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Introduction

The exhaust system has a number of
requirements to fulfil. The major ones are to
reduce the noise level created by the engine, to
channel the waste gases out the rear of the
automobile, to minimize the reduction in
engine performance, and to have an acceptable
service life and cost1. The exhaust system is
divided into two main parts, the hot end and
the cold end. The components comprising the
hot end are the exhaust manifold, the front
pipe, and the catalytic converter (if present).
The cold end components include the centre
pipe, the muffler, and the tail pipe. Typical
operating temperatures of the different
components are shown in Table I.

Of all automobile exhaust failures, about
80% are caused by corrosion while the

majority of the remainder are caused by
fatigue1. In 1987, an Armco investigation
involved the examination of nearly 350
passenger car and light truck failed exhaust
systems in the Ohio area. Of the coated carbon
steel failures, 70% were failures originating on
the interior surface—the remaining 30% were
from the exterior surface. The rate of corrosion
attack originating from the exterior surface of
the exhaust system is strongly influenced by
the region in which the automobiles are used.
The corrosivity of the external environment is
far more severe in cold countries. This is due
to the presence of chloride based de-icing salts
that are dispersed on the roads to lower the
melting point of water, and thereby reduce the
amount of ice or snow on the roads. De-icers
are selected on the basis that they exhibit a
eutectic temperature several degrees lower
than the ambient temperature encountered in
the ice or snow environment. The eutectic
point occurs at the salt concentration where
the solution has a minimum melting
temperature. For the de-icers to be feasible,
they need to be comparatively cheap, must be
highly soluble in water at low temperatures,
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Table I

Typical operating temperatures of
automobile exhaust system
components2

Component Operating
Temperature (°C)

Hot Exhaust manifold 800–950

End Front pipe 600–800

Components Catalytic converter 600–800

Cold Centre pipe 300–600

End Muffler 100–300

Components Tail pipe 100–300

Synopsis

Corrosion in exhaust systems can occur on both the interior and
exterior surfaces. Chloride-containing de-icing salts on the roads in
colder countries greatly increases the rate of corrosion on the
exterior surfaces. This paper investigates the relative exterior
corrosion resistance of three alloys—two ferritic stainless steels
(AISI Types 409 and 441) and an aluminized mild steel. The exhaust
system is split into two categories—the hot end and the cold end. A
test for each of these ends was designed—the standard ASTM G85
test was modified to create a simulated driving cycle. The cold end
test samples were exposed to ten driving cycles, and the hot end test
samples were exposed to five driving cycles. A driving cycle
constitutes the car being started from cold, driven until the
operating temperatures are reached, and switched off and allowed
to cool. Pitting corrosion is the primary corrosion mechanism
occurring at the cold end of the exhaust system. The aluminized
mild steel was the most resistant alloy in this test, and Type 409 the
least. However, once the protective aluminium layer degrades,
corrosion will occur rapidly. At the hot end of the exhaust system,
spalling of the surface oxide layer is the primary corrosion
mechanism occurring. Type 441 was the most resistant in this test,
and the aluminized mild steel the least resistant. Potentiodynamic
tests were performed on the alloys—the results agreed with the
results obtained in the exposure tests.



External corrosion resistance of steel and ferritic stainless steel exhaust systems

and yield ions of a reasonably low average molecular
weight3. Sodium chloride is the most common de-icer, but
calcium chloride is often used in conjunction with it (95wt%
NaCl, 5wt% CaCl2) in locations where extremely low temper-
atures are experienced (calcium chloride is more effective
than sodium chloride4). Unfortunately, calcium chloride and
sodium chloride mixtures are generally more corrosive than
sodium chloride alone.

