have the Goss texture. |

This experiment was performed to confirm that there is clustering of similarly
oriented grains. From the optical microscopy, it is expected that there i-s‘clustering of
similarly oniented grains. Previous resear(’:hérs have also confirmed ie existence of
clustering of similarly oriented grains [Bryant, Beaudoin, and Demen',. 1996]. If there is
clustering of similarly oriented grains, then it is strong evidence that this microstructural
feature can facilitate island formation and propagation. It is also expected that the
predominating texture should consist of the recrystallization textures; some retained rolling
texture will be present. If clustering of similarly oriented grains follows that same angle or
directionality as the island, then it is very strongly possible that the similarly oriented grains
will be one of the dominant mechanisms behind the island formation and propagation. The
Euler angles for each measured point in the gage section that were determined. Then, by
calculating the orentation matrix with equation 3.1 above for each point measured, the
.misorientation angle between the point, or grain, and the ideal texmrés listed in Table 3 was
determined. If the misorientation angle fell within 15° of an ideal orientation, it was
considered that on;entation..— Since the x (longitudinal direction) and y (transverse direction)
coordinates for each measured point is also known, the spatial location of each orientation
can be r_néde.

The data can be plotted in two ways. A 3D plot of Euler angles ®, ¢, and @1 (X, ¥
and z axes, respectively) can be used to show any preferred orientations (figure 9a). For
example, if there is clustering of similarly oriented grains for a particular onientation, then
there would be a large population of grains in a certain region in the plot. The location of
clusters of similaily oriented grajns.in the gage section can be seen by plotting grains of a
particular orientation at their x, y coordinates. In figure 10, grains of a particular |
orientation, in the gage section, are the black spots. Any clustering that is present will be

easily seen.
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Three things are apparent from the EBSP microscopy. First, ihere is strong
texturing in this 6111-T4. In figure 11, a plot of the Euler angles in Euler space, there are
areas where the data points cluster. The clustering at 180° is due to the 180 degree
symmetry. Second, from the x-y plots in figure 12(a-h), the Cube texture (figure 12a) is

the predominaht texture in the material; this result has been reported elsewhere [Bryant,

Beaudoin, and Demeri, 1996]. Plots were made where the grains within 15° of the ideal

orientation were plotted as light areas at their respective x and y coordinates in figure 12.
The S texture (figure 12h) is next most common; the order of texture abundance is listed in
Table 3 with "1" as the most abundant and "8" the least abundant. Third, there is clustering
of similarly oriented grains. For the Cube texture (figure 12a), there are clusters of grains
with the CuiJe orientation; many of these ciusters have a directionality to the tensile axis. In
the S orientation (figure 12h) there is a directionality to the distribution as well. The grains
align at an ahgle to the rolling direction/tensile axis. If the island forms and propagates in
the same direction, then this evidence supports the theory that clustering of similarly
oriented grains is one feature that dominates the formation and propagation of islands.

Implications of these results will be further discussed below.

Table 3- Textures and Euler Angles

Orientation {hkl}<uvw> Texture Type Q1 (O [119) Abundance
Cube {100}<001> Recrystallization 0 0 0/90 1
Goss |{110}<001> Recrystallization O 45  0/90 5

R {124}<211> Recrystallization 53 36 60 4
P {011}<122> Recrystallization 65 45 . 0/90 8
Q {013}<231> Recrystallization | 45 15 10 3
Copper |{112}<111> ~Rolling 90 30 45 7
Brass {011}<211> | Rolling 35 45 0/90 6
S {123}<634> Rolling 59 34 65 2
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3.3 Fractography

. The fracture surface of 6111-T4 longitudinal and transverse specimens (104 /s, 10-
1 /s, 300K, 77K and 4.2K) were examined using an SEM to detect any changes in fracture
mode when the strain rate or temperature changes. Typicél fracture surfaces are shown in
figure 13 (longitudinal) and figure 14 (transverse). For the longitudinal samples at 300K
and 104 /s (figure 13a), the fracfure mode is ductile, and the surface has a fine dimple
structure. When the strain rate is increased to 10-! /s (figure 13b), the dimple size
increases, and the dimple walls appear less planar. At 77K, the fracture micromode at 104
/s (figure 136) is ductile. Small dimples and slip steps decorate the larger ciimple walls.
With an increase in strain rate to 10-1 /s (figure 13d), the fracture surface does not
significantly change in appearance; the micromode is still ductile. A larger population of
hicrocmcks is seen at this test condition. With a decrease in test temperature from 300K to .
77K at cénstant strain rate, the fracture micromode remains ductile for both strain rates
(figures 13 c and 13d). ‘At both strain rates at 77K, the void walls are more' planar, and
there are moré microcracks. In additi’on_, there are very small voids between the planar
walls. Slip steps are also seen on the void walls. When the test temperature is further
decreased to 4.2K (strain fate ét 10-1 /s), shown in figure 13e, there bis an increase in
microcracks, and the fracture surface is more facetted in appearance, as though the fracture

occurred on crystallographic planes. |
Similar observations can be made for the transverse samples. At 300K and 104 /s
(figure 14a), the fracture mode is ductile; there are small dimples in the surface. With an
increase in strain rate to 10-1 /s (figure 14b), the fracture micromode remains ductile, the
~ dimple size increases, and the void wallé are less planar. At 77K and 104 (figure 14c), the
fracture micromode is ductile and slip steps can be seen on some of the void walls. The
dimples are larger as well, and there are ‘more microcracks. When the strain rate is

increased to 10! /s (figure 14d), the dimple size increases. Decreasing the test temperature
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from 300K to 77K while holding the strain rate constant produces a larger dimple size,
‘more planar void walls, and more microcracking. Despite the decrease in test temperature

and Straiq rate for both orientations, the fracture micromode remains ductile.

3.4 Summary
The microstfucture was characterized using optical microscopy, SEM and EBSP.
microscopy. The fracture surfaces were characterized by SEM. Theré is clustering of large
sized grains as well as clustering of similarly oriented grains. There is also a sizable
inclusion population. .The fracture micromode remains ductile for all orientations, test

temperatures, and strain rates (104 and 10-1 /s).
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4 MECHANICAL PROPERTIES RESULTS

4.1 300K Tensile Tests
4.1.1 6111-T4 Longitudinal
The mechanical properties of longitudinal specimens are given in Table 4, and the
engineering stress-strain curves are shown in figure 15. When the stxain_rate is increased,

there is no significant variation in yield or ultimate strength. The elongation (at 6 = —g—) and

total elongation decrease slightly with a change in strain rate from 104 to 102 /s but then
decrease more sharply at 10-1 /s. The slight changes in the mechanical properties are
reflected in their stress-strain curves; their tensile behaviors do not signiﬁcémtly change

with changes in strain rate.

4.1.2 6111-T4 Transverse
The mechanical properties of transverse samples are listed in Table 4, and their
engineering stress—étrain curves are shown in figure 16. The yield strengths are
approximately 10% lower than those in the longitudinal direction while the elongations are
nearly the same. Again, the yield and ultimate strengths do not vary significantly with
increasing strain réte. The elongations peak at 103 /s, but as the strain rate increases, the

elongations at —2(2 remain slightly higher than those at 104 /s. The engineering stress-strain

behavior does not vary significantly with changes in strain rate.

Table 4- Mechanical Properties for longitudinal and transverse 6111-T4 at 300K.

Orientation Strain Rate YS UTS Elong. TE
Is ~ [MPa] [MPa] [%] [%]
L 104 197 © 324 26.37 28.03

5x 104 198 330 26.45 28.38
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195 326 25.18 27.44

102 194 328 25.21 27.08

101 198 323 23.68 24.71

T 104 175 318 26.57 28.66
5x 104 173 316 25.66 27.29

103 174 318 2921  30.90

102 174 318 26.04 - 27.96

101 316 24.77 27.52

4.1.3 6111-T4 Wide and Narrow Samples
The mechanical properties for wide and narrow samples are listed in Table 5, and
their engineering stress-strain curves are shown in figure 17. The yield and ultimate
strengths remain virtually the same when the gage width decreases from wide to standard to

narrow width. At a strain rate of 104 /s, the elongation at

the standard sample width and are lowest in value for the narrow samples. At a strain rate

of 10-1 /s, both elongations decrease slightly with decreasing gage width. The variation in

173

geometry has only a minor effect on the stress-strain behavior.
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Table 5- Mechanical properties of wide and narrow 6111-T4 at 300K.

Geometry | Strain Rate YS UTS = Elong. TE
/s [MPa] [MPa] [%] [%]
Wide 104 196 324 2532 26.73
101 198 323 23.81 25.61
Narrow 104 194 326 22.46 23.98

4.1.4 6111 Transverse Solution Heat Treated
Tensile samples were solution heat treated prior to testing at 104 and 10-1 /s to alter
the solute/precipitate structure. The mechanical properties in Téble 6 show that the solution
heat treatment lowers the yield and ultimate strengths and increases the elongations; the total
elongation actually decreases slightly at 10-1 /s. For the*soluﬁén heat treated specimens, an
increase in strain rate causes a decrease in the strengths and a decrease in the elongations.
The engineering stress-strain behavior, figure 18, do change with increasing strain rate. -

The stress level decreases with increasing strain rate.

4.1.5 AKDQ Steel
Tensile tssts were also performed on AKDQ steel to provide a mechanical
properties reference for comparison with-6111-T4. The mechanical properties are listed m
Table 7. The elongation of AKDQ steel is greater than that of 6111-T4. Their engineering
stress-strain behavior (figure 19) show a greater change, as comparedeith 6111-T4, when
the strain rate increases. Since thé aluminum alloys aré less strain rate sensitive, this

observation is expected.
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Table 6- Mechanical properties of transverse 6111 SHT at 300K.

Strain Rate YS UTS Elong. TE
s [MPal __ [MPa] %] (%]
104 78 234 28.22 29.16
101 76 201 25.52 27.48

Table 7- Mechanical properties of AKDQ steel at 300K

StrainRate |  YS UTS Elong. TE

Is [MPa] [MPa] [%] [%]
104 154 301 38.56 49.05
10-1 192 328 3232 4482

4.1.6 6061-T6 Sheet
6061-T6 sheet mechanical properties do not vary significantly with a change in
strain rate (Table 8). With an increase in strain rate, the yield and ultimate strengths remain
virtually the éame. The total elongation decreases slightly while the elongation shows a
somewhat larger decrease. Changes in strain rate do not affect the stress-strain behavior

- significantly (figure 20).

4.1.7 6061-T6 Round Cross-Section
Yield and.ultimate strengths increase slightly with increasing strain rate (Table 8).
The uniform elongation slightly increases and total elongation slightly decreases. The
strengths are lower than the sheet samples. The total elongations, however, are
significantly greater than those of the sheet specimens. When the strain rate increases, the

. stress-strain behavior (figure 20) changes slightly.
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Table 8- Mechanical properties of 6061-T6 at 300K

Geometry Strain Rate YS UTS UE Elong. TE
Is [MPa] [MPa] [%] [%] [%]
Sheet 104 311 352 12.17 14.82
101 316 357 . 11.43 14.49
Bar 104 283 320 10.20 20.93
101 290 321 10.26 ' 20.38

4.2 77K Tensile Tests
4.2.1 6111-T4 Longitudinal :

The mechanical prdperties of 6111-T4 lbngiﬁxdinal samples at 77K are listed in
Table 9, and the stress-strain curves are shown in figure 21. Lowering the test temperature
increases thevyield and ultimate strengths and the elongation and total elongations. At 77K,
the yield and ultimate strengths increase slightiy with-increasing strain rate. 'fhe elongation
and total elongatibn bqth increase with increasing .strain rate. At this temperature, as
compared to the 300K data, there is a greater change in stress-strajﬂ behavior when the

strain rate increases.

4.2.2 6111-T4 Transverse
Transverse mechanical properties at 77K are given in Table 9, and the stress-strain
curves are plotted ‘in figure 21. With a decrease in test temperature, the strengths and
elongations increase significantly. When the strain rate is increaséd at 77K, the strengths
and elongations increase. A greater change with increasing strain rate is seen at .this
temperature, as compared with the results at 300K, but the difference is not as great as that

seen for the longitudinal samples.
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4.3 4.2K Tensile Test
4.3.1 6111-T4 Longitudinal |
One tensile test was performed at 104 /s and 10! /s each. The strengths and
elongations are lis;:d in Table 10. With the decrease in temperature from 77K, the yield
and ultimate strengths increase, and the elongations - decrease. At 4.2K an increase in
strain rate increases the yield strength but decreases the UTS; the elongation ipcreases while

the total elongation decreases only slightly.

Table 9- Mechanical properties of 6111-T4 at 77 and 4.2K.

