
potential the lower the resistance of the alloy. In the case of three alloy steels
that differed only in copper content it was found that the open-circuit poten-
tial was related to the corrosion rate as assessed by conventional weight
loss.

A relationship was also established between the oxide-reduction time and
time of exposure, and the results for a mild steel and a ICu-BNi weathering
steel were similar to those obtained by mass loss. The authors give various
expressions that relate oxide-reduction time (min) with corrosion rate
(mm/y), and claim that a short exposure to a laboratory SO2 atmosphere
followed by determining the E vs. time and oxide-reduction time provides a
rapid method of evaluating weathering steels.

lntergranular Attack of Cr-Ni-Fe Alloys

Early in the history of stainless steels it was recognised that they were highly
susceptible to intergranular attack resulting from the precipitation of Cr-Fe
carbides with the consequent depletion in the chromium content at grain
boundaries when the alloy was heated in a specific range of temperature (see
Sections 1.3, 3.3 and 9.5). It was necessary, therefore, to develop methods
of testing that would detect susceptibility to intergranular attack as influ-
enced by variations in processing and/or composition. As will be seen, most
reagents used for these tests are highly aggressive, and it is important to note
that an alloy found to be susceptible during testing will not necessarily be
attacked intergranularly under the milder environmental conditions that
may prevail in service.

Brown188 has pointed out that Du Pont use evaluation tests for (a) as-
received unstabilised alloys containing more than 0-03% C to check the
effectiveness of the final heat treatment and (b) stabilised or special low-
carbon grades after a sensitising treatment (1 h at 6770C) to determine
whether susceptibility might develop during a subsequent welding operation.

Intergranular corrosion of Fe-Ni-Cr alloys has been the subject of a com-
prehensive review by Cowan and Tedmon189 who summarised the various
tests used for determining susceptibility (Table 19.3). Of these tests,
Nos. 1-5, which are regarded as reliable test procedures by the ASTM, have
been incorporated into ASTM A262:1986 'Recommended Practice for
Detecting Susceptibility to Intergranular Attack in Stainless Steel' as follows:

Practice A —10% oxalic acid, electrolytic etching at ambient
temperatures

Practice B-Boiling 50% H2SO4 + 2SgT 1 Fe2(SO4J3
Practice C-Boiling HNO3
Practice D-10% HNO3 + 3% HF at 7O0C
Practice £-Boiling 16wt.% H2SO4 H- 5-7% CuSO4 + metallic copper

It should be noted that although ASTM A262:1986 provides details of
test procedures no information is given on typical corrosion rates or accep-
table limits for various heat-treated alloys, which are regarded as outside the
province of a specification that describes test procedures. Table 19.4, taken
from a paper by Brown188, shows the maximum acceptable evaluation test
rates specified by the Du Pont Company for various alloys tested by the acid



Species selectively
attacked

Potential range
(V vs. S.H.E.)Quantitative measureTest procedureUsual solution

compositionRef.Test name

1. Chromium-depleted
areas

2. a-phase
3. Chromium carbide
1. Chromium-depleted

areas
2. a-phase in some

alloys
Chromium-depleted

area

Various carbides

1. Chromium-depleted
areas

2. Not for a-phase
3. Used only for

Mo-bearing steels

1. Alloy-depleted area
2. Not for a-phase

Solute segregation to
grain boundaries

-I- 0-99 to + 1-20

+ 0-7 to 4- 0-9

-I- 0-30 to -I- 0-58

+ 1-70 to -I- 2-00 or
greater

Corrosion potential of
304 steel = -I- O- 14
to +0-54

(c) Redox potential
= +0-32

(b) Corrosion potential
= -0-2 ± 0-1

(a) Redox potential
= +1-37

(b) Corrosion potential
of 304 steel =
+ 1-21

Average mass loss per
unit area of five
testing periods

Mass loss per unit area

1 . Appearance of
sample upon
bending

2. Electrical resistivity
change

3. Change in tensile
properties

1 . Geometry of attack
on polished surface
at x 250 or x 500

Comparison of ratio
of mass loss of
laboratory annealed
and as-received
samples of same
material

1 . Appearance of
sample after
bending around
mandril

2. Mass loss per unit
area

1 . Mass loss per unit
area

2. Electrical resistivity
3. Metallographic

examination

Five 48 h exposures to
boiling solution;
refreshed after
period

120 h exposure to
boiling solution

72 h exposure to
boiling solution

Anodically etched at
1 A/cm2 for 1-5 min

4 h exposure to 7O0C
solution

24 h in boiling solution

Boiling with solution
renewed every 2-4 h
for up to 100 h

65wt.% HNO3

50 wt. Vo H2SO4 +
25 g/1 ferric sulphate

16wt.% H2SO4 +
100 g/1 CuSO4
(-1- metallic copper)

100 g H2C2O4 -2H2O
-I- 900ml H2O

10% HNO3 -I- 3% HF

10% HCl

5 N H2SO4 + 0-5 N
KCr2O7

t

tt

t§

t

1

1

Il

1 . Nitric acid test

2. Acid ferric
sulphate (Streicher)
test

3. Acid copper
sulphate test

4. Oxalic acid etch

5. Nitric-hydrofluoric
acid test

6. Hydrochloric acid
test

7. Nitric acid Cr6+
test

§ ASTM A 262: 1986
1D. Warren, ASTM Bulletin No. 230, 45 56 (1958).
||J. S. Armijo, Corrosion, 24 1968).

* Data after Cowan and Tedmon l89

t ASTM A262:1986 and Practice G28-1985
JM. A. Streicher, ASTM Bulletin No. 229, 77-86 (1958) G28-1985.



Table 19.4 Maximum acceptable evaluation test rates specified
by Du Pont for services where susceptible material would be

intergranularly attacked*

Type Condition Max. corrosion
rate mm/y

120 h acid Fe2(SO4)3 test (ASTM A-262, Practice B)
304
304L
316
316L
317L
CF-8
CF-8M

304
304L
304L
309S
316
347
CF-8
CF-8M

As received
20min at 6770C
As received
20minat 6770C
20minat 6770C
As received
As received

•22
•22
•22
•22
•22
•22
•22

240 h HNO3 test (ASTM A-262, Practice C)
As received
20 min at 6770C
1 h at 6770C
As received
As received
1 h at 677 C
As received
As received

0-457
0-305
0-610
0-305
0-457
0-610
0-610
0-762

* Data after Brown188.

ferric sulphate test and by the Huey test. It should be noted that evalua-
tion tests are specified by Du Pont when it is known or suspected that the
environmental conditions in service are conducive to intergranular attack of
susceptible material.

The reagents used in Practice B to E all have a high redox potential and
Cowan and Tedmon189 have presented schematic £"-log / curves (Fig. 19.15)
showing the range of potentials of the various tests and the relative rates of
attack on the matrix (Fe- 18Cr- 10Ni) and the chromium-depleted alloy at the
grains boundaries, which has been assumed for this purpose to have a com-
position Fe-I OCr- 10Ni, in a hot reducing acid. Although this diagram cannot
show the effect of alloy composition, nature of test solution, conditions of
test, etc. on intergranular attack, it serves to illustrate the electrochemical
principles involved in the test procedures, all of which are based on reagents
that attack the intergranular sensitised areas at a higher rate than the matrix;
this may lead to the dislodgement of whole grains with a consequent high
mass loss.

