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Executive Summary

Our major accomplishment in FY '96 was the design and fabrication of the corrosion
probes to be used "In Beam" during the FY '97 irradiation period to begin on February 1, 1997.
Never before have corrosion rate measurements been made on-line in such a high radiation
environment.  To measure corrosion rate as a function of beam time, it is necessary to electrical
isolate the corrosion electrode to be examined from the plumbing system.  Conventionally, this is
accomplished with glass seals.  Here irradiation of the glass may cause it to become conductive,
rendering the seal useless. To overcome this problem, the corrosion probes to be used in-beam at
the spallation neutron cooling water loop at the LANSCE A6 target station were fabricated with
ceramic inserts which act as electrical feed-throughs.  The corrosion sample is joined to the
ceramic by means of a compression seal.  The corrosion samples are closed end cylinders, 0.5”
diameter x 6.25” length, that are constructed from Stainless Steel 304L, Stainless Steel 316L,
Inconel 718, Tungsten, HT-9, and Tantalum.  Because of their specialized nature, InTa
Corporation, of Santa Clara, CA was contracted to manufacture these probes.  As of November 1,
1996 delivery of these probes has begun and we anticipate having all of the probes in hand by
Nov. 25.

To examine the effects of long lived radiolysis products, corrosion probes will be placed at
the top of the insert (down stream from the beam) away from the beam and high neutron flux
regions.  These probes are corrosion samples (rods; 0.125” diameter x 2” length) constructed
from W, Ta, Al 6061, SS 304L, SS 316L, Inconel 718, Al 5052, and Al 6061.  These samples are
sealed in glass and joined to an NPT pipe plug style feed through.  The pipe plug assembly is fitted
to an in line “bucket” on the cooling water loop at the top of the insert.  They will be capable of
monitoring changes in the corrosion rates of that may result from differences in solution water
chemistry, build up of water radiolysis products and, use of hydrogen water chemistry to mitigate
corrosion.  These probes, manufactured my Metal Samples Inc., of Munford AL, have been used
in the past for this application and have met or exceeded all of our expectations.  Delivery of the
probes and electrodes is complete.

An alternate method for measuring the corrosion rate of tungsten and other metals in the
proton beam is also being implement.  This will be accomplished with weight loss measurements
on foils measuring 2" x 5/16" x 1/16" made from W, SS 304L, SS 316L, Al 6061, Ta.  These
foils may be exposed directly to the beam or placed down stream depending on the availability of
in-beam space.  Weight loss is a direct method for calculating corrosion rate from the expression:

CR = 543m
ρAt

where CR is corrosion rate in mils/yr, m is weight loss (initial - final) in milligrams, ρ is density
in grams/cm2, A is the exposed surface area in in2 and, t is time of exposure in hrs.  

The LANSCE A6 corrosion water loop will also be instrumented with a variety of probes
aimed at determining the mechanism of corrosion including: pH probes, conductivity probes and,
BWR reference electrodes.  We will also investigate the efficacy of Hydrogen Water Chemistry
used in BWR/PWR reactors to mitigate the formation of hydrogen peroxide (due to water
radiolysis) on the LANSCE A6 corrosion loop. Hydrogen peroxide is a cathodic reactant and its
build up in the loop can cause corrosion rates to increase by orders of magnitude  The
concentration of dissolved hydrogen in the water loop (being pumped in as a non-explosive
mixture of Ar/H2) will be monitored with a hydrogen gas analyzer manufacture by Orbisphere
Labs, Inc.  This same system is used by BWR/PWR reactors to evaluate the minimum
concentration of dissolved hydrogen necessary to mitigate corrosion.  

As of the date of this report (Nov. 1, 1997) all necessary preparation of the Corrosion
Insert is on schedule for a February 1, 1997 date for beginning the irradiation.
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During the fiscal year '96 we have also begun to characterize the corrosion electrochemistry
of candidate APT target materials in simulated accelerator (laboratory) environments.  These
experiments have shown that hydrogen peroxide acts to increase the corrosion rate of tungsten by
increasing the rate of the cathodic reaction.  Because the anodic reaction rate (metal dissolution)
must equal the cathodic reaction rate at the corrosion potential, the corrosion rate of tungsten is
increased in peroxide.  This report also presents data that shows the corrosion rate of machinable
tungsten (a two phase material: a) 99% W,  b) 8.9 at% W, 21.4 at% Cu, 69.7 at% Ni) is more than
2 orders of magnitude greater than single phase 99.96% W.   By far the most corrosion resistant
target material is, however, is tantalum.  The passive oxide which forms on Ta results in low
passive current densities (less than 6x10-7 A/cm2), immunity to pitting type corrosion (induced by
chloride), and low corrosion current densities which result in lower corrosion rates when
compared to tungsten for equal concentrations of hydrogen peroxide.

