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ABSTRACT. Thirty-two narrow-groove 
weld joints were welded on 0.36 m (14 
in) diameter, Schedule 80S, AISI 316 
stainless steel pipe to evaluate fitup toler­
ances. Welds were made in both the 2G 
(pipe oriented vertically) and 5G (pipe 
oriented horizontally) positions using two 
levels of root opening and misalignment. 
These joints were made by the mecha­
nized gas tungsten arc welding process 
employing an orbiting welding head and 
a 300 ampere pulsed direct current pow­
er supply. The overall effort consisted of 
a 23 factorial experiment with two welds 
per fitup, plus 16 additional welds to 
provide further information on fitup 
conditions. 

Measurements of concavity and rein­
forcement indicated that all 32 welds 
were well within the permissible limits of 
Department of Energy standards for 
nuclear piping and Paragraph NB-4426.2 
of the ASME Boiler and Pressure Vessel 
Code. Also, analysis of the factorial 
experiment showed that the narrow-
groove weld joint design is very tolerant 
of typical variations in the fitup of girth 
joints. 

Introduction 

Problems in implementing mechanized 
welding technology are associated with 
joint geometry, alignment and fitup 
methods, fitting design, and general 
design and construction practices which 
are still oriented toward manual welding 

requirements. Automatic welding re­
quires closer tolerances than does manual 
welding, and accurate joint preparation 
and alignment are prerequisites. 

Prior work (Ref. 1, 2) at the Idaho 
National Engineering Laboratory (INEL) 
resulted in the development of the joint 
design illustrated in Figs. 1 and 2 for 
machine welding of thin-wall pipe. This 
geometry, without a consumable insert, 
has been prepared and welded satisfac­
torily on 0.91 m (36 in.) diameter, Sched­
ule 80, AISI 316 stainless steel pipe (Ref. 2) 
and was also used in the work reported 
here. 

The present study was conducted to 
examine the influence of fitup tolerances 
and welding position on weld quality. 
This work was performed as a two-level 
factorial experiment to assess main and 
interaction effects among variables. 
Later, additional welds were made to 
acquire qualitative information on fitup 
conditions that were not within the scope 
of the factorial experiment. 

The maximum value of uniform mis­
match was limited to 1.59 mm (Y\b in.). 
This value is twice that allowed by Para-
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graph NB-4233 of the ASME Boiler and 
Pressure Vessel Code for aligning compo­
nents when inside surfaces are inaccessi­
ble for fairing. The study does not include 
joints having misalignment at local 
points. 

Description of Experiment 

A 2-level, 3-variable (23) factorial 
experiment was set up to determine the 
effects of welding position, mismatch, 
and root opening on the quality of the 
root bead. Table 1 lists the nominal levels 
of each variable, and Table 2 shows the 
eight combinations of fitup and testing 
conditions used to evaluate the effects of 
the three variables. 

Two joints were welded in each fitup 
combination, making a total of 16 welds, 
to satisfy statistical requirements for esti­
mating experimental error. Sixteen addi­
tional joints were welded to explore 
conditions not included in the factorial 
experiment. 

All welding was performed with com­
mercially available equipment. The mech­
anized head, equipped with a torch oscil­
lator and automatic voltage control, was 
powered by a 300 ampere (A) direct 
current power source. The equipment 
contained programmable quadrant con­
trols and capability for welding in pulsed-
power modes including step-pulsed, 
pulse current, and synchronization of 
wire feed rate with other pulsing param­
eters. 

The welding coupons were approxi-
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Basic joint. 
orbital pulsed GTAW 

Basic joint with 
insert width. C. removed 
from land extension, 
orbital pulsed GTAW 
Volume = V 

Basic joint with 
width increased by 
insert width. C, 
manual GTAW 
Volume = V - C|t-RF] 

Fig. 1 —Evolution ot a basic Joint geometry 
with Held welding options 

mately 200 mm (8 in.) long sections of 
356 mm (14 in.) diameter, Schedule 80S 
austenitic stainless steel pipe conforming 
with the requirements of ASTM A-358. 
The filler metal was 1.14 mm (0.045 in.) 
diameter ER 316 conforming to AWS 
A-5.9-69; additional descriptions of back­
ing and shielding gases are given in Ta­
ble 3. 

