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PLATE 3.3: Supply tank xith oxygen meter In the foreground

within the specification limits (Oj < 100 ppb) for P.M.R. environ­
ments. The tank can then be pimp mixed. A heater and heat exchanger 
are placed In line ulth the corrosion fatigue test cell to facili­

tate testing In hot aqueous solution.

The stainless steel tanks (450 t and 200 t) are manufactured from 
A1S! 3041 type stainless steel. Features In the design (Fig. 3.4) 

•re;

1. A piessure gauge to measure the hydrogen over-pressure in the 

tanks.



FIGURE 3.4: Stainless steel tanks
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2 . A relief valve which has a bursting pressure (variable set­
ting) of 3 to 50 psl, through which H2 1s vented to atmos-

3 . A hexagonal head plug which can be unscrewed for tank dosing.

4. Bolted lid which 1s seated on a soft neoprene rubber gasket. 
Neoprene provides a good seal and Is one of the most resistant 
materials to oxygen through-dlffuslon,

5. Drain cock (ball valve) for emptying the tanks completely.

6 . External gkss level Indicators with lower elbows containing 

ball valves to facilitate drainage of the glass tube.

7. All Inlet and outlet parts consist of welded fittings attached 
to the tanks. Swagelok fittings are then screwed ii.to these 
welded tubes. All weld beads are ground flush with the sur­

face.

8 . Entry port for hydrogen gas. The hydrogen passes Into a
H.D.P.E. (high density polyethylene) tube that consists of a 

coil full of tiny 'pln-prick1 holes. This serves to distribute 
the hydrogwi gas evenly and finely throughout the P.U.S. 
water. The lowering of the partial pressure of oxygen results 
in the lowering of oxygen contents In the water (Dalton’s Law 

of partial ga< pressures).

The content of the hydrogen cylinder has been analysed and

phere.

found to be as follow*.
oxygen
moisture
nitrogen
carbon dioxide
carbon monoxide

hydrocarbons

HYDROGEN

less than 3 vpm
less then 1 vpm
less than 2 vpm
less than 0 .2 vpm
less than 0 .2 vpm
less than 0.2 vpm
better than 99.9995*



9. The stainless steel tanks were chemically cleaned in„ pressure 
tested by the manufacturers. The maxlmim operating pressure 

Is 16.9 bar (245 pstg) for a maximum operating temperature of

66 °C (150 °F).

The 200 i supply tank can be pimp mixed using diaphragm pumps. 

This mim-reclrculating loop has a sample point (simply a three-nay 

valve system) so that samples can be taken to ensure thorough pump 
mixing, the design of a!1 the return loops Is such that the re­
turning water 'cascades' through the hydrogen blanket thus facili­

tating dissolved oxygen removal.

The P.W.R. simulated water In the main supply loop Is also pinped 
through a dlaphrap pimp. In fact, all the diaphragm pimps are 
driven by one motor (Plate 3.4). Hie pumping flowrates ire variable 
ami mixing can b* carried out at flowrates for 0 to 626 Vhr, this 
flowrate being produced by two pump heads. The first head can pro­
duce a maximum flowiate of 299 1/hr and the second head a flowrate 
of 32? i/hr. The corrosion fatigue test cell loop flowrates can be 
varied using the third pump head, giving a maxim* flowrate of 
144 jt/hr. All three pump heads have been tested to a pressure of
310.5 kPa. The r.W.R. water Is In cont«ct with polypropylene (dta- 
phragm and pusp body) with single nltrlle rubber valve balls, glass 
plunger with single 'U' section nltrlle rubber lipseal. I.e. all 

highly corrosion resisting material s.

The flowrate Is controlled with a stroke length control setting. 
This 1s graduated to 100* of full stroke, which Is the maximal 
flowrate and corresponds to a stroking distance of 7.5 m  for the 
diaphragm pwps. It should be noted that these pwps are actually 
mete-lng pumps, but were found to be Ideal for this type of ser 

vlct.

The main corrosion fatigue loon consists of another sampling point 
for chemical analysis checks and an In-Une oxygen meter for batch 
analyses (Plate 3.H. A multiple valve assembly has been Intrud ­
ed near the test cell to facilitate sample changes and subseq
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PLATE 3.4: Diaphragm pumps:
- Single head for main loop recirculation
- Double head for tank mixing.

PLATE 3,5: Oxygen meter with sensor in the flow-through assembly
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hydrogen purging without allowing the ing ess of oxygen to the 

system.

Temperature variation tests, up to the boiling point of water, can 
be carried out using a heater and heat exchanger (Plate 3.6). The 
heater design consists of a tube (316 SS) (l/2 a long, O.D. • 
168 m,  wall thickness - 7.1 n )  with flanges at either end (Fig. 

3.5). Backing plates {10 m  thick) are bolted onto the flanges thus 
squeezing a nttrile rubber gasket to produce an air tight seal. 
The heating element, screwed into one of the blanking plates Is a 
three-phase 6 kU heater, but only two phases will be used, thus 

making it a 4 M  heater. A simple energy balance assuming a typic­
al flowrate of 25 l/hr will show that water entering the heater at 
25 °C will exit the heater at o temperature of approximately 163 °C 
(g - mC4T;C ■ 4.1796 J/g °C). This calculation assumes that the 
heater will be on the whole time and that the water entering the 
heat exchanger will have a temperature of 25 °C. The entry temper­
ature will be greater than 25 °C because of the use of a counter 
current heat exchanger, but more importantly the heater will be 
electrically controlled with a contactor.

PUTE 3.6: Cylindrical heater, plate heat exchanger and JENCO con­

troller.



I

FIGURE 3.5: Heater assembly

A thermocouple fitting has been placed near the exit port of the 
heater (iron/constantan 371 JC type thermocouple). The thermocouple 
Is then connected to a J!C JENCO 371 thermometer controller rfitch 
wll 1 be set to the requl-ed temperature at the exit port of the 
huter (allowing for temperature losses before the water reaches 
tin cell). The temperature In the test cell is also monitored by a 
thermocouple/l.E.D. display unit and therefore an easy calibration 
can be done in order to set the controller temperature to the re­

quired value.

The controller Is In turn 1 inkei to a 4A/40A contacter which is 

connected to the heat in, el.-ment. Thus If the temperature Is too



low (as registered by the thermocouple) the controller activates 
the contacter which results In the contacting of the heater to the 
mains power. Once the temperature is correct, the heater 1s deact­
ivated. A 4 A/40 A contacter Is required to convert the controller 
signal 4 A Into a signal 'acceptable' to the heater (220 V; 4 kN . 
p ■ VI therefore I ■ 18.2 A required). Clearly such a system must 

be overdesigned!

The heated water passes Into the test cell and returns to the stor­

age tank via a 0.2 m  filter and a heat exchanger. The heat ex­
changer 1s a plate heat exchanger which has been designed on the 

following criteria:

For a water flowrate of 0.01 kg/s

Temperature program: Inlet water of 20 °C will be heited to 

90 °C before entry Into the cell. The water exiting .the cell 
and entering the counter flow heat exchanger having a tempera­
ture of 95 °C (after heater) will be cooled to 25 °C before 

re-entry to the tank.

The main requirement of the heat exchanger 1s for the return water 
to be cooled to below 40 °C, which 1s the max1m» (temperature of 
water) that can flow through the water treatment plant (should the 
water purification unit be placed 1n-l1ne). This would only need 

to be used 1f the water needs to be reconditioned.

Figures 3.6, 3.7 and 3.8 show the heat exchanger design and water 
flow directions. The heat exchanger pines are corrugated for two 

reasons:

. To promote turbulance In the fluid flowing between them, and 

. To support the plates against different pressures.

The plate materia, is 0.6 .  A.I.S.I. type 316 austanitlc stainless 

steel and the gasket material is resin-cured butyl * .  h

an extremely low 02 diffusion rate. The combination of high heat



FIGURE 3.6: Plate heat exchanger

FIGURE 3.7: Plate heat exchanger includes corrugated plates, gas 
k.ts. frame, and corner portals to achieve desired

flow.
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FIGURE 3.

•n c d k r ec t

NOTE CCSREC I METHOD SHOWING HONEYCOMB 
fFFECT ON THE LEFT THIS M AKE: FOP 
COMPLETE GASKET SCALING AND 
CCS5ECT PLATE PACK ASSEMBLY

8: C orruga ted  metal sh e e ts are clamped together 

heat “uchanqers to  p rov id e  flow  channe ls.



transfer coefficient, advantageous flow ratio characteristics and 

full countercurrent flow makes It possible to achieve very close 
approach temperatures and high degrees of temperature cross-over. 

Over 90S heat recovery is possible when using a single plate heat 
exchanger. The mat mum operation temperature Is 130 °C (for the 

rubber gasl sts).

/til piping consists of L.D.P.E. (low density polyethylene) which 

his i permeability (to 0 ,) of only 60 « 1 0 - 10 cc-mm/sec.cm^cmHg. 

Assuring « tube to have a length of 50 a with an 0.0. of l/s". 1*0. 
of */i\ « staple calculation will show that 1n six months the Oj 

leaking Into 160 I of P.M.R. water will be 0.1 ppb tdilch, can be 
regarded as negligible 1n a specification of up to 100 ppb dis­

solved oxygen.

3.2.1 Carrotlon Fatigue Test Cell

Corrosion fatigue testing 1s carried out 1n a Perspsx cell. The 
c*ll was designed to Incorporate the maxima* anount of flexibility 
[4 9 ] to the testing programme as well as remaining chemically inert 

in the 'low' twperature P.W.R. water environment. The cell facil­
itated optical crack length measurement as well as potential drop 
(P.O.) crack length measurement (discussed later). The cell design 

drifting Is shown In Fig. 3.9-

Tlw 12 m  thick Perspex cell provides a good barrier against the 

ingress of oxygen tc the test environment. Rubber 0-rlng sea 

all parts) prevent the leakage of P.tl.«. type - M r  »*> 

vent the Ingress of oxygen to the water.

T N  cell includes ports for P.O. crack length ^

.Iter inlet and outlet, thermocouple M  tMt ^ ^ s

rod) positioning. Side plates can e un set-up pro­
can be changed with the minima# disruption to ^ • MJt cel1  

cedure. Plates 3.7 and 3.8 show a the ce„  and
arrangement. The P.M.*. *ter enters t e 
exits at the top d m  the water is returned to the storag





PLATE 3-7: Test cell for corrosion fatigue testing In P.W.R. en­
vironments.
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3,2 ,2 Hechanlcal Testing Apparatus and Control

Fatigue testing Is carried out on a 50 kN capacity E.S.H. servo- 
hydraulic testing machine (Plate 3.9). The closed loop servo system 

for the servo-controlled electro-hydraulic testing machine Is show) 

l„ fig, 3.10.

