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ABSTR A CT

C haracterization o f Residual Stress And  
Defects in W elded Specim en

by

Srinivas Chanda

Dr. Ajit K. Roy, Exam ination Com m ittee Chair 
Associate Professor o f  M echanical Engineering,

University o f  Nevada, Las Vegas

The residual stresses developed at different locations o f w elded specim ens consisting 

o f  austcnitic Type 304L stainless steel (SS) and/or m artensitic A lloy EP-823 has been 

characterized in terms o f  S-, W- and T-param eters based on a classical positron 

annihilation spectroscopy (PAS) technique. The resultant data indicate that the m agnitude 

o f  residual stress was higher near the fusion-line (FL) com pared to that o f  the base region 

o f  the welded specim en consisting o f  sim ilar m aterials on both sides. However, for 

w elded specim ens o f  dissim ilar m aterials on opposite side, the extent o f  residual stress 

was som ewhat lower at the FL com pared to that o f  the base region o f  the A lloy EP-823 

side o f  the weld. The characterization o f  defects at different locations o f the welded 

specim ens by transm ission electron m icroscopy (TEM ) revealed higher dislocation 

density (p) at the heat-affected-zone (HAZ) com pared to that at the base m aterial, 

irrespective o f  the weld configurations. The characterization o f  m etallographie

III
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m icrostructures o f  tested specim ens by optical m icroscopy exhibited larger grain size o f 

HAZ on the A lloy EP-823 side compared to that o f  Type 304L SS side.

IV
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CHAPTER 1

INTRODUCTION

Fossil fuels such as oil and gas, and coal have been extensively used as the traditional 

sources o f energy for over hundred years. However, lately the price o f oil and gas has 

been increasing at unusually high rates. Further, these traditional fuels can cause a 

disparity in equilibrium in the environmental system due to the formation o f undesired 

gases such as CO? that can enhance the global warming trend. In order to circumvent 

these problems, the United States Department o f Energy (USDOE) has been emphasizing 

the use o f nuclear power as an alternative source o f energy. However, the use o f nuclear 

power can also lead to a major challenge o f efficiently and safely disposing o f the spent- 

nuclear-fuel (SNF) and high-level-radioactive-waste (HEW). USDOE had been 

concentrating on the selection and development o f suitable site to accommodate 

SNF/HLW for the past twenty years. Based on intensive feasibility studies, the Yucca 

Mountain site, located approximately hundred miles away from Las Vegas, Nevada has 

recently been proposed to geologically contain the nuclear waste.

While the Yucca Mountain repository is seriously being considered to dispose o f  the 

existing SNF/HLW, new nuclear waste are simultaneously being generated by the 

nation’s nuclear power plants, which will necessitate the development o f additional 

repositories to accommodate them. However, the cost o f developing additional
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repositories will be exorbitantly high. Therefore, the process o f  transm utation o f  SNF is 

seriously being considered by U SDO E to reduce SNF radioactivity and subsequently 

dispose o f  them in the proposed Yucca M ountain repository for shorter durations. 

Transm utation refers to the transform ation o f  SNF by changes due to natural radioactive 

decay, nuclear fission, neutron capture or other related  processes Such processes can 

eventually reduce or elim inate the m inor actinides and fission products from SNF.

The transform ation o f  highly radioactive species into species with shorter h a lf  lives is 

accom plished by bom barding a target m aterial such as m oltcn-lcad-bism uth-eutectic 

(LBE) with protons from an accelerator, generating neutrons. These neutrons are then 

impinged upon SNF at very high rate, thus producing actinides and fission products, as 

shown in Figure 1.1 and 1.2. These actinides and fission products are eventually 

separated. The m olten LBE, which can also act as a coolant, will be contained in a vessel 

made o f  a suitable structural m aterial such as austcnitic or m artensitic stainless steel. The 

Europeans have proposed the use o f  high silicon-containing m artensitic steel known as 

Alloy EP-823 as the containm ent m aterial. S ignificant efforts have already been m ade at 

UNLV to characterize the perform ance o f  this alloy both from m etallurgical and 

corrosion aspect Since the fabrication o f  the containm ent vessel will involve

nonnal m anufacturing process such as cold deform ation, m echanical forming, welding o f 

sim ilar and dissim ilar m aterials, residual stresses can be generated in these m aterials 

during their fabrication unless these internal stresses arc m inim ized or elim inated by 

strcss-rclicf operations. It should, however, be noted that these internal stresses cannot be 

totally elim inated even by the stress re lief operations.
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The residual or internal stresses can be defined as stresses that can exist in bulk of a 

material due to different manufacturing processes. The different types o f residual stress 

that can be experienced by different metallic materials have been described in detail by 

previous UNLV investigators. Both destructive and nondestructive techniques have 

extensively been used by UNLV researchers to characterize the residual stresses 

generated in austenitic and martensitic stainless steels resulting from cold deformation 

and three point bending A nondestructive technique based on positron annihilation 

spectroscopy (PAS) has been extensively used to characterize the residual stresses in 

martensitic alloys including Alloy EP-823, Alloy HT-9, and Alloy 422. Two different 

methods, namely pair-production and activation have been used by the previous 

researchers to generate positrons for defects characterization in these alloys. However, no 

efforts have been made in the past to characterize residual stresses in welded specimens 

consisting o f similar and dissimilar materials by the PAS technique.
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This investigation is focused on the characterization o f residual stress in welded 

specimens consisting o f austenitic and/or martensitic stainless steels by using the 

activation technique based on the PAS concept. Further, substantial efforts have been 

made to characterize linear defects such as dislocations in the vicinity o f the fusion-line 

(FL), heat-affected-zone (HAZ) and the base material o f these welded specimens through 

utilization o f transmission electron microscopy (TEM). Further, since the metallurgical 

microstructure in the welded specimens can be different in different regions of weld, this 

investigation has placed a significant emphasis on the characterization o f microstructures 

in these regions by using conventional optical microscopy.

1.1 Objective o f This Investigation

It is well known that the internal stresses developed from the incompatible plastic 

strain resulting from the welding operations involving similar and dissimilar materials 

may develop lattice defects such as voids and dislocations that can cause reduced 

ductility. A recent publication has attempted to characterize dislocations in plastically- 

deformed martensitic stainless steel by using TEM, and relating the dislocation density to 

residual stress in terms o f the PAS line-shape parameter T. A unique correlation was 

established between the dislocation density (p) and the T-parameter as a function o f 

percent cold-reduction level. The residual stress in terms o f both these parameters was 

gradually increased with increased levels o f cold deformation. The magnitude o f p was 

determined form the TEM micrographs corresponding to different levels o f cold 

deformation.
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In view o f  this significant correlation, established at UNLV, it was thought that a 

similar approach could be made to characterize the residual stresses in terms o f p 

involving welding specimens o f different configurations. In addition, the metallurgical 

microstructure o f welded specimens can be influenced by the rate o f solidification during 

the welding process. For example, the coefficient o f thermal expansion o f austenitic 

stainless steel is relatively higher compared to that o f the martensitic stainless steel. 

Therefore, the martensitic stainless steel will solidify faster than the austenitic stainless 

steel, causing incoherent plastic strain in the vicinity o f the FL and the HAZ. Thus, 

microstructures developed on opposite sides o f FL in a welded specimen consisting of 

similar and dissimilar materials will be different, which can also induce plastic strain near 

the HAZ. The generation o f plastic strains o f  different magnitudes on either side will 

therefore induce residual stresses at those locations. In view of this rationale, the extent o f 

residual stress in terms o f p was determined using the TEM micrographs developed in the 

vicinity o f the HAZ. A systematic correlation was also established between the 

thicknesses o f the HAZ to the resultant value o f p, determined from the TEM 

micrographs.

