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Abstract

This report provides a detailed characterization Tri-lab Tantalum (Ta) plate jointly
purchased from HCStark Inc. by Sandia, Los Alamos and Lawrence Livermore
National Laboratories. Data in this report was compiled from series of material and
properties characterization experiments carried out at Sandia (SNL) and Los Alamos
(LANL) Laboratories through a leveraged effort funded by the C2 campaign. Results
include microstructure characterization detailing the crystallographic texture of the
material and an increase in grain size near the end of the rolled plate. Mechanical
properties evaluations include, compression cylinder, sub-scale tension specimen,
micohardness and instrumented indentation testing. The plate was found to have
vastly superior uniformity when compare with previously characterized wrought Ta
material. Small but measurable variations in microstructure and properties were
noted at the end, and at the top and bottom edges of the plate.
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1. INTRODUCTION

A large single batch of Tantalum (Ta) plate material produced by HC Stark Inc.
(www.hcstark.com) was jointly purchased by Sandia (SNL), Livermore (LLNL), and Los
Alamos (LANL) National Laboratories permitting the individual DOE labs to perform
investigations on the same processed material. For this to be the case, Ta material obtained had
to be microstructurally similar from plate to plate, thus ensuring that properties would also be
similar. Another important goal of the joint purchase was to have material that was homogenous
within a plate. With baseline material optimized for microstructure and properties uniformity,
experiments performed across the labs could be compared directly and/or utilized together to
build a common database for the understanding of this class of materials’ performance.
Specifically, a thread of similarity would exist between experiments conducted at the high rate
test facilities at LANL, National Ignition Facility (NIF) at LLNL and Z-pinch at SNL. Through a
single large procurement, the Ta plate material was distributed amongst the laboratories. Initial
characterization of the material microstructure and its properties has been performed to
determine the extent to which desired material characteristics, uniformity and homogeneity,
match with actual material characteristics.

In this Joint Report prepared by SNL and LANL, the initial material characterization, which
includes details of microstructure and properties of the Ta plate material, henceforth designated
as the tri-lab Ta plate, is provided.

Goal: Establish the extent to which there exists uniform microstructure and crystallographic
texture throughout a single Ta plate. The relationship of this microstructure to mechanical
properties is also established. Finally, a direct comparison of select microstructural features and
properties is carried out.

1.1 Material

The original Tri-Lab Ta plate material specifications, chemistry and processing, as provided by
the manufacturer, are provided here.

Specifications:
Disk shape: Typical Plate size- 0.4" (10.16 mm) thick by 17.5" (44.5 mm) dia. A total of 9

plates were purchased, Each Lab was given 3 plates. One such plate is shown in Figure 1.1.

Chemistry:
The chemistry conforms to specification provided by ASTM B-708-05. Most significant

measured impurities are O (16 PPM), N (8 PPM), C (5 PPM) and H (1 PPM).

Processing:
Processing a metal or metal alloy from an as-cast or as-cast and homogenized condition to a

finished form such as the rolled plate illustrated in Figure 1.1 requires several steps. Plate rolling,
as a directional deformation process, commonly leads to microstructural characteristics of
banding and preferred crystallographic orientations typically referred to as crystallographic
texture. These microstructural variations can lead to a directional dependence and local
variations in mechanical properties. Furthermore, a portion of a multi-step, plate-rolling process

11



that also contributes to microstructure and property variation in the finished plate includes heat
treatments, either during rolling (hot rolling) or through successive deformation+anneal cycles.
Heat treatment affects microstructure through grain growth and the process of microstructural
recrystallization. In turn, grain growth can be non-uniform in the plate and the recrystallization

process can lead to abnormal grain growth further driving local properties variations in processed
BCC metals [1].

In general, banding and crystallographic texture in processed polycrystalline BCC (body-
centered cubic) metals, such as tantalum, is notoriously difficult to control. [2] [3] [4] In spite of
this, the tri-lab Ta plate provided by HCStark exhibited a degree of uniformity far superior to
similar material, historically characterized by LANL, as will be presented in the succeeding
sections. The uniformity was achieved, in part, by specialized rolling methods: clock rolling and
asymmetric tilt rolling of Ta stock material. [5] [6, 7] However, perfect homogeneity in a cast
and processed polycrystalline material, especially a BCC metal whose characteristics seem to
inherently resist homogeneity, is nearly impossible. Thus, this report documents characteristics
of the tri-lab plate material, primarily measured across two separate plates, one residing at LANL
(E2789-4-4-10553-19212) and the other at SNL (E2789-2-3-10553-19206) focusing on any
directional or local inhomogeneity in the plate which may impact future experiments on the plate
material. The plates will simply be referred to as #19212 and #19206 and a distinguishing feature
of the plates is that they originated from different billets of material.

1.2 Structure of the Report

The results contained within this report are presented in two sections: section 3 reviewing the
microstructure characterization and section 4 reviewing the mechanical properties
characterization. Since microstructural characterization focuses on crystallographic texture and
local variations in crystallographic texture obtained by EBSD imaging, a brief review of the
relevant aspects of crystallographic texture is given in section 2.

TD
RD
ND
ND
(a) top view
Wran RD
(b) side view TD

Figure 1.1- Photographs of HC Stark Tri-lab Ta plate (#19206).



1.3 Microstructure and Crystallographic Texture in BCC Metals

Processed BCC metals and alloys tend to form crystallographic fiber textures, where grains
within the material preferentially align with one globally defined processing direction [3] [4] [8].
In pure tantalum, cold rolling produces a relatively strong a-fiber texture, defined by grains with
their (110) crystallographic directions aligned with the plate rolling direction. Also commonly
found in BCC metal rolling textures is a weaker but present y-fiber texture, defined by grain
orientations with their (111) directions aligned with the plate normal direction.

Crystallographic texture in this report is presented using inverse pole figures (IPFs) and
stereographic projection plots, also referred to as pole figures (PFs). Often texture is reported
along principle directions defined by a crystal unit cell. For a BCC metal, the three principal
directions [001], [101], and [111] defined within a standard unit cell, depicted in Figure 1.2,
define a unit triangle. The triangle, distinguished by the dashed lines, can be projected on to a
sphere and planarized into a stereographic or equal area form such as those depicted in Figure
1.3 and 1.4. Additional mathematical details of the projection method are given in several
textbook references [9]. Due to symmetry in a BCC crystal, any triangle bounded by a (001)-
type, (101)-type or (111)-type direction (square brackets define a specific direction, angled
brackets define a family of directions per standard Miller indices notation) leads to a
symmetrically indistinguishable unit triangle. The triangle depicted in Figure 1.2 is the
commonly chosen one for the IPF representation. An IPF depicts a globally defined direction in
crystallographic coordinates. In terms of a rolled plate of material, the globally defined
directions are shown in Figure 1.1. They are RD, the plate rolling direction (in this report, the
last pass rolling direction), TD the transverse direction and ND the normal to the plane of
rolling. Together, the three directions define an orthogonal coordinate system and any one of the
directions can be plotted in the crystallographically defined coordinate system using the IPF
representation.