Boiling HNO3 Test

This test, which is frequently referred to as the Huey test, was first described
and used by W. R. Huey190 in 1930, and since that time it has had wide
application, particularly in the USA. The test consists of exposing the speci-
mens (20-30 cm2) in fresh boiling 65% HNO3 (constant boiling mixture) for
five successive periods of 48 h each under a reflux condenser. The specimens
are cleaned and weighed after each period, and the corrosion rate (as a rate
of penetration) is calculated for each period of test and for the average over
the five periods; corrosion rates are expressed as mm/y. The reason for the



Current density ( j jA/cm2)

Fig. 19.15 Schematic representation of range of corrosion potentials expected from various
chemical tests for sensitisation in relation to the anodic dissolution kinetics of the matrix
(Fe-18Cr-10Ni stainless steel) and grain boundary alloy (assumed to be Fe-I OCr-10Ni) owing
to depletion of Cr by precipitation of Cr carbides of a sensitised steel in a hot reducing acid

(after Cowan and Tedmon189)

above procedure is due to the fact that Cr(vi) ions, produced from the oxida-
tion of Cr2+ and Cr3+ by the HNO3, if allowed to accumulate in the HNO3
markedly increase its aggressiveness so that severe intergranular attack with
grain dislodgement can occur even with solution-annealed steel free from
precipitated carbides; hence the necessity for the periodic changing of the
solution and for a minimum ratio of solution volume to area of specimen (at
least 20ml HNO3/cm2 of stainless steel). Brown188 points out that during a
normal test the Cr(vi) content will not reach a level where an acceleration in
rate occurs unless the specimen is in the sensitised condition, and under
these circumstances the presence of Cr(vi) is an advantage in discriminating
between sensitised and unsensitised material.

Maximum corrosion rates used by Du Pont for various alloys are given
in Table 19.4, and most users of the test consider average corrosion rates
of 0-46-0-61 mm/y and 0-76 mm/y to represent the upper limits for satis-
factory resistance for wrought austenitic alloys and cast austenitic alloys,
respectively. Streicher153 considers that if the corrosion rate for each period
increases over that for the previous period the alloy is susceptible.

The mechanism of the corrosion reaction is not clear, particularly in view
of the changes in composition of the HNO3 that take place during the 48 h
period of the test. Streicher153 reports that the corrosion potential of the
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steel ranges from 1 -OO to 1 -20 V (vs. S.H.E.) during the test owing to the
accumulation of Cr(vi), and it can be seen from Fig. 19.15 that the sensi-
tised areas will have a higher corrosion rate than the matrix throughout this
potential range, although they will become similar at the higher potentials.
The high corrosion rates obtained in the test are due partly to intergranular
attack and partly to the undermining and dislodgement of grains.

Stainless steels and Ni-base alloys containing Mo, such as type 316L
(0-03% C max.) and Hastelloy C, are found to give very high corrosion
rates in the HNO3 test even when they are immune to intergranular attack
when subjected to other tests that reveal sensitisation due to chromium-
depleted zones; furthermore, such alloys even after being subjected to a
sensitising heat-treatment do not give rise to intergranular attack in most
conditions of service. This high corrosion rate is considered to be due to the
formation of a submicroscopic a-phase, and although positive proof is not
available its presence is substantiated by the fact that th$ phase becomes
identifiable after longer periods at the sensitising temperatures, although in
this form it has little effect on the corrosion rate. It would appear that the
<j-phase dissolves rapidly during the HNO3 test, and since it has a high
chromium content the solution becomes enriched in Cr(vi) with a conse-
quent increase in the corrosion rate of the alloy. It follows that the test is
unsuitable for evaluating the behaviour of stainless steels that may pre-
cipitate a-phase, unless the alloy is to be used in service for nitric acid plant.

Henthorne191, in considering the corrosion testing of weldments, points
out that the test will also give high rates due to (a) end-grain attack, which
is particularly prevalent in resulphurised or heavily cold-worked material
and (b) dissolution of Ti(C, N) such as occurs in Type 527 weldments and
leads to knife-line attack. Since most service conditions do not cause attack
on the alloy in these conditions the test can be misleading.

Thus, under the circumstances already outlined, the test can be mis-
leadingly severe, but it is particularly valuable for evaluating alloys for use
in HNO3 or in other strongly oxidising acid solutions to ensure that they
have received the correct heat treatment and have an appropriate composi-
tion, i.e. a low carbon content or the correct ratio of (Ti or Nb)XC.

Boiling H2SO* + CuSO4 Tests

The use of boiling H2SO4 -I- CuSO4 for detecting intergranular sensitivity
was first described by Strauss, etal.192 in 1930, and is frequently referred to
as the Strauss test, although the conditions of the test have been modified;
whereas the Huey test is most widely used in the USA the Strauss test has
been the preferred test in Europe. The test is mild compared to the Huey test
and intergranular attack takes place with little grain dislodgement.

The use of metallic copper chips placed in contact with the steel to speed
up the test and thus decrease the time of testing was first described by
Rocha193, and subsequent work by Streicher157 showed that its presence
significantly increased the rate of intergranular attack even when it was not
in contact with the steel. Approximate mass losses for a sensitised Type 376
stainless steel during a 24Oh testing in boiling H2SO4 + CuSO4 are as
follows:



No metallic Cu present O-1 g dm 2

Metallic Cu present, but not in contact with the steel 1 -Og dm~2

Metallic Cu in contact with steel 4-Og dm~2

As used in Germany the composition of the solution is 110 g CuSO4 • 5H2O,
100ml H2SO4 (s.g. 1-84) and 1 / of water, the test being conducted for
168 h in the boiling solution. The ASTM Tentative Procedure A393-63T
specified a similar composition containing 100 g CuSO4-SH2O, 100ml
H2SO4 (s.g. 1 • 84) with water added to make a total volume of 1 /. The test
time was 72 h, and with the high carbon contents of the earlier steels this was
adequate for detecting susceptibility. However, with the decrease in the
carbon contents of stainless steels a more prolonged boiling time was found
to be necessary, and Scharfstein and Eisenbrown194 showed that a Type 304
stainless steel containing O • 068% C would pass the 72 h Struss test even after
a sensitising treatment of up to 4 h at 6770C. For this reason A393-63T has
been discontinued and in ASTM A262:1986 Practice E9 the specimens are
placed in contact with metallic copper chips to increase the rate of inter-
granular attack153'188. This test is of comparable sensitivity to the other
tests, and is far more discriminating than the older tentative standard;
furthermore, it is more severe so that the testing time is decreased from 72
to 24 h. This test has been incorporated in the international standard ISO
3651-2:1976.

Figure 19.15 shows that the corrosion potential of stainless steel in the
H2SO4 + CuSO4 test lies in the range 0-30-0-58 V, and that whereas the
corrosion rate of the unsensitised alloy is approximately 10"* /iA cm"2,
that of the sensitised material is 10 ̂ tA cm ~2; for heavily sensitised material
the ratio of rates189 of sensitisedrunsensitised alloy may be as high as 105:1.
This large difference in rates leads to rapid attack, which is confined to the
depleted zone having a thickness of the order of 1 ̂ m, and under these
circumstances there will be little grain dislodgement. Thus, the mass change
will be so small that it cannot be used as a criterion of susceptibility. For
this reason assessment of intergranular attack is normally carried out
(ASTM 262 Practice E) by bending the specimen around a mandrel through
180° and inspecting the bend surface for cracks. Measurements of changes
in electrical resistivity151 and in ultimate tensile strength195 are used as
quantitative methods of assessment, but according to Ebling and Scheil196

they are not as discriminating as the qualitative bend test.
The H2SO4-CuSO4 test, unlike the Huey test, is specific for susceptibility

due to chromium depletion and is unaffected by the presence of submicro-
scopic a-phase in stainless steels containing molybdenum or carbide sta-
bilisers. It can be used, therefore, with confidence to test susceptibility in
austenic (300 series) and ferritic (400 series) stainless steels and in duplex
austeno-ferritic stainless steels such as Types 329 and 326.