To characterize the passive film which forms on W, we have successfully employed
Surface Enhanced Raman Spectroscopy (SERS).  In this technique, small gold spheres (less than
50 nm in diameter) were electrodeposited onto a W electrode.  This is done to "enhance" the
otherwise undetectable low Raman signal produced by the 50 angstrom thick passive film on the
tungsten surface.  SERS experiments were then conducted on this electrode in situ  as a function of
applied potential and solution pH.  The changes observed (as measured by SERS) correlated with
what one would predict by thermodynamic calculations.  In FY '97 we will use SERS and the
baseline SERS data generated in FY '96 to evaluate the effects of radiation on passive film
formation.  This will be done in order that we may separate the effects of water radiolysis products
from radiation effects on corrosion rate as measured on-line in the LANSCE A6 Target Station
experiments.  This will be accomplished by generating SERS data for W while being irradiated by
an H+ beam in the Blue Room at LANSCE.  It is expected that any changes in the passive film due
to irradiation will be observed in the SERS data.

In summary, the following primary tasks were complete in FY '96:
• Design  / Fabrication of In-Beam Corrosion Probes
• Design / Fabrication of Out-of Beam Corrosion Probes
• Development of an On-Line pH Probe
• Literature Survey of Applicability of Hydrogen Water Chemistry to APT
• Development of an On-Line Conductivity Probe
• Literature Survey on Water Radiolysis Products: Production and Effects on Corrosion
• Conceptual Design for Instrumenting the A6 Corrosion Loop
• Acquired / Setup of Portable Corrosion Rate Measurements Systems for Use at the A6 Station
• Investigation of Applicability of BWR Reference Electrodes to APT
• Literature Survey on the Effects of Hydrogen Peroxide on Corrosion
• Baseline Corrosion / Electrochemistry on W and Ta  in Hydrogen Peroxide
• Baseline Corrosion / Electrochemistry on W as a function of applied potential and solution pH
• Literature Survey on Tungsten Corrosion
• Effects of pH on the  Corrosion / Electrochemistry of W
• Literature Survey on Surface Enhanced Raman Spectroscopy
• Literature Survey on Traditional Raman Spectroscopy of Tungsten Oxides
• In Situ  Examination of Oxide Formed on Tungsten with Surface Enhanced Raman Spect.

not reported on here:
• Lead Corrosion in Hydrogen Peroxide using a Rotating Disk Electrode
• Corrosion of Braze Material in Nitric Acid and Hydrogen Peroxide
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densities and shape of the pH 7 polarization curve, W appears to be passive at this pH.  This is also

indicated by the negative histeresis in the reverse scan of the W pH 7 data.  At lower pH, higher

anodic current densities were noted and no negative histeresis in the reverse scan was observed.

The highest anodic dissolution rates were observed in alkaline solutions.  While the pH 10

dissolution rates are in agreement with the thermodynamic data[38], the relative dissolution
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Figure 15 Potentiodynamic polarization curves for 99.95% W target material in deaerated
0.10M NaCl as a function of solution pH.  Forward and reverse scans are shown.

rates of the pH 7 and pH 2 data do not appear to agree with the thermodynamic stability of

tungsten oxide.  From the thermodynamic data one might predict that in slightly to strongly acidic

solutions W is passive as the W-oxides (WO2, W2O5 and, WO3) are thermodynamically stable in

this pH range.  In near neutral to alkaline solutions the divalent tungstic anion is

thermodynamically favorable.  One might conclude that the dissolution rates in pH 2 solution

would, therefore, be lower than those at pH 7.  This would be true because all potentials at a

solution pH of 2 are more positive than the W oxide formation potential (Figure 16) and further to
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the left of the WO3/WO4
-2 oxidation line.  However, this is not observed in the polarization

behavior, i.e. the dissolution rates are higher in solutions more acidic than pH 7.  The

thermodynamic relationships used to calculate Figure 16 do not account for kinetic behavior which

may explain the apparent discrepancy between the equilibria diagram and the potentiodynamic

polarization data.  
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Figure 16 Electrochemical equilibria diagram for W in water.  Diagram depicts areas of
immunity, passivity, and corrosion as well as the respective thermodynamically stable species in
that region.  W205 line was removed for clarity.  Calculations assume 1M dissolved species where
applicable.

