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FRICTIONLESS FORGED ALUMINUM ALLOY SPUTTERING TARGETWITH
IMPROVED PROPERTIES
TECHNICAL FIELD
{0001] The present disclosure relates to sputtering targets, methods of forming
sputtering targets, and methods of forming sputtering targets having uniform
microstructures. More particularly, the present disclosure relates to aluminum articles with

fine uniform microstructures and textures and methods of making the same.

BACKGROUND
{0002) Currently available alominum and aluminum alloy sputiering targats are
processed by standard casting followed by significant rolling, and then followed by
bonding the target to a backing plate. Potential challenges associated with manufacturing
sputtering targets include cast defects, such as feather grains that cannot be broken down
by rolling, imclusions, pores, shiny spots on the target surface, and non-uniform
metallurgy. Further examples include inconsistent grain sizes throughout the cast billet
and from target to target, and non-uniform texture throughout the target thickness. Non-
uniform texturing can potentially resuit in the formation of focal bands of grain sizes with
different texture and sputtering properties, a phenomenon referred as texture banding.
{0003] One potential constraint 1o rolling as a mechanical operation is that it does
not always produce uniform deformation, especially in cylindrical billets having a large

height h to diameter B (WD) ratio, which may perpetuate or cause defects in grain size or

texiure.
SUMMARY
{06004] Disclosed here in is a spuitering target comprising a forged aluminum material

having an average grain size between about 15 and 55 microns. The alumimurm material
has at least one of the following: a homogeneous texture with munimal texture banding as
measurad by banding factor B below about 0.01; a uniformity factor or texture gradient H
of less than 0.2; or either weak (200) texture or near random texture characterized by
maximur intensity of inverse pole figure tess than 3 times random in multiple directions.
[00085] Also disclosed herein is a method of forming an aluminum material with
uniform grain size for use with a sputtering target. The method comprises placing a sheet

of solid lubricant at an inter{face between the alumimum billet and the press plates of a
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forging press; forging the aluminum billet to at feast a 50% reduction in height; and rolling
the alumimim billet to at least a 35% reduction in height.

[0008] Also disclosed herein 15 a method of frictionless forging an aluminum
material. The method comprises placing at least one sheet of graphite at an interface
between an alumimim billet and the press plates of a forging press; and forging the
alununum billet to at least a 50% reduction in height while maintaining the alununum
muaterial at less than 100°C.

[0007] While multiple embodiments are disclosed, still other embodiments of the
mstant disclosure will become apparent to those skilled in the art from the following
detailed description, which shows and describes illustrative embodiments of the instant
disclosure. Accordingly. the drawings and detailed description are o be regarded as

iHusirative in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

{0008] FIG 1 1s an exemplary flow diagram of a method of the current disclosure.
{06009] FI1G. 2 1s a graph showing the relationship of forging temperatures on grain

size in a metal.

{0010} FI(. 3 is a graph showing the relationship of annealing teraperatures on
grain size in a metal.

[0011] FIGS. 4A 10 4E are images from an eleciron microscope, comparing grain
sizes from an exemplary method of the current disclosure.

[0012) FIG. 515 an image of a histogram of grain size, illustrating the statistical
results of a method of the current disclosure.

{0013] FIG. 6 15 an image of a histogram of grain size, illustraiing the statistical
results of a method of the current disclosure.

{0014] FIG. 7 1s an image tllustrating grain size statistical data from a comparison
of two samples made with the methods of the current disclosure.

[0015] FIG. € 1s an image iHusirating the locations of samples taken for testing
from a material processed according to the methods of the current disclosure.

{0016] FI1G. 9 1s an image iHlustrating statistical data from a comparison of bageline
samples and samples made with the methods of the current disclosure.

[0017] FIG. 1015 an image illustrating statistical data from a comparison of

baseline samples and samples made with the methods of the current disclosure.
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{0018] FIGS. 11 are images illustrating grain size data from a comparison of
baseline samples and samples made with the methods of the current disclosure.

[0019] FIGS. 12A and 12B are images illustrating data on grain size distnibution
from samples made with the methods of the current disclosure.

{0020} FIGS. 13A and 138 are images of two materials processed with the
methods of the current disclosure, lustrating grain size distribution.

[0021] F1G 14 shows the relationship between three planas where the pole figures

and inverse pole figures are measured with respect to a sputtering farget.

{nn22] FIG. 1515 an image illustrating pole orientations in three dimensional
space.
{06023] FI1G. 16 1s an image illustrating the numerical definition of the banding

factor B and the heterogeneity H of a metallurgical material.

DETAILED DESCRIPTION
[n024] The present disclosure provides a method for producing a sputtering target
that has a umiform microstructure. Also disclosed is a method that includes using a
frictionless forging process tor a height reduction followed by optional rolling. The
frictionless forging process mayv be used to reduce a material height of a target blank by at
teast 50 percent.
{0025] In some embodiments, the present disclosure provides a sputtering target
having a forged aluminum matenal having an average grain size between about 15 and 53
microns, and at least one of the following: a homogeneous texture with nunimal texture
banding as measured by banding factor B below about .01, and a uniformity factor H
{also referred 1o as a texture gradient} of less than 0.2, In some embodiments, the present
disclosure provides a sputtering target having a forged aluminuro roaterial having an
average grain size between about 20 and 45 microns, between about 25 and 40 microns,
between about 30 and 35 microns, and any value within these ranges.
[0026] In one aspect, the present disclosure provides a casting method that inhibits
the creation of texture banding in a metallurgical product and provides suitable texture
homogeneity. As used herein, the phrase texture banding refers to the occwrrence of non-
uniformity in the microstructure consisting of groups of grains that have a different
crystallographic texture orientation and strength compared to surrounding grains. These

groups of grains often form long bands throughout the material thickness; this
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phenomenon is referred {0 as “texture banding”. Textwre bands generally contain grains
that are larger in size than the grains in the reminder of the material. Textore bands are one
of the main contributors to heterogeneity in the material texture and lead to strong
gradients in orientation through a material thickness. Texture bands are often seen in
samples that have been rolled {especially at low reductions) and subsequently
recrystatiized. Bands also tend to appear toward the center of the billet due 1n part to the
heterogeneity of deformation. In another aspect, the present disclosure provides a method
of reducing the creation of localized bands of gram sizes with varying texture in a
sputtering material. Methods of the present disclosure may be used to avoid introducing
certain defects that are detrimental 1o sputiering properties introduced by certain casting
technology.

{0027} In some embodiments, the present disclosure includes a method of forging
that reduces friction between the contacting surfaces of the material being forged and the
forging device during a forging process. The present disclosure also reduces the amount
of rolling used when processing a sputtering material by replacing rolling with a new
processing technique for forging that provides more uniform deformation.