Temperature Orientation ’Strain Rate YS UTS Elong. TE
[K] /s [MPa] [MPa] [%] [%]

77 L 104 247 430 3133 3213
10-1 266 469 34.92 36.08

T 104 237 428 31.92 32.85

10-1 248 47 3778 40.00

4.2 L | 104 317 564 25.61 27.52

10-1 400 510  26.02 27.25

4.4 Summary

Tensile tests were conducted on 6111-T4 at several temperatures (300K, 77K,
4.2K), strain rates (104, 5 x 104, 103, 102, 10’1 /s), orientations (longitudinal and
transverse), microstructures (-T4, SHT) and geometries (wide, standard, narrow). In
| addition, tensile tests were performed on AKDQ steel to provide a basis of comparison and
on 6061-T6 (sheet, round cross-section) to determine the effect of specimeﬁ geometry on
the mechanical properties. First, the mechanical properties of 6111-T4 were not strain rate
sensitive at constant temperature (300K, 77K), geometry (wide, standard) or

microstructure (-T4, SHT). Second, a change in test orientation d_ecréased the yield and
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ultimate strengths. Third, a change in geometry for 6111-T4 did not significantly affect the
yield and tensile strengths. Fourth, the yield and ultimate strengths decreased and the

elongation at g and total elongation increased when the ~T4 samples were solution heat

treated. Fifth, decreasing the test temperature from 300K to 77K produced an increase in all
the mechanical properties, while a further decrease in temperature to 4.2K decreased the
| elongation Zi;ld total elongation from their 77K values. Sixth, for 6061-T6 changing the
specimen geometry from sheet to round cross-section decreased the yield and ultimate
strengths, and increased the total elongations. Finally, AKDQ steel has much higher

elongations than 6111-T4.
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5 WORK HARDENING AND DEFORMATION BEHAVIOR RESULTS

. do . : . .
A plot of work hardening rate, 6 = 4 versus true strain, ¢, is useful in assessing
3

how stable the deformation behavior is. A schematic work hardening rate versus true strain
curve is shown in figure 22a. Relative increases and decreases in the work hardening can
indicate local stabilizations and instabilities during deformation. If the assumption is made
that various weak areas in the gage are experiencing instabilities and stabilizations, then the
oscillations in the work hardening curve can be attributed to thié local behavior. If these
oscillations are present, it is also necessary to determine what causes them by examining
how test parameters, microstructure and specimen geometry affect the oscillation behavior.
Another regime where deformation stability can be important is the region between diffuse
necking and failure. As illustrated in the figure, a sharp drop off before final failure in a
specimen can imply very unstable deformation behavior in responsé to the presence of
islands or deformation bands. If the drop-off before final failure is more gradual (figure
22b), then the macroscopic deformation behavior is not as unstable, and the specimen

should not approach failure as quickly.

5.1 '6111-T4 Longitudinal

_ Oscillations were present at all test conditions (figures 23. and 24), and the character
of the oscillations did change with test conditions. At 300K, with increasing strain rate
(figure 23), the number of oscillations generally decreased and the oscillation amplitude
generally increaséd. The drop offs are more graduat ag the higher strain rates. In addition,
at 300K and 104 /s, about one-third of the test specimens exhibit more gradual drop-offs
(figure 23f); these specimens also have higher elongations. The implications of these
results will be discussed in section 6.2. At 77K increasing the strain rate again produces

fewer oscillations and a more gradual drop off (figure 24).
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The effect of deCreésing the test temperature at constant strain rate on the
oscillations and drop off varies. At either strain rate, a decrease in test terhpeiature
produces more oscillations (figure 25). The sharpness of the work hardening drop off
- depends on the strain rate. At 104 /s, the dfop off is slightly sharper at 77K, and the
opposite is true at 101 /s. The effect of decreasing test temperature will be further
diséussed in section 6.3.3.1. |

One possible mechanism for these oscillations is the PLC effect that was mentioned
earlier. The tests conducted at 77K are well below the temperature regime in which the
PLC effect exists, yet the oscillations still occur at 77K. The character does change with
the decrease in temperature, but the presence of the oscillations indicates.that the PLC effect
is not the dominant mechanism. Another mechanism or mechanisms is likely responsible

for the change in oscillation character.

5.2 6111-T4 Transverse

For l;he transverse samples oscillations were present at all strain rates and
temperatures (figures 26 and 27). At 300K (figure 26) the number of oscillations again
- generally decreased with increasing strain rate, although at 103 /s, the number increased.
The drop offs are more gradual at the higher strain rates. At 77K (ﬁgure 27) fewer
oscillations and a more gradual drop off occur at the higher strain rate. When the strain rate
is held constant,'(figure 28), the number of oscillations increases with a decrease in -
temperature for both strain rates. At 104 /s the drop off becomes sharper while at 10! /s

the drop off becomes more gradual with the decrease in temperature.

5.3 6111-T4 Wide
The work hardening curves for longitudinal samples with a wider gage section,
tested at 300K and at strain rates of 104 and 10‘1 /s, are shown in figure 29. Oscillations

are still present in the work hardening curve when the gage width increases. When the
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work hardening curves are compared with those from the standard samples, the number of
oscillations is about the same as that for the standard sémples. Compared to the standard

samples, the number of oscillations is about the same and the drop offs are more gradual.

5.4 6111-T4 Narrow
Longitudinal samples with a narrower gage section were tested at 300K and at a
strain rate of 104 /s; the work hardening curves are shown figure 30. Oscillations are
present in this sample geometry. Compared to the standard samples, the narrow samples
have about the same number of oséillations, but the oscillation amplitudes are clearly larger.

The drop off is also much sharper.

5.5 6111 SHT
Transverse samples were solution heat treated to dissolve the GP zones and to
increase the solute content. The work hardening curves for specimens tested at 300K and
at strain rates of 104 /s and 101 /s are in figure 31. At both strain rates, oscillations are
present. When the strain rate is increased, the number of oscillations decreases, aﬁd the
amplitude of the oscillations decreases. These oscillations, when compared with the -T4
oscillations, are greater in number, and have greater ampl_itude. Also, the drop off is

sharper at both strain rates.

5.6 6061-T6
5.6.1 Sheet
The work hardening curves for 6061-T6 sheet specimens are in figure 32a.
Oscillations are present at both strain rates (1(.)‘4 and 10-1 /s). At 104 /s, more oscillations
occur at 104 /s, and the drop off is sharper at this strain rate. At 10-1/s, however, the drop

off occurs earlier in the work hardening curve, prior to the onset of local necking. When
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the strain rate in_creases, the number of oscillations decreases, and the drop off is more

gradual.

5.6.2 Round Cross-Section
6061-T6 round cross-section samples were tested at 300K and at strain rates of 104
/s and 101 /s. Oscillations are present at 104 /s but not at 10-1 /s (figure 32b). The drop

off is sharper at the higher strain rate.

5.7 AKDQ Steel
Work hardening curves for AKDQ steel (300K, 104 /s and 10°1 /s) are shown in
figure 33. In this non-PLC alloy, oscillations are pfesent at both strain rates. In addition,

when the strain rate is increased, the number and amplitude of the oscillations increases.

5.8 Summary

The work hardening curves of specimens at various test conditions and
microstructures were examined to characterize the deformation behavior. Oscillations were
observed in every condition except for the 6061-T6 round cross-section samples at 300K
and 10-1 /s. Generally, when the strain rate increased at constant temperature, the number
of oscillations decreased, and the work hardening drop off was more gradual.- For 6111-
T4, when the test temperature decreased at 10-4 /s, the number of oscillations decreased,
and the work hardening drop off was sharper. At }101 /s, however, the number of

oscillations increased with the lower test temperature.

5.9 Surface Observations
To determine if the oscillations were due to islands, and to observe how these areas
formed and propagated, polished and strained samples were observed in-situ visually and

with a video camera, and ex-situ with an optical microscope. At the test conditions of
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300K and 104 /s, islands could be seen forming, visually, in several areas in the gage
section. As the strain increaSed, more islands formed. These results were confirmed with
the in-situ videography where the tensile test was conducted at 10-3 /s and 300K. From the
optical micrograph iﬁ figure 34a, it is evident that islands (arrows) appear on a sample
strained to 1% plastic strain; a lower magnification view is shown in figure 34b. Islands,
each approximately 40 ym wide and ranging from 400 to 800 ym long, clustered together
in this particular area. There was a coﬁesponding rise in the work hardening rate of this
sample. Observations on samples plastically deformed to higher strains revealed that
additional areas on the sample underwent a similar deformation pattern. These areas were
difficult to capture on the optical microscope due to the intensity of the general background
out-of-pléne grain fotation and the angle of illumination. One specimen strained to near
necking (104 /s, 77K) had two sample wide deformation bands, and there was a -
corresponding a peak inv the work hardening oscillation. From the sample shown in figure
34, islands were easily observable at strains as low as 1%. In addition, there is an indirect
correlation between the occurrence of an oscillation and the formation and propagation of
islands. Higher magnification optical micrographs of a 300K, 104 /s fractured sample
showed intense_ slip in some grajris but not ih adjacent grains (figure 35). Several
neighboring grains also had the same slip direction; this observation indicates that these
‘ngins have the séme orientation, that there is clustering of similarly oriented grains, and

that deformation propagates through such a cluster.
Ex-situ observations of the specimen tested at 4.2K and 104 /s reveal that several

deformation bands formed in the gage section (figure 36). Out-of-plane grain rotation can
also be observed on the specimen. The most significant observation is the presence of a

deformation band at the fracture surface.
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5.10 Necking Measurements
Quantitative analysis of the necking behavior can be performed through the width
and thickness measurements. Then, the thickness and width engineering strains, obtained

by the equations

=L | (5.1)
(5.2)

 where
g, w = thickness, width engineering strain, respectively,
tf; = final and initial specimen thickness, respectively, and
wr ;i = final and initial specimen width, respectively,
can be plotted versus their positions in the gage section. Any diffuse or local nécking will
become obvious in the plots when there is an increase in strain in a localized area along the -
gage.
Six specimens were deformed to various strains: before diffuse necking at 15.99%
the strain (BDN1), 20.11% (BDN2), and 20.59% (BDN3); after the onset of diffuse
necking but before the onset of local necking at 18.70% (DN1) and 22.59% (DN2); and
after the onset of local necking 5221.36% (LN). Their work hardening curves are shbwn
in figure 37. The engineering strain at épproximately 1.3 mm (0.05 in.) intervals along the
width and thickness directions are shown ip figures 38 and 39. Since the final gage length
differé for each specimen, the x-axis is the position in the gage séction normalized to 1. |
The corresponding work hardening state is shown schematically in the figures. Generally,
it would be expected that the thickness strains are higher than the width strains after the
onset of local necking since this direction is less constrained and can theref bre deform more
easily.
It has been found that diffuse and local necking can occur before the theoretical
prediction. BDNI1 (figure 38a), as expected, does not exhibit diffuse or local necking in

the width direction. In the thickness direction (figure 38b), however, there does appear to
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be some thinning near the O position. This thinning may be the onset of diffuse necking.
BDN2, which was strained to before the onset of diffuse necking, does show thinning in
both width (figure 38a) and thickness (figure 38b). Again, diffuse necking could be
occurring before the theoretical prediction. Further evidence of diffuse necking occurring
before the theoretical prediction is exhibited by BDN3. In both t.hicknéss (figure 38b) and
width (figure 38a) diréctions, there is a very clear diffuse neck in the gage section.
Additioria]ly, this sample exhibits the signs of a local neck, at around 0.35-0.55, within the
diffuse neck. This appearance of a local neck occurs before the theoretical prediction.
DNI1 (figure 39b) has a diffuse neck between O and 0.45 in the thickness direction; the rest
of the diffuse neck is probably occurring outside the measured area. There appears to be a |
sharper dip at about 0.75. In the width direction (figure 39a), there is a narrower section
from O to 0.2. DN2 shows a broad, diffuse neck in both width (figure 39a) and thickness -
(figure 39b) direction, between O and 0.65 to 0.8. There is also a local neck between 0.3
0 0.65. |

In the LN sample, it is expected that a local and diffuse neck will be found. From
figures 39a and 39b, it is clear that a diffuse neck has formed in both directions. The
nanowest and thinnest region occurs near the 0.1 position and indicates that a local neck
exists in that areca. Because measurements were not taken outside of the gage area, it is

difficult to ascertain the exact size of the diffuse and local necks.

