A Study of the Pitting Behavior of 316L As-welded Stainless Steel Joints in FeCb
Solution
by
© David Bursey B.Eng, P.Eng.

A thesis submitted to the
School of Graduate Studies
in partial fulfillment of the
requirements for the degree of
Master of Engineering

Faculty of Engineering and Applied Science
Memorial University ofNewfoundland

August 2009

St. John's

Newfoundland

Abstract

316L stainless steels are widely used through out industry in potable water systems for
their corrosion resistance. Welding of this material introduces a number of variables that
can reduce the corrosion resistance and make the material subject to pitting corrosion.
One such variable is the heat tint oxide that is produced during the welding process. This
chromium rich layer is considered to be incoherent exposing the chromium depleted, and
hence less resistant material to potentially corrosive environment. Literature suggests the
pitting resistance of tinted material decreases with an increase in heat tint oxidation. The
aim of this study was to test this correlation by producing welded samples with different
degrees of heat tint and subject them to ASTM G48 Method A for pitting and crevice
corrosion resistance. While the expected trend was not observed within the time frame of
the experiments, important inferences on the pitting behavior of heat tinted stainless steel
were made.
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1.

Introduction

Stainless steels are widely used in food processing, pharmaceutical, chemical process
engineering and water treatment and handling applications. Two principal reasons to
consider the use of stainless steel in these applications are its resistance to corrosion and
outstanding ability to resist contamination of potable water with any meta l species found
in stainless steel [I]. The corrosion resistance of stainless steels is due to the formation of
a thin passivating chromium oxide film on the metal surface. This film spontaneously
forms on clean metal when exposed to dry air or submersed in an oxidizing agent such as
nitric acid. When immersed in water containing oxygen, there is a dynamic equilibrium
that occurs between the alternate breakdown and repair of the oxide film [2] . The
chromium oxide is tough and durable but there can be defects in the thin layer. When the
environment becomes aggressive enough, such as in the presence of chloride ions, it can
take advantage of the weakness in the film , initiating pitting corrosion [3].
300 series stainless steels are the most commonly used in potable water systems given
their resistance to corrosion. 316L is a low carbon stainless steel with additions of
molybdenum that make it more resistant to general corrosion and pitting/crevice
con-osion than the conventional chromium-nickel austen itic stainless steels. Under
properly controlled conditions, 316L is sufficient to meet the corrosion resistance
requirements of a potable water system. However, the resistance of the weld metal and
the heat affected zone (HAZ) is of greater interest since, as demonstrated in literature [4,

5] and in the author's own experience as demonstrated in the case studies below, these
areas are more susceptible to localized corrosion than the parent material.
Given the aggressive, insidious behavior of pitting corrosion, it is important for engineers,
inspectors and fabricators to understand the factors that influence the corrosion
mechanism. Whi le a single pit may be small in affected area and corroded volume, it can
render systems inoperable as a result of loss of containment or multiple pits can go
undetected decreasing the mechanical strength of a part or pipe with catastrophic
consequences. Several important factors influencing pitting corrosion are reviewed. It is
the purpose here to focus on the effects of heat tint scale on the corrosion resistance of
stainless steel welds as this issue is one of the most dynamic, in that it can vary widely
even when good control is exercised. Piping systems such as those used for potable water
systems are often field installed. Choices of metallurgy and associated controls can be
undermined by the challenges of field installations where confined space or limited access
can make welding condition conducive to the creation of heat tint scale or oxide.
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2.

Statement of Objectives

Stainless steel has a long list of applications in industry including substitution for
conventional materials. The austenitic stainless steel, particularly 316 is often chosen for
its pitting and crevice corrosion resistance. There are however, issues surrounding the
reduction in corrosion resistance of welded joints. As described below, there are a
number of factors that have a detrimental affect on the corrosion resistance of we lded
316L stainless steel. While a review ofthese factors is included, to examine each ofthese
factors and their interaction in detail is well beyond the limited scope of this work.
It is the purpose here to examine the effects of heat tint scale on the corrosion resistance
of stainless steel welds as this issue is one of the most dynamic in that it can vary widely
even when good control is exercised. In addition to creating direct susceptibi li ty to
corrosion, heat tint can increase susceptibility to other corrosion mechanisms as explained
in section 5.7.
Acceptance of heat tint scale is dependant on the predictability of the corrosion behavior
of the metal under specific service conditions. It is understood the greater the heat tint as
indicated by increasingly darker colors, the greater the reduction in pitting resistance.
Based on this, there should be a predictable qualitative pattern to the corrosion behavior
of heat-tinted welds exposed to similar environments. Experiments were undertaken to
examine the pitting behavior of heat-tinted, as-welded joints and to demonstrate the
predictability of corrosion performance.

3

Heat tinting of the welds was produced by varying the flow rate of backing gas, 99%
argon, used during the welding process. As-welded samples were used in these
experiments to en ure the influence of any metallurgical differences between the parent
material, HAZ and weld metal could be examined. Samples were subjected to the pitting
corrosion resistance test ASTM 048 method A [30] and examined to determine and
categorize the influence of heat tint oxide on the corrosion of welded 316L joints.
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3.

Pitting Corrosion

Pitting corrosion is a localized form of corrosion by which cavities or "pits" develop in
the material. Pitting is considered to be more dangerous than uniform corrosion damage
because it is more difficult to detect, predict and design against. Corrosion products often
cover the pits making them difficult to find. A small, narrow pit with m inimal overall
metal loss can lead to the failure of an entire engineering system [4].
Pitting corrosion has two phases, pit initiation and pit propagation. The conditions under
which each phase occurs can differ. Metallurgical characteristics such as microstructure
or alloying element can have different effects on each phase.

3.1.

The Pitting Mechanism

Pitting is a mode of corrosion that is associated with an occluded cell in which there is a
small metal/solution interface that is restricted from the bulk solution. Typically, in
pitting corrosion, the ratio of the cathodic to anodic areas is quite large. As a result, the
current density and hence, the corrosion rate within the pit is large.
Pitting corrosion results from the localized breakdown or penetration ofthe passive film
at a small discrete area. The result is a sharp discontinuity that can penetrate into the
metal. Pits can also form under inoffensive corrosion products, chemical or biological
films or other inert material.
In the presence of aggressive ions such as chloride, the ions breakdown the protective
layer of chromium oxide, Cr2 0 3 , by a competitive absorption mechanism in which
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chloride ions move into the metal oxide interface at the metal surface. This process
continues until a critical potential, Epit> is reached. This potential corresponds to the
concentration of chloride required to displace the oxygen from the protective oxide layer
[6, 7]. Jones [4] states that the actual mechanism for pit initiation at Epit is not clearly
understood, but offers an expanded explanation of the above concept based on
experimental observation.

3.2.

Local Environments within Pits

Once a pit has been initiated, local conditions are altered such that pit growth is
promoted. The cathodic and anodic electrochemical reactions of corrosion are spatially
separate during pitting. Within the pit, the local environment becomes depleted ofthe
cathodic reactant. This causes the cathodic reaction to shift to the exposed surface of the
material outside of the pit. The pit environment becomes enriched by the anodic
production of positively charge ions of iron, chromium and nickel. These ions attract the
negatively charged chloride ion in to the pit to maintain charge neutrality. An insoluble
corrosion product of Fe(OH) 3 creates a cap separating the electrolyte of the pit from the
bulk solution. This cap impedes the migration of Fe

2

+

out of the pit but is porous enough

to permit the migration of cr into the pit sustaining a high acid chloride concentration
and lowers the pH ofthe pit electrolyte. The result is an autocatalytic growth of a pit [4].
The hydrolysis ofthe metallic ions by:
Fe2+ + 2H20 +2Cr- Fe(OH)2 + 2HCI,

6

reduces the local pH. The acid chloride accelerates anodic dissolution, which in turn
increases the chloride concentration within the pit. Y .C. Lu et al. [8] using tungsten
microelectrodes measured the pH within a growing pit. It was discovered that the pH at
the bottom of the pit was close to zero and the chloride concentration reached a value of 6
molar although an estimated value, calculated based on the solubility, is about pH 1.6.
This enhancement of pH is reportedly explained by a formation of hydrochloro-complex
of cations caused by the dissolution of metal but there has been little direct observation of
it [9].
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4.

