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PLATE 3.3: Supply tank with oxygen meter in the foreground

within the specification limits (02 < 100 ppb) for P.W.R. environ-
ments. The tank can then be pump mixed. A heater and heat exchanger
are placed in 1ine with the corrosion fatigue test cell to facili-
tate testing in hot aqueous solution.

The stainless steel tanks (450 1t and 200 1) are manufactured from
AISI 304L type stainless steel. Features in the design (Fig. 3.4)
are:

1.

A pressure gauge to measure the hydrogen over-pressure in the
tanks.
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A relief valve which has a bursting pressure {variable set-
ting) of 3 to 50 psi, through which H, is vented to atmos-
phere.

A hexagonal head plug which can be unscrewed for tank dosing.
Bolted 1id which is ceated on a soft neoprene rubber gasket.

Neoprene provides a good seal and is one of the most resistant
materials to oxygen through-diffusion.

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

External glcss level indicators with lower elbows containing
ball valves to faciiitate drainage of the glass tube.

All inlet and outlet parts consist of welded fittings attached
%o the tanks. Swagelok fittings are then screwed into these
welded tubes. All weld beads are ground flush with the sur-
face.

Entry port for hydrogen gas, The hydrogen passes into 2
H.0.P.E. (high density polyethylene) tube that consists of a
cotl full of tiny ‘pin-prick’' holes. This serves to distribute
the hydrogen gas evenly and finely throughout the P.W.R.
water. The lowering of the partial pressure of oxygen results
in the luwering of oxygen contents in the water (Dalton's Law
of partial gas pressures).

The content of the hydrogen cylinder has analysed and
found to be as follows.

oxygen less than 3

moisture less than 1

nitrogen tess than 2

carbon dioxide less than 0.2

carbon monox ide less than 0.2

hydrocarbons tess than 0.2
HYDROGEN petter than 99.9995%
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The stainless steel tanks were chemically cleaned an. pressure
tested by the manufacturers. The maximum operating pressure
is 16.9 bar (245 psig) for a maximum opera‘ing temperature of
66 °C (150 °F).

The 200 & supply tank can be pump mixed using diaphragm pumps.
This mini-recirculating loop has a sample point (simply a three-way
valve system) so that samples can be taken to ensure thorough pump
mixing. the design of all the return loops is such that the re-
turning water ‘cascades’ through the hydrogen blanket thus facili.
tating dissolved oxygen removal.

The P.M.R. simulated water in the main supply loop !s also pumped
through a diaphrags pump. In fact, all the diaphrage pwups are
driven by one motor (Plate 3.4). The pumping flowrates are variable
and mixing can be carried out at flowrates for O to 626 A, this
flowrate being produced by two pump heads. The first head can pro-
duce a maximum flowate of 209 #/hr and the second head a flowrate
of 327 A/hr. The corrosion fatigue test cell loop flowrates can be
varied using the third pump head, giving a maximum tiowrate of
144 a/hr. A1l three pump heads have been tested to 3 pressure of
310.5 kPa. The P.W.R. water is in contact with polypropylene (dia-
phragm and pump body) with single nitrile rubber valve balls, glass
plunger with single ‘U' section nitrile rubber 1ipseal, i.e. all
highly corrosion resisting materfals.

The flowrate is controlled with a stroke length control setting.
This is graduated tc 100% of full stroke, which is the max imum
flowrate and corresponds to a stroking distance of 7.5 mm for the
diaphragm pumps. It should be noted that these pumps are actually
mete ing pumps, but were found to be ideal for this type of ser-
vice.

The main corrosion fatigue loon consists of another sampling point
for chemical analysis checks and an in-1ine oxygen meter for batch
analyses (Plate 3.61. A multiple valve assembly has been introduc-
ed near the test cell to facilitate sample changes and subsequent




PLATE 3.4: Diaphragm pumps:
- Single head for main loop recirculation
- Double head for tank mixing.




-84 -

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) (!/, m long, 0.0. «
168 mn, wall thickness = 7.1 mm) with flanges at either end (Fig.
3.5). Backing plates (10 mm thick) are bolted onto the flanges thus
squeezing a nitrile rubber gasket to produce an air tight seal.
The heating element, screwed into one of the blanking plates is a
three-phase 6 kW heater, but only two phases will be used, thus
making it a 4 ¥ heater. A simple energy balance assuming a typic-
al flowrate of 25 t/hr will show that water entering the heater at
25 ©C will exit the heater at . temperature of approximately 163 °C
(Q = MCAT;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 erchanger, but more impertantly the heater will be
electrically controlled with a contactor.

PLATE 3.6: Cylindrical heater, plate heat exchanger and JENTO con-
troller.




THERMOCOUPLE

HEATER ELEMENT

CONTACTOR CONTROLLER

220 V MAINS

FIGURE 31.5: Heater assembly

A thermocouple fitting has been placed near the exit port of the
heater {iron/constantan 371 JC type thermocovple). The thermocouple
is then connected to a JIC JENCO 371 thermometer controller which
will be set to the required temperature at the erit port of the
heiter (allowing for temperature josses before the water reaches
the cell}. The temperature in the test cell is also monitored by 2
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 linked to & 4A/80A contacter which is
Thus if the temperature is too

connected to the heating elvment.
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1ow (as registered by the thermocouple) the controller activates
the contacter which results in the contacting of the heater to ihe
mains power. Once the temperature is correct, the heater is deact-
jvated. A & A/40 A contacter is required to convert the controller
signal 4 A into 2 signal ‘acceptable’ to the heater (220 V; 4 ki .
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 um filter and a heat exchanger. The heat ex-
changer is a plate heat exchanger which has been detigned on the
following criteria:

for a water flowrate of 0.0l kg/s

Temperature programme: Inlet water of 20 oC will be heated to
90 °C before entry intc the cell. The water exiting the cell
and entering the counter flow heat exchanger having a tempera-
ture of 95 9C (after heater) will be cooled to 25 oC before
re-entry to the tank. )

The main requirement of the heat exchanger is for the return water
to be cooled to below 40 °C, which is the maximm (temperature of
water) that can flow through the water treatment plant (should the
water purification unit be placed in-1ine). This would only need
to be used if 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 plates are corrugated for two
reasons:

To promote turbulance in the fluld flowing between them, and
To support the plates against different pressures.

The plate material is 0.6 mm A.1.5.1. type 316 austanitic stainless

steel and the gasket material is resin-cured buty! rubber which has

an extremely jow Oz diffusion rate. The combination of high heat
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transfer coefficient, advantageous flow ratic characteristics and
ful1 countercurrent flow makes it possible to achieve very close
approach temperatures and high degrees of temperature cross-over.
Qver 90% heat recovery is possible when using a single plate heat
eachanger . The maximum operation temperature is 130 °C (for the
rubber gas: ats).

A1l piping consists of L.D.P.E. (low density polyethylene) which
ms a perneability {to 0,) of only 60 x 10-1% cc.m/sec.cu’.cog.
Mssuing 4 tube to have a length of 50 m with an 0.0. of '/4", 1.0,
of ‘l". a simple calculation will show that in six months the 0y
saking into 160 2 of P.W.R. water will be 0.1 ppb which, can be
vegarded as negligible in 2 specification of up to 100 ppb dis-

Corrosion Fatigve Test Cell

roslon fatigue testing is carried out in a Perspex cell. The
11 was designed to incorporate the maximum amount of ficxibility
] to the testing programme as well as remaining chemically inert
in. the 'low' temperature P.W.R. water environment. The cell facii-
tated optical crack length measurement as well as potantial drop
{P.D.) crack length measurament (discussed later). The cell design
drawing is shown in Fig. 3.9.

The 12 mm thick Perspoa cell provides a good barrier against the
ingress of oxygen tc the test environment. Rubber O-ring seals (on
&N parts) prevent the leakage of p.W.R. type water and also pre-
".vent the ingress of oxygen to the water.

: The cell includes ports for P.D. crack length measurement leads,
water inlet and outlet, thermocouple insertion and clevis (1oading
rod) positioning. Side plates can he unbolted so that specimens
tan be changed with the minimum disruption to the cell set-up pro-
cedure. Plates 3.7 and 3.8 show 2 photograph of he test cell
arrangement. The P.M.R. water enters the bottom of the cell and
exits at the top where the water is returned to the storage tank.




BERMOCIRIP

FIGURE 3.9: Corrosion fatigue test cell
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PLATE 3.7: Test cell for corrosion fatigue testing in P.W.R. en-
vironments.

