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Materials Engineering

(ABSTRACT)

The effect of the residual stresses developed during simulated weld heat affected zone in
austenitic stainless steel specimen on the stress corrosion cracking susceptibility was stud-
ied. Residual stresses was measured using X-ray diffraction technique. Boiling Magnesium
Chloride was used as corrosive environment. Compressive stresses developed in the HAZ of
the specimen and in regions away from the HAZ stress free values were obtained. The mag-
nitude of the stress gradient decreased as the peak temperature attained during simulated
welding decreased. Transgranular cracks were observed in the compressive stress gradient
region and time to cracking decreased with increasing stress gradient. Higher nickel content
alloys took longer to crack as opposed to lower nickel content alloys at approximately the

same stress gradient.
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Chapter 1
INTRODUCTION

Corrosion is defined as a destruction of the material due to its chemical reaction with
the environment. During corrosion, movement of electrons occurs and so the process is
classified as electrochemical in nature. Corrosion related problems create an adverse impact
on a nation’s economy. In view of the seriousness of the problem, care must be taken in
selecting proper materials which have the requisite mechanical properties but yet which are
able to withstand severe corrosive attack in an aggressive environment, such as those that
exist in the chemical and nuclear industries. A compromise between the cost, mechanical
properties and availability must be chalked out before selecting such a material.

Stress corrosion cracking (SCC) is one of the important forms of corrosion in which
deterioration occurs due to a complex interplay between tensile stress, corrosive environ-
ment, and a sensitized microstructure [1]. SCC has been intensively investigated because
of the catastrophic nature of the failure associated with it. Stresses causing the failure may
develop from external loading or be residual in nature. Stress corrosion cracking of an alloy
depends to a large extent on the environment to which the alloy is exposed. Austenitic
stainless steel will readily crack in a environment as aggressive as boiling magnesium chlo-
ride but remain inert to cracking in sodium chloride. The major pitfall in the austenitic
class is the possibility of sensitization. When austenitic stainless steels are heated in the
temperature range of 425° C to 800° C. and slowly cooled they become prone to intergran-
ular attack in corrosive environments. This condition sensitization and occurs due to the
depletion of chromium at the grain boundaries. Chromium and carbon combine to form
chromium carbides making the grain boundaries depleted of chromium and susceptible to

corrosion attack.
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Residual stresses are the “locked-in” stresses that remain in a body even after the
external load has been removed. These stresses, which have long been thought to influence
the SCC performance of structures can exist at both the microscopic and macroscopic levels.
The stresses may evolve from fabrication processes such as grinding, forging, rolling and
welding, bending, thermal treatment etc. Virtually any and/all forms of sample fabrication
may generate residual stresses. For example during welding, certain regions absorb heat
more than others. Plastic deformation may occur due to the stress gradients created by
the thermal gradients. Localized application of heat generates complex thermal stresses.
After the heat is removed, residual stresses remain in the material and, under certain
environmental conditions, may result in premature failure.

Measurement of residual stresses thus becomes very critical. There are a number of
non-destructive techniques used to measure the residual stresses. Prominent among these
are X-ray diffraction, neutron diffraction, and ultrasonic techniques. Hole drilling is also
widely used but is basically a destructive technique in the sense that a hole is drilled to
measure the stresses. Residual stresses generated during welding need to be accurately
measured so as to take remedial actions to prolong the life of the welded structure. The
above mentioned non-destructive and destructive techniques can be used to measure residual
stresses in the welds. The process of welding will induce microstructural changes in the
material. Thus a fine-grained, non-textured material before welding can possess a coarse
grained structure after welding. The measurement technique should be able to take into
account all of these effects and be able to provide accurate residual stress results. Among the
various non-destructive techniques, X-ray diffraction is widely used because of its accuracy,
reliability and ease of measurement. X-ray diffraction measurement of stresses in the weld
may become difficult because of problems associated with grain size, preferred orientation
and texture. One way to avoid such problems is to simulate a weld through the use of
controlled induction/resistance heating.

The stresses developed in the welded specimen may be both tensile and compressive

and may have detrimental effects on both the mechanical and environmental properties
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of the material. There has been a great deal of research into the relationship between
welding parameters and the environmental response of the weld, but very little has been
done to study the effect of the state of residual stresses developed during welding on the
mechanical behavior of materials. In almost all previous research, welding parameters have
been correlated with the mechanical and /for environmental reéponse. This correlation is an
indirect cause-effect relationship. Thus there is a need to develop a relationship between
the state of stress in the welded structure and the resultant mechanical and environmental
properties.

Such a correlation should provide a much more direct relationship between welding
, parameters and mechanical /environmental properties. Furthermore, previous research has
shown that above a critical concentration of nickel, susceptibility to stress corrosion cracking
decreases as the nickel content increases [3,4,5,6]. Thus, apart from the usual questions of
sensitization and other heat treatment variables, there appears to be a complex synergism
between the effective nickel content of the alloy, residual stress, and propensity to failure
by stress corrosion cracking.

