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Executive Summary

Upgraded Sector 1 beamlines will enable transformational studies in basic and applied materials sci-
ence and engineering. Basic, in that many underlying principles have not yet been verified because
appropriate observations have not been possible. Applied, in that they underlie the properties, life-
time, and reliability of materials that are used every day in every sector of the economy. Relevant
to engineering materials, because the measurement techniques can be applied to complex materials
from metallic alloys to ceramic composites to irradiated reactor components.

Phenomena occurring inside of bulk materials that have long been hypothesized and even mod-
eled will finally become observable during processing: grain boundary motions in polycrystals;
development of anisotropic, inhomogeneous stress fields due to thermo-mechanical treatments; for-
mation of self-organized defect structures under deformation; spatially resolved stress distributions
and partitioning in composite materials; phase and microstructural evolution at buried interfaces of
operating batteries; and bulk dynamics associated with freezing. All these phenomena are known
from ex-situ, destructive measurements, but now, for the first time, all can be directly observed
under realistic conditions with currently emerging high energy x-ray techniques. This ability to
follow microscopic and microstructural changes can be used to train and/or validate computational
models that operate on the same variables. Model development will leverage measurements beyond
anecdotal observations of individual samples.

Spatially resolved studies inside of bulk materials require high brilliance at high x-ray energies
(> 40keV) with a small, stable source that allows micron scale or better focusing. This work relies
on the specific characteristics of the APS that set it apart from lower energy sources. Those charac-
teristics will be enhanced through facility and beamline upgrades. Similar high energy capabilities
are currently being implemented at the European Synchrotron Radiation Facility (ESRF) and
at Petra-III at Hamburg. Current strong international ties combined with comparable upgraded
beamlines assure continuing mutually beneficial interactions between these efforts.

Current experimental work at Sector 1 places the APS in a world leading position in high energy
x-ray applications to materials. Upgraded beamlines will maintain this position. While technique
development work at Sector 1 has allowed proof-of-principle measurements, upgraded beamlines
will yield greatly increased resolution (real space, reciprocal space and temporal), facilitate the
combining of techniques — greatly multiplying their impact — and provide dedicated setups that
result in more efficient use of beamtime and greater experimental throughput. Combined high en-
ergy diffraction microscopy (HEDM) near- and far-field measurements will result in unprecedented
spatial maps of crystallographic orientation fields and lattice strain states. Addition of sub-micron
resolution tomography yields correlations with inhomogeneities that play crucial roles in materi-
als performance. Combined small beam small- and wide-angle x-ray scattering (SAXS/WAXS)
will yield data sets spanning length scales from nanometers to millimeters spanning a hierarchy of
structures in complex, multi-component materials. Data collection times currently on the order of
24 hours should be reducible to minutes enabling more realistic in situ investigations. Advanced
data handling, image analysis, and visualization will be crucial enabling elements allowing some
dedicated setups to be tailored for non-expert users and, potentially, for mail-in measurements.

Current facilities are inadequate to meet current demand. As high energy capabilities are dis-
seminated to the materials and engineering communities, demand is accelerating. Thus, upgraded
beamlines will be timely and likely oversubscribed. Users include domestic and international sci-
entists who collaborate with beamline staff in technique development, and, increasingly, those who
bring new materials and problems for study. Users come from universities, national laboratories,
and industries. The breadth of this community reflects the economic, national security, and energy
related impacts of a Sector 1, high energy scattering facility, upgrade.



A Scientific Case

The following subsections describe major materials science and engineering research areas that will
be part of the upgraded Sector 1 portfolio. Measurement techniques, which overlap between topics,
are described as needed. Specific upgrade components that will benefit each area are described and
referenced to the draft Conceptual Design Report (CDR).

A.1 Thermo-mechanical response of polycrystals

The vast majority of the solid materials used in engineered systems are polycrystalline. That is,
they are comprised of many single crystals (typically referred to as “grains”) joined together by a
three dimensional network of internal interfaces called grain boundaries. Polycrystals are complex
non-equilibrium systems with history dependent properties. Scientists have been working towards
a predictive understanding of this class of materials (or at least specific subsets) for over 100 years
yet most structure-property relationships employed in design are largely empirical. The large over-
design or “factors of safety” reflect our lack of confidence in most failure criteria. A true predictive
capability for a process like fatigue would make possible lighter, more efficient designs combined
with elevated safety factors. That we rely on them in so many applications (air frames, turbine
blades, nuclear energy systems, etc) makes achieving this goal critically important. Macroscopic
properties of polycrystals emerge from a hierarchy of structures that begin at the nano-scale (crystal
structure, lattice defects and grain boundary structures) and pass to the meso- and macro-scales
(grain size and orientation and grain boundary type distributions).

Under realistic processing and application conditions, polycrystals undergo complex changes
at all the above length scales. Under applied loads, lattice defects are generated and can self-
assemble into complex structures within the grains. Due to anisotropic properties, the stress state
experienced by each crystal varies significantly within the aggregate and evolves as the individual
crystals transition from a purely elastic state into elastic-plastic deformation. Crystallographic
axes within grains can rotate and grains can break up into multiple different orientations. Grain
boundaries can move to allow regions with preferred orientations to grow. At elevated temperatures,
crystal defects can migrate and grain boundaries can move to minimize interfacial free energy under
intrinsically anisotropic forces that drive the system toward equilibrium. At elevated temperatures
and under loads, complicated combinations of these ordering and disordering responses become
active.

Due to the empirical nature of our current “structure-property” understanding, learning to
quantitatively understand, predict and, eventually, control the above processes would enable game
changing advances in process and product design. The idea of integrated computational materials
engineering (ICME), [1] for example, is based on the assumption of the ability to accurately model
materials behavior in realistic applied environments. The traditional paradigm of comparative
studies of different samples treated differently (necessitated by the fact that essentially all probes
are limited to near surface regions) needs to be augmented by the ability to track the evolution of
a particular volume of microstructure as it evolves and to do so over a statistically representative
volume of material. Such observations can be directly compared to modeled evolution.

With the development at third generation high energy synchrotron sources of high energy x-ray
diffraction microscopy (HEDM) techniques (at APS Sector 1, ESRF and soon Petra-III), it has
become possible to track internal materials responses on the length scale of single grains and at
the same time to cover a large ensemble of interacting grains. This tracking of “real materials in
real time” under realistic conditions lends itself to the interaction with model development just
mentioned and as illustrated below.



HEDM uses a monochromatic incident beam and rotates the sample about an axis normal
to the incident beam to observe many Bragg peaks from each grain in an illuminated volume.
Measurements currently can be separated into two classes: strain sensitive far-field and near-field
orientation mapping. [2, 3] Both use a focused (or small) incident beam and measure diffraction in
transmission using one or more area detectors.

Near field HEDM mapping measurements use a high spatial resolution (~ 1.5um), small area
detector (say, 3x3mm? field of view) placed several millimeters downstream of the sample. [2, 4, 5] A
line focused beam (~ 3pum x 1.3mm) illuminates a planar section of a millimeter sized sample that is
rotated about the normal to the illuminated plane. Bragg scattering generates projected outlines of
grain contours on the detector. Rotation yields many images of each grain. The crystal orientation
field is reconstructed via high performance computations which match scattering from simulated
microstructures to that observed in the experiment. [2, 3, 4, 5] An example of a three dimensional
reconstructed microstructure is given in Fig. la while a thermal coarsening measurement in nickel

is illustrated in Fig. 1b. [6] Figure 1: (a) Three dimensional grain struc-

ture of a dilute Ni-Bi alloy sample. Colors are
mapped from the local orientations of crystallo-
graphic axes. The long sides are ~ 600um while
the thickness is 288um. This same volume has
been re-measured after annealing in order to ob-
serve grain boundary motions. (b) A section of
three dimensional grain boundary meshes from
inside a nickel sample illustrating the disappear-
ance of small grains as the sample is annealed.
Translucent white is the initial state while colors
Unchanged are the annealed structure with colors represent-

boundaries ing misorientation angles across the boundaries.
Disappearing [6] “Suc.h 7’data sets present a unique opportumty
orains to “train” computational models of grain growth,

for example, by characterizing grain boundaries
by their five mesoscopic parameters [7, 8] and al-
lowing the energy-mobility product of each type
to vary in order to optimize tracking of the exper-
imental data.

In addition to maps of well ordered grains as in Fig. 1, it is also possible to map defected
materials to determine orientation fields that include low angle boundaries that can be modeled
as geometrically necessary dislocation densities. This ability means that a host of real materials
and processes can be studied. One DOE/BES project is tracking damage accumulation under
ductile deformation in copper [9] and zirconium. Orientation fields inside of shock deformed cop-
per have been measured in combination with tomography measurements yielding void locations
and geometries. [10] Industrially important fracture processes are being correlated with prior mi-
crostructures and damage accumulation near the fracture surface. [11] It is expected that all of
these measurements will be used in model development and checking.

Far field measurements place a large detector ~ 1 meter downstream of the sample so as to
detect several orders of diffraction. The use of a small beam allows separation of scattering from
individual grains. Sophisticated indexing software groups together Bragg scattering from each
grain yielding crystal orientations. Subtle radial motions of diffraction spots yield lattice strains
in different crystallographic directions and, thus, full strain tensors that are coupled with crystal



orientations relative to sample (and, for example, externally applied tensile) axes. The following
discussion illustrates such a measurement and another novel opportunity in model development
involving a tight interplay between measurements and simulations.

To conduct polycrystal simulations, the single crystal elastic moduli are needed. But, for many
important alloys and for new materials, they are unknown. High Energy Diffraction Microscopy
(HEDM) experiments at APS Sector 1 measure lattice strains of individual crystals within a de-
forming polycrystalline aggregate — we measure the response of individual crystals “in the wild.”
Since the stress state of each crystal varies, this experiment is equivalent to testing a set of indi-
vidual single crystals under different loading conditions. Figure 2 depicts the process employed.
[12] Four grains were tracked during loading. Twenty or so lattice strains from each crystal (i.e.,
different Bragg peaks) were measured when the macroscopic stress value changed from 500 MPa
to 700 MPa. The stress-strain curve is shown in Fig. 2a. The experimental setup at 1-ID-C is
shown in Fig. 2c. From the measured lattice strain values we determined the lattice strain tensor
associated with the load change for each of the crystals. One of the most important findings from
previous HEDM work is the fact that stress states vary considerably from one crystal to the next
within a sample loaded in a simple state of stress like uniaxial tension. Each crystal experiences
a unique stress state due to the single crystal anisotropy and the local loading conditions. So a
polycrystal actually represents a test bed of specimens.

Figure 2: (a) Macroscopic stress-strain curve
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of the radial 20 shift associated with one reflection from one crystal. This shift is converted into
a normal lattice strain associated with a particular scattering vector. (d) Values of elastic moduli
(GPa), the anisotropy ratio, A, and the total residual as a function of iteration number of the
optimization process.

Determination of elastic moduli requires both a model (some form of Hooke’s law) and exper-
imental data. This is shown in Fig.2a where the slope of the macroscopic stress-strain curve is
converted to Young’s modulus. To determine the single crystal moduli, the model in this case is
a polycrystal finite element simulation of the diffraction experiment conducted at Sector 1. The
finite element mesh is shown in Fig.2b. The idea is to systematically vary the single crystal elastic
moduli in the simulation until the simulated elastic strain tensor matches the lattice strain tensor
measured using diffraction. In the experiments, we knew the location of each of the four grains
(crystallites) but we did not know the orientation of the surrounding crystals. Therefore, we put
the four crystals in the aggregate six times and took the average response. We formulated a residual



q, A

consisting of the difference between the measured and computed lattice strains, then implemented
the fitting process within an optimization formulation - rerunning the finite element simulation
each time the values were changed. The values of the elastic moduli were constrained to produce
the macroscopic modulus of 89 GPa. The progress of the iteration process is shown in Fig.2d. Two
different methods for approximating the initial values were employed. As can be seen, the values of
the moduli converged quite rapidly. This is a good example of an application where BOTH grain
resolved measurements and simulation are essential - we cannot determine moduli without both.
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Figure 3: Three dimensional high resolution re-
ciprocal space map of a deformed copper grain.
[13] A: azimuthal projection. Sharp peaks (from
almost dislocation free subgrains) can be distin-
guished from a diffuse background (from disloca-
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projection. Plotted are the grain integrated pro-
file (black) and profiles of three distinct subgrains.
The narrow widths of the individual subgrain
peaks indicates that they are essentially disloca-
tion free. The relative shifts of the subgrain peaks
000 indicate significant inter-granular strains between
subgrains.

By increasing the sample-to-detector distance even further than in the conventional far-field
setting, the reciprocal space resolution is increased such that peak broadening due to deformation
of the undistorted crystal lattice can be quantified within individual grains. [13] The development of
the high resolution reciprocal space mapping technique at the APS 1-ID beamline has been enabled
by the ongoing high energy optics development program. [I4] The formation of a hierarchical
dislocation structure in copper has been investigated during plastic deformation. The understanding
of the ordering of dislocations into structures is of fundamental and applied interest since it affects
the flow stress, work-hardening rate, and fatigue behavior.