[0028) In some ernbodiments, the present method includes perfornming a forging
step as frictionless upsetting to provide stress-strain uniformity followed by intensive
working without material cracking and press over-loading. In some embodiments, the
present method includes performing a forging step at temperatures below the minimum
temperature of static recrystallization to provide a fine uniform structure or texture. In
some embodiments, the present method includes a frictioniess forging step, followed by
rolling and an optional annealing step. The steps of forging, rolling and annealing can be
optimized to provide cost-effective processing and improve sputlering target performance,
{0029] In some embodiments, the methods disclosed herein use a frictionless
forging step in combination with an additional processing step {o create a material having
a homogenous grain structure and consistent lexture gradient. As used herein, the lerm
texture gradient refers to a metric describing the level of homogeneity and heterogeneity
that a texture exhibits within a particular area. An additional metric, referred toas a
banding factor, denotes the degree to which a material consisis of allernating bands of
varying grain sizes and texture.

{0030} As a measurement tool, electron back scatter detection ("EBSIDY”) can be

used to give quantitative data on the uniformity of grain size and texture. One measure of
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uniformity is the banding factor (“B™). B gives a measurament of the extent io which the
tocal texture consists of alternating bands. As illustrated in FIG. 16, the B value ranges
between 0 and 0.5, A value of 0 denotes no banding, whereas a value of 0.5 would
iescribe an extremely banded material having structures consisting of alternating bands of
large grains with different texture. Another measurable parameter is the uniformity factor
("H™) (also referred fo as a texture gradient) and 1s a metric describing how
homogeneoustv/heterogeneously the local texture is distributed within the scan area. H
ranges in value of 0 for a perfectly homogenous distribution of the texture to 1 for a
heterogeneous structure. The mathematics for carrying out these calculations and the
image contained in FIG. 16 are provided in Stuart L. Wright & David P. Field, Scalar
Measurements of Texture Homogeneity, Materials Science Forum Vols, 495-497 (2005)
pp. 207.
[0031] To measure the effects of the methods disclosed herein, the measure of the
banding factor B and uniformity factor or texture gradient H were calculated using
electron backscatter diffraction (EBSD) technique. EBSD s a microstructural-
crystallographic characterization techmgue that may be used to study any crystatline or
polycrvstalline material. The techmque involves understanding the structure, crystal
orientation and phase of materials. The equipment used for EBSD was a Philips X130
Field Emission Scanning Electron Microscope (FESEM} equipped with an EDAX EBSD
syster and EDAX EBSD Hikan camera. The data acquistiion software was TSL EDAX
OIM which includes a mathematical rowine to calculate both the uniforrmty factor H and
banding factor B.
[0032] The procedure used to calculate H and B 15 as follows. First, the sample is
scanned line by line through a thickness of the sample. For each columm or line of data
points in the scan grid, the software calculates the average deviation in alignment of a
prescribed crystal direction with the sample normal, also referred to as a pole (defined
further below). In effect, it is possible to plot a curve showing the pole deviations through
the sample thickness. Mathematically, the pole scalar function w®y (8) describes the
average angular deviation of a given pole (crystal orientation}, h, from a given sample
direction, v, as of function of depth (5).
{0033] Two scalar measures of texture umifornuty can then be derived from the
pole deviation plots. H defines the severity of a texture gradient and B parameterizes the

degree of textural banding. H is the first derivative of the pole density function a"y (8). It
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is termed the uniformity facior or texture gradient. It desecribes the change in average
orientation as a function of thickness and indicates local vaniations in texture and thereflore
is essentially a texture gradient function. If the texture is homogeneous, then local
variations are small and H is near 0 (it 1s a derivative of a constant function in that case).
If, on the other hand, the material alternates constanily {scanned line by scanned ling} from
one type of texture fo the other then H 15 large; the maxinmum value of H has been
normalized to be 1. The mathematical expression of H is given in equation 1.

(1) H= 1] 22ds
Where 19 the thickness of the sample,
w 15 the pole scalar function, and

& is the depth (1.e. the location of a given scan line).

{0034] The second measure, B, is calculated from the second derivative of the pole
deviation function. B may be calculated using equation 2.
oq 5, fLd2wW oo
(2) B= ASIAf =—dS

where AS is the distance between lings {rows or columns) of scan daia, and B is the
cumudative inflection in pole deviation per unit length, and 1s, thus, a measure of texture
banding in the material.

{06035] In some embodiments, the present methods have the potential to remove
certain casting defects such as feather grains. 1t also has the potential to eliminate bands of
large grains with differing texture, which may occur when using rolling alone.

{o03sg] Traditional forging devices often introduce an area of no material flow, or
limited material flow at the center of the interface between the material being forged and
the forging plates. This area of limited material flow, often referred to as a dead zone, will
generally have an area where the material being forged 15 1n constant contact with the
forging plates during forging.

{0037} Frictionless forging {"FF7) is a type of upset forging where almosi no
friction 1s present at the mterfaces of the material being forged and the forgimg device, e
the forging device plates. One advantage of using FF is that it aliows the surfaces of the
material being forged that are in contact with the forging plates to shide along the surfaces
of the forging plates, thus eliminating this dead 7one. As aresult, FF provides a uniform
strain distribution throughout the material being forged. This results in the material
having a homogenous structure {1.e. consistent grain size and texture) and reduces the

formation of grains of varving sizes. Having a consistent grain size throughout the
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material improves its usefulness, and provides an advantage in the manufacture of
sputtering targets.

{6038] In some embodiments, frictionless forging may include placing two,
preferably thin, sheets of solid lubricant between the surfaces of the material to be forged
and the forging plates. It has been found that suitable resulis are achieved using iubricant
polvmers that exhibit visco-elastic behavior at working conditions or carboun based
fubricants such as graphite. The use of graphite may also be advantageous as it elinunates
the need for machined pockets at the faces of billets. One form of graphite that mayv be
used is a sheet of graphite tape sold under the trade name Grafoil®, available from
GrafTech International, located in Independence, OH.

{0039] In some embodiments, a graphite sheet with a width substantially larger
than that of the maiterial to be forged may be used. Using a sheet of graphite that has a
greater width than the material o be forged provides continuing lubrication as the material
to be forged increases in width during the forging process. This method is generally
advantageous as it provides suitable coverage between the forging plates and the material
that is being forged throughout the entire forging process. It 1s known that an indent or
pocket may be formed on at least one of the surfaces of the material to be forged.
Generally, a pocket may be formed at the surfaces that are in contact with the plates of the
forging machine. For example, a pocket can be placed adjacent to the flat planar surface as
discussed m U8, Pat No. 6,569,270, However, using a sohid lubricant that 15 wider than
the material to be forged optionally removes the need to machine a pocket in the surface of
the material to be forged.