The different ends of the exhaust system corrode by
different mechanisms. At the hot end, the most common
mechanism occurring is oxidation and the subsequent
spalling (breakaway) of the oxidized layer. Materials usually
exhibit one of several basic reactions to a high temperature
oxidizing environment. They may form a protective oxide
layer that persists for some finite time, after which spalling
occurs and a scaling rate develops. They may also form a
non-protective oxide, which allows rapid oxygen penetration
to the metal and subsequent rapid deterioration by internal
oxidation, which may render the material brittle and
unusable without much observable surface or mass change5.
In general, most oxides have different coefficients of thermal
expansion to that of the metal from which they are formed,
and thermal stresses are set up when the temperature
changes. An oxide that forms at high temperatures may
therefore lose adherence to the alloy when it is cooled and
become non-protective when reheated. Not only does this
result in metal loss of the exhaust system, but the flakes can
also cause a blockage in the catalyst. Higher nickel austenitic
stainless steels are more resistant to temperature cycling than
low nickel stainless steels5, and the oxidation resistance of
an alloy can be improved by increasing the chromium,
silicon, or aluminium levels6.

At the cold end components, the temperatures reached
are much lower and oxide formation and spalling is not a
problem. However, exterior aqueous salt corrosion will occur
more readily due to the presence of a chloride-containing
electrolyte (the exterior surfaces are exposed to the road).
The de-icing salts form a highly conductive electrolyte with
water, and evaporation is retarded due to the lower operating
temperatures. Various forms of corrosion can take place in
the presence of a conductive electrolyte, but the most
common mechanism occurring at the cold end of the exhaust
system is pitting corrosion. The chloride ions cause a
localized breakdown of the hydrated passive film (FeOOH)
on the surface of the stainless steel. In the presence of
chloride, the following reactions take place5:

FeOOH + Cl- → FeOCl + OH-

FeOCl + H2O → Fe3+ + Cl- + 2OH-

The overall reaction is:

FeOOH + H2O → Fe3+ + 3OH-

The chloride ions thus act as a catalyst, and are not
expended. FeOCl approximates the composition of the ‘salt
islands’ forming on the passive layer. The passive layer thins
out as the outer surface of the film dissolves. At the pitting
potential, sufficient chloride has concentrated in salt islands
at the surface to start a new anodic reaction at the initiation
site. Fresh metal is exposed in areas where the passive layer
is depleted. The current density increases drastically and
corrosion occurs rapidly. The result is the formation of a pit.
Once the pit has initiated, it grows autocatalytically. Ferrous

(Fe2+) ions are released when the unprotected metal is
exposed to the electrolyte. The ferrous ions then attract the
negatively charged chloride ions into the initiation site and
hydrolysis occurs by the reaction:

Fe2+ + 2H2O + 2Cl- → Fe(OH)2 + 2HCl

There is a local reduction in pH resulting from the
liberation of hydrochloric acid, and this further accelerates
anodic dissolution. Although chromium strongly passivates
the outer surfaces, it aggravates pitting by hydrolysing to
form a lower pH than that attained by iron5.

The materials used for the manufacturing of exhaust
systems are mainly carbon steel, aluminized mild steel
(aluminium-coated low-carbon steel) and, increasingly,
stainless steel (both ferritic and austenitic)6. Aluminized
ferritic stainless steels have also been used6. The increase in
stainless steel usage is due to government regulations for
cleaner exhaust gases (higher combustion temperature in the
cylinders), better fuel consumption (thinner gauge of
stainless steel required, therefore lighter), and prolonged
exhaust system life (better corrosion resistance). Ferritic
stainless steels with a low coefficient of thermal expansion,
such as AISI Types 409 and 439, are used mainly in the
United States. The problem with using the ferritic grades is
that they are more difficult to weld, as they are susceptible to
grain growth and coarsening at welding temperatures.
Furthermore, interstitial contamination from carbon,
nitrogen, hydrogen, and oxygen can sensitize the alloys to
intergranular corrosion. The advantage however, is that they
are more affordable to the consumer than the austenitic
grades.

The cosmetic appeal of the visible parts of the exhaust
system is very important. Bare AISI 409 stainless steel shows
a significant brown discoloration and superficial surface
rusting after a few months. Hot dipped aluminized AISI 409
withstands this aesthetic degradation, and has become very
popular6. The aesthetic appearance of the tail pipe has
become one of the priorities in the modern market, and the
life of the cosmetic appearance is very important.