X

Figure 1.2- BCC unit cell illustrating bounding principle directions and triangular
region used to define an IPF.
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Figures 1.3 and 1.4 depict both a and y-fiber textures using IPF’s of the RD and ND axes.
Figure 1.3(a) illustrates a concentration about the [011] direction (or pole) indicating that the RD
axis is aligned near a (110) crystallographic direction for a majority of grains in a rolled
polycrystalline material. The figure illustrates the texture as a distributed intensity about that
pole. Correspondingly, Figure 1.3(b) illustrates the distributed locations of the ND axis, which
must be orthogonal to the RD, therefore constrained to reside along the [001]-[111] axis in the
IPF. The contouring and shading approximate the visualization realized for an a-fiber texture
measured from rolled BCC metal in the figure. Usually, in rolled BCC metals, the ND axis
distribution is not uniform about crystallographic directions normal to the [011] pole, thus the
observed o-fiber texture is a partial fiber texture. In fact, the ND axis distribution often exhibits
concentrations near either the [001] or [111] pole. Figure 1-4 depicts the y-fiber texture using the
same RD and ND IPF’s. The concentration of ND axis measurements distributed about the
[111] poles is clear in Figure 1.4(b). The corresponding distribution of RD measurements along
an axis of crystallographic directions normal to the [111] pole ([011]-[112] axis on the IPF) is
illustrated in Figure 1.4(a). The a- and y-fiber texture do overlap in the IPF representation, thus
this representation does not allow one to easily distinguish each texture component in a rolled
polycrystalline BCC metal.

[111]

[111]
m %\
[001] [011]  [001] [011]
(a) (b)
Figure 1.3- Depiction of a-fiber texture using IPF’s.
[111] [111]
RD ND
[112]
[001] [011] [001] [011]
(a) (b)

Figure 1.4- Depiction of a y-fiber texture using IPF’s.

14



Pole figures (PF) are used to graphically represent a family of crystallographic directions (or
poles) within a globally defined space. Figure 1.5 illustrates idealized renderings of pole figures
related to the textures observed in rolled Ta, or more specifically, the observed crystallographic
texture in the DOE Tri-lab plate. Conventionally, in the case of interpreting crystallographic
texture relative to a rolled plate, the normal axis to the {100}, {110} and {111} families of
crystallographic planes (in cubic crystals these are equivalent to the (100), (110) and (111)
families of directions) are plotted relative to a global space defined by the RD, ND, and TD axes
of the plate, defined previously in Figure 1.1. The pole figures are projected hemispheres on to a
plane (using a mathematical construction similar to an IPF), resulting in circular plots such as
those shown in Figures 1.5. Also identical to the IPF representation, either area or angles can be
preserved in a projection from hemisphere to plane in a PF. The center of the projected
hemisphere is the ND direction and the RD and TD directions lie along its edges as defined in
Figure 1.5.

Symmetry of a cubic crystal lattice dictates that there are three (100)-type (i.e., [100], [010] and
[001]), six (110)-type and four (111)-type directions, and a pole figure for each family of
directions (or planes) will show intensities for each direction within a family. For example a
(100) pole figure of a cubic crystal lattice, co-aligned with the global axis, will have intensities
on a pole figure shown in Figure 1-5(a). One (100) direction is aligned with the ND axis
revealing an intensity at the center of the pole figure and the other two- (100) directions are
aligned with the TD and RD axis, but split on to either side of the hemisphere. A perfect crystal
would be represented by single points on a pole figure whereas the rendering in Figure 2.4(a)
represents a more realistic distribution of intensity about those ideal points. [10]. Envisioning a
polycrystalline material with one (100) axis preferentially co-aligned with the ND direction,
partially constraining the possible locations of the other two (100) axis leads to a pole figure
illustrated in 1-5(b). In this rendering, intensities from the other two (100) are evenly spread
within a ring defined by the plane containing the TD and RD directions, and therefore normal to
the ND direction. This represents a complete (100) fiber texture aligned normal to the plate
rolling direction, i.e. the ND direction. Variations of intensity within the ring in a real PF,
indicate a partial (100) fiber texture. Similarly, Figure 1.5(c) is a rendering of a (111) pole figure
illustrating a complete (111) fiber texture aligned normal to the plate rolling direction, a y-fiber
texture. One (111)-type pole is constrained to be aligned with the ND direction. In this case, the
angle between the constrained (111)-type pole and the other three poles in the (111) family is
fixed to 54.7°. Consequently, a ring of intensity is found at this angular distance as illustrated in
the figure. Variations in intensity within this ring indicate a partial fiber texture.

The nomenclature for defining rolling textures in polycrystalline metals is to specify a
crystallographic plane aligned with the rolling plane (normal to ND) and the crystallographic
direction aligned with the RD. Intensities generated by the six (110) poles for idealized
(100)[011] and (111)[011] rolling textures, as bounding examples, are shown in Figure 1.5(d)
and (e), respectively (intensities occurring along the edge of a PF are split). Concentric rings
encompassing the peak intensities are drawn on the figure to illustrate how these idealized
textures translate to a o-fiber texture aligned with the RD using a (110) pole figure
representation. A complete a-fiber texture would be evidenced by a uniform intensity within the
rings. Correspondingly, a partial a-fiber texture is shown by varying intensity within the rings.
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D (a) 'cube’ .texture

ND
RD
(b) (100 fiber texture (c) (111) fiber texture
TD TD
{110} {110}
ND 4RD I RD
. ™ »
(d) (100)[011] rolling texture (e) (111)[011] rolling texture

