
18.7 Rubber and Synthetic

Elastomers

In 1839 Charles Goodyear discovered that raw rubber when mixed with
finely divided sulphur and heated to 15O0C, changed from a soft deformable
substance into a tough resilient material. This reaction was called vulcanisa-
tion. Rubber linings have been in use for some 130 years for the protection
of substances against chemical attack. In 1855, J. H. Johnson took out a
patent for spinning components made from metal covered with rubber, thus
combining the strength and durability of the metal with the non liability to
oxidation of the rubber. In 1857, Thomas Hancock published his Personal
Narrative which included details of the outstanding resistance of natural rub-
ber to chemical compounds. In his summary, Hancock described sheets of
a mixture of one part of natural rubber to two parts of pitch for the protec-
tion of ships' hulls. He listed moulded articles made from hard vulcanisates
which were resistant to acids, alkalis and chemical solutions and also men-
tions vulcanised sheet rubber for use as linings in chemical vessels.

The excellent chemical resistance of ebonite was recognised at this time,
and patents for the use of ebonite as a lining material were applied for in
1874 by Thomson and Watson in Great Britain. In 1885, Lacollonge in
France was granted a patent for a lining composed of an underlay of ebonite
with soft rubber on the exposed surface. Whilst ebonite linings had proved
satisfactory in static applications, they had proved to be unsuitable for
transportation work due to brittleness. In 1924, B. F. Goodrich introduced
the Vulcalock bonding system, which used a cyclised rubber-based primer,
thus enabling soft rubber to be bonded directly to a metal substrate.

Prior to 1940, the use of synthetic elastomers in linings was negligible, but
the advent of the Second World War, and the consequent loss of natural
rubber sources to the Allies, led to the use of synthetic rubber, namely a
styrene-butadiene copolymer which, whilst not having all the properties of
natural rubber, proved to have adequate anti-corrosive performance.

The standard polymers used for rubber linings consist of materials that
are cross-linkable macromolecules which, on mixing with suitable reac-
tants that form strong chemical bonds, change from a soft deformable sub-
stance into an elastic material. These polymers include natural rubber and
its corresponding synthetic, c/s-polyisoprene, styrene-butadiene rubber,
polychloroprene, butyl rubber, halogenated butyl rubbers, acrylonitrile-



butadiene rubber, ethylene propylene terpolymer (e.p.d.m.) and chloro-
sulphonated polyethylene (Hypalon).

With natural rubber and c/s-polyisoprene the normal cross linking agent
used is sulphur. When mixed with natural rubber and heated, the sulphur
reacts with the alpha methylenic carbon atoms of adjacent molecules, pre-
dominantly by S1 and S2 cross links. If a low percentage of sulphur is
added, normally about 2% by weight on the rubber, the end product is a soft
elastic material.

Ebonites on the other hand contain from 28% to 40% sulphur. When
ebonite compounds are vulcanised, the available cross-link sites are satu-
rated and no residual unsaturation remains. In ebonites the sulphur reacts
to give two different types of links. About 5% of the sulphur reacts to form
cross-links in the normal manner, whilst the remainder forms addition links
along the molecular chain. It is the addition links that confer the rigidity to
ebonites as the bulky sulphur groups restrict the movement of the molecules
when the material is stretched. The greater the percentage of addition
links the more rigid, and thus more brittle, the ebonite. Similar reactions
are used for cross-linking acrylonitrile butadiene and styrene-butadiene
rubbers.

Standard butyl rubber, which is a copolymer of isobutylene with about
2% of isoprene vulcanises in the same manner as natural rubber but, as it
only contains a small proportion of polyisoprene, the cross-link percentage
is much reduced. It is therefore not possible to make ebonite from a butyl
rubber. The same vulcanisation chemistry, with some modifications, applies
to ethylene-propylene terpolymers and brominated butyl rubber.

Polychloroprene and Hypalon are usually cross-linked with metal oxides
which combine with reactive side groups in the polymer chain.

In general, the reaction mechanism of elastomeric polymers with vulcani-
sation reagents is slow. Therefore, it is natural to add special accelerators to
rubber compounds to speed the reaction. Accelerators are usually organic
compounds such as amines, aldehyde-amines, thiazoles, thiurams or dithio-
carbamates, either on their own or in various combinations.

Together with the polymer and vulcanisation reagents, rubber lining
materials will contain inert fillers such as carbon black, barytes or silicates
like china clay. Other ingredients such as plasticisers, tackifiers, stearic acid,
zinc oxide and antioxidants are also added to confer the required processing
and physical properties on the lining. All the compounding ingredients used
must contribute to the maximum chemical resistance of the finished com-
pound coupled with the minimum leach resistance requirements.

Except for standard ebonites and the speciality ambient vulcanising or
'chemical cure' linings, most compounds have the capability of vulcanising
both in an autoclave at 150° C or more and in ambient pressure steam or hot
water at 10O0C. Ebonites are of two types, the autoclave version for factory
applications and a highly accelerated version for vulcanising on site at
10O0C. Site-lining ebonites with their high acceleration levels are limited with
respect to operational temperatures. At temperatures above 7O0C, they tend
to post vulcanise leading to increased hardness and subsequent brittleness.
Leaching of excess, unreacted accelerator can also cause problems, espe-
cially in electroplating operations, where contamination may occur with the
deposited elemental metal.



Ambient Temperature Vulcanising Lining

A great difficulty, especially on undeveloped sites, is the requirement to raise
steam for vulcanising purposes. This problem gives rise to time/cost diffi-
culties, especially with respect to the lining of very large tanks.

In the past 'chemical cure' linings have been employed on a wide scale.
These linings, usually based on natural rubber or acrylonitrile-butadiene
rubber consist of a standard lining compound with a chemical activator such
as dibenzylamine incorporated in the formulation. Prior to the application
of the lining to the substrate, the individual sheets of rubber are dipped or
brush coated with carbon disulphide or a solution of a xanthogen disulphide
in a solvent. The carbon disulphide or xanthogen disulphide permeates the
rubber and combines with the dibenzylamine to form an ultra-fast dithiocar-
bamate accelerator in situ, and thus the rubber rapidly vulcanises at ambient
temperature.

Such chemical cure methods have been used for many years but, due to
the inherent hazards of flammability and toxicity of the system, are not
accepted in several countries. Also, if all the exposed working surfaces have
not been properly treated, unvulcanised areas may occur which would
rapidly deteriorate when the lining is put into service.

In more recent years, lining compounds have been developed that
vulcanise at ambient temperatures. Most polymers can be used for such
compounds, although most materials are based on natural rubber,
acrylonitrile-butadiene rubber and polychloroprene. These compounds
contain accelerators which usually give rise to a material which has a delay
in the onset of vulcanisation with a subsequent rapid rise in cross-link
formation to give full vulcanisation in 6 to 8 weeks. Such materials, unless
to be used within a few days of manufacture, are refrigerated to arrest the
self-vulcanisation.

The ambient temperature vulcanising of these linings gave rise to excep-
tional ageing properties both at elevated temperatures and on weathering.
This ageing resistance is due to the maximisation of cross-link density at
room temperature by avoiding high temperature vulcanisation, with conse-
quent loss of a proportion of the available cross-links.

An alternative to self vulcanising linings is to use prevulcanised rubber
sheet linings. The system in modern use is often a butyl rubber from 1 -5 to
4-5 mm thick to which is laminated a 1 • 5 mm thick layer of a polychloro-
prene compound for adhesion to the substrate. Bonding is carried out with
a polychloroprene-based adhesive vulcanised at ambient temperature by the
addition of an isocyanate. The system is most often used for lining simple
geometry substrates. As it is not possible to ensure that the chemically resis-
tant butyl layer is totally free from pinholes, it is preferable to use such
linings in situations where the polychloroprene underlayer will not be
attacked by prolonged exposure to the contained environment.

Polyurethane Linings

Whilst some standard elastomers such as natural rubber can be compounded
to withstand many abrasive conditions, and to have an acceptable life span,



they are usually limited on severe abrasive duties. In highly abrasive condi-
tions, the use of selected polyurethanes can considerably extend the working
life compared with that obtained with standard elastomer linings.

Abrasion-resistant duties may involve abrasion in an aqueous phase or
abrasion by dry particulate materials. The selection of the polyurethane type
is most important to obtain the best results. Polyester-based polyurethanes
perform best in dry abrasion due to their low hysteresis properties and
excellent resistance to cut initiation and propagation. However, polyester
polyurethanes are susceptible to hydrolytic degradation, and therefore poly-
ether polyurethanes are normally used for aqueous abrasion duties.

Polyester polyurethanes are usually based on a blend of a quasi-pre-
polymer (polyester/MDI) and a diol/polyester suitable for spray-up opera-
tion. An alternative is to use a solvent-containing system using blocked
curatives to give an extended pot-life of 2 to 3 hours enabling them to be
brush, roller or spray applied.

Polyether polyurethanes are often based on a quasi prepolymer/diol blend
reacted with a carbodiimide modified M.D.I, suitable for automatic mix-
dispensers.

Excepting polyurethanes which are designed solely for chemical resis-
tance, most abrasion-resistant polyurethanes do not have the chemical resis-
tant capabilities of the other elastomers. Chemical-resistant polyurethanes
have elevated temperature limitations, but have proved to have an adequate
resistance range especially when contamination by oils and certain solvents
have to be handled.

Material Properties

Properties of lining materials are dependent on the formulation and, with
polyurethanes, the chemical structure of the final reacted material. The
following data on material properties is based on the performance of stan-
dard lining compounds. The information given should not be assumed to
apply to all linings based on a given elastomer as technological variations
may occur from one supplier to another. Thus two linings of equivalent
physical properties do not necessarily have the same chemical resistance and
working temperature limits.

