REFERENCES

Astaf'ev, A.A. (1991). Diffusion and evolution of hydrogen from steel, Metal Sci-
ence and Heat Treatment, 33(2), 93-96.

Alefeld, G., and Volkl, J. (1978). Hydrogen in Metals. Berlin: Springer-Verlag.

Babcock, G.H., and Wilcox, . (1972). Steam Its Generation and Use. New York:
Babcock and Wilcox Company.

Balakin, Y.P., Kudryavtsev, V.N., Fedoseev, D.V., and Vagramyan, A. T. (1972).
Determination of the coefficient of diffusion of hydrogen in steel. Materials
Science, 5(5), 483-487.

Barrer, R.M. (1951). Diffusion in and through Solids. Great Britain: Cambridge.

Beck , ., Bockris, J.0.M., Genshaw, M.A., and Subramanyan, P.K. (1971). Diffu-
sivity and solubility of hydrogen as a function of composition in Fe-Ni al-
loys, Journal Metallurgical and Materials Transactions B, 2(3), 883-888.

Brass, A.-M. and Chéne J. (2006). Hydrogen uptake in 316L stainless steel: Conse-
quences on the tensile properties, Corrosion Science, 48(10), 3222-3242.

Bruzzoni, p., Carranza, R.M., Collet Lacoste, J.R., and Crespo, E.A. (1999). Hy-
drogen transport through a-iron using a current modulation method. Inter-
national Journal of Hydrogen Energy, 24(11), 1093-1099.

Bruzzoni, p., Carranza, R.M., and Collet Lacoste, J.R. (1999). A pressure modula-
tion method to study surface effects in hydrogen permeation through iron
base alloys. Electrochimica Acta, 44(24), 4443-4452.

Chalaftris, G. (2003). Evaluation of Aluminium-Based Coatings for Cadmium Re-
placement. PhD. Thesis, School of Industrial and Manufacturing Science,
Cranfield University, Bedfordshire, England.

Cheng, Y.F., and Steward, F.R. (2004). Corrosion of carbon steels in high-
temperature water studied by electrochemical techniques. Corrosion Sci-
ence.46(10), 2405-2420.

Cheng, Y.F. (2007). Analysis of electrochemical hydrogen permeation through X-
65 pipeline steel and its implications on pipeline stress corrosion cracking.
International Journal of Hydrogen Energy, 32(9), 1269-1276.



0

Chexal, B., Horowitz, J.s., Jones, R., Dooley, B., and Wood, ¢c. (1996). Flow-
Accelerated Corrosion in power plants. Electric Power Research Institute,
Palo Alto.

Choo, W.Y., Lee, J.Y., Cho, C.G., and Hwang, s.H. (1981). Hydrogen solubility in
pure iron and effects of alloying elements on the solubility in the tempera-
ture range 20 to 500° ¢. Journal of Materials Science, 16(5), 1285-1292.

Choo, W.Y., and Lee, J.Y. (1982). Thermal analysis of trapped hydrogen in pure
iron, JoumalMetallurgical and Materials Transactions A, 13(1), 135-140,

Crank, J. (1964). The Mathematics of Diffusion. Great Britain: Oxford.

Cussler, E.L. (1997). Diffusion Mass Transfer in Fluid Systems. New York: Cam-
bridge University Press.

Davis, J.R., Destefani, J.D., and Frissell, H.J. (1987). Metals Handbook Ninth Edi-
tion. Volume 13: Corrosion. Metals Park, Ohio: American Society for Met-
als'Intemational.

Dolinsky, Y.N., Zouev, Y.N., Lyasota, [.A., Saprykin, I.V., and Sagaradze, v.v.
(2002). Permeation of deuterium and tritium through the martensitic steel
F82H. Journal of Nuclear Materials. 307-311(2), 1484-1487.

Felicelli, S.D., Poirier, D.R., and Sung, P.K. (2000). A model for prediction of pres-
sure and redistribution of gas-forming elements in multi-component casting
alloys. Metallurgical and Materials Transactions B, 31(6), 1283-1292.

Femandez-Prini, R., Alvarez, J.L., and Harvey, A.H. (2003). Henry’s constants and
vapor-liquid distribution constants for gaseous solutes in H20 and D20 at
high temperatures. Journal of Physical and Chemical Reference Data.
32(2), 903-916.

