
Phase II SBIR Final Technical Report

Manipulation of Samples at Extreme Temperatures for
Fast in-situ Synchrotron Measurements

Grant Number: DE-SC0007564

Dr. Eliane Lessner
Program Manager

Accelerator and Detector R&D
Office of Basic Energy Sciences
SC-22.3/Germantown Building

U.S. Department of Energy
1000 Independence Avenue, SW

Washington, D.C. 20585-1290

Period of performance: 4/23/2013 - 4/22/2016

Principal Investigator: Richard Weber
Materials Development, Inc.

3090 Daniels Court
Arlington Heights, IL 60004

Info09@matsdev.com
847 612 8597

DUNS 785169330

April 22, 2016

Distribution: Unlimited

mailto:Info09@matsdev.com


Preface

This SBIR project was performed by Materials Development, Inc. over the period from

4/23/2013 - 4/22/2016. This period included a one year non funded extension to allow

completion of beamline experiments. Work was performed mainly at MDI’s facilities in

Evanston, Illinois and the Advanced Photon Source (APS) at Argonne National Laboratory in

Illinois. The following MDI staff worked on the project: Dr. Oliver Alderman, Ms. Danni Jin, Mr.

Alex Lin, Mr. Samuel Sendelbach, Mr. Amit Tailor, Mr. Anthony Tamalonis, Ms. Sonia Tumber,

Dr. Richard Weber, and Ms. Alison Whale. Ms. Jin and Mr. Lin were employed full time at MDI

through the Northwestern University Walter P. Murphy Cooperative Science and Engineering

program. Ms. Whale worked full time for a summer during her undergraduate degree in Physics

at Coe College in Cedar Rapids, IA. Dr. Lawrie Skinner worked on the project under a

subcontract to Stony Brook University. Some work on beamline integration was subcontracted

to Argonne National Laboratory. The project employed two consultants who assisted with

analysis of data and by providing advice on instrument function and design.



Executive Summary

An aerodynamic sample levitation system with laser beam heating was integrated with the APS

beamlines 6 ID-D, 11 ID-C and 20 BM-B. The new capability enables in-situ measurements of

structure and XANES at extreme temperatures (300-3500 °C) and in conditions that completely

avoid contact with container surfaces. In addition to maintaining a high degree of sample purity,

the use of aerodynamic levitation enables deep supercooling and greatly enhanced glass

formation from a wide variety of melts and liquids.

Development and integration of controlled extreme sample environments and new

measurement techniques is an important aspect of beamline operations and user support.

Processing and solidifying liquids is a critical value-adding step in manufacturing

semiconductors, optical materials, metals and in the operation of many energy conversion

devices. Understanding structural evolution is of fundamental importance in condensed

materials, geology, and biology. The new capability provides unique possibilities for materials

research and helps to develop and maintain a competitive materials manufacturing and energy

utilization industry.

Test samples were used to demonstrate key features of the capability including experiments on

hot crystalline materials, liquids at temperatures from about 500 to 3500 °C. The use of

controlled atmospheres using redox gas mixtures enabled in-situ changes in the oxidation

states of cations in melts. Significant innovations in this work were:

(i) Use of redox gas mixtures to adjust the oxidation state of cations in-situ

(ii) Operation with a fully enclosed system suitable for work with nuclear fuel materials

(iii) Making high quality high energy in-situ x-ray diffraction measurements

(iv) Making high quality in-situ XANES measurements

(v) Publishing high impact results

(vi) Developing independent funding for the research on nuclear materials

This SBIR project work led to a commercial instrument product for the niche market of

processing and studying materials in extreme conditions. MDI registered the trademark

“Instruments for Innovation®” and sells products under this trademark. SBIR is the ideal vehicle

for funding developments such as this since the total market size is relatively small meaning that

venture investments to develop products cannot typically be obtained. The sale of niche market

instruments for work in extreme conditions has been several million dollars over the last decade.

The work to develop and build and sell this instrument has created stable high paying jobs in the

technology manufacturing sector.

Outreach enabled by this research helped with PhD thesis research, supported three

undergraduate interns and one local high school student. In addition several scientific articles

were published, papers were presented at international conferences and a workshop was held.