Figure 1.5- llustrations of crystallographic textures observed from rolled BCC metals
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Using rolling texture nomenclature, commonly observed textures for uni-directional rolled or
rolled+annealed BCC metals span the {111}(110), {112}(110) and {001}(110) components. [4]
Plate center to surface texture gradients [12] [8] and significant microstructural banding during
rolling also tends to occur in BCC metals, Ta is no exception to this; bands of grains with the
(100) and (111) crystallographic direction aligned with the plate normal direction are often
observed. [11] Although the Tri-lab plate exhibits excellent uniformity for a polycrystalline BCC
material, it does exhibit crystallographic texture and a small degree of heterogeneity through the
thickness and radially within the plate. Both of which are detailed in section 3 of this report,
primarily through the use of electron back-scattered diffraction (EBSD) techniques.
Interpretation of EBSD based microstructure mapping relies on characterization of
crystallographic texture. This report restricts presentation of crystallographic textures to PF and
IPF representations because they are easier for a reader not thoroughly familiar with
crystallographic texture to interpret.
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2. MICROSTRUCTURE CHARACTERIZATION
2.1 Through Thickness EBSD Characterization

Microstructural characterization of the DOE-tri-lab plate was performed utilizing scanning
electron microscopy (SEM), focusing primarily on electron backscatter diffraction (EBSD)
mapping. EBSD is a powerful microstructure characterization technique permitting detailed
characterization of the crystallographic texture, banding, and other local microstructure variation
information within a material. Results are typically assembled into maps colorized by crystal
orientation referenced to a globally defined axis using an IPF legend [8]. Examples of EBSD
maps of the microstructure of Ta plate are given in Figure 2.1. They are colorized using the
legend shown in the figure, referencing the crystallographic axis to the plate normal direction for
each measurement. For example, a grain within the polycrystalline microstructure oriented such
that its (111) axis is coincident to the plate normal direction (ND) is colored blue, whereas a
grain oriented with its (100) axis oriented coincident to the ND is colored red. Orientation
banding is characterized by bands of grains with the same color in the EBSD maps. Figure 2.1
shows through thickness EBSD maps of (a) a vintage Ta bar obtained by LANL, (b) previously
procured Ta plate not fully optimized for uniformity and (c) the center of a DOE Tri-lab plate.
Microstructure heterogeneity and orientation banding in the vintage bar is evident. Although
mitigated in the recrystallized microstructure observed in the later generation 'Previous Plate’
shown in Figure 2.1(b), banding is still evident. Comparing Figure 2.1(c) to (a) and (b) offers a
clear demonstration the superior uniformity of the polycrystalline microstructure in the Tri-lab
plate. Achieving such a high degree of uniformity in the microstructure through the thickness of

Figure 2.1 — Ta plate through thickness cross section EBSD maps.
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a BCC polycrystalline metal plate indicates a carefully engineered process. An inherent
expectation of such a microstructure is uniform mechanical properties through the thickness of
the plate. However, a goal of this report is to document observed heterogeneity in microstructure
and properties throughout a plate and between plates after characterization by both laboratories,
LANL and SNL. Thus, the remainder of this section is devoted to characterizing the degree of
microstructure variability within the Tri-lab plate and how it may manifest in local variation of
plate properties.

The EBSD map shown in Figure 2.1(c) is composed of individual measurements with a 5 um
spacing. It is a map of a 2 mm wide through-thickness section from the center of the plate, and
represents an assembly of approximately 810,000 pixels. Each pixel is a measurement of the
local crystallographic orientation, thus the entire map is an example of a rich quantitative dataset,
which can be analyzed for evidence of microstructural inhomogeneity and crystallographic
orientation banding. An analysis of the map in quartile sections is shown in Figure 2.2. (100)
and (111) PF’s, derived from the EBSD data, are shown for each quartile section in the figure.
With intensities in the center of each, both PF’s reveal respective (100) and (111) fiber textures
aligned with the plate normal direction (ND). For comparison, idealized depictions of both fiber
textures are given in Figure 2.4(b) and (c). Within the EBSD map the grains colorized red
contribute to the (100) fiber texture component and the grains colorized blue contribute to the
(111) fiber texture component. Nearly all grains in the map are colorized red or blue indicating
that they contribute to one of the two texture components. The small percentage of grains that
are neither red nor blue could possibly contribute to a minor texture component masked by the
two identified fiber textures. More likely these grains represent a random component to the
crystallographic texture distribution.

Figure 2.2 shows variations in intensity within the rings in the PF’s indicating that the fiber
components are partial rather than complete fiber textures. Because both (100) and (111)
orientation families have directions perpendicular to a (110) pole, constraints imposed by an a-
fiber texture encourage the (100) and (111) orientation preferences in the ND. The observed
result would be specific intensities within the rings shown in Figure 2.2, similar to the
illustrations shown in Figure 1.4 (d) and (e). While intensity variation does exist within the rings
defined by the fiber texture components, the PF’s in Figure 2.2 reveal evidence of the impact of
clock-rolling the Ta plate to its final condition. This effectively spreads the uni-directional
rolling texture component, the a-fiber, within the plane of rolling. Even though the resultant
fiber texture components observed in Figure 2.2 are not complete fiber textures, randomization
of the in-plane texture component is vastly improved from what is typically observed in rolled
and annealed BCC metals. [4]

As mentioned at the end of the previous section, banding [11] and middle to surface through
thickness texture gradients [12] [11] during rolling is endemic in BCC metals. Figure 2.1 reveals
good examples of bands in the ‘vintage’ Ta bar. A reasonable first measure of banding or
evidence of a plate middle to surface texture gradient is to quantify the ratio of (100) to (111)
oriented grains within each quartile and note any significant changes in that ratio. Table 2. 1 lists
those results for the Tri-lab plate and reveals only a small amount of variability in that ratio. It
does reflect a slightly higher ratio in the top and bottom quartile sections (1 and 4) when
compared with the middle quartile sections (2 and 3). This same slight texture gradient through
the thickness of recrystallize Ta plate, where grains near the surface of the plate have a preferred
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<100> orientation normal to the plate rolling direction and grains near the middle of the plate
have a preferred <111> orientation, has been previously observed. [12] Another important
measure of microstructural banding can be assessed by examining variation in grain size. In this
case, grain size was also computed, from each quartile section of the EBSD map. Table 2.1
reveals a minimal variation amongst the four quartile sections for this parameter.