Flis, J. (1991). Corrosion of Metals and Hydrogen-Related Phenomena. USA: El-
sevier,

Fontana, M.G. (1986). Corrosion Engineering. Singapore: McGraw-Hill.

Freeman. B.H. (1994). Hydrogen monitoring apparatus. United State Patent.
5,279,169

Hillier, E.M K., and Robinson, M.J. (2006). Permeation measurements to study hy-
drogen uptake by steel electroplated with zinc-cobalt alloys. Corrosion Sci-
ence. 48(5), 1019-1035.



o1

Hirth, J P. (1980). Effects of hydrogen on the properties of iron and steel, Metal-
lurgical and Materials Transactions A. 11(6), 861-890.

Ichitani, K., and Kanno, M. (2003). Visualization of hydrogen diffusion in steels by
high sensitivity hydrogen microprint technique. Science and Technology of
Advanced Material, 4(6), 545-551.

Johnson, H.H. (1988). Hydrogen iniron. Metallurgical and Materials Transactions
A, 19(10), 2371-2387.

Jost, . (1960). Diffusion in Solids, Liquids, Gases. New York: Academic Press
INC., Publishers.

Kim, K.T., Park, J.K., Lee, J.Y., and Hwang, S.H. (1981). Effect of alloying ele-
ments on hydrogen diffusivity in a-iron. Journal of Materials Science,
16(9), 2590-2596.

Lang, L.C. (1996). Modeling the corrosion of carbon steel feeder pipes in CANDU
reactors. *M.'S. Thesis, University of New Brunswick, Fredericton, New
Brunswick, Canada.

Lee, J.L., and Lee, J.Y. (1982). The hydrogen solubility in AISI 4340 steel in the
temperature range of 298 to 873 K and atmospheric hydrogen pressure,
Journal of Materials Science Letters, 1(11), 489-492.

Lee ,J.L., and Lee, J.Y. (1989). Hydrogen retrapping after thermal charging of hy-
drogen in iron single crystal. Metallurgical and Materials Transactions A,
20(9), 1793-1802,

Lister, D.H., Davidson, R.D., and McAlpine, E. (1987). The mechanism and kinetics
of corrosion product release from stainless steel in lithiated high temperature
water. Corrosion Science. 27(2), 113-123.

Lister, D.H., Slade, J., and Arbeau, N. (1997). The accelerated corrosion of CANDU
outlet feeders - Qbservations, possible mechanisms and potential remedies.
CAN/CNS Annual Conference, Toronto, Ontario, Canada, June 8-11.

Lister, D.H., Gautheir, P., Goszczynski. J., and Slade, J. (1998). The accelerated cor-
rosion of CANDU primary piping. JAIF International Conference, Japan

Matei. D.G. (1999). Corrosion generated hydrogen flux measurements using a vac-
uum gradient. M.s. Thesis, The University of Calgary, Calgary, Alberta,
Canada.



92

Mabuchi, K., Horii, Y., Takahashi, H., and Nagayama, M. (1991) Effect of tem-
perature and dissolved oxygen on the corrosion behaviour of carbon steel in
high-temperature water. Corrosion, 47(7), 500-508.

McKeen K., Lalonde M., Scott A., and Ross, J. (2007). Hydrogen Effusion Probe
development and installation at the Point Lepreau Nuclear Generating Sta-
tion. 28th Annual Canadian Nuclear Society Conference, Canada.

Nagao, A., Kuramoto, ., Ichitani, K., and Kanno, M. (2001). Visualization of hy-
drogen transport in high strength steels affected by stress fields and hydro-
gen trapping. Scripta Materialia, 45(10), 1227-1232.

Oriani, R.A. (1993). The physical and metallurgical aspect of hydrogen in metals.
The Fourth International Conference on Cold Fusion, Palo Alto, USA.

Oriani, R.A. (1994). A briefsurvey of useful information about hydrogen in metals,
International Symposium on Cold Fusion and Advance Energy Sources, Be-
larusian State University, Minsk, Belarus.