A summary of the chemical and abrasion resistances, and approximate
operational temperature ranges of elastomers is given in Table 18.16.
Further details of specific chemical resistances are given in Table 18.17. The
maximum temperature of use will always be dependent on the chemical con-
ditions prevailing. Abrasion resistance can be affected by the chemical
environment if the exposed surface properties are changed by adsorption or
chemical attack. The rate of material loss by abrasion will also vary accord-
ing to temperature as the resilience etc. is dependent on prevailing tempera-
ture conditions.

In general, soft lining compounds made from natural rubber, c/s-poly-
isoprene and styrene butadiene rubbers have good chemical resistance to a
wide range of inorganic acids, alkalis and their salts and have good abrasion
resistance at temperatures up to 10O0C. The linings will resist temperatures
down to at least -4O0C in dynamic working conditions such as empty tank



Table 18.6 Summary of elastomer properties

Elastomer

Natural rubber
C/S-Polyisoprene
Styrene butadiene

Polychloroprene

Butyl
Bromobutyl
Chlorobutyl

Acrylonitrile-
Butadiene

Ethylene-
Propylene

Chlorosulphonated
polyethylene
(Hypalon)

Polyurethane,
ester based
Polyurethane ester
based

Abbreviation

NR
IR
SBR

CR

HR
BIIR
CIIR

NBR

EPDM

CSM

PUK

PUK

Chemical
resistance

Good resistance except
oxidative chemicals,
organics, oils, hydrocarbon
solvents

Satisfactory resistance;
organics fair; poor with
oxidative chemicals and
hydrocarbon solvents

Excellent resistance;
oxidative chemicals fair;
poor with oils, solvents etc.

Good except for some
organics and oxidative
chemicals; oils very good

As for butyl

Excellent, including
oxidative chemicals

Hydrolysis resistance poor;
oils and many solvents
excellent; good except for
alkalies, oxidative chemicals
and organics

Abrasion
resistance

Good

Fair

Limited

Fair

Limited

Good

Excellent

Excellent

Temperature
range (0C)

-30 to 100

Oto 100

-40 to 120

-10 to 100

-40 to 120

-20 to 100

-20 to 80

-20 to 80

Notes:
1. The comments given in this table are dependent on the composition of the final compound and may vary according to the

material source.
2. Ebonites based on NR, IR, SBR and NBR generally have enhanced chemical resistance. Minimum working temperature and

abrasion resistance ratings do not apply

wagons. They are not suitable for oxidative chemicals and many organic
chemicals.

When compounded to form ebonites they show improved chemical
resistance especially to carboxylic acids and may be used for some oxidative
chemicals depending on type and operating temperatures. Ebonites can be
compounded to be suitable for working temperatures up to at least 10O0C,
but, due to brittleness, are not normally suitable for sub-zero temperatures.

Polychloroprene and acrylonitrile-butadiene rubber compounds have
satisfactory chemical resistance but, except for phosphoric acid, are not
suitable for mineral acids at higher concentrations. However, they have good
resistance to oils, acrylonitrile-butadiene rubber being the better, and so are
often used in oil-contaminated aqueous environments. Generally, abrasion
resistance is only fair. Normal maximum working temperature is about
10O0C. Acrylonitrile-butadiene rubber ebonites are sometimes used espe-
cially where solvent contamination occurs, but are normally very brittle and
so should be used with care.



Table 18.17 Chemical resistance rating of elastomeric compounds

Chemical

Acetic acid
Alcohols
Aliphatic hydrocarbons
Ammonium hydroxide
Aromatic hydrocarbons
Brine
Chlorinated brine
Chlorinated hydrocarbons
Chlorine
Chromic acid 50Vo
Copper salts
Detergents
Esters
Ethers
Fatty acids
Ferric chloride
Fluosilicic acid
Formaldehyde
Formic acid
Hydrobromic acid 50Vb
Hydrochloric acid
Hydrofluoric acid 50Vb
Ketones
Mineral oils
Nickel salts
Nitric acid 5Vb
Nitric acid 20Vo
Phenol
Phosphoric acid 50Vo
Phosphoric acid 85Vo
Potassium hydroxide
Potassium salts (most)
Sea-water
Sodium hypochlorite
Sodium salts (most)
Sulphurous acid
Sulphuric acid 20Vo
Sulphuric acid 50Vo
Sulphuric acid 65Vo
Sulphuric acid 85Vo
Tin salts (most)
Urea
Vegetable oils
Water (raw)
Water (demineralised)
Zinc salts (most)

NR

Soft

L
S
X
S
X
S
X
X
X
X
S
X
X
X
X
L
S
X
L
S
S
L
L
X
S
X
X
X
S
S
S
S
S
X
S
X
S
S
X
X
S
S
X
S
S
S

IRSBR

Ebonite

S
S
L
S
X
S
S
X
S
X
S
S
X
X
L
S
S
S
S
S
S
S
S
X
S
L
X
S
S
S
S
S
S
S
S
S
S
S
S
X
S
S
L
S
S
S

NBR

Soft

L
S
L
S
X
S
X
X
X
X
S
L
X
X
L
L
S
L
L
L
L
L
X
S
S
X
X
X
S
S
L
S
S
X
S
X
S
S
X
X
S
S
S
S
S
S

Ebonite

S
S
S
S
X
S
S
X
S
X
S
S
X
X
L
S
S
S
S
S
S
S
X
S
S
L
X
S
S
S
S
S
S
S
S
S
S
S
S
X
S
S
S
S
S
S

CR

X
L
X
S
X
S
X
X
X
X
S
L
X
X
L
S
S
L
X
L
L
L
L
L
S
X
X
X
S
S
S
S
S
X
S
X
S
S
X
X
S
S
L
S
S
S

/IR
CIIR
BUR

EPDM

L
S
X
S
X
S
L
X
X
X
S
S
X
L
L
S
S
L
L
S
S
S
L
X
S
L
X
L
S
S
S
S
S
L
S
L
S
S
L
X
S
S
L
S
S
S

CSM

S
S
S
S
X
S
S
X
L
S
S
S
X
X
L
S
S
S
S
S
S
S
S
S
S
S
S
X
S
S
S
S
S
S
S
S
S
S
S
S
S
S
L
S
S
S

PUK
Ester

L
S
S
X
L
L
L
L
X
X
L
L
S
S
S
L
L
L
L
L
X
X
S
S
S
X
X
L
L
X
X
L
S
X
S
X
L
X
X
X
S
S
S
S
S
S

PUK
Ester

L
S
S
L
L
S
L
X
X
X
S
S
L
L
L
S
S
L
L
L
X
X
S
S
S
X
X
L
L
X
X
S
S
X
S
L
S
X
X
X
S
S
S
S
S
S

Notes
1. Chemical resistance is a guide only and may vary depending on the composition of the compund.
2. Chemical resistance stated is based on a temperature of 2O0C. Performance at a higher temperature will depend on the

chemical environment.
3. Mixtures of chemicals can often give a different effect.



Butyl rubber, halogenated butyl rubber linings and ethylene propylene
rubber linings have excellent chemical resistance at temperatures up to
12O0C. There are cases where butyl rubber linings have been subjected to
temperatures down to —650C without deterioration. Linings based on these
polymers do not exhibit good abrasion resistance, which can only be rated
as fair.

Chlorosulphonated polyethylene rubber (Hypalon) has excellent chemical
resistance even to oxidative acids at elevated temperatures. When specially
compounded it can have excellent abrasion resistance in some operating
conditions.

As previously stated, polyurethanes do not have the degree of chemical
resistance enjoyed by the other elastomers. Specially designed chemical resis-
tant polyurethanes are suitable for use in dilute non-oxidative acids and
salts, but are not normally suitable for alkalis. They show good resistance
to oils and solvents. Maximum temperature of use is usually about 8O0C, but
this temperature is very dependent on the chemical environment.

Lining Selection

The resistant properties of a lining compound depend on the choice of
polymer and the compounding ingredients added to form the final material.
Thus there is a diversity of choice between the base polymers and also in
various compounds based on the same polymer. The ultimate choice is
usually that which will be cost effective for the environment to be resisted.

The selection process involves the defining of the working environment,
including details of all chemicals plus any trace chemicals, working temper-
atures and pressures, pipe flow rates, abrasive particles and any other condi-
tions likely to affect the lining performance. BS 6374:Part 5:1985 gives full
details on exchange of information for satisfactory lining selection.

The most suitable lining is then selected, usually by the lining contractor,
who will take responsibility for the choice. Most lining companies have
detailed knowledge of the resistance capabilities of their lining materials and
are best able to make the final decision.

Where no relevant experience is available for a given duty the selection will
be determined by laboratory and/or in-plant testing. Chemical resistance
properties are usually determined by observing the change in volume and
weight against time for the given environment. Tests should be carried out
over a long period, preferably one year minimum but, with experience, it
is often possible to extrapolate test results from shorter test periods of two
to three months. Measurements should be taken at a maximum of seven
day intervals and presented graphically for visual evaluation. The test mate-
rial should reach a steady equilibrium with the test environment with little
further change in weight and volume. It is not possible to give definite max-
ima for all working conditions, but it is usually considered that a maximum
of 15% volume increase is desirable.

Laboratory testing for abrasion resistance will usually only indicate differ-
ences between competing materials, and so may not prove the suitability of
a lining for a particular abrasive environment. In a chemical environment,
absorption or chemical attack on the lining material will affect the rate of



wear. If the surface of the lining is heavily absorbed or attacked by the
contained environment the physical properties change for the worse and the
wear rate will increase. It is preferable, where possible, to install test panels
or pipe sections in an existing working environment on site to gain an
accurate assessment of wear rate and life expectancy.

Bonding Systems

For satisfactory operation, the rubber lining must be adequately bonded to
the substrate it is protecting. BS 6374:part 5 gives definitive load to peel
levels for various elastomers, but it is usually required that, on separation,
the rubber should tear rather than part either at the primer/rubber interface
or the primer/substrate interface.

