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Outline

Introduction
 Transmission geometry

 Electrochemical corrosion of copper 

Corrosion of Ni and SS in supercritical water

Mineral dissolution in CO2-H2O binary fluid 
– Enhanced Geothermal System

– Quartz surfaces

– Feldspar (Orthoclase) surfaces

– Mica
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In situ X-ray studies of interfaces in extreme environments
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X-ray Reflectivity

Rough Surface

Two Rough 
Interfaces

critical angle ~ √density change

Ideal Surface
~1/Q4

Presenter
Presentation Notes
X-ray reflectivity 101: specular reflectivity



In Situ X-ray techniques in transmission

 Specular and off-specular x-ray reflectivity 

 Glancing-angle reflection: depth-sensitive diffraction

• X-rays reflect and refract as ordinary light 
does

• X-rays reflects/refracts when interfacial 
density changes

• The reflections from interfaces interfere to 
modulate the reflectivity curve otherwise 
smooth and monotonic

• In the example, the oscillation period 
represents (inversely) the oxide thickness 
and the overall variation signifies interfacial 
details



Corrosion Phenomena

 General corrosion 
– Instability of the oxide (passivation) film

 Pitting corrosion
– local instability of the oxide film

 Intergranular corrosion
– corrosion along grain boundaries

 Stress corrosion cracking
– corrosion due to both chemical and mechanical influences

pitting corrosion stress corrosion 
cracking

intergranular corrosiongeneral corrosion

Need to monitor morphological and surface phase changes during the initial 
stages of corrosion.

Presenter
Presentation Notes
At low pressures, water behaves as a non-polar solvent with low self-dissociation. High pressures can increase the ionic product to values above those found for water at ambient conditions.
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Specific Phenomena to be Studied

 Specular reflectivity 
for density profile 
normal to the 
interface

 Off-speciular
glancing-angle 
diffraction for in-
plane structure

Y. P. Feng, et. al., Physica B221 (1996) 251. 

PRB 45 11288 (1992)

Presenter
Presentation Notes
The challenge is to discover the fundamental physical mechanisms that determine the response
of ultra-high-density interface structures to extreme radiation, temperature, and environmental
conditions and to generalize the understanding to other materials systems. Key questions to be
answered include the following:
• How important to stability is the sink character of the interface?
• What is the role of foreign elements on its stability?
• How important is the geometry of the interface?
• How important is the chemical nature of the interface?
• What is the role of the atomistic structure of the interface?
• How tolerant is the interface to irradiation, temperature, and the environment, individually
and in combination?
• What are the processes that are responsible for degradation of the interface and how long can
it be maintained?




Synchrotron X-ray Study of binary fluids – Mineral 
Interfaces Important to Geothermal applications

Geothermal 
region

Power plants
region

Tassing et al. 2005 



X-ray cell for in situ study of binary fluids – solid Interfaces

High pressure
Cell core

Windows

X-ray in

X-ray outSample

Cell core

X-ray 
windows

Cell Frame

Diefenbacher, McKelvy, Chizmeshya, Wolf 
Rev. Sci. Instrum. 76, 015103 (2005);

H2O meniscus
CO2 bubble

Sample
Hastelloy
sample
holder

Gold foils

Sample mounting in the micro 
reactor and status after experiment 



X-ray transmission through the moissanite windows

BrightnessTuningCurves_NSLSII_vs_APS.pdf



Interfaces under Supercritical Water

 Properties of water are highly 
tunable near the critical point.

 Supercritical-water cooled 
power plants. 
– higher thermal efficiency

– only works with single phase 
(plant simplification possible)

– materials constraints due to 
operation at 500°C, 25MPa (~250 
atm)

Properties of Water in Supercritical region

G. S. Was, SCWR Review Workshop, Albany NY, 03/2006

How does water at high pressure, high 
temperature affect the corrosion behavior of 
alloys?

Presenter
Presentation Notes
change units to atms



Ni alloy results

 Ni alloy was mechanically polished and shows a well defined critical angle.

 Reflectivity changes with the introduction of water in the cell.

 The films seem to be conformally rough. (no increase in roughness with the 
formation of film.