The desired signal is transmitted to the servo-controller which ac­

tivates the loading cylinder. Such a system has the advantage that 
a large variety of signals can be passed through the servo-system. 
This produces considerable flexibility, enabling It to accomodate 
many specimen configurations. A waveform generator is employed to 
create both sine waves and positive sawtooth waveforms at high fre­

quencies.

A Cnwodore Pet microcomputer 1s used to control the fatigue test­

ing. The computer stores crack growth rate data on disk so that 
test data can be analysed at a later stage. The computer control 
proved necessary because some of the tests lasted for up to one 
week. Clearly manual operation would be most arduous.

The computer is also used to generate waveforms rften low frequency 
testing was undertaken. For such testing the waveform generator Is 
not required. The output signal Is relayed from the computer to 
the E.S.H testing machine via an Interface unit. This is carried 
out while the computer monitors the E.S.H. output signal, returned 
back to the computer via the interface unit. The computer monitor­
ed: the number of cycles, the voltage from the cack length mea­
surement unit (and subsequently the computed crack length). W>en 
the computer generates the waveforms (low frequencies), related to 
an Interfacing constraint, crack length measurement Is undertaken 

at discrete tntervals. During these Intervals fat gu ng 
momentarily and the loads are reduced to the mean leve .

3.2.2.1 Crack length measurement

t ..,,1. length measurement has
The O.C. potential drop technique for crac. 9 ^  ^

proved to be
y M S ,iy automated means

a flexible, cheap and an easily



PLATE 3.9: 50 kN E.S.H. testing machine and controls

ticnot i to- n —
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crack length «onitorinq. The Method relies on 40 mcreise in spe­

cie* resistance across the remaining liganent in 4 crackinq speci­
al. By applying a con-*.' current through the specimen, the 
potential difference between probes attached across the crack will 

Increase as the cross-secHoni. area decreases with crack exten­
sion. *y Monitoring the potential difference between tao points 

eltlier side of the crack (Ftg. 3.11) and comparing it with tlut at 
the start of the test as xell as visual crack length determination, 
tut crack length aay be accur>.ely determined during the fatigue 

test.

5  2  m m

U R R E N T  L E A O

7 5 mm —
y -

W

5 P O T E N T 1A L  L E A D S  

^ C U R R E N T  L E A D

- 2 H

n a * K  S.U: C.T. speci«en showing the location of current »P 

M d  potential oeasurenent leads.

1 *  - a *  used to provide a h*9»»?y
h famell co«sti*i current supply «« to

current carr/i'*) leads were attached to
stabilized current. The c a

s p e c M t t n  'n* 4cre»ed romectioni «hich provide a
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good conductivity input to the sample. The choice of currant (20 A) 
M S  found to give good voltage output and minimal thermo-electric 

beating.

Probe vires for measurement of potential drop, typically about
0 .2 a  diameter were attache"* to wire-wrapping pins inserted in the 
specimens. These pins were inserted by drilling 0.8 nil diameter 
Mies 2 m  either side of the notch centre. Mhile crack length was 
monitored using the P.O. method, surface crack length measurements 
were also taken for calibration purposes { *1 0 magnification travel­

ling microscopes).

The Flak* 8860A digital multlaeter was used for potential measure­
ment. Tht meter offers high resolution in order to detect small 
chmqes 1# crack length, especially for small cracks I.e. the start 
of crack growth. The Fluke also Interfaces well with the micro com­

puter so that -emote control and o«»a logging can I ! carried out.

3.3 AWALYTICM. EQUIPMENT

1* order to check the water chemistry chareeteHstlcs of the test­

ing 'P.M.*.* type witer, it m s  necessary to purchase or gain the 
u>4 of iwe sophisticated analytical equipment. The recent round 
robin test specification set up by the I.C.C.6 .R. was as follows:

Mater Chemistry

Conductivity 
pH (room temperature) 

Dissolved O 2 

Soron

H-
Chlorlde
Fluoride

T«*“

<20 inho/cm 

6.5 ± C.2 
<5 ppb
1000 ppm
15-50 std.cc/kg HjO 

<0.1 PP»
<0 .1 ppm

Clearly, for such low ci..centrations, accurate
nlques are required. In addition. It is now a requirement th.

sulphate levels be accurately measured.

i f e
—



3.3.1 Conductivity (O'ion tel 101 Conductivity Meter)

The Orion model 101 coi.ducti.ity meter 1s a research quality meter 
which can be used to measure electrical conductance in a wide range 

of conditions (Plate 3.10). Measurement of conductance can be made 
fro* 0 .001 iinho to 1 mho using a variety of cells with an accuracy 

better than of full scale.

PLATE 3.10: Orion conductivity meter and electrode

The conductano. being the A*.tty of a solution u  onduct a cur­

rent, Is expressed in rei.ior .al ows or mlios. The ■ .n -»
Is preferred art is ..port* in mi,ro-mhos per cen'™eter (**>*/ 

cm). In the internation:1 system or units (S.I.) tt* rac proc 

the ohm Is tie ‘Jfwien (S».
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m e  Orion 101, when used with the appropriate IT coef, (dent and 

the sample temperature controls, can display the conductance 
automatically converted to 25 °C. The conductance can be 
continuously observed by means of a recorder through the recorder 
output, or by dicital linking to micro-processors and computers.

the Orion model 101 allows selection of th.ee A.C. frequencies 

{3 kHz, 1 kHz, 80 Hz) permitting a choice of cell types. !t con­
sists of an oscillator, amplifier and synchronous detector. The 

B.C. output Is proportional to cell conductance, wit i m i n i m  In­

terference from capacltar.ce because of the synchronous detector. 

The electronic design permits the use of any electrically conduct­
ing material for electrrde construction, the only limitations being 

corrosion by the solution to be measured.

Ilfor* making measurements. It is Important to select the appropri­
ate working frequency. Cells with platinized ele:tru<ies are cali­
brated at 1 kHz; therefore the most accurate conductance measure­

ments will be made at the same frequency. The 3 kHz frequency 
should be used when working with special cells with steel elactro- 
des. The BO Hz frequency is recommended for conductance measure­
ments at very low levels (on the order of mhos). Hhen operating 
at low levels, it is necessary to use cells with very small cell 
constants (0 .1), which consequently have large capacitive effects.

Temperature compensation is achieved by using the *T coefficient 

per °C control. The Orton 101 solves the following equation:

_ Kt 
*25 °C ‘ i ♦ „ (t - 251

* specific condue'ance at 25 °C
- specific conductance at sample temperature

* temperature coefficient

* temperature of sample.

*25 °C 
*t



Conductance at Infinite dilution Increases «1th Increasing temrsra- 
tures according to the equation above. For salts the a Mlue, con­
verted to a percent value, varies between 1.9* and ■ ,, so that 
the conductance varies approximately 2* per °C. Acids and bases 
have a lower temperature coefficient ' 1,6* for acids, t 1.8* for 

baits), to general, the greater the Ion's nobility the less Its 
temperature coefficient. Mobility differences between different 
Ions decreases when temperature increases.

Table 3.1 shows examples of some conductivity measurements. In­

cluded are recommended cell constants and measuring frequencies.

Table 3.2 shows a cell and frequency selection chart for the 101 

model conductivity meter.

TABLE 3.2: Cell and Frequency Selection Chart

Range
80 Hz

Frequency (1)
1 kHz 3 kHz

Cell
0 .1

Constant 
1 .0 10

I mho X X x x
100 mho X X X X

10 imho X X X X

1 mho X X X X

100 into X X X X X

10 *»ho X display display X X

1 |Mho X blanks blanks X X

NOTE: 3 kHi should be used with steel cells only.

Over-range is Indicated by blinking of the display. Mhen 

ranges 1 imho and 10 ^ 0  are selected only the frequency 80 
Hi can operate. When 3 kite or 1 kHz Is selected there 1s no 

display.
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TABLE 3.1

tosiittvlty 100,0 0 0 ,0 0 0 1 0,0 0 0 ,0 0 0 1,0 0 0 ,0 0 0 1 0 0 ,0 0 0 1 0 ,0 0 0 1 ,0 0 0 100 10 1 Olw.cn

Conductivity 0 .0 1 0 ,1 1 10 100 1 ,0 0 0 1 0 ,0 0 0 100,000 1,000,000 CUT'

Ultra I Good I Good 0.01K 1 301 H 2SO*
Euapl* pure 1 distilled | drinking MCI I
1 water water waiter
ICcll conitmt 0 ,0 1 0 ,1 1 10

1 1 1 4-electrode
Measuring frequency Low frequency

1
High frequency 1

measurement



3.3.2 Htah Sensitivity Dissolved Oxygen Detector (Plate 3.5)

flie sensor of the Orbisphere Model 2713 oxygen detectin' is of the 
itembrane enclosed polargraphlc type. It senses the presence of 
oxygen In a medlun contactin; the membrane, and passes a current to 
the measuring instrument, which is precisely proportional to the 
concentration of this oxygen throughout the range from 1 yq/i 
(1 ppb) to 20 Mg/1 (2 0 ppm).

The Instrument possesses four measurement scales; 0 - 20, 0 - 2, 

0 - 0 .2 and 0 - 0 .0 2 m9/*> for the accurate display of any concen­
tration In this range. Range selection Is made automatically by an 
internal autoranging circuit. Calibration is easily performed by 
exposing the sensor to water saturated .Mr and adjusttng the meter 

Indication, with the gain control to a value available from tables 

shown overleaf (Table 3.3).

The instrument measures temperature by means of a thermister locat­
ed within the sensor. The temperature signal may be displayed by 
selecting the °C position of the function switch and in addition Is 
continuously available, together with the oxygen signal, at a re­
corder output connection. It is valid within the range 0 - 45 °C 

and has an accuracy of 1 0 .2 °C. * flow charter enables the sensor 
to be mounted 1r an airtight flow circuit, for the continuous moni­

toring of oxygen levels In a pumped sample 'tream. Sample flowrates 
should be within the range of 50 caVmin to 2S0 at Im1n and sample 
temperatures may be anywhere within the range 0 - 45 °C,though a 
sample temperature of 20 °C to 25 °C will result in optimum per- 

fornance* Simple pressure should be less tha.-i 20 bar. Figure . 
shows a view of the oxygen sensor and Fig. 3.13 1s a schematic d1a 
gram showing the oxygen sensor and the flow chamber (all dimens ons 

in **).