As indicated earlier the PAS technique was capable of characterizing the internal 

stresses o f plastically deformed plate materials made of martensitic stainless steel in 

terms of three line-shape parameters S-, W- and T-. However, no efforts have so far been 

made to characterize the residual stresses in welded specimens consisting o f austenitic 

and martensitic stainless steels using the PAS technique. Therefore, an extensive effort 

has been made in current investigation to characterize the residual stresses in welded 

specimens consisting o f austenitic Type 304L SS and/or martensitic Alloy EP-823. The
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magnitude o f all three parameters has been estimated in specimens o f similar and 

dissimilar materials as a function o f distance from the FL.

It is interesting to note that the extent o f residual stress determined in terms o f 

dislocation density using the TEM micrographs and the PAS line-shape parameters (S-, 

W- and T-) matched significantly, suggesting that the overall data was capable o f 

developing a unique understanding o f residual stress resulting from the welding 

operations irrespective o f the weld configurations. It is anticipated that the results o f this 

investigation will lead to a basic understanding o f residual stress generation in welded 

structures, as envisioned in the transmutation program.
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CHAPTER 2

MATERIALS AND SPECIMEN PREPARATION

2.1 Test Materials

Materials tested in this investigation include an austenitic Type 304L stainless steel 

and a martensitic Alloy EP-823. These materials have found their significance due to 

their extensive use as containment materials in the transmutation systems in Europe and 

Russia due to many desirable properties including excellent corrosion resistance, 

optimum strength and ease o f manufacturing. Stainless steels possess excellent corrosion 

resistance compared to other steels due to the presence of high chromium content. 

Stainless steels can be divided into three basic groups o f austenitic, martensitic and 

ferritic, based on their crystalline structures.

Austenitic stainless steels (SS) exhibit a single phase, face-centered-cubic (FCC) 

structure that can be maintained over a wide range o f temperature. They constitute most 

o f the 200 and 300 series o f stainless steels. These steels contain about 16 to 30 weight 

percent (wt %) Cr and 2 to 20 wt % Nickel (Ni), which provides enhanced surface 

quality, formability, increased corrosion and wear resistance. Austenite is formed through 

the addition o f austenitizing elements such as nickel, manganese, and nitrogen. Austenitic 

stainless steels are nonmagnetic in the annealed condition, and can be hardened only by
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cold-working. Some ferromagnetism may be noticed due to cold-working or welding. 

They typically have reasonable cryogenic and high temperature tensile strength.

Austenitic stainless steels have been reported to possess superior oxidation and 

corrosion resistance in molten lead-bismuth-eutectic (LBE) due to their high Cr content. 

The austenitic classes o f stainless steels (SS) are those that are weldable by common 

fusion and resistance techniques However, they are susceptible to cracking during 

solidification. Different types o f cracking can occur in various regions of the weld, 

including centerline cracks, transverse cracks, and micro-cracks in underlying weld metal 

or adjacent HAZ. These cracks occur due to low-melting liquid phases, which allow 

boundaries to separate under thermal and shrinkage stresses during welding. The ratio of 

Cr to Ni can be modified to improve the formability while carbon content can be reduced 

to improve tbe intergrannular corrosion resistance. Similarly, the addition of 

molybdenum in SS can increase its resistance to localized corrosion (pitting/crevice).

Austenitic Type 304L SS is a iron base corrosion-resistant alloy containing a 

minimum of 18% Cr and 8% Ni with a maximum carbon content o f 0.03%. The lower C 

content o f Type 304L SS can assist in the prevention o f carbide precipitation during 

thermal treatments. This material exhibits excellent corrosion resistance in many hostile 

environments used in chemical, textile, petroleum, dairy and food industries. The 

maximum temperature to which this material can be continuously exposed without 

appreciable scaling is approximately 899“C. Since, this material can work-harden rapidly, 

in-process annealing may be needed to restore ductility and low hardness. A combination

o f low yield strength (YS) and high elongation makes this alloy formable and drawable

[ 12 ]
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Martensitic stainless steels are currently finding extensive application in nuclear 

reactors as substitutes for austenitic steels. They are Fe-Cr-Mo alloys with higher C 

content having body-centered-cubic (BCC) or body-centered-tetragonal (BCT) crystal 

structures in hardened condition. They are ferromagnetic, and hardenable by heat- 

treatments. Martensitic stainless steels are usually preferred for their relatively high 

strength, moderate corrosion resistance and optimum fatigue properties resulting from 

suitable thermal treatments. The resistance to general corrosion is adequate in some 

corrosive environments, but not as good as other types o f stainless steels.

The Cr content o f martensitic stainless steel can range from 9 to 18 wt %. The Cr and 

C content are balanced to ensure a martensitic microstructure after hardening. The 

presence o f Mo and Ni in these alloys can improve their mechanical properties and 

corrosion resistance The presence o f Ni can also assist in maintaining the desired 

microstructure, and preventing the formation o f delta ferrite when high concentration of 

Cr is present. The brittle martensitic micro structures resulting from austenitizing and 

quenching operations can be modified by tempering at relatively lower temperatures to 

enhance the ductility o f the matrix

Alloy EP-823 is a Russian grade martensitic Fe-Cr-Mo stainless steel with high 

silicon content (1.0-1.3 wt %) for nuclear applications. It is a leading structural material 

to contain a spallation target such as molten LBE that can also act as a coolant in 

accelerator-driven-spallation (ADS) systems This material has also been used in the 

United States as internal components in experimental liquid metal fast breeder reactors 

(LMFBR) due to its moderate corrosion resistance, optimum strength, ease of 

manufacturing and relatively lower cost. This alloy possesses significant resistance to

10
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swelling during high neutron exposure at temperatures up to 420“C and low rate o f 

irradiation creep. However, the strength o f this material may drop above 500“C This

steel can retain its high ductility at temperatures ranging between 20 and 700“C even

in an irradiated condition. The typical tensile and physical properties of both tested 

materials are given in Table 2.1̂ ^̂

Table 2.1. Mechanical and Physical Properties o f Materials Tested

Material / Heat No. Thermal
treatments

YS 
ksi (MPa)

UTS 
Ksi (MPa)

%E1 %RA

Alloy EP-823/ 2360
Quenched

and
Tempered
(Q & T )

97(669) 121 (835) 25 61

Alloy EP-823/2154 (Q & T ) 103.4(712.91) 124.4(857.7) 24.9 61

Type304L SS/2155 Solution
Annealed

47 (324) 72 (496) 66.1 51

Experimental heats o f both materials were melted by a vacuum-induction-melting 

(VIM) practice at the Timken Research Laboratory (TRL), Canton, Ohio. They were 

subsequently forged and hot-rolled into plate materials of desired dimensions. These 

materials were then heat-treated prior to the machining o f test specimens. Type 304L SS 

plates were austenitized at 1010"C (1850°F) for one hour followed by air cooling, thus 

producing a fully-austenitic microstructure. Alloy EP-823 was austenitized at an identical 

temperature followed by an oil-quench. The quenched plates were subsequently tempered 

at 621°C (1150“F), followed by air cooling. This type o f thermal-treatment produced a
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fully-tempered martensitic microstructure without the formation o f any retained austenite. 