The mechanism of the action of metallic copper was investigated by
Streicher153 who determined the potential of a Type 314 stainless steel, the
redox potential of the solution (as indicated by a platinised-Pt electrode)
and the potential of the copper. The actual measurements were made with
a saturated calomel electrode, but the results reported below are with refer-
ence to S.H.E. In the absence of copper the corrosion potential of the
stainless steel was 0-58 V, whereas the potential of the Pt electrode was



approximately 0-77 V. When metallic copper was introduced into the solu-
tion (not in contact with the steel) both the corrosion potential of the steel
and that of the Pt electrode attained the same more negative potential of
0-37 V, the copper attaining a steady value of 0-3OV. Finally, when the
stainless steel was placed in contact with the copper it took up a more
negative potential of 0-30 V, the potential of the copper being unaffected.
These potentials have been interpreted by Streicher and have been expressed
in E-I diagrams (Fig. 19.16) showing how the corrosion potential and the
corrosion rate varies with conditions of the test. Introduction of metallic
copper into the solution results in the disproportionation reaction

Cu + Cu2+ -> 2Cu +

and the accumulation of the Cu+ ions in the solution produces a decrease in
the polarisation of the local anodes on the stainless steel, which are polarised
to the redox potential of the solution (Fig. 19.166). Contact of copper with
the stainless steel results in a further decrease in the corrosion potential of
the stainless steel to that of copper, indicating that cathodic polarisation
of the steel has occurred since the steel is the cathode of the stainless steel/
copper bimetallic couple. There is simultaneously a reduction in the anodic
polarisation of the susceptible grain boundaries, and a consequent increase
in the corrosion rate (Fig. 19.16c). Thus, contact of the steel with the copper
results in intergranular attack of the steel at constant potential, the copper
acting in the same way as a potentiostat.

The Huey test is widely used in the USA whilst the H2SO4-CuSO4 test is
preferred in the UK, with an increasing tendency to use the metallic copper
variant. The H2SO4-CuSO4-Cu test procedure is given in BS 5903:1980
(1987).

Fig. 19.16 Schematic E-I diagrams of local cell action on stainless steel in CuSO4 +
H2SO4 solution showing the effect of metallic copper on corrosion rate. C and A are the open-
circuit potentials of the local cathodic and anodic areas and / is the corrosion current. The
electrode potentials of a platinised-platinum electrode and metallic copper immersed in the
same solution as the stainless steel are indicated by arrows, (a) represents the corrosion of
stainless steel in CuSO4 -I- H2 SO4, (b) the rate when copper is introduced into the acid, but is
not in contact with the steel, and (c) the rate when copper is in contact with the stainless steel

(after Streicher153)



HNO3-HF Test

This test was first described by Warren197 in 1958, and consists of two 2h
periods in 10% HNO3 + 3% HF solution at 7O0C using fresh solution for
each period. The test is therefore more rapid than the others, and it is specific
for chromium depletion by carbide precipitation since it is unaffected by the
submicroscopic a-phase formed in molybdenum-bearing steels; as described
in A262.-1986 its use is confined to Types 316, 316L9 317 and 317L stainless
steels188. Since the corrosion rates of stainless steels in the acid are high and
vary greatly from test to test, it is necessary to run two tests and to compare
the corrosion rates of the specimen to be evaluated ('as received' for Types
316 and 377 and in the sensitised condition for Types 316L and 377L) and
another laboratory-annealed specimen of the same alloy shown to be free
from precipitated carbides by the step structure produced after electrolytic
etching in oxalic acid. Intergranular attack is assessed by the rate of penetra-
tion evaluated from the mass loss, and if the mass loss of the specimen to
be evaluated is greater than 1 - 5 times that of the standard, the former is con-
sidered to be susceptible.

The solution has a low redox potential and the corrosion potentials for
austenitic stainless steels will be in the range O-14-0* 54 V, according to com-
position. Thus it can be seen from Fig. 19.15 that all but the highest
chromium steels will be in the active region, so that the test relies on vigorous
corrosion of the grain boundary zones whilst the matrix remains somewhat
passive and corrodes at a slower rate189. Although the test gives constant
and reliable results it has not been used widely for routine evaluations for
the following reasons: (a) the need to use a ratio of two test rates, (b) incon-
venience of handling solution containing HF and (c) the availability of the
H2SO4 + Fe2(SO4)3 test.

H2SO4 + Fe2(SO4J3 Test (Stretcher Test)

This was described in 1959 by Streicher153, and consists of one period of
exposure to a boiling solution of 50 mass% H2SO4 + 25 g I"1 Fe2(SO4)3 for
12Oh, assessment being based on mass loss (see Table 19.4). Streicher,
however, usually reports a ratio of mass loss of sample to be assessed/weight
loss of annealed sample (g dm~2), and as for the HNO3-HF test considers
that a ratio > 1 -5-2-0 indicates susceptibility; for Type 304 Streicher con-
siders a rate > 0-76mm/y to indicate susceptibility, but Brown considers a
higher figure to be acceptable (see Table 19.4)

Accumulation of corrosion products does not stimulate attack so that
several specimens may be tested in the same solution, but additional
Fe2(SO4)3 may have to be added (or the solution changed) if there is con-
siderable attack on severely sensitised specimens, as is indicated by a colour
change of the solution from brown to dark green.

The redox potential of the solution is that of the Fe3+XFe2+ equilibrium
and lies within the range 0-80-0-85 V (vs. S.H.E.). The high weight loss
of susceptible alloys is due to undermining and grain dislodgement at the
sensitised zones, which occurs at about twice the rate of that in the Huey
test. Another difference is that whereas in the Huey test corrosion products



[Cr(VI)] increase the rate by raising the potential of the alloy into the trans-
passive region, the converse applies in the acid (Fe2(SO4)3 test, since reduc-
tion of Fe3+ to Fe2+ during the test will result in a decrease in the redox
potential and the whole sample will corrode with hydrogen evolution.

According to Cowan and Tedmon189 the test can selectively attack some
types of a-phase. Those of Types 327 and 347 are readily attacked, whereas
the molybdenum-bearing a-phase of Type 316 is unattacked. The test will
also show Hastelloys and Inconels to be susceptible to intergranular attack
when there are either chromium- (or molybdenum-) depleted grain bounda-
ries or grain-boundary a-phase present. Ferritic (200 series) and austenoferri-
tic stainless steels can also be tested for chromium-depletion sensitisation in
this reagent, but whether a-phases formed in these alloys affect the test has
not been established.

In conclusion it must be emphasised again that all the tests used are
accelerated tests and only provide information on susceptibility to inter-
granular attack under the precise test conditions prevailing. They are quality
control tests that may be used to demonstrate either that heat treatment has
been carried out adequately or that a steel will withstand the test for a certain
sensitising heat treatment.

Electrolytic Oxalic Acid Etching Test

This test, which was developed by Streicher153, is used as a preliminary
screening test to be used in conjunction with the more tedious testing pro-
cedures such as the boiling HNO3 test. The specimens are polished (3/0 grit
paper) and then anodically polarised for l -5min at 1 A cm"2 at room
temperature in a solution prepared by dissolving 10Og of H2C2O4-IH2O in
900ml of distilled water. The surface is then examined at about X 500
magnification and the structure is classified as 'step', 'ditch' or 'dual' (both
'step' and 'ditch'). If the surface shows a 'step' structure it is immune to
intergranular attack and no further testing is necessary; if the structure is
'ditch', further testing by the Huey test or some other chemical test is neces-
sary; if 'dual' further testing may be necessary. Thus the test, by identifying

Fig. 19.17 'Ditch' and 'step' structures (after Streicher153)

Step structure

'Ditch' structure



structures that are immune to intergranular attack, eliminates unnecessary
testing, although where a 'ditch' (or possibly a 'dual' structure) is obtained,
final confirmation by the Huey test is essential. Figure 19.17 shows diagram-
matically the 'ditch' and 'step' structures, and Fig. 19.18 photomicrographs
of these structures and a 'dual' structure198.

