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Texture resulting from micromechanical processing plays an important role in the
anisotropy of materials. The determination of texture components is a useful way to
present texture data. The types of components present in the texture of a material can be
related to other material aspects including predictions of yield loci using polycrystal
methods. Al-Cu-Li 2195 thick plate was cold rolled to produce various reductions in
thickness. Texture analysis was performed on the various rolled materials at different
positions through the thickness of the plates. The texture components are consistent
among the various rolled specimens at equivalent thickness positions. A texture gradient is
observed to exist through the plate thickness that may indicate other microstructural
information about the alloy. This texture gradient evidences the effects of increasing
amounts of deformation on texture intensity, texture components observed, and changing
modes of deformation. © 2000 Kluwer Academic Publishers

1. Introduction preferred orientations resulting from thermomechani-
There have been numerous studies of the various Aleal treatment such as hot or cold rolling or stretching
Li alloys [1-3]. It has been concluded that the variousare most directly responsible for anisotropy in metal
particles that form during natural and artificial aging alloys. For Al-Li alloys, crystallographic texture may
provide barriers to dislocation motion during the mi- also have an indirect effect on anisotropy resulting from
cromechanical process of slip, which is the microstructhe heterogeneous distribution of the primary strength-
tural mode of deformation for most metallic materials. ening precipitates on specific habit planes. For these
Thisimpedance provides these materials with improvedeasons, texture analysis is important for characteriza-
strength properties over conventional aluminum al-ion of Al-Li materials.
loys while their various chemical compositions lead Several sources [7—9] summarize the sources of tex-
to lower densities than their conventional counterpartsture and its effects on mechanical properties. In brief,
For this reason, Al-Li alloys are of significant interest texture arises from the rotation of material grains dur-
to the aerospace industries. Al-Li alloys are typicallying the slip process when deformation occurs, which
anisotropic and they exhibit strong textures. The texturesubsequently produces rotation of the crystallographic
or crystallographic orientation of a material is a mea-planes within the crystals comprising the grains. There
surement of the orientation of crystallographic planeds alimited number of slip systems available during slip,
in specific directions, namely the rolling, transverse,therefore the rotations occur towards a limited number
and normal directions of a sample. of ‘end-points’ thus producing a deformation texture.
Anisotropy of mechanical properties in different di- Therefore the resulting texture depends on the nature of
rections of measurement is a concern in the forminghe imposed stress system and it reflects the symmetry
of metals into shapes and parts. It is tied into con-of the forming operation.
siderations of the yield locus. Various factors cause Pole figures are graphical representations of texture.
anisotropy in metals, including elongated grains [4], They are stereographic projections that show the dis-
and the presence of second-phase precipitates [3, HJibution of particular crystallographic directions rela-
Researchers [6] agree that crystallographic textures dive (usually) to material directions such as the rolling
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direction (RD) and transverse direction (TD) in sheet 95
materials. A pole figure exhibiting a typical rolling tex- B et O
ture reflects the symmetry of the rolling process in

that certain crystallographic planes are aligned par- ss

allel to the rolling plane and particular directions in e 0%
these planes are parallel to the rolling direction. While g % u 0o 10%
pole figures are useful in the analysis of texture, they® 75 %"~ ™. in air ‘ ,,’-:-:\_ - 20‘;/0
are merely qualitative representations of texture. On + ‘ ] [m-30%

the other hand, the orientation distribution function

(ODF) gives quantitative information about the spread
of orientations throughout the texture of a material. As
a fullmathematical description, it can be applied objec-
tively in understanding texture development and in the
prediction of anisotropic properties. This paper covers
the texture characteristics of an Al-Li plate with a dis- Figure 1 Through-thickness hardness variation of rolled and aged

cussion of the effects of deformation and aging on theplates. Measurements performed with Rockwell hardness testing ma-
texture and observed variations in texture at differen¢hine, B-scale with a 1/16 inch ball indenter.

locations through the plate thickness.