{0040] It has been found that several parameters of a FF process can be optimized
to improve the material produced with the methods disclosed here. Some pararoeters that
may be controtied include percent thickness reduction (total amount of strain), process
temperature, and strain raie (i.e. forging speed).

{0041} In some embodiments, the forging speed, which divectly affects the strain
rate, can be optimized to provide unifornmuty in the final product. For example, a higher
forging speed and greater strain rate may contribute to a better grain size uniformity. An
optirized strain rate can also create smaller grain sizes, especially in cases when dynamic
recrvstallization is needed, for example, when high temperatures are used. In some
instances, the strain rate has minimal effect when low temperatures are used, 1.e. the

material is undergoing static recrystallization.
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{0042) The process temperature can also be optimized. In some embodiments, the
process temperature can be controlled o improve the final product in two different ways.
In the first exarnple, the temperature may be controlled to remain below the static
ecrystallization temperature of a given alloy if static recrystallization heat treatment is
esired. In the second example, the temperature used may be allowed to increase just
above the static recrystallization teroperature if dynamic recrystallization is desired, 1.¢.
the grains deform and recrystallize at the same time during FF forging.
{0043] An example temperature range for dynamic recrystallization for aluminum
or alumumum alloys is between about 300°C and 350°C. Dynamic recrystallization is
preferred for certain applications, in particular for the elimination of feather grains.
However, it has been discovered that for high purity, low alloved aluninum aliovs such as
LC3 Al0.5Cu the grain size obtained after dynamic recrystaiiization may be too large for
sputtering targets, often over 55 microns.
{0044] For the percent thickness reduction, the upper limif ig fixed by the
maximum load attainable with a given forging press as well as the ductility of a given
material, that 1s, its ability to deform without cracking. As a malerial is {orged it becomes
wider and thinner, i.e. the height to diameter ("h/D7) ratio decreases, and the load
increases. In some materials, this may result in crack formation at certain loads.
{0045] Another process parameter that mav be optimized is the temperature of an
optional heat treatment step after forging and/or rolling. In some embodiments, a heat
treatment step may be used alone following forging and/or rolling. In some embodiments,
a heat treatment step may be combined with a bonding step, for example diffusion
bonding. In addition to optimizing a temperature used in a heat treatroent step, it 13 also
possible to optimize the time the material undergoes a heat treatment step.
{0046] The effect of temperatures corresponding to those used in diffusion
bonding has been studied. For example, sputtering targets are often diffusion bonded to a
backing plate by subjecting them {o elevated temperatures, typically around 250°C to
300°C, for 1 to 2 hours. The time and temperature parameters of diffusion bonding are
thus equivalent to subjecting the material to an annealing {reatment. It has been
discovered that it way be advantagous to FF matenial at room temperature to obtain
suitable results. The room temperature FF may be followed by a heat treatment step at
250°C-350°C. Using high FF temperature to dynamically recrystallize material is often not

the most suitable method when working with aluminum alloys as material characteristics
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such as grain size and uniformity degrade during subsequent heat treatment or bonding at
250°C-300°C. 1tis generally advantageous to combine FF forging with rolling, 1n order to
achieve a finer structure after a separate heat treatment at 250°C-300°C.
{0047] Optimal processing parameters for the above disclosed steps have been
found. Used in combination, these parameters may be used to create a material having
suitable grain size distnibution and texture homogeneity.
[0048] Frictionless forging mav be used alone to produce sputtering materials
having fine and uniform grain sizes. However, when processing aluminum alloys, the
percent height reduction often has to be greater than 70%, which may require hagh loads
when using a FF step alone. In many cases the loads required to achieve a 70% height
eduction using FF alone on an aluninum material are too high to achieve the final
material thickness. One solution 1s to perform a rolling siep afier the FF step. It has been
discovered that while rolling has advantages in terns of grain refinement, a rolling step
may not be suitable for more than an 80% total height reduction in the final product
because it may detrimentally affect texture and grain size uniformity. In some
embodiments, a suttable combimation of FF and rolling can include FF 1o a percent height
reduction between about 40% to about 75% followed by rolling to achieve between 30%
to about 80% height reduction. Rolling is generally performed along multiple rolling
directions. In some embodiments, 2, 4, or & directions are often used. For example, for 2
rolling directions, an aluminurm billet is rolled first perpendicular to the roll and then
rotated 90 degrees about the axis perpendicular to the billet surface for the next rolling
pass. For each subsequent rolling pass, the billet is progressively rotated another 90
degrees about the axis perpendicular to the billet before performing the next rolling pass.
As another exarple, for 4 and 8 directions, the billet is progressively tumed by 45 degrees
and 22 5 degrees respectively between each rolling pass (with the first pass often done
perpendicutarly to the rolls of the rolling mil}}.
{0048] In some embodiments, the h/D ratio may be less than 0.5 after a FF step so
that the rolling is carried out on already sufficiently thin plates. This allows a user to limut
the total rolling deformation. The lower limit of the percent thickness reduction is fixed
by the mimimum total sirain needed to achieve a {ine enough grain size upon further heat
treatment. For example, the percent thickness reduction durning the FF step mav be at least
70% 1f only FF is used. The percent thickness reduction during the FF step may be greater

than 50% if a rolling step is used after FF. As used herein, the term percent height
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reduction is the difference between the height of the material at the start of that processing
step, and the height of the material when that step is done divided by the height of the
starting material. In some emmbodiments, the percent height reduction mav be as low as
40%, 45%, or 50%, or as high as 70%, 72.5%, or 75%, or may be within a range delimited
by a pair of the foregoing values, such as 40% 1o 75%7, 45% 10 72.5%, or 50% t0 75%
ete.

[0050] In some embodiments, the instant disclosure provides a bonded sputtering
target/backing plate assembly, with the target formed of a high purity Al alloy. In
particular, the target may comprise at least 99.999% (SN} purity aluminem combined with
at least one or more of the following alloving elements: Cu, 81, Ti, Nd, S¢, Zr, Mn, or Mo,
Alloying elements may be present at weight percentages as low as .05, 0.75, or 0.1 or as
high as 7.5, 9.0, or 10.0, or may within a range delimited by a pair of the foregoing values,
such as between about 0.05% and 10%, 0.75% and 9.0% or 0.1% and 7.5%.

[0051] In some embodiments, an aluminum material may be created having an
average grain size greater than 0.5 microns but less than 55 microns, less than 45 microns,
or less than 40 microns as measured using optical microscopy. In other words, the final
product would not contain bands of material containing grains larger than 55 microns. In
some embodiments, the grain size can be measured to quantify the texture or uniformity of
the structure as measured by electron back scatter diffusion (“"EBSE™).  As measured
using EBSD, the banding factor B may be less than 0.01, less than (.003, or less than
0.0025.