The diffraction signal from individual almost dislocation free subgrains can be separated from
the diffuse contribution from dislocation rich walls that separate subgrains (Fig. 3). Information
on the crystallographic orientation, volume, lattice strain, and dislocation density of the subgrains
has been extracted. Measurements have been performed in situ during tensile deformation. Novel
insight into strain partitioning, [15] subgrain formation and evolution, [16] and evolution under
load path change [17] has been gained. Together with the near- and far-field HEDM modes, length
scale coverage extends from individual dislocations to macroscopic averages.

Single grain HEDM measurements can be applied to a wide range of samples and materials
problems. In addition to the case studies presented here, recent work includes Martensitic phase
transformation, [18] the stress state of emerging twins, [19] phase transformation and electric loading
in a ferroelectric. [20] Ongoing work includes yield surface mapping, high pressure variant selection
during phase transformations, strain mapping around a crack tip, and granular materials.

Upgrade opportunities. A major shortcoming of the work described above is that the near-
field measurements do not resolve strain fields and the far-field measurements do not yield precise
spatial information. Whereas currently the measurements are performed in separate hutches, the
beamline upgrade will bring them both into the E-hutch (CDR Fig. 4.5.4-2) and optimize apparatus



for combined measurements. A dual screen near-field detector will be semi-transparent and allow
diffracted beams to propagate to the far-field detector(s). Optimizing the measurement so that
intra-granular strain gradients can be spatially resolved is challenging. This may require a more
highly monochromatic incident beam (CDR Fig. 4.5.4-5) which will reduce the on-sample flux.
Since near-field measurements are already count rate limited, tailored undulator sources will be
required (CDR 4.5.4.2 and 4.5.4.5). Focusing optics (CDR Sec. 4.5.4.4) require improvement
to reach isotropic one micron resolution. Beam and apparatus stability are critical to achieving
micron or better resolution. Large far-field detector arrays (CDR Figure 4.5.4-6) will directly yield
improved strain resolution.

While tomographic resolution of a few microns can be obtained and registered with near-field
measurements, an important class of work requires even better resolution. Short fatigue cracks that
form along grain boundaries, for example, may have sub-micron dimensions. The upgrade will allow
for very long path length tomography achieved by putting a sample stage in the B hutch followed
by an expanding refractive lens. An area detector in the D or E hutch should then obtain ~ 100
nm resolution. A similar system is being built at Petra-III. Tomography combined with HEDM
local measurements offers the possibility for a “zoom-in” capability in which a large sample region
is quickly surveyed to locate interesting features (cracks, inclusions, precipitates) and then local
structural measurements (orientation and/or strain mapping) are concentrated on these regions.

Very high demand can be expected for the broadly applicable (to basic and applied materials)
techniques described here; information they provide is unique, is required for modeling, and is
broadly sought. User demand is already on the rise and will accelerate as early results become
broadly disseminated. Increased capacity represented by expansion to two beamlines is needed for
the flexibility, for instance, to use a side station hutch to house a “service” facility for measurements
in relatively standard sample environments.

A.2 In-situ studies of coatings and buried interfaces

Coatings in applied materials systems contain complex microstructures, multiple phases, and struc-
tural gradients through multiple layers. Buried interfaces play critical roles in these systems (co-
herence, cohesion, cracking) as well as in a host of other synthetic layered structures including
electronically interesting ceramic interfaces. [21] These complex systems need to operate in ex-
treme environments of temperature, chemistry, and strain and need to do so with high reliability.
Relevant applications include batteries, fuel cells, and environmental barrier coatings used in tur-
bine parts for both electricity production and propulsion. Both porosity and grain size can span a
broad range of size scales, from nanometers to hundreds of microns. The morphology of inter-phase
interfaces plays an important role in performance, for example, determining the strain response of
buckled vs. flat interfaces. Combined small and wide angle x-ray scattering (SAX/WAXS), as
developed at Sector 1, using a small, high energy incident beam in combination with large area
detectors allows one to probe the entire range of length scales within a single, spatially resolved
measurement. Additional information on interface morphology can be gleaned with high energy
x-ray reflectivity (XRR), while crystallographic structure transitions can be probed by crystal trun-
cation rod scattering. These powerful tools will be brought together with the upgrade, using high
energy x-rays which are essential to probe deep inside of thick (~ mm scale) samples as needed to
be statistically representative. High brilliance allows small focal spots to be achieved and allows
for rapid measurements yielding time resolved information. Measurements of this technologically
important class of system thus rely on the unique characteristics of the APS. As in the case of
Sec. A.l, similar capabilities for high energy SAXS/WAXS/XRR are being developed at ESRF
and Petra-III on beamlines that will be similar to the upgraded Sector 1.



Recent work at 1-ID includes studies of solid oxide fuel cells [22], thermal-barrier coatings
[23] and hard coatings [24]. Measurements reveal strain and phase evolution over many grains
simultaneously but with spatial resolution typically smaller than the coating layer thickness. The
thermo-mechanical environments developed for these studies have allowed materials behavior to
be studied under realistic conditions providing critical and unique information for materials engi-
neers. For example, the ability to perform mechanical loading up to 1200°C provided Northwestern
scientists and their partners at Rolls-Royce unique thermo-mechanical data needed to evaluate
new and existing environmental barrier coatings. [25] APS-U provides an opportunity for ever
more advanced in-situ environments where needed to best simulate service conditions. In the case
of the environmental barrier coatings (EBCs), for example, one would like to perform the high-
temperature studies under steam environments (Keiser cells), which is a crucial test to evaluate
EBCs but, because of added complexity, requires dedicated setup space APS-U would provide.

One of the key systems to be studied with these capabilities will be batteries, as illustrated in
Fig. 4. In order to create battery systems to meet developing and future needs, new materials
need to be observed in operando to understand why they fail and how to improve them to achieve
the desired technological demands. Such studies of full battery cells, several mm thick including
casing, are only possible with the penetrating high energy x-rays. Similar to the solid oxide fuel
cell studies mentioned above, microstructural heterogeneity can be mapped in 4d (space + time)
to resolve internal strain, grain size and phase evolution. Particular issues in Li-based batteries
which can be addressed include the identification and growth kinetics of solid-electrolyte interfaces,
and strain and microstructural development during lithiation/delithiation of the electrodes. Using
a focused x-ray beam, the component layers and interfaces within the battery can be examined
during charge/discharge cycling. Both external and especially, internal ANL collaborations will be
fostered to ensure the most relevant batteries are studied, including lithium-ion and lithium-air
systems.

Figure 4: Buried interfaces in batteries and
other layered systems can be investigated
in-situ with proposed APS-U techniques.
Bulk structural information can be simul-
taneously recorded using (a) high-energy
SAXS, providing nano-particle/porosity size
and shape and WAXS, providing crystallo-
graphic phase, texture and strain. By trans-
lating the sample with respect to the focused
x-ray beam, structural gradient information
can be directly measured. Images from ref-
erence [26]. (b) Enhanced surface/interface
sensitivity can be obtained with the same
probe beam using x-ray reflectivity (shown

/\‘/\\ providing an electron density profile normal

wo to an interface) as well as glancing-incidence
SAXS and WAXS and crystal truncation rod
measurements.

In addition to battery systems, these high energy x-ray techniques will benefit the scientific
community by providing a tool to probe deeply into systems that require millimeter length-scale
of thickness to operate effectively, as well as materials that contain medium to heavy elements.



Recently, the high-energy x-ray reflectivity technique has been successful in probing fundamental
questions regarding the behavior of water in nature, such as the existence and quantification of a
vapor gap between hydrophobic surfaces and liquid water and in the melting of solid water in contact
with mineral surfaces [27]. In addition, the SAXS/WAXS probe has been used to investigate the
kinetics of nano-particle formation in a variety of systems ranging from bulk metallic glasses [28]
to nanostructures at liquid/semiconductor interfaces [29]. Amongst the large volume of potential
studies using these techniques are liquid-solid interfaces involved in electrochemical processes, such
as electroplating, and liquid-liquid interfaces involved in environmental remediation, such as the
oil-liquid interface present in the separation process used for actinides. The ability to couple these
measurement modes offers exciting possibilities for studying the dynamics of complex systems.

Upgrade opportunities. The microfocused, high-energy x-rays available through APS-U will
provide unique characteristics to probe buried interfaces in a number of technologically-relevant
material systems. A short-period undulator, ideally a superconducting type for the highest bril-
liance, (CDR 4.5.4.2) and 2-d optics (CDR 4.5.4.4) will provide a sub-micron and fixed-energy
(70keV) probe. This will be coupled to a goniometer, select sample environments, and a flexible
detector system to allow complementary measurement modes of transmission SAXS/WAXS, x-ray
reflectivity, crystal truncation rods, and grazing incidence scattering. The system will accept a
monochromator able to tilt the beam and permit measurements without the need to move the
specimen, of particular relevance for liquid/liquid and liquid /gas interfaces. This will enable a new
suite of in-situ and in-operando studies which are complementary to, but distinct from, the APS-U
planned lower-energy surface and interface beamlines.

A.3 Advanced Composite Materials: Synthetic and Biological

The proposed high energy SAXS/WAXS (see above) probe offers unique opportunities to study the
individual phases of advanced composites, which can give a wealth of unique information relevant
to their structural integrity. The properties of composites depend on the distribution, orientation,
shape and connectivity of the strengthening phase as well as the bonding between the reinforcement
and the matrix which may decrease due to damage accumulation (e.g. cavitation, delamination) or
increase (due to matrix plasticity, or reaction during heat treatments). This is reflected in the load
partitioning between matrix and reinforcement which can be determined by WAXS and SAXS.
One area of interest is the material response during creep and fatigue of advanced composites in
gas turbine engines, for which higher-temperature operation is desired to increase engine efficiency.
A number of existing and proposed composites may be used in such applications including (i)
superalloys (Ni based, and containing gamma prime and carbide second phases), (ii) metal-matrix
composites [30] (iii) ceramic matrix composites and (iv) advanced ceramics such as MoSis with
second phases. In all systems, the load bearing capacity is dictated by load transfer from the
relatively compliant, soft matrix to the stiff, hard reinforcements. For even higher temperature
operation, these materials can act as substrates for ceramic coatings (e.g. TBCs), mentioned in the
previous section, for which load transfer across the substrate/coating interface is of prime interest.
The proposed beamlines will permit studies of the phase-specific strain responses under relevant
thermo-mechanical conditions. Sub-second temporal resolution will allow scientists to track the
responses close to the origin of deformation, with sufficient spatial resolution (micron-level) to
track damage gradients, particularly in coated systems.

With longevity increasing for populations both in the US and worldwide, biomaterials are
becoming key elements in maintaining mobility and quality of life. One bottleneck in this area is
inadequate understanding of how implant materials interact in biological systems, particularly at



the tissue/material interface. For example, a critical concern for implant materials (e.g. for hip
replacements) is stress-shielding by the implant material, which weakens bonding with the growing
tissue. In-situ, 3D-resolved scattering methods, combined with imaging, will provide gradient
information of strain and microstructure needed to better understand and optimize such implant
materials. Another area of interest is biomedical stents. Stents, which are typically made of
superelastic NiTi, are increasingly being utilized in surgical applications, yet fatigue failure remains
an important issue. In such case one would like to fatigue cycle the stent within a simulated artery,
and study the cyclical phase transformation and associated strain responses. In addition, improved
understanding of bone nano-mechanics is needed to understand the underlying mechanisms of such
failures at ultra-structural and molecular levels.

1-ID has demonstrated capability to study the phase response within biomaterials including
bone [31] and teeth [32] using sequential SAXS/WAXS. One important issue for such studies is
to minimize radiation dose, and associated radiation damage, [33] in order to decouple possible
effects from load-induced damage. Recent systematic investigations have identified that sequential
SAXS/WAXS data can be collected at doses of 500 Gray which is below critical levels which affect
load transfer between collagen and mineral phases [34]. The advanced detector arrays provided by
APS-U will allow for more efficient collection of simultaneous SAXS/WAXS data, on the order of
10 times below current doses, which may even make possible in-vivo studies (for reference, typical
doses in human cancer therapy are on the order of 0.1 Gray while sterilization levels are at 100
kGray). These arrays will also eliminate the need for detector motion, opening possibilities for new
studies of relevant physiological processes such as fracture and high-cycle fatigue.

A.4 Nuclear materials

Nuclear power has enjoyed a renewed interest of late. Generation 4 reactors which more efficiently
burn fuel to higher levels and reduce radioactive waste will run at higher temperatures and expose
materials to higher levels of irradiation than previous reactor technology. No material currently
exists that can withstand the challenges associated with these conditions. Research directed at
understanding the evolution of microstructures and the associated materials response (i.e. the
structure property relations) under these operating conditions, and eventually informed design of
materials is required to realize the benefits of generation 4 nuclear reactors. High energy synchrotron
radiation is uniquely capable of probing the microstructure of the relevant materials, i.e. advanced
steels, zircalloy alloys, high Z-number metallic and oxide fuel materials under high temperature,
stress, and possibly, simulated irradiation conditions.