The welded specimens consisting o f similar and dissimilar materials were fabricated 

using different heats from the same vendor (TRL). The specimens used for 

characterization o f defects (dislocations) were made from heat number 2154 (Alloy EP- 

823) and heat number 2155 (Type 304L SS). However, for characterization o f residual 

stresses by the PAS technique, the welded specimens were made using Type 304L SS of 

the same heat and Alloy EP-823 from a different heat (2360). The chemical composition 

o f different heats o f austenitic and martensitic stainless steels used in the fabrication of 

the welded specimens o f different configuration are given in Table 2.2

Table 2.2. Chemical Compositions o f Materials Tested (wt %)

Material/ Type 304L SS/ Alloy EP-823/ Alloy EP-823/
Heat No. 2155 2154 2360

C 0.02 0.17 0.15
Mn L63 (154 0.56
P 0.003 0.005 0.005
S 0.005 0.004 0.003
Si 0.40 1.11 1.21
Cr 18.20 11.69 11.81
Ni 9.55 0.65 0.67
Mo 0.03 0.73 0.73
Cu 0.03 0.01 0.01
V - - 0.32
W - 0.63 0.63
Cb - - 0.27
B - - 0.0068
Ce - - 0.067
Al 0.011 0.23 0.033
Fe Balance Balance Balance
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2.2 Preparation o f Welded Specimens

Welded specimens consisting o f similar and/or dissimilar materials were fabricated 

from thermally treated materials in longitudinal direction using the gas-tungsten-arc- 

welding (GTAW) method. For welded specimens consisting of an austenitic alloy (Type 

304L SS) on both sides, Type 308L SS was used as a filler material. However, Type 

2283L SS weld metal was used for fabricating a specimen consisting o f martensitic Alloy 

EP-823 alone. IN 82 filler metal was used in fabricating a welded specimen consisting o f 

austenitic and martensitic alloys on opposite sides. The detailed dimensions and a 

pictorial view of a welded specimen used in this investigation are illustrated in Figures

2.1 (a and b)

WELDZONE

1.00

(a) Dimensions o f Welded Specimen
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Fusion line

^  Heat affected 
zone

Base metal

(b) Pictorial View o f Specimen Used in This Investigation 

Figure 2.1. Configuration o f Welded Specimen

2.2.1 TEM Specimens

Transmission electron microscopy (TEM) was used for analysis o f defects 

(dislocation and/or voids) in welded specimens o f similar and dissimilar materials. The 

concentration o f dislocations, expressed in terms o f dislocation density (p), was 

determined from the TEM micrographs obtained at different locations (HAZ and base 

material) o f the specimen away from the fusion-line (FL). TECNAI model 20 TEM, 

shown in Figure 2.2, was used to identify these dislocations from the micrographs. 

However, the determination of precise nature of the dislocation is beyond the scope o f 

this investigation. Therefore, a major emphasis was placed on the determination o f p 

from these micrographs.
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Figure 2.2. TECNAI G2 F 30 S-TWIN Model TEM

The preparation o f the TEM sample is a time consuming operation since the sample 

thickness has to be very fine, ranging between 100 and 200 microns. The TEM specimen 

preparation involves the following steps.

• Abrasive cutting

• Diamond saw cutting

• Mounting o f specimen

• Mechanical grinding (polishing)

• Punching

• Electropolishing

15
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Abrasive Cutting, Diamond Saw Cutting and Mounting o f Specimen

A small area around the weld region for similar and dissimilar weld metals was 

chosen as the regions for the preparation o f test specimens and then finally examination 

through TEM. The area was chosen in such a way that it would include weld metal, FL, 

HAZ and base material in the sectioned area and this was determined using micrographie 

evaluation using micrographs obtained from optical microscopy. An abrasive cutter was 

used initially to cut the test specimen transversely followed by longitudinal cutting. The 

test specimens were then subjected to fine cutting by low speed diamond cutter as shown 

in Figure 2.3. Diamond saw cutting would reduce the test specimen thickness to 

anywhere around 500 -  700 microns. Time to cut was decided by the speed o f cutting. 

Some weights were placed on the cutting tool to apply gravitation force on the specimen. 

In the next step the test specimen were mounted on the specimen holder with the help o f 

a heated wax coating that was placed on the surface o f the specimen holder. Upon 

cooling the specimen would attach to the specimen holder ready for mechanical 

polishing, as illustrated in Figure 2.4.

Figure 2.3. Weld Specimens Used in This Investigation
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Figure 2.4. Diamond Cutter with the Specimens Cut

Figure 2.5. Specimen Fielder, Hot Plate and Flat plate

Mechanical Polishing, Punching and Electropolishing

A mechanical rotary grinder/polishing wheel were used in the next stage to grind a 

large amount o f material from the surface o f material cut by diamond saw cutter. The 

grinding took place at a controlled rate to reduce specimen thickness from 500-700 

microns to 100-200 micron thickness. A 600 grit abrasive paper was used to grind the 

specimens as shown in Figure 2.5. Further, the specimens were then cut to 3 mm 

diameter with the help o f mechanical puncher as illustrated in Figure 2.6. This process is
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necessary since the sample holder o f the Electropolishing unit can only accommodate this 

size o f specimen. Electropolishing is the final stage o f the sample preparation process for 

TEM test specimen. In this stage a greater amount o f material is dissolved by electrolytic 

reactions resulting from current distribution in flowing electrolyte to achieve desired 

thickness and surface finish prior to the examination by TEM. Figure 2.7 shows the 

Electropolishing cell and a separate control unit.

. ?

Figure 2.6. Mechanical Polishing
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Figure 2.7. Puncher and Specimen after Punching

Figure 2.8. Electrochemical Polishing Unit

Flow control o f the electrolyte was absolutely necessary to avoid formation o f anodic 

film that could etch the specimen instead o f polishing An electrolyte solution o f 5% 

Perchloric acid in methanol in a unidirectional flow rate o f 10 with a operating 

temperature of -7°C (19.4“F) provided by liquid nitrogen at a voltage o f 25 volts. The
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current distribution within the specimen causes the overall smoothing compared to the 

valleys, as a result o f  Electropolishing. The Electropolishing unit is stopped by a light 

source and photoelectric detector, which detects the perforation in the specimen when 

light transmits through the hole and is received by the detector. The specimen is then 

cleaned in acetone and by alcohol to remove the dirt particles deposited during the 

Electropolishing. A dessicator is used for the storage o f the test specimen before taking it 

to the TEM.
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CHAPTER 3

EXPERIMENTAL TECHNIQUES 

Several UNLV investigators have focused on the applications o f the PAS 

technique for determination o f residual stresses in cold-worked plates, bent strips and 

deformed cylindrical specimens using both the pair-production and the activation 

concepts. However, no efforts were made in the past to characterize residual stresses in 

welded specimens using either the activation or the pair-production method. It is well 

known that defects such as dislocations can be generated in different regions o f welded 

specimens, leading to the development o f residual stress. Therefore, substantial efforts 

have been made in the present investigation to characterize the dislocation density at 

different regions o f the welded specimens using TEM. Further, the characterizations o f 

metallurgical microstructures at these locations have been performed through utilization 

o f optical microscopy.

3.1 Positron Annihilation Spectroscopy

3.1.1 Positron

A positron is the antiparticle or antimatter counterpart o f an electron. It has the same 

mass o f an electron and has charge opposite to it A positron and electron will 

annihilate each other to produce two high-energy photon (y-rays) each having an energy
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o f 511 KeV that can be emitted in diametrically opposite directions if the original 

electron and positron were stationary While three different techniques based on the

PAS phenomenon, namely pair-production, activation and lifetime spectroscopy can be 

used to analyze defects, this investigation was focused on the use o f the activation 

technique alone.