For comparison, the polarization curves for machinable tungsten as a function of solution

pH are presented in Figure 17.  For clarity only the forward scan direction is presented.  Unlike the

99.96% W sample, no passivity was observed for this sample at any solution pH.  All curves were

characterized by high dissolution rates (greater than 10-5 A/cm2) and no hysteresis in the reverse

scan.  Furthermore, two anodic peaks at approximately +0.2V and +0.7V SCE not observed in the
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99.95% sample were observed in the forward anodic scan for this sample.  Upon removal from

the pH 10.6 solutions, the machinable tungsten was coated with a thick (0.5 mm), aqua-green

oxide (Figure 18).  After several hours of exposure to air the color of this oxide turned from aqua

green to white.  In addition, and copious amounts of white precipitate were found in the

electrochemical cell used for the pH 10.6 experiment.  X-ray photoelectron spectroscopy found the

oxide to be copper-rich.  At this time it is unclear if these peaks in the forward anodic scan are

associated with the oxidation of copper as no reduction peaks were found upon reversing the scan

direction (see Figure 18).  
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Figure 17 Potentiodynamic polarization curves for machinable tungsten in deaerated 0.1M
NaCl solution as a function of solution pH.  Only forward scans are shown for clarity.  Anodic
peak at approximately +0.20V was also observed in reverse scan.
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Figure 18 Optical micrograph of machinable tungsten sample after anodic polarization in
0.1M NaCl, pH 10.6.  The copper-rich oxide was as thick as 0.5mm in some places.

Anodic potentiodynamic polarization curves for 99.96% W, machinable W, and 99% W in

0.1M NaCl pH 7 are presented in Figure 19.  Both forward and reverse scan directions are shown.

All samples had approximately the same OCP (-0.50V to -0.40V SCE).  The corrosion current

density of the machinable W sample was highest (8x10-8 A/cm2) while that of the 99% W was

lowest (2x10-8 A/cm2).  However, the anodic behavior of each sample,  was vastly different.  The

99.96% W had the lowest anodic dissolution rates and a negative hysteresis in the reverse scan

direction indicating passivition of this sample.  Anodic dissolution rates for the 99% W sample

upon polarization in this same solution were an order of magnitude greater than those observed in

the APT target material.  No hysteresis was observed in the reverse scan indicating the dissolution

may be mass transport limited and the oxide film formed on this sample was not passivating.  The

anodic dissolution rates for machinable tungsten in this solution were two orders of magnitude

greater than those observed for the 99.96% pure W target material and peak anodic currents were
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Figure 19 Potentiodynamic polarization curves for 99.95% W, machinable W and, 99% W in
deaerated 0.1M NaCl, pH 7.  Forward and reverse scan directions are shown.

greater than 1x10-3 A/cm2.  An anodic dissolution rate of 1x10-3 A/cm2 for W (W to W+6) is

equivalent to a corrosion rate of approximately 200 mils/year.

Although  the OCP of the W target in the cooling water loop during irradiation by a 1200

MeV proton beam will likely never be known, it is conceivable that it may coincide with one of the

anodic peaks observed in the polarization curve of the machinable tungsten (-0.50V to -0.40V

SCE).  This is true because the presence of oxygen in the system or hydrogen peroxide will shift

the OCP in a positive direction as shown above in Figure 13.  Therefore, from these results it is

concluded that machinable tungsten does not appear to be an acceptable target material for APT.

In Situ Characterization of the Oxide on W (SERS)  Surface Enhanced Raman

Spectroscopy (SERS) will be used to characterize the effects of irradiation on the oxide formed on

W.  For comparison, baseline SERS data on W oxide is needed as a function of solution pH and

applied potential.  The SERS data for the native oxide formed on W in air are presented in Figure
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20 line a.  As presented in Table 1, this peak position of approximately 912 cm-1 is consistent with

the Raman spectra of bulk hydrated tungsten oxide as observed by other investigators.  For

comparison, the Raman peak positions of anhydrous, bulk W oxide are Presented in Table 2.   As

seen in Table 2, no peak Raman peaks for the anhydrous W oxides are observed in the 900 wave

number region.  The broadness of the peak in Figure 20a and absence of peaks at lower wave

numbers is an indication that the native oxide formed on W is vitreous in character[21].  

