
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.



fused salts, there is evidence that electrochemical factors are involved275'276.
Nevertheless, the corrosion process in relation to liquid metals and fused
salts may conveniently be considered under one of the following processes
which do not directly include electrochemical factors: 1. chemical reaction;
2. simple solution; 3. mass transfer; 4. impurity reactions. Several of the
above processes may be involved in a single corrosion reaction, but for
simplicity they will be treated separately.

Chemical reaction This involves the formation of distinct compounds by
reaction between the solid metal and the fused metal or salt. If such com-
pounds form an adherent, continuous layer at the interface they tend to
inhibit continuation of the reaction. If, however, they are non-adherent
or soluble in the molten phase, no protection will be offered. In some
instances, the compounds form in the matrix of the alloy, for example as
grain-boundary intermetallic compound, and result in harmful liquid metal
embrittlement (LME) although no corrosion loss can be observed.

Simple solution The liquid phase may simply dissolve the solid metal or the
liquid may go into solid solution with the metal to form a new phase. In some
instances, only a single constituent of an alloy will dissolve in the liquid
phase; in this case, a network of voids extending into the metal will result,
with obvious deleterious effects.

Mass transfer This phenomenon manifests itself as the physical transport
of a metal from one portion of the system to another, and may occur when
there is an alloy compositional difference or a temperature gradient between
parts of the unit joined by the flowing liquid phase. An exceedingly small
solubility of the metal component or corrosion product in the molten metal
or salt appears sufficient to permit mass transfer to proceed at a fairly rapid
pace.

Impurity reactions Small amounts of impurities in the liquid phase or on
the surface of the solid metal may result in the initiation of attack or in
increased severity of attack by one of the mechanisms just outlined.

In general, it is fair to state that one of the major difficulties in interpreting,
and consequently in establishing definitive tests of, corrosion phenomena in
fused metal or salt environments is the large influence of very small, and
therefore not easily controlled, variations in solubility, impurity concentra-
tion, temperature gradient, etc.277. For example, the solubility of iron in
liquid mercury is of the order of 5 X 10~5 at 6490C, and static tests show
iron and steel to be practically unaltered by exposure to mercury. Never-
theless, in mercury boiler service, severe operating difficulties were encoun-
tered owing to the mass transfer of iron from the hot to the cold portions
of the unit. Another minute variation was found substantially to alleviate
the problem: the presence of lOppm of titanium in the mercury reduced
the rate of attack to an inappreciable value at 65O0C; as little as 1 ppm of
titanium was similarly effective at 4540C278.

In the case of the alkali metals, impurities such as oxygen and carbon
can have a significant effect on the corrosion of steel and refractory metals.



Borgstedt and Frees279 have shown that for the corrosion of both stabilised
and unstabilised austenitic stainless steels in flowing liquid sodium at 70O0C
there is an almost linear dependence of the corrosion constant, &, on the
oxygen content of the sodium, as follows:

log k = - 5-6637 + 0-919 log [O] .. .(19.17)

where k is in mgcm~2h~1 and [O] is in ppm). Barker etal.2*0 have demon-
strated that oxygen exerts a similarly deleterious effect on the corrosion of
AISI Type 316 austenitic stainless steel in liquid Pb-17Li eutectic by increas-
ing the depth of the ferritic corrosion layer and the extent of chromium
depletion within the layer.

The effect of carbon on the corrosion of stainless steels in liquid sodium
depends upon the test conditions and the composition of the steels279.
Stabilised stainless steels tend to pick up carbon from sodium, leading to a
degree of carburisation which corresponds to the carbon activity in the liquid
metal. Conversely, unstabilised stainless steels suffer slight decarburisation
when exposed to very pure sodium. The decarburisation may promote corro-
sion in the surface region of the material281 and, under creep rupture condi-
tions, can lead to cavity formation at the grain boundaries and decreased
strength.

Testing

As in all corrosion testing, the procedure which most nearly duplicates the
conditions anticipated in service will provide the most satisfactory and useful
information for those aspects of corrosion under consideration here. In fact,
in view of the extraordinary sensitivity of fused metal and salt corrosion
phenomena to minute variations in operating conditions and purity of com-
ponents, as already discussed, failure to reproduce these conditions with
considerable accuracy may well make any test results completely unrealistic
and worthless. In all of the following, then, it should be understood, if not
explicitly stated, that all extraneous matter must be carefully excluded from
the system and that only materials closely simulating those to be employed
in service (including prior history and surface preparation of the metals)
should be used. Other factors affecting the corrosion in liquid metals and
fused salts include the heat flux of the corroding surface, the volume of liquid
to the surface area of the solid, the heat flux of the corroding surface and
the liquid flow rate. If, however, screening tests to establish the compatibility
of a relatively large number of metals with a given molten metal or salt are
to be run, it is often useful to commence with static tests even though the
ultimate application involves a dynamic system. This is desirable because
static tests are comparatively simple to conduct and interpret, and con-
siderably more economical to operate, and because experience has shown
that a metal which fails a static test is not likely to survive the more severe
dynamic test282. Static tests have been used by Grabner etal.2*3 to inves-
tigate the compatibility of metals and alloys in liquid Pb-Li eutectic at
temperatures up to 65O0C.

Static Tests Ideally, a static test would consist of immersing a test sample
in the liquid medium held in an inert container under isothermal conditions.



