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ABSTRACT. A detailed study on the mi
crostructure of submerged arc (SA) weld 
metal and the heat-affected zone of a 
1.2-cm (0.5-in.) thick plain carbon steel 
plate was carried out using transmission 
electron microscopy. The various sub-
zone microstructures observed in the HAZ 
of a SA weld are spheroidized, partially 
transformed, grain-refined and grain-
coarsened. The grain-coarsened area ex
hibits predominantly Widmanstatten fer
rite with pearlite, while the other sub-
zones of HAZ reveal polygonal ferrite and 
pearlite. Depending on the number, size 
and distribution of inclusions, the weld 
metal microstructure varies. With a larger 
number of inclusions, grain boundary fer
rite and, in absence of inclusion, either 
side plate with pearlite or cementite along 
the boundaries of side plates are ob
served. It is noticed that a limited number 
of larger size inclusions favor the forma
tion of acicular ferrite. Because of the 
prevalence of varying cooling rates in 
weld metal, a wide range of microstruc
tures, such as periodic pearlite, grain 
boundary ferrite with pearlite, and side 
plate with cementite along the side plate 
boundaries, are observed. 

Introduction 

The microstructures developed in the 
weld metal (WM) and heat-affected zone 
(HAZ) of a fusion welding process play an 
important role in controlling the mechan
ical properties of weldments. The W M 
microstructure is controlled mainly by the 
cooling cycle, while the area adjacent to 
W M , i.e., the HAZ, exhibits metallurgical 
transformations due to both heating and 
cooling cycles. The typical microstructure 
(Refs. 1-3) of W M in low-carbon low-al-
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b y steels consists of proeutectoid ferrite, 
Widmanstatten ferrite (side plates), acicu
lar ferrite (AF), bainite and martensite, de
pending on the cooling rate below A3 
temperature. Dallam, et al. (Ref. 4), stud
ied the W M microstructure of low-carbon 
steel and classified the various microstruc
tures that form in W M . The different mi
crostructural zones (Refs. 1, 2, 5-8) in HAZ 
are the spheroidized zone, partially trans
formed zone, grain-refined zone and 
grain-coarsened zone. 

In recent years, there has been an 
increasing demand for good toughness in 
the W M of HSLA steels, and considerable 
interest has been paid to understanding 
the formation of AF structure because it 
shows high strength due to its fine grain 
size (Refs. 9-13). On the other hand, the 
presence of grain boundary allotrio-
morphs, Widmanstatten ferrite (WF), bain
ite and martensite is considered to be 
detrimental to strength and toughness of 
the W M . The microstructural variations in 
the different zones of HAZ, under low-
magnification microscope (Refs. 1-8), 
were studied in detail. But the finer details 
of microstructures of the W M and HAZ of 
a plain carbon steel are not fully available 
in literature (Refs. 1, 2, 6-8), and the data 
relating to these microstructures are 
sparse. Therefore, in the present investi
gation, an attempt has been made to 

KEY WORDS 

SAW Process 
Plain Carbon Steel 
Weld Metal iVlicrostructure 
HAZ Microstructure 
Acicular Ferrite 
Widmanstatten Ferrite 
Polygonal Ferrite 
Grain Boundary Ferrite 
Periodic Pearlite 
Weld Metal Inclusion 

study systematically the finer details of 
W M , as well as HAZ microstructures, of a 
plain carbon steel weldment by using 
transmission electron microscopy. 

Experimental Procedure 

Plain carbon steel plates of 1.2-cm (0.5-
in.) thickness were obtained from indige-
neous sources and bead-on-plate welding 
on standard plates of 20 x 15-cm(8x 6-in.) 
size was carried out with a mechanized 
submerged arc welding (SAW) machine. 
The welding parameters used were: cur
rent, 350 A (DC); voltage, 30 V; speed of 
welding, 0.67 cm/s; nozzle angle, 90 deg; 
and electrode extension, 0.25 cm (0.1 in.) 
The electrode of IS 7280-1974 (AWS EL8K) 
specification and a diameter of 0.315 cm 
(0.12 in.) was used with granular basic-
type flux. The composition of the steel 
used was 0.18 C, 0.75 Mn, 0.28 Si, 0.035 
S and 0.06 P. Specimens for optical met
allography were obtained from the trans
verse direction of the weld, followed by 
mechanical polishing by standard tech
nique and etched with 2% nital. Thin foils 
for transmission electron microscopy 
were made from thin slices, which were 
cut with Isomet diamond saw. These slices 
were taken from three different layers of 
the weld metal as shown in Fig. 1. These 
were carefully ground to less than 0.1-mm 
(0.004-in.) thickness by emery paper. Thin 
foils were then prepared by a window 
technique using an electrolyte containing 
10% perchloric acid and 90% glacial ace
tic acid. These foils were examined in a 
JEOL 200 CX transmission electron micro
scope at an operating voltage of 160 kV. 