The objective of the research presented here is to study and develop an interwoven
relationship between alloy composition variables and the resultant stresses developed in the
material, and their impact on the environmental properties in stainless steel specimens on
which simulated heat affected zones were made. A comprehensive understanding of these
relationships should allow for development of procedures to modify welding parameters in

known and controlled ways, in an effort to reduce SCC susceptibility.



| Chapter 2
BACKGROUND INFORMATION

This chapter describes the review work on the materials used in the experiment, the
models explaining the mechanism of SCC, and the relationship between welding and resid-
ual stresses. Section 2.4 describes the various non destructive and destructive evaluation
techniques used to measure the residual stresses. Most of the residual stress measurements
during my research was done using X-ray technique, and so more emphasis has been placed
on the theory behind this technique. Section 2.5 reviews the art of simulation using a Glee-
ble. The various parameters involved in the operation of the Gleeble, sample geometry and

thermocouple measurements have been discussed [43].

2.1 STAINLESS STEEL

Stainless steels show less susceptibility to corrosion in an aggressive environment than
do other steels although they possess mechanical properties similar to many other steels.
The generic term ‘stainless steel’ covers scores of standard compositions as well as variations
bearing company trade names. These steels vary in their composition from a fairly simple
alloy of, essentially, iron with 11% Cr, to complex alloys that include 30% Cr, substantial
amounts of nickel, and other alloying elements. There are three main types of stainless
steel: ferritic, martensitic, and austenitic.

Ferritic stainless steels contain aboutl5 — 256% Cr, very low carbon and no nickel. Be-
cause of the high amount of Cr they are highly corrosion resistant. They retain their ferritic
structure under the normal heat treatment conditions. The main drawback of these steels

is their lack of ductility and their poor weldability. By decreasing the carbon and nitro-
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gen content the weldability is improved [2]. Primary applications of ferritic steels are in
combustion chambers, furnace parts, and heaters.

Martensitic stainless steel contain approximately 12— 17% Cr, 0—4% Ni, 0.1-1.0% C
and sometimes molybdenum, aluminum, vanadium or copper. These steels show austenitic
structure at temperatures of 900 — 1000° C, but on cooling transform to a martensitic
structure. The composition of martensitic stainless steel is adjusted for increased hardness
and strength. These steels have poorer corrosion resistance than the austenitic and ferritic
steels. In martensitic steels the number of alloying additions is restricted since the additions
reduces the M, temperature which leads to the formation of retained austenite at room
temperature [3]. These steels are mainly used in applications which demand high strength
and hardness ( i.e. steam turbine blades, cutlery, machine parts and fasteners).

Austenitic stainless steels contain about 18 —25% Cr and in addition also contain about
8 — 23% Ni. Adding various other alloying elements such as molybdenum and silicon im-
proves their corrosion and oxidation resistance. The alloys are known as austenitic since
they retain their austenitic structure under all heat treatment conditions. Austenitic steels
have better ductility and corrosion resistance than ferritic stainless steels. Austenitic alloys
make up 60— 70% of the total stainless steel production in U.S. [4] Steels of austenitic grade
find applications in various industries, mainly because of their superior corrosion resistance
and elevated temperature properties. They often find use in aircraft structures, chemical
and food processing equipment, heat exchangers and furnace parts.

This research has been devoted to studying the effect of residual stresses developed
during welding, on the SCC susceptibility of austenitic stainless steel. Hence the properties

of these steels are reviewed in greater detail than those of ferritic and martensitic steels.

2.1.1 EFFECT OF ALLOYING ADDITIONS

The major alloying additions in austenitic stainless steel include nickel, chromium, nio-
bium, titanium, molybdenum, carbon and silicon. Each of these elements play an signifi-

cant role in determining the susceptibility of austenitic steels to stress corrosion cracking.
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It should however be noted that the effects of alloy addition are very much dependent on
the environment. The effect of an addition of a certain element could be beneficial in envi-
ronment A, but its addition may prove to have deleterious or no effect in environment B.
The significance of alloying additions will be reviewed in this section.

From the Fe - Cr phase diagram as shown in figure 2.1, one notices two distinct features.

o The formation of the v loop, and

o The formation of the Sigma phase.

Chromium acts as ferrite stabilizer. As the amount of chromium increases beyond 7%, the
v phase diminishes and restricts. Thus when the amount of Cr is less than 12 — 13%, the
transformation from austenite to ferrite takes place on cooling.

Elements like carbon, nitrogen, manganese, cobalt, nickel and copper contribute to the
stability of austenite, while chromium, tungsten, molybdenum, silicon and titanium stabilize
the ferrite. Presence of austenitic, ferritic, or martensitic phase at room temperature greatly
depends upon the nickel and chromium equivalents. This can be easily understood from the
Schaffler diagram as shown in figure 2.2. Empirical derivations of the nickel and chromium

equivalents yields:

Cr(equivalent) = (Cr)+ 2(Si) + 1.5(Mo) + 5(V) + 5.5(Al) + 1.75(Nb)+
1.5(Ti) + 0.75(W) (2.1)

Ni(equivalent) = (Ni)+ (Co)+ 0.5(Mn)+ 0.3(Cu) + 25(N) + 30(C) (2.2)

It can be seen from the above formulae that the Cr equivalent has been derived from
common ferrite forming elements and the Ni equivalent from common austenite forming

elements. One should note the dominance and permeance of ‘C’ and ‘N’ in the equation for
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Table 2.1: Nickel and Chromium equivalents for 316SS and 310SS

| Material | Ni Equivalent | Cr Equivalent |
316 SS 13.378 21.915
310 SS 23.031 26.241

Ni equivalent as compared to other metallic elements. The nickel and chromium equivalents
were calculated for the present materials and are shown in table 2.1.1.