Modern bonding systems usually consist of a primer coat, often with a
secondary tie coat, plus a tacky solution to assist in the application of the
rubber. The bonding systems currently in use are usually suitable both for
autoclave vulcanisation and vulcanisation at 10O0C with atmospheric pres-
sure steam or hot water. Ambient vulcanisation bonding systems have to be
chemically active at the lower temperatures and are therefore specialist in
nature.

Design and Fabrication of Equipment for Lining

Equipment designed for lining must be sufficiently rigid and robust to avoid
deformation which could tend to damage the lining during transportation,
installation and subsequent operation. Allowance has to be made for access
and for venting of fumes during the lining process. In enclosed steel vessels
there must be at least one manhole which, after lining, complies with BS
470:1984, plus at least one additional 75mm minimum diameter outlet to
allow adequate circulation of air. All branches, outlets and other connec-
tions should normally be flanged so that the lining can be extended over the
flange face to prevent the ingress of corrosive material between the lining and
the substrate. Where pads are used, drilled and tapped holes for fixings must
not penetrate through the main shell to the rubber covered surface.

The design of pipework has to be such as to allow access to welds and
bends for weld and surface preparation. It is preferable to use seamless
tubing conforming to BS 806:1986. Where this is impractical, tubing in
accordance with BS 1387:1985 is acceptable provided that the butt-welded
joint seam does not restrict the bore by more than 0-25 mm.

The maximum length of straight pipe is dependent on the nominal bore.
Bores between 25 mm and 40 mm should not exceed 2500 mm in length, from
40mm to 65mm, 4000mm in length, and 80mm to 600mm, 6000mm in
length. Some rubber lining companies will exceed these lengths, especially on
larger bore pipes, but this is not always to be recommended. All fittings such
as bends, tees and crosses are preferably to be made to standard dimensions
rather than, as special 'one off design items.

In fabrication all welds to be covered must be continuous, smooth and
free from pinholes, cavities, undercuts and other imperfections. Corner



welds should be radiused to a radius not less than the thickness of the lining
to be applied.

Concrete structures should be constructed in accordance with BS 5337
or BS 8110 as appropriate. The concrete must be properly cured under
shuttering, or a curing membrane, for seven days followed by at least 28 days
open curing prior to the commencement of lining. Surfaces have to be free
from voids and projections and are often screeded to give a satisfactory
finish.

BS 6374:Part 5:1985 gives full details of design and fabrication require-
ments and it is advisable to consult this document as well as the lining con-
tractor prior to arriving at the final design.

The Lining Process: Sheet Rubber Linings

The production of a rubber lining includes the preparation of the rubber
compound followed by processing to form the lining sheet, substrate pre-
paration, lining application, vulcanisation and inspection. All these stages
require thorough quality control, especially compound manufacture and
sheet preparation, as chemical resistance depends on satisfactory dispersion
of the individual ingredients and undetected flaws in the sheet will cause
problems in service.

The lining sheet is prepared by calendering in thin plies up to 1 mm in
thickness, followed by combining the individual layers on the calender to
form a finished sheet, usually between 3 mm and 6 mm thick. Alternatively,
lining sheet can be manufactured by the roller die process in which the sheet
is extruded and then passed through rollers to give the finished thickness.
Extrusion is also used for the preparation of unvulcanised rubber tubes
suitable for lining pipes up to 200 mm in diameter.

Substrate Preparation

All metal surfaces such as mild steel should be grit blasted, normally to SA
2-5 as defined in Swedish Standard SIS 055900. If the surfaces are con-
taminated with oil, grease or a chemical from previously used items, the con-
tamination is usually removed by sweating in steam prior to grit blasting.
Concrete surfaces must be clean and dry and any laitence must be removed
as it will affect the bond of the lining. Preferably the surface should be grit
blasted.

All surface dust, residues and debris left after blasting must then be
removed. Within four hours of completion of the grit blasting, primers
must be applied to the prepared surface. Where very large tanks are con-
cerned which take a long period of time to prepare, it is normal to grit
blast an area, clean off and then prime, such that the operation is carried
out in stages. When all surfaces have been grit blasted and primed, all sur-
face dust is removed and a second coat of primer applied. After the primer
has dried, secondary tie coats are often applied followed by a tack coat
solution.



Lining Sheet Preparation and Application

The rubber sheet is tailored to suit the substrate geometry. The edges of adja-
cent sheets are normally overlap jointed to avoid steps which could trap air,
the joint angle being about 30° face to face. After tailoring, the surface of
the sheet to be bonded to the substrate is either swabbed with a solvent or
a coat of tack solution is applied. All solvent is then allowed to evaporate
prior to applying the sheet to the prepared substrate. The prepared sheet is
then positioned on the substrate and rolled or ironed down taking care to
avoid trapping air between the sheet and the substrate.

Extruded or made-up tubes for pipe lining are coated with a tack solution
and then slid into the pipe and inflated with air so that they loosely adhere
to the wall of the pipe. The rubber tube is firmly applied to the pipe wall
either by hand, using long handled rollers, or by drawing a suitable diameter
plug through the pipe, thus expelling any air between the rubber tube and
the pipe wall, and firmly attaching the rubber to the pipe.

Vulcanisation

Vulcanisation being a chemical reaction, is time/temperature dependant.
In factory operations, vulcanisation is usually carried out in an autoclave
using steam under pressure at temperatures up to 16O0C. If the lined unit is
a vessel too large to fit in an autoclave and has an adequate pressure rating,
all outlets can be sealed and it can itself be pressurised. If this technique is
employed then care must be taken, as a failure of the steam supply with con-
sequent condensation, can cause a vacuum and subsequent collapse of the
vessel.

Large, non-pressure vessels, which are usually lined on site in their final
location, are normally vulcanised at 10O0C using steam at ambient pressure
or boiling water. Using such techniques, vulcanisation times will be extended
and it is often necessary to shield the outside of the unit to minimise heat
loss. Self vulcanising or chemical cure linings usually take up to eight weeks
to fully vulcanise, but this process may be accelerated by injecting steam or
hot air into the unit.

Polyurethane Linings

Polyurethane linings may be produced by spray-applied, build-up thickness
methods, centrifugal casting for straight pipes, mould cast linings and pre-
reacted sheet linings. High-quality reactive materials are usually produced in
automatic mix dispensers which preheat, meter, mix and deliver the material
to the required delivery point. As with rubber linings, the substrate is pre-
pared by grit blasting followed by the application of a primer coat.

The polyurethane lining systems in use today are normally of the 100%
solids type without solvents. The individual components, prepolymer and
isocyanate are preheated and pumped to the mix/dispenser for metering and
mixing. After mixing, the material is pumped through an orifice where it is



atomised and is then sprayed on the substrate. The substrate temperature
rises due to the initial temperature of the applied polyurethane combined
with reaction exotherm as the mixture cures. Modern polyurethane systems
enable spraying to be continuous and so the required lining thickness is
rapidly achieved.

Straight steel pipes up to 600 mm in diameter and six or more metres in
length are usually lined by centrifugal casting. In this technique, the pre-
pared preheated pipe is fitted with end caps and placed into the heated casting
oven. Freshly mixed liquid polyurethane is then injected into the pipe which
is then spun round its longitudinal axis until the polyurethane has cured to
form a solid lining.

Pipe fittings such as bends, tees and crosses, unless large enough to enable
spray application of the lining, are usually lined by casting using internal
mould formers. The pipe fitting is assembled with the internal mould and
preheated, the polyurethane mixture injected and the whole is oven cured.

Pre-reacted polyurethane sheet linings, usually made by cast moulding or
centrifugal casting and slitting, are used for protecting surfaces against abra-
sion. They are not normally used for corrosive environment conditions as
it is difficult to make a good joint seal between adjacent sheets to ensure a
leak-free lining. They are usually tailored to fit the substrate geometry and
attached with bolts which are subsequently protected by a polyurethane cap.

Inspection and Testing

It is essential that the lining is thoroughly tested prior to being put into ser-
vice, as any faults could lead to substrate attack. Rectification of a failed unit
is often very expensive, and there is also the risk of escape of corrosive con-
tents which could lead to damage to the surrounding area. In the lining pro-
cess, inspection and testing are carried out at each stage of the operation. All
substrates are inspected prior to, and after, grit blasting to ensure they are
suitable for lining.

The rubber lining is inspected before and after vulcanisation. A visual
examination for mechanical damage, cuts, lack of adhesion, blisters and
poor jointing is carried out over the entire lining surface. Continuity testing
for pinholes is also carried out using either a high-frequency instrument
based on a Tesla coil generating a high frequency discharge or a direct-
current high-voltage instrument. Test voltages vary between 500OV and
50 000 V depending on the thickness and resistance of the lining being tested.
The probe of the instrument is passed over the surface of the lining produc-
ing a corona discharge. The discharge concentrates at the point of any fault
which is thus located.

Unless test coupons are produced alongside the lining, the only method of
testing the vulcanisation state is with a hand hardness meter. A Shore 4A'
or IRHD meter is used for soft rubber linings and a Shore 4D' meter for
ebonites. The usual specification is that the hardness has to conform to =t 5°
of the specified hardness. There is no quantitative non-destructive test for the
strength of the bond between the lining and the substrate and so such tests
are usually carried out in the laboratory on a sample prepared from the
materials used.



Elastomeric linings play an important role in industry where their resis-
tance to highly corrosive environments allow many processes to be carried
out in an economic manner. Major areas of use include heavy chemicals,
dyestuffs, Pharmaceuticals, electroplating, fertilisers, steel, foodstuffs, ore
extraction, hydrometallurgical extraction of elemental metals and the water
treatment industry.

Rubber lining is a specialist operation and should only be entrusted to
competent, established companies who are continually developing lining
material systems to keep ahead of the requirements of the process industries.
Full consultation should always be held, prior to the final design stage, to
ensure that the most-cost effective material specification is employed.