(100) (111)

. >y

Figure 2.2- EBSD map of through thickness cross-section analyzed in quartiles.
Table 2.1 Results from Quartile Analysis

Quartile (001) /(111) Grain Size
ratio (Hm)
1 1.24 38
2 0.957 36
3 1.05 35
4 1.39 34
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2.2 In-Plane BSE Imaging

SEM backscatter electron images (BSE) of metallographically prepared sections orthogonal to
the RD, TD and ND plate directions are shown in Figure 2.3. BSE images reveal microstructure
through different contrast between grains with different crystallographic orientations in a
polycrystalline sample. Even small changes in orientation cause significant contrast changes.
The images are placed in a cube configuration to clearly illustrate their orientation relative to the
plate orientation. Each 'cube' shows a series of top and middle sections from the center and end
of the plate. Recalling that the plate is clock-rolled, RD is the last pass rolling direction of the
plate, the images reveal the expected recrystallized polycrystalline microstructure as well as
microstructural differences dependent on location within the plate. The difference in grain size
between the center and end of the plate is evident. The images from the center of the plate,
figure 2.3(c) and (d) reveal contrast between the grains, as expected in BSE images. The
individual grains are very distinct with each grain revealing a consistent non-varying shade of
gray. Images from a location near the surface of the plate, figure 2.3 (a) and (b), similarly reveal
contrast between grains but they also reveal contrast variation within grains. Arrows highlight a
few grains with varying contrast in the images. This intra-granular contrast variation suggests
subtle distortion of the crystallographic microstructure within grains and provides evidence of a
degree of stored work in these regions.

2.3 Higher Resolution EBSD maps

Higher resolution EBSD maps, relative to those provided in Figures 2.1 and 2.2, were generated
to quantify the variation in grain size that was observed in figure 2.3 between the plate center and
end. They also provided an independent measure of any variation in crystallographic texture in
those two locations, as well additional information regarding microstructure variability, such as
subtle evidence of banding within the polycrystalline microstructure. Results are shown in
Figure 2.4 for maps taken from the center of the plate and Figure 2.5 for maps taken from the
end of a plate. The resolution of the maps, with a 1 pm step size is significantly higher than the
through thickness map shown in Figures 2.1 and 2.2 but a significantly smaller region of the
sample is mapped in each case. The box illustrated on the map in quartile 4 in figure 2.2 scales
the maps shown in figures 2.4 and 2.5 to the through thickness section captured in that figure.
The samples, and therefore the maps, were aligned with the last pass rolling direction of the
plate. Each figure has two parts, Figures 2.4(a) and 2.5(a) are from a location near the surface of
the plate and 2.4(b) and 2.5(b) are from the center of the plate. Thus, the two figures represent a
total of four datasets.

In Figures 2.4 and 2.5, two maps extracted from the same dataset are shown for each case. The
first, labeled ND, is referencing each orientation measurement to the plate normal direction. This
is identical to the renderings presented in the through thickness map shown in Figure 2.2. The
second map, labeled RD, is referencing each orientation measurement to the last pass rolling
direction of the plate. Many features of the higher resolution ND maps are similar to those
observed in the through thickness map. A majority of grains are red or blue, reflecting the
crystallographic texture intensities in the (100)-type and (111)-type directions. Many of the
grains are colored green in the RD map, delineating the a-fiber component ((110) aligned with
the last pass rolling direction) in the crystallographic texture. Corresponding IPFs are also
shown in Figure 2.4 and 2.5 illustrating a measure of (111) and (100) crystallographic orientation
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alignment with the plate normal (ND) within each mapped region. Recall that preferential
alignment of the (111) and (100) crystallographic orientations to the plate normal direction (ND)
is common in rolled and annealed BCC metals and this measure was performed on quartile
sections in the dataset shown in Figure 2.2 and presented in Table 2.1. That result suggested
some minimal microstructure variation through the plate thickness. It provided evidence of a
slight middle to surface texture gradient but otherwise no crystallographic banding or any
distinguishing localization of microstructural features beyond microstructure variability expected
in a polycrystalline material. In these higher resolution results shown in figures 2.4 and 2.5, the
IPF’s confirm a local variation of (111) and (100) intensities with the (100) intensity clearly
larger in the near surface maps, figures 2.4(a) and 2.5(a), and the (111) intensities clearly larger
in the near middle maps. To further quantify this texture variation, Table 2.2 lists the
(100)/(111) intensity ratios at the poles as a comparison with the quartile results given in Table
2.1. The ratios in Table 2.2 are more disparate than the comparable measures given Table 2.1
(middle to quartile 2 or 3 and top to quartile 1 or 4) possibly because of the more localized
sampling of data used to compute the ratios in Table 2.2. With regard to the higher resolution
regions mapped, in both cases, center and edge the <001>/<111> ratio actually ‘flipped” when
comparing the middle to near surface locations. That is, the <111> intensity was greater in the
middle of the plate and the <001> intensity was greater near the surface of the plate. Similar
texture gradients, where <001> oriented grains relative to the plate ND are favored near the
surface of a Ta plate, has been previously observed. [12]

The BSE images that compose figure 2.3 already establish that the grains are larger near the end
of the plate. Table 2.2 also includes quantitative information regarding grain size and grain
aspect ratio extracted from the EBSD datasets composing the maps in figures 2.4 and 2.5. The
values indicate that the avg. grain size has increased by approximately factor of 1.5-2 and the
grains are slightly more equi-axed near the end of the plate. Correspondingly, both the <001>
and <111> texture components have higher intensities near the end of the plate. Assuming that a
larger grain size corresponds with more grain growth, this correlation suggests the <001> and
<111> grains have a propensity to consume grains with other orientations during a heat
treatment (a process which encourages grain growth) resulting in a sharping of these texture
components near the end of the plate.

Also given in Figure 2.4 and 2.5, is a (110) pole figure for each case. These were provided to
illustrate the a-fiber crystallographic texture component generated by rolling of the plate. Clock-
rolling is expected to spread this component within the plane of the plate, although that may not
be evidenced in this depiction of crystallographic texture. As reviewed in section 1, a complete
o-fiber texture would exhibit concentric rings in the PF’s given in the figures and a partial fiber
texture would exhibit partial rings or rings of varying intensity. ~ Both the PF’s and the RD
EBSD maps show that a large percentage of the grains have (110) crystallographic axis aligned
with the last pass rolling direction. Intensity variations within the concentric rings are evident in
the PF’s in figure 2.4 from the end locations indicating non-uniformity or tending toward a
partial fiber texture at these locations. More uniform intensity within the rings at the center
locations reflect a more nearly uniform fiber texture at these locations. As expected, the degree
of uniformity in the <110> fiber texture component in the plane of rolling correlates with the
sharpness of the <001> and <111> components exhibited in the ND- IPF’s.
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Figure 2.4- Higher resolution EBSD maps from the center of the plate, referencing the
microstructure to the plate ND and RD with corresponding <110> PF's and an IPF's referenced
to the plate ND.
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Figure 2.5- Higher resolution EBSD maps from the end of the plate, referencing the
microstructure to the plate ND and RD with corresponding (110) PF's and an IPF's referenced

to the nlate ND.
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Table 2.2 Microstructure Statistics from Higher
Resolution Maps