3.1.2 Activation Method

The activation technique used in this investigation was based on the utilization o f a 

photo-nuclear (u, n) reaction involving a 20 MeV Bremsstrahlung beam. This principle 

was based on the radioactive decay o f a nucleus. Some o f the neutron-poor (proton-rich) 

nuclei, in turn, emitted positron through a beta decay process The positron generated 

by this process was thermalized and annihilated with a sample electron emitting two 

photons in opposite directions having a 511 KeV energy spectrum. The emitted photons 

were recorded by a high purity germanium (HPGe) detector, and the resultant data were 

analyzed in terms o f three line shape parameters, namely S-, W- and T- of the 511 KeV 

annihilation peaks, as illustrated in Figure 3.1. A detailed description o f the activation 

technique has been presented elsewhere
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Figure 3.1. Characteristics o f 511 KeV Gam ma-Ray Energy Spectrum

The S- and W- parameters have often been used to characterize the annihilation peak 

in Doppler broadening spectroscopy The S-parameter is known to be sensitive to 

annihilation with valence electrons and is defined as the ratio o f counts in the central 

region to the total counts in the peak. The W-parameter is more sensitive to annihilation 

with high momentum core electrons and is defined as the ratio o f counts in the wing 

region to the total counts in the peak. The T-parameter is simply the ratio o f W to S. 

While, the S-parameter is directly proportional to the residual stress, the T-parameter is 

inversely proportional to the internal stresses generated during welding involving similar 

and dissimilar materials a  schematic view of defects characterization through

utilization o f positron annihilation is illustrated in Figure 3.2. The positron, generated by 

the activation technique, diffuses through the metal lattice, undergoes thermalization, and 

tries to locate a trapping site such as vacancy or dislocation. In doing so, it emits 

annihilation radiation having a 511 KeV energy spectrum. The magnitude o f residual
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stresses can eventually be determined in terms o f the line shape parameters o f this 

spectrum, as described earlier.

e source thermalization

Y radiation 
1.27 M eV

^  diffusion

trapping

diffusion 
length; 
A.=IOO nm

annihilation radiation 
0.511 MeV

Figure 3.2. Schematic View o f Defect Trapping by Positrons

In view of the capability o f the activation technique based on the PAS principle to 

detect lattice defects, this method has most recently been applied to characterize the 

residual stresses in structural materials subjected to plastic deformation and welding. This 

method, in particular, has been found to be highly sensitive to the identification o f defects 

including dislocations and voids in polycrystalline materials such as austenitic and 

martensitic stainless steels, tested in this investigation.
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3.2 Optical Microscopy

The determination o f the metallurgical microstructures o f the test materials resulting 

from the thermal treatments is o f  vital importance to detect defects such as precipitates, 

voids and dislocations. The conventional microstructures of materials o f  interest are 

usually determined by optical microscopy showing the phases present, their distribution 

within the grains and their sizes, all o f  which depend on the chemical composition and 

the thermal treatments imparted to these materials. For example, fine-grained and fully 

tempered martensitic microstructure can be seen in optical micrographs of Fe-Cr-Mo 

steels such as Alloy EP-823 through quenching and tempering operations. On the 

contrary, large austenitic grains can be observed in the optical micrographs o f Type 304L 

SS.

The principle o f an optical microscope is based on the impingement o f a light source 

perpendicular to the test specimen. The light rays pass through the system o f condensing 

lens and shutters, up to the half-penetrating mirror. This brings the light rays through the 

objective to the surface o f the specimen. Light rays reflect off the surface o f sample and 

then return to the objective, where they are gathered and focused to form the primary 

image. This image is then projected to the magnifying system of the eyepiece. The optical 

microscope used in this investigation is shown in Figure 3.3. The micrographs result from 

either an inherent difference in intensity or wavelength of light absorption characteristics 

o f the phases present. It may also be induced by preferential staining or attack o f the 

surface by etching with chemical reagents. The test specimen were sectioned and 

mounted using the standard metallographic steps, followed by polishing and etching to 

reveal the microstructures including the grains, grain boundaries and precipitates. While,
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Fry’s reagent was used as etchant for EP-823, a mixture o f FINO3, CH3COOH and 

C3H5(0H)3. The polished and etched specimen were subsequently rinsed in deionized 

water, dried with acetone and ethyl aleohol prior to their evaluation by a Leica optical 

microscope, having a resolution up to lOOOX

M r
m m # #

Figure 3.3. Leica Optical Microscope

3.3 Transmission Electron Microscopy

Residual stresses can be generated by plastic deformation and welding o f metals and 

alloys, which are usually accompanied by a large number of defects or imperfections 

including dislocations and voids. As indicated earlier in this thesis, welded specimens 

made o f similar and dissimilar materials were used to characterize these defects that
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could develop internal stresses. TEM is an ideal tool to characterize these types of 

defects. A TECNAI F-30-Supertwin TEM, as shown in Figure 3.4, was used to determine 

the dislocation density (p) from resultant micrographs. No attempts, however, have been 

made in this investigation to identify the precise nature (tensile or compressive stresses) 

o f these dislocations. The method o f calculation o f p using the TEM micrographs 

obtained at different locations heat-affected-zone (HAZ) and the base material o f the 

welded speeimens is deseribed in the next subsection.

Figure 3.4. Transmission Electron Microscope

3.3.1 Calculation o f Dislocation Density

The magnitude o f the dislocation density (p) at different locations was calculated by 

using the line-intersection method which was based on the superimposition o f a
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grid consisting o f horizontal and vertical lines on the TEM micrographs containing 

dislocations, as illustrated in Figure 3.5. The total lengths o f horizontal (ELh) and the 

vertical (SLy) test lines were determined from the test grid. The thickness o f the thin 

TEM specimen was determined by electron energy loss spectroscopy (EELS) using 

equation 3.1. The p values were then calculated using equation 3.2, which is shown 

below. The magnitudes o f all parameters used in the calculation o f the sample thickness 

and p were based on measurements at different locations within the TEM micrographs.

Figure 3.5. Line Intersection Method for Calculating Dislocation Density
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f = /jTo) (Equation 3.1)

(Equation 3.2)

Where,

t = average thickness o f the sample 

It = total intensity reaching the spectrometer 

To = zero-loss intensity reaching the spectrometer 

À = mean free path

E nv = number o f intersections o f vertical test lines with dislocations 

S nh= number o f intersections o f horizontal test lines with dislocations 

Ü Lv = Total length o f vertical line o f the test grid 

D Lh = Total length o f horizontal line o f the test grid
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CHAPTER 4

RESULTS

This chapter presents the results o f residual stress characterization on three welded 

specimens made o f Alloy EP-823 and/or Type 304L SS using the activation technique 

based on the PAS concept. Further, the magnitudes o f dislocation densities, determined 

from the TEM micrographs using the line-intersection method are presented. In addition, 

detailed analyses o f optical micrographs obtained at different locations including the 

heat-affected-zone (HAZ) and the base material o f these specimens are included.