Owczarek, E., and Zakroczymski, T. (2000). Hydrogen transport in a duplex stain-

- less steel, Acta Materialia, 48(12), 3059-3070,
Parvathavarthini, N., Prakash, . (2002). Effect of carbon addition on hydrogen
. permeation in an FesAl-based intermetallic alloy, Intermetallics, 10(4),
329-332..

Passararat, . (2002). Development of a device to measure hydrogen concentration
in the presence of moist chlorine: Influence of a novel membrane. MS.
Thesis, The Petroleum and Petrochemical College, Chulalongkom Univer-
sity, Bangkok, Thailand.

Pattanaparadee, T. (2007). Characterization of oxide film on CANDU reactor feeder
pipesteels in high temperature water. M.s. Thesis, The Petroleum and Pet-
rochemical College, Chulalongkom University, Bangkok, Thailand,

Paul, G. (1963). Diffusion in Solids. New York: McGraw-Hill.

Perry, R.H., and Green, D. (1984). Perry's Chemical Engineers' Handbook: eth Edi-
tion. USA: McGraw-Hill,

Piggott, M.R., and Siarkowski, A.c. (1972). Hydrogen diffusion through oxide films
on steel. Journal of the Iron and Steel Institute. 210. 901-904,



93

Podesta, M.D. (2002). Understanding the Properties of Matter: 2nd Edition. Great
Britain: Taylor & Francis Inc.

Potter, E.C., and Mann, G.M.W. (1962) Oxidation of Mild Steel in High Tempera-
ture Aqueous Systems. First International Congress on Metallic Corrosion,
Butterworth, London.

Pyun, .1, and Oriani, A. (1989). The permeation of hydrogen through the passivat-
ing films on iron and nickel. Corrosion Science, 29(5), 485-496.

Robertson, J. (1989). The mechanism of high temperature aqueous corrosion of
steel. Corrosion science. 29(11/12), 1275-1291.

Robertson, W.M. (1977). Hydrogen permeation and diffusion in inconel 718 and
incoloy903. Metallurgical and Materials Transactions A, 8(11), 1709-1712.

Salii, V.I., Gel'd, P.V., and Ryabov, R.A. (1973). Permeation, diffusion, and solu-
bility of hydrogen in pure a-iron’.. Materials Science, 6(5), 620-622.

Schomberg, K.,and Grabke, H.J. (1996). -Hydrogen permeation through oxide and
passive films on iron. Steel research. 67(12), 256-572.

Shapovalov, E.T.. (1994). Temperature dependence of the corrosion rate of metals,
steel, and alloys in concentrated sulfuric acid. Chemical and Petroleum En-
gineering, 30(5-6), 286-288.

Silbert, M.D. (2002). Flow-Accelerated Corrosion. The Analyst, 25-29

Silpsrikul, 0. (2001). Modeling of the thinning of the CANDU reactor feeder pipes.
iviiS. Thesis, The Petroleum and Petrochemical College, Chulalongkom
University, Bangkok, Thailand.

Stellwag, B. (1998). The mechanism of oxide film formation on austenitic stainless
steels in high temperature water. Corrosion Science. 40(2/3), 337-370.

Steward, S.A. (1983). Review of hydrogen isotope permeability through materials.
Lawrence Livermore National Laboratory Report, USA, UCRL-53441.

Taenumtrakul, T. (2005). Electrochemical characterization of oxide film on feeder
pipe steels in high temperature water. M.S. Thesis, The Petroleum and Pet-
rochemical College, Chulalongkom University, Bangkok, Thailand.

Tkachev, V.1., Sidorak, I.I. and Kachmar, B.F. (1979). Determination of the solu-

bility of hydrogen in a-iron. Materials Science. 15(1), 84-85.



%4

Tomlinson, L. (1981). Mechanism of corrosion of carbon and low alloy ferritic
steels by high temperature water. Corrosion-NACE, 39(10), 591-596.

Tomlinson, L., and Cory, N.J. (1989). Hydrogen emission during the steam oxida-
tion of ferritic steels: Kinetic and mechanisms. Corrosion Science, 29(8),
939-965.

Watanabe, K., and Dooley, R.B. (2004). Guideline on the Henry’s constant and va-
por-liguid distribution constant for gases in H20 and D20 at high tempera-
tures. International Association for the Properties of Water and Steam, Sep-
tember 2004, Kyoto, Japan,

Xu,J, XK., Liu, QQ. and Chen, W.X. (1994). Hydrogen permeation behav-
lorin IN718 and GH761 super-alloys. Metallurgical and Materials Transac-
tions A. 25(3), 539-544.