Location (001)/111)y | Grain Size | Aspect
ratio (um) Ratio
Center 3.99/2.17 27.1 1.63
Top Edge (1.83)
Center 2.89/4.29 23.7 1.60
Middle (0.67)
End 5.16/4.07 38.3 1.12
Top Edge (1.26)
End 3.87/6.00 39.7 1.07
Middle (0.64)
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3. MECHANICAL PROPERTIES
3.1 Tension and Compression Testing
3.1.1 Sample Geometry and Test Procedures

Bulk mechanical testing, to date, has primarily consisted of a series of tension and compression
tests designed to characterize plate-to-plate variation, and directional, in-plane and through
thickness property variations of the Ta Tri-lab plate materials. Most compression test cylinders
were machined from plate #19212 to a Smm diameter and a Smm height and tested at LANL.
These serve to examine the variation of properties within a single plate. However, one series of
compression specimens was extracted from plate #19206 (furnished by SNL) to complete a
plate-to-plate comparison experiment. The cylindrical compression test sample is a preferred
test geometry because it readily lends itself to both quasi-static and high strain rate testing.
Specimens were machined such that the compressive axis was oriented with (1) the normal of
the plane of the rolled plate — through thickness (TT), (2) the final rolling direction pass — in
plane A (IPA), and (3) orthogonal to both the TT and IPA directions (IPB). This was done to
examine the role of plate texture. The TT direction aligns the compression test axis with the
crystallographic texture component along ND axis and the IPA direction aligns the compression
test axis with the crystallographic texture component along the RD axis. Next, specimens were
also machined from differing radial positions within the plate: center, mid and edge to sample for
any radial variation in the plate properties. TT, IPA, IPB, center, mid, and edge locations are
indicated in Figure 3.1. All of the compression test results are included in the next subsection.

Tension testing was carried out at SNL utilizing a flat, dog-bone shaped, tensile coupon
geometry. These specimens were machined for plate #19206. Most of these tests used tensile
coupons with a /4 scale version of the ASTM EO08 standard [13]. Thickness of the coupons was
0.063" or 1.6 mm. A key purpose of the small geometry was to sample small enough volumes
to capture any local property variations within the plate, especially with regard to through
thickness variations as this geometry allowed for 3-5 identical samples to be machined through
the thickness of the plate with the tensile axis aligned along the IPA or IPB directions. This is
shown in Figure 3.2. Starting from the top-side of the plate, each sample is equally spaced
though the thickness, within the limits of electro-discharge machining. To address any concerns
associated with testing samples outside the geometry envelope defined in ASTM EOS, one
additional set of three samples (LCL samples) were fabricated to dimensions exactly specified
for a sub-sized specimen and tested for comparison.

Both compression and tension experiments were performed at room temperature and a strain rate
of 0.001/s, well within the quasi-static regime. Figure 3.1 is a layout of the locations of where
the various samples were extracted within a plate. Sub-size (half) tension test locations are
designated by (a),(b),(c) and (d) in the figure. The location of the larger ASTM EO08 subsize
samples is also indicated. Finally, the locations where the microstructure characterization
samples were located, whose results were detailed in the last section, are also identified as
MIDDLE and EDGE in the figure for reference.
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Figure 3.1 Map of extraction locations from Ta plate for tension and compression test
samples.

Figure 3.2 Isometric view showing how tensile bars were machined the through
thickness section of a plate.
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3.1.2 Quasi-static Compression Testing Results from within a Single Plate

All compression and tension test results are presented as true stress-true strain curves, allowing
for more direct comparison of results from different data sets. In the case of the compression
tests, initial results from a series of TT compression testing experiments, shown in Figure 3.3,
suggested radial variation in mechanical properties. The results are shown as a series of stress-
strain curves from center, middle, and end plate locations. Indicated on figure 3.1 as center (TT),
mid (TT) and end (TT), the axis from which these samples were extracted lies along the last pass
rolling direction. Duplicate tests were performed in each region and good repeatability was found
in the center and mid regions, so for clarity sake, only one test is shown for those regions in
Figure 3.3. Some variability was observed in specimens tested in the edge region, as such the
data from more than one test in that region is provided in Figure 3.3. From these data, the yield
stress is observed to vary by as much as 50 MPa as a function of radial position within the plate.
These data suggest a relatively similar work hardening response after the initial yield as a
function of radial position within the plate. The increase in yield stress associated with
specimens approaching the edge of the rolled plate may be rationalized in terms of the texture
variations quantified in Table 2.2. Through thickness (TT) variations in texture may trend with
plate radius. Specifically, while there is a larger (001) component in the center of the plate (by
radial distance) than at the end of the plate, this difference is more substantial if one compares
the (001)/{111) ratios measured at the top edges in these radial locations rather than using the
middle sections. Whether comparing top edge or middle through thickness locations, the (111)
component is stronger in the end as compared to the center. In these compression tests, the
averaged response of both locations yields the macroscopic properties measured in the test. As
such, the enhanced (111) texture in the end specimens is likely to decrease the activation of slip
due to less planes with high Schmid factors (oriented favorably for slip-based deformation) being
available during deformation as compared to the specimens in the center of the rolled plate.
[12][14][15] These data and this interpretation guided subsequent experiments, conducted at
both SNL and LANL, as to specimen location and further data analysis.
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Figure 3.3 — Through thickness (TT) compression testing along last pass rolling direction.
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Figure 3.4 represents the next series of experiments, intended to provide a more complete
characterization of the rolling texture impact on the directional mechanical response of the Tri-
Lab plate. To this end, TT, IPA, and IPB compression specimens were tested from the center
and mid-radial regions of the plate. While again numerous tests were performed to establish data
repeatability, for clarity sake only two samples from each location are shown in Figure 3.4.
These tests reveal a degree of variability as a function of rolling texture (through thickness (TT)
vs. in-plane (IP)). Additionally some scatter associated with observed yield strength is observed
in IPA and IPB specimens. The post-yield work hardening response was nearly identical for all
specimen directions.