The purpose of adding nickel is twofold:

e High amounts of nickel increase the amount of austenite present at the solution treat-

ment temperatures.

o The addition of atleast 8% nickel reduces the value of M, temperature to around room

temperature.

Addition of nickel counteracts the formation of ferrite and helps in stabilizing the
austenitic phase, because both nickel and austenite have the same FCC structure. The
effect of 4% and 8% Ni additions on the Fe-Cr phase diagram is shown in figure 2.3.

Increasing the nickel content above 10 — 15% decreases the susceptibility to stress cor-
rosion cracking. Adding nickel increases the stacking fault energy of the austenitic alloy
making crack initiation and propagation more difficult. Effects of addition of nickel on the
time to cracking has been clearly illustrated by Copson’s famous curve of figure 2.4 [5].

According to Denhard [6], increasing chromium content in a Fe-2Ni alloy increases the
susceptibility to SCC. Lowering the chromium content to about 10 to 15% reduces the
susceptibility to SCC in magnesium chloride solution [7]. Adding chromium to lower nickel
alloys (15 to 25%) is beneficial in oxygenated caustic solutions, but for higher nickel alloys(15
to 45%), chromium additions are detrimental [8]. Thus the effect of chromium additions on
the resistance of an iron or nickel base alloy to SCC is very much dependant on the cracking

media.
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Carbon also plays an important role in determining the material susceptibility to SCC.
Increasing carbon content enhances the formation of chromium carbides. This results in
depletion of chromium at the grain boundaries, making the material prone to corrosion
attack. The phenomenon is known as sensitization. Decreasing the temperature from
1000°C to 800°C, during annealing decreases the solubility of carbon and allows for easier
formation of chromium carbides. To avoid sensitization, low carbon (about 0.02- 0.03 wt%)
stainless steels have been developed [9]. An other method to decrease the effect of carbon
on SCC is to rapidly cool the specimen from the solution annealing temperature, so as to
avoid the sensitization temperature range. Kowaka et.al. found dramatic increases in SCC
resistance for alloys containing more than 0.15% C [10].

The addition of 1.5% to 3.5% molybdenum helps increase the pitting resistance of
austenitic steels, but high Mo content increases SCC susceptibility [7]. The detrimental
effects of Mo have been attributed to a higher repassivation rate which leads to an increase
in the bare metal surface dissolution rate.

Silicon additions are very beneficial for increasing SCC resistance. Adding silicon to an
18Cr-8Ni steel with both high and low molybdenum levels increases the corrosion resistance
[11]. Silicon addition retards the anodic dissolution process by forming a surface protective
layer of magnesium silicate when the steel is exposed in magnesium chloride.

Sensitization can be reduced by the addition of strong carbide formers to the basic
stainless steel composition. The composition of 321 grade is similar to 304, but more
titanium (about 5 times the carbon content) is added as a carbide former. In the 347 grade
the carbide former is a mixture of columbium and tantalum ( amount added is about 10
times the carbon content ). 321 and 347 grades of stainless steel are known as stabilized
grades.The addition of the strong carbide formers decreases the chances of the formation of
chromium carbide, thus making the steel less susceptible to sensitization and stress corrosion
cracking. Plots showing the effect of various alloying elements on the time to failure is shown
in figure 2.5.

The overall diagram of family relationships for standard austenitic stainless steels is

12
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shown in figure 2.6.

2.1.2 MECHANICAL PROPERTIES

Hardening of austenitic stainless steels is very difficult because of its single phase
austenitic structure at room temperature. Irrespective of the cooling rate, they are austenitic
at room temperature. They do not undergo a transformation on heating to temperatures
below the melting range. However the austenitic grades have a much higher rate of work
hardening, and especially after cold working the austenitic steels can be strengthened to a
large extent. For example the yield strength of 301 alloy can be increased from 30 ksi to 200

ksi by cold working. Empirical relations for the proof stress and tensile strength in terms

of composition and microstructural parameters have been developed by Pickering [12]

0.2%Proof Stress(Mpa) = 15.4[4.4 + 23(C) + 1.3(Si) + .24(Cr)+
0.94(Mo) + 1.2(V) + .29(W) + 2.6(Nb)+
1.7(Ti) + 82(Al) + 32(N)] 2.3)

Tensile Strength (Mpa) = 15.4[29 + 35(C) + 55(N) + 2.4(Si)+
0.11(Ni) + 1.2(Mo) + 5.0(Nb) + 3.0(Ti)+
1.2(Al) + 0.14(Deltaferrite) + 0.82t] (2.4)

All alloying elements are represented by their weight percentages. In the equation,
“Delta ferrite”is the amount of delta ferrite present and “t” is the twin spacing in mm.