Recent in-situ neutron diffraction measurements on irradiated zirconium alloys during deforma-
tion (unpublished) have demonstrated two clear effects: 1) the microstructure of the material was
dramatically affected by ten years of service in reactor (evidenced by diffraction line shape), and
2) the balance of the active deformation mechanisms was shifted by the change in microstructure.
It is reasonable to assume that these types of effects are pervasive in irradiated materials and un-
derstanding the development of the microstructure is critical to designing materials which either
resist or are more tolerant of these changes. Unfortunately, due to the small quantities of activated
materials which can be used in these experiments as dictated by personnel radiation safety, the
neutron measurements are prohibitively slow (4 hours per line profile measurement) to allow the
real-time measurements necessary to understand the evolution of the microstructure.

The high flux of the 3rd generation synchrotron x-ray sources coupled with optimized detector
designs (CDR Figure 4.5.4-6) will allow real-time in-situ measurements on very small quantities of
materials (milligrams). Keeping with the above example of irradiated zirconium, the obvious next
step is diffraction line profile measurements during heating, which will allow us to understand the



mobility of the defects introduced by irradiation. These measurements are not possible with neutron
diffraction because of the slow measurement rate. However, the proposed detector design (CDR
4.5.4.6 and Fig. 5) will allow the experiments to be completed on a sample with sub-millimeter
dimensions on sub-minute time scales. This capability, which is not currently available, would
allow us to monitor the defect population in real time as the material is annealed under heating
conditions similar to those it might experience in service.

While this is one specific example, one can imagine many possible experiments on different
materials under relevant environmental conditions. The proposed 1-ID beamline upgrade would
allow for diffraction measurements which, when optimized in different ways, allow one to follow the
evolution of internal stress, texture, dislocation density and character, under multiple environmen-
tal conditions. Further, small angle x-ray scattering (SAXS) will be used to provide information
about larger scale (Inm-100nm) heterogeneities such as voids or He bubbles. The penetration of
high energy x-rays allows them to probe structural materials (e.g. steel, zirconium), fuel materials
(metallic uranium, UQO;), and waste materials (e.g. mixed trans-uranic oxides). Relevant envi-
ronmental conditions certainly include high temperature and applied stress, but could easily also
include magnetic and electric field, or, if one stretches ones imagination, under simulated (with ion
beams) irradiation conditions.

Currently, post irradiation examination, is the only routinely used mechanism to glean infor-
mation about irradiated materials. Synchrotron x-rays could provide the first routine access to real
time in-situ experiments. The difference is analogous to the difference between archaeology, i.e.
understanding a civilization by what it left behind, and observing an existing civilization. Thus, the
impact of this capability could be huge, providing never before available glimpses into the behavior
of nuclear power relevant materials under relevant conditions.

450

o

=

o
T

Stress (MPa)

= Average Zr
I {1}
| ‘ .

U-s o 5 10

Lattice Sirain [ %10 6)

\

o

a
T

Figure 5: New detector arrays for simultaneous SAXS/WAXS will enable thermo-mechanical studies
of irradiated materials as illustrated in (a). This will build on and enhance existing studies of non-
irradiated nuclear materials such as Zr-alloys, as illustrated in (b), in which in-situ deformation
response of both bulk (Zr) and minority (ZrHy, < 1% vol. fraction) phases were determined with
sufficient fidelity for FE model comparison and to provide estimates of fundamental properties such
as critical hydride failure length. [35]

A.5 Dynamics of undercooled systems

Liquids and glasses are probably the least understood phases of matter. Our understanding of how
they crystallize and, in some cases, become glasses with cooling is incomplete. Furthermore, novel
liquid/liquid phase transitions at temperatures below their melting temperatures (supercooled)
are largely unexplored. Since most elements are liquids only at elevated temperatures and react
strongly with container materials, experimental studies of their structures and properties, which

10



could guide fundamental theoretical efforts, are difficult or impossible to make. To address these
and related questions, Washington University in St. Louis and lowa State University have designed
and constructed an electrostatic-levitation (ESL) x-ray scattering facility (Beamline ESL or BESL)
to allow structural and kinetic studies of high temperature liquids, both above and below the
equilibrium melting temperature. The liquids are levitated in high vacuum using electrostatic
levitation, thus avoiding container contamination and minimizing the potential for heterogenous
nucleation. This chamber, and its predecessor at NASA, has been used successfully in a series of
pioneering experiments that correlate physical measurements such as density and calorimetry, with
the microscopic liquid structure. [36, 37, 38, 39, 40, 41]

Upgrade opportunities. The proposed upgrade of 1-ID will strongly enhance this program in
very specific ways. Currently, at 6-ID,! the ability to measure a full diffraction pattern using a 2D
detector is flux limited. In liquid Si, for example, useable data can be obtained on a timescale of 100
msec. With an expected increase of a factor of at least 100 in incident flux at high energy (CDR Sec.
4.5.4.5), the data collection time will be correspondingly reduced. This finer temporal resolution
will reveal kinetic processes in liquids in greater detail, which are critical to investigate proposed
liquid-liquid phase transitions in the undercooled state and transient metastable solid phases that
occur upon the initial stages of crystallization. Second, the simultaneous SAXS/WAXS probe
(CDR 4.5.4.6 and Secs. A.2 and A.3) will provide details of phase separation in undercooled liquids
and metastable solid products of crystallization over a large range of length scales which, to date,
is relatively unexplored territory. Finally, the continuous energy coverage provided by the in-line
D and E hutches can be used for anomalous scattering to extract partial pair distributions for
heavier elements in undercooled liquids. These partial pair distributions are critical for a successful
modeling of multi-component liquids using, for example, reverse Monte Carlo techniques.

A.6 Imaging the reciprocal space of single crystals

A key distinguishing feature of the Advanced Photon Source (APS) is the capability for high-energy
scattering, which has been exploited for numerous applications including pair distribution studies,
high pressure studies, and investigations of the mechanical behavior of materials. Coupled with
the new generation of two-dimensional area detectors, high-energy diffraction studies of powder
samples provide an important and complementary path to conventional powder diffraction mea-
surements. The capabilities for high-energy single-crystal diffraction measurements at the APS,
however, remain somewhat underdeveloped and there is an emerging need for this technique. Re-
cently, a crystal oscillation technique, using high-energy x-rays to image planes of reciprocal space
has been developed. This method has been applied, to a variety of systems including the new iron
arsenide superconductors [12, 43], quasicrystals [44], and for the study of crystallographic phase
transitions [15]. Most recently, a Partner User Agreement with the APS to extend this technique
to full precession camera capability has been established. This enhanced instrumentation will pro-
vide unique capabilities at a third generation light source for examining bulk single-crystal samples
under extreme environments.

The combination of high-energy x-rays, a suitably designed precession camera, and fast area
detectors will enable a “big picture” of reciprocal space for a single crystal, yet maintain high enough
resolution to study twinning in the newly discovered iron arsenide superconductors. The data shown
in Figure 6, for example, were key to elucidating the nature of structural twin domains in the parent

'Note that APS-U plans may include removing the 6-ID high-energy program as required by the short pulse x-ray
(SPX) program. Hence, the measurements described here may be moved to 1-ID; an upgraded Sector 1 may dictate
such a move in any case.
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Figure 6: (a) Drop of molten Ti-Zr-Ni alloy electrostatically
levitated inside a vacuum chamber designed for high-energy
diffraction experiments. [46] (b) Tetragonal-to-orthorhombic
distortion in BaFesAss high-T,. superconductor as deduced
! from high-energy x-ray diffraction. Complete reciprocal lat-
% O tice planes were recorded as a function of temperature using

T wers a 2-D detector while oscillating single crystals about the in-
IZl = coming x-ray beam (bottom images). The four possible low-
temperature orthorhombic domain orientations (upper left)
lead to an observed four-fold splitting of (220) type reflec-
EI III tions at low temperature.[12]

Tetragonal Orthorhomic

N T

(200)

AEFesAsy (AE = Ca, Sr, Ba) compounds associated with the tetragonal-to-orthorhombic distortion
observed in these materials and their doped, superconducting daughters [42]. Furthermore, diffuse
scattering measurements of chemical short-range order, phonons and structural instabilities will also
benefit from the proposed upgrade. Fig. 7, for example, shows diffuse scattering (performed at 6-
ID-D) from Fe-Ga alloys with large magnetostriction, showing features arising from both chemical
order and thermal vibrations.[47] More quantitative analysis of the diffuse scattering would be
possible if measurements were performed in high symmetry planes of the crystal, rather than over
the surface of the Ewald sphere. The proposed precession technique provides a unique approach
that could be applied to diffuse scattering problems to allow measurements in such high symmetry
planes. Upgraded and expanded facilities at 1-ID (CDR 4.5.4.3, 4.5.4.6) will provide the flexibility
to implement this technique.

Figure 7: Diffuse x-ray scattering measurements performed
on magnetostrictive FegoGayg alloys using the Sector 6 high-
energy side station with an energy of 100 keV. With fixed
crystal orientation, scattering occurs on the Ewald sphere tan-
gential to the (110) crystallographic direction. Strong thermal
diffuse scattering is observed near allowed Bragg reflections of
the BCC structure (h+ k + 1 = even). Chemical short-range-
order peaks are observed near (001) and (1/2,1/2,1/2)-type
reflections due to incipient D03 alloy ordering. [17].

B APS Relevance

Each of the science cases described above map seamlessly onto the APS Upgrade theme of “real
materials under real conditions in real time.” They exploit the unique APS characteristic of having
the highest brilliance in the nation in the high energy (> 40 keV) spectral range. Internationally it is
rivaled only by ESRF, Petra 111, and SPring-8, all of whom continue to develop similar programs to
those described in the science themes. In Europe in particular a number of high-energy beamlines
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are being upgraded and/or built including at the ESRF (even with the reduced ESRF upgrade
scope, an ID-11 upgrade and a new high-energy beamline are planned), and at Petralll (the HEMS
beamline). Substantial synergy can be achieved through continued collaboration between these
institutions, particularly with APS having comparable capabilities as APS-U would provide. While
neutron sources offer comparable penetration power to high-energy x-rays, the newly-built SNS has
substantially lower brilliance (~ 2 orders of magnitude), as will high-energy beamlines at the only
newly planned national synchrotron source, NSLS-II.

The above sections have pointed to specific upgrade components that are relevant to partic-
ular measurements. To summarize, upgraded APS 1-ID sources and optics will deliver a unique
combination of high (i) penetration power, (ii) spatial resolution, (iii) temporal resolution, and
(iv) reciprocal space range and resolution to probe the most complex “real” materials. The higher
brilliance associated with the upgraded beamlines will substantially increase the spatio-temporal
resolution of delivered beams, to <500nm and msec levels, allowing “real” time investigations and
opening new frontiers in materials research. Increased beam stability will enhance spatially resolved
measurements. In addition, APS-U at 1-ID will provide a new high-energy surface and interface
scattering capability for studies of buried interfaces rivaled only by the ESRF and distinct and
complementary to the surface scattering efforts at other APS beamlines. Equally important, the
increased specialization and number of experimental stations will allow unique in-situ environments
and increase user throughput to address oversubscription rates (see Sec. C).

The microstructural probes will be synergistic with strategic laboratory initiatives including ma-
terials for energy and energy storage. Indeed the need for non-destructive microstructural probes,
capable of observing gradients on the 1-10 micron level, was articulated by Jeff Chamberlain in
the ANL “future states” energy storage lecture (Nov, 2010). Both HEDM and the buried interface
methods (Secs. A.1, A.2, and A.3) are expected to fill this targeted need through combining bulk
penetration capabilities with micron-level resolution of structure. In addition, the SAXS/WAXS
probe in particular can interface materials for energy initiatives by providing rapid (sub-second)
structural information on nano-scale processes, [29] which is the relevant size-scale where the ma-
jority of synthesis and design of novel materials will occur. Finally, the ability to study irradiated
materials, particularly in response to external stimuli including thermo-mechanical deformation,
will provide unique information relevant both for ANL initiatives as well as national energy and
security needs.

C User Community: existing, potential, specific requirements

The 1-ID user community is international and is comprised of academic, national laboratory, and
industrial researchers in the fields of materials science and engineering, other engineering disciplines
(primarily mechanical and biological), physics and chemistry. The GUP oversubscription rate has
ranged from three to five over the past five years, discouraging outreach efforts which could lead to
appreciably higher numbers of proposals. Interest in the types of science and the unique capabilities
described herein can be expected to increase demand significantly as these capabilities become bet-
ter developed and known in the community. This potential demand has and will continue to guide
a significant part of the effort at Sector 1. Upgraded beamlines and the resultant improvements
in measurement techniques and capabilities will allow expansion beyond the community of x-ray
experts (see Sec. D).

One user community which is largely untapped to date is in the nuclear field. The potential is
illustrated by the interest generated at the APS workshop on irradiated materials studies (~ 150
member attendance) in 2009. The workshop organizers summarized: “Synchrotron studies hold
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enormous potential to answer questions central to all aspects of nuclear energy production, from
simulation validation, to quantifying materials problems, to environmental remediation...Major ex-
perimental challenges remain including...design and execution of in situ experiments (particularly
those under extreme environments)...The construction of dedicated high energy (> 60 keV) X-ray
beamlines for experiments on radioactive samples would accommodate the relevant requirements
associated with handling nuclear materials (radiation levels, safety, security) and provide capabil-
ities unavailable elsewhere in the world. This recommendation is considered consistent with APS
capabilities and its plans for an overall upgrade.”