1 2 3 4 3 2 1
Through-thickness position

spaced apart approximately 15% of the total plate thick-
2. Experimental ness. A notation for through-thickness position may be
2.1. Material assumed such that the position is described as a per-
The Al-Cu-Li 2195 material used in this investigation centage of the total thickneds,as measured from the
was produced at Reynolds Metals Co. as 3.81 cm-thicklate surface. In this fashion, the following designa-
plates in the T3 condition (heat treated and cold rolled)tion is given: position & 0.05t, position 2=0.2t, po-
the weight percentages of the aluminum alloying elesition 3=0.35t, and the center position40.5t. It is
ments are given in Table I. The as-received plate wakeretofore assumed that there is agreement within a
cut into sections then solutionized in air for one hourreasonable variant of measured values from one side of
at 540C following with a water quench. Subsequently, the plate to the equivalent position on the other side.
the sections were additionally cold rolled to variousIn hardness measurements, the variation from one side
thickness reduction percentages (0, 10, 20, and 30% the other was as low as approximately 0.05% and
reductions) to induce various amounts of deformationup to near 3.5%-approximately 1%, due to the ac-
This is of interest because the major strengthening precuracy of the hardness tester). Subsequent tensile tests
cipitate, Tp, forms preferably at the sites of dislocations, also support symmetry of characteristics about the plate
which are created during deformation. It is also of in-center.
terest to observe what textural changes occur with addi-
tional rolling of this commercial product. Next, natural
aging at room temperature fer1000 h and artificial

aging at 180C for 15 h were performed. 2.3. Selecting through-thickness location

for samples
Through-thickness position for texture samples was
chosen based on the hardness profile. Of most inter-

2.2. Describing through-thickness position est is the region where maximum hardness is mea-
In order to obtain a general profile of the hardness €9 L . "
ured. This lies within the region between positions

through the thickness of the plate, hardness measurée- oo ) .
ments were made at seven positions through the thickd'riu_ofae' dltcg)sné?ttiiaes':&%et?s n;r:ea;[/';?; '2 Iji:f?e?:rg_ce
ness of the plate as shown in Fig. 1. Rockwell B-scal Yy ag ! 9

measurements were carried out at a position near th etween the I?Qind 0:?5 p&smonsf W'tfh thelrg%);/"
plate surface, at the center of the plate, and at twgugnogoe/ne_ra y at posi !'?hn ”2_rang|ng r?m .O ?[h
positions between the center and the surface on bot h ' h o,dlncrte;]asmgf_w_l I ro mg pergﬁ_n agt% dq‘f _e
sides of the center. Assuming the characteristics of th@er hand, In the-artificially aged condition, the ditter

plates to be symmetric about the center, the positiongnce i_s negligible-at all roIIing_ percentages the differ-
' gnce is under 1%. The following conclusions may be

of the measurements were numbered from either platlnferred from this: (1) the rolling process induces a de-

surface starting at one, through four, at the plate e ormation gradientthat provides the largest shear within

ter. Specifically, the distance from the surface to thethe 0.2-0.3% region, with a maximum at Ot2and

measurements at position one was near 5% of the tq; ) the volume of T formed with artificial aging is such
tal thickness of the plate. The other measurements we . aging|1s .
that the increased hardness values within this region

are basically the same. Therefore, texture specimens

TABLE | Al-Cu-Li 2195 alloy composition were obtained from the Ot2osition. Other samples
were also obtained from the center of the platet 0.5

Al Cu Li Fe Mg Mn Si T zZn Zr Ag (where hardness profiles showed the minimum values),
forthe artificial aged material with additional rolling for