PLATE 3.8: Test cell with optical crack length measuring device,
Luggin probe with Calomel Electrode insert.
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3.2.2 Mechanical Testing Apparatus and Control

Fatique testing is carried out on a 50 kN capacity €.S.H. servo-
nydraulic testing machine (Plate 3.9). The closad loop servo system
for the servo-controlled electro-hydraulic testing machine is shown
in Fig. 3.10.

he desired signal is transmitted to the servo-controllier which ac-
tivates the loading cylinder. Such a system has the advantage that
s large variety of signals can be passed through the servo-system.
This produces considerable flexibility, enabling it to accommodate
many specimen configurations. A waveform generator is employed to
create both sine waves and positive sawtooth waveforms at high fre-
quencies.

A Commodore Pet microcomputer is 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 when low frequency
testing was undertaken. For such testing the waveform generator is
not required. The output signal s relayed from the computer to
the E.S.H testing machine via an interface unit. This is carried
out while the computer monitors the £.5.H. output signal, returned
back to the computer via the interface unit. The computer monitor-
ed: the number of cycles, the voltage from the crack length mea-
surement unit (and subsequently the computed crack \ength). When
the computer genarates the waveforms (low frequencies), related to
an interfacing constraint, crack length measurement 1S undertaken
at discrete intervals. During these intervals fatiguing is stopped
momentarily and the loads are reduced to the mean evel.

3.2.2.1 Crack length measurement

The D.C. potential drop technique for crack 1ength measurement has
proved to be a flexible, cheap and an easily automated means of
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PLATE 3.9: 50 kN E.S.H. testing machine and ccntrols
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son. By applying & coniter
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good conductivity input to the sample. The choice of current (20 A)
was found to give good voltage oviput and minimal thermo-electric

heating.

probe wires for measurement of sotential drop, typically about
0.2 s diameter were attached to wire-wrapping pins inserted in the
spec imens. These pins were inserted by drilling 0.3 mm diameter
holes 2 mm either side of the notch centre. While crack Tength was
wonitored using the P.D. method, surface crack length measurements
were also taken for calibration purposes {x10 magnification travel-

ling microscopes) .

The Fluke 8860A digital multiaeter was used for potential measure-
ment. The meter offers high resolution in order to detect small
channes in 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 uo.a logging can be carried out.

13 ANALYTICAL EQUIPMENT

In order to check the water chemistry characteristics of the test-
ing 'P.LR.' type water, it was necessary to purchase or gain the
use of ome sophisticated anatytical equipment. The recent round
robin test specification set up by the 1.C.C.6.R. was as follows:

Water Chemistry P.W.R. Tests
Conductivity <20 mho/cm

pH {room temperature) 6.5 +C.2
Dissolved 0, <5 ppb

8oron 1000 ppm

H- 15-50 std.cc/kg H0
Chloride <0.1 ppm

Fluoride <0.1 ppm

Clearly, for such low cc.centrations, accurate analytical tech-
niques are required. In addition, it is now a requirement that
sulphate levels be accurately measured.
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3.3.1 Conductivity (0-10n .- ‘el 101 Conductivity Meter)

he Orion model 101 conduct:vity meter is a research qualit

which can be used to measure electrical conductance in a nidy —
of conditions (Plate 3.10). Measurement of conductance can : "::e
from 0.001 pnho to 1 mho using a variety of cells with an Ac: vacy
better than 1% of full scale. ey

PLATE 3.10: Orion conductivity meter and eler(rode

The conductan.2. being the bi. ity of a solution t -onduct a cur-
-al vwns or mhos. The om .anductance

per cen' ineter (ymhos/
L) the reciprocal of

rent, is exprzssed in recinv:
is preferred ard is veportxd in micro-mhos
em). 1n the internation:] system of units {s.1
the ohm is tie siamen (I3,
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The Orion 101, when used #ith the appropriate XT coef:icient 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 digital 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. Tt con-
sists of an oscillator, amplifier and synchroncus detector. The
p.C. output is proportional to cell conductance, wit) minimun in-
terference from capacitarce because of the synchronous detector.
The electronic design permits the use of any electrically conduct-
ing material for electrode construction, the only limitacions being
corrosion by the solution to be measured.

Sefore making measurements, it is important to select the appropri-
ate working frequency. Cells with platinized elestrudes are cali-
brated at 1 kHz; therefore the most accurate conductance measure-
sénts will be made at the same frequency. The 3 kHz frequency
should be used when working with speciai cells with stecel elactro-
des. The 80 Hz frequency is recommended for conductance measure-
ments at very low levels {on the order of umhos). When 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 %7 coefficient
per °C control. The Orion 101 sclves the following equation:

Kt

fs0c * T L[t

Kps op = specific conduc‘ance at 25 °C

K¢ = gpacific conductance at sample temperature
« = temperatura coefficiet

t = temperature of sample.
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conductance at infinite dilution increases with increasing temrsra-
tures according to the equation above. For salts the a vaiue, con-
verted to a percent value, varies between 1.9% and © ., so that
the conductance varies approximately 2% per °C. Acids and bases
pave a lower temperature coefficient ' 1.8% for acids, ¢ 1.8% for
pases). In general, the greater the ion's mobility the less its
temperature coefficient. Mobility differences between different
{ons decreases when temperature ‘ncreases.

Table 3.1 shows examples of some conductivity measurements. In-
cluded are recommended cell constants and measuring frequencies.

Table 3.2 shows 2 cell and frequency selection chart for the 101
model conductivity meter.

TABLE 3.2: Cell and Frequency Selection Chart

Frequency (1) Cel) Constant
80 Hz 1 kHz 3 kHz 0.1 1.0 10
.

3
X

x x x %
*x X X x

x
display display x
tlanks  blanks x

> X O M ox X X

X
X X 1
3
X

1338038

MOTE: 3 kHz should be used with steel cells only.

Over-range is indicated by blinking of the display.
ranges 1 ynho and 10 ymho are selected only the frequency 80
Wz can operate. When 3 kHz or 1 kHz is selected there is no

display.

When




TABLE 3.1

Low frequency

109,000,000 10,000,000 1,000,000 100,000 10,000 1,000 100 10 1 Otw, cm
0,01 0,1 1 10 100 1,000 10,000 100,000 1,000,000 5 o
Ultre 6ood Gond 0,01% 30% M350,
pure distillec drinking HCI
water water water
0,01 0,1 1 10
4-electrode
High frequency measurement
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3.3.2 High Sensitivity Dissolved Oxygen Detector (Plate 3.5)

The sensor of the Orbisphere Model 2713 oxygen detector s of the
pembrane enclosed polargraphic type. It senses the presence of
oxygen in a medium contacting 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 yg/2
{1 ppb) to 20 wg/ 2 (20 pom).

The instrument possesses four measurement scales; 0 - 20, 0 - 2,
0 -0.2and 0 - 0.02 /2, 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 dir and adjusting the meter
indication, with the gain control to a value available from tadles
shown overleaf (Table 3.3).

The instrument measures temperature by means of 2 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 0.2 °C. A flow chamber enables the seasor
to be mounted ir an airtight flow circuit, for the cont tnuous mont-
toring of oxygen levels in a pumped sample <tream. Sample flowrates
should be within the range of 50 ca’¥/min to 250 on’/min 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-
formance. Sample pressure should be tess thas 20 bar. Figure 3.12
shows a view of the oxygen sensor and Fig. 3.13 is a schematic dia-
gram showing the oxygen sensor and the flow chamber (all dimensions
in mm).
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Thermistor hix Sing, for temperature compensation.
Holes for passage of electroivtic current between cathode and anode.
Memtxane support
1 | Cathode.
Awdiary or guard electrode.

, Andda hdden in electrolyte reservorr below membrane support

FIGURE 3.12: Perspectiv; view of oxygen sensor

3.3.3  Flame Emission Technigues for Boron and Lithive
tions

Atomic spectroscopy, which has been extensively appiied to quatita-
tive and quantitative analysis, is based on either absorption or
emission of X-ray, ultraviolet, or visible radiation. X-ray omis-
sfon or absorption finvoives excitation of those electrons that are
closest to the nucleus and thus not favolved in bonding (except for
a few of the lightest elements). As 2 consequence, X-ray stomic
spectra are produced regardless of the state of combination of the
elements in the sample. Thus, the X-ray spectrum for nickel wii)
be the same in solid nickel oxide, & sotution of nickel (11) chlo-
ride. gaseous nickel ca-bonyl, or the elemental state. In contrast,




FIGURE 3.13: Senscr

and flow chamver (

dimensions in mm)
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,\-oducuon of atomic spectra in the ultraviolet or visible regions
requires conversion of the elements in a sample to gaseous mon-
stomic particles (atoms or fons) because sbsorption ur enission in
these regions involves excitation of the outermcst bonding elec-
trons. Only by separst’  oan element from those to which it is
ponded can pure atomic specira be obtained.