Introduction: This project addressed the need to access and control samples at extreme

temperatures that are important in many research applications at x-ray beamline facilities.

Development and integration of well controlled extreme sample environments and new

measurement techniques is an important aspect of beamline operations and user support. The

goal of this project is to enable the investigation of the structure of materials when they respond

to their sample environment, in particular the local order structure and structural evolution in

liquids, metastable materials, glasses and nano-crystalline materials. Processing and solidifying

liquids is a critical value-adding step in manufacturing semiconductors, optical materials, metals

and in the operation of many energy conversion devices. Understanding structural evolution is

of fundamental importance in condensed materials, geology, and biology. Despite these strong

drivers, studies of the structural evolution in metastable liquids, which are a key to

understanding nucleation, crystallization, clustering, nano-crystallization, and vitrification

behavior, are limited by the lack of experimental techniques.

The technology employed MDI’s proprietary aerodynamic levitation technology that was

integrated with a high flux neutron instrument to achieve unprecedented performance. The

project was performed over the period 8/15/2011 - 2/15/2015 that included a 12 month non-

funded extension to allow completion of beamline testing at the APS, analysis of data, and

preparation of several publications. Work was performed mainly at MDI’s facilities in Evanston,

Illinois and the APS at Argonne National Laboratory in Illinois. The project employed two

consultants and subcontracted help from an expert on x-ray scattering from Stony Brook

University.

MDI delivered a test instrument to APS. Title to the instrument is being transferred to APS

during the close out of this project. The instrument is being placed in the user program as a

specialized sample environment. Plans are being made for MDI to contract to provide service

and support when the instrument transfer is completed.

Proposed Research: The research as proposed was performed and completed on budget.

The following four research tasks were performed:

Task 1 – Complete design analysis and perform Critical Design Review (CDR) at APS.

Task 2 - Construct Phase II test instrument.

Task 3 – Characterize instrument and perform test experiments at MDI.

Task 4 - Install test instrument at APS and perform experiments to validate instrument concept.

Task 5 - Analyze data and publish/present results.

The work performed is described in more detail in the following section.

Activities Performed and Results: This section provides a brief summary of the project

research activities and results. Several significant scientific results have already been published

in high profile peer reviewed journals. Additional publications are in preparation of review. As

we stated in the Phase II proposal, peer reviewed publications are one of the most effective

ways to generate interest in the novel research technology. Publication is a central component

of the commercialization of the technology.



Task I – A detailed Critical Design Review (CDR) was held at APS on July 1, 2013. The review

was illustrated with detailed 3D CAD images of the proposed instrument design and integration.

Topics covered included: overall instrument layout, integration with the beamlines, utility

requirements, storage of the instrument, laser, materials and x-ray safety, shipping and delivery,

schedule, and candidate sample materials for testing during the beamline experiments.

Following successful completion of the CDR, design work for the test levitator was completed.

Task 2 – Based on the requirements identified during the design phase, final parts were

specified and ordered. Instrument assembly and testing were started as parts were delivered

from vendors and machine shops. Photographs of the instrument and the computer control

program user interface are presented in Figs.1 and 2.

Fig. 1. Photograph of the levitator system installed at beamline 6 ID-D of the Advanced Photon Source.

The laser system is mounted on a movable frame and directed onto the sample using mirrors. The

sample is housed in a hermetically sealed chamber that is located on a table in the beamline hutch. The

chamber is sealed onto a plenum base that houses the levitation nozzle. The frame houses a small

monitor, gas flow controls and other ancillary components and power supplies. The inset shows a

chamber set up for testing in MDI laboratories. The instrument is described in detail in our paper recently

submitted to the Review of Scientific Instruments.



Fig. 2. Screen shot of the LabVIEW control panel screen. The program enables control and monitoring

of the instrument functions and acquisition of the temperature data.

The instrument construction included development of new levitation nozzle designs,

development, testing and integration of control software used to operate the instrument systems

and acquire temperature data, and testing of all subsystems. The instrument integration was

“mocked up” in MDI’s facility and tested under a variety of operating conditions.