Yan, M., and Weng, Y. (2006). Study on hydrogeii absorption of pipeline steel un-
der cathodic charging. Corrosion Science; 48(2), 432-444,

Yépez, 0., Vera, J.R., and Callarotti, R.C. (1997). A comparison between an elec-
trochemical and a vacuum loss technique as hydrogen probes for corrosion
monitoring. Corrosion, 272(97), 1-18.

Yuan, X., (2006). Precipitates and hydrogen permeation behavior in ultra-low car-
bon steel. Materials Science and Engineering’A, 4527453, 116-120.
Zakroczymski, T., and Owczarek, E. (2002). Electrochemical investigation of hy-
®- drogen absorption in a duplex stainless steel. Acta Materialia, 50(10), 2701-

2713.

Zoltowski, p. (2007). Analysis of electrochemical techniques for studying the diffu-
sion of hydrogen in metals. Journal of Electroanalytical Chemistry, 600(1),
54-62.



APPENDICES
Appendix A Thermodynamic Equilibrium Calculations

The reaction between water and iron produces magnetite was considered.
3Fe(s)+4H20(g) Fed30<( )+ 4H2(g)

Table A.l shows the thermodynamics properties of every species that is in-
volved in this reaction.

Table Al Thermodynamics properties (Perry’s Handbook)

AG/ " WEEGlINEIE piltil — Tilih
¢ (cal/des/molel
: A -242.3 -266.9 AL1T+00im T2AS1MP)
h20 (g) -54.6351 -57.7979 8.22+0.00015T+1.34* 10'0(T 2)
h2(q) 0 0 6.62+0.00081T
Fe () 0 0 4.13+0.00638T

Consider at room temperature, 25 °C (298 K)
2 VIAGI = AG.m t4

(- 242.3) —4(-54.6351)
-23.7596 kcal/mole = -23759.6 cal/mole

AG® = -RT K = £v,AG/
- (1.9859 cal/mol/K) (298 K) InK = -23756.6 cal/mole
InK = 40.15
K = 2.13Xlow
since. K - 9
0T

a5 ¢ ("2 4385105
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Consider at various temperatures

AHT — AHus + zééc P(Faoe) + ACP(H2d - ACHW0) - 3CP(FendT

Arras = (-266.9)-4(-57.7979)
= -35.7084 kcal/mole = -35708.4 cal/mol (endothermic reaction)
AHj = -35708.4+ 2&(41.17+0.018827-979500x|/72)+4(6.62+0.000817)
- 4(8.22 +0.000157 + 1.34 X106T2- 3(4.13 +0.00638T))\iT
AHT = -35708.4+ g22.38+2.32X|0"37-9795007~2-1.34X10~672]
AHr = -45755.74+22.387 + 1.16x10"37 2+979500T~]-0.447 x 10'67 3
T(AH A
RTd(\nk) = f a7
@y ZZ )
R \d{\nK) =
298{ )

45755.74 +22.387 + 1.16x10 7 +979500T~'-0.447x|0~&
% T2
1.9859 (In Air- In77298) = -275.75- 489750 r 2+ 45755.74 1 7+22.38 In T
+1.16X103T - 0.2235x1 06 T 2
INAl = - 9871 -246614 r 2+23040.3 r 7+ 11.27 In 7 + 5.84X10-47
- 1.125x10°77 2

a7

The relationship between the equilibrium constant (K) and temperatures can
be plotted using the equation above.
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Appendix B Diffusion Coefficient by Time-Lag Method

The HEP Pressure (Pa)
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Figure B.l The hydrogen diffusivity ofthe carbon steel pipe at PLGS calculated by
using the Time-Lag method.

ate and Time

In the Time-Lag method, the diffusion coefficient can be calculated by us-
ing the Equation below,

Where L = time ()

D = diffusion coefficient (m2/s)

[ = pipe thickness (m)