Atomic spectra in the ultraviolet or visible region are produced by
atomization of the sample, a process whereby the constituent mole-
cules are decomposed and converted to gaseous elementary particles.
Both the emission and the absorption spectrum of an atomized ele-
ment consists of a relatively few discrete lines at wavelengths
that are characteristic of the element.

The temperature of & flame s sufficient to excite a small fraction
of the monatomic particles to higher electronic states. Their re-
turn to the ground state is accompanied by the production of onis-
sion ines, which can serve as a basis for flame-emission spectros-
copy. Here the location of the lines provides qualitative informe-
tion and their intensity permits quantitative analyses.

Flase-emission spectroscopy (also called flame photome':y) has
found widespread application to elemental analysis. The sost in-
portant applications have been to the analysis of sodium, potas-
ston, lithium and calcium. For reasons of couvenience, speed, and
relative freedom from interference, flame-emission spectroscopy has
become the method of choice for these otherwise difficuit to deter-
aine ~lements.

Boron:

The highest sensitivity and best deflect fon-to-background ratio is
given by an acetylene-air flame, using the scerylene burner. The
fiame must be a pure blue so s to keep the background s small &s
possible. Boron, in contrast to most other elements, has no strong
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Jine that can be used for emission spectral analysis, but the BO
3y

systen of bands between 450 and 600 m is sufficiently sensiﬂvez

Figure 3.14 gives a typical B0, band spectrur (useful ran .).

Table 3.4 gives the corresponding sensitivities 9

m bands have no self-absorption, so that the calibration graphs
are always linear for pure boron solutions.

|
|

FIGURE 3.14: Typical spectra of B0, bands (a) 5 g B/litre:
(b} 100 mg B 1itre. Record at the same instrument

setting.

TABLE 3.4: Sensitivities for the various monochromator settings

Monochromator setting Sensitivit,
{um) (%)
518 100
546 73
492 1
47 39
$80 27




Lithius:

The highest sensitivity at the lowest background is given by a pure
acetylene-air flame. To avoid spectral interferences and to keep
the background as low das pussible, narrow band widths are required
during testing. Up to about 1 ppm there is no self-absorption and
the salibration curves are )inear.

The resonance lines at 670.8 um and 323.26 ym are at a good dis-
tance from interfering lines so that relatively wide bands can be

used:

wavelength 670.8 m 323
relative sensitivity 100% 20:21““
band width 1.0 m 0.3 m
g §
8
Li Li
;1 8ls g8 3 8 s 8 3
[ T H B R !‘I |
! i
t t‘v‘
i

FIGURE 3.15: Line spectrum of 1ithium

3.3.4 lon-Selective Measurement (pH, CL° g

ercially produced pH electrodes are

The characteristics of most comm
r2 usually:

clearly defined and reproducible. The parameters

1. Zero point (Eg) - the pH value at which the etectrodes (glass
and reference) give an output of zero millivolts.
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Isothermal intersectics point (iso po*~ntial) - the pH value
at which changes in temperature have minimal effect on elec-
trode output.

Siope 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 fon-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 fon-selective method-
ology has been formed. The jon-selective electrode responds to
changes in activity in the fon being measured. In general concen-
tration is of more interest. In many solutions activity and con-
centration are significantly different. Thereforc, 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
fon-salective applications. Recent developments in instrumentation
; have made these methods as straight forward to use as direct meas-
urement.

Ihe meazuring system:

1.  lon-selective electrode (I.S.E.)
2. Reference electrode

3.  High impedance voltmeter.

The 1.5.E. senses the activity (and thus the related concentration)

] of the measured fon. The reference electrode provides 2 stable
} electrode potential and completes the electr.: circuft. The re-
‘ sultant ~otential difference Is detected by the voltmeter and the
concentration of the ion being measured is computad from the meas-

ured voltage.
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The electrode characteristics are best shown by plotting a calibra-
i tion or response curve. The electrode potential in mV is measured ! !
for a continuous range of dfon activity solutions prepared from
] serfal 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 relaticnship between electrode potentizl and - %
‘ 109 (activity) for most of “he curve following the Nernst relation- ;
! ship: '
RT Al
E=E,* 2.303 F tog (ac.tion) 11
E :
> ¥
E
) electrode sensitivity is represented Ly |
by the slope of the curve .
§ and measured i mV per decade
i
£ 5 8
3
$ ; |
| ]
1 !
: x
: i
sensitivity reduced .
] below knee, 1 ] }
i
X timit of detection i -
1 2 3 4 5 5 . &
—log {ion activity) p value
o .
" FIGURE 3.16: Typical response curve at %
i
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gelow the knee of the curve, the sensitivity of the electrode is
reduced and is non-linear. This 1limit of detection governs the
measuring range for each electrode. The factors affecting the
overa’) response curve for all ion-selective electrodes are:

. Setectivity and Interferences
« Temperature

- Age

« High Concentration

« Centanination.

Ion-selective potentiometry is used for quantitative measurements
of fons in solution. It is essentia) to take adequate care in pre-
paring the sample and choosing experimental conditions to ensure
best results. The preferred conditions will vary from 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 inprove the measurement technigue.

Methods of Measurement:
There are three main methods of measurement wit
electrodes:

h fon selective

1. Direct potentiometry;
2. Incremental methods including sample and st
subtraction and multiple additions or Grans Plot:

3. Potentiometric titrations.

andard addition/

the application and the kind of

The choice of method depends on
siderec

information needed. Tne following factors need to be con

a)  Activity or concentration required;

b) Condition of sample, complexed or free fon;
<)  Accuracy of measurement;

d) Volume cf sample avail.die;

e) Time a.ailable for analysis,

£} Experimental conditions including tenperature varfation.
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The direct potentiometric method is by far the most commonly used
technique. However, the incremental methods are becoming increas-
ingly important.

PM 9416 Ion-selective analyser: (Plate 3.11)

The Philips PW 9416 ion-selective analyser provides all the func-
tions required for ion-selective analysis and provides them in a
manner which is easily used by those i. xperienced in the techni-
que. Calibration and measuring methods are outlined step by step
on a visual display unit in plain language. Input data is request-
ed in an easily followed logical sequence.

PLATZ 3.11: lon selective analyser and electrode assembly

The display continuously shows the sensor output {including plati-
num resistance thermometer if us ?) and as each selection is made
from the calibration and measurement method lists, it appears as 2
permanent reminder on the screen. Eight measurement modes are pro-
vided as well as diract concentration, sample addition/subtraction
and standard addition/subtraction. There is dry sample addition/
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subtraction, which allows direct addition of weighed solid or semt
solid sample, elim ating the need to make sample solutions and
providing direct results fn % w/w of solid matertal,

The P 9416 lon-selective Analyser can als. be used for the most
accurate incremental method of all:  Grans Plot. The Grans Plot
result is automatically calculated from up to 8 readings and the
tgoodness of fit' of the straight line plot indicated. Automatic
calculations and display, mean that this method can be carried out
in nearly the same ‘ime as single addition methods.

As well as appearicn On the screen, resilts can be printed out on
the built-in printer. Printer format can be selected so that main
parsmeters can be printed out as well. If required, mean and stan-
dird deviation can be provided with each final result; thus repro-
ducibility and accuracy of any group of results is easily checked.
Two analogue recorder outputs are provided.

Once the sensor has been calibrated, the measurement parameters can
pe stored in permanent memory. Nine memories are available which
are retained even if the instrument is turned off. When the data
1s required it can be entered (or edited and entered) into the ope-
vating mamory and measurement commenced jmmediately.

Ranges: pX: - 10.... 13.99
nv: -1999.9 .... 1999.9
Concentration: 0.99 .. 10-1%%
In selected units: moles per litre

mg per litre

pom

w per litre

pobd

w s
Temperature: 0.0 ..0n 99.9 °C

Resolution: pX: 0.01
mv: 0.1 mv
Concentration: 1 d?git in 9.99

0.1 C

Temperature:
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The PH 9416 can be used for many fon determinations once the parti.
cular fon selective electrode has been jurchased.  The present
electrodes include:

}. Cowbination pH electrode,
2. Pteresistance thermocouple,
3. Chloride ion-selective electrode plus reference electrade,

§. Fiuoride ton-selective electrode 4ith reference electrode,

5. Mmonia gas comhination electrode (used in high temperature
P.M.R. tests when hydravine dosing is required).

1.3.8 Dissolved Hydrogen Gas

Sudget restrictions have dictated that hydrogen gas concentrations
be estimated from published data. Unfortunately, conventional (non-
naclear) power stations that use Xent hvdrogen analyvsers, have very
1ow hydrogen levels. Therefore, all 2 lable insicuments (ths.
could he obtained through E.5.C.0.M.) would only be able to measur:
hydrogea concentrations at \y- tevels {up to 200 ppb). Typica
PR, specifications include hydrogen concentrations of uwp tc
50 ml/kg at S.T.P. (4 -5 ppm).