Tests in mercury, for example, may be contained in glass at temperatures
of several hundred degrees284. Unfortunately, at the higher temperatures
and with the aggressive metals and salts of interest there are few readily
available inert container materials, and results will often vary according to
the nature of the container. The most satisfactory solution is to make the
container of the same material as the test sample, or even in some cases to
let it be the sample. Klueh used small capsules for determining the effect of
oxygen on the compatibility of Nb and Ta with sodium285 and potassium286.
For the Nb-K tests the Nb specimen was approximately 2-5 x 1 - 4 x 0 - 1 cm
and was contained in a Nb capsule surrounded by another capsule of welded
Type 304 stainless steel. It was demonstrated that the oxygen concentra-
tion, added as K2O, markedly increased the solubility of the Nb in the
molten K. DiStefano287 studied the interaction of Type 316 stainless steel
with Nb (or Nb-IZr) in Na and Na-K by exposing tensile specimens of Nb
(Nb-IZr) to the liquid metal in a stainless steel container. Carbon and
nitrogen from the stainless steel were transferred to the Nb resulting in
carbide-nitride at the surface and diffusion of nitrogen into the metal, thus
producing an increase in tensile strength and a decrease in ductility. Close
control of temperature is also essential if reproducible results are to be
obtained, because of differential solubility as a function of temperature. For
example, the corrosion rate for Cu-Bi at 500 ± 5 • O0C is several times its rate
at 500 ± O-50C288.

Refluxing capsules In systems where a liquid metal is used as the work-
ing fluid, the liquid is converted to vapour in one part of the system whilst
the converse takes place in another, and the effect of a boiling-condensing
metal on the container materials is most readily studied in a refluxing cap-
sule. DiStefano and De Van289 used a system in which the lower part of the
capsule was surrounded by a heating coil whilst the upper part was water
cooled. Specimens were inserted in the upper part of the capsule and thus
exposed to the condensing vapour, the rate of condensation being controlled
by the water flow rate.

When close control of purity is essential it may be necessary to assemble
the test specimens in a dry box under an inert atmosphere and to weld the
containers shut under inert gas or vacuum before placing on test. With some
environments even the small amount of oxygen and moisture adsorbed on
the component surfaces will significantly affect the test results. In one labora-
tory this problem was eliminated by maintaining within the dry box a con-
tainer of molten sodium at 25O0C282-a rather cumbersome procedure, but
one which emphasises again the importance of purity.

Static test results may be evaluated by measurement of change of mass or
section thickness, but metallographic and X-ray examination to determine
the nature and extent of attack are of greater value because difficulty can
be encountered in removing adherent layers of solidified corrodent from
the surface of the specimen on completion of the exposure, particularly
where irregular attack has occurred. Changes in the corrodent, ascertained
by chemical analysis, are often of considerable value also. In view of the
low solubility of many construction materials in liquid metals and salts,
changes in mass or section thickness should be evaluated cautiously. A
limited volume of liquid metal could become saturated early in the test
and the reaction would thus be stifled when only a small corrosion loss



has occurred, whereas with a larger volume the reaction would continue to
destruction288'290.

Dynamic Tests Various tests have been devised to study the effects of
dynamic conditions and one of the simplest tests is to use a closed capsule
that contains a sample at each end and is partially filled with the liquid metal
or salt291. A temperature gradient is maintained over the length of the tube,
and the capsule is rocked slowly so that the liquid metal passes from one
end to the other. After the test, the extent of mass transfer is determined
from the two specimens placed at each end of the capsule. Tests of this
type are useful to establish whether thermal-gradient mass transfer (or
concentration-gradient mass transfer if dissimilar metals are incorporated
in the system) will occur, but although the method is useful for screening
purposes, the dynamic nature of the heating and cooling cycles prevents a
rigorous analysis of mass transfer in terms of time and temperature.

High velocity effects can also be studied in spin tests using cylindrical
specimens of the solid metal and rotating them at high velocities in an
isothermal-metal bath. Although strictly speaking only a single alloy should
be tested at a time, it is generally satisfactory to include a variety of alloys
since the velocity effects become manifest at considerably shorter times than
does mass transfer.

Kassner292 used a rotating disc, for which the hydrodynamic conditions
are well defined, to study the dissolution kinetics of Type 304 stainless steel
in liquid Bi-Sn eutectic. He established a temperature and velocity depen-
dence of the dissolution rate that was consistent with liquid diffusion control
with a transition to reaction control at 86O0C when the speed of the disc was
increased. The rotating disc technique has also been used to investigate the
corrosion stability of both alloy and stainless steels in molten iron sulphide
and a copper/65 % calcium melt at 122O0C293. The dissolution rate of the
steels tested was two orders of magnitude higher in the molten sulphide than
in the metal melt.

Loop Tests Loop test installations vary widely in size and complexity,
but they may be divided into two major categories: (a) thermal-convection
loops; and (b) forced-convection loops. In both types, the liquid medium
flows through a continuous loop or harp mounted vertically, one leg being
heated whilst the other is cooled to maintain a constant temperature across
the system. In the former type, flow is induced by thermal convection, and
the flow rate is dependent on the relative heights of the heated and cooled
sections, on the temperature gradient and on the physical properties of the
liquid. The principle of the thermal convective loop is illustrated in
Fig. 19.26. This method was used by De Van and Sessions294 to study mass
transfer of niobium-based alloys in flowing lithium, and by De Van and
Jansen295 to determine the transport rates of nitrogen and carbon between
vanadium alloys and stainless steels in liquid sodium.