Prices for exhaust systems obtained during the month of
September 2001 are shown in Table II (the quoted prices
include fitting). The average cost of a new stainless steel
muffler box is between 2–4 times that of the mild steel
counterpart, and that of a full exhaust system is 1.5–2 times
more. The guarantee on the stainless parts is at least 5 times
longer than that of mild steel. The extended life that a
stainless steel exhaust system can offer should be more cost
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Table II

Comparison between steel and stainless steel
exhaust system prices



effective over the life of the vehicle. However, the average
motorist does not foresee long ownership of the vehicle, and
the exhaust failure will be the ‘next owner’s problem’. It is
this reason that most local consumers will favour the price-
friendly mild steel exhaust system which provides an
acceptable service life.

Local stainless steel producers are investigating the
possibility of supplying material to local and international
exhaust manufacturers. Many of the international exhaust
manufacturers are situated in countries with very cold
climates, resulting in the exposure of the external surfaces of
the exhaust systems to the corrosive de-icing salts. It is
therefore necessary for a material targeted for these markets
to have acceptable corrosion resistance to these chloride-
containing environments. This paper deals with designing
testing procedures specifically aimed at evaluating the
external corrosion experienced by exhausts in countries
having colder climates. In the investigation, the standard
ASTM G85 salt spray test was modified to simulate a
simplified driving cycle for both the hot and cold end
components, and the performance of an aluminized mild steel
and two ferritic stainless steels was evaluated.

Experimental procedure

Materials tested

Table III shows the typical compositions of stainless steel
AISI Types 409 and 441 (DIN 1.4512 and DIN 1.4509).

Three materials were tested—two stainless steels (AISI
Types 409 and 441) and an aluminized mild steel. Both the
stainless steels are stabilized with titanium for improved
weldability, high temperature strength, and oxidation
resistance7,8. Type 441 has been dual stabilized through the
addition of niobium which has a similar function to
titanium8. Titanium and niobium have low free energies of
formation when combined with carbon, and prevent the
formation of chromium carbides (which result in sensiti-
sation of the alloy)5. Type 409 has precipitates of Ti(C,N)
scattered throughout the microstructure, and Type 441 has
both Ti(C,N) and Nb(C,N) precipitates. The stainless steels
were produced in an electric arc furnace, and refined in a

converter using argon. The refined steels were cleaned and
final alloying additions were made in a vessel using argon
stirring. They were then cast into 200 mm thick slabs with a
continuous caster. The slab surfaces were ground before
reheating and hot rolling, typically to gauges 3–6 mm, and
then coiled. The coils were annealed and pickled before cold
rolling. After cold rolling, the materials were annealed and
pickled to obtain the required mechanical properties. Types
409 and 441 had a gauge of 1.5 mm, and the aluminized
mild steel had a gauge of 0.5 mm. 

Test solution

The concentration of the salt solution used in the
experiments was 5wt%. The salt was comprised of 95wt%
NaCl and 5wt% CaCl2—the NaCl assay had a minimum purity
of 99.0% and the CaCl2 95.0wt%. This concentration was
selected on the basis that it was used by other authors in
their experiments (enabling comparison), and is approxi-
mately the salt concentration resulting in the maximum
corrosion rate. 

Figure 1 shows the relationship between the NaCl
concentration and the relative corrosion rate of iron in an
aerated solution. There is an increase in the rate up to a
maximum at an NaCl concentration between 3–5wt%. This
increase is due to increased conductivity of the solution.
Increased conductivity permits lower polarization, with
higher corrosion currents between anodes and cathodes. The
steady decrease in rate after the maximum is due to a
decrease in the solubility of dissolved oxygen5.

To ensure the accuracy and reproducibility of the results,
all tests were done in duplicate.

Modifications to the standard ASTM G85 test

Salt spray tests, such as described by the ASTM G85
standard, accelerate corrosion and are commonly used to
evaluate the relative corrosion resistance of materials; the
test has previously been utilized for exhaust applications9.
The salt spray chamber has a nozzle that sprays a fine mist
of salt solution into a sealed humid chamber—the
temperature of the environment in the chamber can be
controlled. Manipulating the temperature and spraying
conditions in the salt spray chamber can be used to replicate
conditions met during a simplified driving cycle.