The upgrade will increase the quality and quantity of experiments to attend to the needs of these
communities. The strong user base will grow, particularly in the areas of in-operando studies of
materials processing and synthesis, deformation studies of advanced materials used for a variety of
applications including nuclear and lightweight, energy-efficient materials, and spatially resolved mi-
crostructural studies of basic and engineering materials. Stronger ties with computational scientists
have been emphasized above; these ties will further leverage novel in-situ data sets.

Finally, we anticipate that the upgrade will enhance current ties to industrial partners, partic-
ularly in the areas of HEDM imaging and SAX/WAXS measurements. The non-destructive 3D
resolved strain mapping capabilities can be used, for example, to verify surface treatments (e.g.
peening, case hardening) often applied industrially, but typically measured using layer-removal
techniques. Existing industrial partners include GE (see attached support letter), John Deere,
Ormond and Caterpillar. Industrial users for SAX/WAXS have been limited primarily by beam-
time availability, but could range from orthopaedic implant manufacturers to chemical industries
involved in nanoparticle synthesis. Similarly, and as described above, a significantly larger commu-
nity can be expected with more user-friendly HEDM measurements, with a wide array of potential
industrial ties ranging from battery evaluation to thermo-mechanical process (stamping, forging,
welding, etc) investigations.

D Required Technical Advances/Technical Feasibility

With the facility upgrade (higher electron beam current and better beam stability) and the beamline
upgrade (new canted undulator sources in a long straight section with a side-station beamline
and new hutches) will come challenges associated with increased data rates, new environmental
chambers, and new detector configurations. Further, to gain the full impact of new capabilities, it
will be important to develop a user friendly environment for non-experts.

Undulators. Technical advances in undulator design will allow the highest possible brilliance to
be delivered to the upgraded hutches in canted geometry. For one section of the cant, a permanent
magnet undulator is proposed, able to produce beam with continuous coverage in the energy range
of 40-140 keV. A particularly attractive device would be the “revolver” undulator, which would
allow discrete short-periods to be used (e.g. 2.1 and 2.3 cm), with a significantly longer length
as compared to the alternative of two shorter undulators in series. For the second section, an
undulator is proposed with a period and gap to produce a third harmonic at 60-75 keV, such as the
APS prototype superconducting 1.6 cm device. This would deliver between 1-2 orders of magnitude
more flux for time-resolved experiments such as those described in Secs. A.2 and A.5 as well as
enabling near-field HEDM microstructure mapping measurements to become time resolved.

Optics. Optics development will be undertaken to provide the highest possible beam quality as
well as flexibility for different types of resolution (spatio-temporal and reciprocal space, line or

14



point focus) demanded by the broad array of scientific and technological demands and related mea-
surement techniques described above. A cryogenically cooled, bent double-Laue monochromator
will be used to provide a fully-tunable energy range with preserved source brilliance, while a single
bent Laue crystal will be used for the fixed-energy branch. The former monochromator will be an
upgraded version of the highly successful system used at 1-ID for over 10 years, with added energy
range (40-140keV). A high-energy-resolution monochromator system will be placed downstream of
this tunable monochromator to allow users to tradeoff flux for energy resolution (needed e.g. for
resonant scattering [18, 49, 50] or very high strain resolution). A number of focusing optics (pri-
marily parabolic refractive lenses) will be dedicated for both short (~ 1 m) and long (~ 20 m) focal
lengths to give users the option to choose the highest spatial resolution (ex., submicron beams) or
more moderate resolution (10 — 20um) with increased flux and reciprocal space resolution.

Detectors. All proposed techniques rely on area detectors. The availability of efficient multi-
mega-pixel detectors with fast read out is another key advantage as compared to neutron diffrac-
tion techniques. Dramatic progress has been made over the last years and is likely to continue.
For example, even with present technology a semi-transparent dual near-field detector could be
engineered that would allow simultaneous near- and far-field HEDM. Such a detector system may
make possible tomographic strain mapping within individual grains.

Sample environment. We anticipate that new science will be enabled by sample environments
that will provide extreme conditions that are not yet available. While the proposed diffraction tech-
niques pose some constrains on sample environments (in particular near-field techniques), it is clear
that technological limits have not been reached and that ample potential exists for developments.
A variety of efforts are underway including DOE funded SBIR partnerships.

Data handling and computational environment. A common theme in the described mea-
surements is the use of area detectors. In several cases, multiple detectors (as many as five) will
be used simultaneously and, with upgraded x-ray flux, will have to be read out rapidly and in syn-
chronism with sample and other motions. Mechanical hardware-to-detector-to-software interfacing
is a significant challenge that will require investment. Fast and reliable data streaming from exper-
imental hutches to massive data storage devices (on- and/or off-site) will be essential as will fault
tolerant data collection software. High performance computing, already used HEDM reconstruc-
tions, will be required for on-line data analysis so that experimenters can tune sample treatments
based on knowledge of prior behavior. Detailed collaboration between instrument scientists and
software developers will be required. As is the case in high energy physics measurements, it may
be impractical to keep all full detector images; this limitation re-emphasizes the need for real-time
image reduction and/or interpretation. Significant local computing power will be required.

Measurements will need to make the transition from being run solely by developers to being tools
that non-experts can use. The described measurement modes hold the potential to be extremely
useful tools to broad materials communities. The potential broad user base has been pointed out
above. However, this broad user base will not consist entirely of x-ray experts or people who want
to become experts in doing the measurements. It will be essential to develop essentially a “turn-
key” capability for at least some instruments and/or measurement modes. Making this transition
will be demanding both of hardware and software design.

15



E

References

References

1]

[11]

[12]

National Research Council report, “Integrated Computational Materials Engineering: A Trans-
formational Discipline for Improved Competitiveness and National Security,” (2008). available
at here. A.1

U. Lienert, S.F. Li, C.M. Hefferan, J. Lind, R.M. Suter, J.V. Bernier, N.R. Barton, C. Bran-
des, M.J. Mills, M.P. Miller, C. Wejdemann, and W. Pantleon, “High-Energy Diffraction
Microscopy at the Advanced Photon Source,” Journal of Materials (invited article), submitted
(2011). A.1

U. Lienert, M.C. Brandes, J.V. Bernier, M.J. Mills, M.P. Miller, S.F. Li, C.M. Hefferan, J. Lind,
R.M. Suter, “3DXRD at the Advanced Photon Source: Orientation Mapping and Deformation
Studies,” Risoe 2010 Symposium proceedings, Challenges in materials science and possibilities
i 3D and 4D characterization techniques, p. 59, N. Hansen, D. Juul Jensen, S.F. Nielsen, H.F.
Poulsen, and B. Ralph, editors (2010). A.1

R.M. Suter, C.M. Hefferan, S.F. Li, D. Hennessy, C. Xiao, U. Lienert, B. Tieman, “Probing
Microstructure Dynamics With X-ray Diffraction Microscopy,” J. Eng. Mater. Technol., 130,
021007 1-5 (2008). A.1

S.F. Li, J. Lind, C.M. Hefferan, U. Lienert, R.M. Suter, “High Energy X-ray Diffraction
Microscopy Microstructure Mapping: Current State-of-the-Art,” in preparation. A.1

S.F. Li, C.M. Hefferan, J. Lind, R. Pokharel, U. Lienert, A.D. Rollett, and R.M. Suter, “Grain
Growth in Pure Nickel in an Ensemble of 2500 Grains,” in preparation. A.1, 1

G.S. Rohrer, E.A. Holm, A.D. Rollett, S.M. Foiles, J. Li, D.L. Olmsted, “Comparing calculated
and measured grain boundary energies in nickel,” Acta Materialia 58, 50635069 (2010). 1

G.S. Rohrer, J. Li, S. Lee, A.D. Rollett, M. Groeber, M.D. Uchic, ‘Deriving the grain boundary
character distribution and relative grain boundary energies from three dimensional EBSD
data,” Materials Science and Technology, 26, 661-669 (2010). 1

S.F. Li, J. Lind, C.M. Hefferan, R. Pokharel, U. Lienert, A.D. Rollett, and R.M. Suter, “In-
situ Observation of Grain and Sub-grain Response to Tensile Strain in Copper Wires,” in
preparation. A.1l

P. Kenesei, A. Khounsary, U. Lienert, J. Lind, S.F. Li, C.M. Hefferan, R.M. Suter, “Combined
Microstructure Mapping and Absorption Tomography Using a Single Crystal Attenuator,” in
preparation. A.1l

Y. Gao, J. Lind, S.F. Li, C.M. Hefferan, R. Pokharel, and R.M. Suter, “HEDM and tomo-
graphic measurement of the fracture zone in a Ni based superalloy, unpublished. A.1

C. Efstathiou, D.E. Boyce, J.-S. Park, U. Lienert, P.R. Dawson, and M.P. Miller, “A method
for measuring single-crystal elastic moduli using high-energy x-ray diffraction and a crystal-
based finite element model,” Acta Materialia, 58, 5806 - 5819 (2010). A.1

16


http://www.nap.edu/catalog/12199.html

[13]

[25]

[26]

B. Jakobsen, H.F. Poulsen, U. Lienert, J. Almer, S.D. Shastri, H.O. Sgrensen, C. Gundlach,
and W. Pantleon, “Formation and Subdivision of Deformation Structures During Plastic De-
formation,” Science, 312, 889-892 (2006). 3, A.1

S.D. Shastri, J. Synchrotron Rad. 11, 150 (2004). A.1

B. Jakobsen, H.F. Poulsen, U. Lienert, and W. Pantleon, Acta Mater. 55, 3421-3430 (2007).
Al

W. Pantleon, C. Wejdemann, B. Jakobsen, U. Lienert, and H.F. Poulsen, Mater. Sci. Eng. A
524, 55-63 (2009). A.1

C. Wejdemann, H.F. Poulsen, U. Lienert, and W. Pantleon, IOP Conf. Ser.: Mater. Sci. Eng.
3, 012003 (2009). A.1

P. Hedstrom, L.E. Lindgren, et al., Metallurgical and Materials Transactions A 40A, 1039-1048
(2009). A.1

C.C. Aydiner, J.V. Bernier, B. Clausen, U. Lienert, C.N. Tomé, D.W. and Brown, “Evolution
of Stress in Individual Grains and Twins in a Magnesium Alloy Aggregate,” Phys. Rev. B, 80,
024113 (2009). A.1

M. Varlioglu, U. Lienert, J.-S. Park, J.L. Jones, E. stndag, Texture, Stress, and Microstructure
, 910793 (2010). A.1

M.Z. Hasan and C.L. Kane, “Colloquium: Topological insulators,” Rev. Mod. Phys., 82, 3045
- 3067 (2010). A.2

D-J. Liu and J. Almer, “Phase and strain distributions associated with reactive contaminants
inside of a solid oxide fuel cell,” Appl. Phys. Lett., 94, 224106 - 9, (2009). A.2

C.M. Weyant, J. Almer, and K.T. Faber, “Through-thickness determination of phase com-
position and residual stresses in thermal barrier coatings using high-energy X-rays,” Acta
Materialia, . 58, 943-951 (2010). A.2

M. Odén, M., L. Rogstrom, A. Knutsson, et al.,; “In situ small-angle x-ray scattering study of
nanostructure evolution during decomposition of arc evaporated TiAIN coatings,” Appl. Phys.
Lett., 94 (2009). A.2

B.J. Harder, J.D. Almer, C.M. Weyant, K.N. Lee and K.T. Faber, ‘Residual Stress Analysis
of Multilayer Environmental Barrier Coatings,” J. Am. Cer. Soc, 92(2), 452-459 (2009). A.2

N. Lock, M. Bremholm, M. Christensen, J. Almer, Y.S. Chen and B.B. Iversen, “In-situ
High-Energy Synchrotron Radiation Study of Boehmite Formation, Growth and Phase Trans-
formation to Alumina in Sub- and Supercritical Water,” Chem. Eur. J, 15, 13381-90 (2009).
4

V. Honkimaki, H. Riechert, J.S. Okasinski, et al., “X-ray optics for liquid surface/interface
spectrometers,” J. Synchr. Rad., 13, 426-431 (2006). A.2

X.-L. Wang, J. Almer, Y.D. Wang, et al., “In-situ synchrotron study of phase separation
in bulk metallic glass by simultaneous diffraction and small angle scattering measurements,”
Phys. Rev. Lett., 91, 265501-4 (2003). A.2

17



[29]

[39]

[40]

[41]

Y. Sun, Y. Ren, D. Haeffner and J.Almer, “Nanophase Evolution at Semiconductor /Electrolyte
Interface in Situ Probed by Time-Resolved High-Energy Synchrotron X-ray Diffraction,” Nano
Letters 10, 3743-3753, Nanoletters, (2010). A.2, B

A. Wanner and D. Dunand, Met. Trans. A, 31A, 2949-62 (2000). A.3

J. Almer and S. Stock, “Micromechanical Response of Mineral and Collagen Phases in Bone,”
J. Struct. Biol, 157, 365-70 (2007). A.3