4.1 Residual Stress Characterization by Activation

The results o f residual stress characterization of the welded specimen consisting o f 

Type 304L SS on opposite sides by the activation technique are shown in Figure 4.1. The 

residual stress was expressed in terms o f S-, W- and T-parameters o f the annihilation 

peak, as described earlier. An examination o f this figure clearly reveals that the 

magnitude o f the S-parameter was gradually reduced with the distance away from the 

fusion-line (FL) indicating reduced residual stresses at locations near the HAZ and the 

base material. Simultaneously, the magnitude o f W- and T-parameters were increased 

with the distance from the FL, also suggesting a gradual reduction in residual stress since
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both these parameters are inversely proportional to the internal stresses generated during 

the welding operations.
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Figure 4.1. S-, W- and T-Parameters versus Distance from FL (Type 304L SS specimen)

Insignificant variations in the W- and T-parameters were observed (Figure 4.1) at 

locations beyond 0.5" away from the FL, indicating very low levels o f internal stresses. It 

is also interesting to note that a maximum value o f the S-parameter was observed at the 

FL, indicating the maximum residual stress near the weld of a specimen consisting o f 

Type 304L SS alone. Conversely, the lowest values o f W- and T-parameter were 

observed at the FL, once again indicating the maximum residual stress in this region. A 

similar pattern on the variation o f the S-, W- and T-parameters with the distance from the 

FL was seen with the activation data o f the welded specimen consisting o f Alloy EP-823 

alone on both sides, as shown in Figure 4.2
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Figure 4.2. S-, W- and T-Parameter versus Distance from FL (Alloy EP-823 Specimen)

The activation data obtained on the welded specimen consisting o f dissimilar 

materials (Type 304L SS and Alloy EP-823) on opposite sides are illustrated in Figure

4.3 and 4.4, respectively. An evaluation o f these data exhibits a gradual reduction o f the 

S-parameter with the increasing distance from the FL, finally reaching a plateau, as 

shown in Figure 4.3 for the Type 304L SS side o f this specimen. Thus, it is obvious that 

the internal stress, which was maximum at the FL, was gradually reduced at locations 

away from the FL, becoming much lower at the HAZ and the base material. Similarly, as 

in the case o f the welded specimen of Type 304L SS alone, both the W- and T- 

parameters were gradually increased with the distance away from the FL, indicating 

reduced internal stresses at these locations. Therefore a consistent pattern on the 

variations o f S-, W- and T- parameters with the distance from the FL was observed with
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Type 304L SS, irrespective o f the specimen configuration (similar versus dissimilar 

material) in the welded specimen.
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Figure 4.3. S-, W- and T-Parameters versus Distance from FL (Type 304L SS Side o f 

Specimen o f Dissimilar Materials)

The variations o f  the S-, W- and T- parameters with the distance away from the FL of 

the Alloy EP-823 side o f the welded specimen (consisting o f dissimilar materials) are 

shown in Figure 4.4. It is interesting to note that magnitude o f the S-parameter was 

gradually increased up to a distance o f 0.5" from FL, indicating increased residual 

stresses. No significant variation in the S-parameter was, however, observed beyond 0.5" 

from the FL. Simultaneously, the magnitudes o f both W- and T-parameters were reduced 

up to a distance o f 0.25" from the FL, once again indicating enhanced residual stresses at 

locations away from the FL. Beyond 0.25", and both parameters showed somewhat 

higher values indicating reduced residual stresses. However, the extent of enhancement 

o f these two parameters was not that significant at locations beyond 0.25".
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Figure 4.4. S-, W- and T-Parameters versus Distance from FL (Alloy EP-823 Side of 

Specimen o f Dissimilar Materials)

A comparison o f the T-parameter with the distance away from the FL for the welded 

specimens consisting o f both similar and dissimilar materials is shown in Figure 4.5 and 

Figure 4.6, respectively. It is obvious from Figure 4.5 that, for welded specimens of 

similar materials, the residual stress in terms of the T-parameter was maximum near the 

weld, which was gradually reduced with the distance away from the FL, finally reaching 

a plateau. A similar trend on the variation o f the T-parameter with the distance from the 

FL was seen for the Type 304L SS side o f the welded specimen (dissimilar materials), as 

shown in Figure 4.6. However, it is interesting to note that, for the Alloy EP-823 side of 

the same specimen (dissimilar materials), there was an initial reduction in the T- 

parameter at a location beyond the FL, which eventually became a plateau.
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Figure 4.6. T-Parameter versus Distance from FL for Welded Specimen o f Dissimilar 

Materials

A comparison o f Figures 4.5 and 4.6 reveals an interesting phenomenon in that the 

magnitude o f the T-Parameter at the welded region o f the Alloy EP-823 side (dissimilar 

materials) was relatively lower than that o f the specimen with similar materials (Alloy 

EP-823). A reduced value o f the T-parameter indicates a higher residual stress. Thus, the 

extent o f residual stress for the Alloy EP-823 side o f the specimen (dissimilar materials) 

was relatively higher compared to that o f a welded specimen consisting o f Alloy EP-823 

alone.
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4.2 Characterization o f Defects by Transmission Electron Microscopy

As indicated in the previous section, efforts have been made in this investigation to 

characterize defects in the welded specimens, in particular, dislocations using 

transmission electron microscope (TEM). The TEM micrographs o f the welded specimen 

consisting o f similar materials are illustrated in Figures 4.7 and 4.8, showing the 

concentration o f dislocations in the vicinity o f both the base metal and the HAZ. An 

evaluation o f Figures 4.7 and 4.8 reveals that the HAZ had greater concentration o f 

dislocation than that o f the base material. These data suggest that the residual stress, in 

terms o f dislocation density (p), would be higher near the welded region, as expected.

(a) Base Material
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(b) HAZ

Figure 4.7. TEM Micrographs o f Type 304L SS/Type 304L SS Welded Specimen.

(a) Base Material
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(b) HAZ

Figure 4.8. TEM Micrographs o f Alloy EP-823/AlloyEP-823 Welded Specimen.

A comparison o f the dislocation concentration in the welded specimen o f dissimilar 

materials, as illustrated in the TEM micrographs (Figures 4.9 and 4.10), exhibits a similar 

pattern showing increased dislocation density near the HAZ compared to that o f the base 

material. Thus, the TEM micrographs reveal a consistent pattern indicating that the 

residual stress due to welding will be higher near the FL of the weld compared to that o f 

the base material, irrespective o f the configuration (similar versus dissimilar material) of 

the welded specimen.
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(a) Base Material

(b) HAZ

Figure 4.9. TEM Micrographs o f Type 304L SS/Alloy EP-823 Welded Specimen (Type 

304L SS side).
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(a) Base Material

(b) HAZ

Figure 4.10. TEM Micrographs o f Type 304L SS/Alloy EP-823 Welded Specimen (Alloy 

EP-823 side).
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The average values o f p determined from the TEM micrographs are given in Table 

4.1. An attempt has been made to compare the dislocation density at the base material 

and the EIAZ for weld configurations consisting o f both similar and dissimilar materials. 

An evaluation o f these data indicate that, for welded specimens o f similar materials (Type 

304L SS or Alloy EP-823), the magnitude o f p was approximately one order higher at the 

HAZ compared to that o f the base material. It is also interesting to note that the 

magnitude o f p was much higher at the HAZ on the Alloy EP-823 side than that on the 

Type 304L SS of the same specimen. However, no significant difference in the p value 

was seen at the HAZ of the Type 304L SS side o f these specimens, compared to that at 

the base material.

Table 4.1. Dislocation Density (p) in Welded Specimens o f Different Configurations

Weld Configuration p ( N o ./m ')
Base Material HAZ

304L SS/304L SS 5.1 X 10'^ 2.4 X 10'4
EP-823/EP -823 7.6 X 10'" 1.6 X 10'4

304L SS side o f 304L SS/EP-823 1.7 X 10'" 3.2 X 10'"
EP-823 side o f 304L SS/EP-823 6.5 X 10'" 2.2 X lO"'

4.3 Metallographic Evaluation by Optical Microscopy

The metallurgical microstructures o f  Type 304L SS and Alloy EP-823 in the heat 

treated conditions are illustrated in Figures 4.11 and 4.12, respectively. An evaluation of 

these micrographs reveals larger austenitic grains with annealing twins in Type 304L SS. 