102

wo m  on  m  m m  w  h>
1 1  9.30 I .H  ( 4 0  1.41 t.so « . »  m i  • . »  « .n  « .n
32 8.19 9.24 9.»9 9.34 8.39 * .« l 1.49 8.14 4.99 1.45
S) l . »  S. 14 8.19 (  H  l , »  « .N  l . »  1.44 f.49 C.S4
94 S. 4.0* C.OS 6.13 4 11 8.28 #,|j |.*j
N  5.89 f ,N  1.18 1.01 I .H  9.1J 8.18 ft .il 4.27 f .t t

It I .T9 184 8.09 1.91 9.N  9-03 9.69 4.11 9.17 l . i t
17 9.99 1.14 9.79 9-94 S.M 9.91 9.99 9.01 9.07 9.12
19 9.40 9.99 9.99 8.74 9.79 9 83 9.99 9.9$ 9.97 9.01
39 9.91 9.99 9 90 9.9S $.99 9.74 ! .H  9.93 9.99 1.91
40 9.42 9.47 9.91 9.99 1.40 9.99 9.99 9.74 9.79 9.93

41 M i  5 39 « «  ! « ’  1.91 9.99 5.90 9.99 9.99 9 74
42 *.?« t.29 - • '  5.i8 9.42 9.47 9.SI 9.99 9.90 9.94 
4) 9.19 *.20 *.24 ■ S.33 f.99 9.41 9.49 l . i l  9.99 
44 9.07 9.11 s 1 9.2* J.I9 9.33 9.39 9.41 9.49

4.94 5.M '9  9.10 9.29 9.29 9.33 9.37

4.90
« n  4.­
4,74 <.
4.*9 4.?*
4.99 4.91

9.12 9.19 9.20 9-24 9.29
9.03 9 07 9.12 9.19 1.20
4.99 4.99 9.03 9.07 9.11
4.89 4.91 4.99 4.99 9.0)
4.79 4.92 4.99 4.90 *.¥>

700 709 710 719 721 730 739 740 74£

l ! .« l  D .n  11.60 U.W t l .B  t l »  11*! 1J -*  } ’ • » 
D.M 11.14 l l . t l  11 »  ll .M  t i  l l  «  1I.J0 11.10 »  
H.W II.™ 1!.M II V U  »  11.t !  ll.M  1J »  j»* |  [ }• «
» . »  U 4S i i .h  u . t i  h i  t i  «o u  *  Jj "  ! !• ;!  JJ-JJ
12 04 12 12 12.21 12.38 12. 38 12.47 12.99 12.94 12.73 1M 2 
11,71 1 1 .8  11M  11.99 12.07 12.19 12.23 12.32 12.40 12.99

11 41 11 91 11.99 11.99 t l . N  11.04 11.93 12-01 >2.09 12-1? 
n i l !  t i l l  l i l t  11.39 11.47 I I .M  11.93 U.71 11.79 .97 
U . «  10.H 11.01 U .l l U .H  U.M  ll.M  «  IJ .g  j “  
10.SI 1 0 .«  1 0 .»  10.84 1C.I !  1 0 .«  ll.OJ U J I . J J  
1 0 .»  10.41 10.S1 10.M  10.M  10.n  M . «  10 " 1 0 .«  11-0.

10.11 10.11 IO .K  10.11 10.41 10.JS 10 H  10.M » . »  10.JI 
J.M  » . «  10.01 10.10 lO .lf  »  «* I0 .lt W . »  10.4* 0 . 1
j j  «.ij »•« ! *! * s  “ -si ‘s-2 *2 u  *s-a SS:«
<t.H » l l l

9.04 <» U 
9.85 “ 5?«v r,.n
6.4)

«:S •:« »:» »:»• r »  w.«
9.J7 9.44 9.9i 9 99 9.M 9.71 9 ./9  9.84

1 W  9 74 1.11 9.3’  9.44 9 .SO 9.V  9.94
*M  9.01 9.11 9.18 «■ £  ’ ?! } ! ]a an » B* * •? 9.99 9.05 9.11 9.1* 9.W
i * l  a .S  h i  9.80 9.9? 9.93 9.99 9.09

i  n  9.39 9.45 9 51



■-.J! I.JI 1.14 l.K IM I.H l it I,«| |.«3
s.M I .ll l  it < \ ? . »  I.M * «  |M M i
M l !.v  1.61 8.0* S U » »  I.M «.tt |.1»
i n  ».*> v n  ».m i . »  i.m  i n  « .ti i  nhtt >.t» >.n i n t.tf m o i.ei t.v

it M r m iw f.n ».4

t.it  i.m  i .n  *•* »o i >m m * M f m i j.v
I . »  | H  I.M I.M ♦-« 1*1 r09 t.M M l M l
|.U t.|) C.U I H t ' l  M l l-M I N  I.M M lv«* t.« %.v »« *»’ ♦.« * »; i.w i.w « «t.v i .«? •.»> i .w  i.w  i n  i m  i .n  ♦ .« i .n
|.|> I I! I.M l-M l «  H I  I M I.M l .n  «.-?
* .»  » .n  * . »  i .n t  »  i.w  » «  i .m  i .m • »
«.or i . i .  i  t* l .n  « .a  *■/> *■» i.m  i . »
«,♦» 1.3} I.M I.H l- il  » . »  I.M I.M I.M I J!
i.M *.♦' I.W *•« I.M *.10 I .l l  I.M I.M I.M
|.*t i  l l  I.W I.M f.M I.M I.M I I ' l-M I.W

, .v , ■> I.M i M » «  * l» V «i » *5 ».M I.M 
I.or t U I.M I.M * H I.M I.W « M I.M I.M
i.m  « .o  %.3> i .n  « .n  i  t* i .n  * t> i.m l .n
>49 ’J* 10 7;8 ;?» no w* N*
«.i- »*.«> i m; i« » m .m u .m  ’•.« ti.ai nti u .m

l l  M 11 U> I* I’  '* ?’  W '•* ** t4 *% '* ** U.W 
»Ml f t *  II.M U.M ».» utt lM l M.H }* *  J« M 
h n  it u n  it ii st ti.ii '.i.m im i <> *’ >' *  **•* 
i»V :*.•* jj.w ii.u ti »i u » »m? »-J2 }*-fii? s< i ** ;?.?• u.« tt.*\ n.i iJ.o* st.il u.m u.m
p n P M " « t*.w i* « v.** «?•* »*■« w-« u «n »’ i-- «•. i’ H u.m r ” » »?■« «•'! i'-w ,J-»!
i i .m  ii « ii av u .m  u.*» !? »  >*•» H 'S H  Sl! IS !. It.M ll.U U.M I!.’* H M U "* tl.M 1M>

* WT !!S IS!! IbhI!« Il'SU:S’t"<! '< 
SS a iiV, 8:S 8:8 8:8 »:8 « »■« ijn 
>h> >;» » 2  s - 8  a n  f t S  8 :8  >•:» ItUI W.« 10.11

«.«’ <00 * W 1

!,! 5:11 !:" S'* tS || ft «  $  \l
|| •« Is  .? 1:8 12 18 S:!l US

?n »# m
».H l.jl *•« ***
!.|) l.n •«» S 'S6.« * M » W *•»I.M ».M M* *S?



Thermistor to  cing, (or temperature compensation. 
Holes for passage of electrolytic current between cathode and anode. 

Membrane support 

| Cathode. 
Auxiaiy or guard electrode, 

i  Anode hidden in electrolyte reservoir below membrane supportI _____

FIGURE 3.12: Perspective view of oxygen sensor

3.3.3 F i t  fission Ttchnlaues fp' **<» H t W  BetfliM;

tlons

Atonic spectroscopy, which his been extensively applied to qual

tlve and quantitative analysis, Is based on «<ther
mission of X-ray. ultraviolet, or visible radiation.

slon or absorption Involves excitation of those •’« * " " * * £  £
closest to the nucleus and thus not involved 1n bonding ( e x c e p ^
. few of the lightest elects). As . cons.gue,,ce -r*y .to-<c

spectra are produced regardless of the state o c<m ,

elements in the s«p1e. Thus, the X-ray ^  /' ’c
be the same In solid nlcUl oxide, a
ride, gaseous nickel «'bon,l. or the elemental state. 1



FIGURE J. 13: Sense »"<* f'°" chamber (dimens o



production of atomic spectra In the ultraviolet or visible regions 

requires conversion of the •lments In a sample to gaseous aon- 
«toa<c particles (atoms or Ions) because absorption amission In 
tlKte regions Involves excitation of the outermost bonding elec­

trons. Only by separat' an element from those to which it is 

bonded c m  pure atomic spectra be obtained.

Atomic spectra in the ultraviolet or visible region are produced by 

atomliatlon of the sanple, a process rtiereby the constituent mole­
cules are decomposed and converted to gaseous elementary particles, 

loth the mHsto.i and the absorption spectrin of an atomized ele­

ment consists of a relatively few discrete lines at wavelengths 

that w e  characteristic of the element.

The twperature of a flame Is sufficient to excite a small fraction 

of the monatomic particles to higher electronic states. Their re­
turn to the ground state 1s accompanied by the production of emis­
sion lines, which can serve as a basis for flame-emlsslon spectros­
copy. Here the location of the lines provides qualitative informa­

tion and their intensity permits quantitative analyses.

riaw-emlsslon spectroscopy (also called flame photome*:y) has 
found widespread application to elemental analysis. The most Im­

portant applications have been to the analysis of mhH». potas- 
slM. llthltaa and caldw. For reasons of convenience, speed, and 

relative freedom f r *  Interference, flame-emlssion *P“ troscow- ’ s 
become the method of choice for these otherwise difficult to dete 

*im elements.

Boron:

The highest sensitivity and best
given by an acetylene-a1r flame, using the *cetJ,,ene „  ,s
f l «  must be a pur. blue so as to keep the * * * * * * «  -  
possible. Boron. In contrast to most other elements, has no st o ,



line that can be used for emission spectral analysis, but the B02 

system of bands between 450 and 600 m  Is sufficiently sensitive. 
Figure 3.14 gives a typical 8O2 band spectrum (useful range). 

Tible 3.4 gives the corresponding sensltlvltle*.