J. S. PITMAN
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18.8 Corrosion of Metals by

Plastics

One important advantage of plastics over many other materials is their
great resistance to deterioration; however, in some applications this inertness
of the bulk of the polymer may be deceptive, as practically all plastics con-
tain quantities of non-polymerised residues or by-products which remain
after processing. Many also depolymerise or degrade slowly releasing reac-
tive fragments which migrate readily from the plastic to neighbouring items
(either to items in contact or confined in an enclosed air space with the
plastic); these ageing reactions may often be induced or accelerated, e.g. by
increasing temperatures, ultra-violet irradiation, aerial oxidation and the
presence of certain impurities, especially acids and alkalis. Contaminants
derived from plastics have produced many problems including the spoilage
of foods, the build-up of toxic atmospheres and the corrosion of metals. It
is only in recent years that the extent of the last of these has been realised, and
with the widening use of plastics and the increasing sophistication of modern
equipment new problems are developing rapidly within this general context.

Corrosion by plastics may be conveniently sub-divided into two cate-
gories, firstly that resulting from contact of the metal with plastic (contact
corrosion) and secondly that resulting from enclosure of the metal with a
plastic in a confined air space but not in direct contact (vapour corrosion).
A phenomenon related to the latter category is corrosion caused by the
decomposition products of heated plastics during processing, during dis-
posal by incineration, in electric circuitry (particularly associated with over-
loading or short circuits) or in fires. Plastics giving the most corrosive
products on thermal degradation are those containing organic halogens,
typically p.v.c., halogenated synthetic rubbers, fluoro-plastics, certain fire
retardant polyesters and chlorinated rubber paints. The special problems
posed by vapours from fires were discussed in a recent symposium in
Stockholm1. A summary2 of the work of the Australian D.S.I.R. on corro-
sion by plastics, lists the degradation products which result from heating
a variety of plastics and discusses the corrosive and toxic effects of the
vapours. Certain plastics may also be degraded by microbiological action
to corrosive products — such reactions are usually restricted to polymers
derived from naturally occurring materials, typically cellulose and drying oil
derivatives or to susceptible additives which may include plasticisers, fatty
acids and organic fillers.



As well as their action on metals, plastics may also actively corrode other
polymers —in the author's experience for example, plasticisers from p.v.c.
have softened and degraded paint coatings, vapours from a two-stage-cured
phenolic moulding produced cracking and degradation of an adjacent poly-
carbonate switch mechanism, cresols from a cold-curing low-exotherm
epoxide softened an ABS casing, and several instances of crazing of poly-
methyl methacrylate have been attributed to the action of vapours from
adjacent plastics. These effects are, however, outside the scope of this section
and will not be considered further.

Vapour Corrosion

Vapour corrosion may be defined as 'the acceleration of atmospheric corro-
sion of metals by traces of volatile contaminants'; typically these are volatile
organic acids (particularly formic and acetic acids), but corrosion by other
volatiles from plastics including hydrogen chloride, oxides of nitrogen,
sulphur dioxide, hydrogen sulphide, phenol, amines and ammonia, has also
frequently been reported. The subject was surveyed by Ranee and Cole3 in
1958, and more recently by Knotkova-Germakova and Vlckova4, and by
Donovan and Stringer5. These three papers deal largely with the effects of
vapours from plastics in an undegraded (freshly manufactured) condition;
additionally Knotkova-Germakova and Vlckova4 refer to corrosion arising
during manufacture. Kennett2 has reported on the effects of vapours arising
from thermal degradation of plastics, and Cotton and Jacob6 have referred
to corrosion by vapours from polyvinylchloride (p.v.c.) at moderate temper-
atures (above 7O0C) and from fluorinated polymers at higher temperatures
(above 35O0C). Corrosion can also be caused by acids produced by micro-
biological decomposition7 Clarke and Longhurst8 investigating the effects
of humidity, showed that below 10% r.h. corrosion in air containing acetic
acid vapour was very slow but accelerated rapidly as the relative humidity
was increased above 80%.

Table 18.18 summarises the reported vapour corrosion effects of a variety
of plastics; references to the source of the information is given at appropriate
places.

The available range of plastics is very wide with a variety of compositions
and related properties within any one type description. Even when physical
properties and formulation are specified, minor variations in trace additives,
release agents, moulding cycles, etc. may have a considerable influence on
corrosivity. Table 18.18 can therefore be considered only as a guide and even
in this sense much more experimentation is needed to provide the full pic-
ture. In the present state of technology precise information is only likely to
result from tests carried out on the material of interest; various suitable test
methods have been described in the literature4'8'12'18'21.

There are, however, certain materials used as ingredients in the manufac-
ture of plastics, which almost invariably give a corrosive product. Included
in this category are wood8, which is frequently used as a filler or as part of
a composite; drying oils, used in paints18, adhesives, jointing compounds
and linoleum22; and esters of volatile acids frequently retained in certain
cold setting formulations, especially some paints18.



Table 18.18 Summary of vapour corrosion effects of plastics

Material

Thermoplastics
1. Polyvinyl chloride (p.v.c.)

(and other chlorinated
thermoplastics)

2. Fluorinated
thermoplastics (e.g.
p.t.f.e.)

3. Nitrocellulose

4. Nylons
(a) Nylon 6

(b) Nylon 66
5. P.V.A. (polyvinyl

acetates and alcohols)

6. Cellulose acetate
7. Polyacetals

(or) Homopolymer

(b) Copolymer
(formaldehyde
and 10% ethylene
oxide)

8. Polyolefines, polyesters,
polycarbonates,
polystyrene, polysulphone,
polysulphone,
polyphenylene oxide and
polymethylmethacrylate

Thermosetting resins
1 . Cross-linked polyester 3> 5> 1:

(fir) Cold cured polyesters

(b) Hot cured polyesters

Severity of corrosion *

Non-corrosive at ambient
temperature (but see
column 3); moderately, very
corrosive at 7O0C

Non-corrosive at ambient
and moderate temperatures;
very corrosive above about
35O0C10

Slightly-very corrosive l l

Corrosive11

Non-corrosive5

Non-corrosive-very
corrosive

Slightly corrosive4

Slightly corrosive4'5 at
ambient temperature,
more corrosive above 4O0C
Usually non-corrosive at
ambient temperatures,
corrosive above 450C5

Non-corrosive5'11 at
ambient temperatures

1,13

MEKP catalyst and
cobalt naphthenate
accelerator — very
corrosive. Other peroxide
catalyst systems slightly-
moderately corrosive.
Irradiation ^
or non-
non-oxidising corrosive
catalyst ,
Non-corrosive-moderately
corrosive

* Refers directly to Zn, Mg and steel; but see page 18:95

Volatiles evolved and remarks

Hydrogen chloride (HCl).
May become corrosive at
ambient temperature if
irradiated with u.v. radiation
or in the presence of certain
contaminants, e.g. zinc ions9

Decompose to release HF
and F2

Oxides of nitrogen may be
evolved progressively with
ageing

Acetic acid; formulations
frequently contain acetic acid
additions as molecular weight
regulators

Acetic acid released;
corrosivity dependent on
conditions and formulation
(degree of hydrolysis and
presence of stabilisers and
inhibitors)
Acetic acid may be released

Acetic acid and formic acid
evolved (acetic acid may be
used as an end-stopper)
Formic acid evolved (if
arduous moulding conditions
have been used, the polymer
may be corrosive at ambient
temperatures)

Formic and acetic acids
evolved. Corrosivity is
determined largely by the
catalyst used, but is also
affected by the formulation,
in particular diethylene
glycol gives more corrosive
resins than does propylene
glycol



Table 18.18 (continued)

Material

2. Phenolformaldehyde3"5

(a) Two-stage resins
(via novolaks)

(b) Single-stage cure
(via resols)

3. Amino plastics3'5

4. Epoxides4"6

(a) Cold cured

(b) Hot cured
5. Polyurethanes

Severity of corrosion

Moderately-very
corrosive

Non-corrosive (if fully
cured and containing
only inert fillers)
Non-corrosive-slightly
corrosive

Non-corrosive-slightly
corrosive

Non-corrosive
Non-corrosive5 at ambient
temperatures

Rubbers4, elastomers and adhesives
1. Natural rubber

(a) Non-vulcanised5

(b) Vulcanised5'14

2. (a) Synthetic rubbers5'6

(b) Polysulphide rubbers
(cold curing)5

3. Silicone polymers5'15"17

4. Phenol and
ureaformaldehyde
glues3'5

Slightly corrosive on
prolonged exposure
Slightly-moderately
corrosive
Non-corrosive at ambient
condition— most are
corrosive above 10O0C

Moderately corrosive-
very corrosive
Non-corrosive-very
corrosive

Slightly corrosive-very
corrosive

Volatiles evolved and remarks

Evolve N very corrosive
ammonia and if undercured
formaldehyde or if they are

compounded
with wood,

J flour fillers

Amines6 may be evolved
from amine catalysed resins,
and cresol 1 1 from certain
cold-curing low-exotherm
formulations

Formic and acetic acid
evolved
Hydrogen sulphide and
sulphur dioxide evolved
Many are chlorinated and
evolve HCl on heating;
Hypalon may also emit
sulphur dioxide4

Formic acid; the catalysts
used are peroxides
Acetic and formic acids.
Some single-pack silicone
sealants cure by hydrolysis of
acetoxy groups releasing
acetic acid and are very
corrosive; some two-pack
formulations evolve formic
acid and are corrosive, and
others are reputed to be
among the most inert
polymers
Formaldehyde, phenol,
ammonia and HCl may be
evolved. Various acids and
salts that yield acids (e.g.
formic acid and hydrochloric
acid) are used in cold-set
formulations. Volatiles
evolved during cure may be
absorbed by the materials
being bonded



Table 18.18 (continued)

Material

Paints and lacquers3'5' 18~20

1 . Oleo-resinous (drying oil)
type
(a) Air drying (inert

pigments)

(b) Stoving (inert
pigment)

2. Air-drying synthetic-resin
paints
(a) Chlorinated rubber

(hydrocarbon solvent)

(b) P.V.A. based

(c) Cyclised rubber,
nitro-cellulose,
shellac, acrylics,
two-pack epoxides
and polyurethanes

(d) Synthetic stoving
paints (epoxides,
formaldehyde con-
densation polymers)

Severity of corrosion

Moderately corrosive-
very corrosive

Slightly corrosive-very
corrosive

Normally non-corrosive
but may become cor-
rosive after exposure to
u. v. light or high
temperature
Non-corrosive-very
corrosive
Non-corrosive-slightly
corrosive (if solvent fully
removed-typically 2
weeks drying)

Non-corrosive (if fully
cured)

Volatiles evolved and remarks

Formic acid, \ corrosivity
other volatile may be much
acids and reduced by
aldehydes certain

neutralising
Formic acid pigments, e.g.

zinc oxide,
calcium

/ plumbate

HCI

Acetic acid

May have volatile ester
solvents, or contain traces of
volatile acids and these may
be retained for some time
and be corrosive

Contact Corrosion

Although less widely reported than the effects of vapours, contact corrosion
has been a serious problem in packaging and in electronics15"17. As minia-
turisation and sophistication of electronic devices has increased, the hazard
presented by corrosion is often the limiting factor inhibiting the attainment
of expected levels of reliability.

