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ABSTRACT. The nucleation and growth 
phenomena that characterize the trans
formation of austenite in the weld metal of 
microalloyed HSLA steels are influenced 
by both cooling rate and composition. An 
important part of the compositional influ
ence is the oxide particle nucleants that 
form during the welding process. The 
compositions of welding wire and shield
ing gas in CMA welds of microalloyed 
HSLA steels determine the oxide particle 
formation; consequently, the welding wire 
and shielding gas combination is more im
portant than the choice of either wire or 
gas alone. In this investigation, the wire 
composition, oxygen activity of the shield
ing gas, and heat input were varied to 
study the effects of each. Several mixtures 
of argon plus oxygen or argon plus carbon 
dioxide were used. 

Introduction 

In recent years, there has been an in
crease in the use of both automatic and 
semiautomatic gas metal arc (GMA) weld
ing of microalloyed high-strength low-
alloy (HSLA) steels. Microalloyed HSLA 
steels typically exhibit a combination of 
moderately high yield strength and good 
low-temperature fracture toughness. By 
the use of appropriate thermal-mechani
cal processing, the material properties are 
developed in the base metal prior to the 
welding process. However, many of the 
applications for these materials require 
fabrication. Consequently, welding con
sumables must be designed and used so 
that the combination of toughness and 
high yield strength will develop in the as-
solidified weld metal. 

Since the weld metal mechanical prop
erties are dependent on the microstruc
ture, changes in the heating and cooling 
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rates and the weld metal composition will 
affect the mechanical properiies of the 
weld metal (Refs. 1-5). Two primary 
changes occur in the weld m?tal micro-
structure due to alteration of the cooling 
rate. First, a decreased coolirg rate will 
produce generally coarser microstructural 
features. Second, changes in cooling rate 
will influence the nucleation and growth 
processes involved in the decomposition 
of austenite into ferrite plus carbides or 
martensite. In the case of a single weld 
pass, any prior thermal-mechanical history 
is obliterated by the melting process; con
sequently, the solidification microstruc
ture will depend on the composition, nu-
cleant formation and the weld cooling 
rate. For the reheat zone in a multiple-pass 
weld, the thermal experience of subse
quent beads must also be corsidered. 

The microstructures of microalloyed 
HSLA steel weld metal can be character
ized into four general categories as seen in 
Figs. 1A-E. Blocky or grain boundary fer
rite, often accompanied by Widmanstat-
ten-type side plates, will form f the cool
ing rate is sufficiently slow. At a somewhat 
faster cooling rate, and if appropriate nu
cleants are available and sufficiently well 
distributed, a fine structure known as ac
icular ferrite can form. The acicular ferrite 
is the most favorable microstructure with 
respect to mechanical properties, particu-
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larly fracture toughness. Even faster cool
ing rates generally result in a bainitic struc
ture, also known as aligned carbides plus 
ferrite. With greater cooling rates, it is 
possible for the austenite to transform to 
martensite. 

An important welding parameter that 
can influence the mechanical properties 
of the GMA HSLA steel weldment is the 
cover gas composition. Specifically, varia
tions in the oxygen activity can cause 
changes in the weld metal microstructure 
and mechanical properties. The shielding 
gas oxygen activity will influence the 
amount, size and composition of oxide 
inclusions formed in the weld metal. These 
oxide inclusions will act as nucleation sites 
and promote the decomposition of aus
tenite upon cooling (Ref. 6). This behavior 
is manifest as a shift to the left (decreased 
reaction time) of the curves in a CCT di
agram as shown schematically in Fig. 2. 

This investigation was designed to study 
the effect of variations in cooling rate 
(heat input) and cover gas oxygen content 
on the weld metal microstructure associ
ated with microalloyed HSLA line pipe 
steel. In addition, two different filler metal 
compositions were used to examine the 
relative effect of changes in a hardenabil
ity agent (manganese) and a deoxidizer 
(silicon) on the weld metal microstructure. 
This investigation examines the nature and 
location of the gas/metal reactions to de
termine if they occur primarily in the weld 
pool or in the metal droplet. 

Experimental Procedure 

A test matrix was devised that gave 
variations in heat input, cover gas com
position and welding wire composition. 
The base metal was molybdenum-nio
bium microalloyed HSLA pipeline steel (X-
70). The 0.652-in. (16-mm) thick steel plate 
was flame cut into welding coupons mea
suring 5 in. (127 mm) by 19 in. (480 mm). 
Each coupon was rough ground and then 
dry iron shot-blasted to remove all scale 
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prior to welding. The plate chemical anal
ysis is given in Table 1. 