Environmental Factors Influencing the Pitting of 316L

Piping Systems
Factors that influence the pitting corrosion of stainless steel are those that promote the
break down of the naturally occurring protective oxide of stainless steel. These factors
are a function ofthe design and manufacturing processes and operating conditions. The
following list is not exhaustive, but a representation of the most common issues. In
addition to the number of factors influencing the pitting of 316L, the degree to which they
influence and interact with each other further complicates the study and control of pitting
corrosion.

4.1.

Temperature

Susceptibility to pitting increases with an increase in temperature. Higher temperatures
provide greater thermal energy making the corrosive environment more aggressive.
Pitting resistance is often characterized by the minimum temperature required to initiate
pitting. This temperature is known as the Critical Pitting Temperature [4]. For 316L, the
CPT of the unwelded metal ranges from approximately l2°C to l5°C in FeCI 3 solution.
This value decreases for welded metal and the amount by which it decreases is a function
of the weld parameters [5]. At temperatures above 70°C, the pitting potential becomes
independent of the temperature [ 10].
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4.2.

pH

316L stainless steel is often used in pharmaceutical and food processing industries for its
resistance to acidic environments. Under properly designed conditions, the environment
should be compatible to the material of construction. Under such conditions, the pH of
the bulk fluid has little effect on the corrosion rate or pitting susceptibility of 316L
stainless steel [5]. As described below however, the pH has an effect on the form of free
chlorine, which is frequently used to sanitize potable water systems fabricated from 316L,
which can influence pit initiation.

4.3.

Flow Velocity

When considering flow velocity, it is well known [1 0] that stagnancy is the worst
condition to have. In stagnant or low-flow conditions, water-borne particles or sediments
can settle on the bottom of the pipes providing initiation sites for pitting and crevice
corrosion. These conditions also promote the attachment and buildup of biomaterial and
bacteria on metal surfaces. A flow velocity of I m/s should prevent settling of particles
and the buildup of organic material (11 ].

4.4.

Dissolved Oxygen Concentration

Oxygen is essential to the passivation and hence, corrosion resistance of stainless steel.
The dynamic breakdown and repair of the oxide film, requires constant supply oxygen. If
oxygen levels are too low or become depleted, such as under a gasket or the result of
biofouling, these areas will become anodic relative to the exposed surface. However, if
the level of oxygen concentration is too high, the likelihood of pitting will increase, as the
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local potential is shifted to more noble values where pitting can occur, by the presence of
extra cathodic reactants [ 11]. These conditions also increase the rate of pit propagation
after initiation [5].

4.5.

Dissolved Chloride Concentration

The effect of chloride concentration on the pitting characteristics of various metals and
alloys has been the subject of many studies [6, 7]. It has been the subject of interest due
to its presence as a major constituent in seawater and its use as a biocide in potable water
systems. The severity of pitting corrosion tends to vary with the logarithm of the chloride
concentration of the bulk solution. Chloride is the anion of a strong acid and many metal
cations are considerably soluble in chloride solutions. The chloride anion is relatively
small and highly diffusive allowing it to migrate into crevices and existing pits. As stated
previously, chloride ions break down the protective layer of Chromium oxide Cr20 3 by a
competitive absorption mechanism in which chloride ions move into the metal oxide
interface at the metal surface. This process continues until a critical potential, E pit. is
reached. This potential corresponds to the concentration of chloride required to displace
the oxygen from the protective oxide layer [6, 7].

4.5.1. Forms of Chlorine in Water
Combined Chlorine is free chlorine that has combined with ammonia or organic amines
and is essentially ineffective as a sanitizer [12].
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Free Chlorine, also known as residual chlorine is present in water as dissolved gas (Ch),
hypochlorous acid (HOCI) and/ hypochlorite ion (OCL} These three forms exist in
equilibrium according to the equations:

HOCI -

H+ +

ocr

The relative amounts of each are a function ofthe temperature and the pH ofthe so lution.
Figure 1 shows the effects of pH on the form of free chlorine in water at 25°C.
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Figure 1 The effect of pH on the composition of Free Chlorine. (Source: Forms of Chlorine in Water,
Edstrom Industries Inc., 2003)
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At pH values of 5 to 7, as typically associated with potable water systems, figure 1
indicates that equilibrium wi ll favor HOCI as the form of free chlorine. HOC J is the most
powerful form of free chlorine making it most effective as a sterilizer at these pH values
[ 12].
Total chlorine is the sum of the free and combined chlorine. In most potable water
systems the concentration of ammonia or organic compounds is sufficiently low such that
the total chlorine and the free chlorine are essentia lly equal.

4.5.2. Disinfecting
Before a new potable water system in put into service or after significant periods of no
use, such as major maintenance or long outages, the addition of sufficient chlorine to
achieve a minimum concentration of25 ppm can be used to disinfect the system. Given
the free chlorine concentration limits noted above, it would be assumed that
concentrations of 25 ppm would be deleterious to the corrosion performance of the
stainless steel. Tuthill [3] reports that the short-term exposure to the higher
concentrations actually improves the corrosion resistance of the stainless steel. It is
thought that this improvement is achieved by oxidizing any unoxidized material in the
protective film. Tuthill also reports that published findings show for concentrations up to
25 ppm chlorine there was no general or localized corrosion for 31- to 32-day exposure.

4.5.3. Bacterial Control
As stated previously, chlorine is widely used for the biocide treatment of water.
Chlorines effectiveness as a biocide comes from its ability to bond with and destroy the
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outer surfaces of bacteria. With proper daily flushing ofthe distribution system and
manifolds, effective levels of bacteria l control can be achieved with 3-5 ppm free or
residual chlorine in filtered domestic water [1 2]. Type 316L can be expected to be
resistant to pitting corrosion in the 3-5 mg/1 (ppm) range of residual chlorine [3].

4. 6.

Microbial Induced Corrosion (MIC)

As stated above, potable water is treated with additives, such as chlorine, to control
pathogenic bacteria. These treatments a lso reduce and control bacteria that might initiate
corrosion of stainless steel. Biocides are generally beneficial to the performance of
stainless steel. However, there are instances where MIC occurred in potable water
systems.
There are a number of reported cases in which water use for cooling or hydrostatic testing
was not promptly drained and was the probable cause of MIC corrosion attack at the
circumferential welds in the stainless steel piping [13, 14]. In these reported cases,
stagnant or low flow cond itions prevailed.
Jack [15] states that MIC is perhaps the only mechanism that can perforate stainless steel
piping in neutral aqueous service. Reports of penetration rates of 17 mm/year (0. 7
in./year) in UNS 30800 welds have been documented. Perforation of 316L stainless steel
weldments in piping with 5.5 mm (0.2 in.) wall thickness in industrial water systems
under intermittent flow in four months has been described [1 3, 15].
A common feature of MIC is a preferential attack of some sort. Corrosion is often focused
on the weld material or at the fusion line for the we ld. Consistent with preferential

13

corrosion, pit surfaces are often described as dendritic, but the preferential attack of a
single phase need not be a feature of MlC. Detailed studies of UNS 30800 weld
specimens concluded that either ferrite or austenite could be preferentially attacked or
they may corrode together, depending on a number of possible conditions [15].
Surface roughness defects caused by the welding process can contribute to the
development and build up of biofilm. The metabolic activity of microorganisms within
the biofilm causes MIC [16].
MJC has been known to occur in freshwater systems in the presence of significant
concentrations of manganese. At these concentrations, a manganese containing deposit
forms when chlorine is added. This deposit in normally benign, but in the presence of
oxidizing bacteria such as gallionella, a self-sustaining corrosion reaction is initiated
resulting in severe pitting [3]. This form of corrosion is uncommon but should be
considered when raw waters contain significant amounts of manganese.
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5.