For this case, the average thickness of the pipe is 6 mm. The value of L can
be read from Figure B.L Therefore the diffusion coefficient is,

v_ o= (6x103 )2

- 2.38x10"
s L 6(420x60seg) | CoexI0TImZs
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Appendix ¢ Hydrogen Diffusion Through the Pressure Transducer Diaphragm

C.I Using Fick’s Equation
Fick’s first law: J = D ~(

Since the hydrogen pressure is low (i.e. 2000 Pa), it is assumed that
the concentration of hydrogen at the surface of metal is equal to the concentration of
hydrogen gas inside the pressure chamber for the simplicity of calculation. The ideal
gas law is applied to estimation of the hydrogen concentration,

D (2000Pa) mol

- f 3N
VERT ea1aPAM s 4 0731500
v mol-K

=0.756

The hydrogen diffusivity of Inconel at 45 °C is 7.016x10°5ma/s. Sub-
stitution into Fick’s First Law gives,

A
) (0.756-0)T M0 -
1=0D 7.016x10" 1N =1.04x1010
| %5 5.08x10"5( ) m s

The rate of hydrogen diffusion through the diaphragm = diffusion flux (J) x area.

'] . omQyx @a2xlots 2
\}04x10 ml 2axlo"s 2)

2 3x10-% Mol

The ideal gas law is used to convert the rate of hydrogen transferto a
unit of hydrogen pressure. Total volume of the HEP is 9.714 ¢m3,

V _m 3\
23<10- 0" 8314 P2 M g 4973 151

RT V JV mOl'K -6 Pa
= 6.26x10
b (9714107 3)
Y
) = 6.26X10'6Pa 60 X60 X24 A=0.54 Pa
\ day day
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C.2 Using the Permeability Equation
Permeability equation: Juz = IMIL.Rjh.9)—

The hydrogen  permeability at 45 °C is  5.562x101
cm3(NTP)/cm-s-atm 12 The hydrogen pressure is 0.0197 atm (2000 Pa) at operating
temperature.

2 ems(ATR) 4 0197120tm 2 -0)

cm -s 1atm 112 0em\NTP)
_ y =1,
s 0.00508 ¢m L3 e

5.962x10

= .30x101 M0
ml-
The rate of hydrogen diffusion through the diaphragm = diffusion flux (J) x area.
6.39%x 10"n - j-\ X (2.2x10'4m?2)
ms)

1.41x10 # MO

The ideal gas law is used to convert the rate ofhydrogen transfer to a
unit of hydrogen pressure. Total volume ofthe HEP is 9.714 ¢m3,

V M3\
1.a1x10 4 M0 5314 PR s 973 157
- A molK = 3.96x10° P
d (9.714x10%m?) '
D= agpugn P20 (B0XB0X24 oo P
day day

The calculated rates of hydrogen diffusion through the diaphragm from the
two equations above are in good agreement.



Appendix D Average Hydrogen Diffusion Coefficient of a-lron
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3 JBEM R 64E00 18 96E09 18 14E08 A8 L%EM 23
4 30 K% 633EM 14 WEN KA LAEE M4 15EEB M
5 AMEQM B ¢EM 16 94N b 1XEB® A IYEB 2%
6 A0BE09 %5 66 16 A0 1% LXER 26 16ER 26
7T 41E0 5 6MEM 107 90E0) 1y 1278 27 15ER %7
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Appendix E Solubility of Oxygen in the Solution

Henry’ Law Constant vs temperatures can be calculated from the equation
below (Feméandez-Prini t. al, 2003 and Watanabe ét. al, 2004),

fln  -9.448 1(4.438)-T0% Ay
'”UK?, 448 HEAELTOS , ey o) (E)
where X= 1-t-, 7+ = T/Tci, Tci is the critical temperature of the solvent which is
647.096 K for H20, and p* is the vapor pressure of the solvent at the temperature of
interest,
The temperature of the solution reservoir is 20 °c or 293.15 K. The vapor
pressure of water at this temperature is 2340 Pa.

0 B
Tr= 700 043"

x = 1-0.453 K - 0.547 K'
Substituting /%" v+ and x in the equation (E.I),

9448 (4.438)-0
2334Pa) 0453 + 045

Thus, K 3957 MPa

Henry’s Law is given by
Po2=y@n =K@ -x02 (E2)

where P, is the partial pressure of oxygen, yozis mole fraction of oxygen in the gas
phase, n s total pressure of the system which is atmospheric pressure, X.. is the
mole fraction of oxygen in oxygen-saturated water, and Koz is the Henry's Law Con-
stant for oxygen in water.