Two welding wire compositions were 
used; the compositions are shown in Ta
ble 2. The welding wires were 0.062-in. 
(1.6-mm) diameter and were copper 
flashed. They had AWS designations of 
ER70S-3 and ER70S-6. The primary differ
ence in the two wires was their manga
nese and silicon contents. It should be 
noted that the high oxygen content of the 
wires is likely due to the copper coating. 

The cover gas oxygen activity was var
ied by additions of oxygen or carbon di
oxide to argon. Oxygen was added in 1% 
increments between pure argon and 5% 
oxygen. Carbon dioxide was added to 
pure argon in varying amounts, as shown 
in Table 3. The cover gas varied from pure 
argon to 100% C0 2 . The matrix of welds 
produced for each welding wire compo
sition is shown schematically in Fig. 3. All 
gas flow rates during welding were held at 
constant 35 ft3 /min. 

Three different heat inputs were used in 
the study: 20, 40 and 80 kj/ in. (0.8,1.6 and 
3.2 kj/mm). This resulted in three different 
cooling rates so that the kinetics of the 
solid-state reactions could be studied. A 
constant-potential power supply was 
used, and the welding voltage was held 
constant at 25 V for all welds produced. 
A constant wire feed rate was maintained 
for all welds; however, a slight variation in 
current was observed due to changes in 
the composition of the cover gas. Conse
quently, the welding current was 
280 ± 20 A. These heat input differences 
were corrected by changing the travel 
speed of the welding gun. All welds were 
made using direct current electrode-pos
itive (DCEP) power. 

For this investigation, only fully auto
matic GMA bead-on-plate welds were 
used. Following the welding process, each 
weld was sectioned, macroetched and 
photographed in order to make dilution 
measurements. The metallic composition 
of welding wire, base plate and weld de
posits were made using a computer-con
trolled Bausch and Lomb emission spec-
trograph. A Leco interstitial analyzer was 
used to determine weld metal carbon, 
oxygen and nitrogen contents. 

Finally, weld metal metallographic spec
imens were removed from each weld
ment and examined. Photomicrography 
was used to produce representative mi
crostructural evidence from each weld. 
Each representative microstructure was 
taken at a depth below the weld bead 
crown surface approximately in line with 
the top surface of the base plate and at 
the longitudinal centerline of the weld. 
Each weld metal microstructure observed 
was examined and categorized as to the 
predominant features. 
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Fig. 1 —A —Photomicrograph showing blocky, 
grain boundary ferrite weld metal. This weld 
was made at 25 V and 390 A using argon plus 
75% carbon dioxide, ER70S-6 welding wire and 
a 7.5-in./min travel speed. B — Photomicro
graph showing Widmanstatten side plates 
growing from the prior austenite grain bound
ary. This microstructure was produced by 
welding at 25 V, 380 A and using ER70S-6 weld 
wire, argon plus 3% oxygen cover gas and 7.5 
in./min travel speed. C and D — Photomicro
graphs showing fine and coarse acicular ferrite 
weld metal. Both welds were produced using 
25 V and 380 A. The fine structure in weld C 
was produced using argon plus 23 % carbon di
oxide, ER70S-6 welding wire and 30 in./min 
travel speed. Weld D was produced using ar
gon plus 3% oxygen, ER70S-3 welding wire and 
15 in./min travel speed. E — Photomicrograph 
showing the microstructure described as 
aligned carbide or upper bainite. The weld was 
made at 25 V and 390 A using argon plus 23% 
carbon dioxide and ER70S-3 welding wire. The 
travel speed was 15 in./min. 
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LOW HEAT INPUT Test matrix 

total = 78 
specimens 

Fig. 2—Simulated 
temperature log-time 

diagram that 
illustrates the 

resultant shift to the 
right of the ferrite 

initiation curve with 
either a decrease in 

the oxide-forming 
propensity 

(O + Si/4) or an 
increase in the 

hardenability (Mn). 
Refer also to Fig. 11. 