The bands have no se1f-absorpt1on, so that the calibration graphs 

art ilwys ""ear for pure boron solutions.

F1SUK 3.14: Typical spectra of B02 bands (a) 5 g
(b) 100 mg 6, litre. Record at the same Instrument

setting.

for the various monochromator settings
TABLE 3.4: Sensitivities

Monochromator setting
____ (fO_____

Sensltlvlt, 
(«) -



L ith ium :

The highest sensitivity at the lowest background is given by a pure 
a c e ty le n e -a ir  flame. To avoid spectral interferences and to keep 

the background as low <is possible, narrow band widths are required 
during testing. Up to about 1 ppm there is no self-absorption and 
the calibration curves are linear.

The resonance lines at 670.8 in and 323.26 in are at a good dis­
tance fro* interfering lines so that relatively wide bands can be 

used:

wavelength 670 8 i*i 323.3 ifl
relative sensitivity 100* 0 .6*
band width 1.0 i* 0.3 «

Li

I I

Li

ft 5 5
l, I 1

j j u l .

FIGURE 3.15: Line spectrin of Uthiun

3.3.4 lon-Selectlve Measure**"* {pH- c r  ■ F~>

The characteristics of most commercially produced pH e1ec^ ' 5 *”  
clearly defined and reproducible. The parameters ar- usu

1. Zero point (E0) - the pH value at ***,*’“ *"*”  <,U
and reference) give an output of zero millivolts



2 . Isothermal intersection point (1 so potential) - the pH value 

at Which changes in temperature have minimal effect on elec­
trode output.

3. Slope or sensitivity - the change in mV output per change 

(unit) In pH.

4. Resistance - the internal resistance of the electrodes con­
sidered as an e.m.f. generating cell.

Although the performance of Ion-selective electrodes can be defined 

using the same parameters as those used for pH electrodes the val­
ues may vary much more widely. In step with the Improvements In 
electrodes and meters, a fast growing body of Ion-selective method­
ology has been formed. The ion-selective electrode responds to 
changes In activity In the Ion being measured. In general concen­
tration 1s of more Interest. In many solutions activity and con­
centration are significantly different. Therefore, chemical pre­
treatment of the solution being measured is often required to main­
tain a constant Ionic background for samples and calibrating stan­
dards. At present, there is a set of seven incremental methods, 
each possessing particular advantages and expanding the range of 
Ion-selective applications. Recent developments In Instrmentatlon 

have made these methods as straight forward to use as direct meas­

urement.

The measuring system:

1. Ion-selective electrode (I.S.E.)

2. Reference electrode
3. High Impedance voltmeter.

The I.S.E. senses the activity (and thus the related concentration) 
of the measured Ion. The reference electrode provides a stable 

electrode potential and completes the electr.. circu 
sultant -Kitentlal difference Is detected by the voltme er a ' 
concentration of the Ion being measured is com puad rom 

urea voltage.
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The electrode characteristics are best shorn by plotting a calibra­

tion or response curve. The electrode potential in mil is measured 
for a continuous range of ton activity solutions prepared from 
serial dilution of a pure standard solution. A typical response 

curve for a cation selective electrode is described in Fig. 3.16. 
There is a linear relationship between electrode potential and - 
log (activity) for most of *.he curve following the Nernst relation­

ship:

E . E0 ♦ 2.303 51 log (action)

t 95 C
FIGURE 3.16: T yp ica l re spon se  curve  a
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Below the knee of the curve, the sensitivity of the electrode Is 
reduced and 1s non-1 Inear. This Halt of detection governs the 
measuring range for each electrode. The factors affecting the 

overa'1 response curve for all ion-selective electrodes are:

• Selectivity and Interferences 

. Temperature

. Age
• High Concentration 

. Crntc.’fnat‘nr,.

Ion-selective potentlometry 1s used for quantitative measurements 

of 1ons in solution. It 1s essentia! to take adequate care 1n pre- 
ptrtng the sample and choosing experimental conditions to ensure 

best results. The preferred conditions will vary fro* application 
to application. Two areas to be considered are sample decomposi­
tion and sample pretreatment. The first covers dissolution of the 
sample (If required) and the second the treatment of the solution 

to simplify or tiuprove the measurement technique.

Methods of Iteasureaent:

There are three main methods of measurement with 1on selective 

electrodes:

1. Direct potentlometry;
2. Incremental methods Including sample and standard addition/ 

subtraction and multiple additions or Grans Plot;

3. Potentlometric titrations.

the application and the kind of

a) Activity or concentration required;
b) Condition of sample, complexed or free ion;

c) Accuracy of measurement;

d) Volume c.f sample avail-ole;



-  112 -

The direct potentiometrlc method Is by far the most commonly used 
technique. However, the incremental methods are becoming increas­

ingly Important.

n  M M  Ion-selective analyser: (Plate 3.11)

The Philips PM 9416 ion-selective analyser provides all the func­
tions requ'red for ion-selective analysis and provides them in a 
manner which 1s easily used by those 1 xperlenced 1n the techni­
que. Calibration and measuring methods are outlined steo by step 
on a visual dtsplay unit 1n plain language. Input data is request­

ed In an easily followed logical sequence.

PUT?. 1.11: ton selective analyser and electrode assembly

The display continuously shows the sensor output (including plati- 

nun resistance themonwter If u* *) and as each selection is * 
from the calibration and measurement method lists, it appears as a 
permanent reminder on the screen, tight measurement modes are pro­
vided as well as diract concentration, sample addttlon/s *■“  
and standard addition/subtraction. There is dry samp e a



subtraction, ^Ich allows direct addition of weighed solid or seal 

solid sample, * H m  iat1ng the need to make sample solutions and 
providing direct results In f w/w of solid materia,.

The PH 9*16 Ion-selective Analyser can a,s. be used for the most 
accurate incremental method of ill: Brans Plot. The Grans Plot 
result 1s automatically calculated from up to 8 readings and the 
■goodness of fit* of the straight line plot indicated. Automatic 

calculations and display, waan that this method can b» carried out 
in nearly the sue ' tme as single addition methods.

As well at appear*!v> on the screen, results can be printed out on 
the built-in printer. Printer format can be selected so that main 
parameters can be printed out as well. If required, mean and stan­
dard deviation can be provided with each final results thus repro­
ducibility and accuracy of any group of results is easily checked. 

It* analogue recorder outputs are provided.

One* the sensor has been calibrated, the measurement parameters can 
It stored in permanent memory, nine memories are available which 
are retained even if the Instrument is turned off. Hhen the data 
Is required 1t can be entered (or edited and entered) Into the ope­

rating monry and measurement commenced immediately.

Ranges: pX:
mV:
Concentration:

In selected units:

- 1 .0 .... 13-W
-1999.9 ___ 1999 ?

9.99 . . 10- 13 ”
moles per litre 
mg per litre 

ppm
14 P«r litre 
ppb 

m  *
99.9 °C

Temperature:

Resolution: pX: 
mV:

0.01 
0.1 »V

Concentration'.

Temperature:



T M  ra 9416 ca" b< used for m,ny 1o" once the parti­
cular 'o" selective electrode has been purchased. The present 

electrodes Include:

1. Combination pH electrode,

2. pt-reststance thermocouple,
3. Chloride ton-selective electrode plus reference electrode,

4 . Fluoride 1on-select1ve electrode ./1th reference electrode,

5. Maonl* gas combination electrode (used In high temperature 
p.il.R. tests when hydraiine dosing is required).

j.l.l Otssolved Hydrogen 6as

tudget restrictions have dictated that hydrogen gos concentrations 

be estimated from polished data. Unfortunately, conventional (non- 
nucHar) power stations that use Kent Hvdrogen analysers, have very 

low hydrogen levels. Therefore, all a lable tnsl.-uments (th«. 
could be obtained through E.S.C.O.H.) would only be *1* to m u v *  
hydrogen concentrations at low levels (up to 200 pfb). Typlc;; 
P.H.R. specifications include hydrogen concentrations of up tc 

SO al/kg at S.T.P. ( 4 - 5  ppa).

Table 3.5 shows the solubility of hydrogen ‘.i water given the tem­
perature m l  partial pressure of hydrogen In equimv 1v» with the 
water. The overpressures used in the experimentation will range 
from 0 - 4 0  kPa. Therefore, the hydrogen partial pressures. In 

equilibrium with the P.K.R. water will be 0 - 40 kPa plus atmos­

pheric pressure (about 625 m  ttg).

TABLE 3.5: Solubility of hydrogen in water

T.'c i as 50 »  100 300 w o  m

iihilitv. cc./q, reduced to O^C and 1 atm^.
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Knowing that test temperatures will be within th' range of 20 - 
go °c, it tan easily be calculated that dissolved hydrogen concen­

trations will be In the range:

T(°C) DlssoWi Hydrogen Range (std. cc/kg HjO)

20 14.6 * 21.;
80 5.5 ♦ 12.2

The P.M.R. specification for dissolved hydrogen 1s 0 - 50 std. cc/ 
kg H A  so results are well within specification. Hie maximum over- 
prc.iure of <0 kPa Hj was choseri b‘cause of safety constraints on 

U »  Ptnptx cell and sealing system.

3.3.6 Sulphate Ian Concentrations

As » result of the low sulphate concentrations expected In the rig 
water cheatstry. Ion-selective analysis would not be sensitive 

enough for sulphate determinations. Thus, sulphates would be de­
termined via a titration technique (BaCA]) after concentrating the 
solution using carefully controlled evaporation techniques. As a 
result of the delicate nature of such an evaporation technique, 
this work would be contracted out to Bergstrom and Bakker Analytic­

al laboratories.

3.3.7 e-yi. »«»-rttal Neasur— t

In order that actual P.W.R. conditions be best simulated, the cor­
rosion fatigue specimens will not be Isolated from the clevises 
* r t «  corrosion fatigue testing. Several experiments will be In­
corporated Into the t it programme to check the free corroding 
potential of the sample during the test. A saturated calomel e ec- 
trode will be used as the reference electrode and an AMEL potentio- 

stat (cell-out mode) will be used to measure the ‘a""1' *>*» * ■ 
The calomel electrode will be tnserted Irto a Lu^ln p.obe «h ch H  
Inserted Into one of the Perspex side coders to the tes ce 
Plate 3.8 and Flg. 3.17). The probe w,11 M  o o stt  oned near to the



FIGURE 3.17: Smplt potential monitoring set-up

lUrt of the crack, but sufficiently f«r from the specimen so as 

not to disturb the local sample potential. The luggln probe tap 
•ill be closed so as not to allow too much Cl- ingress to the water 
but still provide an effective path for the co Jucting of Ions. 
The 'voltmeter' will be connected to th sample via an electrical 
conneUor to the back of the C.T. specie (approximately in front 

of the crack propagation direction).