[0052) In some embodiments, the methods of the instant disclosure may be used to
form an ahuminum material having a sniformity factor H of less than 0.20, less than 0.15,
tess than 0.12, or less than 8.10. In some embodiments, the methods of the instant
disclosure may be used to create a material with texture strength less than 3 times random
{117, as measured by max intensity of pole figure and inverse pole figures dunng
EBSD. During EBSD, the intensity of the diffracted electron beam for all crvstallographic
planes of the scanned area can be graphically represented in pole figure and inverse pole
figure {this is described further below). The stronger the intensity for a given
crystatlographic plane, the more grains that possess this particular crvstallographic
orientation, and, therefore, the more 1t 1s predominant. Intensities are often measured as

multiples of times random (1.1.}, for example 1 times random, 2 times random etc.
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{0053] The EBSD equipment is onginally and periodically calibrated with a
random sample that gives an intensity of 1 fimes random. A random sample 15 usually a
specially prepared powder sample that has a grain population that exhibits a random
distribution of crystal orientations (i.e. no single crystal orientation dominates, meaning
that there is roughly an equal number of grains containing a particular crystaliographic
orientation along the measured plane). Typically, max intensity values for a pole figure or
an inverse pole figure between 1 and 3 t.r correspond to weak texture, values between 3
and 6 t.r. to medium textures and values over 6 tr. and, especially over 10 i1, to strong or
very strong textures where a few main orientations dominate.

[00584] The values for the strengths can be measured along specific planes defined
by their Miller indices. For example it is possible to have a weak (200} plane or weak
{111} plane displayed in inverse pole figure or pole figure. What this imdicates is that the
max intensity measured will be typically less than 3 t.r. in both cases, the difference being
that in one case a slightly higher number of grains have their (200) crystallographic plane
parallel to the external measured reference plane whereas in the other case therets a
shghtly higher number of grains will have a{111) orientation. That is, there are a slightly
higher number of grains with a (111) orientation compared to a perfectly random
distribution.

{0055] In some embodiments, the instant disclosure may be used o create a
malerial having a texture orientation that is random or preferentially weak (200) in all
directions. The term all directions, means looking not only at the plane paraliel to the top
face of the sputtering target but two planes perpendicular to the top surface and going
through the target thickness as well. As shown in FIG. 14, a schematic of the cross-section
of a sputtering target is shown to define the external reference planes whose direction is
{001}, 1100], {010} for a sample in relation to the spuitering farget shape.

{0056] In some embodiments, the instant disclosure may be used o create a
malerial having a texture orientation that is random or preferentially weak (200) in all
directions. For example, (200} is the Miller index for the plane meaning that the (200)
plane of the corresponding grain lattice 1s parallel o the physical surface observed. For
polycrvstals with multiple grains, that means that a majority of graims will have their (200}
crvstallographic plane parallel to the surface physically measured in all directions {or
equivalently planes since ditections are perpendicular to planes). This means that when

looking not only at the plane parallel 1o the top face of the target but also at any plane
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perpendicular {o the top plane and going through the target thickness, it will be found
either that grain orientations are mostly randomly distributed (no particular orentation
dominates) or that there is a slightly lugher population of gramns with a (200) orientation
resulting overall in a weak (200) texture. A weak (200) will have more (200) planes
compared to what would be found in a sample that has a random texture as detected by
imtensity of pole or inverse pole figures, but not more than 3 tr.

[0057) FI1G. 1 illustrates one embodiment of a method using the steps of the instant
disclosure. As shown i FIG. 1, in an exemplary method, an aluminom or aluminum alioy
billet of a given coraposition is first prepared i step 108, This may include casting the
material to a particular size and/or shape, and optionally a surface treatment. In some
embodiments, the aluminum or aluminum alloy 1s cast into a cylinder having a material
height h to diameter D ratio between about 0.75 and 3.0. Using this ratio may be helpful
to hint loads on a forging apparatus and make the FF operation eagsier to carry out. In
some embodiments, an “as cast” material can be used. In other words, no particular
machining of the material to be forged is required following casting. For example, no
machined pocket at the top and bottom face of matenial to be forged 1s required when
using a carbon-based sheet such as a sheet of graphite, as discussed above. Instep 110,
the material to be forged may optionally be heated, or the material may be left at room
temperature.

{0058] The material to be forged s placed on the forging apparatus n step 112, In
some embodiments, the parameters for a FF step preferentially include using graphite
sheets between the material to be forged and the forging plates. As previously disclosed, it
has been found to be advantageous to have the diameter of the graphite sheets
substantially larger than the diameter of the billet. In some embodiments, a 12-14 inch
wide graphite sheet may be used for a 7.5 inch wide material to be forged. This allows the
graphite to cover most of material surface as forged material gets larger and thinner during
a forging step. 1t has been found that this configuration provides some advantages over
the currently used techniques. It should be noted that the graphite sheats should be thick
enough in order for them not to break, while still providing the best fubrication. A typical
thickness for a graphite sheet 1s between about 0.01 inches and 0.1 inches thick. Another
option is to place insulation around the material 1o be forged. This mav aid m maintaining

a constant temperature during the forging step.
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[0059] In step 114, the material is subjected to a forging process. A suitable
operating temperature for FF has been found 10 be about room temperature. Often a
shghtly elevaied temperature, for example less than 200°C, 1s the next best option if
forging at room temperature is not possible. The FF process may be controlled to remain
below time and temperature conditions that correspond to static recrystallization for the
material being forged.

[0060] The percent height reduction during a FF step may be controlled to between
about 40% and 75%. As disclosed above, seeking greater percent height reduction from a
forging step alone may result in damage to the forging equnpment or induce cracking of
the material. During the forging step, a slightly elevated terperature is possible but
optional. For aluminum alloys, an intermediate temperature range may be from about
50°C to about 250°C, 1.e. lower than the temperature of static recrystaliization.

[0061] In some embodiments, followmg the FF step, a rolling step (step 116) may
be used to further reduce the height of the material. In some embodiments, rolling may
include a percent height reduction between about 30% and 80%. Rolling may be carried
out multi-directional, for example 2, 4, § or 16 directions as described above.

{0082] As shown n step 118, after the matenal has been brought to the desired
height it may be further processed using for example a heat treatment step. In some
embodiments, a heat treatment step may include annealing. In some embodiments a heat
freatment step may be combined with, or be a feature of, a bonding step for diffusion
bonding the target to a backing plate. For a heat ireatment step, an example time and
temperature range is about 250°C 10 300°C for 1 to 2 hours.