Table 1 -

C 

0.08 

-High-Strength Low-Alloy (X-70) Line Pipe Steel Chemical Analysis (wt-%) 

Mn Si Ni Mo Cr P S Nb 

1.58 0.26 0.11 0.34 0.10 0.011 0.001 0.03 

Cu 

0.37 

Results and Discussion 

T w o separate studies w e r e conduc ted 
in this investigation. First, the gas/meta l 
reactions w e r e studied to determine the 
effect of cover gas compos i t ion o n the f i 
nal we ld metal compos i t ion . Second, the 
ef fect of changes in w e l d metal chemical 
compos i t ion on the resultant w e l d metal 
microstructure was examined. 

Gas/Metal Reactions 

T w o parameters w e r e calculated f r o m 
the chemical analysis data. The first pa
rameter, A e i e , is the d i f ference b e t w e e n 
the actual w e l d metal chemical content 
fo r a particular const i tuent [ X ] ^ , and the 
back-calculated chemical compos i t ion 
[X ] "e assuming only di lut ion: 

Aele = [ X ] , £ - [ X ] ^ Jele (D 

The calculated nominal chemical c o n 

tent o f a specific e lement [X],,feCis made 
using the assumption that no change in 
compos i t ion wil l take place during w e l d 
ing. The calculation is based on the di lut ion 
of filler metal (wire) and the mel ted base 
metal (plate) and is calculated based on 
the relative vo lume fract ions o f each as a 
premult ipl ier of the respect ive compos i 
t ion amounts . It is also assumed that the 
area fract ions o f a w e l d transverse cross-
section (Fig. 4) are a g o o d estimate of the 
we ld vo lume fract ions. The value of 
[X]ceic is then calculated as: 

[X ] e
c f J c = [ X ] ^ e A f i | , e r + [ X ] § | f eAp |a te (2) 

w h e r e [X]™geis the elemental content of 
the w i re , Afjner is the cross-sec:ional area 
fract ion o f the c r o w n of the we ld above 
the plate relative to the area c f the total 
fusion zone area, [X]P|| te is the elemental 
compos i t ion o f the base plate, and Ap |a te 

is the cross-sectional area fract ion o f the 

Table 2—Welding Wire Chemical Analysis (wt-%) 

Mn Ni Mo Cr Nb Cu O 

0.13 
0.11 

1.19 
1.60 

0.61 
1.02 

0.015 
0.040 

0.01 
0.01 

0.06 
0.08 

0.003 
0.003 

Class 

ER70S-3 0.05 0.022 
0.14 0.014 ER70S-6 

Wire diameter: 0.0625 in. 

Fig. 3 —Schematic diagram showing the test 
matrix used for this investigation. Variations 
were made in cooling rate, welding wire com
position and shielding gas composition. 

fusion zone b e l o w the surface of the plate 
relative to the total fusion area. A posit ive 
value of Ae|e w o u l d indicate that there was 
p ickup of that particular e lement f r o m 
some sources other than the we ld ing w i re 
or base plate. Those sources w o u l d be the 
other we ld ing consumable, (i.e., cover 
gas), the a tmosphere {e.g., ni trogen), or 
contaminat ion {e.g., hyd rogen f r o m a dirty 
base plate). A negative value of " d e l t a " 
w o u l d indicate loss of the e lement dur ing 
we ld ing due to such occurrences as chem
ical react ion w i t h the we ld ing cover gas, 
mechanical loss such as spatter, or simple 
volat izat ion of that e lement in the arc. 

The second parameter calculated is the 
drop le t compos i t ion ([X] '^"5) at the t ime it 
entered the w e l d p o o l , assuming all of the 
gas metal reactions take place in the 
droplet and no changes to the compos i 
t ion occur due to reactions of the cover 
gas w i t h the liquid we ld p o o l . This mate
rial transfer (droplet composi t ion) param
eter, [X]eilns, is calculated by the equat ion: 

r Y 1 trans _ [X]weld ~ Ap |a te [X] e |e 

L J e l e " Aflfer 

Table 3—Composition of Shielding Gases: wt-% Oxygen or Carbon Dioxide in Argon 

Gas Percentage in Argon 

Oxygen 
Carbon Dioxide 

0 
0 

0.92 
10.3 

2.28 
14.4 

3.25 
23.1 

4.06 
28.5 

5.22 
52.3 75.4 99.2 

The flow rate was held at a constant 35 cfh. 