Semiconducting devices, switches and miniaturised v.h.f. circuits are all
particularly sensitive to the slightest reaction on critical surfaces, and in
devices calling for the highest levels of reliability even the most inert of the
phenolic, epoxide and silicone resins are not considered to be fully accept-
able17; corrosion of electronic assemblies may often be enhanced by migra-
tion of ions to sensitive areas under applied potentials, and by local heating
effects associated with current flows.

Little comprehensive work has been carried out on contact corrosion, but
some results on a range of polymers have been reported by Czech workers4.
In general, plastics that give rise to vapour corrosion (Table 18.18) will also
cause contact corrosion. Some qualification is needed to this statement,
however, as much depends on the type of contact and the other ingredients
in the polymer, e.g. a paint may give good protection to the metal to which
it is applied, but the vapour may cause corrosion of adjacent metal items
within an enclosed space.



Access of air and water will also affect the corrosion rate. Metal inserts in
corrosive plastics are most actively attacked at the plastic/metal/air inter-
faces; with certain metals, notably aluminium23, titanium10 and stainless
steel, crevice effects (oxygen shielding and entrapment of water) frequently
accelerate attack. Acceleration of corrosion by 'bimetallic' couples between
carbon-fibre-reinforced plastics and metals presents a problem24 in the use
of these composites.

The chloride ion is the most frequent cause of contact corrosion, since
chlorine is present in the many chlorinated plastics, and is also frequently
retained in residual amounts from reactive intermediates used in manufac-
ture. Thus epoxides usually contain chloride derived from the epichlor-
hydin used as the precursor of the epoxide. In addition to the contaminants
referred to in Table 18.18, various metal and ammonium cations, inorganic
anions and long-chain fatty acids (present as stabilisers, release agents or
derived from plasticisers) may corrode metals on contact.

Susceptibility of Metals to Attack by
Contaminants from Plastics

The relative susceptibility of metals to atmospheric corrosion varies widely
with the type of contaminant, e.g. zinc and cadmium, two metals that are
used for the protection of steel in exposed environments, are both rapidly
attacked by organic acids20; on the other hand, aluminium alloys resist
attack by organic acids but may be rapidly corroded by chlorides, especially
at crevices or areas of contact.

Copper alloys are particularly prone to attack by long-chain fatty acids
which are often present in sealing compositions, temporary protectives25

and as trace additives in many plastics; under acid conditions ester plas-
ticisers may saponify in the presence of copper giving rapid corrosion of the
copper and accelerating degradation of the polymer.

Copper and silver tarnish readily in sulphide atmospheres, and copper
in contact with sulphur-vulcanised rubber will sometimes react with the
sulphur, devulcanising it in the process. The growth of conducting sulphide
whiskers on silver is noteworthy as these whiskers may give rise to short cir-
cuits across silver-plated contacts. Ammonia has little effect on most metals,
but traces will tarnish many copper alloys and cause stress-corrosion crack-
ing of certain stressed brasses.

Various authors5'8'18 have investigated the relative susceptibility of a
variety of metals to attack by the lower fatty acids; the results show that
magnesium, lead, steel, zinc and cadmium are all rapidly attacked (Donovan
and Stringer5, for instance, showed that zinc corrodes at a rate of 5 /^m per
surface per week at 3O0C and 100% r.h. in air that contains 0-5 parts per
million of acetic acid); copper and nickel are attacked less rapidly, and
aluminium, tin and silver are resistant to attack.

P. D. DONOVAN
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18.9 Wood

Wood is one of the oldest constructional materials. Historically it was
important in world exploration and trade, and the defence of that trade, in
the provision of merchant ships and navies. It was also important in the early
days of railway engineering and in building construction. Although in many
applications wood has been replaced by other materials, this renewable
resource now supports the growing industries of manufactured wood pro-
ducts. Prominent amongst these are the panel materials chipboard, flake-
board, strandboard, plywood and blockboard, hardboard and softboard,
wood-cement products and the products of the very large pulp and paper
industries.

Wood is particularly valuable for many conditions which are corrosive
to common metals (e.g. acids and external exposure), and for contact with
foodstuffs and beverages. It is not subject to corrosion in the electrochemical
sense of the term applied to metals, but in saline conditions it can be attacked
by the products of metal corrosion (alkali and iron salts) where poor tech-
nology or unsuitable wood species are used. Although wood is attacked
by both extremely alkaline and acid conditions, particularly those which are
oxidising, it can be employed over a wider pH range than most other
materials.

Most wood species are subject to some form of biological attack, a hazard
not encountered by most other constructional materials. Fungal decay and
attack by termites and other insect borers and marine borers are the main
problems. The heartwood of many timber species and the sapwood of most
species can be impregnated with wood preservatives to prevent these
problems.

Physical Properties of Wood

Timber is derived from a great number of botanical species, and has a wide
range of properties. Variability also occurs within a single species and in
order to achieve acceptable levels of uniformity, selection by grading is
necessary. The timber trade differentiates between softwoods and hard-
woods, and the latter are again separated into temperate and tropical types.
Hardwoods are derived from broad-leaved and mainly deciduous trees,
which are anatomically more complex and differ in chemical composition



from softwoods, which are derived from coniferous and mainly evergreen
species.

Timber is anisotropic and most of its properties differ in the three growth
directions-longitudinal, radial and tangential. This is mainly due to the
general orientation of fibres in a longitudinal direction, resulting in an
enhancement of most strength properties in that plane1'2-3. Density1'2

which is interrelated with other properties, has a wide range of values in
different species, varying from 40kg/m3 for balsa to 1230kg/m3 for
lignum vitae.

Wood has very useful thermal properties. Dry wood has a low thermal
conductivity and a high heat capacity, and is resistant to thermal decomposi-
tion at temperatures up to 25O0C for short periods of time.

The most important and most troublesome property of wood is its hygro-
scopic nature. Changes of moisture content in timber are accompanied by
dimensional changes4 which are also anisotropic, being usually very small
in the longitudinal direction, but substantial in the other two planes, the
tangential movement being about double the radial movement. It is therefore
necessary to saw logs longitudinally to relieve drying out stresses which
would otherwise result in splitting. Drying5 or 'seasoning' is also necessary
to avoid fungal attack on non-durable species. Moisture absorption or loss
occurs mainly through the end-grain, so end-grain sealing greatly reduces
moisture movement.

Timber from the outside of the tree (the sapwood) usually differs markedly
in properties from the inner part (the heart wood). Sapwood is always pale
in colour, is susceptible to biological attack largely because of the presence
of nutrients, and is usually permeable, therefore lending itself to impregna-
tion treatment with preservatives. The heart wood of different timber species
varies widely in appearance, natural durability and permeability. Heartwood
can vary from being indistinguishable from sapwood to being well defined
and dark in colour. The timber species which give long service life in hazar-
dous conditions are highly impermeable and have high natural durability.
Permeable species, which can be properly impregnated with preservatives
can also give long service.

The availability of different timber species l f 2 ' 6 varies considerably with
economic and political conditions, and the effects of past exploitation.

Resistance of Timber to Weathering
and Biological Degradation

Timber has a very good resistance to exterior exposure, especially species of
high density. The main factors which contribute to surface degradation are
the ultraviolet component of strong sunshine which gradually degrades the
lignin-rich bond between fibres, the varying stresses set up by the cycling con-
ditions of wetting and drying which cause further disruption, and biological
degradation. Surface degradation can largely be prevented by paints and
other surface finishes, renewed at suitable intervals.

The main hazard to timber is biological attack. In milder climates this
is mainly 'rot' due to fungal infections together with insect borers. In hot



climates termites may be of overriding importance, and in marine situa-
tions the destructive effect of marine borers is of greatest significance.

The sapwood of all timber species is susceptible to attack, so the use of
a durable species usually requires the removal of the sapwood. However,
since sapwood can usually be fully penetrated with preservative by an
impregnation treatment, an overall durable product can be obtained from
the timber of small trees of a durable species containing a high proportion
of sapwood.

The heartwood of various timber species shows a wide range of resis-
tance to biological attack. The natural durability of heartwood) is assessed
by ground contact tests and according to survival, classified into five
ctegories1'2'7: very durable (>25 years), durable (15-25 years); moderately
durable (10-15 years); non-durable (5-10 years); and perishable, (<5
years).

Timber species also vary in the treatability of the heartwood1'2'8 with
preservatives in an impregnation plant, and are classified into four categories
according to the depth of penetration which can be achieved: permeable
(complete penetration); moderately resistant (6-18 mm lateral penetration);
resistant (3-6 mm lateral penetration); and extremely resistant (no appre-
ciable lateral and very little end-grain penetration).