The test operates at a potential above 2-00 V (vs. S.H.E.), and the 'ditch'
structure obtained with sensitised alloys must be due, therefore, to the high
rate of dissolution of the sensitised areas as compared with the matrix. The
'step' structure is due to the different rates of dissolution of different crystal
planes, and the 'dual' structure is obtained when chromium carbides are
present at grain boundaries, but not as a continuous network.

Electrochemical Tests

The difficulties associated with the ASTM Recommended Methods for
Detecting Susceptibility to Intergranular Attack in Austenitic Stainless

Fig. 19.18 Micrographs of (a) a 'step'
structure, (b) a 'ditch* structure and (c) a
'dual' structure (after Streicher153 and

Cowan and Tedmon189)



Steels' (A262-1986) are that the methods are destructive and qualitative
in nature. Early attempts to develop quantitative, non-destructive electro-
chemical techniques to detect sensitisation by Clerbois etal.199 employed
potentiostatic techniques and it was observed that sensitised 18-8 stainless
steel when anodically polarised potentiostatically in l -0moldm~3 H2SO4
gave rise to a secondary active peak in the range O-14-0-24 V (vs. S.H.E.)
that was not present in the curve for the annealed alloys. This observation
was criticised by France and Greene200, who consider that the active peak
is due to the dissolution of Ni that had accumulated at the surface during
active dissolution at lower potentials. Clerbois, etal.m also noted that if
a sensitised sample is held at O-14 V in l -0moldm~3 H2SO4 for 24h and
then bent around a mandrel, it fissures and cracks, and it can be seen from
Fig. 19.15 that at this potential the chromium-depleted grain boundary will
corrode actively, whereas the matrix will be passive. The potentiostatic test
using cracking to detect suceptibility is thus analogous to the acid-copper
sulphate test.

France and Greene200 proposed that it should be possible to predict ser-
vice performance by potentiostatic studies of steels in the environments
encountered in practice coupled with metallographic examination of the
surfaces. They argued that many environments do not selectively attack
the grain boundaries of sensitised stainless steels so that the use of costly pre-
ventative measures is unnecessary. Since the intergranular attack of auste-
nitic stainless steels occurs only in limited potential regions it should be
possible to predict service performance providing these regions are precisely
characterised.

In their studies, specimens of different sensitised steels were held at
various constant potentials in different concentrations of the acid under
study at various temperatures and the surfaces were then examined metallo-
graphically for intergranular attack. Data obtained in this way enabled
^-concentration of acid diagrams to be produced showing the zones of
general corrosion, fine intergranular corrosion and coarse intergranular
corrosion for a given sensitised stainless steel in a given acid at various
constant temperatures (Fig. 19.19).

Streicher201, however, considered this approach to be unsound and
pointed out that the short duration of the potentiostatic studies carried out
by France and Greene cannot be used to predict long-term behaviour in ser-
vice. The prolonged dialogue between these workers202'203 was well sum-
marised in the review article by Cowan and Tedmon189 who concluded that
these particular potentiostatic tests cannot be regarded as accelerated tests
for service environments and that predicting future industrial service for
periods longer than the test is not advisable.

EPR Test

The electrochemical potentiokinetic reactivation (EPR) test was proposed
by Cihal etal.204 and developed by Novak and others205"207 as a fast, quan-
titative and non-destructive technique for establishing the degree of sensi-
tisation of austenitic stainless steels.

The test is accomplished by a potentiodynamic sweep from the passive



Normality of H2S(X

Fig. 19.19 Intergranular corrosion plot for a sensitised cast CF-8 stainless steel (0-08% C
max., 8-1 IVo Ni, 18-21Vo Cr) in H2 SO4 at 4O0C as a function of potential and concentration

of acid (after France and Greene200)

to the active regions of electrochemical potential (a process referred to as
reactivation) for a given alloy in a specific electrolyte, during which the
amount of current resulting from the corrosion of the chromium-depleted
regions surrounding the precipitated chromium carbide particles is mea-
sured. In a sensitised microstructure, the bulk of these particles is located at
the grain boundaries and are particularly susceptible to corrosion in oxidis-
ing acids. Proposed national and international standards on EPR testing
specify 0-5 M H2SO4 + 0.01 M KSCN at 3O0C as the EPR test environment
for sensitised austenitic stainless steels.

Three different forms of EPR test can be employed, designated as the
single loop, double loop and reactivation ratio methods in Figure 19.20.

Single Loop EPR Test The single loop method requires the sample to be
polished to a 1 ̂ m finish then passivated at +20OmV (S.C.E.) for 2min
following which the potential is decreased at 1-67 mV s"1 until the corro-
sion potential of approximately —400 mV (S.C.E.) is reached. The reactiva-
tion process results in the preferential breakdown of the passive film in the
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Fig. 19.20 Schematics of reactivation polarisation curves, (a) Single loop EPR test method,
(b) double loop EPR test method and (c) reactivation ratio EPR test method

chromium-depleted grain boundaries of sensitised material and an increase
in the current through the cell. The area under the E vs. log / curve
(Fig. 19.2Oa) is proportional to the electric charge, Q9 measured during the
reactivation process. On non-sensitised materials, the current density during
the reactivation step is very low because the passive film remains essentially
intact. A measure of the degree of sensitisation is obtained by calculating the
normalised charge, P3, where:
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P3(C cm-2) = Q/A

where Q = integrated charge during the reactivation scan, and A = grain
boundary area (5-1 x 10~3expO-35G, where G is the ASTM grain size at
10OX magnification).

Pitting caused by the dissolution of non-metallic inclusions can increase
the P3 value. Consequently, the microstructures of specimens with a high P3

value must be examined to identify the source of the elevated value. In
general, P3 values below O-10 are characteristic of unsensitised microstruc-
tures, while sensitisation is indicated if P3 exceeds 0-4. Single loop tests
are sensitive to mild degrees of sensitisation but do not readily distinguish
between medium and severely sensitised materials.

Double Loop EPR Test Details of this procedure are given in Japanese
Industrial Standard JIS G 0580 (1986). The sample is ground to a 100 grit
finish then placed in the test solution for about 2 min to establish the rest
potential (about -40OmV (S.C.E.) for AISI Types 304 and 304L stainless
steel).

The sequence of polarisation steps is shown in Figure 19.206. The sur-
face is first polarised anodically from the corrosion potential to + 30OmV
(S.C.E.) at a rate of 1 -67 mV s"1. As soon as this potential is reached, the
scanning direction is reversed and the potential is decreased at the same rate
to the corrosion potential. The ratio of the maximum current in the reactiva-
tion loop, /r, to that in the larger anodic loop, /3, is used as a measure of
the degree of sensitisation.

Reactivation Ratio EPR Test (Fig. 19.2Oc) This is a simpler and more rapid
method than the single or double loop tests, and depends on the fact that
the value of /a determined during the anodic scan of a double loop test
(which produces general dissolution without intergranular attack on sensi-
tised material) is essentially the same for all AISI Type 304 and 304L steels.

The specimen is ground to a 100 grit finish then, after 2 min at the corro-
sion potential (about —400 mV (S.C.E.)), it is conditioned by a 2 min treat-
ment at —230 mV (S.C.E.) in order to eliminate the need for polishing prior
to the reactivation procedure. Passivation is then accomplished at -1-200 mV
(S.C.E.) for 2 min after which the specimen is reactivated by scanning back
to the corrosion potential at 1-67 mV/s. During this reactivation scan, the
maximum current, /r, is measured and is divided by the surface area as an
indication of the degree of sensitisation.