Results 

Optical Microscopy 

The microstructure in the base metal 
shown in Fig. 2A consists of polygonal 
ferrite (white area) and pearlite (dark 
area). The HAZ microstructure of grain-
refined and grain-coarsened areas is 
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Fig. I. — Transverse cross-section of a submerged arc weld showing different layers in WM. 

Fig. 2 — Optical micrographs of:A — Base metal: ferrite (white) and pearlite (dark); 1 
HAZ: polygonal ferrite and pearlite; C—grain-coarsened HAZ: WF and pearlite; D -
grain boundary ferrite, (2) side plate and (3) polygonal ferrite. 

—grain-refined 
weld metal: (1) 

Fig. 3 — TEM of base metal showing ferrite and 
pearlite. 

shown in Figs. 2B and C, respectively. 
Comparing with Fig. 2A, it is observed that 
the grain-refined area exhibits extremely 
small ferrite grains, clearly indicating that 
very fine ferrite and pearlite is formed due 
to the heating and cooling cycles of the 
SAW process. Figure 2C, representing a 
grain-coarsened area, exhibits predomi
nantly WF and pearlite. Figure 2D is an 
optical micrograph taken from the W M 
area, revealing grain boundary, ferrite, 
side plate and occasionally equiaxed fer

rite. Finer details of the microstructure in 
the HAZ and W M were studied by TEM. 

Transmission Electron Microscopy 

An extensive thin-foil transmission elec
tron microscopy (TEM) examination of the 
HAZ and W M was carried out. The base 
metal microstructure exhibits ferrite and 
pearlite, as shown in Fig. 3. The TEMs 
taken from the HAZ area (Fig. 4A and B) 
adjacent to the base metal show consid
erable spheroidization of cementite lamel
lae in pearlite. Next to the spheroidized 
area in the HAZ, the simultaneous pres
ence of fine- as well as coarse-grain struc
ture is observed —Fig. 5A and B. Here 
pearlite is transformed to austenite during 
the heating cycle of welding; whereas, 
during the cooling cycle, the same aus
tenite transforms to fine-grain ferrite and 
pearlite. This area is designated as a par
tially transformed region (Refs. 1,2,6). Fig
ure 6A and B shows two TEMs revealing 
fine-grain microstructure. Both very fine 
grain ferrite and pearlite are observed in 
this area as compared to the base metal 
microstructure — Fig. 3. This clearly indi

cates that during the heating and cooling 
cycles a very fine grain structure is formed 
in the HAZ. This area is generally termed 
as the grain-refined area (Refs. 1,2,6). Fig
ure 7A reveals both fine and coarse grain, 
representing the transition of fine to coarse 
grain, while Fig. 7B reveals coarse grain 
ferrite and pearlite. Figure 8A and B are 
bright field (BF) and dark field (DF) micro
graphs taken from the pearlite area of the 
grain-coarsened region. A corresponding 
selected area of diffraction pattern is 
shown in Fig. 8C, and its schematic repre
sentation is shown in Fig. 8D. 

Assuming a varying inclusion content at 
different levels in SA welds, transmission 
electron microscopy of the W M was car
ried out at different areas as shown in Fig. 
I . Figure 9 is a TEM of area 'V revealing a 
large number of inclusions of varying sizes 
(0.2-0.7 /xm) within the ferrite, while Figs. 
10 and 11 show inclusions along the grain 
boundaries of fine-grain ferrite. This dem
onstrates that these inclusions inhibit grain 
coarsening. Occasionally, an elongated 
inclusion is also observed as shown in Fig. 
I I . But most of the inclusions observed in 
TEMs are spherical in shape. Figure 12A 
and B shows fine irregular-shaped (neither 
polygonal nor equiaxed) ferrite along with 
inclusions. This type of ferrite is AF. Inclu
sions play an important role in the forma
tion of this type of ferrite, mainly acting as 
nucleation sites (Refs. 14-19). It is also ob
served from the TEMs that the formation 
of AF is favorable when a reasonable 
number of inclusions are present in the 
W M . In this study, area 2' exhibits the 
presence of AF, but pearlite is not ob
served in the surrounding area of the AF. 