3.4 Nummary

The corrosion fatigue test rig Is designed to ^corporate the max
the aim of the

I amount of flexibility in the final testiix, rio:
design i s  to  p ro v id e  s im u la te d  P.W.R. water so th * C. 9

could be c a r r ie d  out in  r e c ir c u la t in g  P.W.R. wat

* '-* • /  v !  ■: ■ - -  ’•
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the facility includes tap water processing with filtration and de­
ionization units. A microprocessor unit provides deoxygenated, lo« 
conductivity, demineral lied water which 1s used as a water basis. 

Two stainless steel tanks are used for storage and make-up. The 
low T. t loop consists of diaphragm pumps for mixing and rectrcu- 
latory flow, heater and heat ei changer for elevated temperature 
testing, in-line oxygen meter and sampling facilities, envlronmnt- 
jl test cell and finally a filter placed after the test cell to en­

sure that all particulate matter in the water 1s less than 0 .2 nr.

Corrosion fatigue testing Is carried nut 1n a Perspex cell. The 
cell facilitates visual crack length measurements and potential 
drop leads for crack length measuring are also Included. The 
fitiiue testing 1s carried out on a 50 kN i.S.H. servo hydraulic 

testing machine and a waveform generator 1s Incorporated for wave­
form generation. A Commodore Pet computer 1s used to generate 
Niveforr' for low frequency testing. The computer stores crack 
length data fro* the potential drop crack lenjth monitoring system.

The potential drop crack length ing system relies on the fol­
lowing principle: A constant 1s P*sscl through the Compact 
Ten (on specimen and as the ifOW«tei, so the potential d e ­
ference across the crack changes. This difference corresponds to a 

crick growth increment.

totcr chemistry Is carefully controlled end monitored. Boron and 
lithium levels are Increased to specified lsvcls via boric acid and 
lithium hydr se dosing. Oxygen levels are reduced to specifica­
tion via hy en purging. Table 3.6 gives the analytical techn - 

qucft used fo. .tented analysis*

Sample potential monitoring can also be carried ort, using ». al­

ternative side Plate to the test cell that ^  
proto with a Calomel electrode. Pla'.es 3.1* 3 * s - 

test rig and related apparatus.



TABLE 3.6

, Analysts Analytical Techniques/Apparatus

Conductivity
Oxygen (Dissolved)
Boron
LltMun
PH
Chlorides (Cr) 
Fluorides (F-) 
HyJrogen (Dissolved)

Sulphates (SO*,1-)

Orion model 101 conductivity meter
Orb 1 sphere Model 2713
Flame Emission
Flame Emission
Ion Selective Analysis
Ion Selective Analysis
Ion Selective Analysis
Saturation tables

BaCA] titration after sample concentration

PLATE 3.12: Mater treatment, storage tank, tn-llne oxygen detector 
and diaphragm pumps



PLATE 3.13: Test ceU, Heater and heat exchanger, valve system for 
easy hydro? n purging of vhe cell.

PLATE 3.14: Micro computer, E.S.H. testing facility, test cell,
constant current source and main rig In the background-



4.0 EXPEKHCHTAl PTOCEDWE

4,1 MATERIAL SPECIFICATION

The material used in this project w s  supplied to the Atomic Energy 
C o m iss io n  by ESCOM. From discussions with ESCQH personnel, it m s  

found that the steel sample was an nJ' .ut generated during the 
manufacture of the Koeberg pressure vessel.

The pressure vessel sample was coded as follows:

CUVE KB1
VIR B
aEE 215 79

394 99

The block of steel had been cut into four sections. (Plates 4.1 to
4 .4  show photographs of the 'assembled' block.) Note that the 
block Is convex towards the outside wa'l dimension. It was asswed 

that the concave side faces towards the inside of the vessel.

PLATE 4.1: Front view of SA508 Ct3 material. shoHng the concave 
face. Regions wore removed for chemical analys s.



PIATE 4.2: Top view of the steel forging clearly showing the con­
vex back face.

PLATES 4.3 arid 4.4: Showing the convex and concave surfaces of the 
SA508 material respectively.



Figure 4.1 (* - <•) sh0,re 4 5CJ,ed sketch of the four sections of 

glteHil. Block C m s  the only section used for obtaining spect- 

DIDS for mechanical end microstructural evaluation.

All corrosion fatigue specimens were machined so that the crack 

would grow 1n the through-thlckness direction. Several specimens 

Mr e  also machined so that the crack growth direction would be nor- 

M 1 to the through-thlckness direction. Figure 4.2 shows block C 

with the C.T. spe«. men (F1g. 4.3) configurations.

FIGURE 4.2: C.T. spet orientations with respect to block C.

Several specimens were sent for chemical analysis. The«

the sections shown In Plate 4.1 (already re* W C '" c as t0
also taken from the front, back and *<d-section ,;f *l«k C so .s o

check for ‘hrouqh-thickness compositional variation







Section* of block C were macro etched in 20* iling HC» solution 

to reveal flow lines and inclusion dusters. Several samples were 

p r e p a r e d  for microstructr al examination and hardness testing, 

these samples were taken at various through-thickness positions and 

orientations.

The determination of the sulphide distributions m s  undertaken at 

the front, rear and nid-section. To obtain the sulphur print! the 

tpcciMns were carefuliy cleaned to remove grease. Photographic 

paper was soaked in a 5 m l  concentrated sulphuric acid, 100 m'. dis- 

t t Y M  water solution. The ground specimen was then placed against 

the paper, excluding all air bubbles. After a four minute contact 

time the paper «•** removed and fixed in a neutral fixing bath. The 

suliihur-containing inclusions, affected by the sulphuric acid, give 

o'/f hydrogen sulph.de which transforms the silver halide in the 

Ihotographic ■auHio.i to dark silver sulphide. By this means the 

sulphur distribution in the specimen is revealed.

H * «  Charpy speclieer.s were machined in each of the orientations A 

and 8 . The Charpy specimens machined from orientation A producing 

crack growth directions analogous to the crack growth in the C.T. 

fMCtaers marked orientation B. Five tensile specimens were also 

Mehlnta from block C in both orientations A and B.

M l  of the above tests were carried out to identify orientation ef 

fects, characters the SA508 CI3 materia! and compare result ^  

the AST* specification for SA508 type material. • 

(manufacturing company) specification would a s o  ne
«ced to confirm -ether the pressu........ . steel conform- to

mechanical property and heat treatment specifications.

4.2 moprKinn FAT1SUE TEST PROGRAMME

The main section of this project 

in simulated P.M.R. environments

involved corrosion-fatigue testing



Sections of block C were macro etched m  20* boiling HCl solution 

to reveal flow lines and Inclusion dusters. Several samples were 

prepared for mlcrostructural examination and hardness testing, 

these samples were taken at various through-thickness positions and 

orientations.

The determination of the sulphide distributions was undertaken at 

the front, rear and mid-section. To obtain the sulphur prints the 

specimens wtrt carefully cleaned to remove grease. Photographic 

paper was soaked in a S ml concentrated sulphuric acid, 100 m l dis­
tilled water solution. The ground specimen was then placed against 

the paper, excluding all air bubbles. After a four minute contact 

time the paper was removed and fixed in a neutral fixing bath. The 

sulphur-containing inclusions, affected by the sulphuric acid, give 

off kjtfrOfM sulphide which transforms the silver halide in the 

photographic emulsion to dark silver sulphide. By this means the 

sulphur distribution in the specimen is revealed.

Ft** Charpy specimens were machined 'n each of the orientations A 

and B. The Charpy specimens machined from orientation A producing 

crj£k growth directions analogous to the crack growth in the C.T.

aorked orientation B. Five tensile specimens were also 

MGhtned from block C in both orientations A and B.

All of the above tests were carried out to identify orientation ef­

fects. characterize the SA508 C O  material and compare results with 

the AST* specification for SA508 type material. The Framatome 

(manufacturing company) specification would also need to 

enced to confirm whether the pressure vessel steel conform* to 

mechanical property and heat treatment specifications.

4.2 CORROSION FATIGUE TEST PROGRAMME

The main section of this project Involved corrosion-fatigue testing 

in simulated P.H.R environments.
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Stveral parameters were investigated and these included:

1) p.H.R. versus Air testing.

2 ) 0.2 R-ratio versus 0.7 R-ratio tests for both P.W.R. and air 

environments (at two frequencies).

3 ) Through-thlckness crack growth directions versus crack growth 

normal to this direction, the effect of environment and fre­

quency was investigated.

<) Effect of temperature variation: 50 °C versus 20 °C. Two fre­

quencies were tested.

A detailed description of the testing programme is given in the 

table below. (Other work carried out in the Department included a 

detailed discussion of frequency effects ( 30 - 0.067 Hi) and *ve- 

fe m  loading [W].)

« . M  Testing Procedure

The 1 T C.T. (compact tension) specimens were prtfatigued in air to 

a crack length (a) of appro*(mate'./ 18 **. This corresponds to 

about 3 m  of fatigued crack growth, Sinusoidal waveform loading 

at a frequency of «  Hz was used for prefatgulng. The last milli­

metre of crack growth was always carried out at the R-ratio of the 

teat to be performed, on the precracked specimen. T*1s was neces­

sary to reduce later transient effects resulting from plastic zone 

formation.

Ouring testing, crack length measurement was made at discrete cycle 

Intervals. The duration time for visual crack length det* ™  " 

was about 60 secs and irtien the test was being computer c 

the time required to record the P.O. reading and P"**- ^

m s  approximately 5 secs. During these Intervals £ * 

halted. Clearly, to reduce the possibility of n uc fcle

plastic zone regions, the dwell time was kept as s r 

(The tart *«s stopped at the mean load.)