The thermal-convection loops are limited to flow velocities up to about
6cm s"1. Where higher velocities are required, the liquid must be pumped,
either mechanically or electromagnetically; the latter is usually preferred as
it avoids the problem of leakage at the pump seal. Basically, these forced-
convection systems295"298 consist of (a) a hot leg, where the liquid metal is



Fig. 19.26 Loop test for studying the corrosion produced by molten metals or salts

heated to the maximum temperature, (b) an economiser or regenerative heat
exchanger and (c) a cold leg, where the liquid is cooled to its minimum
temperature. The economiser consists of concentric tubes with the hotter
liquid flowing through the inner tube whilst the cooler liquid flows in the
opposite direction through the annulus between the two tubes, thus mini-
mising power requirements. The material under test may be used for con-
structing all parts of the loop, and the loop is then destructively examined
after a given period of test. However, this is costly and it is now usual prac-
tice to use the loop as a permanent testing facility and to test specimens
that are generally placed in the hot leg. Assessment of corrosion is based
on changes in weight, dimensions, composition, mechanical properties and
microstructure.

The final stage in a testing programme is the design, construction and
testing of loops that simulate the type of system for which data are required.

Because sodium, which is liquid between about 10O0C and 8810C, has
excellent properties as a heat-transfer medium, with a viscosity comparable
with that of water and superior heat conductivity299, much attention has
been paid to liquid sodium corrosion testing of metal and alloys. Indeed,
ASTM have issued a Standard Practice which can be used for determination
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of the corrosion of ferrous alloys, austenitic stainless steels, high nickel
alloys and refractory metals in pumped flowing sodium (ASTM G68:1980).
This includes guidance on the monitoring and control of impurity levels
in liquid sodium. The oxygen content of the liquid sodium can be mea-
sured continuously by an electrochemical oxygen meter300. Similar electro-
chemical sensors have been used to monitor the carbon content of liquid
sodium301 and the oxygen content of liquid Li-ITBi eutectic302. The purity
of the liquid metal can be maintained by means of a cold trap through which
a small part of the flow is continuously bypassed, the purity level being deter-
mined by the temperature of the trap. The ASTM Standard Practice gives
the following relationship between the cold trap temperature and oxygen
content of the liquid sodium:

log10C(ppm oxygen) = 7-0058 - 2820/r (K) .. .(19.18)

and recommends that the oxygen level of liquid sodium be lowered to
2 • 85 ppm or less, corresponding to a cold trap temperature of about 15O0C.
Borgstedt and Frees279 found that a cold trap operating at 1250C further
reduced the oxygen content of liquid sodium to 1-2 ppm and acted as a
sink for carbon, reducing the level of this element to about 0-01 ppm. The
maintenance of low impurity levels in the liquid metal is facilitated if the
inert cover gas in the expansion chamber is of high purity (e.g. >99-996%
argon).

Evaluation of loop-test results Although the thermal loop test approx-
imates to the conditions which obtain in a dynamic heat-transfer system, in
evaluating the results it is necessary to be aware of those aspects in which
the test differs from the full-scale unit, as otherwise unwarranted confidence
may be placed in the data. Assuming that adequate attention has been paid
to the purity and condition of components, etc., the following factors will,
according to ASTM G68:1980, influence the observed corrosion behaviour:

1. liquid metal temperature;
2. degree of non-isothermality of the liquid metal system;
3. liquid metal flow rate;
4. heat flux at the corroding surface;
5. surface-area/volume ratio of solid metal/liquid metal;
6. relative sizes of dissimilar metal surface areas exposed to the liquid

metal at the various system temperatures.

The relation between corrosion, and maximum temperature and temper-
ature gradient is obvious, since solubility varies as a function of temperature.
If the results are to be useful, these factors should match those anticipated
in service. Erratic temperature cycling should be avoided as this can also be
modify the corrosion behaviour. The effect of surface-to-volume ratio will
be more pronounced in thermal-convection than in pump loops. It can
readily be seen that if a relatively small volume of liquid passes through a
given isothermal segment of loop per unit time it will become saturated
quickly and the corrosion rate will appear lower than would be the case if
a substantially larger volume of liquid were passing at the same velocity. In
a pumped loop, the velocity can be maintained sufficiently high to prevent
the attaining of equilibrium between the solid and liquid phases, and the



rate of dissolution of the solid will be the controlling step. The flow velocity,
or Reynolds number, will affect this step too, in that increased velocity will
decrease the stagnant or lamellar layer adjacent to the tube wall and decrease
the diffusion path that particles must negotiate to enter the rapidly moving
stream288. The turbulence of the flow may also be modified by the manner
in which test specimens are inserted in the loop, and this should also be con-
sidered carefully in designing a test unit.

The corrosion rates of the materials of construction are always of impor-
tance, but it has been found that, whereas the uniform removal of metal
from the hot leg may not impair the load-carrying ability of the container,
the deposition of metal in the cold leg can cause the cessation of flow, and
the measure of the suitability of an alloy is often the time, under given condi-
tions, that it takes for plugging to occur. Again, the flow velocity and the
cross-sectional area are of primary importance in relating test results to
operating conditions.