5.11 Fractography
The fracture surfaces of 6111-T4 longitudinal samples at 300K (104, 10-1 /s), 77K
(104, 10! /s) and 4.2K (101 /s) were examined to determine whether any change in
fracture mode had occurred (figure 13). As the temperature decreases, the fracture surface
becomes more planar. Despite the drastic decrease in test temperature and strain rate, the

fracture micromode remains ductile.
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5.12 Summary

From examination of the work hardening curves, test specimen surface, necking
measurements, and fractography, a number of observations can be made. First, there are
oscillations in the work hardening curve. Second, these oscillations change in character
with the test conditions qnd microstructure. Third, islands form on the spécimen surface at
strains as low as 1% plastic strain. Fourth, there is an indirect correlation between the .
oscillations and the formation and propagation of the islands and deformation bands. Fifth,
.at 4.2K there was a deformation band at the fracture surface. Sixth, diffuse and focal necks
can form before the theoretical predictions. Finally, the fracture micromode remains ductile
when the test temperature and strain rates have decreased by nearly two and three- orders of

magnitude, respectively.
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6 DISCUSSION

The overall objective of this project was to understand what factors limit the
elongation in 6111-T4. This goal can be achieved by uhderstanding how deformation
proc_:eeds and how it affects the elongation, and by determining the mechanism behind the
deformation behavior that limits the elongatibh. There are many factors that can affect
elongation:  strength effects, material properties, inhomogeneous deformation and
microstructure. Itis widely accepted that there is an inverse relationship between strength
and elongation; the higher the strength the lower the elongation. Material properties such as
stxﬁﬁn rate sensitivity and work hardening capacity, as mentioned in section 1.1, will also
affect elongation; strain rate sensitive materials are better able to damp out areas of local
softening before strain localizes too heavily in that area. High work hardening at high
strains can delay the onset of necking (fig.2b). Inhomogeneous deformation can limit
élongation if strain concentrates in one area of the sample and triggers the premature onset
of local necking. Microstructure, such as high inclusion population, solute/precipitate
structure, clustering of similarly oriented grains and clustering of large sized grains can
influence the localization of deformation. . From the 300K, 104 /s tensile tests,
approximately one-third of the tensile samples area able to maintain more stable
deformation which results in higher elongatién. How these samples are able to achieve
greatcrbelongation is a particularly important piece of information because it may provide |
the énswer to improving the overall elongation of 6111-T4. From in-situ and ex-situ
observations and optical microscopy of the tensile specimen surfaces, there are two
possible mechanisms that can limit the elongation: void grdwth and coalescence due to a
high inclusion population and deformation island and band formation and propagation.

In this section, the effect of these factors on the deformation behavior and
elongation will be discussed. First, strength effects on the elongation will be ex;xmined.

Secbnd, the effect of high inclusion population and void growth will be considered in
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relation to the deformation behavior of the more stable tensile samples. Third, the
deformatibn behavior of 6111-T4 will be covered. Fourth, the effect of test variables,
microstructure, and specimen geometry will be explored. Finally, evidence that islands are
limiting the elongation will be presented, and a model for the deformation behavior will be

introduced.

6.1 Strength effect on the elongation

There is usually an inverse relationship between strength and elongation: for a
given change in fnicrostructure or test condition, if the strength increases, the elongation
decreases. If changes in elongation were pﬁrely due to changes in strength, then it would
genérally be expected, for example, that if the strength increases, the elongation would
decrease. For 6111-T4, the changes in elongation with different test conditions and
microstructures are not always attribut;ible to the changes in stréngth. To examine the
strength effects on elongation for longitudinal samples, a bar chart of the percent change in

mechanical property (yield strength, UTS, elongation at g, and total elongation) with a

change in test condition is presented in figures 40 and 41. The percent change for an
increase in strain rate, at constant temperature, is shown in figure 40 and the percent_change
for a decrease in test temperature, at constant strain rate, is shown in figure 41. When the
strain rate is increased, the longitudinal samples at 300K show a slight increase in yield
strength and the elongaﬁon decre#ses. At 77K both yield and ultimate strengths increase,

and the elongations increase as well. When the strain rate is held constant and the
temperature is decreased from 300K to 77K (figure 41), no inverse relationship is seen
between the changes in strengths and elongations; instead, with thé increase in strengths,
the material experiences an incrgase in both elongations. Therefore, at 300K, the decrease

in elongation (at ;—j) that accompanies an increase in strain rate can be explained, in part, by

the increase in strength. For the three other conditions (increase in strain rate at 77K,
®

decrease in temperature at 104 /s, and decrease in temperature at 10-1 /s), strength effects
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cannot explain the increases in elongation. Testing at 77K reverses the inverse _reIationship
between strength and elongation. This effect has been seen in other aluminum alloys such
as 2090-T81 [Glazer, 1989; Chu, 1990; Tseng, 1993]. At 77K another mechanism is
influencing the elongation.

For the transverse samples, the expected inverse relationship between strength and
elongatlon is not seen for a given change in strain rate (figure 42) or temperature (figure
43). The increase in elongation, therefore, is not due to a decrease in strength, since the
strengths also increase. Again, another mechanism is responsible for the increase in

elongation.

6.2 Stable vs. Unstab_le Deformation at 300K, 10-4 /s

At300K and 104 /s, approximately one-third of the test samples are able to attain
greater elongation than the rest of the samples: 29.0% (stable) vs. 19.9% (unstable). The -
work hardening behavior reveals that the stable samples have a more gradual drop off near
the necking criterion (figure 23f). This more gradual decrease in work hardening implies
more stable deformation behavior at the higher strains. If the work hardening rate is able to
maintain a value high enough, it can delay the onset of necking and therefore increase the
elongation (section 1.1). Of particular interest is what microstructural feature or
mechanism determines the degree of stability of the deformation -béhavior at high strains. If
this feature or mechanism can be identified, then improvements in the elongation can be
made by modifying the microstructure. As mentioned earlier in this section, two
possibilities exist: ;high inclusion population and deformation island band formation and

propagation.

6.2.1 The Role of Voids in Early Failure
Voids play an important role in the mechanism of necking and failure in a material.

They can either cause the early onset of local necking, or hasten failure once local necking
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has occurred. In the former case, if a significant void population exists in a tensile sample
prior to deformation, the voids can tn'ggér the early onset of .necking because of the
reduction in net cross sectional area. In this case the voids will create a locally weak area,
and as the apphed strain increases, deformation concentrates in this area. When the strain
locahzatlon causes a defect to reach a cntlcal size and shape [Gillis and Jones, 1979], a
local neck will begin to form. Thus, with a higher initial void population, a deformation
band will form sooner, reach a critical size and shape more quickly, and thereby cause the
early onset of local necking. In the latter case, voids nucleate either at the interface between
a particle and the matrix by decohesion of the particle/matrix interface or by fracture of the
particle. When the applied strain sets up a sufficient hydrostatic stress component in the
vicinity of the particles, which occurs at the onset of local necking in sheet specimens in
uniaxial tension, voids will then begin to grow. As the voids grow, the local stresses begin
to concentrate and necking instabilities develop locélly [Anderson, 1995; McClintock,
1971). Finally, voids begin to coalesce and eventually lead to failure. | With a large
population of weak or weakly bonded inclusions, once a triaxial state of stress is present,
voids will grow and coalesce quickly since the voids will be more .closely spaced.
Consequently, failure will occur more rapidly than if the mean inclusion spacing is large.
There are other material properties which can Valso affect a material's response to
void growth and coalescence. : Strain rate sensitivity and work hardening capacity are both
impoftant properties. If a material has high strain sensitivity, as discussed in section 1.1, it
will be able to counteract the local deformation of the deformation bands by harderiing the
material in the band subjected to the higher strain rate. In the same vein, whén a volume in
the Iﬁateﬁal becomes locally weak due to void growth, the material will respond by
hardening the remaining ligament in this locally soft area; the deformation will then locahze
in the next weakest area instead of concentrating in this particular area, as depicted in figure
44. If a material has high work hardening capacity, at high strains it will maintain the work

~ hardening rate at a high enough value to delay the onset of local necking.
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For 6111-T4 the inclugions and initial vbid population could account for the low
elongation. Since this material has low strain rate sensitivity and low work hardening
capacity, a high inclusion and initial void populaﬁon would limit the elongation. As
discussed earlier, these defects could set up a locally weak area where the deformation
would concentrate. With the low strain rate sensitivity and low work hardening, the strain
would continue to localize in a particular region. This strain concentration would caﬁse a
faster drop in the work hardening rate such that necking would occur sooner. The
elongation, then, would be lower.b At 300K and 104 /s, one-third of the tensile samplés
are able to attain higher elongation. The work hardening curves (figure 23f) show that the
sample with higher elongation has more stable work hardening behavior near the necking
point. The drop off near necking occurs more gradually and closer to the local necking

criterion (6= g—). One possible explanation for this behavior is that the unstable samples

have higher inclusion count and higher initial void population.

In thin sheets, the effects of a large inclusion population can have an even more
significant impact, especially if there is a large variation in the inclusion distribution. If a
tensile specimen samples an area with a much higher inclusion population, upon void
growth and coalescence, the effective net cross sectional area will be reduced. With applied
strain, deformation will concentrate more quickly in this sample, and the increased strain
localizatidn will lead to the earlier onset of local necking. The elongation will then be lower
than that of a sample which had a smaller inclusion population.

Examination of the fractured sample at the fracture surface on the short transverse-
transverse (S-T) plane and the loﬁgimdinal-tmnsverse L-T) piane (along the gage section)
will aid in determining whether the inclusions and voids are limiting the elongation. In I;he
S-T plane, if they are limiting the elongation, it would be expected that the fracture surfaces
of the unstable samples would have a different appéaxance than that of the stable samples.
If the mechanism leading to early failure is that of an initially smaller net cross secﬁonal
area due to the presence of a higher inclusion concentration, the fracture surfaces of the
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unstable samples would contain more inclusions or more large inclusions than that of the
stable samples. The same would also be expected if the mechanism leading to early failure
is that of a more rapid void coalescence due to smaller mean inclusion separation. From
: figﬁre 45, the fracture surfaces in the S-T plane, examined by SEM, are not signiﬁcantly |
different. | |
- In the L-T plane, tensile samples were polished before and after testing to view the
voidbpopulation along the gage lengtll. The fractured samples were polished to one-half
thickness to a finish of 0.05 ylﬁ. If voids were causing the early onset of necking in the
unstable sample, then the L-T plane would have either a highvvoid populations prior to
testing, which would lead to early onset of necking, or a higher void population both at the
fracture sﬁrface and away from the fracture surface. As schematically drawn in figure 46, a
strain gradient exists in the L-T plane with the highest strain at the fracture surface and. the
lowest strain farthest away. It would be expected that the void population would be highest
at the fracture surface and that the population would decrease with increasing distance from
the fracture surface. From the optical microscopy, two observations can be made. First, at
the fracture surface (figure 47), no obvious differences were seen in the void population
between the stable and unstable samples. The fracture profile for the stable and unstable
samples were similar; part of the surface was formed by void coalescence (figure 48a) and
other parts were more planar (figure 48b). The etched surface reveals that the samples
fractured ﬂong grain boundaries as well through grains (figure 49). At the arrow in figure
49, the specimen has fractured thrbﬁgh three grains with similar grain contrast. Grains
with similar orientation will have similar éolor contrast. Therefore, the specimen has
fractured, following the fracture surface from left to right in the micrograph, through a
cluster of similarly oﬁented grains, stopped at a void, and then proceeded along the grain
boundaries of a cluster of similarly oriented grains.
Second, voids were seen away from the fracture surfabe and outside the necked

region for both stable and unstable samples. Again, there were no significant differences.
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* Both samples had voids with an elongated appearance; the major axis of the void aligned
with the tensile direction and rolling direction. Since the voids did not appear elongated in
the untested sample, this elongation is due to the applied tensile load. Voids were also seen
around fractured inclusions (figure 45a) in the tested samples. These fractured inclusions
may be due to the applied tensile load or to the polishing. If they were due to polishing,
then fractured inclusions would be visible in the grip section of the tensile sample. An
optical micrograph taken from the grip section shows that polishing does not fracture the
inclusions (figure 50). Since the void population is not significantly different .between the
stable and unstable samples, a diffgrence in iﬁclusion and void population is not causing the
early failure in the unétable samples.‘ Therefore, a high inclusion and void population,
which would lead to void growth and coalescence, is not limiting the elongation in 6111-
T4.

If the voids are not responsible for the early drop off in work hardening, then other
possibilities must be considered. Two possible explanations for the early drop off are
material properties, such as strain rate sensitivity; and inhoxﬁogeneous deformation. It is
known that aluminum is not a very strain rate sensitive material. The strain rate sensitivity
can change with tenhperature and strain rate. At the other, higher strain rates, where the
samples consistently have earlier work hardening drop offs, the strain rate sensitivity may
be low enough that once the material has reached a certain mechanical state, it cannot
recover from a local instability, and it will proceed to final failure. At 104 /s, it is possible
that the strain rate sensitivity is just high enough that in some cases, the material can
maintain fairly stable deformation, despite the formation of isiands or deformation bands,
until the local necking criterion. The role of inhomogeneous deformation will be discussed

below.
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6.3 Deformation Behavior: 6111-T4, Longitudinal

The deformation behavior can be characterized by examining certain aspects of the
work hardening behavior. One region of the work hardenjng, denoted as region A in
figure 51,\ is of particular interest. Region A describes that part of thev work hardening
curve from the start of the last linear portion through failure. The work hardening cMe
can be fitted with a liné based on _thé assumption that one mechanism dominates in the
region through failure. This mechanism will heavily influence the deformation behavior
and elongation. Several aspects of the work hardening curve can be used to assess how
stable the deformation is near necking and how quickly diffuse and local necking occur.
These aspects are the work hardening oscillétions, the work hardening drop off near
necking, the necking parameters and the width and thickness measurements. The
oscillations are due to local stabilities and instabilities in the gage section. The work
hardening drop off can indicate how stably deformation proceeds near necking. The
necking parameters can qualitatively assess how quickly the material progresses .from
diffuse necking to local necking to failure. "The width and thickness fneasurements will
detail when diffuse and local necking occur. How these parameters are related and how
each is affected by test condition, microstructure and specimen geometry will also be

discussed.