TABLE 4.1: Test description for corrosion fatigue tests

sst Envfrooment R-ratto Frequency
(Hz)

Waveform Temperature Potential
Monitoring

Maximum
Load

Through-thIcknes* 
CracV Growth

(1 ) AIR 0 . 2 10 Sinusoidal 20 - 25 kN Yes

(2 ) M R 0.7 10 Sinusoidal 20 - 25 kN Yes

(3) AIR 0 . 2 1 Sinusoidal 20 - 25 kN Yes

(MR) AIR 0 . 2 10 Sinusoidal 20 - 25 kN No

*. U» ) P.H.R. mter 0 .2 10 Sinusoidal 20 No 25 kN Ves

R. (lb) P.H.R. Mter 0 .2 1 Sinusoidal 20 Yes 25 kH Yes

Us) P.H.R. Mter 0 .2 10 Sinusoidal 20 Yes 25 kN No

•R. (2b) P.H.R. Mter 0 . 2 1 Sinusoidal 20 Yes 25 kN No

.R. (3a) P.H.R. Mt er 0 .2 10 Sinusoidal SO Yes 25 kN Yes

I.R. (3b) I P.H.R. Mter 0 .2 1 Sinusoidal SO Yes 25 kN Yes

it.R. (»») I P.H.R. wter 0.7 10 Sinusoidal 20 No 25 kN Yes

H.R. (4b) 1 P.H.R. Mter 0.7 1 Sinusoidal 20 No 25 kN Yes
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y l t w  crack length measurment Mas aided by the use of the travel­

ling alcroscope (xlO magnification) having a resolution of 0.Q1 a>.

To aid 'n visually determining crack length, one side of the spect- 

was ground to a 1 0 0 0 grit surface finish.

I n i t i a l  '.lum m y' specimens were produced to account for crack curva­

ture. S e v e r a l  tests were conducted at various R-rattos, keeping 

pM I  (maximum load) constant, and beach marking m s  used to dif­

ferentiate these R-ratio regions. A seven point, through-thlckness 

( a v e ra g e )  crack length m s  used to correlate the actual recording 

aide during the test. This 1s termed the correction for crack cur­

v a tu r e  a n d  a  ! visual crack length measurements are adjusted ac­

c o r d in g ly .

To calibrate the potential drop (P.O.) crack length monitoring 

twit, potential difference readings are taken for various crack 

growth increne.cs. Tfce potential values are then related to crack 

length using Johnson's equation [49]. Johnson's equation « s  found 

consistently to underestimate the crack length, especially during 

the final stages of crack growth. The crack length results were 

therefore adjusted, using the data obtained from the crack curva­

ture determinations (a simple linear regression was used).

Computer facilities assisted In the control of the fatigue tests. 

The facility was prompted with the specimen I d e n t i f i c a t i o n  

dimensions, load, p.d. probe spacing, test frequency, fnttta crack 

length and test stopping c r i t e r i o n .  Discrete cycle n 

mad for prompting the computer to 'receive po en ,s

readings. These were then converted to crack length us ng ^  

equation. Cycles, computed crack length and vo ag 

printed out and stored on disk. This data was on y 

to give ‘true1 crack length.

for tests performed at 10 Hz the w a v e f o m ^ s ^ e n e r ^ e d ^  ^  ^  ^  

ttor, generator, but for lower frequenc ^  requ1red

compUed artalyUcaUy. since the system cou " ^

signal from the function generator tc the compu er.



in Interfacing problem. When the desired number of cycles has ac­

crued' fatiguing Is momentarily halted and the Fluke voltmeter Is 

activate* Five potential difference readings are taken and the 

highest riding Is retained and converted Into crack length. This 

value Is ccmpu ed to the stopping criterion and If the stopping 

criterion has not yet been met, the fatiguing process Is continued.

4.2.2 P « f  “eduction (using BS 5447 and ASTM 399 standards)

The 'true1 crack length (a) corresponding to a number of fatigue 

e^les (N) Is converted into crack growth rate (da/oN) data as 

t function of « ,  the strew Intensity factor range. An Increment­

al polynomial (7 point) method 1s used to smooth the a versus II 

data (ASTN 399) analytically. The data reduction programme 

therefore incorporates the capability of analysing the data and 

subsequently plots the **/<* *•*■»<» «K graphs.

The stress intensity range 1s calculated using the smoothed a ver­

sus N data.

«  • - 4 -  (Y)
W 7 ,

where I f  ■ ratigue load range • P«a« * pmln 

6 •, spect'&en thickness 

W : specimen width
y : compliance function given by the expression belw 

(a is the ’true' smoothed crack length):

1 • 29.6 (•/.)'* - 185.5 * 655-7 t*/.)'’ - ™ (•/.)'*
9 /

♦ 838.9 (*/«) 1 ■

The final result is therefore a curve of da/dh versus *  * r  the 

test.

4.2.3 framing Elect-"- Microscopy (5.E.W.) 

an EDAX facility also being used. Th s



fracture surface fro® the C.T. specimen. Two specimens Here ob­

served under the S.E.R. after ultrasonlcally cleaning the fracture 

surfaces- It was, however, found that machining the fracture sur- 

f,ce from the C.T. specimen left extraneous material on parts of 

the fracture ijrface. Also, preparation for S.E.M. studies was of­

ten carried out long after the completion of the corrosion fatigue 

test. This meant that the samples were only fractured open at a 

liter stage. 1" order to create a clean fracture surface all 

S.E.H. smeples were subsequently given a cat hod 1c treatment.

( M  cathodlc treatment (using the Endox process) 1s as follows:

i. NaOH (123 9) 's mixed with 1000 ml of told water. In a fwe- 

cupboard.

I, Wien the temperature Is below 50 »C. 8 6 g of HaC* Is added to 

the NaOH solution.

$. The specimen (acting »  the cathode) Is then Inserted Into the 

solution and a voltage of 6 - 9 » was applied. A platinum elec­

trode acted as the anode (working electrode). Profuse h*«> 9en 

evolution from the specimen surface removes light oxide scaU 

and the more adherent oxide is reduced without dmaaglng fracto- 

graphtc features.

4. After several minutes of this ca.hodic clean**.. J *  « £ < £  
1, placed h. a 5* W .  solution In an ultrasonic bath for

several minutes.

I. The material Is then ultrasonlcally cleaned In ethano' and 

blown dry.

Although this process is usually used to r a w e  scale ^  ^  proved 

temperature (288 °C) corrosion fatigue ' »  ^  surf.«s. 1« 
to be a useful cleaning technique o 

general.



4.2-« Sample Potential Monitoring

Figure 1.17 shows the experimental rig for sample potential moni­

toring- The 'mouth' of the Luggln probe Is approximately 1 or from 
tkt side face of the C.T. specimen, corresponding to the point of 

crack Initiation. At regular Intervals the U p  on the Luggln probe 

m s  opened to create an electrical path 'jetween the specimen and 

tiie reference electrode (S.C.E.). The tap was closed after outaln- 

1ng a potential reading so that chloride Ingress to the P.H.R. 

Mter m s  Insignificant. After each test the Luggln probe m s  

opened and the cell water was then purged to drain. Potential 

monitoring tests M r e  carried out on specimens P.H.R. (lb), (2a), 

(2b). (3a) and 3(b).

To correlate the results from the potential monitoring tests, po- 

tenttodynamic tests (to determine Ecorr) were carried out for 

5AS08 CJU at the two temperatures of interest (20 and 50 °C). The 

tests Involved purging hydrogen through a potentlostatlc test cell 

that had been filled with P.H.R. simulated water ( d  *). One how 

stabilization period was allowed before t:orr was determined 

[50]. For one of the tests SA508 C U  (20 °C) a potentiodynamic 

scan m s  performed to check the performance of SA508 C O  steel In a 

P.H.R. environment. A sample of AiSI type 316 stainless steel m s

also tested to determine h o r r 316
stainless steel m s  used to manufacture the clevis arrangement and 

It m s  therefore necessary to correlate the potentials of SA508 C O  

and MS S type 316 s t a g e s *  steel when In electrical isolation, 

electrical isolation was employed during fatigue testing.

4.2.5 Hater Chemistry Control

Prior to filling the system with P.H.R. type water the rig was as 

sembled and cleaned. Initially tap water -as pumped « ™ * h j h eM a n n e d  a n a  c i e a n e a .  r ... . __

system. This was followed by a alkaline was.i w a
. u o o’, The rig was then re­

agent (mild alkaline soluttc at pH - 8 - »'• ^  uUr4pure

washed several times with tap water an



Hater. ThB system was kept undtr hydrogen pressure unttl the stor­

age tank was filled with the ulti-apure demineraliied/deoxygenatec 

water. Lithium hydroxide and boric acid additions were made through 

the dosing lock nut in the top of the tank. The dosed water was 

then pump-mixed while continuously bubbling hydrogen through the 

storage tank. After approximately four hours the oxygen concentra­

tion was reduced to specification (i.e. 0, <100 ppb ; Typically 

02 <10 PPh) •

Daily checks were initially carried out to check that the water 

Chemistry conformed to P.W.R. specifications (see table below).

TABLE 4.2: P.V'.R. Mater Chemistry Specification.

Conductivity (inlet) nS.cnr1 1 - 40

Oxygen (ppb) <100

Hydrogen, ml/kg at S.T.P. 0 - 9 0

LtOH, ppm 0 .6 - 6 .2

H 3BO3, ppm 0 - 13000

C r  ppm
< 0 . !5

15
f  ppm 
pH (25 °C)

<0 .
4.0 - 1U.S

lt was found that the water specification remained constant for 

long periods of time. Only after several months did the chloride 

level rise to above specification levels. The water was 

placed with a new batch of water and subsequently dosed (B and Li) 

to specification.

Before each corrosion fatigue test (after p r e f a c i n g  in air), the

test cell side plates -  -
purged thrown the test cell, only* ^  

kept under approximately 30 kPa Hj ” " ' P" “ C<. , g a t i n g  pump, 
could be easily filled without starting

The gradual filling of t *  cell s l L -

gen bubbles in the C.T. specimen ■ nf 26 Vhr .as ob- 

IfiQ distance was then increased wit



' : ' T

4.3

timed. The corroston fatigue test m s  then started. The sampling 

poi n t  for chemical analysis was situated just before the recircula­

ting pianp- It m s  at this point that the oxygen meter m s  placed 

|A i flew-througo sampling unit.

On coupletinq a test, the cell was emptied of water by forcing the 

p.ll.R- water back into the storage tank with the use of hydrogen 

pressure. The H 2 pressure in the cell was then relieved once the 

unit had bee isolated from the recirculating loop. The i;yi,<\.gen 

pressure was relieved by opening a ball valve. At this point tbs 

cover plates and specimen could be removed.

Several water samples were sent to specialist analytical organ n a ­

tions for C r ,  f- and SO,,2' analyses and every samp’.e was analys­

ed. for CJt", F", B, Li, pH and conductivity determinations, in the 

Corrosion Laboratory at the University of Witwatersrand.