(3) 
Figures 5 and 6 are diagrams showing , 

1) the actual measured w e l d metal oxy
gen; 2) the calculated Ae|e values fo r oxy
gen; and 3) the material transfer parame
ter fo r oxygen as a funct ion o f percent 
oxygen or percent carbon dioxide in the 
cover gas. The results for bo th ER70S-3 
and ER70S-6 are shown . These data rep-
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resent approximately 140 data points for 
each graph. The three heat input differ
ences resulted in sufficiently different cool
ing rates so that the reactions that alter 
chemical compositions were significantly 
influenced. The degree to which those 
reactions proceeded resulted in differ
ences in the composition of the cooled 
weld deposit. Consequently, bands (la
beled "—3" and "—6") rather than lines 
are shown on the figures to indicate the 
trends observed. In addition, the effect of 
heat input is also shown, thus indicating 
the direction of approach of thermody
namic equilibrium. 

The oxygen activity as influenced by the 
oxygen or carbon dioxide content of the 
cover gas has an influence on the weld 
metal oxygen content. In each case, in
creasing the oxygen activity of the shield
ing gas increased the weld metal oxygen 
content. The influence of the atmosphere 
is also evident in that as the heat input in
creased, the oxygen content increased 
within each band. Since the heat input 
varied only by a change in travel speed, an 
increase in heat input represents a longer 
time to solidify and thus a longer time of 
exposure of the weld pool to the atmo
sphere after the welding gun and cover 
gas envelope have passed. Similar conclu
sions were found by Grong and Chris
tensen (Ref. 11) and by Coe and Moreton 
(Ref. 12). 

The oxygen transfer parameter is as
sumed to represent the oxygen content of 
the droplets as they arrive in the molten 
pool, assuming that no further reactions 
with oxygen in the cover gas take place in 
the weld pool. However, in both cases 
(oxygen or carbon dioxide additions), the 
oxygen transfer parameter is negative for 
low-oxygen-potential cover gas. It is phys
ically impossible for the oxygen content of 
the droplets to be negative. Consequently, 
it must be concluded that gas/metal reac
tions in the weld pool represent a signifi
cant contribution to the total gas/metal 
reaction. Thus, despite the larger surface 
area-to-volume ratio of the metal droplets 
causing the droplets to be the classic 
model primary gas/metal reaction site, 
the present data indicate that much of the 
reaction takes place instead in the weld 
pool. The same trends have been found 
by Grong and Christensen (Ref. 11). Work 
by Coe and Moreton (Ref. 12) on equilib
rium between carbon and oxygen in the 
weld shows a best fit of their data is the 
temperature range just before freezing. In 
other words, there is adequate time be
fore solidification for the dissolved gases 
and weld pool to reach near-equilibrium. 

Oxygen is only slightly soluble in iron. 
Consequently, most of the oxygen con
tent of the weld metal is in the form of 
oxides. Figures 7 and 8 illustrate the effect 
of cover gas oxygen activity on the weld 
metal manganese content. Again, these 
figures are divided into three parts: 1) the 

[X] = [ X ] , (A) +[X1 (A) 
weld wire filler plate plate 

(A) -area fraction 
[X] -chemical analysis 

plate 
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Fig. 4 — Illustration of 
computation of the 
back-calculated 
chemistry of the 
weld deposit 
assuming only 
dilution. 

Fig. 5-Plots of data 
bands for oxygen in 
welds as a function 
of the percentage 
oxygen in the cover 
gas. [OJ is the 
analyzed weight 
parts per million of 
oxygen, A [OJ is the 
delta oxygen, and 
JO] TRANSFER is the 
calculated 
composition 
transferred. Note: 
the identifiers —3 
and —6 refer to 
welds produced 
with ER70S-3 and 
ER70S-6 welding 
wires, respectively. 
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actual weld metal manganese content; 2) 
the calculated delta manganese; and 3) 
the manganese transfer parameter. 

The two welding wires ER70S-3 and 
ER70S-6 had different amounts of manga
nese. Consequently, the metal droplets 
transferred and the weld pools resulting 
from each wire had different manganese 
activity levels. However, the delta plot for 
manganese indicates that the reaction rate 
was essentially identical for each wire 
composition since only one band of data 
appears. This indicates that the reaction 
involving manganese and oxygen was 
limited by the kinetics and not by the 
manganese activity in the metal. 

Although a percentage of the manga
nese is lost through the formation of ox
ides that float to the surface of the melt 
and further is lost due to its high vapor 
pressure, some of the manganese is tied 
up in the form of oxides dispersed within 
the solidified weld pool. These finely dis
tributed oxides contribute to the transfor

mation kinetics of the solidified metal as it 
cools to room temperature following 
welding. 