TEMs of area '3' of the W M (devoid of 
inclusions) exhibit either side plate (Fig. 
13A, B) or grain boundary ferrite with 
pearlite (Fig. 14) or cementite along the 
side plate boundaries — Fig. 13A. At times, 
periodic pearlite is observed — Fig. 15. 

Discussion 

The results of the present investigation 
of HAZ reveal the presence of various 
subzones, namely spheroidized carbide, 
partially transformed, fine-grained, transi
tion of fine- to coarse-grain and grain-
coarsened area (starting from base to 
weld metal sides). The TEMs of base metal 
and HAZ areas primarily exhibit equiaxed 
ferrite and pearlite. However, the grain-
coarsened HAZ area reveals predomi
nantly WF. These subzones are in agree
ment with low magnification micrographs 
reported by Smith, etal. (Ref. 5), and other 
investigators (Refs. 1, 2, 6). Rasanen and 
Tenkula (Ref. 6), however, investigated 
the details of these subzones produced 
under simulated conditions of varying 
cooling rates and discussed their TEMs on 
the basis of theoretical physical metal
lurgy. According to them (depending on 
the rate of cooling), these subzones may 
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Fig. 4 — TEMs of spheroidized area of HAZ. A —low magnification; B — high magnification clearly 
showing spheroidized carbide. 

i- i a 

f/g. 5 - 7F/Ws or partially transformed area of HAZ from two different locations. A—low magnifi
cation; B — high magnification. 
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Fig. 6 — TEMs of grain-refined area of HAZ. A—low magnification showing ferrite (white) and pearl
ite (dark); B — high magnification clearly showing fine pearlite. 
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Fig. 7—TEMs of HAZ. A — transition from fine to coarse grain; B—grain-coarsened structure. 

Fig. 8 — TEMs of grain-coarsened HAZ. A - BF; 
B — DF; C — SAD; D-schematic representa
tion. 
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Fig. 9- TEM of WM (layer I) showing a large 
number of inclusions within proeutectoid fer
rite. 

Fig. 10— TEM of WM (layer I) showing inclu
sions along fine ferrite boundaries. 

Fig. 12— TEMs of WM (layer 2) showing acicular ferrite at two different locations. A —low magni
fication; B — high magnification 

have the phases listed in Table 1. It is ob
served from the TEMs in the present study 
that subzones of partially transformed 
(Fig. 5), grain-refined (Fig. 6) and grain-
coarsened regions (Fig. 7B) of the HAZ in 
the SAW weldment (which is a slow cool
ing process) are in agreement with the re
sults of Rasanen and Tenkula (Ref. 6). 

The W M microstructures at different 
locations consist mainly of WF, AF and 
proeutectoid ferrite. It is well established 
(Refs. 3,14-19) that oxide inclusions play 
an important role in the formation of AF. 
During this investigation, it was observed 
that although inclusions favor the forma
tion of AF (Fig. 12), a large number of in
clusions favor the formation of proeutec
toid ferrite —Fig. 9. 

It is well documented (Refs. 20-23) that 
the oxygen level of SA welds affects the 

W M microstructure. According to Abson, 
et al. (Ref. 20), coarse-grain bainite struc
ture is formed with 0.01% oxygen; 
whereas, fine AF is formed if oxygen is 
0.025%. Cochrane and Kirkwood (Ref. 
21), however, report that the SAW pro
cess with manganese silicate fluxes and a 
high oxygen level (>0.07%) lead to a large 
number of inclusions at the austenite 
boundary, which helps in early nucleation 
of ferrite. This results in a lamellar structure 
rather than AF since the earlier nucleated 
side plates grow rapidly across the aus
tenite grains. Abson and Dolby (Ref. 22) 
also mention that oxygen content of W M 
to some extent affects the amount of AF 
formed. They further indicate that too low 
oxide inclusions lead to bainitic structure; 
whereas, a large number of oxide inclu
sions favor proeutectoid ferrite nude-