J.D. Almer and S.R. Stock, “High-energy X-ray Scattering Quantification of In-situ-loading-
related Strain Gradients Spanning the Dentinoenamel Junction (DEJ) in Bovine Tooth Spec-
imens,” J. of Biomech, 43(12), 2294-3000 (2010). A.3

H.D. Barth, M.E. Launey, A.A. MacDowell and R.O. Ritchie, Bone, 46, 1475-85 (2010). A.3

A. Singhal, A.C. Deymier-Black, J.D. Almer and D. Dunand, “Effect of High-energy X-ray
Doses on Bone Elastic Properties and Residual Strains,” in preperation. A.3

M. Kerr, M.R. Daymond, R.A. Holt and J. Almer, “Strain Evolution of Zirconium Hydride
Embedded in a Zircaloy-2 Matrix,” J. Nuc. Mat., 380, 70-75 (2008). 5

A K. Gangopadhyay, G.W. Lee, K.F. Kelton, J.R. Rogers, A.I. Goldman, D.S. Robinson,
T.J. Rathz, and R.W. Hyers, “Beamline electrostatic levitator for in situ high energy x-ray
diffraction studies of levitated solids and liquids,” Rev. Sci. Instrum., 76, 073901 (2005). A.5

K.F. Kelton, G.W. Lee, A.K. Gangopadhyay, R.W. Hyers, T.J. Rathz, J.R. Rogers, M.B.
Robinson, and D.S. Robinson, “First X-Ray Scattering Studies on Electrostatically Levitated

Metallic Liquids: Demonstrated Influence of Local Icosahedral Order on the Nucleation Bar-
rier,” Phys. Rev. Lett., 90, 195504 (2003). A.5

G.W. Lee, A.K. Gangopadhyay, K.F. Kelton, R.W. Hyers, T.J. Rathz, J.R. Rogers, and D.S.
Robinson, “Difference in icosahedral short-range order in early and late transition metal lig-
uids,” Phys. Rev. Lett., 93, 37802 (2004). A.5

T.H. Kim, G.W. Lee, B. Sieve, A.K. Gangopadhyay, R.W. Hyers, T.J. Rathz, J.R. Rogers,
D.S. Robinson, K.F. Kelton, and A.I. Goldman, “In situ High-Energy X-Ray Diffraction Study
of the Local Structure of Supercooled Liquid Si,” Phys. Rev. Lett, 95, 085501 (2005). A.5

Y.T. Shen, T.H. Kim, A.K. Gangopadhyay, and K.F. Kelton, “Icosahedral Order, Frustration,
and the Glass Transition: Evidence from Time-Dependent Nucleation and Supercooled Liquid
Structure Studies,” Phys. Rev. Lett., 102, 057801 (2009). A.5

T.H. Kim, G.W. Lee, A.K. Gangopadhyay, R.W. Hyers, J.R. Rogers, A.I. Goldman, and
K.F. Kelton, “Structural studies of a Ti-Zr-Ni quasicrystal-forming liquid,” J. Phys. Conden.
Matter, 19, 452112 (2007). A.5

M.A. Tanatar, A. Kreyssig, S. Nandi, N. Ni, S. L. Budko, P.C. Canfield, A.I. Goldman
and R. Prozorov, “Direct imaging of the structural domains in the iron pnictides AFesAs,
(A=Ca,Sr,Ba),” Phys. Rev. B 79, 180508 (2009). A.6, 6, A.6

R. Prozorov, M.A. Tanatar, N. Ni, A. Kreyssig, S. Nandi, S.L. Budko, A.I. Goldman,
and P.C. Canfield “Intrinsic pinning on structural domains in underdoped single crystals of
Ba(Fe;_xCoyx)2As2,” Phys. Rev. B 80, 174517 (2009). A.6

18



[44]

[45]

[46]
[47]

[48]

[49]

[50]

P.C. Canfield, M.L. Caudle, C.-S. Ho, A. Kreyssig, S. Nandi, M.G. Kim, X. Lin, A. Kracher,
K.W. Dennis, R.W. McCallum, and A.I. Goldman “Solution growth of a binary icosahedral
quasicrystal of SciaZngg,” Phys. Rev. B 81, 020201 (2010). A.6

A. Kreyssig, S. Chang, Y. Janssen, J.W. Kim, S. Nandi, J.Q. Yan, L. Tan, R.J. McQueeney,
P.C. Canfield, and A.I. Goldman, “Crystallographic phase transition within the magnetically
ordered state of CeaFej7,” Phys. Rev. B 76, 054421 (2007). A.6

C. Day, Phys. Today 56, 24 (2003). 6

Y. Du, M. Huang, S. Chang, D.L. Schlagel, T.A. Lograsso, and R.J. McQueeney, “Relation
between Ga ordering and magnetostriction of Fe-Ga alloys studied by x-ray diffuse scattering,”
Phys. Rev. B 81, 054432 (2010). A.6, 7

V. Petkov, S.M. Selbach, M.-A. Einarsrud, T. Grande, S.D. Shastri, “Melting of Bi Sublattice
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One page biographies for co-authors R.M. Suter, J. Almer, D. Brown, D. Dunand, A. Goldman,
and M. Miller appear on the following pages.
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Robert M. Suter
Departments of Physics and Materials Science and Engineering
Carnegie Mellon University, Pittsburgh, PA 15213
412-268-2982; suter@cmu.edu

Professional Preparation

e Post-doctoral: IBM Research, Physical Sciences, 1979 - 1981.

e Graduate: Clark University, Physics, Ph.D., 1978.

e Undergraduate: North Carolina State University, Electrical Engineering, BSEE, 1970.
Appointments

2006-present, Professor of Materials Science and Engineering

1996-present, Professor of Physics, Carnegie Mellon University

1987-1996 Associate Professor of Physics, Carnegie Mellon University

1987 Visiting Scientist, Schlumberger-Doll Research (summer)

1985 Visiting Scientist, IBM Research (nine month leave from CMU)

1981-1987 Assistant Professor of Physics, Carnegie Mellon University

1978-1979 Research Associate and Instructor, Clark University

. 1970-1972 Electronics Engineer, U.S. Patent Office

Recent Publications: (see here for re- and pre-prints)

1. C.M. Hefferan, S.F. Li, J. Lind, U. Lienert, A.D. Rollett, P. Wynblatt, R.M. Suter, “Statistics of
High Purity Nickel Microstructure From High Energy X-ray Diffraction Microscopy,” Computers,
Materials and Continua, 14, 209-219 (2009).

2. C.M. Hefferan, S.F. Li, J. Lind, and R.M. Suter, “Tests of Microstructure Reconstruction by
Forward Modeling of HEDM Data,” Journal of Powder Diffraction, 25, 132-137 (2010).

3. U. Lienert, M.C. Brandes, J.V. Bernier, M.J. Mills, M.P. Miller, S.F. Li, C.M. Hefferan, J. Lind,
R.M. Suter, “3DXRD at the Advanced Photon Source: Orientation Mapping and Deformation
Studies,” Risoe 2010 Symposium proceedings (2010).

4. S.R. Wilson, C.M. Hefferan, S.F. Li, J. Lind, R.M. Suter and A.D. Rollett, “Microstructural
Characterization and Evolution in 3D,” Risoe 2010 Symposium proceedings (2010).

5. U. Lienert, S.F. Li, C.M. Hefferan, J. Lind, R.M. Suter, J.V. Bernier, N.R. Barton, C. Brandes,
M.J. Mills, M.P. Miller, C. Wejdemann, and W. Pantleon, “High-Energy Diffraction Microscopy at
the Advanced Photon Source,” J. of Matls, (invited issue), submitted (to appear in July 2011).
Related Activities

e Suter’s research group has developed the High Energy X-ray Diffraction Microscopy (HEDM)
microstructure mapping technique at the Advanced Photon Source through collaboration with
Sector 1 personnel (primarily Ulrich Lienert). Hardware and data collection macros have been and
continue to be refined. Reconstruction software has been developed that uses high performance
computing on the NSF Teragrid and other HPC facilities. Through a Partner User Program beam
time allocation (with Lienert and Matthew Miller of Cornell University), we are working to make
the technique accessible to non-expert users and to combine tomography and strain sensitivity with
orientation mapping. The user base is currently expanding through collaborations with scientists at
national laboratories and universities. Outreach presentations have been given in 2010 at the CMU
NSF/MRSEC 3D Microstructures Summer School, PowderMet 2010, and in Japan (Japan Iron and
Steel Symposium at Hokkaido University, SPring-8 synchrotron facility, and Kyoto University).

e Suter was elected to the Adv. Photon Source Users’ Organization Steering Committee in 2009.
e Suter is chair of the “Engineering-Applied Materials” proposal review panel at the APS.

e Suter has served as Director of Outreach for the CMU NSF/MRSEC program and as Director of
the Undergraduate Program in the Physics Department at Carnegie Mellon University.
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Jonathan D. Almer

Advanced Photon Source work phone: 630.252.1049
Argonne National Laboratory telefax: 630.252.5391
9700 S. Cass Ave, Building 431A email: almer@aps.anl.gov
Argonne, IL 60439 www.aps.anl.gov/Sectorl

Professional Preparation
e Post-doctoral research assistant, Engineering Materials Group, Linkoping University,
Sweden, 1998-1999.
e Northwestern University, Evanston, IL. Ph.D., Department of Materials Science and
Engineering, 1998. Advisor Jerome B. Cohen.
e North Park University, Chicago, IL. B.S. in Physics with minor concentration in English.
Summa cum laude, 1991.

Appointments

e 2009-pres Leader, Materials Physics and Engineering Group, Argonne, II.
2006-pres Physicist, Argonne National Laboratory, Argonne, IL.
2000-2006  Assistant Physicist, Argonne National Laboratory, Argonne, IL.
1999-2000 Instructor, Linkoping University, Sweden.
1994-1998  Graduate research assistant, Mat. Sci. Eng. Dept, Northwestern University
1991-1992  Research assistant, Mat. Tech. Div., Argonne National Laboratory.

Selected Publications (total over 130)

1. Wang, Y.M., R.T. Ott, A.V. Hamza, M.F. Besser, J. Almer, M.J. Kramer, “Achieving
large uniform tensile ductility in nanocrystalline metals, Phys. Rev. Lett., 105, 215502
(2010).

2. Almer, J. and S. Stock, "Internal strains and stresses measured in cortical bone via high-
energy x-ray diffraction”, Journal of Structural Biology, 152, pp. 14-27 (2005).

3. Jakobsen, B., H.F. Poulsen, U. Lienert, J. Almer, S.D. Shastri, H.O. Sorensen, C.
Gundlach, and W. Pantleon, "Formation and subdivision of deformation structures during
plastic deformation™, Science, 312(5775), pp. 889-892 (2006).

4. Hufnagel, T.C., R.T. Ott, and J. Almer, "Structural aspects of elastic deformation of a
metallic glass™, Physical Review B, 73(6), pp. 64204-1-8 (2006).

5. Almer, J. and R.A. Winholtz, “X-ray stress analysis”, in Springer Handbook of
Experimental Solid Mechanics, Ed. W.N. Sharpe, pp. 801-820 (2008).

Thesis Advised Students (all from Northwestern University)
e Chris Weyant, Stonybrook University, NY.

Yana Qian, Western Digital Corp, CA

Bryan Harder, NASA Glenn

Anjali Singhal (current student)

Fabian Stoltzenberg (current student)

Fang Yuan (current student)
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Donald W. Brown

PROFESSIONAL INTEREST : Materials characterization using diffraction (neutron and xray) techniques. In
particular anisotropic materials which tend to deform by twinning or phase transformation, e.g. shape memory
alloys and hexagonal materials.

ADDRESS :

EDUCATION :

POSITIONS HELD :

HONORS :

CONFERENCES
ORGANIZED :

REVIEW
COMMITTEES :

SELECTED
PUBLICATIONS :

TA-53, BLDG 622, MS H805 Phone: (505) 667-7904
MST-8 Fax: (505) 665-2676
Los Alamos National Laboratory E-mail: dbrown@Ilanl.gov

Los Alamos, NM 87545
1998  Ph.D. (Physics), The Pennsylvania State University
Dissertation Topic : X-RAY AND NEUTRON SCATTERING STUDIES OF
THE STRUCTURE AND PHASE TRANSITIONS OF CLASSICAL AND QUANTUM
ADSORBATES IN POROUS VYCOR GLASS.
1993  B.Sc. (Physics), Bowling Green State University
2000- Technical Staff Member, MST-8, Los Alamos National Laboratory, Los Alamos, NM
1998-00 Post Doc, LANSCE 12, Los Alamos National Laboratory, Los Alamos, NM
1993-98 Graduate Research/Teaching Assistant, The Pennsylvania State University
1997  Lecturer, Physics 202, Electricity and Magnetism,
The Pennsylvania State University
1992  Intern — Prototype Division, GTE Sylvania, Warren, Pa, 16365
1991  NSF-REU Undergraduate Research Assistant, Lehigh University, Bethlehem PA 18015
2008  Japanese Society for the Promotion of Science Fellowship Award
2004  Defense Programs Award of Excellence
2001  Defense Programs Award of Excellence

2005 LANSCE Winter Neutron School on “dpplication of Neutron Diffraction to
Structural Materials”, March 3-12 2005, Los Alamos, NM.
2005 MECA SENS conference, Oct 17-20 2005, Santa Fe, NM.