Carbon increases both proof stress and tensile strength. Stabilized grades such as 321
and 347 contain high amounts of titanium and niobium, improving their tensile properties
by forming finely dispersed TiC and NbC. Interaction of these carbides with the dislocations
generated during creep helps improve the steels high temperature properties. 316 SS, which
has a substantial amount of molybdenum, also has desirable tensile properties. In the

empirical equation of proof stress the value of twin spacing is not present because a negligible

14
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Figure 2.6: Family relationship for standard austenitic stainless steel [9]
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value of twin spacing indicates low order stacking fault energy which in turn has absolutely
no effect on the strains at which the proof stress is measured [13].

Formation of sigma phase takes place when high Cr steels are exposed in the 590 to
870°C temperature range [14]. The sigma phase is hard, brittle and is deleterious to the
steel as it decreases the toughness of the steel at ambient temperatures. Elements such as
carbon, nickel and nitrogen retard the formation of sigma phase while molybdenum, silicon
and vanadium enhance its formation.

Austenitic steels find applications in a wide variety of industries such as chemical, nuclear
and automotive, because of their excellent mechanical and corrosion resistant properties.
They have the strength, toughness and formability to meet a wide range of structural

applications.

2.2 MECHANISM OF SCC AND HYDROGEN EMBRITTLEMENT

Tensile stresses developed in the material coupled with an corrosive environment, proves
to be very deleterious to the life of the material. Stress corrosion cracking can occur under
applied or internal stress and thus it becomes a matter of paramount importance to test
the materials susceptibility to SCC. Hydrogen embrittlement(HE) occurs due to a combined
action of hydrogen environment and applied or residual tensile stresses. It is also a very
impor’;ant form of corrosion since it can reduce tensile ductility and other mechanical prop-
erties of a material making the material prone to cracking. The following sections explain

the models and mechanism developed to understand SCC and HE.

2.2.1 STRESS CORROSION CRACKING

The synergistic interaction between stresses developed in the material and corrosion
reaction results in stress corrosion cracking. The type of stresses, material composition
and aggressiveness of the environment are some of the variables that need to be specified

to accurately define the problem. SCC was always thought to occur only in alloys and
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that pure metals were immune. Polymers and ceramics have also shown susceptibility to
stress corrosion attack [15]. The problem of stress corrosion cracking has been extensively
investigated and is well documented. In this section we review the most important aspects
of SCC, with no real intent to be exhaustive.

Tensile stresses in a material increase its susceptibility to stress corrosion cracking.
These stresses may develop from external loading or could be residual in nature. Numerous
failures have been attributed to the presence of tensile residual stresses. Few researchers
have studied the effect of surface residual compressive stress on the stress corrosion crack-
ing susceptibility of stainless steel. Of them Scheil describes SCC of stainless steel under
compressive stresses [16]. More recent developments are reported by Chu.et.al [17]. They
observed stress corrosion cracks in austenitic stainless steel under a compressive stress of 25
ksi magnitude. The environment used in their experimental work was boiling magnesium
chloride. Compressive stresses were induced in the specimen by surface grinding. Stresses
were measured using the X-ray diffraction technique. Transgranular cracks perpendicular to
the grinding direction were observed. Time taken for incubation and propagation of these
cracks was much longer than the time taken for the cracks which would occur under tensile
stresses. Few researchers have tried to show the occurrence of stress corrosion cracks un-
der compressive stresses. The presence of compressive stresses has always been thought to
negate the effect of tensile stresses and correspondingly decrease the materials susceptibility
to stress corrosion cracking.

SCC in austenitic stainless steel is greatly affected by metallurgical variables such as
grain size, sensitization and segregation [18]. Finer grains materials have a higher fracture
stress value as compared to coarser grain materials and so take longer to crack [19]. Sen-
sitization occurs due to depletion of chromium at the grain boundaries, when austenitic
stainless steel is heated in the temperature range of 400-850°C and cooled very slowly.
Chromium carbides form at grain boundaries and increase the susceptibility to intergranu-
lar attack.

The grain boundary enrichment of impurities results in intergranular SCC attack in
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austenitic stainless steels and nickel base alloys. The main variables involved include the
electrochemical potential, extent of sensitization and the concentration of the impurities.
In austenitic stainless steels segregation of impurities like phosphorous, silicon and sulphur
takes place.

The phenomenon of SCC can be sequentially divided into 3 steps. They are:

e Crack initiation
e Crack propagation
e Crack propagation to failure

The mechanism behind each of these steps involves a complex interplay between chemistry,
mechanics and metallurgy. A number of models have been proposed to explain the mech-
anism of SCC. They may be classified broadly as models that consider cracks to form and
proceed by anodic dissolution or those that consider cracks to form by mechanical rupture
[20]. The various models are briefly described below.