Table 3.5 shows the solubility of hydrogen 14 water given the tem-
perature and partial pressure of hydrogen in equilibyiun with the
witer. The overpressures used in the experimentation will range
from 0 - 40 kPa. Therefore, the hydrogen partial pressures, in
squilibrium with the P.M.R. water will be 0 - 40 kP2 plus atmos-
pheric pressure {about 625 mm He).

TABLE 3.5: Solubility of hydrogen in water

Solubility, cc./g, reduced to 0% and 1 atm.

LA T = 50 75 100 300 S50 700 100
atm atm  atm am atm atm atm atm ats.
00214 0.5363 1.068 1.601 2.130 6.139 9.u2: 13.370 18.901
O 0 270 0.96% 1,43 1.932 5.579 8.980 12.214 1662
0.0178 0 4498 0.8945 1.341 1.785 5.158 8.328 11,362 15.

0 “818 14.9:
0
)

10
g 4.897
-0163 0.4263 0.8475 1.271 1.689 4.
‘613 10,389 14.404
.0141 0.4067 0.8090 1.212 1.612 4.695 g}t& 10.757 14.867

0
7
50 7
"0085 0 4203 0.8385 1.254 1.667 4.866 7
ﬁ "D00C 0.4615 0.9120 1.355 1.805 5.220 8 429 11,512 15,775

s
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Knowing that test temperatures will be within th+ range of 20 -
80 °C, it can easily be calculated that dissolved hydrogen concen-
trations will be in the range:

%) Dissol ei Hydrogen Range (std. cc/kg Ha0)
ARG,

20 “e - 27

% 5.5 o+ 122

The P.M.R. specification for dissolved hydrogen is 0 - 50 std. cc/
kg Ha0, S0 results are well within specification. The maximum over-
preasure of 40 kPa H, was chosen bacause of safety consiraints on
the Perspex cell and sealing system.

3.3.6 Sulphate Ton ($047") Concentrations

#s a result of the low sulphate concentrations expected in the rig
witer chemistry, fon-selective analysis would not be sensitive
snough for sulphate determinations. Thus, sulphates would be de-
termined via a titration technique (BaC1y) after concentrating the
solution using carefully controlled evaporation techniques. As a
. pasult 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 Sample Potential Neasurement

In-order that actual P.W.R. conditions be best simulated, the cor-
rosion fatigue specimens will not be jsolated from the clevises
during corrosion fatigue testing. Several experiments will be in-
corporated into the t it programme to check the free corroding
poteatial of the sample during the test. A saturated calomel etec-
trode will be used as the reference electrode and an AMEL potentio-
stat (cell-out mode) will be used to measure the samnle potential.
The calomel electrode will be inserted irto a Lugain obe which i$
inserted into one of the Perspex side covers to the test cell {see
Plate 3.8 and Fig. 3.17). The probe will de posit:oned near to the
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POTENTIOSTAT ‘
' VOLT-METER'

CALOMEL
REFERENCE
ELECTRODE

/ nug

i

LUGCIN PROBE

€.1T. SPECIMEN

FIGURE 3.17: Sample putential monitoring set-up

start of the crack, but sufficiently far from the specimen so as
Mt to disturb the local sample potential. The Luggin probe tap
. W11 be closed so as not to allow too much Ci- ingress to the water

But stil) provide an effective path for the co Jucting of foms.
’M ‘voltmeter' will be connected to th: sample via an electrical
comnector to the back of the C.T. specime (approximately in front
of the crack propagation direction).

3.4

SUMMARY

The corrosion fatique test rig is designec to ~corporate the maxi-
M amount of flexibility in the final testin rie: the aim of the
design is to provide simulated P.W.R. water SO tna* C.F. testing
€ould be carried out in recirculating P.W.R. water.
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The facility includes tap water processing with filtration and de-
jontzation units. A microprocessor unit provides deoxygenated, low
conductivity, demineralized water which is used as a water basis.
qwo stainless steel tanks are used for storage and make-up. The
tow T, P loop consists of diaphragm pumps for mixing and recircu-
Jatory flow, heater and heat echanger for elevated temperature
testing, in-1ine oxygen meter and sampling facilities, environment-
;\ test cell and finally a filter placed after the test cell to en-
sure that a1l particulate matter in the water is less than 0.2 im.

.- fgorroston fatigue testing is carried out in a Perspex cell. The
¢en facilitates visual crack length measurements and potenttal
7 drop ]nds for crack length measuring are also included. The
‘jfltxnuo testing is carried out on a 50 kN %.S.H. servo hydraulic
testing machine and a waveform generator is incorporated for wave-
form generation. A Commodore Pet computer is used to generate
waveforr- for low frequency testing. The computer stores crack
length data from the patential drop crack lenjth monitoring system.

Y . potential drop crack length ing system relies on the fol-
Yowing principle: A constant is passc4 through the Compact
0 asion specimen and as the propagates, so the potential dh-

 ference across the crack changes. This difference corresponds to a
crack growth incresent.

m chemistry is carefully controlled and monitored. Boron and
~-Hithium levels are increased to specified 1evels via boric acid and
* Mkhigm hydr- e dosing. Oxygen levels are reduced to specifica-
tion via hy .en purging. Table 3.6 gives the amalytical techni-

ques used fo. semical analysis.

Sample potential monitoring can also be carried ovt, using an al-
; ternative side plate to the test cell that ‘acorporates 2 Luggin
1 probe with a Calomel electrode. Pla'es 3.1z 1.14 show the entire
test rig and related apparatus.
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Oxygen (Dissolved)
Boron
Lithium

pH

Chlorides {(C17)
Fluorides (F-)
Hydirogen (Dissolved)

Suiphates (50477}

TABLE 3.6
. Analysis Analytical Techniques/Apparatus
Conductivity Orion model 101 conductivity meter

Orbisphere model 2713
Flame Emission

Flame Emission

Jon Selective Analysis
Ion Selective Analysis
lon Selective Analysis
Saturation tables

8aCA4 titration after sample concentration

PLATC 3.12: Water treatment, storage tank, in-line oxygen detector
and diaphragn pumps
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PLATE 3.13: Test cell, heater and heat exchanger, valve system for
easy hydrog 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.
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EXPERIMENTAL PROCEOURE

MATERIAL SPECIFICATION

The pressure vessel sample was coded as follows:

CUVE k81

VIR B

CLEE 215 79
394 B

The material used in this project was supplied to the Atomic Energy
Commission by ESCOM. From discussions with ESCOM
found that the steel sample was an oif-Lil generated during the
manufacture of the Koeberg pressure vessel.

personnel, it was

The block of stee) had been cut into four sections. (Plates 4.1 to
4.4 show photographs of the ‘assembled’ block.)
block is convex towards the outside wall dimension. It was assumed
thet the concave side faces towards the inside of the vessel.

Note that the

Front view of SAS08 C8 material, shoving the concave

face.

Regions were removed for chemic

al analysis.




PLATE 4.2:

PLATES 4.3 arnd 4.4:

Top view of the steel forging clearly showing the con-
vex back face.

ex and concave surfaces of the

Showing the conv
SA508 material respectively.
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Figure 4.1 (a - d) shows a scaled sketch of the four sections of
material. Block C was the only section used for obtaining speci
mens for mechanical and microstructural cvaluation.

‘M1 corrosion fatigue specimens were machined so that the crack
would grow in the through-thickness direction. Several specimens
were also machined so that the crack growth direction would be nor-
“mal to the through-thickness direction. Figure 4.2 shows block C
with the C.T. spe. wen (Fig. 4.3) configurations.