The ultimate test, short of constructing a full-scale unit, is to build a small-
scale system in which each item to be incorporated in the final device is
represented. Such programmes are too specialised to warrant discussion
here, and are fully described in the literature303"306.

Liquid-Metal Embrittlement

Metals have sometimes been observed to crack almost instantaneously when
wetted by certain molten metals and subjected to plastic strain at temper-
atures far below those at which the diffusion-ruled processes involved in
liquid-metal corrosion attain significance307. The fracture appears to be
more brittle than in the absence of the liquid metal, leading to decreased
elongation and reduction of area values and, in severe cases, brittle inter-
granular fracture. Like other forms of environmental cracking, liquid-metal
embrittlement is highly specific according to alloy and environment. For
example, molten zinc can cause liquid-metal embrittlement of stainless steel
if the oxide film is damaged, and because of this molten zinc from associated
galvanised parts poses the greatest hazard in welding stainless steel equip-
ment308. Other well known examples of liquid-metal embrittlement include
the effects of solder on copper alloys and carbon steels and those of mercury
on aluminium and nickel alloys. It is generally accepted that most cases of
liquid-metal embrittlement arise from the effects of chemisorption of liquid-
metal atoms and the consequent reduction of the tensile strength of inter-
atomic bonds at the crack tip since rates of crack growth (up to 10cm s-1)
are usually rapid compared with rates of diffusion of embrittling atoms
ahead of cracks or dissolution of the solid in the liquid metal309. However,
there are a few cases where diffusion of embrittling atoms ahead of cracks
or selective dissolution of a particular phase of an alloy can produce
degradation of materials in liquid-metal environments310.

Prerequisites for liquid-metal embrittlement are that a solid metal should
be subjected to tensile plastic strain while wetted by a liquid metal in which
it has low solubility. It has been suggested that such embrittlement may
be a general phenomenon occurring under appropriate conditions and to
varying degrees between all solid-metal/liquid-metal couples and that a



single mechanism may be responsible for all liquid metal embrittlement
failures311. The occurrence and severity of the embrittlement are governed
by:

1. the particular solid-metal/liquid-metal combination;
2. the temperature;
3. the strain rate;
4. the initial mechanical and metallurgical state of the solid metal.

The most commonly used method for assessing liquid-metal embrittle-
ment is by tensile deformation at a slow strain rate. During testing, the speci-
men should be immersed in the liquid metal in a sealed autoclave to avoid
contamination by atmospheric gases307. Electrochemical probes similar to
those employed in liquid metal corrosion testing can be used to monitor the
purity of the liquid metal. Susceptibility to liquid-metal embrittlement can
be assessed in terms of the uniform elongation, reduction in area and frac-
ture appearance of the specimen relative to that determined under similar
testing conditions in an inert environment at the same temperature. Where
information on crack-propagation behaviour is required, use can be made
of pre-cracked specimens. These can be tested under static or cyclic loading
conditions to determine threshold stress intensity factors and crack growth
rates312.

Tests in Plant

Although laboratory tests (NACE TMO 169-76, and Reference 313) are
obviously of value in selecting materials they cannot simulate conditions
that occur in practice, and although an initial sorting may be made on
the basis of these tests ultimate selection must be based on tests in the
plant. This is particularly important where the process streams may contain
small concentrations of unknown corrosive species whose influence cannot
be assessed by laboratory trials. Testing is also important for monitoring
various phenomena such as embrittlement, hydrogen uptake, corrosion
rates, etc. which are considered in Section 19.3.

Corrosion Racks

Exposure of coupons or specimens to the process stream cannot be achieved
satisfactorily unless they are rigidly supported in a rack, although in some
cases it may be possible to simply hang them in by means of a wire. Methods
of exposure coupons are described in ASTM Method G4:1984.

In the birdcage rack, disc specimens are mounted on a central rod, and
are insulated from each other and from the rod by insulating spacers and
an insulating tube, respectively. P.t.f.e. has been found to be suitable for
this purpose in aggressive media, particularly at high temperatures. Plates
at the end of the rack act as bumpers to prevent the specimens touching
the side walls, and the assembly is constructed from a corrosion resistant
material such as Monel. Advantages of this method are (1) electrical insula-
tion avoids galvanic effects and (2) the method of holding the specimen at



the centre avoids losses due to corrosion around the point of support. The
disadvantages are (1) specimens are not subjected to either heating or cool-
ing effects and thus will not disclose 'hot-wall' effects and may also escape
corrosive condensates when the specimens are in a vapour stream above
the dew point, and (2) the corrosivity of the environment may be affected
by the presence of corrosion products of the construction material of the
racks or by corrosion products of adjacent specimens. A further disadvan-
tage is that because of its size and shape it must be inserted into the process
stream when the plant is out of service. Special devices are required for
mounting specimens within pipelines so that they will be subjected to velocity
effects.

The insert rack is designed for easy installation and removal through an
unused nozzle. The supporting rods (one for each specimen) are welded to
a single support plate that is of a width that enables it to be introduced
through the nozzle. However, this too cannot be inserted unless the equip-
ment is out of service, although its introduction does not require removal of
gas.