6.3.1 Work Hardening Oscillations
Oscillations in the work hardening are present from yielding to failure. These
oscillations are seen over many test conditions, microstructures, alloys and specimen
geometries. As mentioned in section 5, these oscillations are due to local ﬁarden‘ing, or
stabilities, and local softening, or instabilities, in the gage section. Since these oscillations
have been seen in all tensile tests, it can be arguéd thaE they are due to test machine or
equipment noise, or that they are created during data processing. If they are real, it must be

determined how they affect the elongation.
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Because the oscillations occur despite changes in many test and microstructural
variables and alloy systems (6061-T6, 6111-T4, 6111 SHT and AKDQ steel), it is possible
to argue that the test machine or equipment noise can cause the oscillations. The
oscillations have a wavelength of over 0.5 to 1.0% strain, which takes apprbximately 50
seconds per oscillation. Mechanical noise will occur at 0.02 seconds 'per cycle (60 Hz) and
random electrical noise occurs in the MHz region. Load cell and strain extensometer noise
will effect errors in the stress and strain, respectively, of + 0.62 MPa and 0.00001
mm/mm. The amplitude of the oscillations is at least 4 MPa, and the wavelength, as
| mentioned above, is 0.005-.01 mm/mm strain. Clearly, equipment noise is not responsible
for these oscillations. ]

| It can also be argued that the oscillétions are iﬁtroduced during the data processing.-
Ideally, if the data processing is causing oscillations, then even proceSsing a smooth curve
will create oscillations. A smooth true stress-true strain curve can be generated by using

the parabolic relétionship

o=Ken | ' (6.1)
where
K=1
n:QZ
The stfess—snajn curve is showri in figure 52a, and after'processing the data, the work
hardening curve (figure 52b) is also smooth. No oscillation§ are present. Therefore, the

data reduction process does not create oscillations.

6.3.1.1 Mechanism for Oscillations
It has been shown that the work hardening oscillations are present over many
‘different test conditions. There are two mechanisms that can cause these oscillations: the

PLC effect and the formation and propagation of deformation islands and bands. If these

39



oscillations are present outside of the PL.C regime, for instance outside of its temperature
range, then this oscillatory behavior is dominated by something other than the PLC effect.

The other possible mechanism is the formation and propagation of islands.

6.3.1.1.1 The PLC Effect and Inhomogeneous Deformation

. For aluminum alloys it is widely accepted that oscillations in the stress-strain curve
and the appearance of deformation bands are due to the PLC effect [Cetlin, Gulec and
Reed-Hill, 1973; Chihab, Estrin, Kubin and Vergnol, 1987; Fujita and Tabata, 1977; Kim
and Chaturvedi, 1979; Reed-Hill and Gulec, 1975; Phillips and Swain, 1952-3; Robinson
and Shaw, 1994; Rodriguez, 1984]. 6111-T4 does have some free solutes, and it is
possible that these oscillations are due to the PLC effect. Another look at the stress-strain
curve of 6061 [Robinson, 1994] in figure 5 shows that along with the serrations, there are
also longer wavelength oscillations which occur over larger strain ranges. These
oscillations occur simultaneously with the serrations and are schematically shown in figure
53. These long wavelength oscillations ha\'/e not been addfessed in the literature.

The PLC effect is not the dominant mechanism behind the oscillations in 6111-T4
for several reasons. First, the oscillations are still present at 77K (figure 24), which is well
outside the PLC temperature regime. The solute mobility is too low to pin moving
dislocations. A simple calculation of the diffusion rates of the major alloying elements at

77K can be performed. The diffusion coefficient, D, can be estimated from the equation

D=Doexp( (6.2)

%)
where

Do = pre—exponenﬁal constant, a material constant

Q = activation energy.

D, is often measured at high temperatures, and its value will change with temperature.

Since values were not available for 300K or 77K, the higher tempefature values were used
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in equation 6.2. Using the higher temperature D, values would yield a conservative
estimate of the diffusion coefficient. Values of D, from several sources were used [Bishop
and Fletcher, 1972], and based on these values, an average D was calculated. The
diffusion coefficients for Mg, Cu and Si at 300K and 77K are listed in Table 10. When the
temperature decreases from 300K to 77K, the diffusion coefficient decreases by
approximately 60 orders of mégnitude. Clearly, the solutes are not diffusing quickly
enough to pin mobile dislocatiohs at 77K. Second, oscillations are present in a non-PLC
alloy AKDQ steel (figure 33). It is possible that the PLC effect does play a small role in the
oscillation behavior, since 6111-T4 does have some free solute content. The character of
the oscillations changes with the temperature and alloy change, but the basic. behavior is
still present when these variables are altered. If the PLC effect is not the dominant
mechanism behind the oscillations, then the formation and propagation of is_lands and*

bands must be considered.

Table 10- Diffusion coefficients of major solutes in 6111-T4.

Element T D

K] [mm?/s]

Cu 298 : 1.80e-23

77 5.36e-84

Mg 298 7.63e-22

77 9.16e-82

Si - 298 | 3.21e-23

77 1.20e-87

6.3.1.1.2 Effect of Microstructure and Islands on Oscillation Behavior
If the PLC effect is not responsible for these oscillations, then other mechanisms or

microstructural features must be considered. This alloy does have some free solutes, GP
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zones and islands. The first two features can be ruled out from the experimental results.

The solution heat treatment and low temperature tests effectively alter the precipitate and

solute structure. With the solution heat treatment, the GP zone population is significantly

reduced while the solute content is greatly increased. Comparing the SHT and the -T4

work hardening curves in figure 31, the oscillations are still present. The amplitude and

numbef of oscillations, how‘ever, have increased with the solution heat tréatment

Conversely, the curves can also be viewed by assuniing the SHT condition as the starting

condition. Then, by naturally aging to -T4, the solute population is greatly decreased, and -
the GP zone population has i_ncreased. The number and amplitude of the oscillations has

decreé;sed, _but the basic oscillation béhavior is still present. The solutes and GP zones may

sﬁll make minor contributions to the oscillation behavior, but they are not the dominating

~ features. It is reasonable to expect that several microstructural features of mechanisms ,
contribute to the deférmaﬁon behavior with one dominates in a particular strain range.

From the experimental results a correlation had been established between the
oscillations and the islands and deformation bands. Islands and deformation bands were
seen on the specimen surfaces by in-situ and ex-situ observations (section 5.9). At 1%
plastic strain (300K, 104 /s), islands were observed by optical microscopy (figure 34) and
by in-situ visual observations; there was a corresponding rise in thé work hardening ra‘te.
At 77K (104 /s) two sample wide deformation bands were obéerved, and there was a peak
in the work hardening rate. From the elimination of the other mechanisms and
microstructural features and the correlation observed between the islands/deformation
bands and the osciﬂations, it is believed that the oscillatibn behavior is dominated by
* macroscopic inhomogéneous defoﬁnation: island and deformation band formation and
propagation. Minor contributions to the oséillation behavior are made by so_lutes' and GP

zones.
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63.1.2 Effect of Oscillations on Elongation
The presence of oscillations in the work. hardening curve raises an important
question: DQ they affect the subsequent deformation behavior énd elongation? The effect
of these oscillations on the elongation can be measured from a work hardening plot. The
do

elongation of a thin sheet in uniaxial tension is limited by the necking criterion: 0 = % =
3

—20—. On figure 54, it can be seen that the elongation is indicated by whefe the work

hardening rate 0 equals —2(2. The hypothetical loss of elongation can be obtained by

determining the ideal and actual elongations for the sample. The ideal elongation is defined
by assuming that the mechanism dominating in the latter part of the work hardening curve
will continue to dominate. The peaks in the wéri( hardening occur due to the initi;ltion of
deformation in the next weakeét area in the specimen; therefore, the peaks represent what
the ideal wofk hardening rate would haye been if deformation were occurring
‘ hombgeneously. A line can then be fitted to the oscillation peaks in the latter Aregion of the

work hardening curve, and the intersection of this line and the g— curve will yield the ideal

elongation. If the actual work hardening curve intersects the gcurve before the ideal value,

the local instabilities are causing a loss of elongation.
When this analysis is applied to 6111-T4 at 300K and 104 and 10 /s, a loss of

elongation from the ideal case is seen. The ideal and actual elongations at each condition

. are plotted in figure 55a. At 104 /s the actual and ideal elongations are 23.4% and 31.4%,

respectively, and at 10-1 /s, the actual and ideal elongations are 21.25% ‘and 28.09%, -
- respectively. The percentage loss of elongat_ion, then, for each of these strain rate
conditions is 17.22% (104 /s) and 24.35% (10-1 /s). Not only are these oscillations
causing a loss of elongation, but the loss becomes more severe at the higher strain rate.
As-a comparison, this analysis can be done on AKDQ steel. The actual and ideal
elongations are; shown in figure 55b, where in AKDQ steel, there is also a loss of

elongation resulting from these oscillations. The pefcentage loss of elongation is about
43 |
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13.15% at 104 /s, and 22.08% at 101 /s. These losses are not as large as those of 6111-
T4. |

The oscillations, or islands, do cause a loss of elongation, but the severity of the
loss will depend on the alloy. Other factors such as work hardening rate and strain rate
sensitivity can affect the influence of the islands. For aluminum alloys the loss of
elongation 1s. greater because it has low work hardening and little to no strain rate
sensitivity. Steel alloys are better able to cope with the presence of islands because their

strain rate sensitivities are higher, and they have higher work hardening.

6.3.2 Necking Behavior

Necking behavior can be assessed qualitatively, through the 0, 2 vs. & plot, and

quantitatively, through width and thickness measurements in the gage section both before
and after straining. Qualitatively, if the work hardening drops off sharply prior to failure,
an instability has occurred from which the sample cannot recover. If the drop off occurs
earlier in the work hardening curve, then at this particular test condition and microstructure,
the sample loses stability earlier as compared to other conditions or microstructures. There
are some parameters that can be useful in indicating how well a material responds to
instabilities induced by islands, deformation bands, or a diffuse or local neck. As
mentioned above, for sheet specimens, the formation of a diffuse neck begins at maximum
load. The amount of strain between the onset of diffuse necking and the onset of local
necking, epy,, can indicate how stable the deformation is once a diffuse neck has formed.
A small epy value would imply that the once diffuse necking has occurred, the sample will
deform in a very unstable manner and proceed to local necking very quickly. The
parameter €[ F can qualitatively assess the stability of deformation between local necking
and failure. If this parameter is small, as would be expected in a non-strain rate sensitive
material such as aluminum, then the material becomes very unstable with respect to the
formation of a local neck and fails quickly. Quantitatively, the width and thickness
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measurements characterize whether the diffuse and local necks occur at the theoretical
predictions. From these measurements (section 5.10), diffuse and local necking can occur
before the theoretical predictions at 300K and 104 /s; this topic will be discussed further in

section 6.4.