2008- ORNL Neutron Scattering Science Review Committee

2008- Los Alamos National Laboratory LDRD-ER Engineering Review Committee
2007-  Metallurgical Transactions A Review Board Member

2004-07 Lujan Center Materials Proposal Advisory Committee member.

Temperature And Direction Dependence Of Internal Strain And Texture
Evolution During Deformation Of Uranium, D.W. Brown, M.A.M. Bourke, B.
Clausen, D.R. Korzekwa, R.C. Korzekwa, R.J. McCabe,T.A. Sisneros, D.F. Teter, Mat
Sci Eng A, 2009, 512 67-75

Development Of Intergranular Thermal Residual Stresses In Beryllium During
Cooling From Processing Temperatures, D. Brown, T. Sisneros, B. Clausen, S.
Abeln, M. Bourke, B. Smith, M. Steinzig, C. Tomé, S. Vogel, Acta Mat, 2009, 57, 4,
972-979

Development of Crystallographic Texture During High Rate Deformation of
Rolled and Hot Pressed Beryllium, Brown, D.W., Blumenthal, W.R., Bourke,
M.A.M., Abeln, S.P., Tome, C.N., et al., Met Trans A, 2005, 36A(4), p. 929-939.
Internal Strain and Texture Evolution During Deformation Twinning in
Magnesium, Brown, D.W., Agnew, S.R., Bourke, M.A.M., Holden, T.M., Vogel, S.C.,
et al., Mat Sci Eng A, 2005, 399(1-2), p. 1-12

A Neutron Diffraction and Modeling Study of Uniaxial Deformation in
Polycrystalline Beryllium, Brown, D. W., Bourke, M., Clausen, B., Holden, T., Tome,
C.,etal., Met Trans A, 2003, 34A(7), p. 1439-1449.



RECENT INVITED
TALKS :

COLLABORATOR:

Uniaxial Tensile Deformation of Uranium 6 Wt Pct Niobium: A Neutron
Diffraction Study of Deformation Twinning, Brown, D.W., Bourke, M.A.M., Dunn,
P.S., Field, R.D., Stout, M.G., et al., Met Trans A, 2001, 32(#9), p. 2219-2228.

The Role Of Texture, Temperature, And Strain Rate In The Activity Of
Deformation Twinning. Brown, D. W., S. R. Agnew, et al. (2005). Materials Science
Forum, 495/497: p. 1037-1042

Neutron Diffraction Study Of The Deformation Mechanisms Of The Uranium-7
W1t.% Niobium Shape Memory Alloy. Brown, D. W., M. A. M. Bourke, et al. (2006).
Materials Science and Engineering A, 421(1-2): 15-21.

Tracing Memory In Polycrystalline Ferromagnetic Shape-Memory Alloys. Wang,
Y.D., Y. Ren, Brown, D. W., et al. (2006). Advanced Materials 18(18): 2392-2396.
Experimental Evidence Of Stress-Field-Induced Selection Of Variants In The Ni-
Mn-Ga Ferromagnetic Shape-Memory Alloys. Wang, Y. D., D. W. Brown, et al.
(2007). Physical Review B 75: 174404.

Martensitic Structures and Deformation Twinning in the U-Nb Shape-Memory
Alloys, Field, R.D., Thoma, D.J., Dunn, P.S., Brown, D.W., and Cady, C.M.,
Philosophical Magazine a-Physics of Condensed Matter Structure Defects and
Mechanical Properties, 2001, 81(#7), p. 1691-1724.

Plenary Talk Diffraction Measurement of Residual Stresses in Highly Anisotropic
Materials : An Example of e-Beam Welded Uranium Rings 2010 European Conference
on Residual Stress, Riva Del Garda Italy, June 26-28 2010.

Plenary Talk Neutron Diffraction Opportunities During In-Situ Materials Processing,
Brown, D.W.,2008 MECA SENS, Vienna, Austria, Sept 24, 2007.

Deformation of Shape Memory Alloys Under Biaxial Loading, D. W. Brown?, C.
Tupper, R. Vaidyanathan, T. Sisneros, B. Clausen, D. Korzekwa, TMS Annual
Meeting, Feb. 2010, Seattle, Wa

Monitoring The Development Of The Texture And Phase Of Shape Memory Alloys
Using In-Situ Neutron Diffraction During Deformation And Thermal Cycling, D.W.
Brown, T. A. Sisneros, R. Vaidyanathan, C. N. Tupper, R. D. Field, ACA Meeting,
July. 2009, Toronto, Canada

Synchrotron X-ray Studies of Deformation of Hexagonal Metals, D. W. Brown, B.
Clausen, C. N. Tomé, S. C. Vogel, Denver X-ray Conference, Denver, Co, July 2009
Neutron Diffraction Study of the Strain Rate Dependent Development of Microstructure
in Beryllium, D. Brown, T. Sisneros, D. Donati, W. Blumenthal, B. Clausen, S. Vogel,
C. Tome, I. Beyerlein, TMS Annual Meeting, Feb. 2009, San Francisco, Ca

In-Situ Neutron Scattering Studies Of Multi-Ferroics Under Stress, Temperature And
Magnetic Fields, D. W Brown, T. A. Sisneros, S, Kabra, T. Lograsso, D. Schlagel, Feb.
2009, San Francisco, Ca

S.R Agnew, U Virginia; R. Vaidyanathan, U Central Florida; 1.C. Noyan, Columbia U;
H.T. Ungar, Eotvos University;



Department of Materials Science & Engineering
Northwestern University

2220 Campus Drive

Evanston, IL 60208 (USA)

DAVID C. DUNAND

Tel: (847) 491-5370

Fax: (847) 467-6573
dunand@northwestern.edu
http://www.dunand.northwestern.edu

PROFESSIONAL

INTERESTS

EDUCATION

EXPERIENCE

HONORS

PROFESSIONAL

ACTIVITIES

Physical, mechanical and process metallurgy of metallic alloys, composites and foams.

Massachusetts Institute of Technology (MIT)
Department of Materials Science & Engineering (Cambridge, MA)
Ph.D. in Metallurgy (thesis supervisor: Prof. A. Mortensen).

Swiss Federal Institute of Technology (ETH)
Department of Materials (Zirich, Switzerland)
Diploma (B.S./M.S.) in Materials Engineering (thesis supervisor: Prof. M.O. Speidel).

Northwestern University (NU)

Department of Materials Science & Engineering (Evanston, IL)
Professor (9/03 - present)
Associate Professor with tenure (7199 - 8/03)
Associate Professor (1/97 — 6/99)

Massachusetts Institute of Technology

Department of Materials Science & Engineering (Cambridge, MA)
Associate Professor (7/96-1/98)
Assistant Professor (7/91-6/96)
Postdoctoral Fellow (10/90-6/91)

Distinguished Scientist/Engineer Award from TMS (Structural Materials Division)

Fellow of ASM International

James and Margie Krebs Chair, McCormick School of Engineering (NU)

Teacher of the Year, Department of Materials Science & Engineering (NU)

AMAX Career Development Chair (MIT).

Award for Excellence in Technical Research from Aesar/Alfa

Doctoral and post-doctoral fellowships from the Swiss National Foundation

Graduate fellowships from the Swiss Committee for Space Research and from IBM Corp.
Prize from Sulzer AG and medal from ETH for best diploma in the Department of Materials

Co-director of the Initiative for Sustainability and Energy at Northwestern University (ISEN)
Microstructure/Mechanical Properties Beamline Advisory Committee (Adv. Photon Source)
Member of Editorial Board: International Journal of Materials Engineering Innovation
Co-director of Central Laboratory for Materials Mechanical Properties (NU)

Advisory Board of Metfoam 2005, 2009, 2011, technical co-chair of Metfoam 2007

Invited Professor at Karlsruhe University

Co-organizer of three symposia on superplasticity at Aeromat and TMS conferences
Member of the User Group Executive Committee of the Los Alamos Neutron Science Center
Member of Editorial Board: Materials Science & Engineering A

Member of Editorial Board: International Materials Review

Visiting Professor to Ecole Polytechnique Fédérale de Lausanne (EPFL, Switzerland)
Invited Guest at University Stuttgart/Max Planck Institute

Member of the Editorial Board: Revue de Métallurgie

Member of the Board of Review: Metallurgical and Materials Transactions

Summer Visiting Professor at Ecole Nationale Supérieure de Chimie, CNRS (Lille, France)

PUBLICATIONS 8 patents and over 300 refereed publications in books, journals and conference proceedings.

1986-91

1981-86

1997-present

1986-99

2009
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2005-present
1998
1991-96
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1986
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2008-present
2004 - present
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Alan I. Goldman

Department of Physics and Astronomy Telephone: (515) 294-3585
AS501 Zaffarano Hall FAX: (515) 294-0689
Iowa State University email: goldman@iastate.edu

Ames, IA 50011

Education and Training

SUNY Stony Brook Physics Ph.D. 1984
SUNY Stony Brook Physics M.A. 1980
SUNY Stony Brook Physics B.S. 1979

Research and Professional Experience
2007-Present Distinguished Professor of Liberal Arts and Sciences, lowa State University

Senior Physicist, Ames Laboratory USDOE

2007-08 Interim Director, Ames Laboratory USDOE
2004-08 Associate Laboratory Director for Science and Technology, Ames Laboratory
US DOE

1999-2002  Chair, Department of Physics and Astronomy
1994-2008 Director, Midwest Universities Collaborative Access Team at the APS
1994-2007  Professor, lowa State University

Senior Physicist, Ames Laboratory USDOE

1990-94 Associate Professor, lowa State University

1988-90 Assistant Professor, lowa State University

1984-88 Associate Scientist, Neutron Scattering Group, BNL

Honors and Awards

2007 Named Distinguished Professor in Liberal Arts and Sciences, lowa State University

1999  Elected a Fellow of the American Physical Society (citation: For x-ray diffraction measurements
elucidating the nature of quasicrystals and for advances in magnetic x-ray scattering.)

1998  Co-recipient of DOE Materials Science Award for "Outstanding Scientific Accomplishment in
Materials Chemistry" (Quasicrystal Surfaces)

1996  Co-recipient of DOE Materials Science Award for "Outstanding Scientific Accomplishment in
Solid State Physics" (RNi,B,C Magnetic Superconductors)

1996  Co-recipient of DOE Materials Science Award for "Sustained Outstanding Research in

Solid State Physics" (Quasicrystal Research)

Recent Publications (230 total)

1.

2.

M. G. Kim et al.,, “Commensurate antiferromagnetic ordering in Ba(Fe, sCox),As, determined by
X-ray resonant magnetic scattering at the Fe K-edge,” Phys Rev. B 82, 180412(R) (2010).

S. Nandi et al., “Anomalous suppression of the orthorhombic distortion in superconducting
Ba(Fe|;<Coy),As,,” Phys. Rev. Lett. 104, 057006 (2010).

D. K. Pratt et al., “Coexistence of Competing Antiferromagnetic and Superconducting Phases in
the Underdoped Ba(Fep953C0¢047)2As,; Compound Using X-ray and Neutron Scattering
Techniques,” Phys. Rev. Lett. 103, 087001 (2009).

Simon A. J. Kimber et al., "Similarities between structural distortions under pressure and chemical
doping in superconducting BaFe,As,," Nature Materials 8, 471 (2009).

A. Kreyssig et al., “Probing fractal magnetic domains on multiple length scales in Nd,Fe4B,”
Phys. Rev. Lett. 102 047204 (2009).

J.-Q. Yan et al., “Flux growth at ambient pressure of millimeter-sized single crystals of LaFeAsO,
LaFeAsO;_F, and LaFe;_Co,AsO,” Appl. Phys. Lett. 95, 222504 (2009).

S. Nandi et al. “The nature of Ho magnetism in multiferroic HoMnOs,” Phys. Rev Lett. 100,
217201 (2008).



Matthew P. Miller

Professor (607) 255-0400 voice
Sibley School of Mechanical and Aerospace Engineering (607) 255-9410 fax
Cornell University email: mpm4@cornell.edu

Ithaca, NY 14853
http://www.mae.cornell.edu/faculty/Miller.html

Professional Preparation: B.A., Geology, 1979, Colorado University
B.S. Mechanical Engineering, 1988, Colorado School of Mines
M.S., Mechanical Engineering, 1990, Georgia Tech.
Ph.D.. Mechanical Engineering, 1993, Georgia Tech.

Appointments:

2007 - present  Professor, M&AE, Cornell University

2000 - 2007 Associate Professor, M&AE, Cornell University

1994 -2000 Assistant Professor, Mechanical and Aerospace Engineering, Cornell University

Areas of Primary Scientific Interest:

Miller’s research focuses on the creation of experimental tools that enable the design and
selection of structural materials. Much of Miller’s work is at the experiment/model interface,
where he and his students have designed experiments to probe material state and behaviors on
multiple size scales. A recent emphasis is the use of high energy synchrotron x-rays and in-situ
mechanical loading to understand the crystal level mechanical state of engineering materials
during deformation — including monotonic loading and fatigue. Results from these experiments —
which have been conducted on copper, aluminum, beryllium titanium and nickel alloys — are
enabling improved understanding of how micromechanical stress states evolve during plastic
deformation and, eventually how damage such as a fatigue crack initiates. Recent developments
include a new high temperature experimental capability that enables testing semiconductors such
as aluminum nitride at processing temperatures.