The argon from the cylinder contains less than 2 ppm of oxygen. Thus mole
fraction of oxygen equal to 2 ppm was used in this calculation.

p( =(2x10°6)(101325Pa) = (3957 X106Pa)x(2
*Q =51x10

-3?4705 +11.420(0.453)- " exp(0.547)
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Mole fraction of dissolved oxygen in the solution could be as high as 51
pmol CVmol solution. The concentration of oxygen can be calculated as followes
(the density of water at 20°c is 0.998 g/cm3).

Concentration(ppb) _ Amount of solute
109 Amount of solvent

oeeony = (5.1x10-"moloA ( 3290z \molH1o f0.998gtf20)
Concentrationippb) =™ ol ﬁimolOly[iigHZo jv mlHD 9

Oxygen concentration = 0.09 pph

In this experiment, the solution flow rate is 840 mL/min. Thus the amount
of dissolved oxygen flowing in the solution is 2.37x1 09 mol/min or 3.94 xio 1
mol/s.

Appendix F Hydrogen Permeation

A carbon steel tube, ASTM A 179, was used in this experiment to determine
hydrogen permeation through steel. The tube had a 90° bend and was capped at one
end by a Swagelok fitting. Another end of the tube was connected to a pressure
gauge and a valve as shown in Figure F.I. The composition of carbon steel, ASTM
A179, and carbon steel, ASME SA106 Grade B, that was used In the experiment in
Loop Lis shown in Table F.I.

The carbon steel, ASTM A 179, was cleaned before being used in order to
eliminate the oxide film that formed on the steel surface both inside and outside.
First, the tube was polished by 600 grids sandpaper on the outside surface. Chemical
cleaning or pickling was done on the inside surface. After cleaning and bending, the
tube was annealed at 600 ¢ for 1 hour to release the stress from the bending. The
tube was pickling again after annealing. Then all fittings were assembled on the tube.
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Table F.I' Composition of carbon steel ASME SA106 and ASTM A 179

ASME SA106 Grade B ASTM AlL79

Element ’ ,
Mass fraction (%) Mass fraction (%)
Fe Balance Balance
C 0.30 0.06-0.18
Mn 0.29 0.27-0.63
S 0.10 -
0] 0.04 0.048
0.04 0.058
Cr 0.03 -

Figure F.2 Carbon steel tube used in the hydrogen permeation experiment.

The tube was checked for leakage by charging with 100 psig of argon gas
and monitoring the reduction in pressure at room temperature. After testing for leak-
age, the tube was filled with 100 psig of hydrogen gas, and placed in an oven. The
temperature of the oven was gradually increased from room temperature to 310 c.
The change in pressure inside the tube was recorded for 5 days. Next the tube was
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filled with 90 psig helium gas. The same procedure was carried out in order to com-
pare the results from the two different gases.

Table F.2 The change of pressure inside the tube

ydrogen Helium

Date Tem?OeCr?ture —  Dae  Time Temperature Pzggfg)re

3/4/2008 9.17 100 100 842008 11.30 100 90
1047 100 100 1230 100 90
1047 200 110 13.00 200 T00
147 200 120 14,00 200 110
1247 310 140 1530 310 120
1347 310 140 16.30 310 120
1447 310 140 17.00 310 120
1541 310 140 17300 « 310 120
16.47 310 140 18.00 310 120
1747 310 140 18.30 310 120

4/4/2008  9.10 310 130 9/4/2008 10.00 310 120
7/4/2008 1000 310 120 10/4/2008 1500 310 120
1730 310 120 16.00 310 120

The results show that the pressure inside the tube decreased with time when
the tube was filled with hydrogen. The pressure insice the tube was constant when
filled with helium.

It is believed that the hydrogen gas diffused through the steel which proves
that hydrogen can dissociate and diffuse out of the carbon steel at 310 °c under a
pressure of 100 psig. The rate of the pressure reduction was low and presumably was
controlled by the surface reaction or dissociation of hydrogen at the inside tube sur-
face,
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