SUMMIT

k forged section of SA508 C O  steel, from a nozzle section, was 

used for microstructural and mechanical testing of Koeberg nuclear 

reactor, mcrostructural studies included optical microscopy, ma 

croscopy, sulphur p. Inting and scanning electron microscopy o* the 

corrosion fatigue fracture surfaces. The mechanical testing inc.ud- 

ed Charpy Impact tests, tensile tests, Vickers pyramid hardness 

testing and corrosion fatigue testing. Sa»ple potential monitor »g 

was carried out for several of the corrosion fatigue tests car . 

out in P.M.R. environments. This work was later corre a 

potentlodynamic polarization tests.

The corrosijn fatigue testing IncludedI tests ^ m e , ^

effects of environment (P.W.R. vers _thtckMM cr4ck

(through-thickness versus normal
growth,. temperature (t. °C versus «  C) . £  < ^  _  

0.21 and frequency (10 Hz versus 1 Hz). *• 
checked for all of the mechanical and microstruc ui



A Urge P * r t  of the experimental procedure involved the setting up 

af  i  flow-through system to simulate P.H.R. water environments 

within the corrosion fatigue test cell, the main aim being that the 

water should comply to P.H.R. and I.C.C.G.R. standard specifica­

tions.



5.0 RESULTS

The results can be divided Into three subsections:

5 .1  General mechanical testing and microscopy.

5 .2  Corrosion fatigue tests Kith the related scanning elec­

tron microscopy of the corrosion fatigue fracture sur­

face'..

5.3 Potential monitoring during corrosion fatigue testing 

and related potentiodynwiIc studies.

5.1 MATERIAL PROPERTIES 

$.1.1 Q m m  1— ct Tests

For the Charpy specimens machined along orientation A ('.e. crack 

propagation nor»al to the through-thickness direction) the follow­

ing results uere obt ined:

TABLE 5.1; Charpy Impact Energy In Joules

Temperature • 20 °C

Sample Charpy Impact Energy 
Joules (J)

1 158

2 186

3 160

4 134

5 134

Therefore the average Charpy Impact toughness Is 15* J »'th ’  sUn 

to r i deviation of 21.7 J.

For crack propagation In the through-thickness d ire ct* * , the five 

Charpy Impact values were as follows:
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5.0 RESULTS

results ca 1 be dtvtded Into three subsections:

5 .1  General mechantcal testing and microscopy.

5 .2  Corrosion fatigue tests with the related scanning e’ec- 

tron microscopy of the corrosion fatigue fracture sur­

faces.

J.3 Potential monitoring during corrosion fatigue testing 

and related potenitodynamfc studies.

5 .1  MATERIAL PROPERTIES

$.1.1 Charpy Impact Tests

For t m  Ctiarpy specimens machined along orientation A (i.e. crack 

propagation normal to the through-thickness direction) t^e follow­

ing results were obtained:

TABLE 5.1: Charpy Impact Energy in Joulas

Temperature * 20 °C

Sample Charpy Impact Energy 
Joules (J)

1 158

2 186

3 160
4 134

5 134

Therefore the average Charpy impact toughness is 154 J with a st 

dard deviation of 21,7 J.

Por crack propagation in the through-thickness direction,

Charpy impact values were as follows:
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eiJ  j .2 ' Charpy Impact values for through-thickness crack growth

Temperature * 20 °C
Specimen Charpy Impact Energy 

Joules (J)

1 272
2 300
3 284
4 244
5 242

The average Charpy Impact Energy Is therefore 268 J with a standard 

deviation of 25 J.

5,1.2 Tensile T«»t»

For the five Hounsfteld tensile specimens, in each of orientations 

A and B, the tensile test gave no Indication of an orientation ef­

fect. The results are presented 1n Table 5.3. The testing condi­

tions were:

• Room temperature testing ■ 20 °C

• Strain rate ■ 3 x 10" 2 mm/sec.
• Specimen configuration ij • 23.00 mm

dlag • 5 an

TABLE 5.3: Tensile Test Results for both Orientation A and B

Specimen
Orientation

Yield Stress 

0 V
(MPa)

Tensile Stress

“ U.T.S.
(MPa)

Elongation

(*>

Reduction 1n 
Area

(*)

A1
A2
A3
A4

490.5
490.1
494.0
499.1

621.9
621.5
624.3
628.8

22.98 
21.39 
23.67
21.98

M.OO
65.89
65.43
67.74

81
B2
B3
84
85

494.0
493.0 
492.5
488.9
490.9

633.2 
627.6 
624.9 
627.8
622.3

22.08
23.74
23.66
23.77
22.57

72.96
72.75
72.12
71.91
69.53

The tensile property values are given below as an average (standard 

deviation):
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Speclnoii
Orientation

Yield Stress 

(#*)

Tensile Stress 

(MPa)

Elongation

(*)

Reduction 
In Area

. W

A
B

» and B

«g3.« (4.19) 
491.9 (1.99) 
492.6 (3.03)

624.1 (3.34)
627.1 (4.05) 
625.8 (3.86)

22.51 (1.02) 
23.16 (0.79) 
22.87 (0.90)

65.77 (1.541 
71.85 (1.37 
69.15 (3.46]

5 ,1 ,3  Herdness Tests

Figure 5.1 below shoos the forged SA508 material.

FISURP 5.1: Forged SA508 steel block shooing orientations A, B and

C.

Hardness determinations -ere taken in all three o r , e n U t l o M ^  
the results presented beloo. The results (30 kg load) are an aver

age of ten determinations.

Orientation

A
B
c

Marrtness (VPN)

22S
235
?20

Average
2?J



As with thi tensile tests, little orientation effec*. was noticed. 

The hardness determinations were carried out along the thickness of 

steel block and no through-thickness variations were noted.

5,1.4 Chemical Analysis

The following table represents chemical analyses from 10 determina­

tions. Included are chemical analyses fro* front, aid and rear 

sections of the SA508 forged material (block C). An average is 

quoted for all of the chemical analyses, which also include sample 

analyses fro* other sections i.e. block A and B.

TABLE 5.5 Chemical analyses presented as an average of *t least 5 

determinations. The final column 1s an average of 25 

chemical analyses.

Element

C
Mn
P
5
Si
N1
Cu
Cr
Mo
V
At
Sn
Co

Front section 
(«t<)

0 .1S
1.29
0.014
0.008
0.25
0.74
0.06
0.24
0.48
0.016
0.029
0.016
0.029

Mid Section 
(««)

Rear Saction 
(*«)

0.16 0.16
1.32 1.33
0 .0 1 0 0 .0 1 1
0.007 0.006
0.24 0.24
0.74 0.75
0.06 0.06
0.25 0.25
0.49 0.50
0 .0 1 2 0 .0 1 2
0.031 0.031
0.016 0.016
0.024 0 .0 2 2

5.1,5 Oatlcal Microscopy

P t»llographic samples were prepared from each of orientations A. B 

and C (Fig. 5.1) and samples were chosen so that through-thickness 

variations could also be examined.

Results showed that no through-thickness effects were visible but, 

that there was evidence of banding. Plate 5.1 shows the, gen era, 

■Icrostructure which corresponds to the expected a n 

Structure for this steel. PL te 5.2 shows C . T  ythe a e

nating bands of dark (segregated) and light W -  bain.U. *  *  

bands clearly correspond to the working direct on o

b m * t .



PLATE 5.1: General bainttic mlcrostructure
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SCALE: I---------- ■ 200 M»

PLATE 5.?: Dark and light batnltlc bands corresponding to the

working direction. This Is a normal segregation effect 

In wrought products
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Long stringer type manganese sulphides were clearly visible tn some 

of the metallographlc specimens. These sulphides were, however, 

only observed 1n the dark etching balnlte (see Plates S.3 - S.S).

f ATE 5.3: MnS stringer 1 dark balnitic structure

SCALE: ' 1 * 50 m

Note that plate 5.5. still shows prior austenltlc grain boundaries.

PLATE 5.4: MnS stringers and prior austenltlc grain boundary 

vUtblt



SCALE: ■ ..— i ■ 50 i*
50 in grain size corresponds to an ASTM grain stze Ho. of 6 .

Fro* approximately 20 niter ..structural investigations It M S  learnt 

that the dark batntttc bands H e  tn the orientations show below 

(Fig. 5.2). The sulphide strings' network directions are also 

shown. This corresponds to the direction of grain flow. Figure

5 .3  represents a plan and side view of the forging.

t . l . t  Microscopy mlplwr «H»t»

Sulphur prints were made from various sections of ’he block C. pri­

marily to tetermtne the sulphide orientations and secondly to de­

termine the cleanliness' of the steel. The results o t "*•* 
gallon simply 'amplified' the findings from mlcro.tructur.l

'ctlons of the SA50B material were also etched n
. solution. Regions of the steel were ’etched-out

se reglom

slons.

vat tons. Large -ctlons of the SA508 material were alsoi etched

a boiling 20* ML* s u m n v ......—  , .,
and these regions corresponded to the regions of sulP-«de 1* 1.



SCALE: ..... — I * 50 i*
sc t/m grain size corresponds to «n ASTH grain size Ho. of 6.

From approximately 20 microstructural Investigations it was learnt 

that the dark bainitlc bands lie in the orie ions shot* below 

(Fig. 5.2). The sulphide stringer network directions are also 

shown. This corresponds to the direction of grain flow. Figure

5 .3  represents a plan and side view of the forging.

5.1.6 Microscopy ««'! sulphur Prints

Sulphur prints were made fran various sections of block C, pri 

Barfly to determine the sulphide orientations ana secondly to de­

termine the 'cleanliness' of the steel. The results of the nves 

gatIon simply 'amplified' the findings from mlcrostructura obser­

vations. Large sections of the SA508 material were 

a boiling 20* HCA solution. Regions of the steel were e 

and these regions corresponded to the regions o su p 

slons.
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FIGURE 5 .2 : Flow lines and sulphide stringer directions.

_ __________________ - D A R K  A N D  L I G H T  B ^ D E D  S T P U C T U M
n n r F N T A T I O N S  W IT H  S U L P H I D E S  
A L I G N E D  P A R A L L E L  W I T H  T H E  B A N D S

FIGURE 5.3: Plan and side view of SA508 Gorging showing s P 

and flow 1ine orientations.
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The following plates hive been included and Fig. S.4 shows the re­

gions that were investigated.