On the other hand, fine-grained acieular martensitie mierostructures are seen in Alloy EP- 

823. The optical micrographs o f the welded specimens consisting o f similar materials
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(Type 304L SS or Alloy EP-823), on both sides o f the weld are illustrated in Figure 4.13. 

Similarly, the optical micrographs o f the welded specimen consisting o f dissimilar 

materials (Type 304L SS and Alloy EP-823) are shown in Figure 4.14. An examination 

o f these micrographs indicates that the size o f the HAZ was somewhat larger (0.6-0.7 

mm) in the welded specimen consisting o f martensitie Alloy EP-823 on both sides, 

compared to that (0.2-0.3 mm) in the welded specimen o f austenitic Type 304L SS alone. 

It is also interesting to note that the size o f HAZ was somewhat larger (0.3-0.7 mm) on 

the alloy EP-823 side, compared to that o f type 304L SS (0.2-0.5 mm) o f the welded 

specimen consisting o f dissimilar materials. Thus, the HAZ was thicker on the alloy EP- 

823 side o f the weld, irrespective o f the weld configuration.

%

:

i.t?3wr'2NT:v >5»,

Figure 4.11. Optical Micrographs o f Type 304L SS, HNO3 + CH3COOH+C3H5(OH)3
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Figure 4.12. Optical Micrographs o f Alloy EP-823, Fry’s Reagent

(a) Type 304L SS/Type 304L SS, HNO3 + CH3COOH+C3H5(OH)3
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(b) Alloy EP-823/Alloy EP-823, Fry’s reagent 

Figure 4.13. Optical Micrographs o f Welded Specimens o f Similar Materials.

S  WELD

%
r HAZ

(a) Type 304L SS side, HNO3 + CH3COOH+C3H5(OH)3
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# l D '

HAZ

(b) Alloy EP-823 side. Fry’s reagent 

Figure 4.14. Optical micrographs o f welded specimens o f dissimilar materials on either 

side.
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CHAPTER 5

DISCUSSION

This chapter is focused on presenting a critical review o f the resultant data obtained 

from both the activation technique o f residual stress estimation and dislocation density 

(p) calculations from the TEM micrographs. Numerous studies previously

performed at UNLV, were aimed at characterizing the residual stress in the cold-worked 

and plastically-deformed plates materials o f  austenitic and martensitie stainless steels 

(SS) using both the activation and pair-production techniques based on the classical 

positron annihilation spectroscopic (PAS) concept. An activation technique has been used 

in the present study to characterize the residual stresses in welded specimens consisting 

o f austenitic Type 304L SS and/or martensitie Alloy EP-823. The residual stresses 

involving three configurations o f welded specimens, namely 304L SS/304L SS, EP- 

823/EP-823 and 304L SS/EP-823 have been estimated at different locations away from 

the FL, in terms o f three line-shape parameters (S, W and T).

It is well known that dissimilar metallurgical microstructures can be developed during 

welding o f similar and dissimilar materials. The variation o f  the resultant mierostructures 

can be attributed to the differences in chemical compositions, thermal treatments, and the 

nature o f the transformation products at the interface between the weld and the base 

material. Even though similar mierostructures may be developed on opposite sides o f a
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welded speeimen consisting o f a similar material, dissimilar mierostructures may still be 

generated at the FL, HAZ and the base material, since the weld metal will have different 

metallurgical characteristics from that o f the base material. For a welded specimen 

consisting o f dissimilar materials on opposite sides, the resultant mierostructures will be 

entirely different on one side versus the other due to the differences in metallurgical 

characteristics between the two different base materials. A similar observation has been 

made in the present study, showing typical austenitic versus martensitie mierostructures 

in the vicinity o f the FL and distances away from it. In addition, precipitations, possibly 

o f chromium carbides have been observed in the mierostructures o f the welded specimens 

o f similar and dissimilar materials.

The literature indicates that the co-effieient o f thermal expansion o f  Type 304L SS 

is almost double compared to that o f Alloy EP-823. Thus, the rate o f cooling and 

subsequent solidification o f Alloy EP-823 in the vicinity o f the FL will be substantially 

faster than that o f Type 304L SS. In addition, martensitie Alloy EP-823, having a body- 

centered-cubic (BCC) crystal structure, can transform into a face-centered-cubic (FCC) 

structure during the fusion welding at a temperature o f 1800°F(982.22°C). The FCC 

structure can eventually be transformed into martensitie body-centered-tetragonal (BCT) 

structure during rapid cooling following the welding operation, leading to an increase in 

volume o f the resultant martensitie phase. A combination o f faster solidification rate and 

volume increase associated with the welding o f dissimilar materials (Alloy EP-823 and 

Type 304L SS) will lead to the development o f compressive residual stresses on the 

Alloy EP-823 side in the vicinity of the FL and the HAZ. A comparative analysis o f the 

S-, W- and T-parameters, estimated from the activation measurements, also reveals the
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development o f compressive residual stress in terms o f these three line-shape parameters. 

Thus, the resultant PAS data are consistent with the basic understanding o f materials 

science with respect to the metallurgical mierostructures and residual stresses associated 

with the fusion welding operation.

An analysis o f the calculated dislocation density (p) based on the TEM micrographs 

in the vicinity o f the HAZ and the base material indicates that the magnitude o f p was 

approximately one order higher at the HAZ compared to that o f the base material for 

welded specimens consisting o f either Alloy EP-823 or Type 304L SS on both sides. 

However, no significant difference in p was observed on the Type 304L SS side of 

specimens consisting o f dissimilar materials. On the contrary, the magnitude o f p at the 

HAZ was, once again, one order higher compared to that o f the base material. The 

enhanced dislocation density at the HAZ o f the specimens o f similar material could be 

attributed to the faster rate o f solidification o f the weld metal near the FL compared to 

that of the base material at locations away from the FL, thus giving rise to higher internal 

stresses. For the same reason explained earlier, the magnitude o f p at the HAZ of the 

Alloy EP-823 side o f the welded specimen of dissimilar materials was higher 

approximately by an order.

Based on the preceding discussions, it can be stated that the residual stresses 

generated in the welded specimens o f different configuration were consistent with the 

basic metallurgical understanding o f the fusion welding process, which was substantiated 

by the resultant PAS data in terms o f the three line-shape parameters. Higher internal 

stresses can be developed due to the accumulation o f linear defects such as dislocations 

within the matrix and near the grain boundaries o f a material during the welding process.
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Thus, the enhanced dislocation density near the HAZ o f the welded specimens o f 

different configurations can lead to the development o f higher residual stresses, as 

observed in this study based on the calculated p values using the TEM micrographs.

54

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



CHAPTER 6

SUMMARY AND CONCLUSIONS 

The residual stresses generated at different locations o f welded specimens consisting 

o f similar and dissimilar materials were estimated by an activation technique based on the 

positron annihilation spectroscopy (PAS) principle. Transmission electron microscopy 

(TEM) was used to analyze linear defects such as dislocations in the vicinity o f the HAZ 

and the base materials used in the welded specimens. The characterization o f 

metallurgical mierostructures was also performed at different regions of the welded 

specimens by optical microscopy. The significant conclusion derived from this 

investigation are summarized below

>  For welded specimens consisting o f similar materials on both sides, the 

residual stress in terms o f the S-, W- and T-parameters was maximum at the 

fusion-line (FL). A gradual drop in residual stress was observed with these 

specimens at locations away from FL.

>  The residual stress in terms o f the line-shape parameters was somewhat lower 

at the FL o f the Alloy EP-823 side o f the welded specimen consisting o f Type 

304L stainless steel (SS) on the other side. However, the extent o f residual 

stress was higher on the Alloy EP-823 side o f the weld compared to that o f the 

Type 304L SS side.
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>  The magnitude o f the dislocation density (p) was substantially higher at the 

HAZ compared to that o f the base material o f the welded specimen, consisting 

o f similar material (Type 304L SS of Alloy EP-823) on both sides.