THROUGH THICKNESS
DIRECTION (ORIENTATION A}

CHECK FOR ORIENTATION EPFECTS
(ORIENTATION B)

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

These included
Spec imens were
ock C so as to

several specimens were sent for chemical analysis.
the sections shown in Plate 4.1 {already removed)
8150 taken from the front, back and mid-section of bl
check for “hrough-thickness compositional variation




4 SECTIONS HAVE BEEN CUT

COLOQUR CCDE :
face - red
base - gveen
back - yellow

yellow

_APPROXIMATE SECTION SIZES (mm).

curve for the
inside cf the vessel
graen

FIGURE 4.1:(A - D) Material:

sa508 €23 forged steel.
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2BA TAPPED
HOLE

-BA +

i .
7.5mm, 3
T so%/" e
”
£10%| 4
: | 1 £05% ‘f?ZZﬂZF;E"*‘zL
Y0 N P
. f S "
F
» S . 205%
st | ovmen X1/ |
~ gt
yd ; 7.5mm
. 0 o&s‘/o' ‘vv Y
w 20.4% —
[ S— -
[ Toa%rlx]
Test.
piece
dimension 25 wm = 8
; o— S—————
Net width ¥ ] 12.53‘2
Total width C = 1.25 W min
Thickness 8 = 0.5W ¥ 20.020.10
Half height H = 0.6W " 3.25 max.
Hole dianeter O = 0.25 W L} 12.5
Ha1f distance between c 62.5 min.
hole outer edges F - 160 ] 50.040.20
Notch width N = 0.065 W max. 8 25.040.20
H 30.010.30

Effective notch length M = 0.25 W
Effective crack length a = 0.45 W to 0.55 W

All dimensions are in miilimetres.

nd tolerances for tensile

FIGURE 4.3: Proportional dimensions @
1ead placings (8BS 5447).

tast pieces with current
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sections of block C were macro etched in 20% ' iling HCZ solution
o reveal flow 1ines and inclusion clusters. Several samples were
prepared for microstructi-al examination and hardness testing.
These samples were taken at various through-thickness positions and
orhﬂtlt\ons.

The determination of the sulphide distributions was undertaken at
the front, rear and mid-section. To obtain the sulphur prints the
specimens were carefully cleaned to remove grease. Photographic
paper was soaked in a 5 ma concentrated sulphuric acid, 100 m*. dis-
tiVled water solution. The ground specimen was then placed against
the paper, excluding all air bubbles. After a four minute contast
time the paper was removed and fixod in a neutral fixing bath. The
sulphur-containing inclusions, affected by the sulphuric acid, give
0%t hydrogen sulphide which transforms the silver halide in the
thotographic emuisici to dark silver sulphide. By this means the
sulphur distribution in the specimen is revealed.

Five Charpy specimens were machined in each of the orientations A
and B. The Charpy specimens machined from orientation A producing
crick growth directions analogous to the crack growth in the C.T.
specimers marked orientation 8. Five tensile specimens were also
michinea from block C in both orientations A and B,

A1 of the above tests were carried out to identify orientation ef-
fécts, characterize the SAS08 C3 materfal and compare results with
the ASTM specification for SAS08 type material. The Framatome
{Wanufacturing company) specification would 3150 need to be refer-
enced to confirm whether the pressure vessel steel conformed to
mechanical property and heat treatment specifications.

4.2 CORROSION FATIGUE TEST PROGRAMME

The matn sect.’mn of this project involved corrosion-fatigue testing

in simulated P.W.R. environments.
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sections of block C were macro etched in 20% boiling HCR solution
to reveal flow lines and inclusion clust:rs. Several samples were
prepared for microstructural examination and hardness testing.
These samples were taken at various through-thickness positions and
orfentations.

The determination of the sulphide distributions was undertaken at
the front, rear and mid-section. To obtain the sulphur prints the
specimens were carefully cleaned to remove grease. Photographic
paper was scaked in a 5 m concentrated sulphuric acid, 100 m2 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
sulmar-cmtainim inclusions, affected by the sulphuric acid, give
off . hydrogen sulphide which transforms the silver halide in the
mgw.pnic emulsion to dark silver sulphide. By this means the
sulphur distribution in the specimen is revealed.

Five Charpy specimens were machined 'n each of the orientations A
and B. The Charpy specimens machined from orientation A producing
crack growth directions analogous to the crack growth in the C.T.
specimens marked orientation 8. Five tensile specimens were also
machined from block C in both orientations A and B.

Al of the above tests were carried out to identify orientation ef-
fects, characterize the SAS508 C13 material and compare results with
the ASTM specification for SAS08 type material. The Framatome
(manufacturing company) specification would also need to be refer-
enced to confirm whether the pressure vessel steel conformed to
mechanical property and heat treatment specifications.

4.2 CORROSION FATIGUE TEST PROGRAMME

fatigue testing

The main section of this project involved corrosion-
in simulated b.W.R. environments.
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Several parameters were investigated and these included:
1) P.W.R. versus Afr testing.

2) 0.2 R-ratio versus 0.7 R-ratio tests for both P.W.R. and air
environments (at two frequencles).

3) Through-thickness crack growth directions versus crack growth
normal to this direction, The effect of environment and fre-
quency was investigated.

§) Effect of temperature variation: 50 OC versus 20 oC, 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
detatled discussion of frequency effects ( 30 - 0.067 Hz) and wave-
form oading [29).)

421 Testing procedure

The 1 T £.T. (compact tension) specimens were prefatigued in air to
| a crack length (a) of approximatey 18 wa. This corresponds to
5 sbout 3 mm of fatigued crack growth. Sinusoidal waveform loading
" at a frequency of 40 Hz was used for prefatguing. The last mid-
3 metre of crack growth was always carried out at the R-ratio of the
0 teat to be performed, on the precracked specimen. This was neces-
sary to reduce lates transient effects resulting from plastic zone

formation.

During testing, crack iength measurement was made at discrete cycle
ntervals. The duration time for visual crack length determination [
was about 60 secs and when the test was being c.mputer controlied,
the time required to record the P.D. reading and procecs the data
was approximately 5 secs. oluring these intervals the fatiguing was
halted. Clearly, to reduce the possibility of inducing any Jarge
plastic zone regions, the dwell time was kept as short as possible.

(The tast was stopped at the mean load.)




TABLE 4.1: Test description for corrosion fatigue tests
Enviroment !R-ratso {;:c);uency Waveform {guc?erature :g;?::n:’ Maximum | Through-thicknass
g] Load Crack Growth

1 AR 0.2 10 Sinusoidal 20 - 25 kN Yes
AIR 0.7 10 Sinusoidal 20 - 5 kN Yes
AIR 0.2 1 Stnusoidal 20 - 25 kN Yas

AIR 0.2 10 Sinusoidal 20 - 25 kN No
PR, water 0.2 10 Sinusoidal 20 No 25 kN Ves

LR, water | 0.2 1 Stnusoldal ) Yes 25 kN Yes

P.M.R. water 0.2 10 Sinusoidal 20 Yes 25 kN No

P.W.R. water 0.2 i Sinusoidal 20 Yes 25 kN No

R. {3a) | P.M.R. wter 0.2 10 Sinusoidal S0 Yes 25 kN Yes
tR. () | PR water | 0.2 1 Sinusoida) 50 Yes 25 kN Yes
LR, (42) | PR weter 0.7 10 Stnusoidal 20 No 25 kN fes
\l.l {4v) P.M.R. water 0.7 1 Sinusofdal 20 No 25 kN Yes

- AT
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Yisuas crack length measurment was aided by the use of the travel-
1ing microscope (x10 magnification) having a resolution of 0.0L mm.
o aid in visually determining crack length, one side of the speci-
aen was ground to a 1000 grit surface finish,

itial 'dusny’ spec imens were produced to account for crack curva-
m ceveral tests were coaducted at various R-ratios, keeping
Paax {maximum Yoad) constant, and beach marking was used to dif-
farentiate these R-ratio regions. A seven point, through-thickness
age) crack length was used to correlate the actual recording
during the test. This is termed the correction for crack cur-
e and 8 | visual crack length measurements are adjusted ac-

" 1o calibrate the potential drop (P.D.) crack length monitoring
wit, potential difference readings are taken for vartous crack
gromth increme.cs. The potential values are then related to crack
Jength using Johnson's equation {49]. Johnson's equation was found
tonsistently to underestimate the crack length, especially during
the fina) stages of crack growth. The crack length results were

_ threfore adjusted, using the data obtained from the crack curva-
- Rure determinations (a simple linear regression was ysed).

Computer facilities assisted in the control of the fatigue tests.
The facility was prompted with the specimen identification and
dimensions, load, p.d. probe spacing, test frequency, tnitia} crack
Jength and test stopping criterion. Discrete cycle intervals were
used for prompting the computer to ‘receive’ potentia) difference
veadings. These were then converted to crack length using Johnson's
equation. Cycles, computed crack length and voltage were then
printed out and stored on disk. This dats was only later corrected
to give 'true' crack length.