{0083] It has been found that using the disclosed FF process, a forged matenal
having a wniform strain distribution throughout the material can be produced. This process
can be applied to a number of applications involved in the manufacture of sputtering
targets. The process has been found to produce a material with a finer and more uniform
grain size throughout the billet, and bands of large grains with different texture are
eliminated. In some embodiments, the disclosed process can also break down and
potentially eliminate some casting defects such as pores or dendrites.

[0064] It has been shown that the disclosed process provides an advantage over
rolling or forging alone. The results have been quantified using two parameters: banding
factor B and uniformity factors H, and are measured using EBSD analysis to determine

quantitatively the uniformity of texture. As shown in the examples below, at least these
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two factors can be used o illustrate that materials processed using FF methods have a

better overall structural and textural uniformity.

EXAMPLES
[0065] The following non-limiting Examples illustrate various features and

characternistics of the instant disclosure, which 1s not to be construed as linmited thereto.

Example |

Small Scale Frictionless Foreing Experiments With Dyvnamic Recrvstallization

[0068] Small scale frictionless forging experiments were conducted to determine
the effect of FF temperature and percent reduction on conditions of dynamic
recrvstallization in Al0.3Cu

[0067] An aluminum billet comprised of 99.9995% (5N) Al + 0.5Cu was the
starting material. The alununum billed was 1 inch in outer diameter and had a 2 inch
height. Grafoil® sheetis (available from GrafTech International, located in Independence,
OH) were used at the top and bottom of the aluminum billet. Some msulating material was
wrapped around the outer diameter to limit thermal losses.

{0068] The goal of these small scale tests was to understand the importance of
varigus critical parameters on the occurrence of dynamic recrysiallization during forging,
Dynamic recryvstallization occurs when gramns first deform but then recrystallize into new
grains free of dislocations during deformation. The onset temperature for dynamic
recrystallization is usually from about 0°C to abowt 100°C above the temperature range
where the material begins 1o undergo static recrystallization. This ts about 300°C to about
400°C for AlQ 5Cu for example.

{0089] Two different percent height reductions were anafyzed, the first sample
underwent a 70% height reduction and the second sample underwent about an 85-90%
height reduction. Additionally, the effects of various forging temperatures were analyzed,
from room temperature up to 400°C. It can be seen from Table 1 that dynamic

recrystallization occurs at FF temperature greater than 300°C at an 80-85% reduction and
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greater than 350°C for height reductions lower than 70%. Below these temperatures, the

material is still mostly deformed. Except for Sample 4, the case of an 80-85% FF at

300°C, which yields a uniform 49.5 microns grain size, all other samples have too large

grain size {greater than 150 microns} and, in some cases, a non-uniform grain size is

present.
Table 1
Example 1 Parameters
FF Percent (Grain size
Height Forge Temp Mean Grain Size uniformity
Sample Reduction ) {Imicrons)
1 85-90 Room Temp deformed Poor
2 85-90 250 not fully recrvstallized Poor
3 85-90) 275 not fully recrystallized Poor
4 85-90 300 493 Good
5 85-90 350 150 Medium
6 85-90 400 306 Medium
7 70 Room Temp deformed Poor
8 70 300 not fully recrystallized Poor
9 70 350 322 Medium
[0070] This data shows that the process window {timne, temperature) (o get

acceptable grain size by dynamic recryvstallization is tight. It is limited to hugh reduction

(greater than 80Y%) and temperatures within 50°C of that of static recrystaliization. This

indicates that the process is suitable if it is tightly controiled in practice. In particular, high

reductions will cause hagh loads on the forging equipment.

[0071]

The effect of annealing after FF was analvzed to find the best parameters

after dynamic recrystallization. For the annealing step, Sample 4 was used {an 85-90% FF

reduction at 300°C, 49.5 macrons grain size). The annealing results are shown in Table 2

and indicate that grain size and uniformity deteriorated during further annealing (heat

treatment} up to a bonding temperature of about 300°C.
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Effect of Annealing on Example 1, Sarople 4 Maierial

Table 2
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FF Percent
Height Forge Rolling Percent Arnneal Mean Grain Size
Reduction Temp (C) | Height Reduction | Temperature ({C) {microns)
85.90) 300 none none 49.5
none 250 67.9
nong 275 58.3
none 300 62.95
[0072] Overall, these resulis show that dynamic recrystallization during FF of

alununum alloys may be difficult to achieve and tmplement practically and nught not vield
a sufficiently uniform grain size at temperatures corresponding to typical bonding

conditions.

Small Scale Effect of Annealing Temperature After Frictionless Foroing

With No Dyvnamic Recrvsiallization

[0073]

in Example 2. In this example, the effect of standard annealing was studied using the

The same starting blank and expertment set-up used in Example | was used

samples that were not dynamically recrvstailized dunng FF at an 85-90% reduction.
Referring to Table 1, these were Samples 1~ 3. An annealing fime of one hour was used o
best simulate diffusion bounding conditions.

[0074]

uniformity. The best condition is when the samples are FF at room temperature (no pre-

Table 3 and FIG. 2 illustrate the results for grain size and grain size

heating). In this case, grains of less than 50 nucrons and uniform sizes are obtained at

temperatures corresponding to bonding a typical bonding step (i.e. 250°C-300°C).
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Effect of Annealing Temperature on Grain Size and Uniformity

FF Percent Height Forge Temp Mean Grain Size
Reduction {"C) Anneal Temperature (C) {(microns}
2500 Room Temp none deformed
250 35.75
275 42
300 48
not fully
3590 250 none recrystallized
250 75.31
275 3575
300 54.45
not fully
2590 275 none recrvstallized
250 83.6
300 1295
Exanple 3
Small Scate Effect of Rolling and Annealing
After Room Teroperature Frictionless Forging
{0075] The same starting blank and experirental set up used 10 Example | were

used. In this example, the effect of rolling after FF followed by heat treatment (annealing)

using femperatures and process times approaching typical diffusion bonding parameters

were evaluated.