Microstructure-Composition Effects 

The second phase of investigation was 
a study of the weld metal microstructure 
as a function of its compcsition. The 
microstructure depends primarily on the 
cooling rate and chemical composition. 
The cooling rate is a direct function of the 
heat input, plate thickness, the preheat, 
the postweld heat treatment and the indi
rect function of voltage, curent, travel 
speed and heat transfer efficiency. The 
weld metal composition is a function of 
the composition of the cover gas, welding 
wire, base metal and time allowed for re
action. Examining a schematic tempera
ture log-time diagram (Fig. 2), it becomes 
evident that a slow cooling rate will pro
duce blocky ferrite or grain boundary fer
rite. A faster cooling rate can pass into a 

fairly narrow window of acicular ferrite. 
An even faster cooling rate passes through 
the aligned ferrite or bainite region. 

Kikuta, etal. (Ref. 13), found that if the 
notch toughness of electroslag welds was 
plotted as a function of oxygen content 
and manganese content, an island of very 
good notch toughness occurred. This was 
associated with acicular ferrite when they 
examined the microstructure. The notch 
toughness was found to decrease with 
changes in oxygen and manganese con
tents. The microstructure coarsened as 
oxygen increased and manganese de
creased, and progressed to aligned car
bides as oxygen decreased and manga
nese increased. The acicular ferrite with its 
fine microstructure and random orienta
tion is a relatively tough material. The bas
ket-weave structure resists propagation 
of the fracture. The blocky and grain 
boundary ferrite have long, straight frac
ture paths available, as is also the case with 
the needles of the bainite with their high 

800 

o 400 

400 

~o 2 0 ° 

< 0 

- 2 0 0 

" T 

i 

i i 

- 3 

i i 

i 

-
* fa*3<»aj3«H9 

0.0 

-O.I 

-0.2 

-0.3 

1 

I 

I 1 V 

1 Heol 
t Increasing 

i l i 

1200 

800 

< 40C 
cr 

-400 I 
20 40 60 80 100 

COo IN COVER GAS {%'. 

Fig. 6 — Plots of data bands for oxygen in welds as a function of the per
centage carbon dioxide in the cover gas. [OJis the analyzed weight parts 
per mil/ion of oxygen, A JO] is the delta oxygen, and JO] TRANSFER is 
calculated composition transferred. Note: the identifiers —3 and —6 re
fer to welds produced with ER70S-3 and ER70S-6 wires, respectively. 
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Fig. 7 — Plots of data bands for wt- % manganese as a function of the per
centage carbon dioxide in the cover gas. [Mn] is the analyzed wt-% of 
manganese in the weld; J [Mn] is the delta manganese, and [Mn] 
TRANSFER is the calculated composition transferred. Note: the identifi
ers —3 and —6 refer to welds made with ER70S-3 and ER70S-6 wires, re
spectively. 

412-s | NOVEMBER 1990 



low O 
medium © 
high • 

• A C 

- A F 

• G B 

A 

A 

/ • 

VL. • 

A 

-mfr-

0 2 IN COVER GAS (%) 

Fig. 8 — Plots of data bands for wt-%manganese as a function of the per
centage oxygen in the cover gas. [Mn] is the analyzed wt-% of manga
nese in the weld; A [Mn] is the delta manganese and [Mn] TRANSFER is 
the calculated composition transferred. Note: the identifiers —3 and —6 
refer to welds made with ER70S-3 and ER70S-6 wires, respectively. 

[Mn] % 
Fig. 9 — Diagram of the derived weld microstructure as a function of the 
weld oxygen and manganese compositions. Data for the welds made 
with ER70S-3 welding wire are toward the left, and welds made with 
ER70S-6 are toward the right. 

aspect ratio. Other work by Dallam, et al. 
(Ref. 1), showed similar results with sub
merged arc welds. 

By plotting the microstructure results 
obtained in this study using the GMA 
welding process with argon-oxygen cover 
gas, a diagram similar to that of Kikuta, et 
al. (Ref. 13), is produced. However, the 
two chemical compositions from the two 
wires map separately as seen in Fig. 9. Each 
wire composition gives a band of coarse 
microstructure at the upper left, a center 
band of fine acicular ferrite, and another 
band of aligned carbide at the lower right, 
having the ER70S-3 welding wire toward 
the left and the ER70S-6 welding wire to
ward the right side of the diagram. 