Professional Activities:
Editorial Board, International Journal of Fatigue, 2006-
Associate Editor ASME Journal of Engineering Materials and Technology 2002-2009
Cornell High Energy Synchrotron Source Executive User’s Committee, 2006-
Advanced Photon Source High Energy Materials Beamline Advisory Group, Chair, 2007-
Advanced Photon Source Users Organization Steering Committee, 2010-
Recent Archival Publications
Bernier, J.V. and Miller, M.P., 2006, “A Direct Method for the Determination of the Mean
Orientation Dependent Elastic Strains and Stresses in Polycrystalline Alloys From Strain Pole
Figures,” Journal of Applied Crystallography, 39, 358-368.

Miller, M.P., Park, J-S., Dawson, P.R. and Han, T.-S., 2008, “Measuring and modeling
distributions of stress state in deforming polycrystals, ”’Acta Materialia, 56 , 3927-3939.

Bernier, J.V., Park, J.-S., Pilchak, A.L., Glavicic, M.G. and Miller, M.P., 2008“Measuring Stress
Distributions in Ti-6Al-4V Using Synchrotron X-ray Diffraction,” Metallurgical and Materials
Transactions A, 39A, 3120-3133. 2009 ASM Howe Award Winning Paper

Efstathiou, C.E., Boyce, D.E., Park, J.-S., Lienert, U., Dawson, P.R. and M.P. Miller, 2010, “A
method for measuring single-crystal elastic moduli using high-energy x-ray diffraction and a
crystal-based finite element model,” Acta Materialia, 58(17):5806 — 58109.
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Los Alamos

NATIONAL LABORATORY

Office of Science Programs (SPO-SC)
P.O. Box 1663, Mail Stop A127

Los Alamos, New Mexico 87545

(505) 665-0481/ FAX: (505) 665-4584
sarrao@lanl.gov

February 8, 2011

Re: Support to the APS sector 1 upgrade proposal to DOE

Prof. Robert M. Suter

Professor of Physics and Materials Science and Engineering
Carnegie Mellon University

Pittsburgh, PA 15213

Dear Bob,

In my capacity as LANL’s lead for our future signature facility MaRIE (Matter Radiation Interactions in
Extremes) and the lead for our Office of Science Programs, | am writing this letter to strongly support the
high energy diffraction upgrade at sector 1 of the Advanced Photon Source.

A central element of MaRIE is a high energy (coherent and incoherent) photon source which will be used
to probe materials under extreme conditions of pressure, strain rate, and radiation. Experiments by LANL
scientists at high energy beam lines such as sector 1 are critical on the pathway to MaRIE. Through
continued collaboration with the team at sector 1, the upgrade would allow us to develop techniques to be
used at MaRIE. For instance, one of our scientists has recently completed diffraction measurements
during deformation of beryllium with a frequency of ~10Hz allowing strain rates of 1/sec to be studied.
The proposed upgrade, specifically detector development, would allow us to expand parameter space still
further. We are also very interested in the path of future detector development and would be interested in
active collaboration in these efforts. The high penetrability of high energy x-rays also makes possible the
study of radioactive materials safely enclosed in robust containment systems and the high flux will allow
us to complete studies on very tiny samples. Research on irradiated samples is very timely with the
enhanced awareness of domestic energy security. Thus, the proposed upgrade will allow us to produce
highly relevant science as well as develop, for instance, sampling handling protocols for radioactive
samples outside of conventional hot cells. These efforts are integral to MaRIE, and as such | am very
excited about the enhanced diagnostic tools the upgrade to sector 1 would provide.

Sincerely,

John Sarrao
Program Director
Office of Science Programs and MaRIE

An Equal Opportunity Employer / Operated by the Los Alamos National Security, LLC for the
National Nuclear Security Administration of the U.S. Department of Energy
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GE Global Research Center

Ernest L. Hall Building K1, Room 2D63
Chief Scientist, Chemical Technologies 1 Research Circle, Niskayuna, NY 12309
And Materials Characterization Phone: 518 387-6677; Fax: 518 387-6972

Email: hallel@ge.com

February 2, 2011
Dear Dr. Suter,

As Chief Scientist for Materials Characterization at GE Global Research in Niskayuna, NY, |
would like to convey our support for the proposed upgrade of Sector 1 at the Advanced Photon
Source (APS). We view this upgrade as both necessary and urgent to meet the needs of the
academic, industrial, and government lab scientific communities.

Sector 1 is one of a few high-energy x-ray facilities at the APS. It offers a suite of unique and
comprehensive synchrotron techniques for materials characterization and research, including
High-Energy Diffraction Microscopy (HEDM), SAXS/WAXS, and combined in-situ scattering and
thermo-mechanical testing. As these techniques cannot be found elsewhere in the U.S., in
recent years the beamtime at Sector 1, 1-ID-C in particular, has been in high demand and
overly subscribed.

The proposed upgrade will add new hutches and streamline their layout, enhance overall beam
performance and productivity, and give priority to most demanding techniques such as HEDM,
which, combined with tomography, will be able to characterize three-dimensional (3D) grain
structures of bulk engineering alloys with 100 nm spatial resolution. This technique has allowed
GE, as demonstrated recently at Sector 1, to image grain orientation and determine strain
distribution near the fracture surface of a Ni-based superalloy sample. This alloy is being
developed at GE for advanced gas turbines, and such measurements can greatly enhance our
ability to understand and thus predict and prevent materials failures in real-world application. In
order to continue to expand the impact of experiments such as these on industrial R&D,
particularly in the Energy sector, more beamtime and access are needed.

With great penetrating power, superior brilliance and resolution from a third-generation
synchrotron source, high-energy x-rays can provide unprecedented opportunities for
characterizing industrial materials non-destructively and under environment closely resembling
their real applications. For example, the combined SAXS/WAXS capability developed at Sector
1 will allow us monitor the microstructural responses from conventional fatigue testing
specimens in real-time and under realistic thermo-mechanical condition. This will enable us to
directly and unambiguously correlate microstructural variances, such as dislocation density and
movement, with mechanical responses, such as creep, crack initiation and growth, fracture, and
fatigue of a material.

With respect to the APS upgrade, we should also take notice the rapid development of
applicable high-energy synchrotron capabilities elsewhere in the world, in particular at ESRF in



Europe. The recent workshop (December 2010, Grenoble) of synchrotron application on
metallurgy is a vivid example of such a trend. The upgrade of Sector 1 is certainly a significant
step towards enhancing industrial materials applications, which fits well with recent initiatives
from the U.S. Department of Energy, encouraging its national laboratories, including major user
facilities like the APS, to help U.S. industries become more competitive globally. As you know,
GE is a major manufacturer of gas turbines and aircraft engines, and competes globally in
energy generation and aviation market. Materials research on high-temperature alloys is key to
improving efficiency, increasing service life, reducing cost, preventing failures, and thus
developing the most competitive products. As we have illustrated above, studies on such
alloys taking place at the APS can give new, unprecedented insights, For example, the new
tools for 3D microstructural analysis are indispensible for understanding the failure mechanism,
life prediction through computational modeling, and optimization of material composition and
processing.

GE Global Research was among the early users at Sector 1. At present, we have two active
research programs on Ni-based superalloys at Sector 1, which require collaboration from
beamline scientists and extensive measurement time. One, in partnership with University of
Tennessee - Knoxville (UT-K), is to investigate the fatigue behavior of these alloys using in-situ
SAXS/WAXS combined with real-time fatigue testing. Another is to continue the 3D mapping of
grain structures using HEDM in collaboration with Carnegie Mellon University (CMU), who
pioneered the HEDM methodology at the APS. The most critical barrier to the success of both
endeavors is the beamtime. We believe and hope that the upgrade you proposed will improve
the access of Sector 1 to the broad user community including industrial users like GE.

Sincerely,

f"ﬂ;ﬁ{/;f . %/K

Ernest L. Hall
Chief Scientist, Coolidge Fellow, GE Global Research
Member, Scientific Advisory Committee, Light Source Directorate, Brookhaven National Lab



@ JOHN DEERE Moline Technology Innovation Center
One John Deere Place, Moline, IL 61265
Phone: 309-765-3803
E-mail: JohnsonEricM@JohnDeere.com

Eric M Johnson
Staff Engineer
Materials Engineering

4 February 2011

Dr. Robert M. Suter
Department of Physics
Carnegie Mellon University
Pittsburg, PA 15213

Dear Dr. Suter,

| am writing to lend you my support in the efforts to upgrade Sector 1 beam line. | am excited to hear
about the move to even finer spatial resolution for strain measurement in polycrystalline materials.
This opens the landscape to do fundamental studies of the behavior of the material on the grain level.
The experimental data that the beam line upgrade will provide is necessary in providing validation and
input data into computational models for the prediction of material performance. The computational
models will lead to optimization of current material applications and the development of new materials
to meet the increased demands on our products.

In the past long queues for beam time has been a limiting factor in our use of the APS. | am
encouraged to read that the upgrade will reduce measurement time and open up beam time to more
users per cycle. This will allow industrial users to get time sooner and move from research to
application faster.

The drive for cleaner, more productive machines in all industries are pushing our materials to new
limits. Advances like the upgrade to Sector 1 beam line are what will allow for the development of
new understanding in the behaviors of materials and provide the materials to meet these new
challenges.

Regards,

Eric M Johnson
Staff Engineer
Materials Engineering — John Deere
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To Whom It May Concern

7 February 2011

Letter of support for APS upgrade proposal to DOE

During the last the ten years, researchers from Materials Research Division at the Risoe National
Laboratory for Sustainable Energy (Technical University of Denmark) have collaborated with the staff
of sector 1 in developing high resolution reciprocal space mapping with hard x-rays at 1-ID and per-
forming in-situ tension experiments aiming for a detailed understanding of the basic mechanisms of
plastic deformation and the formation of deformation structures.

As a frequently visiting user group, we strongly support an upgrade of the beam lines at sector 1 to-
wards enhancing their capabilities for investigating basic scientific questions in metallurgy. At present
the possibilities for complex in-situ deformation experiments are limited due to a lack of both, dedi-
cated setups and available beam time caused by an oversubscription of the relevant beam lines. Both
problems are relaxed by the suggested upgrade:

The envisaged enhanced brilliance and the opportunity of beam focussing by improved optics not only
allows significant reduction of measuring times, but also advances the possibilities for time resolved
studies towards more relevant processing conditions. Alternatively, focussing of the beam may en-
hance the spatial resolution.

The simultaneously operating in-line and fixed energy side stations reduce oversubscription rates by
increasing the available beam time. In a similar manner, construction of new experimental hutches
shortens necessary alignment times and hence optimizes beam availability. With establishing dedi-
cated setups in the new hutches, a higher stability of the setups can be achieved, allowing even more
demanding experiments.

In summary, all suggested upgrade options improve the performance of the beam lines at sector 1 and
open new prospects for in-situ studying materials behaviour under thermo-mechanical loading rea-
sonably close to practical processing conditions.

Belfaey Sl

Senior Researcher
Materials Research Division
Direct Phone +45 46 77 57 91
Cell +45 51 78 59 68
pawo@risoe.dtu.dk

Best regards,

Technical University of Denmark Building 228, P.O. Box 49 TIf. +4546 77 57 00 afm@risoe.dk
National Laboratory for Frederiksborgvej 399 Fax +45 46 77 57 58 www.risoe.dtu.dk
Sustainable Energy DK-4000 Roskilde

Denmark



Ames Laboratory Matthew J. Kramer
Creating Materials & Energy Solutions Senior Scientist and Professor
225 Wilhelm Hall
LS DEPARTMENT OF Exkros Ames Laboratory

lowa State University

Ames, 1A 50011-3020
Robert M. Suter TEL (515) 294-0276

Professor of Physics and Materials Science and Engineering FAX (515) 294-4291
Carnegie Mellon University mikramer@ameslab gov
Pittsburgh, PA 15213

(412)-268-2982

January 28, 2011

Dear Dr. Suter,

| am pleased to write a letter in support for the upgrade of sector 1 at the Advanced Photon
Sources at Argonne National Laboratory. High brilliance at high x-ray energies is a high demand
but scare resource at the few synchrotron facilities that are capable of generating reasonable
fluxes above 40 keV. Our DOE sponsored research on the Structures and Dynamics of
Condensed Systems has relied heavily on being able to do time-resolved high energy scattering
of both liquid and solid states of metals and metal alloys. We have published over 20 peer
reviewed articles, including two recent PRL publications, based on our work at the APS in the
past two years. The scattering data collected has been instrumental in developing accurate
interatomic potentials for molecular dynamic systems which have been further used in the
computational physics community to understand the dynamical behavior of disordered materials.
Higher brilliance and faster detectors with better signal to noise are clearly needed to measure
the subtle chemical and topological changes occurring in the under-cooled liquid preceding
nucleation and subsequently tracking the nucleation kinetics and phase selection processes. Only
then can we begin to unravel the complex atomic and longer length scale processes that are
fundamental to the basic understanding of how microstructures arise and more importantly, how
we can manipulate their formation to design lighter, stronger and cheaper materials for energy
applications.