Table 1—Phases of Subzones Observed in the HAZ 

Subzones 

Partially transformed 

Grain-refined 
Grain-coarsened 

very fast cooling 

fast cooling 

medium high cooling 
medium slow cooling 
slow cooling 

Phases 

Ferrite-pearlite, upper 
bainite, auto tempered or 
high-carbon martensite 

Fine-grained ferrite-pearlite 

Autotempered martensite, 
lower bainite, martensite 

Massive ferrite with either 
Fe3C or austenite between 
fingers of ferrite 

Periodic pearlite 
WF and pearlite 
Ferrite-pearlite 

Fig. 11 - TEM of WM (layer 1) showing elon
gated inclusion. 

ation. Brownlee, ef al. (Ref. 23), studied 
the formation of AF in a series of bead-
on-plate SA welds with a systematic vari
ation of aluminum and titanium in the 
W M . They report that increasing alumi
num concentration increases AF, but after 
a critical limit (>0.25 wt-%), the volume-
percent of AF decreases continuously. 
They also mention that maximum AF vol
ume fraction is associated with a high 
density of inclusions within a critical size 
range of approximately 0.5 /_m. In the 
present investigation, it is observed that a 
large number of small inclusions with 
varying sizes (0.2-0.7 nm) results in the 
formation of proeutectoid ferrite; 
whereas, larger inclusions only favor nu
cleation of AF. These observations are in 
agreement with the results reported by 
Brownlee, et al. (Ref. 23). Thus, it may be 
concluded from the present investigation 
as well as from earlier reported investiga
tions (Refs. 20-23), that an adequate num
ber and appropriate dispersion of inclu
sions are an essential requirement for the 
nucleation of AF. 

Yamamoto, ef al. (Ref. 24), report that 
oxide inclusions not only favor the forma
tion of AF, but they also help in controlling 
grain coarsening. This inhibition of grain 
coarsening by oxides is similar to the pres
ence of nitride and carbide in steel, but the 
oxides are more effective in the welding 
process as they have greater thermal sta
bility. Fleck, et al. (Ref. 25), as well as Liu 
and Olson (Ref. 15), also suggest that ox
ide (oxy-sulfide) inclusions restrict the 
growth of austenite grains. The present 
study clearly shows the inhibition of grain 
coarsening when inclusions segregate 
along the grain boundaries —Fig. 10. This 
is consistent with the observation of Ya
mamoto, et al. (Ref. 24). 

Dallam, et al. (Ref. 4), investigated the 
microstructural variation of Nb microal
loyed steel with the oxygen content in SA 
welds, using a CaF2-CaO-Si02 flux system 
of varying composition. They observed 
that 380 ppm oxygen in the weld metal a 
mixed microstructure of grain boundary 
ferrite with AF is obtained; whereas, at 
260 and 107 ppm of oxygen, predomi
nantly AF and bainitic structures are ob
tained, respectively. It is further indicated 
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by them that 90% AF in the weld metal for 
the above flux system is obtained when 
the oxygen content is in the range of 200 
to 250 ppm. Keeping the above observa
tions in view, the present investigation 
took thin slices for TEM studies from three 
different layers of the W M , as shown in 
Fig. 1. The TEMs clearly indicate that layer 
1 exhibits a large number of inclusions, re
sulting in the formation of grain boundary 
ferrite (Fig. 9), while layer 2, with a rela
tively less number of inclusions favors AF 
formation — Fig. 12. On the other hand, 
layer 3 evidences predominantly WF (side 
plates) with pearlite and/or cementite 
along the boundaries of the side plates — 
Fig. 13. This clearly suggests that side 
plate-type morphology is formed in that 
portion of W M that is free from inclusions. 
Since the presence of grain boundary and 
side plate ferrite are detrimental to tough
ness, the presence of AF throughout the 
cross-section of W M is desirable to obtain 
better toughness and strength. This may 
be achieved either by uniformly distribut
ing the inclusions through controlled weld 
pool stirring (Ref. 26), innoculation (Refs. 
27,28), arc oscillation and arc pulsation 
(Ref. 29) (commonly used for grain refin
ing); or by introducing oxide-forming ele
ments like aluminum (Ref. 23), titanium 
(Ref. 23), titanium-boron (Ref. 25), etc., 
along with the welding wire or by addition 
of these elements in the steel (Refs. 24,30). 