Balance 39 9 .04 33 <01 .02 .02 .01 .14 .32 .
comparison.
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2.4. Texture measurement useful for relating the occurrence of particular texture
For texture measurement, slices approximately 3 mneomponents to certain material behavior. On such ex-
thick and 25 mmx 25 mm were cut from the bulk ma- ample is in the determination of yield surfaces, which is
terial. Polishing and etching of the surface was perof interest when performing forming operations. Bar-
formed to remove the damage layer resulting from cutdat and Richmond [13] predicted 2-dimensional yield
ting. Fine polishing is not required for aluminum alloys loci in o1-07 stress space for ideal orientations includ-
because X-rays are able to penetrate the sample sung copper, brass, and Goss textures. According to their
face deeply enough to obtain accurate measurementgsults, copper orientations produce more symmetrical
A Scintag Inc. X-ray goniometer with a FeeKradia-  Yyield loci with respect to the line of equibiaxial tension
tion source was used for X-ray diffraction and measure{o1/02 =1) compared to brass and Goss whereas the
ment of diffraction intensities. The computer software, latter orientations produce distortion of the loci in the
popLA[10] developed at Los Alamos National Labo- direction ofoy.
ratory (LANL), Los Alamos, New Mexico, was used The names and orientations of some common texture
to convert the recorded intensities for (111), (200), andcomponents are defined in Table Il. The stereographic
(220) pole figures. Each pole figure is the average resufrojection of thefhkl} (uvw) direction into a reference
of measurements from three like samples. These polephere surrounding the crystallite may be used to de-
figures are in turn used for the calculation of the ODFfine the orientation in spherical coordinates describing
plots usingpopLA the location of the point of intersection of the projec-
Material processing and all texture measurementgon with the sphere. Therefore, three Euler angles can
were performed at LANL within the Materials define the orientation of a crystal and conversion to the
Science & Technology (MST) and Center for Materials {hkl}(uvw) form may be performed. Although they are
Research (CMR) divisions. Aging treatments were perall equivalent, several different definitions may be em-
formed at Louisiana State University’s Materials Char-ployed for such conversions, with as many different sets
acterization Laboratory. of symbols used to represent crystallite orientations.
The traditional Bunge method [14] defines the orienta-
tion by three poles. The more recent Kocks form [15]
which defines the orientation by a vector lying on the
3. Results and discussion surface of the sphere is used for the ODFs presented
The crystal orientations of rolling textures are usu-in this paper. The orientations in Table Il are expressed
ally characterized by théhkl} crystallographic plane in both Bunge and Kocks notation and are illustrated
parallel to the rolling plane and th@vw) crystallo-  as they appear in the ODFs shown in this paper using
graphic direction parallel to the rolling direction [11]. Kocks notation in Fig. 2.
From [9], a general orientation is described in the Rolling textures tend to develop particularly around
form (hkl)[uvw]. Textures are often approximated by the copper, brass, and S orientations in aluminum al-
varying amounts of ideal components with a statisticaloys, whereas the recrystallization textures are usually
distribution around them [11]. The goal of depicting identified by orientations such as Goss [13]. These
texture in terms of components is to reduce the repreideal orientations may be predicted by using Sachs [16]
sentation of the orientation distribution into a small setor Taylor-type [17-20] theoretical modeling of poly-
of specific orientations [12] which describe alarge num-crystal deformation. Aside from identifying the ideal
ber of crystallites present in the specimen. This may b@rientation of intensity peaks, the method may be

TABLE Il Ideal component orientations
Euler angles (degrees)
Bunge notation Kocks notation
Component Orientation b1 d b2 v 0 ¢
Copper (Cu) {112(111 90 35 45 0 35 45
S {123,(634) 59 37 63 149 37 27
Brass (Bs) {110(112 35 45 0 55 45 0
Goss {110(100 0 45 0 90 45 0
D A\ Py e
Copper S Brass Goss

Figure 2 Locations of the ideal component orientations on the ODF as described using Kock’s notation.
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SODK PSI= (Read phi from 100 toward 810) nax.=13.94 SODK PSI= (Read phi fron 100 toward 010) nax.=14.43
8.00 = 8.00
l 5.66 5.66
4.00 4.00
. 2.83 2.83
= 2.00 2.00
1.1 1.41
‘§| 1.00 1.00
@ .71 "
log. scale log. scale
(b)
SODK PSI= (Read phi from 108 toward 010) max.= 6.11 max.= 7.60
= 8.00 o= | 8.00
. 5.66 . 5.66
. 4.00 . 4.00
. 2.83 . 2.83
. 2.00 = 2.00
H 1.1 . 1.41
1.00 IE 1.00
u .71 @ .71
log. scale log. scale
(c) (d)
SODK PSI= (Read phi from 108 toward 010) max.= 8.62 SODK PSI= (Read phi from 100 toward 010)
= 8.00 B
. 5.66
. 4.00
. 2.83
. 2.00
. 1.41
I | 1.00
u .71
log. scale log. scale