[0076]

First, as shown in Table 4 (and in FIG. 3 by comparing the curve with

square dots with that of the round dots in FIG. 2), adding a moderate amount of rolling

{(here a 52.3% height reduction) has a postlive effect as it leads 10 a decrease in grain size

throughout the studied annealing range (250°C, 275°C and 300°C). The extra deformation

due to rolling 1s responsible for this additional structural refinement. but 1s small enough

not to affect uniformity.
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Effect of Rolling and Anneal Temperature on Frictionless Forged Matenal

Rolling Percent
FF Percent Forge Terop Height Anneal Terperature | Mean Grain Size
Height Reduction {Cy Reduction () {microns)
85-9¢ Room Temp 0 none deformed
250 3575
275 42
300 48
85-90 Room Temp 523 none deformed
250 235
300 4175
70 Room Temp 615 none deformed
250 32.5
275 316
300 50
57 Room Temp 74 None deformed
250 238
275 31.71
368 381
{0077} Second, as shown in Table 4 (and again 1 FIG. 3 by comparing the curve

with square dots with that of the triangular dots in FIG. 2), 1t 1s possible to reduce the

amount of FF to a 70% height reduction by using a moderate amount of rolling. For

example, here a 61.5% height reduction was used {(see the curve with tnangular dots in

FIG. 3), and a fine and uruform grain size was oblained, even for lemperatures

corresponding to those used for bonding (250°C-300°C). Third, as shown in Table 4 (and

again in FIG. 3 by comparing the curve with square dots with that of the diamond dots in

FIG. 2), it is possible to reduce the amount of FF 1o a 57% height reduction by using a

moderate amount of rolling. For example, here a 74% height reduction was used (see the

curve with diamond dots in FIG. 3), and a fine and uniform grain size was obtained, even

for temperatures corresponding to those used in diffusion bonding (250°C-306°C).

[0078]

FIGS. 4A-4E display the microstructores of samples that were FF at room

temperature ("RT7}, rolied, and annealed at 250°C and 300°C, and compare some of the

examples of an 85-90% and 70% FF sample with additional rolling, with examples made

with FF alone.
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{0079] FIGG. 4A shows the grain structure at x100 magnification after an 85-50%

height reduction with FF at room temperature, followed by a 52% height reduction with

rolling at 250°C, resulting in an average grain size of 255 pm.

{0080} FI1G. 4B shows the grain structure at x100 magnification after a 70% height

reduction with FF at room temperature, followed by a 61.5% height reduction with rolling

at 250°C, resulting in an average grain size of 32.5 pm.

[0081] FIG. 4C shows the grain structure at x100 magnification after an 85-90%

height reduction with FF at room temperature, followed by a 52% height reduction with

rolling at 300°C, resulting in an average gramn size of 41.75um.

{0082] FIG. 4D shows the grain structure at x100 magnification after a 70% height
eduction with FF at room temperature, followed by a 61.5% height reduction with rolling

at 300°C, resulting in an average grain size of SO0pum.

{0083] FIG. 4F shows the grain structure at x100 magnification after an 85-90%

height reduction with FF at room temperature, with no rolling, resulting in an average

grain size of 48pum.

{0084] Overall, moderate rolling 1s advantageous after room temperature FF. It
allows the use of smaller FF reductions yet still provides fine umform grain structure after

heat treatment up to bonding conditions.

Example 4

Large Scale Frictionless Foreed Prototvpes and Trials: Comparine Two Processes With

Frictionless Forging and Rolling
{0085] Based on the results of Examples 1-3 using small scale trials, the following
two large scale samples were manufactured. Target A was FF 1o 2 52.5% height reduction
{from 6 inches to 2.85 inches in height} at room temperature followed by a 75% height
reduction using cross-rolling along 4 directions (from 2.85 inches to 0.7 inches} at room
temperature. Target B: was FF to a 74% height reduction (from 6.0 inches to 1.58 inches
in height) at room temperature followed by a 55% height reduction using cross-rolling
along 4 directions {from 1.58 inches {o (.7 inches) ai room iemperature. See Table 5

below.
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Table §
Comparison of Percent Billet Height Reduction For 3 Studied Processes.
Total percent Initial Final Process used
height reduction | Height (in.) | Height (in.)

Baseline 38% 6 0.7 88% cross-roll
TARGET A 8358% 6 0.7 32.5% FF and 75% cross-roll
TARGET B 88% 6 0.7 74% FF and 53% cross-roll

{0086] Wote that for both Target A and Target B the total amount of strain is the

same since the initial and final heights are the same for both targets, as summarized in
Table 5. Also note that the processing parameters for Target B, with a 74% FF height
reduction is at the high end of the loading capabilities of the forging press and is therefore
more difficult to carry out than the parameters for Target A. All else being equal, if given
a choice, it would typically be easter to attamn the processing parameters used for Target A,
{0087] Both samples were diffusion bonded to a 300mm diameter backing plate
for the same time and temperature: 300°C for longer than two hours. After the backing
plate bonding step, the grain sizes were evaluated using optical microscopy both along the
top surface at 49 locations and at a through thickness at 9 locations.

[0088]
49 locations. FIG. 5 and FIG. 6 give the statistical data. FIG. 7 and table 6 provide the

Statistical analysis was conducted for data collected along the top plane at

direct statistical comparison (1 test) between both processes.
Table 6
Data For FIG. 7. Two-Sample T-Test for 75% FF vs. 50% FF

Sample N Mean StDev SE Mean
74% FF Forge 49 42 45 2.931 A2
52.5% FF Forge 49 42 30 3.161 45

Difference = mu (74% FF Forge) - mu (52.5% FF Forge)
Estimate for ditference: -0.347
95% (1 for difference: {-1.569, 0.876)
T-Test of difference = 0 {vs not =) T-Value =-0.56 P-Value =0.375 DF =95

{0089] In summary, the mean values (42.45 & 42 .80 um) and standard deviations
(2.931 & 3.161 umy are very similar, The P value as displayed in Table 6 15 P = 0573
whiuch is well over the threshold value of 0.05 (1.e. 0.575 is much greater 0.05). What this
data indicates is that there is no statistical difference between Target A and Target B for

grain sizes at the target surface {with a 95% confidence level).
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[0090]

The grain sizes along the cross section through the target thickness were

PCT/US2016/043997

measured at 9 locations near the top, middle and bottom thickness of the blanks at 3 target

radit {center, mud-radius, edge). See FIG. 8 The data, contained in Table 7 show a close

similarity in grain size data between the large scale process and prototypes of Example 1-

3.
Table 7
Data For Example 4 Cross Sectional Area Grain Size Measurements
52.5% FF height reduction and 74% FF height reduction and
75% rolling height reduction 55% rolling height reduction
MID MID
EDGE RAD | CENTER | EDGE RAD | CENTER
CROSS
SECTION | TOP 37.5 38.3 398 38.4 36.04 38.1
MIDDLE 37.1 40.0 40.8 39.6 399 395
BOTTOM 375 398 40.1 490 40.2 413
Mean /
column 374 384 40.2 423 337 386
Mean GS 39.0 40.2
Std Dev 1.4 3.6
[0091] Mote that the cross-sectional data have a smaller mean grain size (39 &

40.2 microns) than at the top surface {42.45 & 42 80 microns). This may be due to the

shghtly more elongated shape of grains when observed along the cross sectional thickness.

