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Research goals

* Fabricate a range of diboride-based coatings using sputter
deposition and/or reactive multilayers

* Investigate the oxidation behavior of diboride-based coatings
over a broad range of compositions and temperatures using
nano-calorimetry techniques

* Characterize the mechanical behavior of diboride coatings with
superior oxidation resistance both at room temperature and at
elevated temperature
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Parallel nano-Scanning Calorimeter

Photo of PnSC Micromachined silicon device

* 5x5 sensor array => 25 samples of
unique composition

* Freestanding membrane supports
sensor and sample

* Small samples, fast heating rates

Micrograph of Sensor * 4-point electrical sensor
— Joule heating
— Measure V&I

— Resistance is calibrated to
temperature

: * Sensor similar to L. Allen design
+ 100 microns e ] dT
Wi SiN, w P=U+Q = Cp=F

P. J. McCluskey, J. J. Vlassak, Mater. Res. Soc. Symp. Proc. 924E, Z08-14 (2006)



Effect heat treatments on NiTiZr

Parallel nano-Scanning Calorimeter
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 AC nanocalorimetry
— Theory
— In-situ measurements in synchrotron



AC nanocalorimetry

— 100 microns
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AC nanocalorimetry

Sample: 100 nm Sn

AC calorimetry DC calorimetry
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Xiao et al, RSI 83, 114901 (2012)

AC nanocalorimetry
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AC calorimetry with in-situ XRD

In-situ diffraction setup Data for melting of Bismuth
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 AC calorimetry applied to a simple system
— Solidification of elemental metals



Solidification of metals

Heat capacity (uJ/K)

Melting and solidification of 200 nm In, Sn, and Bi films
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Solidification of metals: kinetics

200 nm Indium + 30 nm SiN,

AC calorimetry DC calorimetry
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Solidification of metals: kinetics

200 nm Bismuth + 30 nm SiN,

AC calorimetry DC calorimetry
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Solidification of metals: kinetics

200 nm Tin + 30 nm SiN,

AC calorimetry DC calorimetry
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Solidification of metals: kinetics

+ 2
Nucleation theory: 6% ~ exp _4ad exp| — CTsz AT” AG*=k,C T332
(similar to Kissinger analysis) kTS AT AT,
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Outline

* High-temperature applications
— Zr/B multilayers for the formation of ZrB,



Zr/B reactive multilayers

High-throughput, combinatorial study
of diffusion and reaction kinetics:

e Deposit 6 x (6.6nm B & 10nm Zr)

* Perform AC and DC scans at different
heating rates to form ZrB,

ﬂ 7
f PnSC ‘ ? Shadow mask

Sample

* Perform in-situ scans in synchrotron

* Compare results with reactive MD
simulations (Pradeep Sharma)




Zr/B reactive multilayers

DC nanocalorimetry at 5x104 K/s

6 x (6.6nm B & 10nm Zr)
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Zr/B reactive multilayers

AC nanocalorimetry at 5x103 K/s
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Zr/B reactive multilayers

Kissinger analysis

IN(B/T")
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Reaction enthalpy
» Enthalpy is ~ 300 pJ from
measurements

* Theoretical value should be
~4000 pJ*

« Partial mixing of layers

Work with Pradeep Sharma

(University of Houston)

Use reactive force fields to
« Determine activation energy
» Oxidation behavior
« Ongoing

*Huber, Head, Holley, Journal of Physical Chemistry (1964)



u.)

Diffracted intensity (a

100000

10000

1000

100

10

Zr/B reactive multilayers

100 nm multilayer before and after
anneal at 800°C for 5 minutes

o As-deéosited Zr,v':B multilayer
— Annealed Zr/B multilayer
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 Mechanical testing at elevated temperatures




High-temperature mechanical measurements

FEM thermal modeling — SEM vacuum condition Resistivity-temperature correlation of the
tungsten (W) heating layer
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Micro fabrication procedure

Micro-heater with free-standing thin film
(a)

/ L~
\ \\
5

(100) Si wafer with SiN, Photoresist patterning W deposition and lift-off
and back side RIE

E S

(e)

\\\ oS
N \.\ \\\ ~
\\ <
Thin film deposition and lift-off KOH etching Front side RIE

Si SiN, W S1813 W pattern Thin film sample




Micro-heater with free-standing thin film

(a) Fabricated micro heater with magnified view of the
(b) W heating layer and (c) Au gauge section




In-situ SEM tensile tester

Capacitance type
displacement sensor

Springs

Displacement
sensor

XYZ-axis micro stage " Piezo actuator

% Size for SEM chamber <+ Actuator (Load) ¢ Displacement Sensor
» 140 mm (L) » Capacity : >1 N » Travel Range : 600 um
» 110 mm (W) »Travel Range : 250 um » Resolution : 10 nm

» 48 (68) mm (H)




In-situ SEM tensile tester

« Spring acts as a load cell
* Load cell calibration

Load cell calibration
60000 — : : : . :

Non-contact displacement Non-contact displacement

Sensor 1 (81) Sensor 3 (83)
- Inside the actuator

XYZ-
Axis Actuator
Micro \
Stage e i Specimen
Support Spring displacement (32)
Spring 2 (k2)
Spring 2
Load (F2) 60

Displacement (um)

« Sample extension =d; —d,
« Force = kxd,

967 N/m with 10 nm displacement resolution results in a 9.67 pN load resolution




High-temperature measurements

SEM image of the micro-heater with free- Stress-strain curve of 880 nm thick Cu film
standing Cu film at room temperature and an elevated
VN Ll 1 temperature
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What’s next

Reactive multilayers

v Additional nanocalorimetry kinetics experiments
v Microstructural analysis
v Vary bilayer period/film stack

Deposit sputtered ZrB,-based coatings with composition
gradients

Oxidation (isothermal, scanning)
MD modeling in collaboration with Sharma

Mechanical testing of promising coatings




Conclusions

* Scanning AC nanocalorimetry is a new technique for materials characterization to

investigate phase transformations and reactions at heating rates that vary from
isothermal to 2x103 K/s

o Slow heating rates allow in-situ XRD at synchrotron
o Experiments at various heating rates provide information on the kinetics of the phase

transformations or reactions

* Scanning AC and DC calorimetry has been applied successfully to investigate the
solidification of elemental metal films, Bi and In

* We have synthesized ZrB, coatings using reactive multilayers

* Nanocalorimetry experiments provide information that can be used for a Kissinger
analysis of the reaction

* We have developed the capability to perform tensile tests on thin-film samples at
elevated temperatures

Nanocalorimetry experiments were supported by AFOSR and the Center for Nanoscale Systems at Harvard, which is an
NSF-supported facility. The diffraction experiments were conducted at the Cornell High Energy Synchrotron Source, which
is supported by NSF award DMR-0225180.