Finely dispersed particles can affect the 
ferrite nucleation rate (Refs. 9,14). Since 
the oxide formation will be influenced 
both by the silicon as well as the oxygen 
content (Refs. 12,15), a second parameter 
was introduced by adding to the oxygen 
content one-fourth of the silicon content 

(corresponding to the approximate pro
portion of silicon in certain spinel-type ox
ides). This new parameter is a measure of 
the oxide-forming propensity of the weld 
metal, while the manganese content rep
resents the hardenability agent available. 

The plot of microstructure as a function 
of this new parameter and percent man
ganese is shown in Fig. 10. The data now 
convert into a unified map and represent 
microstructure as a function of hardening 
agents (manganese) on the horizontal axis 
and dispersed oxide particles on the ver
tical axis. The results illustrated in Fig. 10 
can be related to the CCT diagram. For a 
particular cooling rate that crosses into the 
grain boundary ferrite region, changes in 
composition, which result in an increase in 
the manganese or a decrease in the oxide 
content, will shift the initiation curve as il
lustrated in Fig. 11. This can result in the 
formation of an acicular ferrite. Likewise, 
an acceptable microstructure from a par
ticular cooling curve can be lost by shift

ing out of that acceptable (acicular ferrite) 
region by either increasing the manganese 
or decreasing the oxide content into the 
aligned ferrite or bainite region. 

As a matter of practical interest there is 
only a limited number of parameters un
der the control of the welding engineer. 
Figures 12 and 13 show the regions of 
preferred microstructure as a function of 
heat input and cover gas composition for 
each of the welding wires used. It is 
apparent that each wire has an optimum 
region. Thus, it is important that the choice 
of welding wire for a particular application 
be coupled with the choice of shielding 
gas. For example, it can be seen from this 
work that with the argon-oxygen cover 
gas, a greater range in heat input can give 
acceptable welds between 2-4% oxygen 
in argon with either welding wire, and the 
use of an argon-carbon dioxide cover gas 
will restrict both the heat input and the 
choice of wire composition. 
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Fig. 10 — Diagram of the derived weld microstructure as a function of the 
oxide-forming propensity (O + [Si]/4) and the hardenability (manganese). 

[Mn] % 

Fig. 11 — Showing a plot of oxide-forming propensity vs. hardenability. 
Notice that either an increase in hardenability or a decrease in oxide-
forming propensity will shift from an acceptable microstructure to one 
of aligned carbide. 
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Fig. 12 — Map of microstructure as a function of heat input, cover gas and 
welding wire type. The shaded area delineates the areas of acicular fer
rite. The lined area silhouettes the ER70S-6 produced welds, and the 
dotted area the ER70S-3 produced welds. The cover gas was argon plus 
oxygen. 
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Fig. 13 — Map ol microstructure as a function ot heat input, cover gas and 
welding wire type. The shaded area delineates the areas of acicular fer
rite. The lined area silhouettes the ER70S-6 produced welds, and the 
dotted area the ER70S-3 produced welds. The cover gas was argon plus 
carbon dioxide. 

Conclusions 

1) The volume fraction of acicular fer
rite is definitely influenced by the oxygen 
and carbon dioxide content in the argon 
cover gas. 

2) Plots of inclusion-forming agent vs. 
hardenability agent can be used to predict 
microstructure of GMA weld metal. 

3) Cas metal arc welding can achieve 
acceptable weld metal microstructures in 
niobium microalloyed steels only with the 
proper combination of welding wire, 
shielding gas and heat input. 
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WRC Bulletin 352 
April 1990 

In October 1987, the PVRC Steering and Technical Commit tees on Piping Systems established a task 
group on independent support mot ion (ISM) to evaluate the technical merits of using the ISM method of 
spectral analysis in the design and analysis of nuclear power plant piping systems. 

The results of the task group evaluation culminated in a unanimous technical position that the ISM 
method of spectral seismic analysis provides more accurate and generally less conservative response 
predictions than the commonly accepted envelope response spectra (ERS) method, and are reported in 
this WRC Bulletin. The price of WRC Bulletin 352 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. 

WRC Bulletin 354 
June 1990 

The two papers contained in this bulletin provide definitive information concerning the elevated tem
perature rupture behavior of 2V4Cr- 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 Commit tees 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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