Factors Influencing the Pitting of 316L Welds

Welds in stainless steel have to be given special attention, as they are often most
troublesome in piping systems prone to corrosion related failures. In addition to the
variables that affect the corrosion resistance of the parent material, the welds are
subjected to others that further complicate the issue of corrosion resistance.

5.1.

Mechanical Factors

Mechanical factors are those related to the handling, preparation, welding and finishing of
the final product. Cutting, drilling, grinding, for example will remove the passive film
and possibly introduce foreign material to the metal and be the source of discontinuity in
the re-passified film. For this reason, welding procedures for stainless steel stipulate that
all tools used preparation, fabrication and finishing should be of similar material and be
dedicated to use on stainless steel [5].

5.2.

Thermal Contribution During Welding

The welding method, typically gas metal arc (GMA) or submerged metal arc (SMA), can
have substantial metallurgical effects on the properties of the weldment. These effects are
products of the heat input associated with the chosen method [17).
316L is a low carbon version of 316. The low 0.03wt% maximum carbon version is used
for welded applications such as piping that are difficult to anneal in field installations.
The purpose of the low carbon grade is to ensure that the heat of welding will not
sensitize the heat-affected zone (HAZ) of the weld making it susceptible to intergranular
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corrosion. The term sensitization refers to the condition that occurs when chromium
carbide precipitate in the grain boundaries during cooling through the critical temperature
range of 850 to 400°C. These chromium carbides reduce the chromium content of the
areas adjacent to the grain boundaries and without sufficient diffusion from the grain
structure, the available chromium drops below the critical 12% for pitting resistance [18].
316L may not be prone to sensitization, but intermetallic phases can precipitate in the
HAZ. The intermetallic phase delta-ferrite is examined below. Welding changes the
surface distribution of elements. These include oxygen, chromium, nickel, iron and
manganese across the weld and the HAZ, with an adverse effect on the passivity of the
surface layer. Under moderately oxidizing conditions, weld metal austenite may suffer
preferential corrosion in alloy-depleted areas. This attack is the consequence of
microsegregation or coring in weld metal dendrites [5].

5.3.

Weld Root Physical Characteristics

The weld root has physical features that can promote the initiation and development of
pits. The surface of the weld contains crevices that are produced by the deposit of filler
material. The presence of microporosity, as evidenced by a cast structure [5], in the weld
metal provides favorable sites for the initiation of corrosive attack.
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Figure 2 Diagram of a weld depicting different zones. (Source: Corrosion of Stainless Steel
Weldments, ASM Metals Handbook, Vol. 13, Corrosion, American Society of Metals, Ohio, USA,
1998)

When welding stainless steel, the proper filler material must be used. This material
should be such that the properties of the parent material are at least maintained if not
exceeded [5]. These include metallurgical and corrosion resistance properties. The
concept of using an "over alloyed" filler metal has been developed in order to counteract
the effects of segregation. The selection of an appropriate filler metal, which is over
alloyed compared to the base metal, ensures that the concentrations of the major alloying
elements are sufficient to provide superior corrosion resistance to that of the base
material. Not only does the material have to be compatible for strength and toughness,
but also to control galvanic differences between the parent material and the filler material.
Over alloying can intentionally create a galvanic difference between the weld and parent
material. The reason for doing this is to prevent the corrosion of the weld bead by having
the filler metal corrosion potential be noble to the parent material. The practice of
selecting a filler material that is over alloyed has shown that the critical pitting
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temperature of the weld metal exceeds that of the base material [ 19]. This practice
cathodically protects the welds. Given the large area ratio between the anode and
cathode, this can be applied without risk to the parent material [4].

5.4.

Manganese Sulfide

If there is a high concentration of Fe and Mn ions(> 1Oppm), adding chlorine to potable
water is one way to facilitate the precipitation of iron and manganese so they can be
filtered out. In environments that are high in manganese, black deposits of iron hydroxide
and manganese hydroxide form on the pipe walls. This deposit is benign to stainless steel
and stainless steel welds, however these deposits have led to corrosion in the HAZ in the
presence of free chlorine. This corrosion is known as Under Deposit Corrosion (UDC)
and occurs in fresh water with low chloride concentration in the HAZ where the heat tint
scale has not been removed [3, 20].
Pitting was found to have occurred in the heat-tinted area but not in the weld or clean
parent material although a black manganese deposit covered all three areas [3] .

5.5.

Delta-Ferrite

Delta-ferrite is a body centered cubic (bee) structure that is found in austenitic steels. Its
formation is a function of the chemical composition of the parent and weld metal, the heat
input during welding as well as the cooling rate. The amount of delta-ferrite is controlled
as its presence in an austenitic weld (2 - I 0%) helps to prevent hot cracking of welds.
While beneficial to the mechanical properties of austenitic steels, the presence of deltaferrite is detrimental to corrosion performance as it is preferentially corroded in
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aggressive environments [5]. In both casting and welding applications, solidification
modes include austenitic, austenitic-ferritic, ferritic-austenitic and sometimes ferritic. The
ferritic-austenitic mode of solidification is preferred as the ferrite has a higher solubility
of weld slag elements than the austenite and this solidification mode is less susceptible to
hot cracking than the other modes. In the ferritic-austenitic weld, ferrite solidifies first,
and austenite forms between the ferrite dendrites. The austenite subsequently grows into
the ferrite, resulting in a significant decrease in the volume fraction of ferrite. At room
temperature, the weld is substantially austenite, with a small volume of retained ferrite.
The competition between ferrite-promoting elements and austenite-promoting elements
can be described by the chromium and nickel equivalents. The chromium equivalent takes
into account those elements promoting ferrite formation, while the nickel equivalent
accounts for those elements promoting austenite formation. Since 316L is an austenitic
stainless steel, there must be enough chromium present to form the stable chromic oxide
layer, which gives the steel its stainless characteristics, and enough austenite-forming
elements to stabilize the crystal structure as austenite. There are several commonly used
chromium and nickel equivalents, but the equations developed by Hammar and Svensson
as reported by Collins [21 ], show an excellent correlation between composition and
solidification mode, especially for austenitic stainless steels.
The Hammar and Svensson equivalents are:
Creq = Cr + 1.37 Mo + 1.5 Si + 2 Nb + 3 Ti
Nieq = Ni + 0.31 Mn + 22 C + 14.2 N + Cu

19

Where eq = equivalent, and all elements are reported in weight percent.
Using these equations, the solidification mode can be predicted by the ratio of Creq I Nieq ·
For Creq I Nieq < 1.5, the solidification mode is austenitic or austenitic-ferritic. For 1.5 =
Creq I Nieq = 2.0, solidification is ferritic-austenitic, and for values of Creq I Nieq > 2.0,
solidification is ferritic. Acceptable welds have no slag, and will be very slightly
magnetic, indicati ng some retained ferrite. The higher the Creq I Nieq, the higher the
propensity for ferrite formation [21].
An increase in ferrite translates to a decrease in corrosion resistance, but the delta-ferrite
content at which corrosion resistance is affected significantly has not been well
established [21].
In percentages of 5% or less, the delta-ferrite appears as islands in the alloy matrix and
those on the metal surface are attacked. If the percentage of delta-ferrite is greater that 89%, a continuous network is formed favoring corrosion of the weld deposit [22].
Punjar et al. [23] states, it has been reported that delta-ferrite has an important bearing in
determining electrochemical parameters and that its role is equivalent to that of
chromium. The exact role of delta ferrite in affecting the passivity of the weld metal is not
known.
Punjar et al. [23] also demonstrated that as the heat input increased, the time to the final
breakdown of the passive film decreased rapidly, which is attributed to the fact that with
an increase in heat input, the ferrite particles gradually become coarser. The coarser
particles result in a more unstable passive film at the matrix and particle interface.
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Dissolution of such a passive film becomes easier, a fact that has been amply supported
by the literature where the rate of reductive dissolution of the passive film in the ac id
solution has been correlated with the presence of second-phase particles.