In the film rupture model the passive film formed on the surface of the metal ruptures
due to localized plastic deformation resulting in exposure of fresh metal surface. Crack
propagation occurs due to anodic dissolution of the exposed surface. The rate at which the
repasssivation of the metal surface occurs determines the susceptibility to SCC. Champion
[21] suggested that the crack tip does not repassivate completely and that the anodic disso-
lution contributes to stress concentrations high enough to cause further plastic deformation.
Also he suggested that due to anodic dissolution the highly strain hardened material is re-
moved, paving the way for further plastic deformation in the softer regions. According to
Vermilyea [22], once the passive film ruptures, complete repassivation of the crack tip takes
place. Following this, creep continues in the metal at the crack tip, increasing the strain in
the film. Once the critical strain is attained, the film fractures and the cycle continues.

There are a number of models based on ductile and brittle fracture of the material.

In the tunnel model, ductile fracture occurs due to the formation of a fine assembly of
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corrosion tunnels at slip steps. The corrosion tunnel grows until the rest of the material
ruptures between the tunnels [23]. This type of mechanism has been observed in austenitic
steels. The only noticeable feature being that rectangular tunnels were observed rather
than cylindrical tunnels. The application of tensile stresses changes the morphology of the
tunnels from cylindrical to rectangular slots. The rectangular slots was found to occur on
the {110} type planes in austenitic steels [24].

The adsorption model relates to the interaction and adsorption of environmental species
with the strained bonds at the crack tip. Interaction results in reducing the strength of
these bonds, causing brittle fracture. The model has not yet been widely accepted because
it contradicts the theory that adsorption is restricted to a very few atomic layers and fails
to explain the continuation of the crack beyond the adsorbed atom layers. A schematic

representation of the various models is shown in figure 2.7 , [20,26].

2.2.2 HYDROGEN EMBRITTLEMENT

Hydrogen damage is a form of environmentally assisted failure that results from a com-
bined action of the residual or applied tensile stresses and hydrogen environment [25).
Hydrogen damage results in blistering, cracking and hydride formation in steels. Hydrogen
embrittlement occurs during plastic deformation of alloys in contact with hydrogen bearing
gases or products of corrosion reaction. Extent of damage is maximum with highly pure
hydrogen and increased hydrogen pressure.

Hydrogen stress cracking occurs due to the cumulative action of a ductile alloy, sustained
load and hydrogen environment. Failures occur at loads below the yield point. The extent of
hydrogen stress cracking depends on the fugacity of hydrogen, applied stress, microstructure
and strength of the material. A value of the threshold stress exists below which hydrogen
stress cracking does not occur in certain steels. There are many explanations for the forms
of degradations caused by hydrogen damage. Prominent theories among the vast number
are based on pressure, surface adsorption, hydrogen attack and hydride formation and

decohesion.
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Figure 2.7: Models of stress corrosion cracking [20]
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The pressure theory is among the oldest models for hydrogen damage. In this theory
atomic hydrogen diffuses into the metal and accumulates at the voids and porosities. On
increasing the hydrogen concentration at the discontinuities, high internal pressure in the
voids is created thus increasing the size of the voids allowing for crack initiation.

The surface adsorption theory suggests that adsorbed hydrogen in the free surfaces near
the crack tip decreases the surface free energy allowing for easier crack propagation.

Hydride degradation occurs in Group Vb metals (niobium, vanadium, and tantalum),
titanium and magnesium by the formation of brittle metal hydrides at the crack tip when
the metals are placed in hydrogen environment. The situation is further aggravated when
stress is applied since the stress enhances the formation of brittle metal hydrides allowing
for lower time to failure.

Decohesion theory suggest that sufficient hydrogen concentration in front of the crack
tip decreases the cohesive energy between the metal atoms such that the applied tensile
stress becomes greater than the cohesive stress between the atoms resulting in fracture [25].

Hydrogen embrittlement is a very complicated phenomenon involving chemical and met-
allurgical variables. Cold working, sensitization and the concentration of hydrogen ions are
important parameters in determining the extent of hydrogen embrittlement. A schematic

representation of the various models is shown in figure 2.8, [20,26].

2.3 WELDING AND RESIDUAL STRESSES

As mentioned above, residual stresses are the stresses that continue to remain in the
body even after the removal of external load. They could also be known as “locked-in”
stresses, “inherent” stresses etc.

During the process of welding, a complicated temperature profile generates thermal
stresses. These thermal stresses form incompatible strains which are the root cause for
the formation of residual stresses [27]. These stresses produce distortion in the structure.

Distortion involves a complex interplay of metallurgical, structural and fabrication param-
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eters [28]. The extent of distortion is determined by the type of base and filler metal, the
geometry of the welded structure, and the welding procedure adopted. The role of dis-
tortion is very important in evaluating the stability of a welded structure since distortions
decrease the buckling strength of the structure and cause premature failure. Heat flow,
the degree of incompatible strains developed and the extent of shrinkages in the transverse
and longitudinal direction need to be known to gauge the extent of dimensional changes in
the material during welding. Accurate estimation of the non-elastic strains is paramount
since formation of residual stresses depends wholly on the existence of the strains. External
restraints could also produce residual stresses during fabrication of welded structures [29].
A simple distribution of residual stresses in a butt weld is shown in figure2.9.