EPR Tests for Ferritic Stainless Steels

Lee208 has demonstrated that in slightly modified forms the single loop EPR
test can be used to quantify the degree of sensitisation in ferritic stainless
steels. For AISI Types 430, 430Ti, 430Nb and 446 stainless steels, the test
consists of passivating the specimen in deaerated 3 N H2SO4 solution at
3O0C at +40OmV (S.C.E.) for 10 min, followed by reactivation at a scan
rate of 25OmV min-1. The EPR test for AISI Type 434 stainless steel
requires a reactivating scan rate of 15OmV min'1 (the other test conditions
remaining unchanged). For AISI Type 444 stainless steel, the test is



conducted in deaerated 5 N H2SO4 solution at 3O0C and involves passiva-
tion at 4-400 mV (S.C.E.) for two min followed by reactivation at a scan rate
of 10OmV min'1.

Crevice Corrosion and Pitting

Crevice corrosion and pitting have been dealt with in some detail in Section
1.6, and it is not appropriate here to discuss the nature of the phenomena
nor the methods that have been used to determine the mechanisms of these
forms of localised attack. However, it should be noted that many of the
methods of testing follow directly from the concepts that have been dis-
cussed in Section 1.6, and in particular the potentials Eb (the critical pitting
potential) and Ep (the protection potential) have been investigated by a
number of workers as possible criteria for the resistance of metals and alloys
to pitting and crevice corrosion in service. It should also be noted that since
crevice corrosion and pitting have similar mechanisms, and since the
presence of a crevice is conducive to pitting of alloys that have a propensity,
to this form of attack, it is appropriate to consider them under the same
heading.

In general, the tests may be classified as follows:

1. Laboratory tests in which the specimen is immersed in a solution con-
ducive to pitting such as an acidified FeCl3 solution (redox potential
above the critical pitting potential Eb).

2. Laboratory tests in which the specimen is anodically polarised in a
chloride-containing solution to evaluate Eb and Ep.

3. Field tests in which the specimen (with or without a crevice) is exposed
to the environment that it will encounter in service.

As far as tests for crevice corrosion are concerned all that is required is a
geometrical configuration that simulates a crevice, which may be achieved in
a variety of ways using either the metal itself or the metal and a non-metallic
material. Figure 1.49 (Section 1.6) shows the testing arrangement used by
Streicher209 to study the crevice corrosion of Cr-Ni-Fe alloys, in which two
plastics cylinders are held on the two opposite faces of a sheet metal speci-
men by two rubber bands, thus providing three different types of crevice
in duplicate. A simple method of testing for crevice corrosion produced by
contact with different materials is to use a horizontal strip of the metal under
study and place on its upper surface at intervals small piles of sand, small
piles of sludge, pieces of gasket material, rubber, etc. More precise crevices
can be produced by bolting together two discs of the metal, which are
machined on the facing surfaces so that there is a flat central portion fol-
lowed by a taper to the periphery of the disc, the flat central portion pro-
viding a very fine crevice and the tapered portion a coarser one210.

Figure 19.21 shows the types of crevices used by Wilde211 for studying
crevice corrosion and pitting of Cr-Ni-Fe alloys in the laboratory and in
the field. Types 1 and 5 were used for anodic polarisation studies in nitrogen-
saturated 1 mol dm"3 NaCl and in aerated 3-5 mass% NaCl, respectively,
and it can be seen that attachment to the conducting lead is by means of
a Stern-Makrides pressure gasket; Types 3 and 4 were used for field tests



Fig. 19.21 Various types of crevices used for investigating crevice corrosion of Cr-Ni-Fe
alloys (after Wilde211)

The value of electrochemical evaluation of the critical pitting potential as
a rapid method of determining pitting propensity is controversial. France
and Greene212 studied the pitting of a ferritic steel (Type 430) using a con-
trolled potential test in 1 mol dm"3 NaCl and a conventional immersion test
in oxygen-saturated 1 moldm~3NaCl, but found that at the same potential
(-0-17 to 0-09 V vs. S.C.E.) the corrosion rates were 390 and 5-2mm/y,
respectively. Similar studies were carried out on Zr using O-5 mol dm~3

H2SO4-I- 1 mol dm"3NaCl for the controlled potential test and O-5 mol
dm"3 H2SO4 + FeCl3 -6H2O for the immersion test, and again the former
gave a much higher corrosion rate than the latter. France and Greene con-
clude that these two types of test give rise to significantly different results
under identical test conditions. To explain the results obtained with the
ferritic stainless steel they pointed out that during the controlled potential
test the anodic reaction occurs at the metal's surface whereas the inter-
dependent cathodic reaction takes place at the counter-electrode. Under
these circumstances the M2+ ions produced anodically result in increased
migration of Cl" to maintain electroneutrality, and this in turn results in a
higher concentration of Cl" at the metal/solution interface with conse-
quent increase in the rate of pitting. A similar situation does not arise during
the immersion test where the anodic and cathodic sites are in close proximity
and charge balance is maintained without migration of Cl" from the bulk
solution (see Fig. 19.39, Section 19.2).

Potentiostatic tests213"215 have been used and Wilde and Williams213 in
potentiokinetic studies of the critical breakdown potential of stainless steels
(Types 430 and 304) in 1 -O mol dm"3 NaCl, showed that the nature of the
gas used to purge the solution has a pronounced effect on the value of Eb

in sea-water for periods up to 4y years; Type 2 was used for laboratory
studies in which the specimens were immersed in acidified FeCl3 (108g I"1

FeCl3-6H2O with the pH adjusted to 0-9 with HCl).
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Table 19.5 Variation in £b(V) for stainless steels in 1 -O mol dm~3

NaCl at 250C with nature of dissolved gas (Eb vs. S. C. E.)*

Gas

Hydrogen
Nitrogen
Argon
Oxygen

Type 430 stainless steel

-0-185
-0-130
-0-100
-0-035

Type 304 stainless steel

-0-050
-0-020
-1-0 -050
+0-065

* Data after Wilde and Williams 2> 3

(Table 19.5). In particular, they have established that the presence of
dissolved O2 enhances passivity thus causing Eb to become more positive,
and consider that this explains the failure of France and Greene to obtain
accord between controlled potential tests in hydrogen-saturated chloride
solutions and immersion tests in oxygenated chloride solutions at the same
potentials.

Wilde and Williams213 have used the redox system Fe(CN)3 -/Fe(CN) J-
in 0-1 mol dm"3 for their immersion tests, which for Type 403 stainless
steel gives a corrosion potential of —0- 100 V (vs S. C. E.); selection of this
system was based on the premise that being large anions they would be
less likely than dissolved O2 to be involved in the adsorption processes
that stabilise the passive state. Pitting occurred within 60s, and equivalent
tests on the same alloy conducted potentiostatically at — O- 1 V (vs. S. C. E.)
in hydrogen-saturated 1 -O mol dm ~3 NaCl gave similar results. They con-
clude that these two tests give comparable results, but that extreme cau-
tion must be used in utilising Eb as an index of pitting, since its value is
dependent upon environmental variables and in particular the nature of
the dissolved gas in the corrodent. Wilde and Williams216 have also shown
that the critical pitting potential can be used to predict the behaviour of
alloys exposed for long periods to sea-water or to industrial chemical
environments.