The following modifications were made to the standard
salt spray test in order to simulate the driving cycle:

External corrosion resistance of steel and ferritic stainless steel exhaust systems
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Figure 1—Effect of NaCI concentration on corrosion of iron in aerated
solutions5

Table III

Typical compositions of stainless steel AISI types
409 and 441
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➤ inclusion of heating and cooling stages, along with
intermittent salt spraying

➤ simulation of two maximum operating temperatures for
the hot and cold end components by removing the
specimens from the salt spray chamber and placing
them in 900°C and 90°C furnaces respectively

➤ utilization of a non-standard salt solution consisting of
95wt% NaCl and 5wt% CaCl2.

The relevance of these modifications to the driving cycle
is discussed in detail in the next two sections.

Cold end component tests

The complete cycle to which the materials were exposed is
shown in Figure 2. Stage I involves the vehicle being started
and driven through a salt-containing environment. To
simulate this, the temperature in the salt spray chamber was
slowly increased from ambient (±20°C) to ±50°C while the
spray was on. The specimens were placed at 15° angles to the
vertical in the chamber. After an hour-and-a-half, the spray
was switched off and the specimens remained in the warm,
humid, salty environment for another hour-and-a-half. After
the vehicle has been driven for a period, it reaches its
operating temperature when the exhaust is hot and all water
would evaporate—stage II. To simulate this, the specimens
were removed from the salt spray chamber and placed in a
low temperature furnace at 90°C for three hours. After the
vehicle has stopped, the exhaust starts to cool, and since
some condensation containing salt can accumulate on it,
corrosion can occur again (stage III). To simulate this, the
specimens were removed from the low temperature furnace
and placed in the salt spray chamber in which the temperature
was slowly reduced from ±50°C to ambient. The spray was on
for one-and-a-half hours during this period. The specimens
were then left overnight at ambient temperature in this
humid, salty environment. This sequence of the three stages
constituted a cycle, and ten cold-end cycles were run.

Control specimens were exposed to the same conditions
as the test specimens, with the exception that stage II was
omitted, i.e. the specimens remained at 50°C in the salt spray
chamber and were not removed. It was expected that the
control specimens would suffer a greater corrosion attack
than the test specimens as they would remain in the presence
of the highly conductive electrolyte (evaporation will occur in
the low temperature furnace).

Hot end component tests
During the driving cycle, the hot end components are exposed
to similar conditions to the cold end components, but the
temperature they reach is much higher. The simplified driving
cycle designed for the hot end components was therefore
identical to the cold end component tests, except for stage II.
During this stage, the specimens were removed from the salt
spray chamber and placed in a high temperature furnace at
900°C for three hours. Figure 2 shows the cycle to which the
specimens were exposed.

The hot end components were also subjected to a hot salt
exposure test. The specimens were sprayed with the salt
solution, placed directly into the 900°C furnace for three hours,
and air-cooled; this constituted one cycle. For comparison
purposes, an oxidation test was also conducted. Most often
(ideally), the exhaust manifold will operate as intended
without the presence of de-icing salts, or any moisture. The
manifold will heat up in the atmosphere to high temperatures
(in the order of 900°C), remain this way until the car is no
longer operated, and then air cool. These conditions were
simulated by a cyclic oxidation test in atmospheric air. The
tests were a modified standard ASTM G54 test and explored
the oxidation and spalling resistance of the materials when
exposed to a heat cycle. No salt solution was sprayed onto the
oxidation test specimen surfaces prior to each cycle. Five cycles
of all of the hot end component tests were conducted. Figure 3
illustrates the temperature cycle to which both the hot salt
exposure and oxidation test specimens were exposed.
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Figure 2—Simplified driving cycle tests of both the hot and cold end components (900°C and 90°C)



Potentiodynamic tests

Triplicate potentiodynamic sweeps were performed on all
three materials in the 5wt% salt solution. The scan rate was
1mV/sec.