In the regions close to the weld substantially higher values of tensile stresses are found.
In some cases the value of the stresses could be equal to the yield stress. As the distance
from the weld increases the state of the stress changes and becomes compressive in nature.
Curve 1 of figure2.9 shows the transverse residual stresses distribution along the length of
the weld without the restraint while Curve 2 shows the stress distribution on application of
external restraint.

In a piping system the major source of residual stresses is welding. Melting of the
base and filler metal and resulting shrinkages upon solidification create the bulk of residual
stresses. Stresses as high as the yield strength exist in the weldments. Residual stress levels
during welding get mainly affected by the weld groove geometry, fit and mismatch and the
heat input used during welding [30]. The distribution of the stresses in a butt weld is shown
in figure 2.10.

The value of residual stress is maximum at the centerline and than gradually decreases
with distance. By decreasing the number of weld layers and weld passes the amount of
shrinkage is reduced minimizing the residual stresses.

The energy used during welding melts the filler metal and base metal. Increasing the
welding energy density increases the amount of residual stresses [28]. The trend is shown

in figure 2.11.
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Various methods to analyze residual stresses in the weldments are shown in figure 2.12
[28].

Additional literature on the stress distribution in various types of welds can be found
in [28] .

Since stress corrosion cracking and hydrogen embrittlement can occur without the ap-
plication of an external load, the presence of residual stresses can prove to be additionally
deleterious to the material. Stress corrosion cracks have been found to exist in weldments
of various materials. Hydrogen sulfide induced stress corrosion cracks have been observed
in welded high strength steel storage tanks [31]. Cracks are generally observed in the imme-
diate vicinity of the weld and have been attributed to the presence of high tensile stresses
in that region. Crack lengths were found to be decreasing in length as the distance from
the weld increased [32].

It becomes very clear from the above sections that residual stresses generated during
welding play a detrimental role in determining the materials susceptibility to SCC and Hy-
drogen Embrittlement. Also the alloy composition plays a critical role in determining the
extent of SCC. An accurate non destructive evaluation method should be used to carefully
characterize the state of stress in the material. SCC tests should be carried out in stan-
dardized environments, to determine the effect of the developed stress state on the time to
failure. A multiple regression of the the alloy composition, stress magnitude and time to

cracking will clearly demonstrate the interdependence of the variables.

2.4 NON-DESTRUCTIVE EVALUATION OF RESIDUAL STRESSES.

2.4.1 OVERVIEW OF VARIOUS METHODS.

Designers of engineering components have given importance to the presence of residual
stresses in their creations. It eventually becomes critical to measure these stresses without
actually having to destroy the components. The challenge has been accepted by metal-

lurgists and experimental mechanicians to develop a reliable, accurate and cost effective
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Decreasing the frequency of the incident beam allows one to penetrate into the crack in
order to gauge its depth. Most of the cracks observed were shallow in nature and were not
easily seen after a depth of about 35 — 40 microns. Photographs showing the profile of the
crack at 0, 20 and 60 microns depth for a 310 specimen is shown in figure 4.20 . At a depth
of about 50 — 55 microns the bottom of the cracks seemed to be reached. Observations at
further depths did not reveal any progress in the crack continuity.

A cross section of one of the cracks observed in a 316 specimen showed it to penetrate
to a depth of 200 — 250 microns as shown in figure 4.21. This could be because of a longer
time of exposure in the corrosive media.

However, in general the cracks were all shallow and did not penetrate deep into the
material. It is interesting to note in figure 4.10, that the depth of crack penetration is
about the depth of the gradient and the crack seems to stop at the depth at which the
compressive stress becomes constant. This is consistent with the observation that there
is no SCC in uniform compressive stress fields. The effect of surface compressive stress
gradient becomes of paramount importance since the depth of penetrations of the cracks
was about 40 microns.

In conclusion, there appears to be no theory that explains the occurrence of cracking in
a compressive stress gradient region. Further research work needs to be done to adequately

explain the phenomenon of crack initiation and propagation..
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Figure 4.20: SAM of 310 specimen showing cracks at 0, 20 and 60 microns depth
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Figure 4.21: SAM of 316 specimen showing cross section of crack
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Chapter 5
CONCLUSIONS

The results obtained at the end of the research work were very interesting and fascinating

and could be summarized as:

e It was anticipated that due to the simulated welding, tensile stresses would be gener-
ated in the HAZ and stresses become more compressive as the distance from the HAZ
increased. This was not to be as compressive stresses of high magnitude (about 50
ksi) developed in the HAZ of the specimen and regions close to the HAZ in the base
metal were practically stress free. Thus a compressive stress gradient was created and
the magnitude of the gradient decreased as the peak temperature attained decreased.
The compressive stress gradient appears to be a result of lateral temperature gradients

due to radiant losses from the surface.

o The stress profile into the depth of the sample also showed a compressive stress gra-
dient. The depth of the compressive stress gradient is > 125 microns and may be as

deep as 200 — 500 microns.