The SERS spectrum for this same sample (Figure 20a) after 1 hour of immersion in

0.25M sodium borate / NaOH, pH 10.6 at the OCP is presented in Figure 20 line b.  The Raman

peak due to solution (approximately 780 cm-1) has been subtracted from the data.  The OCP of the

sample in this solution was found to be -0.535V SCE and is in a potential / pH region where no

solid oxide species is thermodynamically favorable (Figure 16).  The species which is

thermodynamically favorable in this potential / pH region is the soluble species WO4
-2.  The

oxidation potential for Wo to WO4
-2 is -1.037V SCE at this solution pH.  As seen in Figure 20b,

upon immersion of the sample the SERS peak observed in air is shifted to higher wave numbers

(940 cm-1).  In addition,
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Figure 20 SERS spectra for W in 0.25M sodium borate / NaOH, pH 10.6 as a function of
applied potential.  The open circuit potential for W in this solution is -0.535V SCE.

 several new SERS peaks not observed in air spectrum are seen in this spectrum.  Their positions

are listed in Table 3.

Upon polarization to -1.100V SCE, many of the SERS peaks observed at the OCP were

not observed.  Further, the intensities of the peaks that were observed were greatly diminished (20

line c).  This is an indication that the native W oxide is reducible, though not entirely at this

potential.  After polarizing the sample from -1.100V SCE to -0.200V SCE (+.335V vs OCP) all

of the original SERS peaks observed at the OCP (but not at -1.1V) reappeared, with greatly

increase intensities (Figure 20 line d).

This data, and further SERS experiments at pH 7 and pH 2, will provide valuable

background data for comparison with SERS measurements on tungsten irradiated by a proton

beam in the Blue Room at LANL.  Those experiments are scheduled to begin in the early
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November, 1996.  It is hoped that any changes in the oxide film formed on W due to irradiation

will be reflected in the SERS data.

Table 1 Peak positions for hydrated, bulk tungsten oxides as observed by other
investigators.

Species Wave Number  (cm-1)

900 800 700 600 500 400 300 200 100 ref

W03

2H20

960 685

662

380 235

210

110 39

961 650 40

960 685

665

41

W03

H20

948 645 377 253

235

192

150

40

947 650 41

W03

1/3H20

960 800 680 42

955 755 670 416 42

945 805 680 320 255 190

155

40

W03

xH20

950 770 280 43

950 329 186 44

950 717 329 274 186

136

45

Na2W04 931 838 325 45

931 833 324 46

931 811 371

309

47
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Table 2 Peak positions for anhydrous, bulk tungsten oxides as observed by other
investigators.

Species Wave Number (cm-1)

900 800 700 600 500 400 300 200 100 ref

mW03 807 715 40

hW03 817 690

645

40

misc

W03

810 720 48

808 719 625

604

580

520

48

Table 3 SERS peak positions measured for W immersed in 0.25M sodium borate / NaOH,
pH 10.6.

Potential

(V SCE)

Wave Number (cm-1)

1000 900 800 700 600 500 400 300 200

in air 912 809 756 408 360 222

-0.535

(OCP)

1073

1022

997

937

850 715 554

505

475

445

400

300 200

-1.100 1072

1024

720 566

505

472

-0.200 1075

1021

996

936

866/85

1

715 603 566/55

1

503

472

445/43

3

400

300 198
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Future Work:  FY '97

Our efforts from October through January of 1996 will primarily focus on final

preparations for this year's irradiation of the LANSCE A6 Corrosion Loop to begin on or about

February 7, 1997.  This includes assisting AOT-7 in the design of the LANSCE water system as

well as preparing the many corrosion monitors for installation on this system.  During this period

we have also scheduled corrosion experiments for LANSCE WNR (November 16 - 18) with

Gary Kanner and Luc Daemen.  While their efforts will focus on on-line diagnostic techniques

using Raman spectroscopy, jointly we will investigate the effect of radiation on passive films using

Surface Enhanced Raman Spectroscopy (SERS) as discussed in this report.  