There are, however, timber species of low natural durability which are
impermeable and therefore cannot be effectively preserved. Such timbers can
only be successfully used in dry situations. Likewise where preservative-
treated timber is to be used in a situation of the highest hazard, long service
life is best achieved by using easily treated species impregnated with a suit-
able preservative. Timber species that are difficult to treat can be incised to
improve preservative penetration.

For outdoor applications including ground contact the most effective
wood preservatives are creosote9'10 and copper/chrome/arsenic (CCA)9'10

applied using a vacuum/pressure process. Creosote is used for railway
sleepers, telephone and electricity transmission poles, agricultural buildings
and fencing. CCA preservatives chemically react with the wood and cannot
be leached out. The treated timber is mainly used in buildings and fencing
and can be painted.

Most building timbers out of ground contact, are impregnated by a double
vacuum process using a clear solvent-type preservative incorporating a
fungicide, an insecticide and a water repellant. It is the preferred treatment
for profiled joinery timber as there is no distortion, and painting is per-
mitted, as the solvent is volatile. An alternative treatment for building
timbers out of ground contract, widely used in Australia and New Zealand,
is impregnation with disodium octaborate using a diffusion process applied
to freshly sawn green timber.

In the maintenance of exterior timber, the surface application of creosote
or a decorative solvent-type preservative at suitable intervals adds greatly to
service life.

For the remedial treatment of fungal decay and insect attack on timber in
buildings, clear solvent-type preservatives applied by spraying all available
surfaces are generally used, supplemented with wood preservative pastes to
obtain deep penetration. Water-based emulsions are also used for wood-
worm control. There has been a general move towards the use of those



fungicides and insecticides which present a lower risk of environmental prob-
lems, especially in housing.

Another category of treatment sometimes required is that against fire
damage12. Surface coatings meet most requirements, but in some situations
impregnation treatments of permeable timber species with fire retardant
salts is specified. Impregnation solutions are usually based on ammonium
phosphate and borax, and are commonly combined with a CCA preserva-
tion treatment. Salt-type treatments are only suitable for indoor use, but
organo-phosphorus resins can also be used in exterior applications. With
manufactured wood products, such as chipboard, fire-retardant salts can be
incorporated in powder form. Unprotected timbers of large cross section
survive structurally in fires better than unprotected metal, as an outer layer
of charcoal protects the inner wood.

Impermeable timbers have a good resistance to polluted atmospheres
where acid fumes rapidly attack steel. Wood has given excellent service in the
buildings of chemical works and railway stations. Permeable wood species
and sapwood can suffer defibration problems caused by the sulphur dioxide
of industrial atmospheres. Tile battens are particularly vulnerable. The
heartwood of Douglas fir, pitch pine, larch, Scots pine/European redwood
and many tropical hardwoods give good service in these conditions.

Developments in glued laminated structures and panel products such as
plywood and chipboard raises the question of the durability of adhesives13

as well as wood. Urea-formaldehyde adhesives are most commonly used for
indoor components. For exterior use, resorcinol adhesives are used for
assembly work, whilst phenolic, tannin and melamine/urea adhesives are
used for manufactured wood products. Urea and casein adhesives can give
good outdoor service if protected with well-maintained surface finishes.
Assembly failures of adhesives caused by exudates from some timber species
can be avoided by freshly sanding the surfaces before glue application.

Wood in Marine Conditions

Of all the natural situations in which timber is used, marine conditions are
considered the most severe, and only a few of the commonly available timber
species can be relied on to give a very long service life. This elite of timber
species includes oak, teak, mahogany, and pitch pine for boat building and
greenheart for harbour works. These are all highly impermeable and natu-
rally durable woods. Centuries of tradition in the successful use of these
timbers impairs any judgement on the extent of the problems which would
arise if other timbers were used for marine work. Until the voyages of
discovery oak was very much relied on.

Fungal decay in boats and marine structures is mostly associated with rain-
water penetration and bad ventilation. Although it is generally thought the
decay risk is less in saline conditions, this problem is largely controlled by
the selection of timber species. Insect borer damage is uncommon in woods
used for marine work, as again the selection of species and the avoidance of
sapwood largely eliminates this risk. However, serious problems can occur
in the form of marine borers n'14 and chemical decay arising from attack on
the wood by the products of metal corrosion15.



Ship worm (Teredo spp.), a mollusc which burrows into wood for pro-
tection, was a considerable problem in the days of wooden sailing ships, and
can still be troublesome in wooden boats and harbour installations,
especially in warmer climates. Gribble (Limnoria spp.), a small wood-boring
crustacean, also causes serious damage and operates in cooler waters. Dense,
naturally durable tropical hardwoods, and permeable timber species impreg-
nated with creosote or CCA preservative, give the best service life against
these pests. Sheathing with other materials is also effective.

Chemical decay of the wood around fastenings in boats and marine struc-
tures, commonly known as 'nail sickness' is caused by attack on the wood
by the products of corrosion, i.e. alkali and iron compounds. Corrosion of
fastenings operates on differences in oxygen availability15 as in crack or
crevice corrosion. Any part of a fastening which has access to oxygen and
electolyte becomes cathodic, producing alkali from sea-water. In situations
where this alkali cannot be lost by leaching or diffusion it chemically attacks
the wood, gradually solubilising extractives, hemicelluloses and the lower
molecular sizes of cellulose. Hardwoods, because of their much higher hemi-
cellulose content are less resistant than softwoods, showing more shrinkage
and distortion in damaged areas, but many hardwoods have the advantage
of higher impermeability. Corrosion takes place on the embedded parts of
fastenings where oxygen access is poor, i.e. the anodic areas. The soluble
iron salts migrate into the wood and gradually hydrolyse producing rust
deposits and mineral acid.16 The latter causes softening and embrittlement
of the wood by hydrolysis, converting long-chain cellulose into smaller
molecular sizes.

Corrosion of fastenings is normally prevented by the use of highly imper-
meable woods (traditional boat-building timbers) and totally enclosed
fastenings to control oxygen and electrolyte access. High standards of
workmanship are required for the same reason. Where parts of fastenings
or fittings are exposed they should be protected with highly impermeable
coatings. It has been demonstrated that further protection can be obtained
by the use of fastenings coated with suitable plastics15> 16 so that the metal-
electrolyte contact is eliminated. The use of plastic-coated fastenings could
widen the application of more permeable timbers for boat building and
marine work. Pressure creosoting also makes a valuable contribution
towards making permeable woods used for harbour works proof against sea-
water and oxygen penetration, thus reducing corrosion risks.

Another problem associated with the marine situation, particularly in hot
climates, is surface defibration or 'furring' of ship's decking17 and other
timber surfaces. Disruption is due to the growth of salt crystals in the wood
surface in the alternating cycles of wetting and drying, and is often assisted
by ultraviolet radiation damage to the lignin-rich bond between fibres.
Damage is superficial in the case of impermeable woods, but can be very
destructive to permeable timbers. This problem is minimised by the use of
impermeable timbers and the regular maintenance of protective surface
coatings.



Corrosive Liquids: Wood in Chemical Service

Wood in chemical applications18 gives remarkably good service in the most
severe conditions. Impermeable woods give the best results as any chemical
degradation is confined to the surface, and the breakdown products are
generally less harmful than metal corrosion products. Because of its per-
meability all sap wood must be removed. The low heat conductivity of wood
is a property of considerable advantage for conserving heat and wood is
commonly used for hot wells.

Wood has a good resistance to a wide range of chemicals. The acid
resistance is superior to that of most common metals. Iron begins to corrode
at pH 5, whereas attack on wood commences at pH 2, and even at lower
values proceeds at a very low rate. Wood has excellent resistance to acetic
acid which is particularly destructive to most common metals. In alkaline
conditions wood has good resistance up to pH 11.

Softwoods (pitch pine, Douglas fir, larch, and if available Southern
cypress and kauri), because of their chemical composition (low hemicell-
ulose, high lignin, and high cellulose content) are intrinsically more chem-
ically resistant than hardwoods, especially for alkaline conditions where
they are also less likely to produce coloured extracts (cf. hardwoods with
tannins). Softwoods are generally of straighter grain than hardwoods which
is an advantage in vat construction as it confers maximum strength and
minimises the risk of distortion and permeability which could be introduced
by sloping grain. (The longitudinal to transverse permeability ratio averages
10:1 for various wood species.)

Hardwoods (oak, teak, iroko, idigbo and many other tropical hardwoods)
give excellent service in acid conditions such as metal cleaning operations.
Greater impermeability and higher densities can be found in hardwoods, and
these properties largely offset their intrinsically lower chemical resistance and
poorer straightness of grain.

Wood is still a favoured material for constructing equipment used for
handling chemical effluent.

Although the use of wooden vats has declined with the advancement and
wider use of plastics and corrosion-resistant metals, selected wood can still
be the most economical material to use. Many old vats are still giving excel-
lent service in industry. Vats give their longest service when used for one
continuous operation, thus avoiding shrinkage and contamination troubles
caused by changing usage. Vats should not be painted as any barrier on the
outside will raise the moisture of the whole cross-section to a level promoting
fungal decay in all but extremely durable timbers. Nitric acid, chlorine and
sulphur dioxide are all destructive to wood, attacking the lignin component
and causing surface defibration. To prevent or minimise chemical attack on
wood surfaces, protective coatings of various waxes, bitumen, chlorinated
rubber, polyvinyl chloride, phenolic and furfuryl resins can be applied.

In recent years the plyvat has gained popularity. It is constructed of cold-
moulded marine plywood and protected internally with suitable resin coat-
ings. A variety of phenolic resin impregnated laminated wood products
which have good chemical resistance (particularly against acids) are made
by soaking beech veneers in solutions of phenolic resins, assembling and heat
curing in plywood or moulded form.