Based on the grain size results, 1t may be advantageous fo use a FF process with a lower

percent reduction such as 30-60% in order to simplify the process.
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Comparison of Large Scale Frictionless Forging vs Baseline Process: Grain Size at Top

[0092]

Face as Measured by Opuical Microscopy

of casting of a cylindnical billet foliowed by cross-roiling and then machining and

The baseline process often usad in production for AlG 5Cu targets consists

honding. Cross rolling 1s performed at room temperature for a typical height reduction of

88% (trom 6.0 inch height to 0.70 inches) as shown above in Table 5. The cross-roll

paitern uses 4 equally spaced rolling directions. Four baseline targets were completed and

analyzed by optical microscopy 1o measure grain size at the top surface at 49 locations.

These targets were compared with the two FF and rolled prototypes discussed in Example

4
[6093]

Table 8 displays the data collected from the comparison of the baseline

material and the inventive examples. FIG. 9 shows statistical analysis {ANOV A) between

the 4 baseline targets and the two FF and rolled targets. FI{. 10 shows the statistical

analysis {ANOVA) between the 2 best baseline targets and the two FF and rolled samples.

Tables 9 and 10 contain the statistical data shown in FIGS. 9 and 10 respeciively.

Grain Size Comparison For Baseline Material and Frictionless Forge Material

Table 8

52.5%
Height 74% Height
Baseline Process Readuction Reduciion
From FF From FF
larget 1 | target 2 target 3 target 4
Grain Sive (microns) | 44.94 47.16 44.76 44.61 42.8 42.45
Standard Deviation 4413 382 2.926 2.949 3161 2.931
Table 9
Statistical Data For FIG. 9.
Source DF 88 MS F P
Factor : 708.6 1417 12.16 0.000
Error 238 33562 11.7
Total 293 4064 .8
S=3414 R-8q=1743% R-Sqgladi}=16.00%

jpie)

it et
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Table 10
Statistical Data For FIG. 10,
Source D S8 MS F P
Factor 3 211.67 70.56 7.87 0.000
Error 192 1720.68 8.96
Total 195 1932.35
§=2994 R-8q=10.95% R-Safad)=9.56%
{0094] Overall the two FF and rolled targets have smaller average grain sizes by

about 2 to 5 microns and similar standard deviation. ANOV A analvsis indicates that the
difference in grain size is significant with P value P = 0.00 which is less than the threshold
of 0.03. Thus 15 the case even when comparing the two best baseline targets from FIG 10 1o

the FF ones.

Example 6

Comparison of Laree Scale Frictionless Foreced Material 1o Baseline Process: Optical

Microscopy and EBSD Analvsis of Grain Size and Texture

[0035] Five baseline targels were produced using the standard baseling process
described in Exarople 5. These five baseline targets were compared to the two large scale
FF samples of Examples 4 and 5 (Targets A and B} by using cross-sectional optical
microscopy and EBSD.

{0098] The five baseline targets were used in a sputtering process and were either
found to have performed poorly (the samples labeled target #1, #2, #3, and #5) or
performed adequately (the sample labeled target #4). Table 11 and FIG 11 show the
cross-section grain size as measured by optical microscopy. The baseline {argets that were
noted to have performed poorly (the samples labeled target #1, #2, #3, #5) have larger
mean grain size and worse uniformity than the baseline target that performed adequately
{the sample labeled target #4), especially at half thickness. These two parameters indicate
what may contribute {0 the poor performance. In comparison, the data for the FF and
rolled samples fall on the low side of grain size range and average compared to either the

poor or adequate baseline targets.
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Table 11
Grain Size of Cross Section by Optical Microscopy
Baseline: 90% Height Reduction Rolling FF Height Reduction
L ocation Poor Performance Adequate | 32.5% FF | 74% FF with
oAty #1 #2 # # 4 with roll roll
Top 52 63 57 65 51 385 375
Middle 1 76 51 46 45 52 383 387
Middle 2 75 5 76 55
Botiom 59 46 40 36 513 39.1 435
Average 66.5 5275 5475 50.25 515 39 402
{0087] The data on grain size obtained by optical microscopy was confirmed by

EBSD analysis of the cross section through the full target thickness. As shown in Table

12 below, the two FF targets have lower mean grain size and similar standard deviation.

FIGS. 12A and 12B show the distribution in grain size, and Tables 13 and 14 contain the

data used to create FIGS. 12A and 12B respectivelv. As shown in FIGS. 12A and 12B, a

(Gaussian distribution s present, indicating good unifornuty.

Table 12
Average Gramn Size and Standard Deviation
Sample Average Grain Size STD Dev (microns) -
{microng) - EBSD EBSD
I 54.4 299
2 ; 20.67
Baseline - 38 2063
3 43.4 243
5 36.7 20
FF 52 5% FF with rolling 31.37 1971
74% FF with rolling 36.68 21.05
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Table 13
Data For FIG. 12A.
Chart: Grain Size (Diameter)
Edge grains included in analysis
Diameter (microns) Number
8.652 2250
10.17 1262
11.96 2433
14.06 1692
16.53 1980
1944 1626
2285 2636
26.87 2443
31.59 2681
37,14 2910
43.67 2609
51.34 2262
60,36 1716
70.97 1114
83.44 387
98.10 218
1153 63
1356 i1
1594 2
187.5 2
Average Number 31.3716
Standard Deviation Number 19.7159
Sample 52.5% FF + 75% rolling




WO 2017/023603 PCT/US2016/043997

Table 14
Data For FIG. 12B.
Chart: Grain Size (Diameter)
Edge grains included in analysis
Diameter (microns) Number
8.594 1057
9.969 682
11.56 1011
1341 1445
15.56 1212
18.05 1656
20,94 1944
24.29 2363
2818 2284
32.69 2717
37.92 2821
4398 2830
51.02 2587
5919 2204
68.66 1706
79.65 1033
92.39 320
107.2 180
124.3 54
144.2 4
Average Number 36.6874
Standard Deviation Number 21.0542
Sample 74% FF + 55% rolling

{0098] FIGS. 13A and 13B illustrate 2 map for grain size and texture of the two
FF samples respectively. The map reveals a homogenous grain size and texture with no
group of groups of large grains and no group of grains with a simailar texture, 1.€. 1o grain
banding. EBSD confirms that FF prototvpe parts show a uniform grain size distribution
with an average grain size on the low range of the historical value.