A slip-in rack is described by Dillon, etal.314 (Fig. 19.27) that is designed
to be inserted and removed during the operation of the plant through a
full-port gate valve attached to a nozzle of suitable diameter (3 • 8-5 • 1 cm).
It consists of a short length of pipe flanged at one end to match the gate
valve and having a backing-gland arrangement at the other. The coupons
are mounted on a rod of small diameter welded to a long heavier rod. The
valve is opened and the support rod is pushed through the packing gland
so that the specimen is introduced into the process stream. The specimens
are removed by withdrawing the rod until they are again within the pipe
section, the gate valve is closed and the rack removed from the valve.

Access fittings are available (e.g. Cosasco* access fitting) that enable
specimens to be introduced into plant that is operating at high pressures, but
can also be used for ambient pressures (see Section 19.3). In some instances
it is possible to secure valuable information by substituting experimental
materials for parts of the operating equipment, a practice that is used most
frequently with condenser tubes, evaporators or other heat exchangers or
sections of piping systems.

The prediction of materials performance in plant conditions using model-
ling and corrosion test methods has been discussed by Strutt and Nichols315.

Specimens

A convenient size for a circular coupon is 3 • 8 cm dia., a thickness of O • 32 cm
and a central hole of 1 • 1 cm. Although inherent in the philosophy of corro-
sion testing, the use of coupons with surfaces that simulate those in service
has been found to be unsatisfactory owing to irreproducibility, and the
standard procedure normally adopted is to abrade down to 120-grit. ASTM
Method G4:1984 gives details of preparation of specimens, evaluation of
replicate exposures and the application of statistical methods.

* Grant Oil Tool Company.



Fig. 19.27 Slip-in corrosion test rack (after Dillon et a/.314)

Atmospheric Tests

More or less standardised techniques have been developed for the exposure
of specimens to atmospheric weathering. ASTM G50:1976 (R1984) and
ISO 8565:1992 provide guidance on conducting atmospheric corrosion tests
on metals, alloys and metallic coatings. Procedures for recording data from
atmospheric corrosion tests on metallic-coated steel specimens are given
in ASTM G33:1988. The usual practice in the USA316 is to mount bare
specimens on racks that slope 30° from the horizontal and painted specimens
on racks that slope 45° from the horizontal. The usual orientation is to
have the specimens face south. In coastal exposures it is not uncommon to
have the specimens face the ocean. Steel specimens exposed vertically have
been found to corrode about 25% more than similar specimens exposed
at the 30° angle317. Vertical exposure was used in the large-scale tests of
non-ferrous metals undertaken by Subcommittee VI of ASTM Committee
B-3318. Vertical exposure is also favoured by Hudson319.

A typical test installation uses a frame to support racks on which the speci-
mens are mounted by means of porcelain or plastics insulators. The insula-
tors may be spaced to take specimens varying in size from 10-1 x 13-4 cm
to 10-1 x 32cm and even larger specimens may be used for certain tests.
Special types of exposure have been devised to take into account important
effects of partial shelter and accumulation of pools of water, as in the case
of the specimen and method of support used by Pilling and Wesley320 to
compare steels for roofing.

Copson321 has described in considerable detail the several factors that
require attention in studying atmospheric corrosion, particularly of steels.

Several sizes and shapes of specimens have been used in addition to the
common ones already mentioned. In the long-time test of bare and zinc-
coated steels undertaken by ASTM Committee A-5 on Corrosion of Iron
and Steel, full-size sheets were used322. This Committee has also exposed
specimens in the form of hardware323 and wire and fencing324.

The extent of deterioration may be measured by one or more of the fol-
lowing methods: visual examination, change in weight, change in tensile
properties. Visual inspection was depended upon primarily in the A-5 tests

Series flange
(to match gate valve)

Bonnet from 12-7mm
stainless steel valve

50 8mm pipe

Specimen

Drain valve optional

P.t.f.e. spacer

63mm stainless
steel rod

Stainless?
steel lock
nuts 254 mml

95mm
stainless
steel rod

Handle

254 mm

601 mm



of steel sheets324. Here, visible perforation more than 6mm from an edge
was the criterion of failure. This leaves much to be desired for close com-
parisons because of the frequency with which perforations may be obscured
by heavy coats of rust317. Other shortcomings of the use of time to visible
perforation as the criterion of corrosion resistance are as follows.

1. The removal of rust films or other corrosion products to facilitate
inspection for perforation prior to termination of the exposure will
change the natural performance of the material, and is therefore not
tolerable.

2. The recording of a perforation establishes only the time to failure and
provides no idea of the progress of corrosion up to the point of failure.

3. The time to perforation may be influenced considerably by the random
occurrence of pits that happen to meet after starting from opposite sides
of a sheet. This chance meeting of pits may be determined only to a
slight extent by the composition of the material and, therefore, will
interfere with observations of the effects of composition.

Where changes in appearance are of paramount interest, as in the case
of metallic and organic coatings on steel or other metals, visual examination
is most desirable. To facilitate ratings on such a basis, photographic stan-
dards have been employed, as, for example, in tests on chromium-plated
steel undertaken by ASTM Committee B-8 on Electrodeposited Metallic
Coatings325. These ratings are supplemented by a shorthand description of
the nature of the deterioration observed.

Similarly, photographic standards are recommended for rating organic
coatings with respect to different modes of deterioration in ASTM
D610:1985.