Finally, a comparative series of large-strain, compression experiments were performed on TT
samples at the center and end plate locations. These tests were performed to ensure that
differences in mechanical response as a function of radial location within the plate persisted to
large strains and the data is given in Figure 3.5. The experiments were performed not in one
single loading of the specimen but in load/reload cycles to ensure that specimen compression
surfaces remained well lubricated. Also, as a comparison to previous Ta material, Figure 3.5
includes a similar high strain test result for a compression specimen from another plate of Ta,
called DOD-DOE Ta. The microstructure of this material is shown in Figure 2.1(b). This
specimen was also tested in the TT direction. Results in Figure 3.5 show that the relatively low
strain behavior observed in Figure 3.3 persists to high strains shown in Figure 3.5. Additionally,
the relatively quick return to anticipated flow stress levels (flow stresses realized prior to
unloading) upon reload, suggests that adiabatic heating does not contribute significantly to the
high strain response of the current Tri-Lab material or the DOD-DOE material under quasi-static
loading conditions.
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Figure 3.4 Compression test results from select locations and orientations within a plate. (a)
Through thickness samples taken from axis aligned parallel and perpendicular to last pass
rolling direction. (b) 'end' location samples with their test orientation aligned through the plate
thickness (TT) or parallel to the last pass rolling direction (IPB).
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Figure 3.5 —Large strain compression testing results on through thickness (TT)
compression cylinders taken from center and end plate locations.
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3.1.4 Round Robin Compression Testing: Plate to Plate Comparison

A series of compression tests were conducted on samples taken from the center and end regions
of each of the two plates (#19212 and #19206) and directly compared to characterize any plate-
to-plate variability. These locations are given in Figure 3.2. These samples were in the IPA
orientation and therefore parallel to the tensile specimen test axes for the data described in the
next section. The data is given in Figure 3.6. In this case, some subtle variation in yield stress
but little difference in the work hardening response is observed between results from the two
plates.
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Figure 3.6- Comparison of results from compression testing on two separate plates from (a)
location #1 and (b) location #2. Both locations are indicated in figure 3.2.
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3.1.5 Tension Testing Results

The first series of tension tests were performed on samples labeled LCL in Figure 3.2. Of the
series of tensile samples extracted from the #19206 plate, the geometry of the three LCL
samples, as many as could be extracted through the thickness of the plate, rigorously followed
ASTM EO08 subsize geometry specifications. Results from these samples were then directly
compared to the %2 subsize sample, tensile tests which comprise the rest of the tension test
results. Any difference would bring the validity of the results using the undersized sample
geometry into question. In these tests, gage section displacement measurement was performed
using a laser extensometer and clip extensometer. The laser extensometer did not have the
resolution of the clip extensometer, but did have the range to measure displacement until the
samples failed. Results from using both displacement measures are given in Figure 3.7, (a) using
the laser displacement and (b) using the clip extensometer, respectively. Results in Figure 3.7(a)
are plotted on an engineering stress vs. engineering strain basis because necking, as unstable
plastic deformation, encompasses a portion of the curves and cannot be converted to a true
stress-true strain basis. The results shown in Figure 3.7(a) indicate that the stress-strain curves
saturate at approximately an engineering strain of 0.3 suggesting the onset of necking at this
strain. The specimens sustained a stress nearly that of the ultimate tensile strength of about 250
MPa until at least a strain of 0.5 was achieved. This suggests a diffuse, somewhat stable necking
behavior, before a rapid decline in strength and final failure between a strain of 0.5 — 0.6. [16]

Measurement of displacement by either extensometer was indistinguishable on the scale plotted
in Figure 3.7. For consistency and comparison with the compression tests, results using the clip
extensometer were converted to a true stress vs. true strain basis and plotted to a strain of 0.2,
well below the strain for necking, in Figure 3.7(b). From these data it is observed that yielding
occurred approximately between 160-190 MPa. This spans the range defined by the
compression tests performed on the same plate, shown in Figure 3.6. Stress-strain curves from
both tension and compression experiments commonly show a sudden drop on yielding such that
an upper and lower yield point can be defined. The tensile specimen geometry seems to
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Figure 3.7 Tensile test results from LCL samples. (a) Engineering stress vs. strain curves to

failure. Strain determined from laser displacement measurement. (b) True Stress vs. True
Strain curves to a strain of 0.2. Strain determined from clip extensometer.
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encourage this yield point effect. The load drop observed upon yielding is common in BCC
metals, including Ta and Ta alloys [17], but not addressed in more recent studies regarding
modeling the mechanical behavior of Ta. [18][19][20] In part, because the load drop observed
upon quasi-static yielding is not deemed a critical component of the predictive capability of
models intended to capture dynamic response of Ta. [21][22][18][23] Historically, the yield
point drop in Ta was investigated in the 1960°s by Arsenault; it was tied to the influence of a
rapid multiplication of mobile dislocations necessary for plastic flow. [24] Arsenault speculated
solute (impurities) may have played a role, although the TriLab-Ta plate considered in this
investigation is remarkably pure with low initial dislocation content. Thus, a rapid burst of
dislocations to initiate plastic flow seems the most plausible mechanism as the reason for the
post-yield load drop. Within the sets of compression and tension tests presented here, the post-
initial yield load drop is not always observable and is variable across the different data sets,
although load-drops by as much as 50 MPa after initial yield can be noted in the series of tensile
stress-strain curves shown in Figures 3.7 and 3.8.
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Figure 3.8 — Through thickness Tension Test Results at various locations in the plate.
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Results from the /2 subsize samples taken from locations labeled (a), (b), (c) and (d) in Figure
3.1 are shown in Figure 3.8. At each location, five identical samples were tested. A sixth
sample was machined at each location at the very bottom of the plate, but did not have the pre-
defined requisite thickness dimension of 0.063” and was not tested. Thus, the five tests at each
location represent a series of mechanical tests that interrogate the through-thickness mechanical
properties of the plate in each of the five locations. Sampling of various radial positions in the
plane of the plate was also accomplished through the four sets of tension test results. Sets (a), (c)
and (d) were samples taken from positions near the end of the plate and set (b) was taken from a
location near the center of the plate. The curves shown in Figure 3.8 are nearly identical to
those in Figure 3.7(b) indicating that the scaled down test geometry did not adversely affect the
measurement. Figure 3.8 (a), (b) and (c) show all five stress-strain curves for the series of five
samples extracted though the thickness of the plate at each location. The legend in each figure
specifies samples 1-5, where 1 represents a sample taken from the top of the plate and 5
represents a sample taken from near the bottom of the plate. Sample 3 is taken from very near
the middle of the plate thickness. The variability in stress-strain behavior did not noticeably
change amongst the individual data sets, (a), (b), (¢) and (d) in Figure 3.8, indicating that there is
little difference in the tensile mechanical response as a function of radial position in the plate. In
fact, the stress-strain behavior between each radial location is remarkably consistent. Recalling
that the compression experiments did reveal a trend with radial location in the plate can be
attributing to the testing direction. Compression samples which exhibited the radial trend were
aligned through the plate thickness (TT) whereas the tensile specimens were aligned with the
plane of the plate (IP).