Different varieties of Widmanstatten 
morphologies can be obtained, depend
ing upon the degree of supersaturation. 
Dube, et al. (Ref. 31), classified these mor
phologies, which are further detailed by 
Aaronson (Ref. 32). These morphologies 
are primary side plates, secondary side 
plates and intragranular plates. The for
mation and mechanism of the commonly 
occurring secondary side plates in plain 
carbon steels have been detailed by 
Townsend and Kirkaldy (Ref. 33). In the 
present investigation, these secondary 
plates are observed in Figs. 2D (low mag
nification) and 13 (finer details). The latter 
figure not only reveals the side plates with 
pearlite, but also exhibits cementite along 
the side plate boundaries. 

Postsolidification phase transformation 
in W M at different areas reveals different 
microstructures. This is due to the compli
cated nature of weld pool solidification, 
which is affected by various factors such 
as: plate and weld pool geometry, its 
physical properties, welding process, and 
boundary conditions. This naturally leads 
to various degrees of cooling rates at dif
ferent locations in the weld metal. Rasanen 
and Tenkula report that, depending on 
the cooling rates, different structures are 
formed such as periodic pearlite, WF and 
pearlite and ferrite pearlite. These micro-
constituents are also observed in the 
present investigation as shown in Figs. 15, 
13 and 14, respectively. The precipitation 
of cementite along the side plate bound-

fig. 13 — TEMs of WM (layer 3) from two different locations. A - side plates with pearlite and/or ce
mentite along the side plate boundaries; B —secondary side plates and cementite along the plate 
boundaries. 

3 vi m tiffi 
1 ->r' 

Fig. 14- TEMs of WM (layer 3). A —ferrite and pearlite; B—pearlite at higher magnification of A. 

aries observed in the present study (Fig. 
13A) seems to be similar to bainitic struc
ture (i.e., upper bainite consisting of ferrite 
laths with cementite along lath bound
aries-Refs. 34,35). 

Strangwood and Bhadeshia (Refs. 19,36) 
report that the growth of AF is diffusion-
less and is formed by a displacement 
transformation mechanism. Sugden and 
Bhadeshia (Ref. 17) propose that a AF for
mation mechanism is similar to bainite 
transformation; however, the morphol
ogy of AF is different, since it nucleates in
tragranularly from point sites. The results 
of the present study reveal an absence of 
pearlite in the surrounding area of AF, as 
in Fig. 12 A, B. Thus, it appears from the 
present investigation that diffusionless 
shear-type (similar to martensite forma
tion) transformation is the mechanism of 
formation of AF in accordance with other 
investigators (Refs. 19,36). 

Conclusions 

The microstructure of a single-pass SAW 
weld in plain carbon steel was investigated 
with a transmission electron microscope. 
The following conclusions are drawn: 

The microstructures of the HAZ exhibit 
different subzones; spheroidized, partially 
transformed, grain-refined, transition of 
fine- to coarse-grain and grain-coarsened 
area, as observed from the base metal 
side. 

The HAZ microstructure in the partially 
transformed and the grain-refined areas 
reveal ferrite and pearlite, while the grain-

fig. 15 — TEM of WM (layer 3) showing periodic 
pearlite. 

coarsened area shows predominantly 
Widmanstatten ferrite and pearlite. 

The top, middle and base of the weld 
metal reveal different types of microstruc
ture: 

Top —Exhibits grain-boundary ferrite, 
with a larger number of inclusions within 
the ferrite and also along the grain bound
aries (sometimes restricting the growth of 
ferrite grains). 

Middle — Exhibits relatively fewer inclu
sions, which favor the formation of acic
ular ferrite. 

Base —Exhibits the absence of inclu
sions and favors a side plate morphology 
with pearlite or cementite along the side 
plate boundaries. Grain boundary ferrite is 
also observed. 