The most precise measurements of corrosion resistance require the use
of specimens that can be weighed accurately after careful removal of corro-
sion products by the techniques described earlier.

A sufficient number of specimens should be exposed initially to permit
their withdrawal from test in appropriate groups, for example 3 to 5 dupli-
cates after at least three time intervals. For long-time tests, a suitable
schedule would call for removals after 1, 2, 5, 10 and 20 years.

It is good practice to determine depths of pitting as well as mass loss.
As is the case with other types of corrosion testing, mass-loss determi-

nations may fail to indicate the actual damage suffered by specimens that
are attacked intergranularly or in such a manner as dezincification. In such
cases, mechanical tests will be required as discussed already in the section on
evaluation techniques.

It is desirable for reporting of atmospheric corrosion tests to include a
precise description of the climatic conditions that prevailed at the test site
during the test so that the weather factors can be tied in with the results
of exposure. Progress towards this aim has been made recently with the
development of international standards which provide guidance on evaluat-
ing the corrosivity of atmospheric environments. Atmospheric corrosivity
can be expressed in terms of environmental factors, the most important of
which have to do with contaminants of the atmosphere and the time that
the specimens are actually wetted by condensed moisture. In the case of
organic coatings, the interacting effects of sunlight and moisture, and their



sequence, complicate this problem even more326. Methods of measuring
pollution (deposition rates of sulphur compounds and chlorides) are pro-
vided in ISO/DIS 9225:1989. ISO/DIS 9223:1989 defines five different
categories of atmospheric corrosivity based on time of wetness and pollu-
tion. An alternative approach is to express atmospheric corrosivity in terms
of the corrosion rate of standard materials, including carbon steel, weather-
ing steel, zinc, copper and brass. Methods of determining the corrosion rates
for this purpose are given in ISO/DIS 9226:1989, while ISO/DIS 9224:1989
provides a classification of atmospheric corrosivity based on both the
average and the steady-state corrosion rates of the standard metals.

Sereda327 has described a method of determining time of wetness in
which a strip of platinum foil (0-8 x 7cm) is mounted on a zinc panel
(10-1 X 13-4cm) on both the skyward and groundward face. Condensed
moisture from dew, or rain or snow, results in a galvanic cell whose potential
is monitored on a recorder, thus giving the time of wetness. Guttman and
Sereda328 found that if the SO2 content remained essentially constant the
corrosion rate of zinc was related to time of wetness; furthermore, the dew
detector registered the presence of moisture on the panel when the relative
humidity ranged between 82 and 89%, thus providing a means of estimating
from long-term weather data, such as temperature and relative humidity, the
time a specimen is likely to be wet.

Atmospheric Galvanic Tests

Studies of galvanic corrosion in the atmosphere are experimentally simpler
than those conducted in solution in the laboratory. The environment is taken
as it comes and the relatively high electrical resistance of the rain and
moisture films that serve as electrolytes restricts the distance through which
the galvanic action can extend, and thus limits the relative area effects that
complicate galvanic corrosion in solutions of high conductivity. Standard
test methods for assessing galvanic corrosion caused by the atmosphere
are given in ASTM G104:1989 and in ISO 7441:1984 (see also Section 1.7).

Because of the limited proportion of the areas of a couple that actually
participates in the galvanic action, it is difficult to make quantitative mea-
surements that separate the galvanic action from the total effects of expo-
sure. Thus many of the observations are likely to be qualitative ones, and
often no more than what can be determined by visual inspection or mea-
surements of changes in strength, etc. as a result of any localised galvanic
action.

An idea of the distribution of galvanic corrosion in the atmosphere is pro-
vided by the location of the corrosion of magnesium exposed in intimate
contact with steel in the assembly shown in Fig. 19.28 after exposure in the
salt atmosphere 25 m from the ocean at Kure Beach, North Carolina, for 9
years. Except where ledges or crevices may serve to trap unusual amounts of
electrolyte, it may be assumed that, even with the most incompatible metals,
simple galvanic effects will not extend more than about 4-5 mm from the line
of contact of the metals in the couple.



Fig. 19.28 Distribution of galvanic effects around contact of a magnesium casting and a steel
core

The extent of galvanic action in atmospheric exposure may also be
restricted by the development of corrosion products of high electrical resis-
tance between the contacting surfaces — this is especially likely to occur if one
of the metals in the couple is an iron or steel that will rust. In long-time tests
such possible interruptions in the galvanic circuit should be checked by
resistance measurements from time to time so as to determine the actual
periods in which galvanic effects could operate.

The test assembly used originally by Subcommittee VIII of ASTM Com-
mittee B-3 in its comprehensive studies of atmospheric galvanic corro-
sion329 had the disadvantage that it depended on paint coatings to confine
corrosion to the surfaces in actual contact with each other. In interpreting
the results, it was frequently difficult to decide how much corrosion was due
to galvanic action and how much to a variable amount of normal corrosion
through failure of the paint system.

These difficulties were overcome in a design developed by Subcommittee
VIII of ASTM Committee B-3330 (Fig. 19.29). In this assembly each of the
two middle specimens has a specimen of the other metal each side of it and
only these middle specimens are considered in appraising the results.