6.3.3 Assessment of the Deformation Behavior

All of the work hardening and necking parameters mentioned above can be reduced
to a few sirhple parameters that can be qualitatively compared. For the oscillations, the
number of oscillations and their average amplitude in the final linear portion of the work
hardening curve can be determined. As was assumed in determining the loss of elongation
resulting from the oscillations, the mechanism that dominates in this latter portion is the. one
that will continue to do;ninate until failure. Therefore, this mechanism will dominate the
deformation behavior and the elongation. - Compare two conditions: one (A) produces a
larger number of oscillations (NA) and the other (B) produces a smaller number of
osc_illations (Np) (figure 56a). A large number of oscillations would indicate that several
islands or deformation bands have formed and propagated. Since the elongation does not
vary sighificantly with a change in strain rate, it can be assumed that A and B are generally
expeﬂehcing the same amount of global strain. The global strain is then distributed over
more; islands in sample A; thus, it would be expected that the average amplitude for A is
smaller than that for sample B. The deformation, ther_x, is more homogeneous in A, and the
material will deform more stably. It would be expected thaf the sample will approach
necking more gradually, that the work hardening drop off would occur at a later strain
(figure 56b) and that the drop off would occur more gradually. The necking parameters

(epr, and g p) should be larger in A than in B, since the global strain is more

homogeneously distributed in A.
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6.3.3.1 Effect of test van'ableé

As mentioned earlier, increasing the strain rate reduces the amount of time a
specimen has to accommodate the deformation. Deformatiox; processes with a time
dependent component do not have enough time to activate. Therefore, the deformation
must be accommodated on fewer slip planes, and’wifh increasing applied strain, the
deformation continues to concentrate on these planes. At the maéroscopic deformation
level, the applied strain would be distributed on fewer islands. With fewer islands, th;:re
are fewer oscillations in the work hardening curve. The consequence of fewer islands is
that the work hardening would drop off carlier and more sharply due to larger strain
concentrations in the fewer islands. The sharper drop off would result in the early onset of
diffuse and local necking and failure, thus the necking parameters would be smaller than
those at a lower strain rate. |

In figure 57 the effect of increasing the strain rate from 104 /s to 10-1 /s at 300K, in
the longitudinal direction,/are examined. With the increase in strain rate, the numbér of
oscillations does decrease as expecteq, and the amplitude increases. No mathematical
correlation was found. It would be expected that the drop off will occur later at 104 /s, gnd
that the drop off would be more gradual. From figure 23, the drop off at 104 /s does occur
later, at diffuse necking, while the drop off at 10-1 /s occurs béfore the onset of diffuse
necking. The drop off occurs rapidly at both conditions, but it is more severe at iO‘l Is.
The necking paxameters, epr, and € F, then, would be expected to be larger than those at
10-1 /s. epy, is greater, but g F is smaller. At 104 /s the material is éble to deform more
stably between diffuse and local necking, but once local necking begins, the. deformation
becomes less stable, and the sampie failé. more quickly. '

Temperature will also affect the deformation behavior. When the temperature is
lowered, the amount of thermal energy is reduced, and thermally activated deformation
mechanisms will not occur or will not occur as readily. The global strain must be

accommodated on a fewer number of islands. The effect on the deformation behavior will
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be much like that when the strain rate is increased. Fewer islands would form, and
therefore, fewer oscillations would be expected. These oscillations will have larger
amplitudes, and thé work hardening drop off should happen sooner and more sharply. The
necking parameters would have a smaller value. The elongation will then be lower.

In 6111-T4, however, the elongation increases when the test temperature decreases
from 300K to 77K. This effect has been seen in other aluminum alloys such as 2090-T81
/ [Chu, 1990; Glazer, 1989; Tseng, 1993]. As mentioned above, the deformation generally
- becomes less Homogeneous with a decrease in test temperature, due to the lower thermal

component, and this decrease in deformation homogeneity should result in lower
elongation. The greater elongation seen here could be due to either more homogeneous
defonnaﬁon or another mechanism. At 77K, then, if the deformation is more
homogeneously distributed, it is possible that the number of oscillations increases,  the
average amplitude decreases, the -work hardening drop off becomes more gradual and
occurs later, and epy, would be greater.

At a strain rate of 10 /s, the number of oscillations decreases, and the average
amplitude is larger at 77K (figure 58). These results alone imply that the deformation is
less homogeneous and that the work hardening drop off should be sharper and occur
earlier. The necking parameters should have smaller values as well. From figure 25a, the
drop off occurs just before diffuse necking and is equally sharp for both conditions. From
the necking parameters, however, epj, is larger and e  is smaller at 77K The greater epy,
value indicates that near diffuse necking, this material is able to deform more stébly until
local necking occurs. The greater elongation at 77K and 104 /s is not due to more
homogepebus deformation.

At 101 /s (figure 59) the number of oscillations actually increases with a decrease in
temperature, and the average amplitude is smaller. The drop off occurs at diffuse necking, -
and it is more gradual. These characteristics indicate that more islands form at 77K, and

therefore, the drop off should occur later in the work hardening curve and should be more
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gradual. The necking parameters and elongation should alsol be larger at 7IK. In figure
59d, epy is larger; but € F is smaller. 6111-T4 can deform to larger strains between the
onset of diffuse. necking and local necking, but once local necking has occurred, failure
occurs more quickly at 77K. At these test conditions more homogeneous deformation

could account for the greater elongation;

6.3.3.2 Effect of Solute/Precipitate Structure

Microstructural featureé'that could affect the defonnation behavior in 6111-T4 are
the solute/precipitate structure, clusters of large sized grains and clusters of similarly
oriented grains. These features can affect the formation and propagation of the islands and
bands, which then should be reflected in the work hardening curve oscillations. If they
cause the deformation to concentrate to a high enough strain, they can cause the onset of
necking. In this section the effect of solute/precipitate structure on the déformation.
behavior will be examined.

The increase in solute content, at the expense of GP zones, generélly fncreases the
elongation and decreases the yield and ultimate strengths. An increas;a in solute content,
from a solution heat treatment, usually creates more- homogeneous deformation. With more
homogeneous deformation, the number of oscillations would increase and the average
amplitude would decrease. Consequently, near necking, the work hardening drop off
would be delayed to h1 gher strains, and the drop off would be more gladuai. After necking
epr. and g F would be larger.

At 104 /s (figure 60), increasing the solute content increases the number of

» ‘oscillations and increases the average amplitude. The drop off occurs before diffuse
necking, and it is much sharper. Frorh thesé results, it would be expected that the necking
“parameters would be lower, as well. From figure 60d, they are smaller than those at -T4.
Despite the unstable behavior from the drop off to failure, the higher solute content

condition has better elongation.



At 101 /s, the SHT samples have greater elongations and still have about the Same
number of oscillations as the -T4 samples, but their average amplitude_ is higher (figure 61).
- When approaching necking, the drop off occurs earlier (before diffuse necking), but the
drop off is more gradual. ‘ The hecking parameters have smaller values. In this test
condition, despite the indications of unstable deformation behavior, the solution heat treated
samples have greater elongation. |

The increase in elongation, then, could be due to the decrease in strength. From
figure 62, which is a bar chart of the percent change in mechanical property at a given test
condition, the strengths decrease and the elongations increase at both strain rates. The
decrease in strength is greater at 10-1 /s. Correspondingly, there is an increase in
elongation at the higher strain rate. This strength effect alone may be enough to offset th¢
other indications that less stable deformation is occurring: the increase in oscillation

amplitude, the sharper drop offs, and the smaller necking parameter values.

6.3.3.3 Effect of Specimen Geometry

Changing the specimen geometry could affect the deformation behavior if the
microstructural feature dominating the deformation behavior is on a macroscopic scale, e.g.
the clustering of similarly oriented grains or lairge sized grains. Consider two samples with
the same gage length and thickness but with different widths, and assume that the
microstructure is held constant (figure 63). The microstructure constitutes a larger area
fraction of the gagé section in the narrow sample versus the wide saxﬂple. The wide
specimen samples more grains and clusters and thus contains a more rahdom sampling of
the microstructure. The deformation behavior is less dependent on any particular cluster of
grains. The islands that form from the clusters in the‘gage section will produce a work
hardening curve that is schematically depicted in figure 63a. When the gage area decreases,
as when testing the narrow sample, fewer grains and clusters are sampled; the clusters are a

larger area fraction of the gage section. When a strain is applied, the resulting macroscopic
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deformation behavior will be more sensitive to any islands that are dominated by the
clusters. The number of oscillations will not change as significantly as the amplitude of the
oscillations (figure 63b). Since the islands that form and propagate are a larger area
fraction of the gage, the oscillation amplitude will increase. In this case, the work
hardening &rop off behavior, the necking parameters and elongation will not necéssarily
depend on the oscillation number aﬁd amplitude. But, if the elongation of the sample is
loW, it would be expected that the work hardening drop off will occur earlier and more
sharply and that the necking parameters will be smaller in value. When the gage width
deéreases, the work hardening béhavior near necking will become more dependent on the
area sampled. |

The standard samples Were compared with wider (~45% larger) and narrower
(~45% narrower) samples at 104 /s and 300K. In figure 64, increasing or decreasing the
width from the standard dimension produces a slight decrease in yield strength and a
decrease in the elongations. It would generally be expected that a decrease in yield strength
would cause an increase in elongation. Clearly the decrease in elongation in each case
cannot be explaineci by changes in the yield strength.

The lower elongations in the narrow and wide samples should be reflected in their
deformation behaviors. Since the narrow samples have the lowest elongation, their work
hardemng drop offs should be sharpest ahd occur earliest, and their ﬁecking parameters
should be smallest in value. From figure 65, when decreasing the gage width, the number

~of oscillations does not change, the amplitude increases, the work hardening drop off
occurs earlier and more sharply, and the strain parameter epy, increases. Af terv the onset of
diffuse necking, the deformation is more stable as epj, increases with decreasing gage
width. When local necking commences, the necking parameter e r should behave
similarly; from figure 65d, however, € p actually peaks at the standard condition with the
wide samples having the smallest value. After the formation of a local neck, deformation

proceeds most stably in the standard sample. According to these'trends, the elongation
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should increase with gage width. As previously menﬁonei the elongation is highest for
the standard sample. It is possible that, when considering the scatter in the data, the
elongation for the wide samples is on the low end. Thus, the average elongation for the
wide samples may actually be hi gher.v

Specimen geometry does noticeably affect the oscillatioh behavior. When the gage |
width decreases, it would be expected that the number of oscillations changes slightly and
that the oscillation amplitude increases. From figure 65, the number of oscillations does
not change, but the amplitude increases.

These résuits indicate that a more macroscopic feature is affecting the deformation
behavior, since the pfoperties and deformation behavior change with specimen geometry.
The results from the SHT samples, EBSP microscopy and the optical microscopy point to
clusters of similarly oriented grains and/or clusters of large sized grains affecting the
deformation behavior in.the latter part of the work hardening curve. The dissolving of
precipitates and corresponding increase in solute content does increase the elongation 6f
6111. ' The explanation for this increase is due to the decrease in strength. The EBSP
microscopy results have shown that there are clusters of similarly oriented grains (figures
12 and section 3.2) that are roughly one-tenth of the gage width. The optical microscopy
results reveal clustering of large sized grains that usually consist of 4 or 5 grains. These
two microsﬂqu features are on a rﬁacroscdpic scale, and therefore could affect the

deformation behavior if the specimen geometry were altered.

6.3.4 Necking Measurements
Measurements of the gage width and thickness before and after tensile testing
(300K, 104 /s) show that diffuse and local necking will begin prior to the theoretical

criteria (0 = oand 0 = g, respectively) are satisfied. The formation of these necks prior to

the theoretical criteria may cause the rather precipitous drop in work hardening rate near the
theoretical diffuse necking criterion and the low elongations in 6111-T4. What is clear
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from the data is that diffuse and local necking can occur before the theoretical predictions.
The theoretical predictions are based on a continuum model. Formation of several necks
prior to ultimate load have been theorized by Ghosh [Ghosh, 1974] and have been
observed experimentally in a round cross-section stainless steel alloy 304L. [Chan, 1999].
The low work hardening and the low strain rate sensitivity can accelerate the necking to
failure process. One question that still remains is what microstructural feature could lead to
the formation of the diffuse and local necks and thus the early, sharp drop in work
_hardening. There are a two possibilities: clustering of $imilarly oriented | grains’and
clustering of similar sized grains.

Theory predicts that in sheet specimens tested in uniaxial tension, the onset of
diffuse necking serves merely to reduce the gage section from an infinite radius to a finite
radius. After further deformation, the onset of local necking will occur. This local necking
1s what will cause unstable deformation which will then lead, ultimately to failure. A sharp
drop off, seen in 6111-T4, is indicative that the deformation is very unstablé and that the

onset of diffuse necking alone could cahse final failure.

6.4 Island Formation and Propagation: Dominant Microstructural
Feature | |
The feature that is influencing the formatiqn and propagation of the islands is the
clusterihg of similarly oriented grains or the clustering of large sized grains or both. Other
microstructural features such as the PLC effect and the solute/precipitate structure have
been eliminated in the previous section. For clustering of large sized grains that are.
surrounded by clusters of small grains, shown in figure 4a, can act as a soft area in the
sample. In the cluster of large grains, there are fewer grain boundaries to encounter. If the
area is locally weak, deformation can begin in a large grain, and then, with an applied
stress, the resulting local stress will propagate the deformation in the direction shown

(figure 4b).
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If instead it is the cluster of similarly oriented grains that are dominating the
oscillation behavior through the islands, then the islands could form and propagate in the
following manner. In figure 4b, a cluster of grains with similar orientation (shaded) is
surrounded by grains of different orientation or other clusters of similarly oriented grains.
With the application of the tensile load, a locally weak area will begin deforming. The
cluster with the most favorable orientation will begin deforming first within a particular
grain or a group of grains. Witﬁ further applied stress, the local stress' distribution will
drive the propagation of the defprmation in the direction shown. This cluster of grains
serves, essentially, as a singlé crystal. Défonnation will be much easier to propagate '
through a cluster of grains with similar orientation rather ﬁm through neighboring grains
of different orientation. |

Particular textures can on'ent grains such that defonnétion occurs more easily.
Although the material is polycrystalline, an ideal Schmid factor can be calculated for. each
grain to predict which orientation will yield first. The grain can be treated as a single,

crystal. Using the equation

T = acosacosp (6.3)

where

< = resolved shear stress

o = applied tensile stress

a = angle between the tensile axis and the slip direction

B = angle between the tensile axis and the slip plane nonnal, and

cosacosf = Schmid factor.