During the FY '97 irradiation of the LANSCE A6 Corrosion Loop, numerous on-line

experiments will be conducted to evaluate the corrosion rate of candidate APT materials and

strategies to mitigate the effects of water radiolysis products on corrosion.  These experiments will

include (but are not limited to):

• In-Beam corrosion rates of:  W, Ta, SS 304L, SS 316L, HT-9 and, Inconel 718

• Out-of-Beam corrosion rates of:  W, Ta, SS 304L, SS 316L, HT-9 and, Inconel 718, Al 6061

and, Al 5052

• Corrosion potential measurements on out of beam specimens

• Water pH measurements

• Water conductivity measurements

• Effects of Hydrogen Water Chemistry on corrosion rates of in-beam and out of beam samples

• Water sampling to determine anion/cation concentrations of species in solution (via ICP)

Laboratory experiments on candidate APT materials will continue throughout FY '97.  This

will include the effects of surrogate solutions on materials in addition to tungsten.  During this

period we will also investigate the effects of flow and temperature on corrosion rate, two variables

that APT materials will be subject to but not examined in this report.  



36



37

References

1 J.L. Magee, A. Chatterjee, in      Kinetics        of         Nonhomogeneous        Processes   , G.R. Freeman ed.,
John Wiley & Sons, New York, pp171-214, 1987.

2 H. Christensen, Nuclear Technology, vol. 109, pp. 373-82, 1994.

3 T.K. Yeh, D.D. Macdonald, A.T.  Motta, Nuclear Science and Enginering, vol. 121, pp
468-82, 1995.

4 W.G. Burns, P.B. Moore, Radiation Effects, vol. 30, pp. 233-42, 1976.

5 R.S. Glass, G.E. Overturf, A. Van Konynenburrg, R.D. Mccright, Corrosion Science,
vol. 26, no. 8., pp. 577-90, 1986.

6 H. Christensen, Radiation Physical Chemistry, vol 18, no. 1-2, pp.147-58, 1981.

7 W.G. Burns, W.R. Marsh, W.S. Walters, Radiation Physical Chemistry, vol. 21, no. 3,
pp. 259-79, 1983.

8 M. Fox, “Water Chemistry and Corrosion in BWR’s”, Corrosion/83, paper no. 121,
NACE, Houston, 1983.

9 M.E. Indig, J.E. Weber, Corrosion, vol. 41, no. 1, pp. 19-30, 1985.

10 J.J. Taylor, EPRI Journal, vol. 11, no. 3, pp. 54-55, 1986.

11 D.D. Macdonald,  Corrosion, vol. 48, no. 3, pp.194-205, 1992.

12 D.D. Macdonald, H. Song, K. Makela, K. Yoshida, Corrosion, vol. 49, no. 1, pp. 8-16,
1993.

13 J.R. Macdonald,    Impedance        Spectroscopy    , Wiley Publishing, New York, 1987.

14 I. Epelboin, C. Gabrielli, M. Keddam, H. Takenouti, “Alternating-Current Impedance
Measurements and Corrosion Rate Determination”, in     Electrochemical        Corrosion        Testing,         ASTM
    STP        727    , F. Mansfeld & U. Bertocci eds., ASTM, Ohio, pg. 150-66, 1981

15 D.D. MacDonald, M.C.H. Mckubre, “Electrochemical Impedance Techniques in
COrrosion Science” in     Electrochemical        Corrosion        Testing,         ASTM        STP        727    , F. Mansfeld & U.
Bertocci eds., ASTM, Ohio, pg. 110-59, 1981

16 M. Fleischmann, P.J. Hendra, A.J. McQuillen, Chemical Physics Letters, vol. 26 pp
163-66, 1974.

17 J. Desilvestro, D.A. Corrigan, M.J. Weaver, Journal of Physical Chemistry, vol. 90, pp
6408-11, 1896.



38

18 A. Otto, J. Billman, J. Eickmans, U. Erturk, C. Pettenkotter, Surface Science, vol. 138, pp
319-27, 1984

19 M. Kerker, D.S. Wang, H. Chew, Applied Optics, vol. 19, pp 4159-69, 1985.

20 J. C. Rubim, J. Dunnwald, Journal of Electroanalyitical Chemistry, vol. 258, pp 327-
344, 1989.

21 J. Gui, T.M. Devine, Corrosion Science, vol. 32, no. 10, pp. 1105-24, 1991.

22 C.A. Melendres, M. Pankuch, Journal of Electroanalytical Chemistry, vol. 333, pp.
103-13, 1992.

23 M.G.S. Ferreira, T. M. e Silva, A. Catarino, M. Pankuch, C.A. Melendres, Journal of the
Electrochemical Sociiety, vol. 139, no. 11, pp. 3146-51, 1992.