For tests performed at 10 Hz the waveform was generated via a func-
tior generator, but for lower frequencies the waveforns had to be
compiied analytically, since the system could not pass the required
signal from the function generator tc the camputer . This s simoly




- 129 -

an interfacing probiem. 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 rwiding is vetained and converted into crack length. This
value is cemp.ed to the stopping criterfon and if the stopping
criterion has not yet been met, the fatiguing process is continued.

422 Data Paduction (using BS 5447 and ASTM 399 standards)

The 'true’ crack length {a) corresponding to a number of fatigue
cycles (K} #s converted into crack growth rate {d8/qy) data as
a function of A, the stress intensity factor range. An increment-
a1 polynomial (7 point) method is used to smooth the a versus N
data (ASTM 399) analytically.  The data reduction programme
therefore incorporates the capability of analysing the data and
subsdquently plots the d3/4y versus &K graphs.

The stress intensity range is calculated using the smoothed 3 ver-

sus N data.
x « £
i/,
I
vhere &P : ratigue 10ad range * Pmax - Pain |
B : specimen thickness ]
W : specimen width

Y : comp)iance function given by the expression below !
(a is the 'true’ smoothed crack length): |
i

5 ?
+ 6857 (lm/ 2. mr(l/u)”

1 3
Ye20.6 (w2 - Jus.s wu)”
+ 638.9 wu)/’ .

urve of da/oN versus &« for the

The final result is therefore a C
test.

423 Scanning Electron Ricroscopy {S.E.M.)

urfaces were examined unde!
This tnvolved

r the S.E.M. with
the removal of the

Al fatigue fracture s
an EDAX facflity also being used.
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fracture surface from the C.T. specimen. Two specimens were ob-
served under the S.E.M. after ultrasonically cleaning the fracture
surfaces. It was, however, found that machining the fracture sur-
face foom the C.T. specimen left extraneous material on parts of
the fracture :urface. 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 2
1ster stage. In order to credte 2 clean fracture surface all
§,E.M. samples were subsequently given & cathodic treataent.

ine cathodic treatment (using the Endox process) is ss follows:

1. MaOH (123 g) is mixed with 1000 mi of cold water, in a fume-
cupboard.

~ Wnen the temperature is below 50 oC, 86 g of NaCN is added to
_ the Na0H solution.

3.. The specimen (acting as the cathude) is then inserted into the
solution and a voltage of 6 - 9 v was applied. A platinum elec-
trode acted as the anode (working electrode). Profuse hydrogen
evolution from the specimen surface resoves light oxide scale
and the more adnhcrent oxide is reduced without damaging fractio-

graphic features.

of this cavhodic cleaning, the specimen

4 After several minutes
onic bath for

i placed in a 5% N3 solution in an uitres
several minutes.

$. The material is then ultrasonicaily cleaned in ethanol and

blown dry.

Although this process is usually used to remove scale from the high
temperature (288 °C) corrosion fatigue test specimens it has prov:d
to be a useful cieaning technique of fractographic surfaces, o

general,
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8.2.4 Sample Potential Ibnitormg

Figure 3.17 shows the experimental rig for sample potential moni.

toring. The ‘mouth’ of the Luggin probe is approximately 1 ar from
the side face of the C.T. specimen, corresponding to the point of

crack Initiation. At regular intervals the tap on the Luggin probe
wis opened to create an eloctrical path Letween the specimen and
t:?t reference electrode (S.C.E.). The tap was closed after ovtain-
ing a potential reading so that chloride ingress to the P.W.R,
witer was insignificant. After each test the Luggin probe was
opened and the cell water was then purged to drain. Potential
monitoring tests were carried out on specimens P.W.R. (1p), {2a),

{20}, (38) and 3(b).

P ) correlate the results from the poteniial monitoring tests, po-
" temtiodynamic tests (to determine Ecory) were cerried out for
SAS08 C13 at the two temperatures of interesc (20 and 50 °C)., The
tests fnvolved purging hydrogen through a potentiostatic test cell
that had been filled with P.W.R. simulated water (sl 2). One hour
stabilization period was allowed before Eqorr WaS determined
[50]. For one of the tests SAS08 C13 (20 %C) a potentiodynamic
scan was performed to check the performance of SASCS €13 stee! ina
M!.R. enviromment. A sample of AiSI type 316 stainless steel was
also tested to determine Ecorr in the P.M.R. environment. 316
stalnless steel was used to manufacture the clevis arrangement and
it was therefore necessary to correlate the potentiais of SAS08 cn
and AIS] type 316 stainless steel when in electrical isolation. No
eiectrical isolation was employed during fatigue testing.

4.2.5 Mater Chemistry Control

Prior to filling the system with P.4.R. type water the rig was as-
sembled and cleaned. Initially tap water was pumped through the
System. Thic was followed by a alkaline wash with a degreasing
agent (mild alkaline solutic at pH = 8 - g). The rig was then re-
washed several times with tap water and finally with ultrapure
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water. The system was kept under hydrogen pressure until the stor-
age tank was filled with the ultapure demineralized/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
theﬂ 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
03 <10 pph) .

Daily checks were initially carried out to check that the water
‘thamistry conformed to P.M.R, specifications (see table below).

TABLE 4.2:

p.¥.R. Water Chemistry Specification.

Conductivity (inlet) uS.ca-? 1-40
Oxygen (ppb) <100
Hydrogon, mi/kg at S.T.P. 0 - 50
LiOH, ppm 0.6 - 6.2
#3803, ppm 0 - 13000
2~ ppm <0.15
F~ ppm <0.15

© pH (25 °C) 4.0 - 0.8

‘It was found that the water specification remained constant for
fong periods of time. Only after several months did the chloride
fevel rise to above specification Jevels. The water was then re-
‘placed with a new batch of water and subsequantly dosed (B and L)
‘to specification.

Before each corrosion fatigue test (after prefatiguing in air), the
test cell side plates were fastened to the cell and nydrogen was
purged througn the test cell, only. As the main storage tank was
kept under approximately 30 kPa H2 over-pressure the test cell
could be easily filled without starting the recirculating pump.
The gradual filling of the cell prevented the entrapment of hydro-
gen bubbles in the C.T. specimen notch. The diaphragm pump strok-
ina distance was then increased until a flowrate of 26 A/hr was ob-
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tatned. The corrosion fatigue test was then started. The sampling
point for chemical analysis was situated just before the recircula-
ting pump. It was at this point that the oxygen meter was placed
i a Plow-througr samting unit.

On completing a test, the cell was emptied of water by forcing the
pM.R. water back into the storage tank with the use of hydrogen
pressure. The Hy pressure in the cell was then relleved once the
wnit had bee:. isolated from the recirculating loop, The ivdrugen
pressure was relieved by opening a ball valve. At this point the
cover plates and specimen could be removed.

‘ Several water samples were sant to specialist amalytical organiza-
tions for C1-, F~ and 50,7 analyses and every sample was analys-
o, for C2~, F, B, Li, H and conductivity determinations, in the

“'Corrosion Laboratory at the University of e Witwatersrand.

4.3 SUMMARY

A forged section of SAS0S C13 steel, from a nozzle section, was
used for microstructural and mechanical testing of Koeberg nuc1ear
veactor. Microstructural studies inciuded optical microscopy, ma-
eroscopy, sulphur p. inting and scanaing electron microccopy of the
corrosion fatigue fracture surfaces. The mechanical testing includ-
od Charpy Impact tests, tensile tests, Vickers pyrami¢ hardness
testing and corrosion fatigue testing. Sample potential monitoring
wWs carried out for several of the corrosion fatigue tests carriad
out in P.M.R. environments. This work was later correlated tc
potentiodynamic polarization tests.

The corrosion fatigue testing included tests ained to check the

effects of environment (P.W.R. versus air tests), orientation
(through-thickness versus normal to through-thickness crack
growth), temperature (20 %¢ yersus 50 °cy, Reratio (0.7 versus
0.2) and frequency (10 Hz versus 1 Hz). Orientation effects were
checked for all of the mechanical and microstructural tests.
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A ‘arge part of the experimental procedure involved the setting up
of 2 flow-through system to simulate P.W.R., water environments
within the corrosion fatigue test cell, the main aim being that the
water should comply to P.W.R. and 1.C.C.G.R. standard specifica-

tions.




5.0 RESULTS

The results caa be divided into three subsections:

5.1 General mechanical testing and microscopy.

5.2 Corrosion fatigue tests with the related scanning elec-
tron microscopy of the corrosion fatigue fracture sur-
faces.

§.3  Potential monitoring during corrosion fatigue testing
and related potenticdmamic studies.