In a subsequent paper Wilde211 pointed out that although Eb is quali-
tatively related to resistance of a material to breakdown of passivity and pit
initiation, it is of questionable value in predicting performance when crevices
are present. Wilde found that although the Fe 30Cr-3Mo alloy appeared to
indicate total immunity to breakdown when tested anodically in 1 mol dm"3

NaCl and in the freely corroding condition in 10% FeCl3, it pitted within
the crevice when an artificial crevice was present. Exposure in sea-water
for a 16 month period showed that AISI Types 304 and 316 stainless steels
and the Fe-BOCr-SMo alloy all pitted to the same extent when a crevice
was present, although the former two alloys are considered to be less resis-
tant to pitting than the Fe-30Cr-3Mo alloy. Pourbaix, etal. have defined
the protection potential E^ (see Section 1.6) as the potential below which
no pits can initiate and pre-existing pits cannot propagate, since they are
passive at that potential. However, Wilde using cyclic potentiodynamic
sweeps at varying sweep rates has established that Ep is not a unique para-
meter and that it varies in a semi-logarithmic manner with the extent of
localised attack produced during the anodic polarisation, i.e. /^-logCextent
of pit propagation) is linear. Thus at a sweep rate of 10V h"1, Ep was
found to be -0-290 V (vs. S.C.E.) whilst it fell to a more negative value of



-0-410 V at the slower sweep rate of 1 V h !. This was explained by Wilde
as being due to the chemical changes that occur in the growing pit by hydro-
lysis of corrosion products and by the increased migration of Cl~ ions.
Since Ep is a variable that depends upon experimental procedures it cannot
be used on its own as a criterion for protection against the propagation of
pre-existing pits or crevices in an engineering structure. Wilde considers that
a more useful parameter appears to be the 'difference potential' (Eb-EJ9
which is used as a rough measure of the hysteresis loop area produced during
the cyclic determination of Eb and Ep. The area of the hysteresis loop
obtained in a potentiodynamic sweep using a specimen with an artificial
crevice provides a measure of the resistance to crevice corrosion in service,
i.e. the greater the area the lower the resistance. Figure 19.22 shows the linear
relationship between the 'difference potential' and the mass losses of various
stainless alloys containing an artificial crevice that have been exposed to sea-
water for 4 j years.

Mass loss (mg/cm2)

Fig. 19.22 Linear correlation between difference potential and the mass loss obtained for
various stainless alloys containing a crevice, and after exposure to sea-water for 4j years

(after Wilde211)

The above considerations show that although considerable advances have
been made in developing laboratory controlled potential tests for evaluating
crevice corrosion and pitting, the results must be interpreted with caution.

Guidance on crevice corrosion testing of iron-base and nickel-base stain-
less alloys in sea-water and other chloride-containing aqueous environments
is given in ASTM G78:1989, while ASTM G61:1986 provides a standard test
method for conducting cyclic potentiodynamic polarisation measurements
for localised corrosion susceptibility (i.e. pitting and crevice corrosion) of
iron-, nickel-, and cobalt-based alloys. Guidance on the selection of proce-
dures for the identification and examination of pitting corrosion to deter-
mine the extent of its effect is available in G46:1976 (R1986).
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Impingement Tests/Erosion Corrosion

The method most commonly used for testing condenser materials is the
BNFMRA May jet impingement test217 in which small sections of tube,
abraded to a standard finish, are immersed in sea-water and subjected to
an underwater jet of sea-water containing air bubbles. However, at high
velocities cavitation can occur in the water box in this test. An alternative
design has been described to overcome this218. Resistance to impingement
attack is also assessed by the Brownsdon and Bannister test219 in which
a stream of air bubbles is directed onto the surface of the test specimens
immersed in sea-water or sodium chloride solution. Special tests for resis-
tance to corrosion under localised heat transfer conditions (hot-spot cor-
rosion) have been described by Breckon and Gilbert220 and by Bern and
Campbell221, but temperature effects are usually ignored when comparing
condenser tube materials.

Campbell222 points out that in evaluating condenser tube materials a test
apparatus is required that will include all the principal hazards likely to be
encountered in service and should thus cater for the following conditions:
impingement, slow moving water, heat transfer and shielded areas. Further-
more, the internal surfaces should not be abraded, as in the jet impingement
test, but should be tested in the 'as-manufactured' condition, particularly in
view of the deleterious effect of carbon films produced during manufacture
(see Sections 1.6 and 4.2). LaQue has pointed out the importance of speci-
men area in impingement tests223.

The general arrangement of the apparatus is shown in Fig. 19.23. It
accommodates 10 vertical 200 mm lengths of condenser tube spaced equally
around a 125mm diameter circle. Water enters the bottom of each tube
through an inlet nozzle (Part No. 6 in Fig. 19.23) which fits inside the tube
and also locates it. The nozzle has a 5 mm diameter blind hole up the centre
connecting with a 2-4mm diameter hole, set at 45° to the vertical, through
which the water emerges at a velocity of 10 m s"1 to impinge on the wall of
the tube. The water then rises up through the tube at a mean velocity of
O-1 m s"1 (in a 22-24 mm dia. condenser tube) and leaves through an outlet
nozzle (Part No. 1) fitted into the top end of the tube. Half the length of
each outlet nozzle has a 2° taper on the outside to provide a reproducible
annular crevice between it and the inside of the condenser tube. Neoprene
'O'-rings (Part No. 3) provide seals between the tube and the top and bottom
nozzles, and the tubes are held in place by a common clamping plate (Part
No. 2) at, the top. The 10 inlet nozzles are fed with water through a dis-
tributor (Parts Nos. 7, 8 and 15) of the design used in the May jet impinge-
ment apparatus, which ensures equal distribution of water between them.
The distributor and nozzles are all of non-metallic materials. The part of
each test piece between 40 and 65 mm from the top is fine-machined exter-
nally to fit a semi-circular notch in a 15 mm thick brass heater block (Part
No. 4), the tubes being held in contact with the block by a circumferential
clip to ensure efficient and equal heat transfer between the block and each
tube. The diameter of the inlet and outlet nozzles and that of the semi-
circular notches in the heater block are made to suit the size of condenser
tube to be tested.



Fig. 19.23 Campbell test apparatus for determining the various forms of attack that
condenser-tube materials are subjected to in service (after Campbell222)

The common heater block shown in Fig. 19.23 can itself be subject to
corrosion leading to different heat transfer conditions for different tubes,
and in some later versions of the apparatus individual short heating jackets
are used for each tube, which are heated with oil from either a steam-heated
or electrically heated heat exchanger. This modification not only avoids
corrosion problems but also obviates the necessity to machine a length of
the outside of each tube to fit the semi-circular notches in the single heater
block. The oil flow is adjusted to give an oil temperature of 950C at each
outlet.
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The test usually lasts 8 weeks, after which the tubes are sectioned longi-
tudinally and their interiors inspected for accumulated deposits. Loose
deposits are then removed by washing in water and the internal surfaces are
examined for impingement attack, pitting and blistering or flaking of the
corrosion-product film, using a low-power binocular microscope. After
cleaning the section in 10% H2SO4, the depth of impingement attack, pit-
ting or other localised corrosion, is determined. Observations and mea-
surements are recorded for each of the following five areas of the section:
(a) impingement area opposite the inlet nozzle where water velocity and tur-
bulence are greatest, (b) the slow-moving cold water area from the impinge-
ment area upwards to the heated area, (c) the heated area including the
heat-transfer area itself and the warm water area above and (rf) the two
annular crevices formed between the tapered portions of the cold-water inlet
and warm-water outlet nozzles and the tube wall.

The Campbell apparatus is cheap to construct and easy to use, and can be
installed on site to assist the selection of condenser or heat-exchanger tube
materials, or to monitor changes in the corrosivity of the cooling water. The
information that it provides on the various forms of attack is more com-
prehensive than that of any other existing apparatus for corrosion testing
condenser tubes, and it is therefore particularly suitable also for assessing
new materials or the effect of surface conditions arising from changes in
manufacture.

Impingement and erosion-corrosion forms of attack will usually be inten-
sified by the presence of solid particles in the fluid. Variations of the jet test
have been proposed to take this effect into account224.

Test equipment for the study of erosion-corrosion by liquids with sand
content, as met in formation waters in oil and gas production, has been
described by Kohley and Heitz225.

Corrosion Fatigue

The simultaneous action of alternating stresses and corrosion usually has
a greater effect than when either is operating separately, and in this respect
corrosion fatigue is analogous to stress-corrosion cracking. The important
factors in corrosion fatigue (see Section 8.6) include the following:

1. environmental conditions;
2. magnitude of the alternating stress;
3. magnitude of mean stress.
4. frequency of reversal of the stress.
5. load-versus-time waveform;
6. characteristics of the metal.