Results and discussion

Cold end components

Table IV shows the surface of the specimens after four, and
ten, cycles of exposure. In analysing the test specimens,
severe surface damage was noted on Type 409 and many pits
were present after only four cycles. More pits initiated and
propagated until almost the entire surface was covered with

corrosion product (see picture after ten cycles of exposure).
There were some silver areas on the surfaces that were not
attacked, but not many. Stains from the corroded areas were
physically bonded to the surface, and could not be easily
cleaned off using mechanical methods. The attack on Type
441 was similar to that on Type 409, but a lot less severe.
The corrosion mechanism occurring was identical, but very
little damage was identified after four cycles. Although pits
were present after ten cycles, their number and depth were
far less than that on the Type 409 specimens. The majority of
the attack that occurred was on the edges where the
specimens were cut and the exposed metal surface not
passivated. The aluminized layer on the mild steel surface
appeared to perform well in the aggressive conditions and the
mass loss was similar to Type 441. There was white
aluminium corrosion product on the surface but since its
colour was far less offensive than that of the stainless steel
specimens, the attack appeared far less severe.

The control specimens suffered greater corrosion damage
than the test specimens (i.e. the corrosion attack in the salt
spray chamber at 50°C was more rapid than in the furnace at
90°C). This was expected, as corrosion is electrochemical in
nature, and the presence of an electrolyte is required for it to
occur. Rapid evaporation occurred in the furnace at 90°C,
thus retarding the pitting. No noticeable corrosion occurred
on the specimens whilst in the furnace. In both tests, Type
409 suffered a far greater corrosion attack than the other
materials. Table V shows the control specimen surfaces after
four and ten cycles, and Figure 4 compares the mass loss of
the test and control specimens.

External corrosion resistance of steel and ferritic stainless steel exhaust systems

▲97The Journal of The South African Institute of Mining and Metallurgy MARCH 2003

Figure 3—Temperature profile of the hot salt exposure and oxidation
test specimens

Test specimens (simplified driving cycle, 90°C)

Cold end Type 409 Type 441 Aluminized mild steel

Before

exposure

After

4 cycles

After

10 cycles

No picture

Table IV

Cold end test specimen surfaces before and after exposure
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On the bottom of some samples, a narrow region of
increased attack was noticed. A shallow layer of ‘spent’ salt
spray solution was present at the bottom of the salt spray
chamber. The submerged portion of the specimens suffered
negligible attack. The narrow region where the increased
attack occurred was at the solution-air interface—this was
due to the concentration cell effect. This trend was consistent
with the majority of the materials that were in the salt spray
chamber.

The initiation of pits was favoured by various factors. On
the majority of the specimens, more corrosion had occurred
on and around the permanent marker writing. The effect was
more noticeable on Type 441 as the rest of the surface was
largely un-attacked. Many pits were present on the writing,
as it acted as initiation sites. There was a large amount of
corrosion product run-off underneath the writing, which
verifies that corrosion was occurring there. Scratches also
acted as favourable initiation sites, and many pits were
present along them. This was due to two reasons; firstly, the
salt solution could collect in the valley of the scratch and
concentrate. When sufficient chloride had collected, a new
anodic reaction could start. Secondly, the scratches occurred
after the passivation process and these areas, like the edges,
were prone to attack.

The aluminium coat protected the mild steel specimen
from attack. Some of the base metal was showing after the
ten cycles were complete, but the remaining aluminium
galvanically protected it. However, when there is no longer
sufficient aluminium left to protect the mild steel it will
rapidly corrode. The integrity and lifetime of this aluminized
layer would therefore need further investigation.

The test results indicate that an aluminized ferritic
stainless steel should prove to be an excellent material for use
in the tested environment.

Hot end components

All of the specimens that were in contact with the salt
solution before being heated to 900°C suffered severe metal
loss through spalling (oxide layer breakaway). The spalling
occurred when the specimens were removed from the furnace
and air-cooled. The oxidation test specimens (i.e. those
without salt solution) were much more resistant to spalling—
their mass loss per unit surface area was significantly lower
than the salt-containing specimens (see Figure 5). Table VI
shows the specimen surfaces after five cycles’ exposure.
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Control specimens (no stage II)

Cold end Type 409 Type 441 Aluminized mild steel

Before

exposure

After

4 cycles

After

10 cycles

No picture

Table V

Cold end control specimen surfaces before and after exposure

Figure 4—Mass loss results of the cold end tests (ten cycles)



From the mass loss analysis, the stainless steels showed
a greater high temperature corrosion resistance than the
aluminized mild steel. Increasing the chromium content,
along with the presence of Ti and Nb further increased the
oxidation resistance, i.e. Type 441 was better than Type 409.
The aluminized mild steel specimens in both salt-containing
tests were perforated after five cycles.