5.6.

Heat Tint

Heat tint refers to an oxide layer that develops alongside the welds in stainless steel
during fabrication. It is the result of inadequate inert gas shielding of welds allowing
oxygen to access the metal surface causing heat tinting of the weld roots.
This chromium oxide layer, which is not to be confused w ith the naturally occurring
ultra-thin 20 A layer that gives stainless steel its corrosion resistance, is a thicker scale
with a mixture of iron, nickel as we ll as other oxides. [tis understood [24] that th is
colored metal oxide film can in various environments affect the in-service corrosion
resistance of welded stainless steel joints. [t is the service environment that determines
the severity of this affect. In service corrosion attack on heat-tinted weld roots is most
likely to occur in aqueous environments. A ny degree of heat tint may be unacceptable if
the oxide can compromise service cleanliness.
During heating, the natural transparent passive layer grows in thickness as chromium
diffuses out of the base material form ing heat tint colours ranging from a pale straw to a
dark blue oxide scale. The dark blue heat-tint oxides are most susceptible to localized
corrosion attack [24, 29]. The heat-tint scale consists of a heterogeneous oxide made up
of the metallic elements ofthe stainless steel. The properties ofthe oxide surface depend
on the following:
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•

Time and temperature of the thermal exposure.
o

Increased time at elevated temperatures allows for increased diffusion of
chromium.

•

Composition of the atmosphere in contact with the hot metal surface.
o

An inert backing gas or electrode coating is used to remove or prevent
oxygen from coming in contact with the metal surface.

•

Chemical composition of the base metal beneath the heat-tint oxide.

•

Physical condition of the surface (contamination, roughness, thermomechanical
history) prior to heat tinting, and

•

Adherence of the heat-tint oxide to the base metal.

The heat-tint scale is a poor barrier to corrosive media due to defects and stresses within
the oxide [25]. This lack of a coherent passive oxide film on the weld can result in
localized corrosion at weld locations in certain aggressive environments. Possible
corrosion mechanisms include pitting corrosion, crevice corrosion, and in raw water or
wastewater environments, MIC.
During the formation of heat tint, chromium diffuses out of the base metal and into the
heated zone since chromium is more readily oxidized than iron in the steel. The depth of
the diffusion zone extends as far as the heat will allow the diffusion to take place. This
diffusion of chromium into the scale leaves a thin layer with reduced chromium content
just below the heat tint scale. Since chromium is responsible for giving stainless steel its
corrosion resistance, this area would now have reduced resistance to localized corrosion
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particularly in the presence of oxidizing acid solutions. Corrosion that would not occur
elsewhere can initiate in the depleted areas unless the heat tint and the resulting thin
depleted area are prevented and/or removed [26, 27].

5.6.1. Acceptance Criteria for Heat Tinting
There is on-going debate [24] as to acceptable levels of heat tint on stainless steel welds.
Two major topics of debate that challenge the stainless steel and user industries are an
interchangeable grap hical illustration that depicts different levels of oxidation and an
understanding and agreement on acceptable levels of oxidation for different
environments. The more severe the service environment is, the lower the tolerance for
the presence of heat tint.
The American Welding Society has published A WS Dl8.2: 1999, Guide to Weld
Discoloration Levels on Inside of Austenitic Stainless Steel Tube that contains a graphical
illustration often (10) welds with varying degrees ofheat tint. This standard is included
in part in Appendix D for reference. The degrees or levels of oxidation are represented
by sequential numbers and to be used to identify oxidation levels in user applications.
Welding of 316L stainless steel requires purging by an inert gas both before and during
welding. Since, in fie ld installations, I 00% effective inert gas purging is difficult to
achieve due to local circumstances around the weld, there are varying levels of oxidation
that occur. Potable water systems, for example, are typically placed in service in the aswelded condition and grinding, pickling or other means of removing heat tint are either
not acceptable or not feasible. As a result, the practice is to examine completed welds
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and determine if the level of oxidation is below an acceptable limit. If the oxidation is too
severe, the weld is removed and redone. The question is, how does one evaluate the
severity of the heat tint and how severe is too severe? Internal inspection of butt welds in
piping is difficult and the interpretation of the results is subjective.

5.6.2. Repairing Heat-tinted Surfaces
The corrosion resistance of areas that have been heat-tinted can be restored by means of
mechanical and/or chemical cleaning. As mentioned above, there is a thin layer of steel
below the heat-tinted area that has a reduced content of chromium. To prevent the onset
of corrosion of this surface it has to be removed. This can be done mechanically by;
grinding, brushing, blasting or it can be removed chemically by a process known as
pickling.
Grinding is a common practice for the removal of defects such as ; shallow surface marks,
weld spatter, arc strikes and other conditions. If improperly cleaned, a surface can
become more susceptible to corrosion than the original heat-tinted surface. Grinding or
brushing operations can smear and imbed the heat-tint oxide on the surface, or expose the
Cr-depleted layer without completely removing it. An example of improper cleaning is
the pitting of a stainless steel weldment caused by stainless steel wire brushing. In this
case, it is believed that a stainless steel brush of different composition was used to clean
the welds, leaving depos its of inferior material or the removal of the depleted surface
layer was incomplete [5] .
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The two main constituents of stainless steel pickling products are nitric and hydrofluoric
acids. As such, care has to be exercised in the use of pickling agents both from an
environmental perspective and metallurgical point of view. If acid contact times with the
stainless steel as well as the final rinsing procedures are not properly controlled, corrosion
can be initiated in the treated areas. It is important that all traces of pickling products,
pickle residues and contamination are completely rinsed from the surface of the steel
parts to achieve a fully corrosion resistant and stain free surface.
In some applications involving on-site stainless steel pipe welding, removing all heat tint
oxides after welding is very difficult to carry out, even after using appropriate gas
purging. During clo ure of stainless steel pipes by welding heat tints are sometimes
detected during inspection in areas that are impossible to access, such as inside
circumferential butt welds on smaller diameter pipes. These areas are inaccessible by
mechanical means of cleaning and chemical cleaning requires large volumes of acid
solutions to be transported to job sites and the disposal can be difficult as regulations can
be restrictive on such chemicals. Cleaning of external pipe butt weld surfaces to restore
the corrosion resistance can be carried out with relative ease. However, removal of
undesirable heat tints on weld root surfaces can be difficult, time-consuming and
expensive, particularly at remote job sites.

5. 7.

Factor interaction

It is clear there are a number of factors that can contribute to the onset of corrosion of

stainless steel welds. Each of which requires consideration in the design of corrosion
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resistant piping systems. It is quite possible, and is most likely factors contributing to
corrosion do not act completely independent. Heat tint scale has a direct influence on the
corrosion resistance of the surface. When present, it can enhance the contribution to pit
initiation of other factors such as MIC or the presence of delta ferrite . Tuthill and Avery
[26] state that research has shown that heat tint removal enhances the resistance to
microbiological induced corrosion. As stated above, Tuthill [3] reports that manganese
deposits, can lead to crevice corrosion in the heat-tinted area of circumferent ial welds.
Pitting was found to have occurred in the heat-tinted area but not in the weld or clean
parent material although a black manganese deposit covered all three areas. This is an
indication ofthe reduction in corrosion resistance ofthe heat-tinted steel as compared to
the unaffected steel.
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6.