Figure 3 ODFs from 0.2 position (a) As-received, (b) 0% rolled-natural aged, (c) 10% rolled-natural aged, (d) 10% rolled-artificial aged, (e) 20%
rolled-artificial aged, (f) 30% rolled-artificial aged. Texture components are denoted by: Cu—copper, and S.

extended to a more quantitative description includingaged plates. Comparison of Fig. 3d—f and Fig. 4 reveals
peak shape [21]. a gradient through the thickness of the plate, which is
Fig. 3 exhibits the ODFs characterizing thetQp®-  in agreement with a similar study [22]. Changes in tex-
sition of maximum strength (determined by hardnesgure intensity and through-thickness texture gradients
tests) through the thickness of the various rolled platesare reported [23] to affect yield locus shape and size.
Orientations in Figs 3 and 4 are described by Kocks Eu- The ODFs in Fig. 3 consist mainly of copper tex-
ler angle notation and are presented as slices of constanire components with some S orientations, which di-
¥ with 6 increasing radially ang as the azimuthal an- minish with increased deformation. Alternatively, the
gle. Intensities are indicated by the shaded gray-scaléextures in Fig. 4 exhibit mainly a strong brass orien-
The ODFs of the various samples tested do not diftation. Flattening of grains during the rolling process
fer significantly with variation of rolling percentage, leads to a shear misfit along the grain interfaces. Three
except perhaps in value of maximum intensity. Fig. 4shear misfit straingyy, exz, andey,, may be assumed
shows ODFs calculated from the 0(8enter) position to result from the shear forces producing the deforma-
of minimum hardness ofthe 10, 20, and 30%-artificiallytion. Using the Taylor relaxed constraints theory [24],
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SODK PSI= (Read phi fron 100 toward 010) max.= 6.94 011} {011} {011}

<100> <211> <011>
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7000

6000
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p L
X £
100 4000 |
(@)
3000 |
SODK PSI= (Read phi from 100 toward 010) max.= 6.01
= 16.00
. 2000 |
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4.00
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III .50 90
.25
12
U ¢

log. scale

Figure 5 Intensities along the ideak-fiber. Legend: AR=as re-
ceived condition, the first numbers 0-3 represent percentage of addi-
tional rolling, e.g. G=0%, 1=10%, etc. N=natural aged condition,

A = artificial aged condition, P2 and P4 represent @@&sition or 0.5
position, respectively.

(b)
SODK PSI= (Read phi from 100 toward 018) max.= 3.53
6 While components describe texture as peak density
8.00 orientations, texture may also be represented in the form
4.00 of orientation density along a “fiber” that connects ideal
2.00 orientations. Fiber representations enable the compar-
ison of measured intensities or other texture “volume”
58 data between materials with different processing his-
25 tories. Thea- and g-fibers are usually identified in
12 FCC alloys. Thex-fiber is defined in Bunge notation
by the variation of the anglg; at constant =45° and
¢2=0°. It runs from the Goss orientation through the
brass orientation t¢001}(011). The g-fiber position
runs from the Cu orientation, through the S orientation
and connects to the-fiber at the Bs orientation.

The a-fiber is shown in Fig. 5 as the variation of
Figure 4 ODFsfrom 0.5 (center) position (a) 10% rolled-artificial aged, meas_ured intensities a.lon.g f[he fiber. S(.)me. Al-Li alloys
(b) 20% rolled-artificial aged, (c) 30% rolled-artificial aged. Texture CONtAIN elements that inhibit recrystallization [3]. Re-
components are denoted by: Bs—brass. crystallization was not expected and no recrystalliza-

tion texture components were observed. Tthéber

plot shown in Fig. 5 evidences this since the measured
Mecking [25] predicts that whenyy and ey, are si-  intensities are negligible at the Goss recrystallization
multaneously released, as in the case of flat grains, therientation for all specimens. The intensity values be-
texture consists of two components, copper and S. Bygin to increase at the Bs orientation for the specimens
the same model, ify, becomes freely adjustable, the from the 0.5 position, reaching a maximum between
brass component becomes prevalent. Because an ufr =45 and¢; = 65°. Around¢; = 70° the intensity
constrainedy is not consistent with flat grains, the ef- of the 0.3 position samples tapers off to zero while
fect is attributed to a characteristic termed “anisotropythere is a peak observed for the t0samples.
of environment.” In this case, twinning occurs, promot-  Fig. 6 shows a plot of the intensities along the ideal
ing the {110}(112 brass orientation by reducing the g-fiber. Locations of the copper, S, and brass compo-
constraints, and simultaneously removing the coppenents along the fiber are indicated. The intensities at
and S orientations from the texture. However, twinningthe 0.2 position are significant at the copper and S
is not expected to occur in aluminum alloys due to highorientations as shown in Fig. 6a. The measured inten-
stacking fault energy. sity at the copper orientation is least for the as-received