Mildly Corrosive Liquids

The chief advantage of wood for containers is that many common species
are free from harmful contaminants. For this reason wood had widespread
use in the food and beverage industries, but it has now suffered severe com-
petition from corrosion-resistant metals, plastics and paper products. Oak
had a very extensive use in tight cooperage in the brewing industry, and its
use for barrels still survives in the maturing of whisky and brandy and in the
wine industries. Wood is particularly useful where acetic acid is present as
this acid is corrosive to most common metals.

Wood is commonly used for the packing in large water-cooling towers
associated with electricity generating stations. Tight control of mild pH
values is essential to avoid chemical damage to the wood surfaces by over-
softening or overchlorination of the water19. Biological degradation of
wood by soft-rot fungi was first discovered in the softwood packing of cool-
ing towers, and effective preservation has been achieved by impregnation
with CCA preservative which cannot be leached out under proper operating
conditions. With water-cooling towers which have outer wooden casings,
defibration or 'furring'17 of the outer surface sometimes occurs, caused by
permeable wood allowing water evaporation, which leads to crystal growth
of salts from the water causing surface disruption. Impermeable timbers
avoid this problem.

Staining of Wood

Impaired appearance of wood due to staining20 by contaminating sub-
stances can also be considered as a type of degradation, and its avoidance
is important in furniture, panelling and high-class joinery.

The commonest staining trouble is 'iron stain' —the blue-black stain
caused by the interaction of soluble iron corrosion products and the natural
tannins in wood. Hardwoods are generally more susceptible than softwoods.
Steel wool should not be used for smoothing wood surfaces. Iron stains, if
not too severe, can be removed with oxalic acid. Heavy contamination with
soluble iron corrosion products usually results in migration and conversion
to rust deposits in the wood.

Tannin-containing woods can also suffer from dark-brown stains pro-
duced by alkali, usually from a concrete or a detergent source. Conversely,
fair-faced concrete can be similarly stained by the run-off water from unpro-
tected hardwood surfaces. Some woods, e.g. afzelia, ayan and idigbo, give
yellow contaminating dyes with alkaline detergents and should not be used
in washrooms and kitchens.

Tannin-containing woods also darken with ammonia, a process which is
usefully employed in darkening oak furniture by 'fuming'. Ammonia stains
can originate from animal glue, amino-type adhesives and concrete additive
sources, particularly where damp conditions exist.

Pink stains occur naturally in some acidic woods, e.g. oak and Douglas
fir, but similar anthocyanidin stains can be produced in the wood of syca-
more, maple, walnut, agba and sapele by acid-catalysed adhesives. A variety
of enzymatic stains can be produced at mildly elevated temperatures in the



steaming and kiln-seasoning operations of various woods. These are notably
pink stains in ash, reddish stains in beech, and brown stains in hemlock.
Undesirable brown streaks or bands following the grain, sometimes occur
naturally in oak, teak and afrormosia, but exposure to light reduces the
differences, in some cases to normal.

With most woods, new surfaces first of all darken when exposed to light,
particularly with teak and afrormosia, where any masking of portions of
the surfaces of furniture can give blemishes. After full colour development,
strong sunshine bleaches most woods to a common brown colour.

Summary of Degradation Problems
Associated with Wood

Superficial Degradation

Colour change Caused by exposure to light, the effect is greatest with hard-
woods and is important in furniture, panelling and joinery; any masked
areas become blemishes. Strong sunshine bleaches most woods to a common
brown colour.

'Weathered surfaces9 The main factors involved are:

(a) Degradation of the lignin-rich bond between fibres by ultraviolet com-
ponent of stong sunshine.

(b) Surface checking caused by the stresses and movement in the wetting
and drying cycles.

(c) In marine and chemical applications, surface defibration caused by
repeated crystal growth of salts in the wetting and drying cycles.

(d) Biological degradation especially by soft rot fungi.

Weathering results in gradually receding wood surfaces.

Chemical stains These occur in tannin-rich woods, especially hardwoods.

(d) 'Iron stains', i.e. blue-black stains caused by the interaction of tannin
with soluble iron corrosion products. Soluble iron corrosion products
may also be converted to rust stains.

(b) Dark-brown stains with alkali; usually from a concrete or detergent
source.

(c) Ammonia stains, produced in damp conditions from adhesive and
cement additive sources.

Chemical attack Damage is superficial in the case of impermeable timbers,
but is deep with permeable wood species.

(a) Damage by industrial atmospheres, e.g. defibration by sulphur
dioxide.

(b) Damage to cooling tower packing and casings due to, for example,
oversoftening and overchlorination of water.

(c) Damaging chemicals to wooden vats, e.g. delignifying (defibrating)
agents, chlorine, nitric acid, sulphites and sulphur dioxide, some of
which are usefully employed in pulping processes.



'Nail sickness' Nail sickness is chemical decay associated with corroded
metals in marine situations. Chemical degradation of wood by the products
of metal corrosion is brought about by bad workmanship or maintenance,
or unsuitable (permeable) timber species, all of which permit electrolyte and
oxygen access which promotes corrosion. Chemical decay of wood by alkali
occurs in cathodic areas (metal exposed; oxygen present). Softening and
embrittlement of wood occurs in anodic areas (metal embedded; oxygen
absent) caused by mineral acid from hydrolysis of soluble iron corrosion
products.

Biological Degradation

Wood-rotting, fungi These fungi are active in situations where the thres-
hold value of 20% moisture content in wood is exceeded.

(d) Wet-rot fungi: attack on all sapwood and the heartwood of non-
durable species.

(b) Dry rot (Serpula lacrymans): very active in buildings in damp
situations.

(c) Soft-rot fungi: fungus not apparent; usually surface degradation in
wet or moist conditions.

Wood boring insects

(a) Termites: very destructive; warm and hot climates.
(b) Common woodworm (Anobium punctatum).
(c) House longhorn (Hylotrupes bajulus): very destructive; softwoods.
(d) Death-watch beetle (Xestobium rufovillosum): oak; associated with

decay.
(e) Wood-boring weevils (Pentarthrum and Euophryum): damp situa-

tions; associated with decay.
(/) Powder-post beetle (Lyctus spp.): sapwood of ring-porous hard-

woods.

Marine borers

(d) Shipworm (Teredo spp.): a mollusc; tropical waters.
(b) Gribble (Limnoria spp.): a crustacean; cooler waters.

L. PINION
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18.10 The Corrosion of Metals

by Wood

Wood can cause corrosion of metals by direct contact and, in confined
spaces, also by the emission of corrosive vapour. With rare exceptions, all
woods are acid, and the principal corroding agent in both types of attack is
volatile acetic acid.

Acetylated polysaccharides form part of the structure of wood, the acetyl
radical constituting some 2-5% by weight of the dry wood. Hydrolysis to
free acetic acid occurs in the presence of moisture at a rate varying from
one species to another; a wood of lower acetyl content can liberate acetic
acid much faster under given conditions than another wood of higher con-
tent1'2. Small quantities of formic, propionic and butyric acids are also
formed3, but their effects can be neglected in comparison with those of
acetic acid. There is a broad, but only a broad, correlation between the cor-
rosivity of a wood and its acidity. The chemistry of acetyl linkage in wood
and of its hydrolysis has been examined in some detail4.

Contact corrosion may be reduced by the presence of natural inhibi-
tors, such as tannins, in the wood, and will be promoted by sulphates and
chlorides in it*, especially if mineral preserving processes involving these
ions have been applied.

Influence of Moisture

The influence of moisture is fundamental, as it is with other forms of corro-
sion. Long-term contact tests5 with ponderosa pine, some treated with zinc
chloride, in atmospheres at 30, 65 and 95% r.h. showed that at 30 and 65%
r.h. plain wire nails were not very severely corroded even in zinc chloride-
impregnated wood. At 95% r.h. plain wire nails were severely corroded,
though galvanised nails were attacked only by impregnated wood. Brass and
aluminium were also attacked to some extent at 95% r.h. Some concurrent
outdoor tests at Madison, Wisconsin, showed that the outdoor climate there
was somewhat more severe than a 65% r.h. laboratory test.

* Woods contain from 0-2 to 4% of mineral ash. This consists largely of calcium, potassium
and magnesium as carbonate, phosphate, silicate and sulphate. Aluminium, iron, sodium and
chloride are also present. Sulphate contributes 1 to 10% by weight, usually 2 to 4%, and
chloride 0-1 to 5Vo.



These are useful quantitative results, but they will cause little surprise,
since the user of wood will expect metals in contact with damp wood to
corrode.

A degree of corrosion acceptable on the nails and fastenings on the out-
side of a packing case is not, however, acceptable on metal components
inside, which the box is supposed to be protecting. Vapour corrosion is also
governed by relative humidity and can occur whenever the internal humidity
exceeds a critical value, as may happen for a few hours in the cold of the
night even in quite good storage conditions. The critical humidity for cor-
rosive attack has been reported6'7 as 15%.

Less and More Corrosive Woods

Table 18.19 list woods whose aggressiveness by vapour corrosion has been
quoted in a survey8, together with typical pH values of the aqueous extracts
of these woods reported in another investigation9.

Table 18.19 Relative corrosivity of woods by vapour corrosion

Wood

Oak
Sweet chestnut
Steamed European beech
Birch
Douglas fir
Gahoon
Teak
Western red cedar
Parana pine
Spruce
Elm
African mahogany
Walnut
Iroko
Ramin
Obeche

Classification in
Defence Guide-3A 8

Most corrosive
Most corrosive
Moderately corossive
Moderately corrosive
Moderately corrosive
Moderately corrosive
Moderately corrosive
Moderately corrosive
Least corrosive
Least corrosive
Least corrosive
Least corrosive
Least corrosive
Least corrosive
Least corrosive
Least corrosive

Typical pH values

3-35, 3-45, 3-85, 3-9
3-4, 3-45, 3-65
3-85,4-2
4-85, 5-05, 5-35
3-45, 3-55, 4-15, 4-2
4-2, 4-45, 5-05, 5-2
4-65, 5-45
3-45
5-2 to 8-8
4-0, 4-45
6-45, 7-15
5-1, 5-4, 5-55, 6-65
4-4, 4-55, 4-85, 5-2
5-4, 6-2, 7-25
5-25, 5-35
4-75,6-75

While certain reservations must be kept in view (i.e. there is not necessarily
a correlation between pH and corrosivity, and different samples of the same
species of wood show a wide scatter of pH values, which might well be even
wider if differences in duration of seasoning were taken into account), the
results of vapour corrosion tests nevertheless indicate a general correlation
between quoted pH values and the corrosiveness of wood vapours. It may
reasonably be concluded that a strongly acid wood, pH less than 4-0, is
potentially dangerous, and a less acid wood, pH more than 5 -O, is likely to
be relatively safe.