The consistently observed trend amongst all four of the datasets is that in each case sample 1
showed no load-drop after yielding and a slightly altered work hardening response. Only sample
1 and 3 were tested at plate location (d) and are included as Figure 3.9(d) to provide a fourth
example of the difference regularly observed in the stress-strain response between center and top
of plate specimens. Presumably, the flat geometry, size and location of these samples at the top
of the plate allowed for them to capture the effect of a small additional amount of stored work in
the material near the surfaces of the plate. The observation that a degree of stored work at the
top and bottom of the plate eliminates the load drop on yielding in pure Ta lends plausibility to
the rapid dislocation multiplication mechanism discussed earlier in this section.

3.1.6 Comparison of Compressive and Tensile Behavior

Figure 3.9 compares the range of compression test stress-strain curves with the LCL tension test
results shown in Figure 3.7. From a continuum mechanics perspective, testing in tension and
compression should produce identical true stress vs. true strain behavior. In this case, the
experiments show that although yielding occurs within the same stress range for both
experiments, the material work-hardens more rapidly in the compression experiments. In BCC
metals, difference in tensile and compressive behavior, defined as tension-compression
asymmetry, has been previously observed during yielding of single crystals. [25] Prevailing
explanations for this behavior are related to the non-associative component of stress required to
accomplish the mechanism of dislocation slip required for plastic deformation in BCC metals.
[26][14] Classical experiments on Ta single crystals [27][28] document tension-compression
asymmetry of yield, but not of the work-hardening response. Results on the polycrystalline Ta
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samples given in this report suggest the nature of the polycrystalline Ta behavior at yield
obviates the asymmetry classically observed in the single-crystalline response. Even loading
along an axis with a different crystallographic texture does not generate a significant difference
in the yield strength (Figure 3.4). Therefore, the origin of the different work-hardening response
observed between tension and compression testing results is not yet clear. Two plausible
explanations for the different work hardening behavior are:

1) Significantly different geometry of the test samples, the flat dog bone geometry of the tensile
test coupons may have a slightly reduced constraint vs. the round cylindrical geometry of the
compression cylinders, which may exhibit slight barreling during testing.

i1) Orientation hardening driven by the different evolving texture in compression vs. tension

Either explanation could be verified or ruled out with additional experiments and more detailed
modeling but is beyond the scope of this report.
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Figure 3.9- Comparison of Tension and Compression Stress-Strain curves.

3.2 Hardness Testing

Both microhardness and smaller scale instrumented indentation experiments were performed
through the thickness of the Tri-lab Ta plate material to provide a local properties measurement
in terms of material hardness. The measurement values are derived from the amount of force
required to drive a pyramidal diamond tip into the surface of a material and the resultant
penetration depth. The material underneath the tip experiences a multi-axial primarily
compressive stress and strain state resulting in a measurement that is not particularly direction
sensitive. Thus, it is not sensitive to crystallographic orientation dependent properties or tension-
compression asymmetry. However, the measurements can be sensitive to changes in strength
due to other microstructure variations in a material, such as variations in grain size and stored
work. Microhardness testing was performed using a four-sided pyramidal tip, from which a
measurement of the resultant impression provides a Vickers Hardness Number (VHN). The
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microhardness test follows a standard procedure for conducting the experiments and reporting
results. [29]

Instrumented indentation follows the same principle of pressing a pyramidal diamond tip into the
surface of the material, but allows for a scaling down of the experiments to lower loads and
depths by generating and evaluating a load-displacement trace of the experiment using an
instrumented tester. Typically, a 3-sided, diamond, pyramidal tip is used and a measure of
hardness and modulus can be extracted from the resulted load-displacement curve. [30] Methods
for measuring hardness and modulus using instrumented indentation are also standardized. [31]
Instrumented indentation hardness values are derived from a force over projected contact area
between the tip and tested material, and they are typically reported in units of GPa. They can be
related to microhardness values with the caveat that instrumented indentation results are sensitive
to size-effects, tip bluntness, and pile-up of material around the impression during an experiment.

Both microhardness testing and instrumented indentation experiments were performed on the
same cross-sectioned samples, taken from plate #19206, used for the microstructure
characterization given in section 3.3. Middle and top locations from the cross-sections taken
from the center and end of the plate were tested. The locations were chosen to provide a
comparison and possible correlation in hardness measurements with the grain size between
center and end sections (figure 2.3) and provide supporting details regarding the evidence of
stored work near the surface of the plate.

3.2.1 Microhardness Testing

The microhardness testing was performed with a Struers Durascan hardness tester with an
automated measurement capability. This tool allowed for setting a grid for indentation
experiments from the metallographically prepared samples extending from the edge toward the
center of the plate cross-section. At each experimental location, a 100 gram indentation load
(0.98 N), was applied to the diamond tip stylus which left an impression that could be measured
optically to determine the VHN. In relative terms, a material hardness measurement correlates to
strength and stored work at that location. A grid of microhardness experiments can thus yield a
relative measurement of local properties variations within a section of material.