Sincerely,

Ay

Matthew J. Kramer
Senior Scientist and Professor



« Ames Laboratory RyanOtt
Craating Materials & Enargy Solutions Associate Scientist

106 Metals Development
U.8. DEPARTMENT OF ENERGY Ames Laboratory

lowa State University
Ames, |A 50011-3020

Robert M. Suter TEL (515) 294-3616
. . . . . FAX (515) 294-8727
Professor of Physics and Materials Science and Engineering rtott@ameslab.gov

Carnegie Mellon University
Pittsburgh, PA 15213
(412)-268-2982

February 1, 2011

Dear Dr. Suter:

| am writing to express my full support for the proposed Sector 1 beamline upgrades. | have
been a user of Sector 1 at APS for approximately 9 years. Over the years, | have found Sector 1
to be an invaluable resource for my research. Our work focuses primarily on characterizing
structural changes in amorphous and nanostructured materials under different thermal and
mechanical stimulus. The high-energy, high-brilliance X-rays at Sector 1 coupled with rapid-
acquisition area detectors have allowed us to examine the structure and deformation behavior
of amorphous and nanostructured materials with exceptional temporal and spatial resolution.
These experiments have been critical in helping us elucidate the mechanisms that control the
fundamental deformation behavior of amorphous and nanostructured materials. The proposed
upgrades will allow us to push these experiments further, which will significantly improve our
ability to describe phenomena such as the structural transition from an undercooled liquid to a
glass and the plastic deformation behavior of nanostructured materials at different
temperatures and strain rates. An increase in the brilliance of the line along with larger area
detectors that exhibit increased temporal response will allow us to examine materials
deformed at higher strain rates, heated at higher temperatures, and held at deeper
undercoolings along with many other conditions that have not been previously accessible.
These capabilities will be essential for advancing our understanding of the structures and
properties of emerging materials necessary for future energy technologies.

Sincerely,

Ryan Ott
Associate Scientist



Car ﬂ eg | e M el I O n Department of Materials Science

and Engineering

Carnegie Mellon University

4315 Wean Hall

Pittsburgh, Pennsylvania 15213-3890
Email rollett@andrew.cmu.edu
Phone 412-268-3177

Fax 412-268-7596

Anthony D. Rollett

January 22, 2011

Subject: Support for 1-1D Upgrade

To Whom It May Concern:

I am writing to express my strong support for the 1-ID upgrade and any associated
upgrades in the accelerator as a whole that may affect this. | am a materials scientist
and a rather recent new user. The reason for my new found enthusiasm for using APS
is simple: it can do things that literally cannot be done anywhere else, with the possible
exception of ESRF. Namely, it is possible to map out the internal structure of
polycrystalline solids using diffraction to obtain the local crystal orientation to high
accuracy over volumes of order 1mm?, which typically yields thousands of grains. It is
also proving possible to perform tomography with the same beamline, which opens up
an enormous range of very challenging materials problems and especially having to do
with damage initiation and growth. This then means that this capability makes it feasible
to examine problems such as ductile fracture, fatigue, creep, hot shortness, weld
cracking, whisker growth, to name but a few. An additional near-term prospect is the
capability to measure elastic strains throughout a polycrystalline sample, which further
expands the range of materials problems that the community will want to investigate
using this facility. As one example, there are many questions about the performance of
advanced carbon fiber composites such as those being employed in advanced airplanes
(such as the Boeing Dreamliner) and their damage tolerance; the ability to probe buried
interfaces and elastic strains (and therefore stresses) points again to data that cannot be
obtained any other way. | am personally very excited about the difference that APS can
make to materials science and the proposed upgrades will substantially increase the
impact.

Sincerely,
. D. Kellex

Anthony D. Rollett
Professor, Materials Science and Engineering



m The University of Texas at San Antonio

College of Engineering
Department of Mechanical Engineering

January 24, 2011

Robert M. Suter

Professor of Physics and Materials Science and Engineering
Carnegie Mellon University

Pittsburgh, PA 15213

(412)-268-2982

Re: Support to the APS upgrade proposal to DOE

Dear Dr. Suter:

I am writing this letter to indicate my full support for the Sector 1 beam line upgrade proposed in
the APS upgrade proposal to the Department of Energy. In the past years, | have been a user of
the Sector 1 beam line for my research regarding the ultrastructural characterization of hard
tissues during the deformation and failure process. Such information will provide yawning
insights into the structure-function relationship of these tissues, which will help bridge the gap
between hard tissue biomechanics and biology and greatly advance our knowledge for
prediction and prevention of osteoporotic bone fractures of woman and elderly populations.

The proposed upgrade will Increase the beam brilliance and add new hutches, which will
decrease measurement times and allow a variety of improvements to techniques. More
importantly, this upgrade has the potential to reduce oversubscription and the difficulty of
obtaining beam time, which my research team has encountered in the past few years. | believe
that the Sector 1 beam line upgrade will make a significant contribution not only to advancing
basic sciences, but to new technology development that is crucial for the economy of the
country.

Sincerely yours,

Xiaodu Wang, PhD

Professor
Mechanical and Biomedical Engineering

One UTSA Circle ® San Antonio, Texas 78249-0670 » (210) 458-5516 # (210) 458-6504 fax »



Carnegie Mellon Department of Physics

Carnegie Mellon University
Pittsburgh, PA 15213-3890
(412) 268-2740

February 3, 2011

Prof. Robert M. Suter
Physics Department
Carnegie Mellon University

Dear Bob,

I am writing to express my support for the proposed upgrade of the Sector 1
beamline at APS. My interests are in magnetic nanostructures, and in new tools to
characterize these structures, including those using X-rays. I was one of the
numerous co-authors on a paper that focused on current trends and future directions
in this area:

Advances in nanomagnetism via X-ray techniques, G. Srajer, L. H. Lewis, S. D.
Bader, A. J. Epstein, C. S. Fadley, E. E. Fullerton, A. Hoffmann, J. B. Kortright, K.
M. Krishnan, S. A. Majetich, T. S. Rahman, C. A. Ross, M. B. Salamon, I. K.
Schuller, T. C. Schulthess, J. Z. Sun, J. Magn. Magn. Mater. 307, 1-31 (20006).

While the power of small angle scattering and polarized x-rays was recognized by
the nanomagnetism community, the potential of the high energy X-rays to probe
magnetic materials was underestimated.

Magnetocaloric effect (MCE) materials have been proposed as efficient,
environmentally benign replacements to chlorofluorocarbon and ammonia
refrigerants. Only polycrystalline materials will be cost-effective in refrigeration
devices, and this presents a challenge. The MCE effect arises from coupled magnetic
and structural phase transitions. The martensitic transition of one grain causes both
tensile and compressive strain on neighboring grains, which is expected to broaden
the distribution of transformation temperatures. This broadening is not desirable
because the cooling power of MCE materials is directly related to the sharpness of
the phase transition.

Knowing your group’s work using High Energy X-ray Diffraction Microscopy
(HEDM) to obtain orientation maps of individual grains within a crystal, we
were excited about applying this technique to the MCE alloy Ni-Mn-Ga. The
preliminary experiments at beamline 1-ID yielded promising results, but we are
eager to do more, varying the temperature and applying a magnetic field.

The upgrade of the Sector 1 beamline will impact our work in several ways.
We will be able to observe the grains with higher spatial resolution. This will
make it feasible to extract local strain information, which is critical to



understanding the effect of local stresses on the phase transformation. The
results will provide a much clearer evaluation of the potential of polycrystalline
MCE materials for magnetic refrigeration. Finally, there will be more beam time
for user groups, and we hope more time for our experiments.

Sincerely,

Sora M ajeﬁc h

Prof. Sara A. Majetich



Ulrich Lienert, PhD
Physicist

v
Advanced Photon Source

A rgo nne \ A 4 X-ray Science Division

NATIONAL LABORATORY Argonne National Laboratory
9700 South Cass Avenue, Bldg. 431
Argonne, IL 60439
1-630-252-0120 phone
1-630-252-5391 fax

1-630-327-8021 mobile
lienert@aps.anl.gov

1 February 2011

Letter in support of a Sector 1 High Energy Beamline Upgrade.

As responsible scientist 1 have developed the High Energy Diffraction Microscopy
(HEDM) program at the 1-ID beamline. Unique materials characterization capabilities
have been demonstrated. The success of the program is enabled by the high energy
source properties of the APS, a high energy optics development program at Sector 1, and
an active external user community. However, due to the variety of high energy programs
and inappropriate space only one HEDM technique is accommodated on a dedicated
instrument (at a less than optimal location). This situation now prohibits further progress.
In addition to significant quantitative advances (real and reciprocal space resolution,
acquisition time), novel qualitative opportunities arise by combining individual HEDM
techniques and specialized sample environments. Furthermore, HEDM techniques could
be made available to the materials scientists without pronounced diffraction background.
| therefore anticipate that the proposed 1-ID upgrade will result in a dramatically

increased scientific output of the HEDM program.

Sincerely,
Vi Bo g

(Ulrich Lienert)

A U.S. Department of Energy laboratory managed by UChicago Argonne, LLC



Di-Jia Liu

Chemical Sciences & Engineering Division
Argonne National Laboratory

- Bldg. 205 Y156

,,,y 9700 South Cass Avenue,

Argonne, IL 60439

Argonne ¥

NATIGMAL LABORATORY

1-630-252-4511 phone
1-630-252-4176 fax
djliu@anl.gov

February 3, 2011

Professor Robert M. Suter

Departments of Physics and Materials Science and Engineering
Carnegie Mellon University

Pittsburgh, PA 15213

Dear Professor Suter:

| am writing this letter to express my strong support for the 1-1D upgrade outlined in your
proposal to U. S. Department of Energy. | have been a user of Sector 1 since 2006 with
particular interest in structural characterization of energy conversion device such as solid oxide
fuel cell (SOFC). With the unprecedented spatial resolution of microfocused x-ray at Sector 1,
we have successfully demonstrated two-dimensional composition, density and strain
distributions of various components in a planar SOFC unattainable by any other techniques
previously. Such information has been extremely valuable in design and development of the
next generation fuel cell. The proposed upgrade at Sector 1 include enhanced x-ray beam
brilliance and faster data acquisition, which will significantly reduce the measurement time
rendering certain in situ, real time experiment possible. Furthermore, new hutches with
additional equipment will mitigate the oversubscription currently at the beamline as the
consequence of its own success. Such upgrade will significantly impact the material research
relevant to the energy efficiency and renewable energy. It will speed up not only the
advancement of fundamental science but also the development of practical device and
application.

Sincerely,

W-Gaf

Di-dia Liu, Ph. D.
Argonne National Laboratory

A U.S. Department of Energy laboratory managed by UChicago Argonne, LLC



Dr. Meimei Li

Nuclear Engineering Division
Argonne National Laboratory
A rgo nne 9700 South Cass Avenue, Bldg. 212

Argonne, IL 60439-4838

NATIONAL LABORATORY

1-630-252-5111 phone
1-630-252-3604 fax
mli@anl.gov

February 4, 2011

Robert M. Suter

Professor of Physics and Materials Science and Engineering
Carnegie Mellon University

Pittsburgh, PA 15213

(412)-268-2982

Re: Support to the APS Upgrade Proposal to DOE
Dear Dr. Suter:

I am writing to express my strong support for the upgrade of Sector 1 beamlines. This upgrade is timely and
necessary. It will strengthen APS’s leading role in the world in high energy x-ray applications to materials science
and engineering.

Sector 1 beamlines have made an extraordinary impact in complex material systems that led to a number of
discoveries and breakthroughs. Observations of dynamic deformation in individual grains are made possible in
real time, thanks to three-dimensional High Energy Diffraction Microscopy (HEDM). Understanding of interface
roles is further advanced by small and wide angle x-ray scattering (SAXS/WAXS) under in situ thermal-
mechanical loading. These state-of-the art technologies have drawn an ever-increasing number of users and
demands for expanded capabilities and beam time for new frontier research. A fast-growing application field is
advanced materials for advanced nuclear energy systems. R&D of nuclear energy materials deals with highly-
complex, multi-scale material problems that require a suite of advanced characterization tools. High energy x-rays
offer unprecedented opportunities for in situ studies of radiation damage in bulk materials, and time-resolved
investigations of dynamic processes across a broad range of time and length scales. To take full advantages of
these advanced techniques, upgrade and expansion of Sector 1 facilities is of paramount importance. Our on-
going LDRD project of developing a high-energy x-rays radioactive materials probe at Sector 1 is a perfect
example to show that a dedicated space will add great value and benefit for this unique capability, which is
currently unavailable in any existing synchrotron facilities in the world. Together with SAXS/WAXS and full-
field imaging, this high-energy x-ray probe will provide deep insight into the design and development of
innovative, high performance materials for next-generation nuclear energy systems and life extension of current
nuclear power plants.

With the proposed upgrade of Sector 1, the APS will attract more users around the world, and allow expanded
development and applications to cutting-edge research. | give my strongest support to Sector 1 upgrade.

Sincerely,

Meimei Li
Nuclear Engineering Division

A U.S. Department of Energy laboratory managed by UChicago Argonne, LLC
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