In addition, the critical resolved shear stress (CRSS) must also be considered in predicting
the orientation most likely to slip first. The crystal with the co_mbination of a‘high Schmid

factor and a low CRSS will likely slip first. The CRSS for pure aluminum single crystals
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ranges between 0.54-0.98 MPa [Honeycombe, 1984]. The Schmid factors for the
common textures found in 6111-T4 are listed in Table 11. It is assumed that the rolling
direction is aligned with the tensile axis.

According to Schmid factor calculations in Table 11, the S texture has the highest
factor while the Cube texture has the lowest. Based on this data alone, the grains wifﬁ the
S orientation should yield first. The population of grains with the S texture cannot account
for al} the islands obsérved, however. The Cube texture is the predominating texture, and
it is possible that grains with this orientation héve a much lower CRSS. Thefefore, it is ‘
possible that grains with the Cube orientation.will yield first. |

As was mentioned in section 3.2, EBSP mfcroécopy reveals that there is clustering
of graihs with the S and Cube orientations (figures 12a and 12h, respectively). The
distributions of tl}‘ese clusters alsb has directionality at an angle from the tensile axis/rolling
direction, and this directionality is similar to the angle with which the islands lie in the gage

section.

Table 11- Schmid factors for 6111-T4 textures.

Orientation  Miller Indices  Schmid Factor

Cube ‘ {100}<001> .4082
Goss . {110}<001> 5774
R ' {124}<211> _ .7638
P {011}<122> .7698
Q {013}<231> 6901
Copper {112}<111> 7698
~ Brass {011}<211>" 7071
S ' {123 }<634>" .8382



| It is also possible that both clusters of large sized grains and clusters of similarly

oriented grains could cause the islands and bands. In the locally weak area, where the |
deformation will begin, it maybe easier to begin and propagate deformation with one
mechanism 0\l/er the other. For instance, there may be a cluster of large sized grains that
will be the easiest path of deformation. On the other hand, if the locally weak area does not
have a cluster of large sized grains, but, instead, has a clustér of similarly oriented grains,
then the deformation would preferentially propagate through this cluster. Another possible
scenario is that the def ormation can form with one cluster type, and then propagéte through
another type, or vice versa. | P

The ex-situ optical observations, detailed in section 5.9, reveal that there is
clustering of similarly oriented grains. Further, these clusters can affect the deformation
behavior. In figure 35, slip is more intense in one cluster than in the surrounding grains.
Along the fracture surface, the crack will propagate along the grain boundaries of similarly
oriented grains, then change direction wi1en it encounters a void or different group of
grains (figure 49).

Although the local texture variation and grain size distribution may be the dominant
mechanisms behind fhe oscillations, the other microstructural features that were previously
ruled out may still play a minor role in the oscillations. Lowering the test temperature does
eliminate the PLC effect, but the oscillétion character does change. With solution heat
treatment, or conversely, with natural aging, the solute/precipitate structure changes the
character as well. As mentioned above, the overall oscillation behavior is still preseﬁt
despite these changes in microstructure and temperature. The PLC effect and
solute/precipitate structure are not trivial, but they do not dominate the oscillation behavior.
This finding is reasonable since it would not necessarily be expected that one particular

mechanism will completely control the deformation behavior, especially in a structural

alloy.

55



These results can also help to ekplajn why two-thirds of the tensile samplm. at
' 300K, 104 /s have low elongation and unstéble work hardening - behavior near the
theoretical diffuse necking criterion. The two possible explanations were high inclusion
and initial void population énd island formation and propagation. The high inclusion and
initial void populations were already ruled out in section 6.2.1. Such macroscopic features
aé clustering of similarly oriented grains and large sized grains are a significant area fraction
of the gage area, even in a standard sized sample. At the particular test conditions of 300K
and 104 /s, the effect of such features may be even more pronounced. Width and
thickness measurements at these test conditions have also shown that diffuse and local
necking can occur before the theoretical prediction of diffuse and local necking. If the
specimen is sampling different types of clusters, then the work hardening drop off and
elongation will ultimately depend on how well the clusters resist localized deformation. In
two-thirds of the cases, the area sampled leads to unstable deformation behavior, the early‘

onset of diffuse and local necking, and low elongation.

6.5 Model for Island Formation and Propagation

It is hypothesized here that the formation and propagation of the islands is a result
of the superposition of the global stress distribution and the stress concentration at the
deformation front. Stress concentrations arise in the matrix due to discontinuities in strain
from adjacent regions; it is analogous to the cohcept of tﬁe\ Eshelby cycle. The shape
change from the plastically deformed region in the undéfc;fmed body produces local
stresses which act on the surrounding material. These two factors combine to prod\ice a
local stress distribution that would affect the formation and propagation of the macroscopic
scale islands in the following mahner, as shown in ﬁgure 66. During a tensile test,
deformation first occurs in a locally weak area that is usually due to a geometric
imperfection. In this area, a few grains begin to deform; this softening is reflected as a

decrease in the slope of the stress-strain curve (figure 66a). _Thesé grains are part of a
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cluster of either similarly on'ented. grains or large sized grains; they are favorably oriented to
begin yielding first. The deformation of this area raises the local stress on neighboring
grains, thus inducing them to deform as well. As this island continues to increase in size
the slope in the stress-strain curve continues to decrease, which reflects the continued
softening (figure 66b). 'When the defonnatioﬁ area encounters a sufficiently "hard" area,
such as a cluster of differently oriented grains or a cluster of smaller sized grains, it stops
increasing in size. Now, the local stress is not large enough to overcome obstacies in the
surrounding, harder microstructure, thus the deformed area can no longer increase in size.
The slope in the stress;strain curve no longer decreases (figure 66¢). With further
defoﬁnation, the area will harden, thus the slope of the stress-strain increases. When the
area hardens to the point where it is inore favorable to begin deformation in the next
weakest area in the specimen, the slope of the stress-strain curve stops increasing (figure
66d). Further applied stress will initiate a new island in the ﬁext weakest area, and the
slope in the stress-strain curve decreases due to the local softening. This process will
continue until a large enough island or a group of islands will locally soften the sample
such that a deformation band, which spans the width of the sample, will form. Several
bands may form, as was seen on the 4.2K sample (figure 36), but the one that is weakest
will preferentially deform. When this band causes a decrease in the work hardening rate
from which the sample cannot recover, the local neck will begin forming in this band. The

formation of the local neck can occur prior to the theoretical local necking criterion (0 = g—) ,

as was found with the width and thickness gage measurements (section 6.3.2). Finally,

failure will occur.
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7 SUMMARY & CONCLUSIONS

The deformation behavior of 6111-T4 was investigated to determine the cause of
low tensile elongation. Tensile tests were conducted at selected tempexaturés, strain rates,
and microstructures, and with different alloy systems to assess the roles of test parameters,
microstructure and specimen geometry. The work hardening behavior was examined both
qualitatively and quantitaﬁvely. Obtical microscopy and SEM were utilized to quantify the
microstructure and to characterize the deformation behavior. Both in-situ and ex-situ
observaﬁons were made on the tensile samples to characterize the surface deformation
behavior.

In 6111-T4 oscillations in the work hardening occurred and they are not due to the
Portevin-LeChatelier (PLC) effect. These ldng wavelength oscillations do appear in the
stress-strain curves in the literature, but their significance has not been noted. The
oscillations here are found to produce a loss of elongation from the ideal hardening case.
Ex-situ observations and low temperature tensile tests have shown that macroscopic scale
deformation islands and bands are correlated with these oscillatiéns. When an oscillation
~ occurs, deformation bands and islands \were observed. on the specimen- surface. The
"islands have been observed on samples at strains as small"as 1%. |

The formation and propagation of the islands and deformation bands aré due to the
clustering of similarly oriented grains and/or similar sized grains. Optical and EBSP
microséopy havé shown that clusters of large sized grains and clusters of similarly oriented
grains occur in this alloy. The clusters of similarly oriented grains are aligned at an angle
with respect to the tensile axis that is same as the alignment of the deformation bands and
islands. Other microstructural variables such as solute/precipitaté structure have been
eliminated because the oscillatioﬁs are still occur despite a solution heat treatment and
quench.
| Near diffuse necking, the work hardening dropped off dramatically in 6111-T4. In
addition, two-thirds of the tensile samples tested at 300K and 104 /s had sharp drops in
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work hardening around the diffuse necking criterion; one-third of these samples were able
to maintain more stable deformation, and the drop off occurred just before the local necking
criterion. Since the initial inclusion population was high in this alloy, the early drop in
work hardening could be due to a higher initial inclusion and void count. A higher initial
inclusion and void count éould set up locally weak areas where the deformation could
concentrate. The strain concenfmﬁon would cause a faster drop in work hardening rate,
and when the local strain reached a critical value, if would lead to the early onset of
necking. From optical microscopy and SEM observations, the inclusion and void
populations, which were difficult to quantify, were approximately the same for both stable
and unstable tensile samples. For both sample types, there was not a significant void
population near the fracture surface. The early drop in work hardening is thus due to the
heterogeneous microstructure, clusteﬁng of similarly oriented grains and clustering of large
sized grains, énd not to the differences in their inclusion populations. -

Since the deformation behavior near.necking was of interest, measurements of the
gage width and thickness were taken before and after straining. Both diffuse and local
necks form prior to their respective theoretical predictions. These theoretical predictions are
based on continuum behavior. The present results indicate that the local behavior can be
very different from the macroscopic work hardening behavior. Contrary to continuum
model predictions, the specimén can form a local neck while the macroscopic work
hardehing rate remains greater than the true stress or the one-half true stress value. As local
necking continues to progress, it can cause the macroscopic work hardening to drop
sharply. Therefore, the inhomogeneous microstructure and the local deformation behavior
play a significant role in the macroscopic deformation behavior. '

From these results the ‘following conclusions can be made. First, the work
hardening oscillations are due to the formation and propagal:idn of deformation islands and
deformation bands. Second, the fnicroslrucfural features dominating the formation and

propagation of the islands and deformation bands are the clustering of similarly oriented
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grains and the clustering of large sized grains. Third, the sharp drop in work hardening
near the diffuse necking criterion for 300K, 104 /s test samples is due to the
inhomogeneous deformation arising from these clusters. The clusters act as locally soft
areas in the sample that can concentrate the strain. When the local strain reaches a critical
va.lue; a local neck will form, and then a sharp drop in the work hardening can resuit.
Fourth, diffuse and local necks form prior to their respective continuum theoretical criteria.
Since inhomogeneous deformation is lbwen'ng the elongation, and the clustering of
similarly oriented grains and large sized grains is the primary cause 'behind the
inhomogeneous deformation, then the elongation of 6111-T4 can be impréved by
eliminating the clustering of the grains. Elimination of this clustering can be accomplished
by altering the processing. For instance, more cross rolling can help to eliminate the
clustering of similarly oriented grains and produce a more random local fcxture distribution
in the sheet. Other researchers [BryaqL Beaudoin, and Demern, 1996] have also suggested

that altering the processing can help to improve the formability.



8 OUTSTANDING ISSUES AND SUGGESTED FUTURE WORK

There are some issues that still need resolution. A direct correlation between the
work hardening oscillations and localized deformation can be conducted by performing
real-time analysis of the stress-strain behavior in conjunction with in-situ observations of
the deformation behavior and/or strain localizations. A more statistically significant
sampling of the narrow gage section tensile specimen should be performed. Finally, since
for this work only one grain orientation and grain size distribution was available, it would '
be useful to conduct this work on samples with different grain orientation and grain size

distributions.
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APPENDIX A

‘Based on program originally written by Tom Mason. This program was modified by C.
R.