24 L.J. Oblonsky, T.M. Devine, Journal of the Electrochemical Society, vol. 142, no. 11,
pp. 3677-82, 1995.

25 Annual Book of ASTM Standards, 03.02,       Wear       and        Errosion;         Metallic        Corrosion    , ASTM
Philadelphia, 1987.

26 L.B.Kriksunov, D.D. Macdonald, P.J. Millet, Journal of the Electrochemical Society,
vol. 141, no. 11, pp. 3002-3005, 1994.

27 W.R. Kassen, "Reference Electrodes for Electrochemical Corrosion Potential Monitoring
in PWR Secondary Systems", Electric Power Research Institute, EPRI TR-103311, November,
1993.

28 R.S. Lillard, D.P. Butt, "Preliminary Spallation Neutron Source Corrosion Experiments:
Corrosion Rates of Engineering Materials in a Water Degrader Cooling Loop Irradiated by an 800
MeV Proton Beam", LA-UR/LA-CP 96-1011, January, 1996.

29 M.E. Indig, J.E. Weber, Corrosion '83, paper #124, NACE, Houston, April, 1983.

30 W.R. Kassen, R.P. Jones, J.L Tollefson, Corrosion '92, paper #112, NACE, Houston,
April, 1992.

31 M. Fox, Corrosion '83, paper #121, NACE, Houston, April, 1983.

32 C.C. Lin, R.L. Cowan, R.S. Pathania, Corrosion '93, paper #619, NACE, Houston, April,
1993.

33 L.G. Ljungberg, D. Cubicciotti, M. Trolle, Corrosion '85, paper #100, NACE, Houston,
March, 1985.

34 M.J. Fox, "A Review of Boiling Water Reactor Chemistry:Science Technology, and
Performance", NTIS Report# NUREG/CR-5115 ANL-88-42, February, 1989.



39

35 Y.J. Kim,, Corrosion '96, paper #102, NACE, Houston, March, 1996.

36 J.E.A.M.van der Meerrakker, M. Scholten, J.J. van Oekel, Thin Solid Films, vol. 208, pp
237-42, 1992.

37 J.E.A.M.van der Meerrakker, M. Scholten, T.L.G.M. Thijssen, Journal of
Electroanalytical Chemistry, vol. 333, pp 205-16, 1992.

38 M. Pourbaix,      Atlas        of        Electrochemical        Equilibria       in         Aqueous        Solutions   , NACE, Houston,
1974.

39 M.F. Daniel, B. Desbat, J.C. Lassegues, B. Gerand, M. Figlarz, Journal of Solid State
Chemistry, vol. 67, pp. 235-47, 1987.

40 G.M. Ramans, J.V. Gabrusenoks, A.A. Veispals, Physica Status Solidi A, vol. 74, no. 1,
pp. k41-k44, 1982.

41 I. Shiyanovskaya, T.A. Gavrilko, E.V. Gabrusennoks, Journal of Molecular Structure,
vol. 293, pp. 295-98, 1993.

42 I. Shiyanovskaya, H. Ratajczak, J. Baran, M. Marchewka, Journal of Molecular
Structure, vol. 348, pp.99-102, 1995.

43 M.F. Daniel, B. Desbat, J.C. Lassegues, R. Garie, Journal of Solid State Chemistry, vol.
73, pp. 127-139, 1988.

44 T. Nishide, K, Mizukami, Thin Solid Films, vol. 259, pp. 212-17, 1995.

45 N. Weinstock, H. Schulze, A. Muller, The Journal of Chemical Physics, vol, 59, no. 9, pp.
5063-67, 1973.

46 F. Gonzalez-Vilchez, W.P. Griffith, Journal of the Chemical Society, Dalton
Transactions, vol. 1, pp. 81-4, 1974.

47 F.D. Hardcastle, I.E. Wachs, Journal of Raman Spectroscopy, vol. 26, pp. 397-405,
1995.

48 E. Salje, Acta Crystallography, vol. A31, pp. 360-63, 1975.