>  For the welded speeimen consisting o f dissimilar material (Type 304L SS and 

Alloy EP-823) on both sides, no significant variation in p was noted at the 

HAZ and the base material on the Type 304L SS side o f weld. However, the 

magnitude o f p at the HAZ on the Alloy EP-823 side was approximately one 

order o f magnitude higher compared to that o f the base material.

>  A higher dislocation density signifies the generation o f higher internal stress. 

Such enhanced residual stress is the result o f  reduced plasticity due to high 

concentration o f dislocation near the grain boundaries.

>  The higher p value at the HAZ on the Alloy EP-823 side o f the welded 

specimen consisting o f dissimilar materials can be attributed to the faster rate 

o f solidification and volume increase due to the formation o f body-centered- 

tetragonal (BCT) crystal structure.

>  A combination o f faster solidification rate and volume increase resulted in the 

development o f compressive residual stress near the FL o f the Alloy EP-823 

side o f the welded speeimen. The reduced internal stresses at this location, as 

shown by relatively higher T-value, are an indication o f compressive residual 

stress.

>  The size o f the HAZ on the Alloy EP-823 side was larger, irrespective o f the 

weld configuration.
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Overall Assessment o f  Residual Stress Measurement Program

Substantial work has been performed on the applications o f  both destructive and 

nondestructive methods to characterize residual stresses in candidate target structural 

materials for transmutation processes. Austenitic and martensitie stainless steels have 

been evaluated for such applications. Destructive ring-core (RC) and nondestructive 

neutron-diffraction (ND) and positron annihilation spectroscopy (PAS) technique has 

been extensively used to characterize residual stress in many candidate alloys subjected 

to cold-deformation, three-point bending and welding operations. A consistent pattern on 

the measured residual stresses based on the measured residual stresses based on these 

techniques has been demonstrated. Further, a mechanistic understanding o f residual stress 

in terms o f fundamental aspects o f metallurgy and mechanical engineering has been 

achieved. Thus, it should suffice to state that no additional work is needed to characterize 

the occurrence o f internal stresses in candidate materials for transmutation applications.
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APPENDIX A

POSITRON ANNIHILATION SPECTROSCOPY WORK

A) 20 MeV LINAC used for PAS technique
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blvĉ on
Seem

CoHimaWf 1 Collimator 2
Photon
Beam

B) PAS Test Setup

HPGe
detector

IHsilia! bcilc:iom^  
lëWiaam̂ zKlimMoi Wlrnlimu BiMimiMi iMiMimW lR#*lM#a
iw6603

Singles:

SgIRats:
CoiRaîe.
ADCIA

Rate:
ROt

ROt
Net

1206000 
1201 188 

OFF K6.B51 
0 

0.00 
0-00

1199088 :

000
10.039

3.919

0 00 : 0 ■

1199 995 :

5.393
-7995

" « n y  j5?12

f̂ 682 ±0085
5109% ±00083 keV

Aita. 49767 ♦ 352cajm» 424643 ±0.712 eoirtiJt 

4 Iteiaboni. 0  •  1-3

NewFit i Cancel !

{DATA TXT

Save i

x1«5212 *2=5297 (k=85 103 keVI

fAML*sn»i; OFF

C) 511 KeV Energy Peak from MPANT Software

59

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



Line Shape Parameter Analysis

The list file was analyzed by a series o f computer programs designed to compile the

data from individual photons into energy histograms, and then subsequently determine

the positron annihilation photon line shape parameters (S, W, and T) from these 

histogram files. A common method used to measure the positron annihilation photon line 

shape parameters is calculating the fraction o f the area o f the Doppler broadened curve 

lying within well defined regions o f  the peak. For a constant summing window, these 

parameters are dependent on the Doppler broadening o f the annihilation peak, the 

background of the annihilation peak and the resolution o f  the detector used. The width of 

the summing window can be set proportional to the width of a characteristic X-ray line 

emitted by a source whose energy is close to the energy o f the annihilation radiation line 

to correct for the effect o f the HPGe detector resolution on the line shape parameters. 

Using a related summing technique with the appropriate background subtraction, the 

measured line shape parameters will be directly related to the Doppler broadening o f the 

annihilation peak, and independent o f the detector system used.

The data output obtained from the detector system is initially converted from list file

to ASCII format in the List File Analysis program written by Randy Spalding at the

Idaho Accelerator Center. This program scans the list file and outputs to a text file the 

ADC #, Channel, and Time information for each detector signal. The text file is then read 

by a FORTRAN program called TAC.for to scan the text file and output the total number 

o f events in the list file and the coincidence time o f the detected events. The total number 

o f events is compared to the total counts in the visual output in the MPA WIN program to 

assure complete conversion o f the data in the list file.
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The eoincidenee time was defined as the time difference between the detection o f  an 

ungated HPGE event and an accelerator trigger event in the list file. For an event to occur 

in the accelerator flash, the coincidence time should be less than the pulse width o f  the 

electrons in the accelerator flash. Time corrections needed to be made, however, due to 

the electronics and data recording processes in the system. The coincidence time was then 

defined as the total width o f the “coincidence peak” displayed by the TAC.for program. 

The standard coincidence time for all o f  the spectra in the laser induced damage study 

was 20 ps. In the laser induced shock wave study, the eoincidenee window was 

determined to be 100 ps. Analysis by the TAC.for program assured that all o f the files 

were complete and uncorrupted, and the proper coincidence windows were defined.

The data from the ASCII list file is then sequentially analyzed by the histogram 

analysis (positron hist.fbr) and the line shape parameter (STW fit.for) programs. The 

histogram analysis program was designed to separate the accelerator and background 

events based on the predefined coincidence time, gain stabilize the data, and sort the list 

file data into histograms which are analogous to the gated and ungated spectra obtained 

from the visual output o f the MPA WIN program. The line shape parameter program 

analyzed the histograms output by the histogram analysis program, and calculated all of 

the relevant parameters required to measure the line shape parameters. The background 

subtracted annihilation peak o f the accelerator histogram was then scanned and the line 

shape parameters were calculated along with the correlated statistical errors for the S, T, 

and W line shape parameters. The processes involved in calculating the line shape 

parameters from the ASCII list files are presented in Figures a and b. The specific
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processes involved in correcting the data and calculating the line shape parameters are 

described here.

Gain shifting o f the data can significantly reduce the sensitivity o f AGPAS 

analysis to minor changes in annihilation peak due to the resultant decrease o f the HPGe 

detector resolution. These gain shifts can occur as both a shift in the y-intercept and a 

change in slope o f the linear relationship between detector gain and channel number. To 

gain stabilize the data, every 10,000 events counted in the list file were separated into 

temporary histograms. These histograms were then analyzed by statistical summing 

routines to determine the center and FWHM for the Cs-137 and Ba-133 peaks. If  the gain 

o f the detector had significantly drifted, then this drift would be reflected in the center 

position and width o f the 662 keV peak from the Cs-137 source.