5.1 MATERIAL PROPERTIES

s Charpy Impact Tests

For ‘the Charpy specimens machined along or.entation A (‘'.e. crack
propagation normal to the through-thickness direction) the follow-
ing results were obt ined:

TABLE 5.1: Charpy Impact Energy in Joules

Temperature = 20 °C

Sample Charpy Impact Energy|
Joules {J)

158
186
160
134
134

O e N

Therefore the average Charpy impact toughness is 154 J with » stan-

dard deviatiop of 21.7 J.

For crack propagation in the through-thickness direction, the five

Charpy impact values were as follows:




5.0 RESWTS

The results ca" be divided into three subsections:

5.1 Genera) mechanical testing and microscopy.

Corrosion fatigue tests with the related scanning e'ec-
tron microscopy of the corrosion fatigue fracture sur-
faces.

Potential monitoring during corrosion fatigue testing
and related potemiodynamic studies.

MATERIAL PROPERTIES

Charpy Inpact Tests

For ‘the Charpy specimens machined along orientation A (f.e. crack
propagation normal to the thirough-thickness direction) the follow-
1ng results were obtained:

TABLE 5.1: Charpy Impact Energy in Joul2s

Temperature = 20 °C

Sample Charpy Impact Energy
Joutes (J)

158
186
160

134
134

N -

stan-

Therefore the average Charpy impact toughness is 154 J with 2
dard deviation of 21.7 J.

he five
For crack propagation in the through-thickness direction, t

Charpy impact values were as follows:
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i 5.2t Charpy impact values for through-thickness crack growth

Temperature = 20 °C

Specimen Charpy Impact Energy
Joules (J)

The average Charpy Impact Energy is therefore 268 J with a standard
deviation of 25 J.

5.2 Temsile Tests

For the five Hounsfield tensile specimens, in each of orientations
A and B, the tensile test gave no indication of an orfentation ef- .
fect. The results are presented in Table 5.3. The testing condi-

tions were:

+  Room temperature testing = 20 °C
»  Strain rate = 3 x 10-? mn/sec.

«  Specimen configuration 2, = 23.00 mm
dlag=5mm

_ TABLE 5.3: Tensile Test Results for both Orfentatfon A and B

Spec imen Yield Stress | Tensile Stress] Elongation]Reduction in
Orientation | o ) Area
\ y.1.8.
{WPa) (MPa) (%) (%)
. Al 490.5 621.9 22.98 4,00
: A2 490.1 621.5 21.39 65.89
A3 494.0 624.3 23.67 65.43
M 499.1 628.8 21.98 67.74
81 494.0 633.2 22.08 72.96
82 493.0 627.6 23.74 72.75
Pe 83 492.5 624.9 23.66 72.12
v 84 488.9 627.8 a.n 71.91
85 490.9 622.3 22.57 69.53

below as an average (standard

The tensile property values are given
deviation):
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Yield Stress|Vensile Stress{ Elongation Peduction

(4Pa) (MPa) (%) ‘"(:A;e‘
493.4 (4.19)] 624.1 (3.34) |22.51
1 (3. .51 (1.02) | 65.
L9 31.99} 627.1 14.08) |23.16 20.79) e (13
"6 {3.03)] 625.8 (3.86) |22.87 (0.90) | 69.15 {3.48

5:1.3 V.P.N. Herdness Tests

figure 5.1 below shows the forged SAS0B material.

MID-
SECTION

rientations A, B and

FIGURF 5.1: Forged SAS08 steel block showing o

in all three orientations and

Mardness determinations were taken
30 kg toad) are an aver-

the results presented below. The results (
age of ten dgteminations.

1ABLE §.4: Hardness as a Function of Orientation
Or fentation Hardness (VPN)
A 225
B8 23%
C 220
Average 227
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As with the tensile tests, little orientation effec’ was noticed.
The hardness determinations werc carried out along the thickness of
stee! 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 from froat, mid and rear
sections of the SAS08 forged material (block C). An average is
quoted for 311 of the chemical analyses, which also include sample
analyses from other sections f.e. block A and 8.

TABLE 5.5  Chemical amalyses presented as an average of at least 5
determinations. The final column is an average of 25
chemical analyses.

Front sectfon | Mid Section | Rear Saction Am'a?e
(wt%) (wtX) (wt%) (a2

c 0.15 0.16 0.16 0.16
Mn 1.29 1.32 1.33 1.38

P 0.014 0.010 0.011 0.013

S 0.008 0.007 0.006 0.008
Si 0.25 0.24 0.24 0.25
N 0.74 0.74 0.75 0.77
Cu 0.05 0.06 0.06 0.06
Cr 0.24 0.25 0.25 0.26
Mo 0.48 0.49 0.50 0.52

v 0.016 0.012 0.012 0.013
-t 0.029 0.031 0.031 0.029
$n 0.016 0.016 0.016 0.016
|t 0.029 0. 0.022 0.021

5.1.5 Optical Microscopy

P-tallggraphic samples were prepared from each of ortentations A, B
aud 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 general
v microstructure which corresponds to the expected bainitic micro-
structure for this steel. Plate 5.2 shows quite clearly the alter-
nating bands of dark (segregated) and light upper bainite. These
bands clearly correspond to the working direction of the forged

billet,
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PLATE 5.1: General bainitic microstructure

SCALE:  twmneme—st = 200

PLATE 5.2: Dark and light bainitic 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 in some
of the metallographic specimens. These sulphides were, however,
only observed in the dark etching bainite (see Plates 6.3 - 5.5).

P ATE 5.3: MnS stringer i dark bainitic structure

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

PLATE 5.4: MaS stringers and prior austenitic grain boundary
visible




- iat -

PLATE 5.5: Sulpnide stringers and prior austenitic grain bound-
aries (triple point) clearly visible

SCALE:  tmmmemmq = 50 1
S0 im grain size corresponds to an ASTM grain size No. of 6.

From approximately 20 micr.structural fnvestigations it was learnt
that the dark bainitic bands lie fin the orfentaticns shown below
(Fig. 5.2). The sulphide stringe= 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.

6.1.8 Yacroscopy and sulphur priats

Sulphur prints were made from various sections of he block C, pri-
marily to 4etermine the sulpnide orientations and secondly to de-
termine the cleanliness’ of the steel. The results of the tnvesti-
gation simply ‘smplified’ the findings from microstructural obser-
vations. Large -~ctions of the SAS08 material were also etched in
a boiling 20% HU« solution. Regions of the steel were tetched-out’
and these regions cor~esponded to the regions of sulphide inclu-

sfons.
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PLATE 5.5: Sulphide stringers and prior austenitic grain bound-
aries {triple point) clearly visible

SCALE: vt = B0 m
5C um grain size corresponds to an ASTM grain size No. of 6.

From approsimately 20 microstructural investigations it was learnt
that the dark bainitic bands lie in the orie fons shown below
(Fig. 5.2). The sulphide stringer network directions are alsn
shown. This corresponds to the direction of grain flow. Figure
5.3 represents a plan and side view of the forging.

5.1.6 Macrosc and sul ints

Sulphur prints were made from various sections of .no block C, pri-
marily to determine the sulphide orientations ana secondly to de-
termine the ‘cleanliness’ of the steel. The results of the fnvesti-
gation simply 'amplified’ the findings from microstructural obser-
vations. Large sections of the SAS08 material were also etched in
a boiling 20% HC solution. Regions of the steel were retched-out'
and these regions corresponded to the regions of sulphide inclu-

sions.




STRINGER CRIENTATION DIRECTIONS

INSIDE FACE OF
THE P.W.R. VESSEL

FIGURE 5.2: Flow lines and sulphide stringer directions.

PLAN VIEW SIDE VIEW

EMERGENCE OF A
BAND OF SULPHID!
CTRINGERS AT
THE SURFACE
—

(SEE PLATE 5.9)

—~tt———o—w= =DARK AND LIGHT B..“DED STRUCTURE
ORIENTATIONS WITH SULPHIDES
ALIGNED PARALLEL WITH THE BANDS

FIGURE 5.3: Plan and side view of SASO
and flow line orientatinns.

FLOW LINE DIRECTIONS CORRESPONDING TO SULPHiDE

g forging showing sulphide
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! The following plates have been included and Fig. 5.4 shows the re
) gions that were investigated.

SULPHIDES INTERSECT
SURFACE

/ THE NUMBERS CORRESPOND
70 THE RESPECTIVE PLATE
NUMBERS

N

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

the orientation of plate to the main block C.