Case Studies

Below are three cases from the author' s experience demonstrating the deleterious
contributing effects of heat tint scale to the pitting fa ilure of 316L stainless steel welds.
Case l: Circumferentially butt welded 3 16L used in potable water service.
Piping runs on an offshore platform are seldom straight and simple. As a result, field fits
can be complex creating difficulty for welding. If backing gas cannot be properly
contained, oxygen ingress will increase the degree of heat tint left on the we ld root and
adjacent surface.
In this particular case the pitting in the weld was attributed to biological activity. The pit
had propagated through the weld metal to the exterior of the pipe resulting in a pinhole
leak. These types of failure occurred through out the system resulting in an engineering
decision to replace the 316L material w ith a fire resistant polymer material.
According to Tuthill [26], the threat of MIC can be compounded by heat tint scale. The
welding specification for this piping system did not provide for any post we ld cleaning.
Other stainless steel piping systems on the platform all had post weld cleaning
requirements. Given the conditions under which the welding was completed and the lack
of cleaning procedure, the presence of heat tint scale is probable, contributing to the
failure by MlC.
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Case 2: High Pressure Mist Fire Suppression System.
This piping system is used for suppression of fire in the living quarters aboard an offshore
installation. The pipe work required passing through a number of bulkheads and walls.
The difficulty of performing field welds was clearly evident in this system. This system
was fabricated using 316L couplings to join 316L pipe sections. In addition to alignment
problems there was evidence of difficulty faced by the welder. Start and stop marks,
weld spatter, and a ro ugh weld profile demonstrated the poor weld quality.
The failure of the joint was a narrow pit that had penetrated weld metal. In addition to the
poor weld quality, the coupling joint provided a natural crevice that was internally
covered by a severe heat tinting.
Case 3: 316L Stainless Steel Tote Tank
These tanks are used to transport various chemicals and liquids between shore and
offshore production platforms. During an annual inspection of one of these tanks, pitting
corrosion was noted in the vicinity of a longitudinal weld. The environment to which the
tank internal surface was exposed is unknown. Given the volume ofthe tank, applying
backing gas during construction was not practical. Post weld cleaning by mechanical
means was clearly evident but has not completely removed the heat tint oxide. The weld
metal was free of any corrosion. The tinted areas contained light pitting but the largest
pits were noted as being along the edge of the lightly tinted surface adjacent to the weld.
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7.

Experimental Procedure

Corrosion tests were performed in accordance to ASTM 048-03 method A to examine
the pitting behavior of the weld metal and heat affected zone as a function ofthe level of
oxidation.
The corrosive media used in this experiment was made using distilled water and reagent
grade chemical Iron (lll) Chloride. The Environmental Lab of the Faculty of Eng ineering
and Applied Science supplied the Type IV water, as defined by ASTM Dll93 [31].
An immersion test was chosen to examine the pitting behavior of welded stainless steel as

a simp le examination of the relation between the degrees of heat tint and pitting corrosion
was desired. Polarization experiments would have only provided a similar examination
as it has been shown [5] that the results of such work are simple for the development of
understanding of pitting behavior. The heterogeneity of welded samples would prove to
be detrimental to the determination and comparison of data acquired through
potentiodynamic measurements. Recorded corrosion activity would be difficult to
correlate to the features of a welded sample simply due to the number of variables
associated with welding. When considering heat tint, the quantification of affected area
and the severity of effect is a subjective judgment. In add ition to the varying heat tint
scaling, the weld metal made up a significant portion of the corrosion sample. The weld
deposit varied in size and features. Potentiodynamic experimental results would be very
difficult to reproduce .
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Visual examination, photographic reproduction as well as pit depth measurements were
used to characterize the pitting corrosion ofthe different samples.

7.1.

Apparatus

The experimental set-up consisted of the following; a beaker large enough to hold a
volume to provide a volume to specimen surface ratio of at least 5 mL/cm 2 of 6% by mass
ferric chloride solution, a constant temperature bath maintained at 22± I °C and a sample
holder made of PTFE. An ultra sonic cleaner was used for post immersion cleaning of
the samples. Microscopic examination was carried out using a Wild-Leitz optical
microscope.

7.2.

Sample Preparation

Sample preparation consisted of cutting samples from four pipe coupons welded
according to the specification in Appendix A. The pipe, or parent material, was 316L
stainless steel as per the mill certification in Appendix B and the filler material used to
produce the welds was designated ER316L as per the certificate of compliance in
Appendix C. The 99.99% pure argon purging of the pipe was varied for each coupon to
produce varying oxidation or heat tint. This was accomplished by reducing the flow rate
of the argon backing gas . The purpose of varying the purging gas was to simulate the
conditions that could occur in a field installation in which the gas setup may be
inadequate for full gas flow rates. In addition to the oxygen that would ingress, the
atmospheric air would also contain moisture. While these variables could not be
quantified in this circumstance, the results represented in-the-field welds. The full flow
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rate of the backing gas used was 45 CFH (cubic feet per hour). The flow rates on
subsequent coupons were 30, 15 and 0 CFH. These levels of backing gas along with the
natural variances in welding such as welder speed and position produced a full range of
heat tinting from very clean to dark blue oxide layers. Samples from Group 1 had the
oxidation and chromium depleted zones removed by mechanical means (grinding) to
produce samples with minimal visible oxidation present.
During sample preparation, efforts were taken to not alter the as-received condition of the
sample surfaces, as this would produce more meaningful results by duplicating asinstalled conditions found in the field.
Samples were cut from the pipe coupons by band saw and the edges deburred using a
dedicated grinder to prevent possible contamination. The cut and ground edges as well as
the back of the samples, which was the outer diameter ofthe pipe, were covered with an
epoxy to prevent corrosion of these surfaces. Photographs were taken of each sample for
comparison after testing.
Prepared samples were then immersed in corrosive medium for a period of 72 hours as
per ASTM 048.

7.3.

Evaluation

Evaluation of the pitting of each of the samples was carried out in accordance with
ASTM Gl-03 [30] and 046-94 [33] . Corrosion products were removed by scrubbing
with a stiff bristle nylon brush followed by ultrasonic cleaning and samples were stored in
a dessicator until evaluations could be completed.
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Visual examination of the sample surfaces was carried out in ordinary light with a low
powered magnifying glass to determine the extent and relative location of pitting.
Photographs were a lso taken at this point for comparison to photos of the non-corroded
surfaces.
Pit density, size and the depth ofthe pits were evaluated using optical microscopy. Depth
measurements were made using the calibrated movement and focusing of the microscope.
Mass loss measurements were attempted, however most samples had corrosion at the
metal -epoxy interface making the results of mass loss calculations invalid.

32

8.

Results and Discussion

The purpose of the tests performed was to determine if an increasing susceptibility to
pitting corrosion could be linked in proportion to the severity of heat tint. The following
describes the experimental observations, which are followed by discussions for each of
the sample groups, then in general for all samples. Where applicable, hypotheses have
been developed to explain some ofthe unexpected results. Comments on experimental
issues and the acceptance of heat tint scale are also presented. Pictures of particular
samples are included below for illustration but the reader is encouraged to refer to
Appendix E, which contains pictures of all weld samples used for immersions testing
before and after the experiments.

8.1.

Experimental Observations

Table I below contains measurements of sample pits.
Sample
Group

Sample
Number

Location

1

5

Weld

1

-

-

N/A**

2

-

-

N/A**

1

HAZ/PM

Random selection
of smaller pits

0.008

HAZ/PM

Largest pit in HAZ

0.025

HAZ/PM

Second largest pit

0.010

(No tinting)

2

3

Pit depth (mm)

Pit Description
Single pit in weld
metal.