FIGURE 5.4: This figure corresponds to plates (5.6 - 5.17), showing 

the orientation of plate to the main block C.



PLATE 5.6: This sulphur print shows an edge-on view of the sul­

phide stringers. Note that the sulphides are clustered 

together. (Mag. 1 : 1)

HATE 5.7: A cleaner section of steel but, still 'riddled' with 

sulphides (sulphur print). (Mag. 1 : I)





PLATE 5.9: Macro etched 
section (5 mins) 

showing flow lines 

and dark central 

region.

(Mag. * 1)

PUTE 5.10: Micro etch 

(20 mins). Deeply 

etched sulphide 

region. (Mag. * 1)

PLATE 5.11: Macro etch

(2hrs) showing that 

sulphides arc in 

fact stringers which 

have emerged at the 

inside surface wall. 

(Mag. x 3.2)



PLATE 5.12: Macro etch showing 

the sulphide 

stringer (clus­

ters) which are a 

continuation of 

those observed 

in plates 5.9-5.11 

(Mag. x Z)

PLATE 5.13: Typical macro 

et-’ed region 

(over etched to 

etch out the 

sulphides). 

(Mag. x 1)

PLATE 5.14: Magnified view (x2) 

of the 'black- 

boxed' region in 

plate 5.13. End on 

view of sulphide's 

location, clearly 

visible. Note the 

clustering of 

sulphides.



PLATE 5,15: Front section of 
block C showing 

a more densely 

(sulphide) popu 

lated inside 

surface (A). 

(Mag. x 1)

PLATE 5.15 - 5.1/: Show 

rough machined surfaces that 

have been etched in boiling 

20* HC*. Machining has yur- 

posefully resulted \r 

scratches normal to ’ sul­

phide stacking direction.

PLATE 5.16: Mid section, 

showing that 

large clusters 

of sulphides ap­

pear throughout 

the block of 

SA508 material. 

(Mag. 1.4)

PLATE 5.17: Outside section 

of block C. Once 

again showing a 

higher sulphide 

concentration at

the block face

(B).

(Mag. x 1)



PLATE 5.15: Front section of 
block C showing 

a more densely 

(sulphide) popu 

lated Inside 

surface (A). 

(Mag. * 1)

PLATE 5.15 - 5.17: Show 

rough machined surfaces that 

have been etched in boiling 

20* HC1. Machining has pur­

posefully resulted in 

scratches normal to the sul­

phide stacking direction.

PLATE 5.16: Mid section, 

showing that 

large clusters 

of sulphides ap­

pear throughout 

the block of 

SA508 material. 

(Mag. 1.4)

PLATE 5.17: Outside section 

of block C. Once 

again showing a 

higher sulphide 

concentration at

the block face 

(B).

(Mag. n 1)
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5.2 Corrosion Fatigue Tests

This section deals Kith the crack growth behaviour as defined by 

the observed crack growth rate (da/dN) as a function of the applied 

cyclic stress intensity ra>-ge (#.). lach test result will be pre­

sented separately and will include the fractograpMc features ob­

served during scanning electron microscopy studies. After each set 

of results, various single da/dN versus A  curves will be combined 

to compare the effects of all the testing variables.

A detailed discussion of all the re ilts will be Snclided in the 

discussion section. On all the da/dN versus «K curves the ASME XI 

(1980) upper bound curves have been superimposed. These curves 

represented an upper limit on the crack growth rates in air and 

p.W.H. environments, at that time.

The fracture surface descriptions include discussions on ductile 

striated fracture surfaces.

The definition for the above ter* is given below.

motile Striations

1. Irregular striations.
2. Primary and secondary striations.

3. Deep striations.

6 . No fan shaped features.

Other

irowth regions. —  — - ---
originating from Inclusions.

All P.W.R. tests were carried out with a 

as shown In Table 5.6.

water chemistry analysis



TABLE 5.6: Water Chemistry for P.W.R. Tests

<25 |£

6.5 t 0.2 

<10 ppb 
<40 ppb 

<120 ppb 

<900 ppn 

it.6 ppm

5.5 - 21.7 std. cc/kgH£ 

<30 ppb

Conductivity ( M  (25 °C) 

pH (25 °C)

02 (25 °C)

F- (25 °C)

CX- (25 °C)

1 (25 °C)

It (25 °C)

H 2 saturation at 20 °C 

SO*3’

A1r ( H  and Air (3) tests

Figures 5.5 and 5.6 show the da/dN versus *  curves for tests AIR 

(I) and A W  (3). The two curves have been superimposed in Fig. 5.7 

and it can be s e n  that decreasing the frequency of testing (in 

air) fro* 10 Hi to 1 Hi has had no effect on the crack growth rate 

of SA508 CJ3 steel. Clearly, both curves lie below Wit ASNE *1 

(1*80) crack growth rate curve for a subsurface 'law, tested in 

air.

As can be expected, both the air tests produced similar fracture 

surfaces. Plates 5.18 - 5.20 show the fracture mode to be ductile 

and only 1n certain regions have inclusions been observed. However, 

these inclusions have not Interfered with the crack growth «cban- 

ism (i.e. no brittle - fast fracture regions about the inclusions). 

However, the crack growth would be affected by the presence of In 

elusions whlc*. would 'weaken1 the matrix 1n the vicinity o 

Inclusion, since MnS Is a non-coherent precipitate. * *"? 
inclusion would lead on. to assume that the Inclusions are of Type

U  151]. (Plate 5.21 shows an E D M  ° f  * *  ’ “ I  h i

Clearly they are * S  and Indeed, a,! the inclusions f « ^  

fracture surfaces (P environment tests as we ) 

fled as MnS.

In general, the two »1r test fracture^ * * e « i ^  
quite dean (I.e. few *»S inclus-ons) and the 

found to H e  normal to the crack growth direction
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TA B U  5.6: Water Chemistry for P.W.R. Tests

Conductivity (K) (25 °C) <25 £

pH (25 °C) 6.5 1 0.2

02 (25 °C) <10 ppb

F‘ (25 °C) < «  ppb

C r  (25 °C) <120 apb

B {25 °C) ao o k m

11 (25 °C) d.6 ppm

Ha saturation at 20 °C 5.5 - 21.7 std. cc/kgHrf)

'Ok2' <30 ppb

5.2.1 Air (11 aid Air (3) tests

Figures 5.5 and 5.6 show the da/dN versus X  curves for tests AIR 

(1) and AIR (3). The two curves have been superimposed In F1g. 5.7 

anJ 1t can be seen that decreasing the frequency of testing (In 

air) from 10 Hi tr 1 Hi has had no effect on the cracH growth rate 

of SA508 C O  steel. Clearly, both curves H e  below the A S *  XI 

(1980) crack growth rate curve for a subsurface flaw, tested In 

air.

As can be expected, both the air tists produced statlar fracture 

surf n .  ?Htes 5.18 - 5.20 show the fracture mode to be ductile 

and only In certain regions have Inclusions been observed. However, 

these Inclusion- have not interfered with the crack growth mechan­

ist (I.e. no brittle - fast fracture regions about the Inclusions). 

However, the crack growth wu ld be affected by the presence o 

elus'jus which would -weaken' the matrix *  the vicinity of the 

Inclusion, since MnS Is a non-coherent precipitate. e eng 

Inclusion would lead one to as.ume that the Inclusions 
It [51]. (Plate 5.21 shows an EDA* analysis of the Infusion 0  

Clearly they are -,S and Indeed, a., the Inclusion. f t *  

fracture surfaces (P.W.R- environment tests as we ) 

fled as MnS.

....... .....  -  •* “ « r r r r . ”
quite clean (I.e. few MnS Inclusions) and the 

found to 1le normal to the crack growth direction.



C
R
A
C
K
 

G
R
O
W
T
H
 

R
A
T
E
 

.
»
/
c
y
c
l
*
J

- 151 -

A K  ( M P a ' / m )

M  ^Iirup for test AIK U) 
FIGURE 5.1: 1»/<« ver' - *  curve o
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FIGURE 5.6: da/dN versus *  curve for test AIR (3)
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FIGURE 5.7: Combined da/dN versus «X curves for tests AIK (1) *nd 

AIP (3)



PLATE 5.18: General fracture 

surface showing 

MnS Inclusion 

sites. (Mag. x 20), 

Crack growth Is 

always from the 

bottom of the 

Plate to the top.

PLATE 5.19: *Broken-up' MnS in­

clusion. Fracture 

mode similar before 

and after the ftiS. 

(Mag. x 500)

i



PLATE 5.20: MnS stringer region 

only affecting crack 

growth locally.

(Mag, x 100)

PLATE 5.21: MnS stringer EDAX 

analysis showing no 

traces of other ele­

ments.
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PLATE 5.20: MnS stringer region 
only affecting crack 

growth locally.

(Mag. * 100)

PLATE 5.21: KnS stringer EDAX 
analysis showing no 

traces of other ele­

ments.



These too tests served as i basis for all the subsequent tests. 

Die da/dN versus *  curves are given In Figs S.8 and 5.9, and Fig. 

$.10 shows the above two curves superimposed upon the air test 

data.

Clearly. both P.W.R. environ*Tit tests fall wall below the ASHE 

curve for an R-ratio <0.25 and orly for low fit values do the curves 

It* above the air lint data. !c oust be rennbered that the ASM 

wet lines apply to tes*‘ig at elevated ‘.evperetures (typically 

288 °C) In P.H.R. environments. It it also ?aportant to note that 

P.W.R. water shows an effect (elevated da/d* versus *  plot with 

respect tv air line data) fur 10 Hi tests. As the frequency ts de­

creased "o 1 Hi, the fat'gue crack growth rate increases for any 

jtven «K.

S.r.H. fractographs for test * sh01*  *" !, H '
5.26. Regions of fast crack * seen after the inclusion

(plate 5.2*) and in some cases ». j Inclusions (plate 5.25). 

n a u  5.24 shows a typical Inclusion site which has Influenced 

crack growth ot to 15 x> after the inclusion. The edge effect of 

tlw Inclusion 1s nearly visible.

Elates 5 27 . 5.30 show the fractoaraphlc features found for sp«l- 

irnn P.M.R. 1(b). Clearly the fracture mode is the m m . 1-e- S e ­

ttle strtatlon. PI te S.27 shows a broken-up * *  «o‘ r‘*” >' •  '  
fecttng the crack growth rate (crack growth directo t|w

fro* the bottan of the photo to the top), stnce reg o 
Inclusion have failed by » ductile strlatlon mechanism.
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