¢ Samples with such compressive stress gradients cracked in boiling magnesium chloride
solution. The time to cracking depended on the magnitude of the gradient and on the
nickel content. Cracking time increases with increasing nickel content and decreases

with increasing stress gradient.

e The 30% Ni alloy(20Cb3) did not crack. The alloy may belong to a different class
than the 310 and 316 SS.

¢ Cracks are mainly transgranular, but in regions show intergranular behavior.
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e The depth of the crack is about 60 microns. This value is about 2— 10 times less than

the depth of the compressive stress gradient.
e Boiling magnesium chloride is required for the crack initiation and propagation.

e Within spatial resolution of the X-ray instrument no tensile stresses existed in trans-
verse and longitudinal direction. This does not preclude the possibility of the tensile

stresses occurring in a very narrow region(about 50 — 100 microns).

o No sensitization was observed in the specimens after stress relieving and Gleeble

treatment.

¢ No corrosion pitting was observed making it difficult to visualize a pit acting as a

crack initiation site.

e There is at this point no clear model to describe what has been observed, although

many parameters and possibilities have been precluded.
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Chapter 6
RECOMMENDATIONS FOR FUTURE WORK

Based upon the results obtained during the experimental work it is obvious that the
results are important and has significant implications in the area of stress corrosion crack-
ing. This makes the continuing research work of utmost importance in order to carefully
characterize the crack and try to develop a mechanism that explains the crack development

and propagation. The recommendations for future work can be listed as:

o Experimental work should be done over a broad range of alloys of varying nickel

content. Also ferritic steels and other materials should be included in the study.

e Stress gradients should be characterized more carefully and other non destructive

techniques such as ultrasonics should be used to verify the data.
o Stress measurements should be made at a greater depth into the material.

e Develop actual heat affected zones and characterize the state of stress in them and

then test them in the corrosive environment to note their cracking susceptibility.

¢ Use finite element modelling to calculate the state of stress developed in a simulated

heat affected zone and compare it with the measured stress values.

¢ Attempts should be made to try to develop a model to account for the stress corrosion

cracking under a compressive stress gradient.

86



REFERENCES

[1] Uhlig H., .New Perspectives in SCC Problem, Symposium on Physical Metallurgy of
SCC Fracture, 1959, pp. 1-7.

[2] Smith W., .Structure and Properties of Engineering Alloys, McGraw-Hill Publication,
1981, pp. 294-300

[3] Pickering F.B., Physical Metallurgy of Stainless Steel Developments, International Met-
als Review, Dec 1976

[4] Peckner D.; and Bernstein I. M., Handbook of Stainless Steel, McGraw-Hill Publication,
1977, pp.Al-1 to A1-63.

[5] Copson H. R., Symposium on Physical Metallurgy of Stress Corrosion Fracture, Inter-
science Publishers, 1959, pp. 247-272.

[6] Denhard E. E., Jr, Effect of composition and heat treatment on stress corrosion cracking
of austenitic stainless steel, NACE Publication, Baltimore, Oct 5-8, 1959, pp. 359-369.

[7] Staehle R.; Royuela J.; Raredon T. L.; Serrate G.; and Morin C. R., Corrosion, Vol
26, 1950, p451.

[8] Sedricks A. J., Journal of Institute of Metals, Vol 101, p 225.

[9] Properties and Selection: Stainless Steels, Tool Materials and Special Purpose Metals,
Metals Handbook, Ninth edition, Vol 3, American Society for Metals, Metals Park,
Ohio, 1986, pp. 4-5.

[10] Kowaka M.; and Fujikawa J., The Sumitomo Search, Vol 7, 1972, pp. 10-25.

[11] Loginow A. W.; and Bates J. F., Influence of Alloying Elements on the Stress Corrosion
Behavior of Austenitic Stainless Steel, NACE Conference, Cleveland, Ohio, 1968, pp.
574-582.

[12] Pickering F. B., Towards Improved Ductility and Toughness, Climax Molybdenum
Company Symposium, 1972, pp 57-62.

[13] Marshall P., Austenitic Stainless Steel, Microstructure and Mechanical Properties, El-
sevier Applied Science Publishers Ltd, London, 1984, pp. 80-81.

[14] Lula R. A., Stainless Steel, Carnes Publication Services Inc, 1986, pp. 60-61.

87



REFERENCES

[15] Andrews E. H., Developments in Polymer Science, Applied Science, 1979.

[16] Scheil M. A., Symposium on Stress Corrosion Cracking, AIME & ASTM, 1944, pp.
395-410.

[17] Wu-Yang Chu; Jing Yao; and Chi-Mei Hsiao, Stress Corrosion Cracking of Austenitic
Stainless Steel under Compressive Stress, Corrosion, Vol. 40, No. 6, June 1984, pp.
302-306.