A limited number of larger inclusions 
help in the formation of acicular ferrite; 
whereas, a large number of smaller (0.2-
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0.7 /usm) inclusions favor grain boundary 
ferrite formation. 
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WRC Bulletin 355 
July 1990 

Programming and Control of Welding Processes—Experience of the USSR 

By V. Malin 

This report is an in-depth look at technical welding studies and their implementat ion in the USSR, a 
country that has a long history of welding automat ion development. More than 300 articles published in 
the USSR over the last three decades were examined, and 177 are referenced in this report. 

Publication of this report was sponsored by the Interpretive Reports Commit tee of the Welding 
Research Council. The price of WRC Bulletin 355 is $35.00 per copy, plus $5.00 for U.S. and $10.00 for 
overseas postage and handling. Orders should be sent with payment to the Welding Research Council, 
345 E. 47th St., Room 1301, New York, NY 10017. 
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WRC Bulletin 343 
May 1989 

Destructive Examination of PVRC Weld Specimens 202, 203 and 251J 

This Bulletin contains three reports: 

( 1 ) Destructive Examination of PVRC Specimen 202 Weld Flaws by JPVRC 
By Y. Saiga 

( 2 ) Destructive Examination of PVRC Nozzle Weld Specimen 203 Weld Flaws by JPVRC 
By Y. Saiga 

(3 ) Destructive Examination of PVRC Specimen 251J Weld Flaws 
By S. Yukawa 

The sectioning and examination of Specimens 202 and 203 were sponsored by the Nondestructive 
Examination Committee of the Japan Pressure Vessel Research Council. The destructive examination of 
Specimen 251J was performed at the General Electric Company in Schenectady, N.Y., under the 
sponsorship of the Subcommittee on Nondestructive Examination of Pressure Components of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 343 is 
$24.00 per copy, plus $5.00 for U.S., or $8.00 for overseas, postage and handling. Orders should be sent 
with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 354 
June 1990 

The two papers contained in this bulletin provide definitive information concerning the elevated tem
perature rupture behavior of 21/4Cr-lMo weld metals. 

( 1 ) Failure Analysis of a Service-Exposed Hot Reheat Steam Line in a Utility Steam 
Plant 
By C. D. Lundin, K. K. Khan, D. Yang, S. Hilton and W. Zielke 

( 2 ) The Influence of Flux Composition of the Elevated Temperature Properties of Cr-Mo 
Submerged Arc Weldments 
By J. F. Henry, F. V. Ellis and C. D. Lundin 

The first paper gives a detailed metallurgical failure analysis of cracking in a longitudinally welded hot 
reheat pipe with 184,000 hours of operation at 1050° F. The second paper defines the role of the welding 
flux in submerged arc welding of 2V4Cr-lMo steel. 

Publication of this report was sponsored by the Steering and Technical Committees on Piping Systems 
of the Pressure Vessel Research Council of the Welding Research Council. The price of WRC Bulletin 354 
is $50.00 per copy, plus $5.00 for U.S. and $10.00 for overseas postage and handling. Orders should be 
sent with payment to the Welding Research Council, 345 E. 47th St., Room 1301, New York, NY 10017. 
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v WRC Bulletin 339 
December 1988 

Development of Tightness Test Procedures for Gaskets in Elevated Temperature Service 
By A. Bazergui and L. Marchand 

In this report, different elevated temperature gasket tightness test procedures are compared. A 
two-tier test approach, involving aging of the preloaded gasket in a kiln followed by a short duration 
tightness test was evaluated. The procedures were evaluated using spiral-wound gaskets with two 
different fillers: a mica-graphite filler and an asbestos filler. 

Publication of this report was sponsored by the Subcommittee on Bolted Flanged Connections of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 339 is 
$16.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, 345 E. 47th St., Suite 1301, New York, NY 10017. 

WRC Bulletin 344 
June 1989 

This Bulletin contains two reports covering three-dimensional finite element analysis of 45-deg lateral 
branch pipe models. 