N/A*

0.015

Weld
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0.014

0.010

0.011

5

6

HAZ

0.010

0.05

Weld

0.025

0.021

0.020

HAZ

N/A**

0.003

0.005

0.003

0.015

0.012

0.012

0.014

0.028

0.030

0.031

0.025

0.018

Weld
7

HAZ
Weld

8

2

Single Pit

0.026

PM

0.003

HAZ

0.005

Weld
4

N/A**

Minimal pitting in
metal

~eld

HAZ/PM
Weld

4

HAZ/PM
Weld

5

HAZ/PM
Weld

7 pits in total

* Narrow pit opening made measurement impossible. Could not focus on the bottom of the pit.
** Pit depth indistinguishable from surface roughness
Table 1 Sample pit depth measurements

8.1.1. Sample Group 1
Specimens from the first group exhibited good corrosion resistance. These specimens
had been welded according to specification with full flow rate of 40 CFH backing gas and
mechanically cleaned by grinding to limit the appearance of heat tint on the surface.
There was no visible corrosion of theses specimens with two exceptions. It can be seen in
Figure 3, specimen l-5 had developed a deep pit in the weld metal, around which there
was rust coloured staining. Post experiment examination of the pit had removed the
staining and is not visible in the photo above. The iron from which the oxide was
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produced may have come from the grinding tool used to remove the oxide scale.
Specifications for the welding
of stainless steel require
environmental control that
includes the use of dedicated
tools to prevent corrosion
caused by contamination.
Sample 1-7 had light pitting at
the weld deposit edge. This
example of pitting
demonstrates the influence of
Figure 3 Sample 1-5 showing single pit in the weld metal

geometrical features on pitting
behavior of welded steel. The edge ofthe weld deposit was a sharp discontinuity on the
smooth surface of the pipe producing a site where pitting could initiate.

8.1.2. Sample Group 2
The second group of specimens was created with no purging or backing gas during the
welding process. From the point of view of evaluating the corrosion resistance of
stainless steel welds, these are not realistic candidates, as the condition would warrant
removal of the weld and the joint re-welded. Without the use of backing gas, the weld
root in these samples was extremely poor quality. Any weld deposit was cut out prior to
immersion testing. This affected the corrosion performance ofthe specimens by limiting
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any of galvanic differences found over the specimen surfaces. However, the ox idation
that resulted on the parent material of these specimens was useful for evaluating pitting
resistance of the HAZ.
Despite the heavy tinting of these specimens there was very little pitting found in the
tinted areas. The most severely tinted area had a grey coloring and when exposed to the
corrosive medium exhibited what appears to be general corrosion within that area. Once
the area became active it may have cathodically protected the rest of the sample.

8.1.3. Sample Group 3
These samples were welded using a flow rate of 30 CFH backing gas. Pitting of the weld
metal varied in density
and depth. This group
of specimens exhibited
the most severe pitting
of the parent material.
The pits were found in
the clean parent
material and at or near
the HAZ limits while
areas of heavy tinting

were not corroded at all.

Figure 4 Sample 3-1 Pits coalesced to form crevice at weld edge
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Sample 3-1 experienced heavy pitting at the weld metal edge such that the pits developed
into a crevice as per Figure 4. Pits were found in the weld metal primarily in a location of
a start/stop location as indicated by heat tint pattern across the weld bead. The largest of
these was 0.015 inches or 0.381 mm deep. Sample 3-5 also showed heavy pitting ofthe
weld metal.
Eight samples were cut from the original weld coupon. The five immersion samples from
this group would have been adjacent to each other in the order of 3-5 , 3-6, 3-7, 3-8 and 31. As stated above 3-1 and 3-5 showed significant pitting of the weld metal while 3-6, 37 and 3-8 showed relatively few pits in comparison. The difference in pitting behavior of
welded samples from the same coupon and exposed to the same corrosive media is likely
the result of metallurgical differences in the weld that are produced during the welding
process. In section 5.5 the effects of delta ferrite on the corrosion resistance of welds was
reviewed. Other secondary phase precipitates as well as delta ferrite may have produced
metallurgical condition that promoted the corrosion of the weld metal in the areas from
which samples 3-1 and 3-5 were cut.
3-6 developed wide deep pits at the outer visible limits of the HAZ.
In sample 3-5 and 3-8, the regions of pitting cross from the HAZ limits into heavier tinted
areas. It was noted that there were mechanical marks, which the pitting followed across
the HAZ. These mechanical marks are likely rolling marks from the fabrication of the
pipe.
There are areas of heavy corrosion in these samples at the metal/epoxy interface. These
areas of corrosion were ignored in the analysis.
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8.1.4. Sample Group 4
Samples from the fourth and final group were fabricated using 15 CFH backing gas flow
rate. The heat-tinting in this group had similar patterns of colour distribution and intensity
as the previous group. One significant difference was the size of the heat-tinted zone.
The outer limits ofthe coloured surface were 10 to 30% further from the weld root as
compared to group three. This group demonstrated similar corrosion behavior as those
from group three within the HAZ and parent material. The HAZ had little evidence of
pitting corrosion. The parent material exhibited pitting in clusters. The pitting of the weld
metal in this group was the most severe observed. The depth and size ofthe pits was
significantly larger in this group. With reference to Table I , it can be seen that the depth
of the pits in the weld for Group 4 were approximately twice as deep as those measured in
Group 3.

8.1.5. General Observations
Based on a comparison of the pitting performance between the samples in group one and
the others, the corrosion resistance of welded 316L stainless steel is negatively affected
by the presence of heat tint scale. In terms of a general trend, pitting occurred at the
visible outer boundary ofthe HAZ, the clean parent material and within the weld metal.
The corrosion observed at the HAZ limits and clean parent material occurred in dense
clusters that followed the contours of the visible heat tint oxide. The density of the pit
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clusters decreased becoming isolated pits as the distance from the weld nugget increased.
Pit depth was limited, generally having no discernable depth to the naked eye.
The pitting in the tinted areas was minimal with some samples not exhibiting any pitting
in these areas. Pits that did develop in these areas exhibited greater depth and width than
those in the HAZ limits.
Pitting of the weld metal varied from group to group as well as from specimen to
specimen. This was particularly noticeable in sample group 3. The severity of pitting
corrosion noted in the weld nugget appeared to be proportional to the size of the heattinted area. Samples from group 4 had a larger heat tint affected area and more severe
pitting than the samples from group 3.

8.2.

Pitting Behavior of Tinted Parent Material

According to literature [24, 25, 29] , heat tint oxide is a poor barrier to corrosive media
due to defects and stresses within the oxide. Boulton [24] states that straw and pale blue
oxide films (light tinting) are relatively resistant to localized attack. It would be expected
then, that the greater the degree of tinting, the more pronounced the deleterious effects of
these defects and stresses would be. In other words, the greater degree of heat tinting or
oxidation, the greater degree of pitting corrosion, exhibited in density, depth and/or size,
could be expected. However this was not observed in this study. In all of the specimens
that exhibited pitting corrosion in the parent material, the pits were generally found in
dense clusters in areas of light tinting or areas along the boundaries of visible tinting and
through out the 'clean' parent material. Areas of heavy oxidation exhibited an apparent
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better corrosion resistance than areas of light oxidation. This would seem to be in
contradiction to Bolton's statement. Possible explanations are presented below.
Heat tint oxide is described [25] as being incoherent, providing locations of exposure to
the chromium-depleted layer resulting in pit initiation. At the limits of the HAZ where
the temperature is h igh enough for diffusion of chromium, there would be locations of
chromium depletion in the surface layer adjacent to chromium enriched oxide layers [II].
This description is supported by the observed pits in areas of light heat tinting where the
initiation of excessive oxidation likely occurs at discrete points. Specimens 3-I , 3-5, 3-8,
4-2 and 4-5 all display dense shallow pitting in the areas just described. The locations
that exhibited pitting are most likely areas in which the protective chromium oxide layer
was compromised enough to facilitate pit initiation but the depth of diffusion of
chromium below the oxide layer was limited to a thickness that would only allow the
establishment of shallow pits in the time frame of the experiment.
One possible explanation for the absence of pits in the more severe heat-tinted areas could
be the severity of the tinting itself. The heavier tinting is the result of greater oxygen
availability resulting from lower levels of backing gas used to produce the samples. As
stated in section 4.6, the more heat that is available, the deeper the diffusion of the
chromium. The increased availability of chromium and oxygen may have resulted in an
oxide layer that is thick enough to compensate for any incoherencies in the oxide, thus
protecting the depleted layer of stainless steel below the heavy film. This is supported by
the observation of samples from group 2. These were produced without any backing gas
and completely covered in heavy heat tint scale when exposed to the corrosive test
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solution. With the exception of grey tinted areas adjacent to the cut out weld, the pitting
on these samples was barely visible to the naked eye. For the seventy-two hour exposure
the red to blue or heavy heat tint oxide remained intact.
When pitting initiated in the heat-tinted zones, it was deeper, wider and of a lower density
than the pitting noted in the untinted parent material. The picture below shows an
example ofthis from the sample 3-6.