A fairly direct way of observing galvanic effects, which also permits
changes in mechanical properties to be measured, involves the preparation
of a composite specimen formed by attaching a strip, or strips, of one metal
to a panel of another one. Tensile test specimens that include the areas of
galvanic action can be cut from these panels after exposure, as shown in
Fig. 19.30.



Fig. 19.29 Atmospheric galvanic couple test assembly

KEY
(1) Bakelite washer 19-0 x 3-2 mm. (2) Metal B disc 3Ox 1-6 mm. (3) Metal B disc 36-6 x
1 -6 mm. (4) Bakelite washer 35-5 x 3-2 mm. (5) Stainless steel lock washer. (6) Stainless steel
bolt 4-8 x 38-1 mm. (7) Stainless steel washer 15 -9 mm o.d. (8) Metal ,4 disc 25 -4 x 1-6 mm.
(9) Metal A disc 35 • 5 x 1-6 mm. (10) 11-1 mm Bakelite bushing, 5-2 mm i.d. x 7-9 mm o.d.

(11) Stainless steel washer 15*9 mm o.d. (12) Galvanised angle support

A modification of the specimen shown in Fig. 19.30 may be made simply
by lapping a panel of one material over a panel of another one. The greatest
effects may be observed when such panels are exposed with the laps facing
up so as to favour retention of corrosive liquids along the line of contact.
To permit observations of secondary effects of corrosion products, or
exhaustion of corrosive constituents, the relative positions of the dissimilar
metals should be changed from top to bottom in duplicate test assemblies.

Where the practical interest is in possible galvanic effects of fastenings, it
is simple to make up specimens to include such couple assemblies as illu-
strated in Fig. 19.31.

A type of assembly calculated to favour maximum galvanic action was
developed by the Bell Telephone Laboratories and is illustrated in Fig. 19.32.
Here, the less noble metal is in the form of a wire wound in the grooves of
a threaded specimen of the metal believed to be more noble. Good electrical
contact is achieved by means of set screws covered with a protective coating.
This assembly favours accumulation of corrosive liquids around the wire in
the thread grooves. Corrosive damage is also favoured by the high ratio of
surface to mass in the wire specimens.

To determine whether a protective metallic coating will retard or accel-
erate corrosion of a basis metal, and to what distance either effect will
extend, specimens in which strips of various widths are left bare or made
bare have been used by Subcommittee 11 of ASTM Committee B-8330. The
extent of corrosion in and near the bare strips as compared with that on a



Fig. 19.30 Plate and fastening type galvanic couple test specimen

completely bare or completely coated specimen will provide a measure of the
extent of galvanic action and the distance through which the effect is able to
extend from the edges of the bare strips.

Tests in Natural Waters

The corrosion testing of metals in natural waters is most usually conducted
in field or service tests since the conditions of flow are important and often
rate-determining. Testing will be concerned with mains water (potable
water), river-water and sea-water or combinations of these as in estaurine
conditions. Test specimens of various geometries will be used, e.g. in the
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4-76 mm bolt, use N? 8
drill
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1-58 mm thick
metal strips

1 58 mm thick
metal strips

Metal A

Metal B or C

Metal B



Fig. 19.32 Bolt and wire type atmospheric galvanic couple test specimen

form of wires, plates, tubes, etc., and certain general precautions should be
followed.

1. The specimens should be mounted so that they are insulated from their
supporting racks and from each other. Such insulation can be achieved by
the use of fastening assemblies, such as illustrated in Fig. 19.33. Occasional
difficulties have been encountered with this sort of assembly for tests of
copper and high-copper alloys because of deposition of copper from corro-
sion products along the surfaces of the insulating tubes which provided a

Fig. 19.31 Specimen for studying galvanic corrosion resulting from fasteners

Cathodic element.

9-52 mm-16 US S Thread
Anodic element O 813 mm wire

Heavy coat
bituminous paint

38* 159mm

635±159mm

89 ±159 mm



metallic bridge between the specimens and the rack and introduced undesired
galvanic effects. The required insulation and support can be provided by use
of porcelain or plastics knob insulators in much the same manner as used on
atmospheric test racks. A modified design has the advantage of offering less
resistance to the flow of water and is less likely to serve as a form of screen
to catch debris floating on, or suspended in, the water. Additional details of
rack design may be found in the section on sea-water tests in The Corrosion
Handbook (Uhlig, Selective Bibliography).

Fig. 19.33 Scheme for insulating specimens from metal test racks

2. In the case of corrosion tests in the sea or in other large volumes of
water, i.e. as opposed to tests in waters flowing within pipes, all the
specimens to be compared should be suspended at the same depth or should
pass through the same range of depths. Isolated specimens exposed
at different depths will not be corroded in the same way as continuous
specimens that extend through the total range of depth to be studied. This
is especially the case with specimens exposed to sea-water from above high
tide to below low tide. Where the behaviour of structures, such as piling,
that pass through these zones is to be investigated, the test specimens must
be continuous and large enough to extend through the total range in order
to take into account differential aeration and other possible concentration
cells that may have such a tremendous effect on the results secured331. For
example, in sea-water exposure, isolated specimens of steel exposed in the
tidal zone have corroded 10 times as fast as portions of continuous speci-
mens of the same steel in the same zone that extended also below low-tide
level317.

3. The specimens should be oriented so that their flat surfaces are parallel
to the direction of water flow and so that one specimen will neither shield an
adjacent specimen from effects of water velocity nor create any considerable
extra turbulence upstream of it.