-
=]
=]

log. scale
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{112} {123} {011} {112} {123} {011}
<111> <634> <211> 120<111> <634> <211>

700 -

500

Intensity

Intensity
B
8

300

(a) (b)

Figure 6 Intensities along the ideg-fiber. Legend: AR=as received condition, the first numbers 0-3 represent percentage of additional rolling,
e.g. 0=0%, 1=10%, etc. N=natural aged condition, A artificial aged condition, P2 and P4 represent @@sition or 0.5 position, respectively.
(a) 0.2 position, (b) 0.5 position.

specimen. With solutionizing treatment, ONP2 (no ad-those of the artificial aged specimens in Fig. 6a. The
ditional rolling) and 1NP2 (10% additional rolling) intensity of the center position increases rapidly along
specimens exhibit measured intensities near the sanibe g-fiber from the S orientation to the brass orien-
value, approximately 230 pct. higher than the as retation for the artificial aged specimen with 10% addi-
ceived. After artificial aging, the measured intensitytional rolling. However, with a second (2AP4) and third
with 10% additional rolling (LAP2) increases compared(3AP4) rolling pass, the measured intensity at the brass
to INP2 by approximately 25 pct. Again, in the artificial orientation on thes-fiber is significantly reduced. A
aged condition, the intensity at the copper orientatiorfiber is represented in ideal orientations, however the
increases slightly with another rolling pass (20% ad-location of the maximum in an orientation distribution
ditional rolling). However, a third rolling pass (30% may not necessarily be located on the ideal fiber. An in-
additional rolling) appears to degrade the intensity atrease in deformation may cause a shift away from the
the copper orientation in the artificial aged conditionideal. For this reason, the locations of the maximum
(3AP2), resulting in an intensity decrease of approxi-intensities are sometimes plotted instead of the ideal
mately 45 pct. from the maximum value of 2AP2. At fibers.
the S orientation, the measured intensities are signifi-
cantin the as received and the natural aged specimens.
Among these three, the as-received S orientation interd. Conclusion
sity is the least, it increases nearly 200 pct. with so-The usual texture orientations expected for rolled alu-
lutionizing treatment, without additional rolling. After minum alloys were generally observed in the Al-Cu-Li
10% additional rolling (LNP2), the measured intensityplate material. The copper and S orientations observed
at the S orientation decreases approximately 33 pcin the ODFs from the 0t2through-thickness position
from ONP2. At the S orientation, the measured intensi-are consistent with flat grains as may be predicted us-
ties are not significant for the artificial aged specimensing the Taylor relaxed constraints model. The texture
At the brass orientation, all measured intensities argradientis evidenced by comparing ODFs between the
negligible for the specimens of Fig. 6a. 0.2 and the 0.5 (center) position. At 05 no cop-
Comparatively, for the specimens from thetOg®-  per component or significant S component is visible,
sition shown in Fig. 6b, the measured intensities aravhereas brass is the dominant orientation seen. The
negligible at the copper orientation. The measured inthrough-thickness texture variation in the plate is likely
tensities at the S orientation are on the same scale ahie to the differing amounts or modes of deformation
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experienced at different positions though the plate. 4.
Most of the rolling process is concentrated near the>5-
surface of the plate whereas the center of the plate ex-
periences the least amount of the total deformation.,’
Increasing the amount of deformation beyond the as-g
received condition affects the intensity values along the
ideal fibers in the Al-Cu-Li material studied. Increas-
ing deformation does not always signal a corresponding®
intensity increase. In some cases, the intensity on the
fiber decreases with increasing deformation. This mayg
be due to changing modes of deformation with addi-
tional deformation. 11.
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