Krenn and has been further modified to calculate misorientation angles for 6111-T4.
Option Explicit |

C

O Public txtRefPsil As Single

O Public txtRefPhi As Single

O Public txtRefPsi2 As Single
- i
C

C

OPublic Sub calc()
ODeclaring variables from reference orientation
OIDim RefPsil As Single |
ODim RefPhi As Single
OODim RefPsi2 As Single
ODim Angle As Single
O'declaring variables from cubic symmeitry file
[(Dim CubicSymmiIndex As Single 'the symmetry matrix no.
O'declaring variables from Matrix operations
ODim Diagonall As Single "Diagonall of matrix AnotherTransformMatrix
ODim Diagonal2 As Single | .'Diagonal of matrix Another TransformMatrix
ODim DiagonaB As Single 'Diagonal of matrix AnotherTransformMatrix
ODim DetAnotherTransformMatrix As Single 'Determinant of AnotherTransformMatrix -
ODim TraceAnotherTransformMatrix As Single ‘trace of AnotherTransformMatrix
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[T'declaring variables for minimum angle

ODim Theta As Single

orientation and

ODim MinTheta As Single

ODim arg As Double
D'Declaﬂng indices
ODim i As Integer
ODim a As Intcger

ODim b As Integer

ODim ¢ As Integer
SymmMatrix(a,b,c)
ElDlm d As Integer
ODim e As Integer
[ODim index As Integer

elements

OODim g As Integer
ODim m As Integer
ODim n As Integer

operation with

ODim index2 As Integer

the cubic

Theta is the misorientation angle between reference

'grain orientation
Minimum theta for

‘argument for ArcTan

'i is index number

'a is index number for 24 cubic symmetry matrices

'b is index number of inpufting matrix elements into

‘SymmMatrix(a,b,c)

'c 1s index number of inputting matrix elements into

- 'd is index number for matrix TP(d,e)

‘e is index number for matrix TP(d,e)

'index for matrix operation involving the reference matrix

'and the symmetric matrices
. 'g is index number for TransformRefMatrix(g,m)
'm is index number for TransformRefMatrix(g,m)

'n is index number for SynimMatrix(index,g,n) during

‘the reference matrix

'index2 for matrix operation involving the data matrix and

'symmetry matrices



ODim index3 As Integer 'index3 for counting from O to number of data rows in

original data

'file
ODim p As Integer 'p is index for TransformDataMatrnix(p,r)
ODim r As Integer | 'r is index for TransformDataMatrix(p,r)
ODim t As Integer 't is index for DataMatrix(t,r)
ODim w As Integer 'w 1s index for AnotherTransformMatrix(w,x)
ODim x As Integer 'x is index for AnotherTransformMatrix(w,x)
ODim y As Integer 'y is index for TransfonnDataMatﬁX(x,y)
OODim q As Integer " 'q is index for TP(q,s)
ODim s As Integer 's is index for TP(q,s)
ODim z As Integer 'z is index for saving data to files
ODim pi Aé Single © 'piis the value of pi |
ODim saveindex As Integer 'saveindex is index for saving the min angle to file
C

O'Dimensioning arrays from data file

[IDim xpos(10000)

ODim ypos(10000)

ODim posno(10000)

ODim Psi1(10000)

ODim Phi(10000)

CIDim Psi2(10000)

{IDim Column7(10000) _

ODim DataMatrix(3, 3) 'orientation matrix from data filé, 3x3
O'Dimensioning arrays from reference orientation

CDim ref(3, 3) ‘reference orientation ma_trix, 3x3 matrix

O'Dimensioning arrays from cubic symmetry file
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(ODim SymmMatrix(24, 3, 3)

ODimensioning array for minimum theta calculaﬁor;

ODim TP(3, 3)

lj'Dimensioning arrays for matrix operations

OODim TransformRefMatrix(3, 3)

ODim TransformDataMatrix(3, 3)

CDim AnotherTransformMatrix(3, 3)

E .

ODim saveFileName As String

- ) v

'calling overvthe variables from the startup form
OsaveFileName = f ImEbspStarLTxtFilename..Text

OAngle = frmEbspStart. TxtAngle. Text

ORefPsil = frmEbspStart.txtRefPsi1.Text

ORefPhi = frmEbspStart. txtRefPhi. Text

ORefPsi2 = frmEbspStart:txtRefPsi2. Text

C

Cl'open ﬁl_es for input and for saving

C0Open "c:/Personal/Carol/Ebsp/Test.txt" For Input As #1
OOOpen "c:/Personal/Carol/Ebsp/cubsym.txt" For Input As #2
OOpen "c:/Pelsonal/Carol/Ebsp/ " + saveFileName For Append As #3.
C

Oi=0 | ‘zero index number for inputting data file
Opt = 3.141592654

C

'calculate the direction cosines for reference 3x3 orientation mafdx

C
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ref(1, 1) = Cos(RefPsil * pi / 180) * Cos(RefPsi2 * pi / 180) - Sin(RefPsil * pi / |
180) * Sin(RefPsi2 * Ipi / 180) * Cos(RefPhi * pi / 180) |

ref(1, 2) = -Cos(RefPsil * pi / 180) * Sin(RefPsi2 * pi / 180) - Sin(RefPsil * pi /
180) * Cos(RefPsi2 * pi / 180) * Cos(RefPhi * pi / 180)

ref(1, 3) = Sin(RefPsil * pi / 180) * Sin(RefPhi * pi / 180)

ref(2,1) = Sih(RefPsil * pi/ 180) * Cos(RefPsi2 * pi / 180) + Cos(RefPsil * pi /

| 180) * Sin(RefPsi2 * pi / 180) * Cos(RefPhi * pi/ 180)

ref(2, 2) = -Sin(RefPsil * pi / 180) * Sin(RefPsi2 * pi/ 180) + Cos(RefPsil * pi /
180) * Cos(RefPsiz * pi / 180) * Cos(RefPhi * pi / 180)

ref(2, 3) = -Cos(RefPsil * pi / 180) * Sin(RefPhi * pi [ 180)

ref(3, 1) = Sin(RefPsi2 * pi / 180) * Sin(RefPhi *pi/ 180)

ref(3, 2) = Cos(RefPsi2 * pi / 180) * Sin(RefPh1 * pi / 180)

ref(3, 3) = Cos(RefPhi * pi / 180)

Tnput data file

Do While Not EOF(1)
Input #1, posno(i), xpos(i), ypos(i), Psil(i), Phi(i), Psi2(i), Column7(i)
izi+1 | o

Loop

‘Input cubic symmetry file
Fora=1To24
Input #2, CubicSymmIndex
Forb=1To3
Forc=1To3

Input #2, SymmMatrix(a, b, c)
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Nextc
Next b

Next a
Tnitialize matrix TP

Ford=1To3
Fore=1To3
TP(d, e) = O#
Next e

Nextd

' Transform Data Matrix wrto 24 matrices

Forindex3=0To1
If Column7(index3) < O Then
GoTo 10
End If

DataMatrix(1, 1) = Cos(Psil(index3) * pi / 180) * Cos(Psi2(index3) * pi /’ 180) -
Sin(Psil(index3) * pi / 180) * Sin(Psi2(index3) * pi / 180) *
Cos(Phi(index3) * pi / 180)

DataMatrix(1, 2) = -Cos(Psil(index3) * pi / 180) * Sin(Psi2(index3) * pi / 180) -
Sin(Psil(index3) * pi / 180) * Cos(Psi2(index'3) * pi / 180) *
Cos(Phi(index3) * pi / 180) |

DataMatrix(1, 3) = Sin(Psi1(index3) * pi / 180) * Sin(Phi(index3) * pi / 180)
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DataMatrix(2, 1) = Sin(Psil(index3) *pi/ 180) * Cos(PSiZ(indexS) * pt / 180) +
Cos(Psi1(index3) * pi / 180) * Sin(Psi2(index3) * pi / 180) *
Cos(Phi(index3) * pi / 180)

DataMatrix(2, 2) = -Sin(Psil(index3) * pi / 180) * Sin(Psi2(index3) * pi / -180) + |
Cos(Psi1(index3) * pi / 180) * Cos(PsiZ(indexB) *pi/ 180) *
Cos(Phi(index3) * pi/ 180) |

DataMatrix(2, 3) = -Cos(Psi1(index3) * pi / 180) * Sin(Phi(index3) * pi / 180)

DataMatrix(3, 1) = Sin(Psi2(index3) * pi / 180) * Sin(Phi(index3) * pi / 180)

DataMatrix(3, 2) = Cos(Psi2(index3) * pi / 180) * Sin(Phi(index3) * pi/ 180)

DataMatrix(3, 3) = Cos(Phi(index3) * pi / 180) |

'Find minimum theta with respect ;0 grain orientation by compan'ng to ail 24 symmetries
MinTheta=pi/2  'set minimum angle at pi/2
K Transform RefMatrix wrto 24 symmetric matrices
For index = 1 To 24
Forg=1To3

Form=1To3

TransformRefMatrix(g, m) = 0# ‘initialize Transformed Reference Matrix

Forn=1To3
TxansfonnRefMatrix(g, m) = TrahsformRetMauix(g, m) +
Symanatn'x(index, g, n) * ref(n, m) '
Next n
Next m
Next g
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Forindex2 =1To 24
Forp=1To3

Forr=1To3"
TransformDataMatrix(p, r) = O#
Fort=1To 3- .
TransformDataMatrix(p, 1) =  TransformDataMatrix(p, 1)  +

' SymmMatrix(index2, p, t) * DataMatrix(t, r)

Next t

Nextr

Next p

'"More Matrix operations
Forw=1To3
Forx=1To3
AnotherTransformMatrnix(w, x) = O#
- Fory=1To 3
AnotherTransfbnnMattix(w, X) = AnotherTransformMatrix(w, X) +
TransformRefMatrix(w, y) * TransformDataMatrix(x, y)
Nexty
Nextx .

Nextw

'Find diagonal of AnotherTmnsformMatrix _
Diagonall = AnotherTransformMatrix(1, 1) * (AnotherTransformMatrix(2, 2)
~ * AnotherTransformMatrix(3, 3) - AnotherTransformMatrix(3,
2) * AnotherTransformMatrix(2, 3))
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'Diagonalz = -AriotherTransfonnMatn’x(l, 2) * (AnotherTransformMatrix(2,
| 1) * AnotherTransformMatrix(3, 3) -
AnotherTransformMatrix(3, 1) * AnotherTransformMatrix(2,

- 3) |
Diagonal3 = AnotherTransformMatrix(1, 3) * (AnotherTransformMatrix(2, 1)
* AnotherTransformMatrix(3, 2) - AnotherTransformMatrix(3,

1) *# AnotherTransformMatrix(2, 2))

'Find determinant

DetAnotherTransformMatrix = Diagonall + Diagonal2 + Diagonal3

'Find Trace
TraceAnotherTransformMatrix =  AnotherTransformMatrix(1,1) +

AnotherTransformMatrix(2,2) + AnotherTransformMatrix(3, 3)

'Find minimum angle by comparing to previous operation with cubic symmetry
matnx |
If DetAnotherTransformMatrix < O# Then
' TraceAnotherTransformMatrix = -TraéeAnotherTransfonnMatrix

End If
arg = (TraceAnotherTransformMatrix - 1#) / 2#

arg can't be 1 for this approximation of acos
If Abs(arg) =1 Then
arg = Sgn(arg) * (Abs(arg) - 0.0000000001)
End If
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Theta = Atn(-arg / Sqr(-arg * arg + 1)) + 2 * Atn(1)
If Theta < MinTheta Then
MinTheta = Theta

End If
Forq=1To3
~Fors=1To3

TP(q, s) =AAnotherTmnsformMatn'x(q, s)
Next s

Next q

Next index2
Next index
10 If Column7(saveindex) < 0 Then
Write #3, posno(saveindex), xpos(saveindex), ypos(saveindex), -1, -1
Else
MinTheta = MinTheta * 180/ pi
If MinTheta < Angle Or MinTheta > -Angle Then _
Write #3, posno(savéindex), xpos(saveindex), ypos(saveindex), MinTheta, 10
Else _
Write #3, posno(Saveindex), xpos(saveindex), ypos(saveindex), MinTheta, O
End If
End If

saveindex = saveindex + 1

Next index3
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Beep

Beep

End Sub
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Figure 1: Uniaxial tensile elongations for 6111-T4 and AKDQ steel.
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‘Figure 2a:  Schematic plot of the work hardening rate, 8, and one-half .

o . .
true stress, 7, versus true strain, &. The upper curve is the

work hardening rate, and the lower curve (shaded) is the g VS.

e. Where the two curves meet is where the local necking
criterion theoretically occurs.

b)

- 0,0°

Figure 2b: A higher work hardening rate at higher strains (shaded curve)
will delay the onset of necking and increase the elongation of
the material. ‘
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Figure 3:  Local deformation occurs on the macroscopic scale. The size
: can range from deformation occurring in a few grains (left), or
deformation islands, to spanning the width of the sample’

(right), or deformation bands. -
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Figure 4a:

Figure 4b:

Deformation islands and bands can form and propagate
through a cluster of similarly oriented grains. The shaded
grains have an orentation that is different from the
surrounding grains.

The shaded grains form a cluster of large sized grains. These
large sized grains act as a "soft" area through which islands
can form and propagate. The arrow indicates the direction in
which the deformation will propagate.
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Figure 5: Stress-strain curve of 6061 [Robinson, 1994]. Serrations due
to the PLC effect can be seen in the curve and are magnified in
the inset. Longer wavelength oscillations, of . varying
amplitude, are also seen in the figure.
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Drawings of the specimen dimensions for various tensile

samples: a) standard, b) 6111-T4 wide, c) narrow [Chan]

‘and d) round cross-section [Chan]. Note: drawings are not to

scale. _
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Figure 7:

a) Optical micrograph of the grain structure in 6111-T4. There is clustering of grains with similar shades of
gray. b) Same micrograph as that in a); clusters of large sized grains (> 50 um) are colored in black.