Depending on the intended purpose, corrosion fatigue tests can be con-
ducted on smooth, notched or pre-cracked specimens as well as on compo-
nents and parts joined by welding. Because of the time-dependent nature of
corrosion processes, it is essential that the mechanical variables employed
during corrosion fatigue testing, including cyclic frequency and load-versus-
time waveform, as well as the chemical and electrochemical conditions, are
relevant to the intended application. For example, it is unlikely that data
generated in a laboratory test at a frequency of 10 Hz would be applicable



for predicting corrosion fatigue behaviour in a structure which is cycled at
O - I H z .

Laboratory corrosion fatigue tests can be classified as either cycles to
failure (crack initiation) or crack propagation tests226. Cycles to failure tests
employ plain or notched specimens to provide data on the intrinsic corrosion
fatigue crack initiation behaviour of a metal or alloy. Crack propagation
tests use pre-cracked specimens to provide information on the threshold con-
ditions for the propagation of pre-existing defects by corrosion fatigue and
on the rates of corrosion fatigue crack growth.

It is often difficult to conduct laboratory tests in which both the environ-
mental and stressing conditions approximate to those encountered in service.
This applies particularly to the corrosive conditions, since it is necessary to
find a means of applying cyclic stresses that will also permit maintenance
around the stressed areas of a corrosive environment in which the factors
that influence the initiation and growth of corrosion fatigue cracks may be
controlled. Among these factors are electrolyte species and concentration,
temperature, pressure, pH, flow rate, dissolved oxygen content and potential
(free corrosion potential or applied).

For tests on plain or notched specimens, a simple approach can be to use
a conventional Wohler rotating cantilever beam modified so as to permit
the specimen to be brought into contact with the corrodent. This may be
achieved by surrounding the specimen with a cell through which the cor-
rosive solution is circulated or by applying it by a pad227, wick228 or drip
feed229. Four-point loading or push-pull machines can be used in a similar
way, and have the advantage over the Wohler machine when testing plain
specimens that the length of the test-piece between the two points of loading
is subjected to an approximately uniform stress.

Rawdon230 used flat specimens that were subjected to repeated flexure
while they were being immersed periodically in the corrosive solution.
Kenyon231 used a rotating wire specimen in the form of a loop, the upper
part of which was attached to the motor whilst the lower part of the loop
passed through the corrodent, and a somewhat similar device was devel-
oped by Haigh-Robertson and used in several studies232'233. Gough and
Sopwith234'235 used this machine in their studies, the corrodent being
applied as a spray.

Figure 19.24 shows a slow fatigue machine236 that has been developed to
study the performance of welded butt and fillet joints for steels used in the
construction of North Sea oil drilling-rigs; the bending stress and frequency
have been selected to simulate the forces produced by the wave motion. The
specimens, 1500 x 100 x 12-5 mm with the weld 25 cm from the base, are
clamped at the lower end and the stress is applied as a variable bending
moment at the upper end by rams. The rams, which are attached to a sliding
frame, are activated by a pneumatic cylinder that can be automatically pro-
grammed for stroke and frequency and the stress level is monitored by strain
gauges. The maximum amplitude of stress is 150mm, the stress range is up
to 300 MN m~2 and the frequency can be varied from 1 cycle/2 s to 1 cycle/
20 s. The corrodent is artificial sea-water, and provision is made for studying
the effect of cathodic protection by means of Zn anodes.

Hoeppner237 pointed out that until the early 1970s, most investigators
conducted fatigue tests utilising rotating bending, flat plate bending or



Fig. 19.24 (a) Rig for a laboratory study of the corrosion fatigue of welded joints in sea-water
and (b) view of test-pieces showing welded joint (after Jarman et 0/.236)



torsion-type loading configurations, which have the disadvantage that tests
at positive or negative mean-stress values are difficult to achieve. In addi-
tion, the rotating bending and flat-plate-bending tests create complex stress
states upon crack initiation, e.g. a shifting neutral axis. For these reasons,
axial load fatigue machines, as recommended by the ASTM Committee E9,
are preferred.

The results obtained from the tests described above are presented in the
form of the conventional S-N curve, where S is the stress and N the num-
ber of cycles to cause fracture. Curves of this type are obtained for the
metal in air and for the metal in the corrodent, and comparison provides
information on the effect of the corrosive environment on the fatigue life.
Hoeppner points out that even though the S-TV curve for either notched or
unnotched specimens may be useful for certain applications it cannot always
be employed to evaluate the effect of the environment on the fatigue life.
This is because in some materials the inherent metallurgical and fabrication
discontinuities, which may be undetectable by non-destructive testing will be
so large that the only factor of engineering significance will be the rate of pro-
pagation of a crack from the initial defect, i.e. the fatigue-crack propagation
rate may play the dominant role in the useful life of the component. For this
reason it is important to conduct fatigue crack growth tests on pre-cracked
specimens, and the data are then presented in the form of curves showing
crack growth rate, do/d/V, vs. stress intensity factor range, A/f.

The NACE publication Corrosion Fatigue231 gives a comprehensive
account of all aspects of the subject, and in this work a review of the applica-
tion of fracture mechanics for studying the phenomenon has been presented
by McEvily and Wei238, whilst Kitagawa239 has given a detailed account of
crack propagation in unnotched steel specimens. This work should be con-
sulted for details of testing and interpretation of results.

Special requirements for fatigue testing in aqueous environments are
addressed in the Annexe to ASTM E647:1986a 'Standard Test Method for
Measurement of Fatigue Crack Growth Rates'.

Ca vitation—erosion

The phenomenon and mechanisms of cavitation-erosion have been con-
sidered in Section 8.8 and here it is only necessary to consider laboratory test
methods that have been designed to simulate conditions that prevail in prac-
tice and which may be used to evaluate the performance of materials.

In considering these tests it should be remembered that the phenomenon
of cavitation-erosion is often accompained by corrosion effects and that a
synergistic effect may operate between the mechanically and chemically
induced forms of attack. In fact the term cavitation-erosion-corrosion may
often be more applicable in describing the requirements of a test procedure.
The subject has recently been discussed by Wood etal.240.

The methods used have been classified by Lichtman, etal.241 as follows:

1. High-velocity flow.
(a) Venturi tubes.
(b) Rotating discs.
(c) Ducts containing specimens in throat sections.



2. High-frequency vibratory devices.
(a) Magnetostriction devices.
(b) Piezoelectric devices.

3. Impinging jet.
(a) Rotating specimens pass through continuous, stationary jets or

droplets.
(b) Stationary specimens exposed to high-speed jet or droplet impact.

All tests are designed to provide high erosion rates on small specimens
so that the test can be conducted in a reasonable time, and although vibra-
tory and high-velocity jet methods may not simulate flow conditions they
give rise to high-intensity erosion and can be used, therefore, for screening
materials.

The essential component of many high-velocity flow rigs is a Venturi-type
section in which cavitation occurs in the low-pressure high-velocity region
created by the Venturi throat. Typical of this type is the double-weir arrange-
ment used by Schroter242, but since this technique requires very large
volumes of water it is not readily adaptable to laboratory use. Hobbs243 and
others have used a uniform-area rectangular-cross-section duct in which a
cylinder of small diameter is inserted; cavitation occurs in the wake of the
cylinder, which may be used as the test specimen or the specimen may be set
in the side wall of the duct near the cylinder. The cavitation intensity will be
dependent on the configuration of the test section and the velocity, pressure,
temperature, viscosity, surface tension, corrosivity, gas content and density
of the liquid.