A grid of experiments and a plot of the measured values on through thickness, cross-sections
from the center and end of the plate are shown in the optical micrographs of Figures 3.10(a) and
3.10(c), respectively. Each grid extended from the edge to about 3.5 mm toward the center of
the 10.38 mm plate thickness cross-section. The orientation of the cross-section is along the last
pass rolling direction, identical to the plate cross-section shown in figure and defined by the
coordinate system in the figure 1.1(b). To detect any change in hardness due to the possible
presence of stored work near the edge of the cross-section, the grid of measurements was aligned
to be parallel with the top edge of the cross-section and measurements were averaged by row.
Each row contains 17-18 measurements and the rows extended to about 3.5 mm from the edge of
the sample. Those measurements and the resultant average and standard deviation by row are
plotted in figure 3.10(b) and 3.10(d), respectively. In each case, measurements from the row
closest to the top edge of the sample were impacted by edge effects, specifically, the lack of
constraint, lowering the measured hardness values. Because the first column in each sample is
also very close to an edge, those measurements were excluded from the row averaged values
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given in the plots. Both the impacted row and column for each set of measurements are
indicated and enclosed by a gray box in 3.10(a) and (c). Otherwise, the plots show a distinct
trend of increasing hardness extending toward the edge of the plate. Hardness values of about
90-95 VHN found toward the middle of the plate increased to greater than 100 VHN as the
measurements approached the top of the plate. The increased hardness near the top of the plate
is more pronounced in the center measurement (figure 3.10(a) and (b)) where the averaged
hardness increased to over 110 VHN for the row of measurements within 0.5 mm of the top
surface of the plate cross-section sample. An increase in measured near-surface hardness in
both center and edge sections is evident and extends about 2 mm in from the top surface.
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Figure 3.10 — (a) Grids of microhardness measurements extending from the edge toward the
middle of a cross-sectioned sample taken from (a) the center and (c) the end of the Ta-plate. (b)
and (d) plot the corresponding VHN results averaged by row. Near edge column and row
measurements indicated by the gray boxes were influenced by edge effects. Near edge coumn
measurements were not included in the averaged results.
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3.2.2 Instrumented Indentation

Continuously collected load, displacement, and contact stiffness data allows for an extraction of
measured hardness as a function of indentation depth throughout an instrumented indentation
experiment. To compare with the microhardness experiments, a total of 16 instrumented
indentation experiments were conducted at 4 locations, near the top (within 1 mm) and at the
middle of the same through thickness center and end (radial) locations. In terms of load, the
scale of the experiments is about 3 orders of magnitude smaller than microhardness tests. They
were carried out to a depth of 250 nm, which required approximately only a 2 mN load. A 4x4
grid of experiments easily fits within a square whose corners are defined by four adjacent
microhardness indents shown in Figure 3.10(a). Results are plotted in Figure 3.11(a) for the
measurements taken from the middle section and in Figure 3.11(b) for the measurements taken
from the end section. Each curve on both plots represents the average of 16 experiments as a
plotted as function of indentation depth. Ideally, for the self-similar pyramidal tip geometry used
in these experiments, hardness would be constant as a function of indentation depth. However,
at shallow depths (<50 nm), tip bluntness and indentation size effects influence the measurement.
These samples were metallographically prepared and mounted in epoxy. Compliance in epoxy
mounted samples tends to impact the measured hardness values at depths exceeding 250 nm.
Due to these considerations, an ideal range from which to extract hardness values from the
measurement is between 50 nm — 250 nm. The plots in Figure 3.11 show that for Ta mounted in
epoxy, perhaps 100 nm- 250nm is a more optimal range.

Both plots reveal a small but measureable increase in hardness found on the top of plate relative
to the middle. The percentage difference from center to top, approximately 15%, corroborates
with the percentage increase in the microhardness measurements as they approached the top of
the samples. With regard to direct comparison of the measured values, accounting for
experiment geometry only, a VHN corresponds to a hardness value measured in GPa when
divided by 94.59. Thus hardness values measured by microhardness testing are low relative to
those measured by instrumented indentation. Pile-up of material around the indentation,
commonly referred to as indentation pile-up, typically occurs in soft metals. It influences the
measured values using instrumented indentation significantly [32] and is the likely cause of the
difference in absolute values in both measurements. The measured increase in hardness by both
microindentation and instrumented indentation can be attributed to small amount of additional
stored work that is present near the top and bottom of the plate. These results corroborate with
the tensile test results shown in Figure 3.8 and offer an explanation for the intragranular contrast
observed in the BSE images in Figure 2.3.

However, Figure 3.11 shows that the instrumented indentation results are virtually identical
between middle and end locations suggesting that the difference in properties observed in the
larger size scale compression experiments cannot be captured at this um sized measurement
scale. Instrumented indentation experiments and, to a lesser extent, microhardness
measurements are not sensitive to crystallographic orientation effects in BCC metals or are they
sensitive to grain size strengthening across the range of grain sizes observed in the rolled +
annealed microstructure of the TriLab Ta plate. Compression cylinder experiments are sensitive
to orientation hardening, however, further suggesting that the increase in strength observed in the
compression cylinder experiments near the end of the plate, shown in Figure 3.5 can be
attributed the shift and sharpening of crystallographic texture observed in the EBSD results near
the end of the plate, shown in section 3.3.
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Figure 3.11 Instrumented indentation results on Ta plate cross-sections, (a) middle and (b)
end.
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4. SUMMARY AND RECOMMENDATIONS

The TriLab-Ta plate has excellent, uniform, crystallographic texture for a polycrystalline BCC
metal. Uniform texture achieved through a highly engineered plate rolling process. The multi-
step process includes clock rolling to spread-out the a-fiber texture component ((110) parallel to
the rolling direction) and tilt rolling to generate a more uniform distribution of accumulated shear
stress in the material during the rolling process to mitigate microstructural banding.

Microstructure characterization revealed evidence of stored work near the top and bottom surface
of the plate and an increase in grain size from 25 pm to 39 um from center to end of the plate
(radial position). Subsequent mechanical properties characterization indicated that the affected
regions extended inwards approximately 1 inch (25 mm) from the end of the plate and about 2
mm from the top and bottom surfaces. The plate material is otherwise uniform for a wrought and
annealed polycrystalline BCC metal.

Convincing evidence of microstructural banding, either by crystallographic texture variation or
grain size variation, in the TriLabTa plate’s finished condition was not found. Some variation in
crystallographic texture was noted by comparing (001)/(111) grain orientation ratios relative to
the plate normal direction (ND). In particular, within the series of higher resolution maps, the
ratio inverted from greater than 1 to less than 1 when comparing mapped results from the middle
of the plate to mapped results from the top of the plate (TT positions).

Compression cylinder testing revealed a measurable increase in strength, within 25.4mm, from
the end of the plate. Tension testing, using the 1/2 sub-size flat specimen geometry, revealed a
different stress-strain response near the top of the rolled plate. These results confirmed and
further defined the processing 'affected' regions, ~25 mm from the end and ~2 mm from the top
and bottom surfaces, where microstructure variations were also noted.

Compression cylinder testing revealed that plate-to-plate variation was not present and did not
detect a measurable difference in stress-strain behavior from samples aligned through the
thickness of the plate (TT also equivalent to ND) when compared with those aligned in the plane
of the plate (either IPA or IPB).

Tension and compression test results produced identical yield stresses but different material work
hardening response. Several reasons were proposed for this difference.
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