Count

Figure 8:

Grain Size [pym]

Histogram of the grain size distribution in 6111-T4.
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Figure 9: Plot of an orientation in Euler space.
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Figure 10: Schematic of grains with a particular orientation (dots) at a
particular x-y location in a gage section of a tensile sample.
This kind of plot is useful for determining which clusters of a
particular orientation are located.
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Euler angle plot of orientations found in a 6111-T4 sample.
There 1s evidence of clustering of the orientations.
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Figure 12:
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Plots of grains with a particular orientation at their respective
x-y coordinates in the gage section: a) Cube {100}<001>, b)
Goss {110} <001>, and ¢) R {124}<211>. Rolling direction
(RD), which is also the direction of the tensile axis, 1s in the X-
direction, and the transverse direction (TD) is in the y-

direction. Clustering of grains is observed in the Cube
texture.
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Plots of the grains with a particular orientation at their
respective x-y coordinates in the gage section: d) P
{011}<122>, e) Q {013}<231>, and f) Copper {112}<111>.
Rolling direction (RD), also the tensile direction, is in the x-
direction, and the transverse direction (TD) is in the y-
direction:
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Figure 12:

X[mm]RD

Plots of the grains with a particular orientation at their
respective x-y coordinates in the gage section: g) Brass
{{011}<211> and h) S {123}<634>. Rolling direction (RD),
also the tensile direction, is in the X-direction, and the
transverse direction (TD) is in the y-direction. The S texture
has clusters of grains, and many of these clusters are at an
angle to the rolling and tensile directions.
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Figure 13:
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e

SEM micrographs of the fracture surfaces of 6111-T4, in the
longitudinal direction, at various test conditions. a) 10 /s,
300K and b) 10" /s, 300K. The fracture micromode is ductile
for both test conditions.
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Figure 13:

SEM micrographs of the fracture surfaces of 6111-T4 in the
longitudinal direction at various test conditions. c¢) 10™ /s,
77K and d) 10" /s, 77K. The fracture micromode is ductile

for both test conditions.
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Figure 13e: SEM micrograph of the fracture surface of 6111-T4 in the
longitudinal direction at 4K, 10" /s. The fracture micromode
remains ductile.
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b)

Figure 14:

SEM micrographs of the fracture surfaces of 6111-T4, in the
transverse direction, at various test conditions. a) 10 /s,
300K and b) 10" /s, 300K. The fracture micromode is ductile
for both test conditions.
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d)

Figure 14:

SEM micrographs of the fracture surfaces of 6111-T4 in the
transverse direction at various test conditions. c¢) 10*/s, 77K
and d) 10" /s, 77K. The fracture micromode is ductile for

both test conditions.
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Engineering Strain

Engineering stress-strain curves of 6111-T4 longitudinal
samples at 300K and at strain rates of 10%, 5 x 10, 103, 10?,
and 10" /s . Despite the three orders of magnitude increase in
strain rate, the stress-strain behavior does not significantly
change.
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1x 104 /s
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Engineering Strain

Engineering stress-strain curves of 6111-T4 transverse
samples at 300K and at strain rates of 10*, 5 x 10*, 10?, 10%,
and 10" /s . Despite the three orders of magnitude increase in
strain rate, the stress-strain behavior does not significantly
change.
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Engineering Strain
Engineering stress-strain curves of 6111-T4 at 300K and at

strain rates of 10* and 10" /s with a change in geometry.
Only minor changes in stress-strain behavior occur when the
gage width increases.
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Figure 18: Engineering stress-strain curves of 6111 SHT at 300K and at
strain rates of 10" and 10" /s. The stress-strain behavior
changes with increasing strain rate.
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Figure 19: Engineering stress-strain curves of AKDQ steel at 300K and
at strain rates of 10* /s (solid circles) and 10" /s (x). A
change in strain rate does change the stress-strain behavior.
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Engineering Strain

Figure 20: Engineering stress-strain curves of 6061-T6 at 300K and at
strain rates of 10* and 10" /s for sheet and round cross-
section samples. Minor changes occur in the stress-strain
behavior with increasing strain rate. The stress-strain
behavior changes dramatically with change in specimen
geometry.
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Engineering Strain

Engineering stress-strain curve of 6111-T4 at 77K and at
strain rates of 10 and 10" /s for longitudinal and transverse
samples. As compared with the 300K curves (figures 15
(longitudinal) and 16 (transverse)), the 77K behavior changes
more dramatically with an increase in strain rate.
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Figure 22: a) Schematic of a work hardening plot with oscillations. b)
Schematic work hardening plot displaying a gradual work
hardening drop off (shaded curve) versus a sharp drop off
(solid) near the diffuse necking criterion.
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Figure 23: Plots of © and % vs. € for 6111-T4 longitudinal specimens
tested at 300K: a) 10*/sand b) 5 x 10*/s.
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Figure 23: Plots of 6 and % vs. € for 6111-T4 longitudinal specimens

tested at 300K: c) 102 /s and d) 102 /s.
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Figure 23: Plots of O and % vs. € for 6111-T4 longitudinal specimen
tested at 300K: e) 107 /s.
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Figure 24: Plots of 6 and —;; vs. € for 6111-T4 longitudinal specimens

tested at 77K: a) 10* /s and b) 10 /s.
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Figure 25: Plots of © and %— vs. € for 6111-T4 longitudinal specimens
tested at 300K and 77K: a) 10*/s and b) 107 /s.
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Figure 26: Plots of 0 and % vs. € for 6111-T4 transverse specimens
tested at 300K: a) 10“/s and b) 5 x 10 /s.
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Figure 27: Plots of 6 and % vs. € for 6111-T4 transverse specimens
tested at 77K: a) 10*/s and b) 107 /s.
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Figﬁre 28: Plots of 0 and % vs. € for 6111-T4 transverse specimens
tested at 300K and 77K: a) 10*/s and b) 107 /s.
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Figure 29: Plots of @ and —Z— vs. € for 6111-T4 wide specimens tested at

300K: a) 10*/s and b) 10" /s.
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Figure 30: Plots of 6 and % vs. € for 6111-T4 narrow specimen tested
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Figure 33: Plots of 6 and % vs. € for AKDQ steel at 300K and strain
rates of a) 10*/s and b) 107 /s.
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b)

Figure 34:

Optical miicrographs of areas of local deformation (arrows)
that have formed on a sample that was polished and strained
to 1% plastic strain. a) Higher magnification and b) lower
magnification (photo is inverted from a)). The local
deformation areas are approximately 40 um wide and range
from 400-800 pum long.

118



100 pm

Figure 35: Optical nﬁcrograph of 6111-T4 (42K, 10" /s) specimen
surface. Fracture surface is at the top of the micrograph.
Intense slip occurs in some grains but not in others.
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Figure 36: Optical micrograph of 6111-T4 (4.2K, 10* /s) specimen
surface. = Several deformation bands are visible. Each
division on the scale is 1 mm. '
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Figure 37: Plots of 0 and % vs. € for 6111-T4 (300K and 10* /s)

specimens used for measuring width and thickness changes:
a) BDN1 and b) BDN2.
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Figure 37: Plots of 6 and % vs. € for 6111-T4 (300K and 10* /s)

specimens used for measuring width and thickness changes:
¢) BDN3 and d) DN1.
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Figure 37: Plots of 6 and % vs. € for 6111-T4 (300K and 10 /s)

specimens used for measuring width and thickness changes:
e) DN2 and f) LN.
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Figure 38: Engineering strain vs. position in the gage section for BDN1,
BDN2 and BDN3 in the a) width and b) thickness directions.
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Figure 39: Engineering strain vs. position in the gage section for DNI1,
DN2 and LN in the a) width and b) thickness directions.
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Figure 44: Schematic of how low strain rate sensitivity can cause
deformation to localize in the next weakest area. The next
weakest area is due to void growth.
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b)

Figure 45:

SEM micrographs of the fracture surfaces for 6111-T4
samples (300K and 10* /s) which displayed a) unstable and
b) stable deformation behavior.
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Void population | —————

Figure 46: Schematic of the strain gradient in the LT plane of the
fractured tensile specimen. The gradient increases from left
to right, as the fracture surface is approached. The void
population increases from left to right, as the strain gradient
increases.
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b)

Figure 47:

100 pm

Optical micrographs of the region near the fracture surface
(top of micrographs) for the a) stable deformation sample and
b) unstable deformation sample at 300K and 10* /s. No
obvious differences are seen in their void distributions.
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Figure 48:

100 pm

Optical micrographs of typical fracture surfaces for both
stable and unstable samples (300K and 10 /s). The fracture
surface has regions that have a) a jagged appearance and b) a
flat fracture surface.
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Figure 49:

100 pm

Optical micrographs of the etched fracture surface (300K,
10* /s. Fracture occurs along grain boundaries as well as
through grains. Fracture through grains of similar contrast
can be seen at the arrow.
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Figure 50: Optical micrographs of the grip section of a prepolished
tensile sample. No fractured particles are visible; therefore,
the polishing procedure does not introduce fractured

particles.
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Region A

Figure 51: Schematic of a work hardening curve (G,g- vs. €). A line can

be fitted to the latter region (region A).
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Figure 52: a) True stress-strain curve and b) work hardening curve of

data generated by using the parabolic relationship o = Ke0-2.
No oscillations are introduced during the data processing.
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Figure 53:

Schematic of how long wavelength oscillations (heavy line)
often seen in stress-strain curves from the literature. These
oscillations are observed in the stress-strain curve such as in
figure 5 but have not been addressed. In materials that
exhibit serrated flow, these oscillations occur
simulataneously with the serrations (light line).
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0,0

Ideal Elongation

Actual Elongation

Figure 54: Schematic of obtaining an ideal elongation from the work
hardening plot.
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Figure 55: Actual and ideal elongations at 300K and at 10+ /s and 10-1
/s fora) 6111-T4 and b) AKDQ steel.
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Figure 56:

Schematic of how the number of oscillations, N, the average
amplitude, A, the work hardening drop offs and the necking
parameters behave for samples A and B. a) Na > Np;
therefore, it would be expected that Ap < Ap, and b) their
respective work hardening curves. Sample A has a more
gradual drop off, and the necking parameters for A are
greater as well.
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Figure 57: a) Number of oscillations, b) average amplitude, ¢) work hardening drop off characteristics and d) necking
parameters for 6111-T4 longitudinal tested at 300K with an increase in strain rate from 10-4 /s to 10-1 /s.
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Figure 58: a) Number of oscillations, b) average amplitude, c) work hardening drop off characteristics and d) necking
parameters for 6111-T4 longitudinal tested at 10-4 /s with a decrease in temperature from 300K to 77K.
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Figure 59: a) Number of oscillations, b) average amplitude, ¢) work hardening drop off characteristics and d) necking
parameters for 6111-T4 longitudinal tested at 10-1 /s with a decrease in temperature from 300K to 77K.
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Figure 62: Percent change in mechanical properties for 6111 when the -T4 samples are solution heat treated (SHT) at

300K and a strain rate of a) 104 /s and b) 10-1 /s.
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Figure 63:
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Schematic of how varying the gage width will affect the work
hardening behavior. Clusters in a a) wide sample will
account for a smaller volume fraction of the gage area while
these clusters will constitute a larger volume fraction in the
gage area of a narrow sample in b). The work hardening
curve for the wide sample will have smaller amplitude
oscillations than those for a narrow sample.

149



1 W vs
40 uTs
i
20: [0 Es®)Engr
<4 1 EX TEEngr
3
N 0 T
O ]
\0 .
- -20 -
-40 -
60
o) =
8 S 5
= 5 5
o z
S o )
B @ S
S 2 =
2 =
0

Figure 64: Percent change in mechanical properties for 6111-T4
longitudinal samples at 300K and 104 /s with a change in
specimen geometry.
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Figure 65: a) Number of oscillations, b) average amplitude, ¢) work hardening drop off characteristics and d) necking
parameters for 6111-T4 tested at 104 /s and 300K when the gage width is changed.
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Figure 66: Hypothesized formation and propagation of deformation
islands. a) Deformation will localize in a weak area of the
sample; this softening is reflected as a decrease in the slope
of the stress-strain curve. b) The island continues to
propagate when the local stress can overcome obstacles in
the neighboring grains; the slope in the stress-strain cuve
continues to decrease. c) Island continues to propagate until
it cannot overcome hard obstacles in its path; the slope in the
stress-strain curve no longer decreases. d) The island
hardens without increasing in size; the slope of the stress-
strain curve is increasing. The cycle begins again when the
island hardens to the point where it is more favorable to
begin deformation in the next weakest area.
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