Task 3 – The test instrument was delivered to APS in late 2013. A total of 12 experimental

campaigns were performed at APS. Most of these involved high energy diffraction at beamline

6 ID-D. Two campaigns were performed at beamline 20 BM-B to makes XANES measurements

and on campaign at beamline 11 ID-C. 5 campaigns supported outside users from Aberystwyth

University, Stony Brook University, University of California-Davis and University of Illinois

Urbana-Champaign. Experiments were performed in support of work by Dr. Anna Prnova who

from Institute of Inorganic Chemistry, Slovak Academy of Sciences, Bratislava, Slovakia who

worked at APS on a Fulbright scholarship from October 2015-March 2016.

Samples were prepared from high purity metal oxide powders that were blended, fused on a

laser hearth and formed into spheroidal samples approximately 3 mm in diameter. Samples

were loaded into the levitation nozzle using an extended vacuum chuck. Some examples of

sample materials investigated at the beamline are listed in Table I.

Table I. Composition of samples investigated at NOMAD using the aerodynamic levitation melting

instrument.

Composition Result



CaSiO3 Published

Y2O3 Published

ZrO2 Measurements on liquid and hot solid

UO2 Published

FeO-SiO2 binaries XRD and XANES submitted and in preparation papers.

MgO-SiO2 binaries Measurements on normal and supercooled liquid

TiO2 Published

Yttrium iron garnet Measurements on liquid

Ca and Na borates Published

Na2CO3 Published

Titanate liquids XANES

The experiments at APS provided performance data and enabled detailed improvements in the

precise design, operation and data analysis needed to exploit the sample environment. These

aspects and the iteration of the designs are presented under Task 4.

Task 4 - Analyze experimental results and refine approach.

The research at APS resulted in significant improvements in the implementation of the

aerodynamic levitation experiments. The principal advances were in the following areas:

1. Improving ease of installation of the levitator.

2. Improving stability and range of conditions that could be accessed.

3. Improving sample temperature control.

4. Providing precise control of gas chemistry.

The laser beam delivery system was redesigned using a two element lens system with an

aperture. The new arrangement enabled precise delivery of the laser beam heating power to

the sample with minimal heating of the levitation nozzle. By using the Stefan-Boltzmann

relationship, the calculated radiative heat flux from a 3 mm diameter sample at 3500 ºC would

be 324 W for a blackbody. In addition, some convective heat losses would occur due to the

flowing levitation gas. In order to attain a sample temperature of 3500 ºC, the laser was

operated at about 80% of full power – approximately 400 Watts. This result indicates that the

laser beam power delivery is efficient with most of the laser power reaching and being absorbed

by the sample. An increase in laser power beyond about 80 % power setting did not increase

the sample temperature. We attribute this result to the beam diameter increasing at the

maximum laser power setting such that the delivery optics do not transmit more power to the

sample.



Commercial Development: MDI participated in the DOE Commercial Assistance Program

(CAP) and worked with Dawnbreaker to implement a commercialization strategy. A central

component of this strategy was the publication of scientific data in peer reviewed papers. This

has been found to be an effective way to reach the target market and develop the product

pedigree. As part of the CAP work, MDI’s website, www.matsdev.com, was extensively

updated to reflect the commercial availability of the new instrument.

MDI offers the extreme environment processing instrument under the trademark “Instruments

for Innovation®” that was registered with the US Patent and Trademark Office on 11/19/2013.

MDI is currently building an instrument for customer in the US. We expect to close a sale to a

customer in India in the near future. We have bids out for two additional instrument one in the

US and one in Sweden. The use of the instrument has leveraged new R&D business, MDI is

developing a capability for handling nuclear fuel materials in work funded by Argonne National

Laboratory.

Outreach: MDI is actively engaged in a variety of outreach activities. MDI staff are members of

professional societies and they regularly present results at scientific meetings and publish peer

reviewed articles. This project supported work by Ms. Danni Jin and Mr. Alex Lin both of whom

were Northwestern University Co-op undergraduate interns. They helped with sample

preparation, instrument testing at MDI and experiments at the SNS. Ms. Alison Whale, an

undergraduate at Coe College in Cedar Rapids, IA worked at MDI for a summer and assisted

with sample preparation and offline characterization. Mr. Sam Sendelbach is a local high school

student who assists MDI part time with lab duties.
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