Figure 5 Significant pitting occurs at the outer limits of the HAZ

The deeper/wider pits are the result of greater chromium diffusion that had taken place
below the oxide layer. The exposure time ofthe experiment in accordance with ASTM
G48 was seventy-two hours. Ifthe exposure time had been longer it is possible that severe
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pitting would have been found throughout the areas of heavy tinting as the oxide layer
broke down.
Another possibility for the locations of pits could be the galvanic differences over the
sample surfaces. The chromium enrichment [29] at the metal/oxide surface coinciding
with progressively darker heat tint oxides could increase the nobility of these areas
relative to the clean surfaces ofthe parent material, surfaces with low heat tint and the
surface of the weld metal. The density of the initiated pits could also suggest the cathodic
reaction required to sustain the pitting may not be immediately adjacent to the developing
pit but is provided by the tinted surface. This is supported by the observation that tinted
surfaces do not exhibit the same degree of pitting as the non or light tinted areas and that
pitting corrosion is concentrated at the boundary of these areas. This is illustrated in the
picture below. Note the pit cluster to the right at the boundary of the visible heat tint
oxide.
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Figure 6 Pitting occurred in the weld and at the HAZ limits.

The corrosion of the parent material is also influenced by the limited anode to cathode
ratio. The larger the cathode in a galvanic corrosion cell the greater the corrosion rate. In
a piping system, the parent material would be a large anodic area unlike the limitations of
sample sizes found in these lab experiments.
Turner et al. [29] attempted to measure the galvanic differences between heat-tinted
specimens but after 20 hours did not observe any measurable effects. Galvanic corrosion
requires the dissolution of a metal species into the electrolyte. It was noted in the
experiments undertaken in this study that heavier heat tint oxides can remain intact over a
72 hour period in a corrosive media. If the heat tint oxide remained intact for the 20
hours in Turners experiments, the specimens used may have remained in a passive state.
The electrolyte used in Turners experiment was naturally occurring water from a

43

mineshaft that contained a low concentration (25 ppm) of halides, which over the time
frame of the experiment, may not have been sufficient to breakdown the passive film.
Based on the observations of pitting in the parent material, areas of light oxidation (straw
and pale blue) have an apparent low resistance to pit initiation but a greater resistance to
pit growth. At these locations the heat available from welding was only sufficient to
initiate diffusion ofthe chromium both within the metal and on the surface resulting in an
incoherent oxide film, which would promote pitting initiation. Due to the limited heat
available, the diffusion below the surface only developed a thin chromium depleted layer.
Within the time frame of the experiment, the heavy oxidized surface demonstrated a
greater resistance to initiation but if the heavy oxide was compromised a lower resistance
to pit growth was obvious as demonstrated by the depth and size of the occurring pits.
The heat available near the weld would have promoted a deeper diffusion of chromium to
the surface where it could oxidize resulting in a thick heat-ti nted layer. The thickness
likely compensated for any incoherencies in the film providing corrosion resistance
during the experiment. The resulting deeper diffusion resulted in a less corrosion
resistant metal.

8.3.

Pitting of Weld Metal

Field experience, see section 5, has demonstrated that pitting corrosion leading to fai lures
often occurs in the weld metal when heat tint is present. This tendency of preferential
weld corrosion was observed in this study. The pitting observed in the weld metal not
only varies from group to group but also varies between samples within the groups.
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For the specimens from group one, care was taken during the welding to ensure a clean
weld. The welds were then ground creating a smooth finish on the weld metal
eliminating crevices and reducing the porosity of the weld surface. Despite the efforts to
produce corrosion resistant welds, two incidents of corrosion were noted. The first was a
single pit believed to have been initiated by a foreign deposit. The second was a crevice
formed by the weld bead that served as an initiation point. Despite these exceptions, the
clean welds of group one demonstrated excellent corrosion resistance.
Group two was not used to evaluate weld bead corrosion. The resulting welds were of
such poor quality in the absence of backing gas they would not have been representative
of acceptable field welds.
Sample groups three and four exhibited pitting of the weld metal in the presence of heat
tint. Compared to sample group one, there is clearly a deleterious effect of heat tint oxide
on the corrosion resistance ofthe weld metal. Comparing sample groups three and four,
there is also a relat ion between the size of the heat-tinted area and the severity of pitting
in the weld metal. Sample group four, which was produced with a lower backing gas
flow rate, had a larger heat-tinted area and larger, deeper pits than group three. As stated
earlier, the corrosion rate is proportional to the cathode to anode ratio. The larger the
cathodic area, the grater the corrosion rate will be. The observed corrosion in sample
groups three and four support the hypothesis that the influence of heat tint oxide on the
corrosion of stainless steel weld metal is galvanic in nature.
If heat tint is present, there appears to be a change in the galvanic potential between the
parent material and the weld bead. Filler material, as stated in section 4.3 , is often
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designed and chosen to produce a protective galvanic potential difference to cathodically
protect the weld metal. When present, the heat tint appears to shift the nobility away
form the weld bead making it susceptible to corrosion.
It was noted during examination of the welds, adjacent samples exhibited differences in
corrosion behavior. As stated in Section 4.5, Punjar et al. [23] explained that as the heat
input increased, the time to the final breakdown of the passive film decreased rapidly.
Sample 3-1 and 3-5 have heavy pitting in the weld metal at locations that were heavily
tinted and appeared to be start-stop locations. This would have resulted in excessive heat
being applied to the metal in these locations. As stated earlier, this likely resulted in the
formation of secondary precipitates and excessive delta ferrite creating locations of
preferential corrosion. The description given by Punjar is a plausible explanation for the
observed pitting.

8.4.

Comments on AWS D18.2: 1999

A WS Dl8.2: 1999, Guide to Weld Discoloration Levels on Inside of Austenitic Stainless
Steel Tube is an example of a graphical tool for the assessment of heat tinting. While this
tool offers some continuity of interpretation of heat tint levels, there is a significant
degree of subjective interpretation. The welds made for these experiments were
compared to this guide. The first noted difficulty in interpretation was the difference in
heat tint patterns. The various colours of tinting in the samples created here did not
follow any discernable pattern of distance from the fusion boundary. Next, the
interpretation of the colour of the tint is subject to lighting conditions. Ifwelds in a pipe
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are to be inspected by closed circuit television camera or other similar equipment there is
a great reliance on the skills of the inspector. There is no guarantee that another inspector
will arrive at the same conclusion.

8.5.

Limitation in Evaluating the Pitting Resistance of Welded Samples

ASTM G48 provides the means to examine the effects of alloying additives, heat
treatment and surface finishes on the pitting corrosion resistance of stainless steels. Heattinted stainless steel welds are very heterogeneous in terms of surface condition. The
weld bead adds a second, often different, material to the specimen. Difficulty in
controlling welding to exact tolerances makes duplication of specimens for comparison
practically impossible. Laying of a weld bead generates crevices both across the bead
itself and at the bead/parent material interface which may initiate pitting earlier than if
these crevices were not present. The production of heat-tinted surfaces for examination
has a certain degree of randomness or unpredictability. Quantifying surface
characteristics, such as the affected area by a particular degree of tinting or even a clear
definition ofthe degree oftinting is difficult.
The stagnant conditions of the test do not exploit the deficiencies of the oxide film that
may occur in the flow conditions in a piping network. Fluid friction as well as the
abrasive action of any fluid borne particles could strip the oxide from the steel exposing
the chromium-depleted layer to an aggressive environment. The effects of flow over the
weld bead are not seen in this test.
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ASTM standard 048 specifies a 72-hour test period in a fixed volume of corrosive media
to specimen surface area. While the time frame prov ides a practical period in which to
complete evaluation, assumptions can be erroneously made about the corrosion
performance of a specimen. At the onset of the experiments it was expected that surfaces
that had significant tinting would exhibit the most severe pitting corrosion. When the
experiments were concluded, some of these areas did not corrode at all. It cannot be
concluded that these specimens will not corrode if exposed for longer periods of time.
Longer exposure times alone will not be sufficient to determine the pitting characteristics.
The volume of corrosive media in this experiment is fixed and over time the corrodant is
consumed. The time to break down the thicker oxide layer is a function of the corrodant
avai lable. It is possible the chloride ions in solution were consumed as the oxide layer
was broken down but the concentration of free chlorine was reduced to level that could no
longer support the corrosion process.
The number of variables associated with welding and the difficulty in quantifying them
has resulted a qualitative assessment of the effects of heat tint on stainless steel welds .
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9.