4. In tests in sea-water where accumulations of marine organisms are
likely, specimens exposed parallel to each other should be spaced far enough
apart to ensure that the space between specimens will not become completely

Specimen

Monel bolt
and washer

Bakelite tube
and washers

Support



clogged by fouling organisms. A minimum spacing of 100mm is suggested.
5. Wooden racks used in sea-water tests are likely to be subject to severe

damage by marine borers. The wood used, therefore, must be treated with
an effective preservative, for example creosote applied under pressure, if
the test is to extend for several years. Organic copper compound preserva-
tives may suffice for shorter tests, for example 2 or 3 years. Since the leach-
ing of such preservatives may have some effects on corrosion, metal racks
fitted with porcelain or plastics insulators have an advantage over wooden
racks.

6. Where constant depth of immersion is desired in spite of tidal action,
it is necessary to support the test racks from a float or raft.

Recommended methods for assessing the corrosivity of waters, including
flowing potable waters, are described in ASTM D2688:1983. Three proce-
dures are described in which test specimens in the form of wires, sheets or
tubes are placed in pipes, tanks or other equipment. The test assembly for
the first of these consists of three helical wire coils mounted in series on,
and electrically insulated from, a supporting frame. The assembly must be
installed so that flow is not disturbed and turbulence and high velocities, e.g.
of more than 1-53 ms"1, are avoided. A minimum test period of 30 days is
recommended. Procedures for the other specimen forms are given in the
standard.

An extensive study of the corrosion of metals in tropical environments has
been carried out by Southwell, etal.332. Tests have included atmospheric
exposure, and exposure in sea-water under mean tide and fully immersed
conditions for a range of ferrous and non-ferrous metals and alloys.

The Marine Corrosion Working Party of the European Federation of Cor-
rosion has published valuable advice on corrosion testing in service333.

Field Tests in Soil

The precautions generally applicable to the preparation, exposure, cleaning
and assessment of metal test specimens in tests in other environments will
also apply in the case of field tests in the soil, but there will be additional
precautions because of the nature of this environment. Whereas in the case
of aqueous, particularly sea-water, and atmospheric environments the
physical and chemical characteristics will be reasonably constant over dis-
tances covering individual test sites, this will not necessarily be the case in
soils, which will almost inevitably be of a less homogeneous nature. The
principal factors responsible for the corrosive nature of soils are the presence
of bacteria, the chemistry (pH and salt content), the redox potential, elec-
trical resistance, stray currents and the formation of concentration cells.
Several of these factors are interrelated.

These considerations will significantly affect the location of test speci-
mens in field testing. It is clearly important to ensure that the conditions of
exposure are accurately known so that the corrosion test results may be inter-
preted with respect to the end-use requirements.

Two civil engineering operations require particular attention when soil
corrosion tests in the field are required. These are (1) the use of reinforced
earth structures in which the corrosion conditions will differ from those at



the site from which the soil has been taken and which may take some time
to come to equilibrium in the new site, and (2) the use of reclaimed or con-
taminated land where unusual corrosive agents may be present in irregular
distribution. In both these situations considerable thought should be given
to the corrosion test procedures.

Soil burial tests are popular despite the precautions that are needed. It is
also important that a sufficient number of specimens are exposed so that
statistical treatment of the results may be applied to compensate for some
of the inevitable variations in the exposure conditions. Certain precautions
originally set out in 1937334 are still valid, and are as follows:

1. A sufficient number of specimens to yield a reliable coverage should
be included.

2. The test site should be typical of the type of soil to be investigated.
3. The depth of burial should be that which will be occupied by the struc-

ture of interest. Specimens to be compared should be buried at the
same depth. Ideally, tests for structures, such as piling, that will
extend through several horizons would require the use of test speci-
mens long enough to extend to the same depth.

4. Specimens should be separate so that they will not affect the corrosion
of each other. A minimum spacing of two diameters was proposed.

5. Cylindrical specimens should be laid horizontally.
6. Sheet or plate specimens should be placed on edge.
7. The ends of pipe specimens should be closed to prevent internal

corrosion.
8. Sufficient specimens should be provided to allow withdrawals after

several time intervals so as to permit observations of changes in corro-
sion rates with time.

9. A portion of the original surface should be protected so as to provide
a datum line for the measurement of pit depths.

10. In applying results of tests on small specimens to estimating corro-
sion, particularly by pitting on large structures, the effect of the
increased area in increasing the depth of pitting must be taken into
account335.

Other Tests

Other tests to determine bacterial-notably sulphate reducing-activity, soil
resistivity, pH, redox potential, etc., will provide valuable data to supple-
ment the results obtained with test specimens. A useful account of some of
these was given in Reference 336 and they are also discussed in Sections 2.6
and 10.7. A scheme for assessment of corrosivity of soils based on some of
the above parameters has been given by Tiller337.

A number of standards exist for the determination of some of these
parameters. BS 1377:Part 3:1990 refers to methods of tests for soils for civil
engineering purposes, and Part 9 refers to these and corrosivity tests in situ.
It is significant that the standard draws attention to the fact that the results
of the tests that are described should be interpreted by a specialist. ASTM
tests for pH and resistivity of soil used for corrosion testing are covered by
G51:1977(R1984) and G57:1978:(R1984), respectively.
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