Heat treatments of wood are dangerous, for although existing acid
vapours may be expelled, further vapours are formed by accelerated
hydrolysis.



Volatile acid hardeners such as hydrochloric acid and formaldehyde
(which oxidises to formic acid) present in glues in plywood contribute to
vapour corrosion, as can varnishes and paints8.

Wood preservatives appear not to affect emission of corrosive vapours
from wood, suggesting that the hydrolysis of acetyl polysaccharides is
chemical, not biochemical. Some copper-base preservatives can give enough
leachable copper ions to cause galvanic corrosion of other metals, notably
aluminium and steel.

Metals Affected

The metals most susceptible to corrosion by wood are steel, zinc, cadmium,
magnesium alloy and lead. The susceptibility of zinc and cadmium is no
argument against the galvanising or cadmium plating of steel, since these
coatings much reduce the rate of corrosion of steel by contact with wood
or wood vapours, although they will not give the high degree of protection
which they provide in open exposure to marine or tropical atmospheres.

Aluminium is relatively resistant10. So also are copper, brass, tin and
stainless steel, but these metals should not be used as thin coatings on mild
steel as they promote rusting at any points of breakdown.

Bimetallic corrosion between two different metals (see also Section 1.7)
embedded in damp wood, e.g. in the hull of a boat, can occur in two ways n.
If the metals are joined by a metallic conductor, then the formation of the cell

metal A/damp wood/metal B

will result in accelerated corrosion of the metal which has the more nega-
tive potential in this electrolyte. Savory and Packman11 point out that even
if two metals are not connected by a metallic path, and project from wood
into sea-water, then two opposing cells are set up, the first as described above
and the second

metal A/sea-water/metal B.

These cells are unlikely to have the same potential so that a net potential
will exist and one metal will corrode preferentially and the other will tend to
be protected. However, although this situation may occur in practice it is
difficult to see how the explanation given by Savory and Packman is tenable.
In action, accelerated corrosion can occur on an individual metal, by the
action of a concentration cell

metal A/damp wood/sea-water/metal A.

Iron salts from rusting steel, e.g. a nail, have a strongly deleterious effect
on wood, causing 'charring' and complete loss of strength.

Practical Conclusions

Contact corrosion Nails and fastenings in many non-durable wooden arti-
cles exposed to damp will outlive the useful lives of the articles, and their
corrosion is of no great importance. Corrosion is, however, important in tile



and batten nails in roofs, fences and other more permanent structures.
Unprotected steel should never be used. Galvanised steel is much better, and
brass, copper, the more corrosion-resistant alloys of aluminium, and stain-
less steel, are likely to give even longer service.

Vapour corrosion The best way to pack articles made of metals susceptible
to vapour corrosion is in boxes made of metal or of those plastics which do
not themselves emit corrosive vapours8. If wood cannot be avoided, then
the less corrosive kinds should be chosen. Dryness, good ventilation and
the inclusion of water-vapour barriers should be sought. Other obvious
measures are the avoidance of susceptible metals and the use of protective
treatments and paints.

Recent Developments

Differential Oxygen Cell Corrosion

In addition to the basic corrosion mechanism of attack by acetic acid, it
is well established12 that differential oxygen concentration cells are set up
along metals embedded in wood. The gap between a nail and the wood into
which it is embedded resembles the ideal crevice or deep, narrow pit. It is
expected, therefore, that the cathodic reaction (oxygen reduction) should
take place on the exposed head and that metal dissolution should occur on
the shank in the wood.

Alkaline areas around corroding nail heads were demonstrated by
Pinion13 using phenolphthalein indicator. Pinion also measured the cor-
rosion current which flowed between a bare steel rod and a similar rod
embedded in wood both placed in aerated sea-water. This is an extreme case
of the differential oxygen concentration cell; a less severe example is that
of galvanised steel nails used to fasten wooden planks to oak frames. In the
case of oak planks the oxygen content of the environment around the nail
is uniformly low (due to the impermeable nature of oak) and no significant
corrosion is observed in moist conditions. Relatively rapid corrosion can
occur in a mixed wood construction. Beech is more permeable than oak,
thereby facilitating the creation of a differential oxygen cell. The cathodic
process generates hydroxyl ions which diffuse into the beech and the anodic
process introduces ferrous ions into the oak.

Wood Degradation

Two mechanisms of wood degradation have been identified which can be
linked directly to metallic corrosion. Nail sickness is a term which has long
been used to describe the process by which soft and spongy areas of wood
form around corroding fasteners. Cathodically generated hydroxyl ions
attack the hemicelluloses, lignin and even the cellulose components of
wood13 if present at sufficiently high concentrations. Because hardwoods
contain higher proportions of hemicelluloses than softwoods, hardwoods
can be severely degraded by alkali, but because they tend to be less per-



meable than softwoods there is less tendency for oxygen concentration cells
to be set up.

Degradation of wood is also observed adjacent to anodic corrosion sites.
Some metal ions, notably Fe2+, catalytically decompose the cellulose com-
ponents of wood. This significantly reduces the wood's fastener-holding
ability.

Moisture Content and Corrosion

As outlined previously the moisture content of wood largely determines
whether or not corrosion can occur. The moisture content of wood is
reported in terms of weight percent, although it can be related to the relative
humidity of the environment with which it is in equilibrium. A value of ca.
15% moisture content is generally taken to be the lower limit for corrosion
of any metals to occur in commonly used softwoods14.

At moisture contents of 20% or above (equivalent to 80%, r.h. at 150C)
wood is at risk from rot. This risk together with the enhanced risk of fastener
corrosion in damp wood was highlighted in a recent survey15 of roof spaces
fitted with varying qualities of between-joist thermal insulation.

Treated Wood

There are two main reasons for treating wood: to provide flame retarding
properties and to guard against rot. Flame retardants are usually inorganic
salts such as phosphates, sulphates and borates, the cation being metal or
ammonium. Bare steel screws and nails are not recommended for use in such
flame-proofed wood; for this service more corrosion-resistant materials such
as brass, silicon bronze or stainless steel are used. Galvanised, sheradised,
zinc- and cadmium-plated fasteners have inadequate corrosion resistance.
Some fire retarding chemicals now contain corrosion inhibitors.

Preservative treatments used to protect wood against insect attack and
fungus-related decay16 are of two general types. Organic based treatments
such as creosote and pentachlorophenol are applied in solution in organic
solvents. They contribute little to the ionic conductivity of the wood and it
is generally accepted that their presence in wood does not exacerbate corro-
sion problems. Indeed, creosote apparently acts as a corrosion inhibitor for
many metals14'17. Inorganic preservatives are often based on copper salts or
oxides, sometimes in combination with arsenic and chromium in the form
of oxides or oxyanions. Due to the presence of uncombined by-product salts
and leachable copper ions there is a serious corrosion problem for several
metals especially steel, zinc and aluminium embedded in wet or recently
treated wood18'19. Untreated wood is also very corrosive in these circum-
stances, but fungal decay should preclude its use at moisture contents above
ca. 20%.

Since much of the wood in common use today for joinery, including exter-
nal window frames and roof trusses, is redwood, such as Pinus sylvestris,
preservative treatment is very necessary. However, whilst it is known that
little corrosion of fasteners can take place in dry wood (< 15% moisture



content) and that serious corrosion can be expected in wet wood (both
treated and untreated) there is no firm evidence concerning the corrosion of
metal fasteners in wood of normal (15-22%) moisture content20. Research
is in progress but this is a difficult corrosion environment to study. The elec-
trical resistivity of wood in this moisture-content range is high, preventing
the application of linear polarisation methods.

The results of one research programme21 indicate that copper-
chromium-arsenic treatments are not corrosive towards galvanised steel and
stainless steel in the moisture content range 15-22%.

Corrosion Prevention in Wood

Wood is an intrinsically corrosive medium which becomes more corrosive in
certain circumstances. In dry conditions, where the moisture content cannot
exceed 15%, any metal can probably be used without any precautions being
necessary.

At normal moisture levels (ca. 15-22%) there is a definite, though ill-
defined, corrosion hazard in certain woods for commonly used metals
such as steel, whether bare or protected by zinc in any form. The choice
of material to be used for fasteners is difficult and depends on additional
factors including possible wood treatments. In untreated, and solvent-borne
preservative-treated redwoods, galvanised steel is commonly used. In flame-
proofed wood more corrosion-resistant metals, such as brass or even stain-
less steels, are necessary. The choice of metals for use in wood treated with
inorganic preservatives, particularly those based on copper salts, is even
more difficult because the necessary information does not exist. Galvanised
nails and nailplates are still used but some users are looking to materials
such as stainless steel. The long-term behaviour of stainless steels is not
known; there may be a crevice corrosion or pitting problem with some
grades.

Wood at moisture contents in excess of 20% is liable to decay, and above
ca. 22% it is quite corrosive in both the treated and untreated conditions.
Wet wood can be found in leaky roofs, in ground contact and in many
outdoor locations. Coated steel, stainless steel and, less satisfactorily,
galvanised steel fasteners are used. This appears to be largely because of the
high cost of more suitable materials.

H. G. COLE
M. J. SCHOFIELD
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