Conclusions

Corrosion of stainless steel welds and adjacent areas is critical subject matter for those
involved in application ofthese widely used materials.
The initial intent of this work was to identify a relationship between the degree of heat
tinting and the pitting behavior. Based on the reviewed literature, the expected trend was
an increase in the severity of pitting proportional to the severity of the heat tinting as
identified by an increasingly darker colour. While the observed pitting behavior was
more complex than the expected results, there were significant inferences;
1. As pitting corrosion occurs in two distinct phases, namely initiation and
propagation, these phases are affected differently by the severity of heat
tint scale.
2. Welded samples contain varying degrees of heat-tinting and zones of
different severity, as identified by different colours, appear to have a
galvanic influence on the pitting behavior of each other.
3. When heat tint scale is present in any degree, corrosion of the weld metal
is promoted over other areas in the vicinity of the weld.
Given the number of mechanical, metallurgical and environmental factors that are
detrimental to the pitting resistance of 3 16L stainless steel and the synergistic interaction
ofthem, care must be taken to control as many of these variables as possible. Heat tint
scale is the most variable factor in the corrosion of stainless steel welds and given that its
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presence can promote the activity of other corrosion mechanisms such as MIC, it should
be closely controlled and acceptance should be at a minimum.
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Appendix A Welding Procedure
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Polarity
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BEE TABLE 1.0

Volts

SP

lEE TABLE 1.0

Page 2of2
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Appendix B Mill Test Report
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Appendix D AWS D18.2:1999 Guide to Weld Discoloration
Levels on Inside of Austenitic Stainless Steel Tube
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AWS 018.2:1999
An American National Standard

Abstract
Titb slarld:in.l addn:s.<es factor:< that affect weld discoloration on the lnsllle of aust~uitir •lllinJc.s •Lcci Luhc. Titc clucumcnt
COI1talns ~ coEor illusTration rt!Ming me dlscoloratioo to the oxygen content of the hack in!! sh ielding gas.

Guide to Weld Discoloration Levels on
Inside of Austenitic Stainless Steel Tube
1. Scope. This standard provides a visual comparison ~:uide th.:lt can be used to specify surfoce di colo ration (11ent-tintl
criteria for sanital) (hygienic) welds lnaustenitk lolainless steel tube.
l. 111e Tube •""-mpl~.ihc Luhe •huwn heluw w:. Jlll:'r:m:d hy making 10 full· pcnctmliun auUtg<:nuu:< wck!J; un ~oc uul>i
dinmeter of a 2-in. (50-mtn) 3161.. stai11less sreel tube. Welds on 304L tubing showed no signiftennl diffcn:n~c in heat tmt
l"rurn 316L. 'llte tmch sll.ieldilt~ 8~ was 95'il. argott. 3'1> llydrogeo (~<· ilh <6 pnrts per miUion [ppm] of oxysen, moiS1Ure.
and hydn)carbon•J tn ll\SliTC full-penetration welds . The hydmycn addition lo the torch xhicldi11g 11"' i> rutt>iJI!tl'd lO
hn\·t uo ~Jfect on tbe heat-affecced zone (11AZ) b~.ar-tint oxide on the imide surfa~e. To provide controlled amounts o
oxygc11 in Ut<: bad.ing ~as. mcJical·gnulc: rumpn.-ssc<l 11ir was ruixccl wiUt 9'J.YY6% min pttre urgou (<~ ppm or"-')~''"
n1<Ji,'l11Tc, at•l hydmcarhnn~l. The n•yBcn content was me~ &ured wid1 u calibrated C<>mmcrciul oxygen indiL·utor. The
anl\>tUlt of oxnen in the ba.:kin~ e~ was measured to be as follo,.s:

No. 1-IOppm
No.2- 25ppm

No. 3-.50 ppnt
No.
100 ppm

Weld l>lscoloratiod

No. j - 21Xl Pf'rTI
No. 6-SOO ppm

Le,·el~

l"n. 7- I UUO pp111

Nu. \1

No. 8-5000 ppm

No.

I 2 51Xl ppttt

1~2~

000 ppm

on Jnside of Austenitic Stainless Steel Tube

:3. The ili<Lmation should he tiS«! as a reference 10 Klontify the degree of heat tint oxide hy number, and nor rn srecify
"'yg:en limits in tbe bocldng gas. The acctptablc degree of hco.t tint cun vury with different el"\·ke enviroumem 'l ht
olxn.luu1g very luw level< ur hc•ttittl •honld he cons kkre(l when specifying such level3.

cost luvolved

The. amount of heat-tint oxide nod irs .appear:llb."e can be inllucm:cU hy rmurs uthL-r than o.xy~cn,

~~~ell a."i:

the del\1-ee of heat-! Int.
• CunlwninanL•, such "'' hy<lrocnrbons. moismr~. nnd some ~~~.s of particul3le on Ute surfnce prior co wcklilt!f. C1ll1
affect discoloration levels.
H)l.irugcn in the urgm1 backinl!
can • ignificandy reduce the amonnr of heot-ti.nr nxide.
• The metal's urf•c• fiuish call ~!feet the appe3t811Ce or heat lUll.
• Jligb I~Y«"ls or molst.ure in lite bad:in~~._, can

incre~sc

lr"'
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Appendix E Sample Photos
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Figure 7 Sample 1-1 before (top) and after (bottom) immersion testing. No corrosion was noted
after 72 hours.
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Figure 8 Sample 1-5 exhibiting single pit. Rust staining around the pit may have come from iron
contamination.

67

Figure 9 Sample 1-6 Epoxy leakage over the edge of the sample resulted in Under Deposit Corrosion
orUDC
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Figure 10 Sample 1-7. Free of visible corrosion after 72 hour immersion test.

69

Figure II Sample 2-3 is nearly completely tinted.

70

Figure 12 Sample 2-6 exhibits general corrosion in areas of heaviest tinting.

71

The appearance of heat tint changed after

Figure 13 Sample 3-1 shows a varied pitting behavior.
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Figure 14 Sample 3-5

73

Very light tinting of weld metal.

Figure 15 Sample 3-6. Similar corrosion patterns as sample 3-5, with the exception of the weld metal.
Pitting in the weld bead of this sample is only visible under magnification.
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Shallow dense pitting of the parent material

Figure 16 Sample 3-7. Pitting is observed in the parent material but not in the tinted area. There is a
severe pit in the weld metal.
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Figure 17 Sample 3-8. Pitting at the HAZ limits is so dense and shallow it has the appearance of
general corrosion. Pitting follows linear striations across the HAZ. Corrosion to the right of the
weld is a result of epoxy on the surface.
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Figure 18 Sample 4-2. Pitting at the HAZ limits a nd defined boundaries between colours. Epoxy on
the sa mple surface induced corrosion in those areas.
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Figure 19 Sample 4-4 Pitting of the parent material and weld metal.
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Figure 20 Sample 4-5. Pitting ofthe parent material and weld metal. Tinted areas are free of visible
pits.
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