To minimize superfluous gain correction o f the temporary histograms, the 

histogram data was corrected for gain shifting only if  the energy gain at the Cs-137 

characteristic X-ray line statistically differed from a predefined “base line” energy gain at 

662 keV. The temporary histogram used to set the base line energy gain was defined as 

the histogram which would require the minimum number o f gain corrections in the entire 

set of temporary histograms analyzed. In this way, the errors induced in the gain
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Correct temporary histogram s for 
gain shifts

C om bine temporary histogram s 
into corrected accelerator and 

background histograms

C om bine temporary histogram s 
into uneorrected accelerator and 

background histogram s

Output uneorrected and gain corrected accelerator and background 
histogram s for analysis in STW .for program

Output center and FW HM  o f  uneorrected and gain corrected C s-137  
and B a-133 temp, histogram peaks to gs output file

Input A SC II list file  and separate accelerator events from background 
events into temporary histograms

D eterm ine center and FW H M  o f  C s-137 and Ba-133 peaks in temporary
histogram s for Gain Correction

Figure a. Schematic o f the operations conducted on the ASCII list files by the 
histogram analysis program.
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Figure b. Schematic o f the operations conducted on the histogram output files by the 
line shape parameter analysis program.
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Correction processes were minimized. We then corrected the necessary data by 

shifting the channel numbers o f the data in the temporary histograms to match the gain o f 

the base line spectra. I f  gain shifting o f  the data is effective then the width o f  the 

calibration lines in the resultant corrected histograms will be significantly reduced, 

thereby increasing the resolution o f  the detected annihilation peak.

The resolution o f  the detector at 511 keV added to the width o f  the annihilation peak 

in quadrature. The detected standard deviation o f the annihilation peak was therefore, 

O';,, + o -^ ,  where Oannih was the width o f  the physical annihilation peak due to

Doppler broadening, Ores was the resolution o f  the detector at 511 keV, and osi, was the 

detected width o f  the annihilation radiation peak. The resolution o f  the detector at 511 

keV (Ores) was determined from the average o f  the Cs-137 width and the Ba-133 width. 

This relationship held true because the energies o f  these sources were relatively equally 

spaced about the energy o f the annihilation peak. Due to the linear relationship between 

the channel number and the HPGE gain, the average resolution o f  these lines represented 

the resolution o f the detector at 511 keV.

To effectively measure the S, W, and T line shape parameters, the effects o f  the 

detector resolution on the width o f the annihilation line are removed. To make this 

correction, the base line summing window used to calculate the line shape parameters

was set directly proportional to: sum _w in  = . The calibration constant (Ocai)

was defined as the width o f the physical annihilation peak for a predefined calibration 

sample. This constant was then used for all o f  the other samples in the analysis set. For 

this experiment, Ocai was defined as the physical annihilation radiation peak width o f the 

annealed calibration run for each o f the samples analyzed. The resolution o f the detector
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(ares), and the calibration constant (ocai) were derived from the fitting o f  the C-137, Ba- 

133, and detected annihilation radiation peaks to Gaussian functions with a quadratic 

background using the subroutine mrqmin . In this way, the effects o f the detector 

resolution were minimized, and the only effects on the line shape parameters were due to 

the physical Doppler broadening o f the annihilation radiation peak.

The program used partial channel summing techniques to sum the number o f counts 

in the entire peak, the center o f  the peak, and the wings o f  the peak. These values were 

used to caleulate the S, W, and T line shape parameters to quantify the Doppler 

broadening o f  the annihilation peak. The summing windows used to calculate these line 

shape parameters can be arbitrarily defined, and as long as they are held constant, or 

adjusted to correct only for resolution effects, the resultant parameters will be sensitive to 

the Doppler broadening o f the annihilation line. A numerical analysis o f the momentum 

distribution o f the electrons in the samples is required to optimize the summing ranges for 

maximum sensitivity o f  the line shape parameters to structural deformations, but this 

analysis has not currently been performed for copper or tungsten samples.

In this experiment, the summing ranges for each o f the line shape parameters was set 

to minimize the propagated statistical errors o f  the calculated line shape parameters, 

while roughly conforming to the summing windows used for previous AGPAS 

experiments. The optimum values o f  the summing windows for the S, W, and T line 

shape parameter values from the annealed copper samples were then used to analyze all 

o f  the data as shown in Figure b. These values were set to obtain the greatest precision o f 

the line shape parameter values while still assuring high sensitivity o f the results to minor
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shifts in the shape o f  the annihilation peak. More experimental data on the sensitivity o f  

these line shape parameters are required, however, to assure the validity o f  this technique.

The T-parameter was found by dividing the value o f the W-parameter by the S- 

parameter value to give the total ratio o f the high Doppler broadened to low Doppler 

broadened annihilation radiation emitted by a sample under AGPAS analysis.

jr  -  ~  ( 1 )

P j  -

Where: Wt is the total number o f  counts in the wings o f  the annihilation peak and Pt is 

the total number o f  counts in the center o f  the annihilation peak. Bw and Bp are the 

number o f  counts in the background o f  the wings and center o f  the peak respectively, as 

determined by the fitting o f the annihilation peak. The errors o f  the S, W, and T values 

were then statistically propagated throughout this program for both the summing and 

correlated background subtraction processes from the general equation:

2 2
-- A ct + — + —  AT

;
+ . .. (2)

Where: A is a general function dependent on a, P, .., whose errors are Aa, Ap, and Kk. 

The propagated error for the T parameter was therefore calculated as:

(3)
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For our data analysis techniques, Wt and Pt were calculated by partial channel 

summing routines. The statistical deviation o f  these values therefore follows a normal 

distribution, with AWt = Wt '̂ “ and APt = Pt'^'. The errors o f the background are much 

more difficult to determine due to the quadratic nature o f the background, as determined 

by the fitting function. In this experiment, the background was a small fraction o f the 

entire annihilation peak. We therefore assumed a normal distribution for the statistical 

deviation o f the background, and defined ABw = Bw'^' and AB? = B?'^'. This assumption 

overestimated the values o f ABw and ABp, however, and requires further analysis to fully 

propagate the errors o f the annihilation radiation line shape parameters. The error o f  the S 

and W line shape parameters were calculated in a similar manner using the error in the 

wings, center, and total counts o f  the annihilation peak. The final value o f  the error 

propagated T-parameter was used to compare the Doppler broadening o f  the annihilation 

peak for various samples and detect profiles in high-Z materials
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APPENDIX B

TRANSMISSION ELECTRON MICROGRAPHS

A) TEM micrographs o f  Type 304L SS o f  similar weld metals 

(a) Base metal

Sample
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Sample

(b) Heat affected zone

Sample
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Sample

B) TEM micrographs o f  Alloy EP-823 o f similar weld metals

(a) Base metal

Sample
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Sample

( b) Heat affected zone

Sample
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Sample

C) TEM micrographs o f Type 304L SS o f  dissimilar metals

(a) Base metal

Sample
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Sample

(b) Heat-affected-zone

Sample
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Sample

D) TEM micrographs o f Alloy EP-823 o f dissimilar metals

(a) Base metal

> .

Sample
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Sample

(b) Heat affected zone

Sample
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Sample
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APPENDIX C

OPTICAL MICROGRAPHS

A) Optical micrographs o f  solution annealed Type 304L SS o f  similar materials, 
etched, lOOX

(a) Base metal

' V :

Sample
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(b) Heat affected zone

. ■ • ■i '  y  '

« ’ •

r- X /)

Sample

B) Optical micrographs martensitic Alloy EP-823 o f similar material, etched, lOOX

(a) Base metal

Sample
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(b)Heat affected zone

Sample

C) Optical micrograph o f Type 304L SS o f  dissimilar weld metal, etched, lOOX

(a) Base metal

m • ■ • - *  . #  ;  .r

. y #

Sample
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(b) Heat affected zone

Sample

D) Optical micrographs o f  Alloy EP-823 o f dissimilar materials, etched, lOOX

(a) Base metal

V & : s

Sample
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(b) Heat affected zone

Sample
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