4 PLATE 5.6:
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This sulphur print shows an edge-on view of the sul-
phide stringers. Note that the sulphides are clustered

together. (Mag. 1 :1)

PLATE 5.7: A cleaner seciion of steel but, still ‘riddled’ with

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




PLATE 5.8: A C.T. specimen side-face showing a more uniform sul-
phide aistribution. (Mag. x 1.3)




PLATE 5.9: Macro etched
section (5 mins)
showing flow Yines
and dark centrail
region.

{Mag. x 1)

PLATE 5.10: Macro etch
(20 mins). Deeply
etched sulphide
region. (Mag. x 1)

PLATE §,11: Macro etch
(2hrs) showing that
suiphides are in
fact stringers which
have amerged 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 2)

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

location, clearly
visible. Note the
clustering of
sulphides.

-

-

-
-

v .
K] <4

view of sulphide's ..-’Q

B D

S




PLATE 5.15: Front section of
block C showing
a more densely
(sulphide) popu
lated inside
surface (A).
(Mag. x 1)

PLATE 6.15 - 5.1/: Show
rough machined surfaces that®
have been etched in boiling
20% HCt. Machining has pur-
posefully resulted ir
scratches rormal to ' sul-
phide stacking direction.

PLATE 5.16: Mid section,
showing that
large clusters
of sulphides ap-
pear throughout
the block of
SAS08 material.
(Mag. 1.4)

PLATE 5.17: Outside section
of block C. Once
again showing a
higher sulphide
concentration at
the block face
(8).
(Mag. x 1)




pLATE 5.15: Front section of
block C showing
a more densely
(sulphide) popu
lated inside
surface (A).
(Mag. x 1)

PLATE 5.15 - 5.17: Show
rough machined surfaces thateee
have been etched in boiling
20% HCL. 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 ihroughout
the block of
SAS08 material.
(Mag. 1.4)

PLATE §.17: Outside section
of block C. Once
again showing 2
higher sulphide
concentration at
the block face
(8).
(Mag. x 1)}
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6.2 Corrosion Fatigue Tests

This section deals with the crack growth behaviour as defined by
the observed crack growth rate (da/dN) as a function of the applied
cyclic stress intensity rarge (). Each test result will be pre.
sented separately and wili include the fractographic features ob-
served during scanning electron microscopy studies. After each set
of results, various single da/dN versus & curves will be combined
to compare the effects of all the testing variables.

A detailed discussion of all the re ults will be included in the
discussion section. On a1l the da/dN versus X curves the ASME XI
(1980) upper bound curves have been superimposed. These curves
represented an upper 1imit on the crack growth rates in air and
P.N.R. environments, at that time.

The fracture surface descriptions include discussions on ductile
striated fracture surfaces.

The definition for the above term is given below.

Ductile Striati

1. Irregular striations.

2. Primary and secondary striations.

3. Deep striations.

4, Secondary cracking.

§. Lack of tear ridges in direction of crack propagat fon.
6. No fan shaped features.

Other fractographic features include environmentally assisted crack
1ted in fan shaped growth

qrowth regions. These areas have resu
originating from inclusions.

AN P.W.R. tests were carried out with a water chemistry analysis

as shown in Table 5.6.
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TABLE 6.6: Water Chemistry for P.W.R. Tests

Conductivity (K} {25 °C) <25 48

ph (25 °C) 6.5 £0.2

0, (25 °C) <10 ppb

F- (25 °C) <40 ppb

ca- (28 °C) <120 ppb

8 (25 °C) 1900 ppm

L (25 °C) 1.6 ppm

H, saturation at 20 °C 5.5 - 21.7 std. cc/kgH 0

h 23

$04 <30 ppb

§.2.1 Air (1) and 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 Fig. 5.7
and it can be seen that decreasing the frequency of testing (in
afr) from 10 Hz to 1 Hr has had no effect on the crack growth rate
of SAS08 C13 steel. Clearly, both curves lie below the ASME X!
(1980) crack growth rate curve for 2 subsurface *law, tested in
alr.

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 in certain regions have inclusions been observed. However,
these inclusions have not Interfered with the crack growth mechan-
ism (1.e. no brittle - fast fracture regions about the inclusions).
However, the crack growth would be affected by the presence of in-
clusions whict, would 'weaken' the matrix in the vicinity of the
Inclusion, since MiS 1s a non-coherent precipitate. The length of
inclusion would lead one to assume that the inciusions are of Type
il {51).  (Plate 5.21 shows an EOAX snalysis of the inclusions.)
Clearly they are Ma$ and Indeed, a.i the inclusions found on the
fracture surfaces (P W.R. environment tests as well) were fgenti-
fied as MnS,

eaces were found to be

In general, the two air test fracture !
he MnS inclusions were

quite clean (i.e. few HnS inclusions) and
found to 1ie normal to the crack gruwth direction.
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TABLE 5.6: Water Chemistry for P.W.R. Tests

Conductivity (K) (25 °C) €25 S

pH (25 °C) 6.5 £ 0.2

0, (25 °C) <10 ppb

F- (25 °C) <40 ppb

ce- (25 °C) <120 2pb

B {25 °C) 1900 1pm

L (28 °C) 1.6 ppen

H, saturation at 20 °C 5.5 - 21.7 std. cc/kgh0
042" <30 ppb

5.2.1 Air (1) and Afr (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 Fig. 5.7
and it can be seen that decreasing the frequency of testing {in
air) from 10 Hz to 1 Hz has kad no eftect on the crack growth rate
of SASO3 C13 steel. Clearly, both curves lie below the ASME X1
(1980) crack growth ra%e curve for 2 subsurface flaw, tested in
air.

As can be expected, both the air tests produced similar fracture
serf 2s. Mates 5.18 - 5.20 show the fracture mode to be ductile
and only in certain regions have inclusions been observed. However,
these inclusions have not interfered with the crack growth mechan-
tam (1.e. no brittie - fast fracture regions about the tnclusions).
However, the crack growth would be affected by the presence of in-
clus’ans which would ‘weaken® the matrix in the vicinity of the
inclusion, since MaS is a non-coherent precipitate, The length of
inclusion would Yead one to as.ume that the tnciusions are of Type
It [51]. (Plate 5.21 shows an EDAX analysis of the inclusions.)
Clearly they are haS and fndeed, all the inclusions found on the
fracture surfaces (P.W.R. environment tests as well) were identi-
fied as MnS.

In general, the two air test racture surfaces were found to be

quite clean (i.e. few WS inclusions) and the #nS inclustons were
found to 1ie normal to the crack growth direction.
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General fra.ture
surface showing
MnS inclusion
sites. (Mag. x 20).
Crack growth is
always from the
bottom of the
Plate to the top.

PLATE 5.18:

PLATE 5.19: 'Broken-up' MnS in-
clusion. Fracture
mode similar before
and after the MnS.

(Mag. x 500)




PLATE 5.20: ™nS stringer region
only affecting crack
growth locally.
(Mag. x 100)

PLATE 5.21: MnS stringer EDAX

analysis showing no
traces of other ele-
ments.




PLATE 5.20: WS stringer region
only affecting crack
growth locally.
(Mag. x 100)

PLATE 5.21: linS stringer EDAX
analysis showing no
traces of other ele-
ments.
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5.2.2 P.M.R.(1a) and P.W.R.(1b) tests

These two tests served as a basis for all the subsequent tests
The da/dN versus XK curves are given in Figs 5.8 and 5.9, and Fig
§.10 shows the above two curves superimposed upon the air test
dats.

Clearly, both P.W.R. environm-nt tests fall well below the ASME
curve for an R-ratio <0.25 and orly for low X values do the curves
e shove the air line data. Ic must be remembered that the ASME
st lines apply to testing at elevated ‘ewperetures (typically
286 °C) n P.W.R. environments. It 1% also !mportant to note that
P.OLR. water shows an effect (elevates da/dN versus X plot with
vespect t¥ air line data) fur 10 Hz tests. As the frequency is de-
cressed "o 1 Hz, the fatigue crack growth rate increases for any
given XK.

$.L.M, fractographs for tesi ® shown in plates 5.22 -
§.26. Reglons of fast crack 2 seen after the inclusion
(plate $.24) and in some cases u. inclustons (plate 5.25).
“Prate 5.24 shows a typical inclusion site which has infiucnced
" crack growth vo to 15 ym after the inclusion. The edge efrect of
“the tnclusion ts .iearly visible.

. Plates 5.27 - 5.30 show the fractographic features found for speci-
mn PR, 1(bj. Clesrly the fracture mode is the same, i.e. duc-

tile striation. Pl.te 5.27 shows 28 broken-up MaS not really af-
~ fecting the crack growth rate (crack growth direction is always
© from the bottcn of tne photo to the top), since reglons between the
fnclusion have failed by 3 ductile striation mechanise.
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