{0083} For these examples, EBSD allows for further comparison between FF and
baseling targets. As displayed in Table 15, the values of B and H for the two FF samples
are lower than those of the five baseline targets. B values for FF samples are near (0 {(0.001
and 0.003} confirming the absence of banding. H values for FF pieces are 0.114 and 0.110

compared to a higher range of 0.195-0.275 for the five baseline targets.
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Table 15
Banding Factor and Homogeneity Values for Baseline and Inventive Exaroples
Baseling: 90% Rolling Height Reduction Frictionless Forging
. 1 . ~a Tare,
{ocation Poor Performance Targets Adequate 59 59 FF 74% FF forge

#1 #2 #3 #5 forge + roll + 1ol
Uniformity
Factor H 0.26 0.194 0.275 (0.195 0.114 0.11
Banding
Factor B 0.01 0.035 0.006 0.001 0.001 0.003

[60100]

Texture strength and orientation were also analyzed with EBSD. Texture

strength was evaluated by measuring the maximum intensity of pole figures and inverse
pole figures. A pole figure 1s a graphical representation of the onientation of objects in
space. For example, pole figures in the form of sterengraphic projections are used to
represent the orientation distribution of crystallographic lattice planes in crystaliography
and texture analysis in materials science. As shown in FIG. 15, the pole figure plots the
orientation of a given plane normal with respect to the sample reference frame. Inverse
pole figure are also a graphical representation of objects in space. For the inverse pole
figure, the focus is on a specific sample plane such as a sample normal plane, and finding
which crvstal plane is parallel to this specified sample plane.

[00101] To define orientation and pole, consider an object with a reference basis
attached to it. The orientation of the object in space can be determined by three rotations (o
transform the reference basis of space {o the basis attached 1o the object; these are the
Euler angles. If one considers a plane of the object, the orientation of the plane can be
given by its normal line. If we draw a sphere with the center on the plane, then the
mtersection of the sphere and the plane ts a circle, called the "trace” and the intersection of
the normal line and the sphere s the pole, as shown in FIG. 15

[00102] A single pole 18 not encugh to fully determine the orientation of an object:
the pole stays the same if a rotation is apphied around the normal line. The orientation of
the object 13 fully determined by the use of poles of two planes that are not parallel. By
definition, the pole figure is the stereographic projection of the poles used to represent the
orieniation of an object in space.

{60103} Table 16 compares data for the maximum intensity. One times random
{(t.r.} corresponds to a perfectly random texture when crvstallographic orientations are

shared equally between grains and there is no preferred orientation. Intensity is measured



WO 2017/023603 PCT/US2016/043997

i multiples of random intensity (times random or t.r.}). Typically values between 1 and 3
t.r correspond to weak texture, values between 3 and 6 L1 {0 medium textures and values
over 6 1.7, and, especially over 10 t.r, to strong or very sirong textures where a few main

orientations dominate.

Table 16
Max intensity of Pole and Inverse Pole Figures and type of texture
Part Texture Strength Texture orientation
Max intensity of | Max intensity of
[001] Inverse Pole Pole Figure
Figure {(times {times random}
random)
1 1.925 3.032 weak/medium (200)
Bascline 2 2.141 2.714 weak (200)
aseline 3 3721 4.099 weak/medium (200)
5 2252 2.79 weak {200}
52.5% FF + 1.892 2.29 weak (200)
. rolling
FF forged 1 10 pp + 2503 2.607 weak (200)
rolling
{00104] Table 16 indicates that FF targets have a weak texture with a max intensity

less than 3 times random {range of 1.49 to 2.6 £.r.}, which is on the low side of values for
the five measured baseline targets {range 1.9 to 4.099 t.r.}). Both the FF and baseline
targets have a shightly higher level of (200} orientation when looking at texture of the
plane parallel to the top surface (i.e. [001] inverse pole figure as shown in FIG.14). This
means that the top plane has a slightly higher number of grains with a (200) orientation
while other orientations are distributed quite equallv armong remairung grains. The FF
samples have however a slightly more uniform texture when measuring texture in 3
dimensions.

[00105] Table 17 displays texture strength and orientation along 3 perpendicular
directions: the [001] direction that represents the normal of the plane parallel 1o the top
surface of target as in FI(G. 14 and Table 11 but also the [010] and {100} directions that are
perpendicular to {100} and therefore represent planes perpendicular to the top surface of
the target. FIG. 14 describes the different planes associated with [001], [010], and [100]
directions. The FF and rolled targets show uniformly a weak (200} texture along all 3

directions whereas the baseline target (sample 1) has different weak textures along the two
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other directions ((212) & (112} along [010] plane and {112} & (103) along | 100] plane).

This level of textural uniformity has been shown to benefit sputiering performance.

Table 17

Texture along 3 directions

52.5% FF and 75% rolling

Sample § - Baseline

Max Main Max Main
miensity of | orientation | intensity ortentation
inverse Pole of Inverse

Figure (fimes Pole
randomj Figure
{times
randon)
Plane [001] [001] - Plane 1.892 weak 1.925 weak {(200)
Observed Paraliel to top {200)
{[xy7] target face
direction | [010] | [010] - Through 1.53 weak 1.244 weak (212) &
is normal thickness plane (200) (112)
o that perpendicular to
plane) target face (1.
{0011
{100] | {100] - Through 1.375 weak 1.387 weak (112} &
thickness - plane {200} (103}
perpendicular io
{001] and {010}
planes
{00106] In summary, the FF with rolling samples exhibit a more uniform weak

texture as measured by H values and inverse pole figures along 3 directions and a less

banded (fower B values) and finer grain structure compared {o the baseline targets.

[00107]

Vartous modifications and additions can be made to the exemplary

embodiments discussed without departing from the scope of the present mstant disclosure.

For example, while the embodiments described above refer to particular features, the

scope of this nstant disclosure also mcludes embodiments having different combinations

of features and embodiments that do not include all of the above described features.
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Claims

1. A sputtering target comprising:

a forged aluminum or aluminum alloy material having an average grain size between 15 and
55 microns, the aluminum or aluminum alloy material having at least two of the

following:

a homogeneous texture with minimal texture banding as measured by a banding
factor B below 0.01;

a texture gradient H of less than 0.2; or

either weak (200) texture or near random texture characterized by a maximum

intensity of inverse pole figure less than 3 times random in multiple directions.

2. The sputtering target of claim 1, wherein the aluminum or aluminum alloy material has a either
weak (200) texture or near random texture in multiple directions, along planes parallel to a top face of

the target and thickness planes perpendicular to the top face.

3. The sputtering target of either of claims 1 or 2, wherein the aluminum or aluminum alloy

material has a banding factor B below 0.005.

4, The sputtering target of any of claims 1-3, wherein the aluminum or aluminum alloy material

has a texture gradient H less than 0.12.

5. The sputtering target of any of claims 1-4, wherein the aluminum or aluminum alloy material

has a uniform average grain size distribution between 20 microns and 45 microns.

30