The oxide layer of the specimens that were exposed to
the salt solution was much thicker than that of the plain
oxidation specimens. The bulk material and oxide layer have
different rates of thermal expansion, and thick pieces of the
oxide cracked and flaked off during cooling.

Figure 6 shows the oxidation rate of the three alloys in
the absence of salt. The stainless steels have a much higher
resistance to oxidation than the aluminized mild steel. Their
oxide layers adhered to the bulk metal and there was very

little metal loss. The initial mass gain was due to the
formation of the oxide on the surface. The weakly bonded
oxides were brushed off the specimen surfaces after each
cycle. At 900°C, the aluminium layer did not protect the mild
steel at all; this is contrary to expectation10. After five cycles,
the mass losses for Type 409, Type 441, and the aluminized
mild steel were 0.6, 0.06, and 18.4 mg/cm2 respectively.

Potentiodynamic tests

Figure 7 shows the potentiodynamic scans in the salt
solution, and Table VII tabulates the results. Of the two
stainless steels, Type 441 had the more positive
breakthrough potential (~200 mV greater than Type 409).
This indicates that the passive layer is more resistant to
localized breakdown, and is explained by its higher
chromium content. Unlike stainless steels, the aluminized

External corrosion resistance of steel and ferritic stainless steel exhaust systems
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Cold end Type 409 Type 441 Aluminized mild steel

Simplified

Driving

Cycle

(900°C)

900°C Hot

Salt

Exposure

Test

900°C

Oxidation

Test

No picture

Table VI

Hot end test specimen surfaces after exposure (five cycles)

Figure 5—Mass loss results of the hot end tests (five cycles) Figure 6—Oxidation test results
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mild steel does not form a passive layer and the anodic
current density increases sharply with increasing potential
above the corrosion potential. Figure 8 shows the appearance
of the aluminized mild steel specimen after the test. It is clear
that the aluminium had completely degraded, and the
measured anodic current density was that of the underlying
mild steel. Since the current density can be converted into a
corrosion rate (they are directly proportional), the rate at
which a mild steel exhaust system would corrode once the
aluminium layer has been depleted would be far higher than
that of a stainless steel system.

The results obtained in the electrochemical tests
correspond with the results of the other tests in that the
relative performances of the materials are predicted. This
shows the benefits of electrochemical methods in predicting
corrosion performance.

Conclusions

➤ The modified exposure test introduces a closer
modelling of actual driving in de-icing conditions.

➤ De-icing salts have a clearly detrimental effect on
corrosion resistance.

➤ The primary external corrosion mechanism causing
failure at the cold end of the exhaust system in the
presence of de-icing salts is pitting. The pits would
agglomerate to form a hole in the muffler, with a
resulting noise problem. Over the 10 cycles tested, the
aluminized mild steel was the most resistant. However,
once the protective aluminium layer has degraded,
cathodic protection will no longer occur and the
corrosion on the mild steel will be rapid. The higher
chromium Type 441 alloy was far more resistant than
Type 409.

➤ At the hot end of the exhaust system, spalling of the
oxide layer is the most likely cause of failure. In the
presence of de-icing salts, the rate of scale breakaway
is about two orders of magnitude greater than in the
absence of salt. The stainless steels were much more
resistant to high temperature corrosion than the
aluminized mild steel. Type 441 was slightly better
than Type 409, and the beneficial effects provided by
chromium, titanium and niobium, were evident.

➤ The electrochemical tests agreed with the exposure
results obtained.

➤ An aluminized ferritic stainless steel should be a cost-
effective and highly resistant material to the de-icing
salt environment.
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Figure 7—Potentiodynamic sweeps in the salt solution

Table VII

Potentiodynamic scan results

Material Corrosion potential (mV) Pitting potential (mV)

Type 409 -160 80
Type 441 -110 305
Aluminized mild steel -760 N/A

Figure 8—Surface of aluminized mild steel after potentiodynamic scan