 Powder diffraction – textured alloy.  No new peaks form.  Nickle hydride film?



SS304 results

 Commercial mirror finish SS304 does not give a well defined critical angle.

 No increase in roughness with the formation of film.

 Powder diffraction is mostly from austenite iron.  Formation of Cr2O3 was 
observed on the surface at subcritical temperature.



Corrosivity of pressurized water

 At high pressure water has the highest ionic product at low temperature

 This corroborates our observation of corrosion products a subcritical water

 Experimental path to supercritical water is important.

Ionic product of high-temperature water and steam at different 
temperatures versus pressure. 

Presenter
Presentation Notes
At low pressures, water behaves as a non-polar solvent with low self-dissociation. High pressures can increase the ionic product to values above those found for water at ambient conditions.




ENHANCED Geothermal System 

• Major CO2 offsets 
• CO2 sequestration while 

generating power
• Significant improvements in 

efficiency
• Reductions in cost to less 

than half cost with current 
technology
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Secondary electron image taken, with ESEM, for a polished section of a granite 
sample showing the three mineral components: quartz (Qz), orthoclase (Oc) and 

biotite (Bt). Notice that grain boundaries are not always resolved  



Experimental Setup

Ballast

Task 1: Filling ballast from a CO2 liquid siphoning cylinder

TC

Pressure 
Transducer

X-ray
Cell

Ballast

Task 2: Filling the x-ray cell from a ballast



Proof of Principle Experiment Quartz (0001)

Chemisorbed 
H2O + OH

scCO2 + heat

Critical Angle shifts 
slightly, contrast 

wiped out

Vacuum
anneal

Fringe shifts because weakly 
adsorbed molecules are 

gone

• The surface roughness <1 nm. 
• No measurable dissolution or roughening under static scCO2-H2O

Critical angle changes

Presenter
Presentation Notes
Well prepared Qz(0001) shows some weakly bound water and more tightly bound hydroxyls. 
The oscillation disappears because the contrast between the layer and air is erased by scCO2 fluid filling the cell. 
When vacuum annealed, the weakly bound water evaporate but hydroxyls remains on the surface showing a weaker fringe.
In the right panel, the critical angles are shown: black (air); red (scCO2); blue (water)

http://www.mineralminers.com/images/phantom-quartz/crystals/phqp305.jpg�


Intercalation of Water Into Muscovite Under scCO2

1022 psi, 140° C
scCO2 + H2O

Incommensurate 
peak

• In dry scCO2, no intercalation.
• In scCO2-H2O, intercalation/de-intercalation observed.

Presenter
Presentation Notes
Odd integer peaks indicate that K intercalation layers are not centered or Stage-2 intercalation.
Non-integer peaks indicate that incommensurate intercalation of hydronium (or bicabonate ions).




Dissolution of Orthoclase Surface

Air

H2O

scCO2

H2O+scCO2
150 bar 150C

H2O+scCO2
150 bar 160C

H2O+scCO2
150 bar 170C

138C

163C

Split 
peak at 
low 2θ

Low
2θ

High
2θ

KAlSi3O8

• In dry scCO2, no measurable dissolution (accuracy limited by initial flatness of the 
sample surface)
• In scCO2-H2O, rapid dissolution was observed. (AFM planned)

Presenter
Presentation Notes
H2O or scCO2 only does not change the reflectivity.
H2O and scCO2 does change.




Conclusions

 Corrosion in supercritical water
 Reflectivity show no increase in roughness at supercritical water 

conditions.

 Powder diffraction shows the formation of Cr2O3 at subcritical conditions.  
This confirms that subcritical conditions at high pressure is most 
corrosive to the alloy.

 Dissolution reaction in supercritical CO2 and water
 Silica surfaces by synchrotron x-ray reflectivity: The surface roughness <1 

nm and no measurable dissolution or roughening under static scCO2-H2O 
fluids as expected.  

Mica under scCO2-H2O fluids in dry scCO2, no intercalation. In scCO2-H2O, 
intercalation observed. 

 Orthoclase under scCO2-H2O fluids: In dry scCO2, no measurable 
dissolution (accuracy limited by polishing). With water, rapid dissolution 
was observed.



The END
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