(1 ) Three-Dimensional Finite Element Analysis of PVRC 45-Degree Lateral Model 4 (d/D = 0.5, 
D/T = 40) under Out-of-Plane Moment Loading on Branch Pipes 
By P. P. Raju 

(2 ) Three-Dimensional Finite Element Analysis of 45-Degree Lateral Model 2 (d/D = 0.5, D/T = 10) 
under Out-of-Plane Moment Loading on the Branch Pipe 
By P. P. Raju 

Publication of these reports was sponsored by the Joint Task Group on Laterals of the Subcommittee 
on Piping, Pumps and Valves, and the Subcommittee on Reinforced Openings of the Pressure Vessel 
Research Committee of the Welding Research Council. The price of WRC Bulletin 344 is $16.00 per copy, 
plus $5.00 for U.S., or $8.00 for overseas, postage and handling. Orders should be sent with payment to 
the Welding Research Council, 345 E. 47th St., Room 1301, New York, NY 10017. 

WRC Bulletin 346 
August 1989 

WFI/PVRC Moment Fatigue Tests on 4 x 3 ANSI B16.9 Tees 

By G. E. Woods and E. C. Rodabaugh 

The Markl-type fatigue test data presented in this report have been needed for a number of years to 
establish i-factors (SIFs) for forged tees with d /D ratios between 0.5 and 1.0 that conform to the ANSI 
B16.9 standard. These new data will provide improved design rules for both nuclear and industrial piping 
systems. 

Publication of this report was sponsored by the Subcommittee on Piping Pumps and Valves of the 
Pressure Vessel Research Committee of the Welding Research Council. The price of WRC Bulletin 346 is 
$25.00 per copy, plus $5.00 for U.S. and $10.00 for overseas postage and handling. Orders should be 
sent with payment to the Welding Research Council, Room 1301, 345 E. 47th St., New York, NY 10017. 
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WRC Bulletin 341 
February 1989 

A Preliminary Evaluation of the Elevated Temperature Behavior of a Bolted Flanged Connection 
By J. H. Bickford, K. Hayashi, A. T. Chang and J. R. Winter 

This Bulletin consists of four Sections that present a preliminary evaluation of the current knowledge 
of the elevated temperature behavior of a bolted flanged connection. 

Section I—Introduction and Overview, by J. H. Bickford; Section II—Historical Review of a Problem 
Heat Exchanger, by J. R. Winter; Section III—Development of a Simple Finite Element Model of an 
Elevated Temperature Bolted Flanged Joint, by K. Hayashi and A. T. Chang; and Section IV—Discussion 
of the ABACUS Finite Element Analysis Results Relative to In-the-Field Observations and Classical 
Analysis, by J. R. Winter. 

Publication of this report was sponsored by the Subcommittee on Bolted Flanged Connections of the 
Pressure Vessel Research Committee of the Welding Research Committee. The price of WRC Bulletin 
341 is $20.00 per copy, plus $5.00 for postage and handling. Orders should be sent with payment to the 
Welding Research Council, Suite 1301, 345 E. 47th St., New York, NY 10017. 

WRC Bulletin 349 
December 1989 

This bulletin contains two reports that evaluate the PWHT cracking susceptibility of several Cr-Mo steels 
and several HSLA pressure vessel and structural steels. 

Postweld Heat Treatment Cracking in Chromium-Molybdenum Steels 
By C. D. Lundin, J. A. Henning, R. Menon and J. A. Todd 

Postweld Heat Treatment Cracking in High-Strength Low-Alloy Steels 
By R. Menon, C. D. Lundin and Z. Chen 

Publication of this report was sponsored by the University Research Committee of the Welding Research 
Council. The price of WRC Bulletin 349 is $35.00 per copy, plus $5.00 for U.S., or $10.00 for overseas, 
postage and handling. Orders should be sent with payment to the Welding Research Council, 345 E. 47th 
St., Room 1301, New York, NY 10017. 

WRC Bulletin 353 
May 1990 

Position Paper on Nuclear Plant Pipe Supports 

This position paper recommends design methods which represent the collective "best methods" of the 
industry. These enhanced design methods are developed by reviewing the issues that have added to the 
complexity of design and fabrication of piping systems. 

Publication of this report was sponsored by the Task Group on Nuclear Plant Pipe Supports of the 
Technical Committee on Piping Systems of the Pressure Vessel Research Council of the Welding Research 
Council. The price of WRC Bulletin 353 is $25.00 per copy, plus $5.00 for U.S., or $10.00 for overseas, 
postage and handling. Orders should be sent with payment to the Welding Research Council, 345 E. 47th 
St., Room 1301, New York, NY 10017. 
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