Devices in which cavitation is achieved by vibrating a test specimen at
high frequencies are often used. The original apparatus was developed by
Gaines244, and was adapted for cavitation-erosion studies by Hunsaker
and Peters as described in the paper by Kerr245 it has been used also by
Beeching246, Rheingans247 and Leith, etal.24S. In this method cavitation is
produced by attaching the specimen to the vibrating source or by means
of a partially immersed probe vibrating axially at a high velocity and low
amplitude and placed close to the test specimen. Although originally
magnetostriction oscillators were used244 these have now been largely super-
seded by piezoelectric oscillators, which are more efficient. The apparatus
consists basically of a conventional ultrasonic generator, a piezoelectric
transducer and a resonating horn or probe, and the majority of tests are
carried out at a frequency of 20 kHz.

Originally the test specimen was fastened to the end of the ultrasonic
probe, and this is still specified in ASTM D2939-71 which describes a method
of testing aluminium in antifreeze solution. However, this arrangement
also subjects the test-piece to high alternating stresses as a result of the high
accelerations associated with vibration at ultrasonic frequencies, which may
be overcome by using a stationary test-piece and locating it immediately
below a dummy tip placed on the end of the ultrasonic probe.

Vibratory test apparatuses are relatively cheap to build and run, and have
low power consumption, while flow rigs are bulky, expensive to build and
run, and have high power consumptions but have the advantage that they
simulate more closely practical conditions of hydrodynamic cavitation. On
the other hand, the damage rate is higher in the vibratory tests than in the



flow test, although whether this is advantageous depends on the objectives
of the test. A further criticism of the vibratory test is that the mechanical
component is over-emphasised in relation to the effect produced by corro-
sion. For this reason Plesset249 uses a technique in which cavitation is inter-
mittent with short bursts of vibration followed by longer static periods,
which significantly increases the erosion rate of materials with poor corro-
sion resistance but has little effect on materials with good corrosion resis-
tance. Tests of this type have distinguished readily between materials having
the same hardness but different resistances to corrosion, and between cor-
rosive and non-corrosive solutions.

Figure 19.25 shows an apparatus for studying cavitation-corrosion using
the magnetostriction principle for vibration. A nickel tube is made the core
of a magnetic field tuned to the natural frequency of the tube assembly,
and since nickel changes its length as it is magnetised and demagnetised it
will vibrate with the frequency of the magnetising current. The specimen
under test vibrates with the nickel tube, and a commonly used frequency is
6 500 Hz with an amplitude of 0-008-0-009 cm. Damage is increased by the
amplitude of vibration, and the more resistant the material the greater the
amplitude to achieve substantial attack. Increase in temperature decreases
damage by increasing the vapour pressure within the cavitation bubbles,
thus reducing the force of their collapse, but in opposition to this effect is
the increased damage resulting from the lower solubility of gases which
cushion the collapse of the cavitation bubbles. Consequently, under many
circumstances damage reaches a maximum at a test temperature of about
46-520C.
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Fig. 19.25 Vibratory cavitation-erosion test using magnetostriction



Assessment of cavitation-erosion is based on mass loss and the results are
expressed as curves showing cumulative mass (or volume) loss vs. the time
of the test. Eisenberg, etal.250 have expressed the cumulative mass loss plot
on the basis of the rate vs. time curve as follows:

1. Incubation zone (little or no mass loss).
2. Accumulation zone (increasing rate to a maximum).
3. Attenuation zone (decreasing loss rate to a steady-state value).
4. Steady-state zone (loss rate at a constant value).

It has been proposed that evaluation of the resistance of materials, or the
study of experimental variables, should be based on the results obtained for
the attenuation zone. Other methods of assessment have been proposed by
Hobbs251, and by Plesset and Devine252.

Examples of various vibratory test procedures for studying cavitation-
erosion of metals in inhibited engine coolants have been given in an ASTM
Special Technical Publication253'255.

Fretting Corrosion

The deterioration of surfaces that occurs when parts supposedly tightly fitted
together nevertheless move slightly relative to each other in some sort of
cycle under load is called fretting corrosion (see Section 8.7). With ferrous
materials the characteristic corrosion product is a finely divided cocoa-
coloured oxide. The general state of knowledge of the subject was reviewed
in a symposium on fretting corrosion held by the ASTM in 1952256 and
more recently by Waterhouse257'258.

Several techniques for reproducing fretting corrosion have been used.
All involve some means for controlling contact pressure, and for achieving
and measuring small-amplitude cyclic motion or slip between the contact-
ing surfaces; some control of the environment, particularly moisture which
has a considerable effect on the extent of damage, is also desirable. Fink259

used an Amsler wear machine. Another early series of tests on fretting cor-
rosion arose from a study of the bottom bearings of electricity meters by
Shotter260. Tomlinson, Thorpe and Gough261 adapted a Haigh alternating-
stress machine by which annular specimens were pressed together under load
while being subjected to vibration to achieve the required slip. These
investigators also used apparatus in which a specimen having a spherical sur-
face was moved cyclically through a small amplitude while in contact under
load with a plane surface. A further modification involved an upper speci-
men machined to provide an annulus which was oscillated under load in
contact with a lower plane specimen. A similar technique was used by
Wright262. The area of damage was measured optically and the maximum
depth of damage was calculated by carefully lapping the lower surface and
determining the change in mass. In addition, the amount of oxidised debris
was determined chemically.

Uhlig, Tierney and McClellan263 measured fretting damage by mass loss
of recessed 25-4 mm diameter steel cylinders subjected to radial oscillating
motion. The specimens were loaded pneumatically, frequency was varied,



and slip was adjusted up to 0-020 mm. Mass loss was determined after debris
had been removed by pickling the specimens in inhibited acid.

McDowell264 used a set-up which took advantage of the elastic modulus
of one of the test materials to provide a definite deflection subject to con-
trol. A rotating-beam fatigue-testing machine was used to produce an
alternating compressive and tensile deflection on the surface of the rotat-
ing specimen. A sliding specimen slipped back and forth on the rotat-
ing specimen as the outer fibres were strained alternately in tension and
compression in proportion to the extent of deflection of the rotating
specimen.

Horger256 undertook rotating-beam fatigue tests of press-fitted assem-
blies using specimens as large as 305 mm diameter shafts.

Warlow-Davies265 used a technique in which specimens were subjected to
fretting corrosion and then tested in fatigue to show the effect of fretting
damage in lowering resistance to fatigue.

Herbeck and Strohecker256 used machines designed particularly for
comparing the merits of lubricants in preventing fretting corrosion of anti-
friction bearings. One provided for both oscillating conditions and combina-
tion radial and thrust loads to simulate service. Another was concerned
primarily with thrust bearings and correlated satisfactorily with the radial
load tester.

An interesting approach involved microscopic observation of fretting cor-
rosion; a glass slide mounted on the stage of a microscope was used for the
bearing surface which pressed against a spherical specimen being vibrated by
a solenoid266.

Other testing machines and techniques have been described by Gray and
Jenny267 Villemeur268, Wright269'270, Barwell and Wright271, Field and
Waters272, and Waterhouse273.

Corrosion Testing in Liquid Metals and Fused Salts*

Liquid metals have high heat capacities and heat transfer coefficients, and
these and other properties make them attractive as coolants for high-
temperature nuclear reactors and as heat-transfer and working fluids in
power-generation systems that operate in conjunction with nuclear reac-
tors. However, austenitic cladding and ferritic structural steels can suffer
rapid corrosion when exposed to liquid metals at high temperatures (e.g. in
liquid sodium at temperatures above 60O0C or in liquid Pb-17at%-Li eutec-
tic alloy at temperatures above 50O0C). Similar corrosion processes affect
numerous solid/liquid metal systems, including molybdenum in liquid
sodium or lithium, stainless steel in liquid aluminium, platinum in liquid
sodium and carbon steel in liquid zinc.

Corrosion by liquid metals is usually controlled by diffusion processes in
the solid and liquid phases and, unlike aqueous corrosion, does not generally
involve galvanic effects, and, even where electrochemical phenomena are
known to occur, it has not, in general, been demonstrated that they have
been responsible for a significant portion of the corrosion observed274. In

*See also section 2.10.
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