(18] Harninen H. E., Influence of Metallurgical Variables on Environment Sensitive Crack-
ing of Austenitic Alloys, International Metallurgical Reviews, Vol. 24, No. 3, 1979, pp.
85-135.

[19] Petch N. J., Journal of Iron Steel Institute,174, 25, 1955.
[20] Bursle A. J. and Pugh E. N., An Evaluation of Current Models for the Propagation of

Stress Corrosion Cracks, Conference on Environment Sensitive Fracture of Engineering
Materials, Metallurgical Society of AIME, Oct 1977, pp. 18-46.

[21] Champion F. A., Symposium on Internal Stresses in Metals and Alloys, Institute of
Metals, London, 1948, p 468.

[22] Vermilyea D. A., A Theory for the Propagation of Stress Corrosion Cracks in Metals
Journal of Electrochemical Society, Vol 119, 1972, p 405.

[23] Pickering H. W.; and Swann P. R., Electron Metallography of Chemical Attack Upon
Some Alloys Susceptible to Stress Corrosion Cracking, Corrosion, Vol 19, 1963, pp.
373-389.

[24] Silcock J. M.; and Swann P.R., Nucleation and Growth of Transgranular Stress Corro-
sion Cracks in Austenitic Stainless Steels, Proceedings of Conference on Environment
Sensitive Fracture of Engineering Materials, Oct 22-26, 1977, pp. 133-153.

[25] Corrosion, Metals Handbook, Ninth edition, Vol 13, American Society for Metals,
Metals Park, Ohio, 1986, pp. 163-166.

[26] Imrich K., The SCC Behavior of Austenitic Alloys in an Ozygen Free Carbon Dioride
Environment Containing Chloride Ions, M. S. Thesis, VPI&SU, July 1989.

[27] Kihara H.; and Masubuchi K., Theoretical Studies on the Residual Welding Stress,
Report No 6 of Transportation Technical Research Institute, June 1953, pp. 1-40.

[28] Masubuchi K., Analysis of Welded Structures, Pergamon Press Ltd, London, 1980.

[29] Morgan N., Effect of Thermal Cycling on Residual Stresses in Thick Walled Stainless
Steel Pipe, M.S. Thesis, VP1&SU, Mar 1990.

88



REFERENCES

[30] BWR Recirculation Piping System Replacement, Vol. 1, EPRI Report, NP-6723-D,
June 1990.

[31] Teteleman A. S.; and McEvilly A. J., Jr, Fracture of Structural Materials, John Wiley
& Sons, New York, 1967.

[32]) Masubuchi K.; and Martin D. C., Investigation of Residual Stress by Use of Hydrogen
Cracking, Welding Journal, Vol. 40, No. 12, Research Supplement, 1961, pp. 553s-563s.

[33] Gardner C. G., AMMRC CTR 72-22, Army Materials and Mechanics Research Center,
Watertown, MA, 1972.

[34] James M. R.; and Buck O., Critical Reviews in Solid State and Material Science, Vol.
9, No. 1, 1980, PP. 61-105.

[35] Husson D.; Bennet S.; and Kino G., Non Destructive Methods for Material Property
Determination, Plenum Press, New York, pp. 365-375.

[36] Cullity B. D., Elements of X-ray Diffraction, Addision Wesley Publishing Company
Inc, Massachusetts, 1978.

[37] Doelle H., Influence of multiazial stress states and stress gradients and elastic
anisotropy on the evaluation of residual stresses by X-rays,Journal of Applied Crys-
tallography, 1978, 489, 12.

[38] Noyan I. C.; and Cohen J. B., Residual Stress Measurement by Diffraction and Inter-
pretation, Springer-Verlag New York Inc, 1987.

[39] Dehan C., An Intelligent Workstation for Reliable Residual Stress Determination Using
X-ray Diffraction, M.S. Thesis, VPI&SU, July 1989.

[40] Allen A.; Hutchings M.; and Windsor C., Neutron Diffraction Methods for the Study
of Residual Stress Field Advances in Physics, Vol. 34, No. 4, 1985, pp. 445-473.

[41] Boag J.; Flaman M.; and Herring J., Considerations of Using the Hole Drilling Method
for Measuring Residual Stresses in Engineering Components, ASM Conference on
Residual Stresses in Design, Process and Material Selection, pp. 1-5.

[42] Jo J., Residual Stress Measurement in Railroad Car Wheels, Ph.D. Dissertation,
VPI&SU, Sept 1989.

[43] Gleeble Manual, Duffers Scientific, New York, 1982.

[44] TEC Model 1600 X-ray Stress Analysis System, Operation and Maintenance Manual,
Technology for Energy Corporation, Knoxville, TN, 1985.

89



REFERENCES

[45] ASTM G 36-73,Standard Practice for Performing Stress Corrosion Cracking Tests in
a Boiling Magnesium CRloride Solution, 1987 Annual Book of Standards, American
Society for Testing and Materials, 1987, Vol. 3.02, pp. 209-217.

[46] Alvarado C., Private Communication, May 1990.
[47] DeVan J., Private Communication, Aug 1990.

[48] Stoner G., Private Communication, Sept 1990.

90