All end preparations were machined 
on a lathe. The narrow-groove weld joint 
geometry shown in Fig. 2 was used. Mis­
match or misalignment at the root of the 
joint was achieved by machining the bore 
of one member so that, in effect, the 
diameters of the bore and bevel features 
were 3.18 mm (Va in.) larger than the 
corresponding diameters of the mating 
member and then concentrically aligning 
the members. During welding, the cou­
pons were held by three tack welds 
about 25 mm (1 in.) long, spaced 120 deg 

10° maximum taper 
5° typical •'*' 

I 

t 
— 2.362 

0.794-mm (1/32-in.) radius 

2.540 ±0.127 mm (0.100 ±0.005 in.) 

-2.362 ±0.127 mm (0.093 ±0.005 in.) 

Fig. 2 —Details of narrow-groove weld joint geometry 

apart on all welds having a root opening. 
The root openings were measured (mid­
way between the tacks) with a feeler 
gauge at the center of each section. 

The root passes for those welds with 
root openings greater than zero were 
made in three sections by welding from 
one tack to the next, starting at the 
zero-degree location for 2G position 
welds and 4 o'clock for 5G position 
welds. Each joint was welded from the 4 
to the 7 o'clock location of the 5G 
position to obtain specimens for factorial 
analysis, because it had been previously 
determined that the tendency toward 
concavity is greatest at or near the 6 
o'clock location. The root opening of 
each section was measured again just 
prior to welding, because it was affected 
by the welding of the previous section, 
loints with root openings larger than that 
of the experimental design (0.79 mm or 
J42 in.) were rejected and used in explor­
atory tests. All welds with a zero root 
opening were tack welded without addi­
tion of filler metal and each root pass was 
welded continuously. 

All welds were made with just two 
passes (including the root pass) using the 
gas tungsten arc welding (GTAW) pro­
cess. Filler metal was added on the root 
pass, and the pipe ends were unre­

strained. The welding procedure em­
ployed was previously qualified to the 
ASME Boiler and Pressure Vessel Code, 
Section IX, on a joint without mismatch or 
root opening. Nominal welding proce­
dure parameters used for most welds are 
listed in Table 3. 

Some welds in the 2G position had 
root openings larger than those specified 
in the experimental design, and some 
uphill areas of joints in the 5G position 
had both maximum mismatch and a root 
opening. For these conditions, the root 
passes were made with both the weld 
and low-pulse currents reduced by ten 
amperes and the wire feed rate increased 
by 250 mm (10 in.) per minute. 

Measurements 

To illustrate weld quality and the pro-

Table 1—Nominal Variable Levels 

Variable 

Position 
Mismatch, mm 

(in.) 
Root opening, mm 

(in.) 

Levels 
Low 

2G 
0 

0 

High 

5G 
1.59 

(1/16) 
0.79 

(1/32) 

Table 2—Joint Fitup Combinations and Results 

No. 

1 
2 
3 
4 
5 
6 
7 
8 

Fitup combination 
1st weld 2nd weld 

UG 14(100)-7 
- 1 5 
- 1 0 
- 1 6 
- 8 
- 1 8 
- 9 
- 1 7 

UG 4(100)-12 
—22 
- 1 3 
- 2 0 
- 14 
- 2 1 
- 1 1 
- 1 9 

Welding 
position 

2G 
5G 
2C 
5G 
2G 
5G 
2G 
5G 

Nominal 
mismatch, 

mm 

0.00 
0.00 
1.59 
1.59 
0.00 
0.00 
1.59 
1.59 

Nominal 
root opening, 

mm 

0.00 
0.00 
0.00 
0.00 
0.79 
0.79 
0.79 
0.79 

Totals 

Concavity 
1st weld 

0.836 
-0.372 

3.345 
2.292 
0.186 

-0.838 
4.522 
1.972 

11.94 

or reinforced 
2nd weld 

0.279 
-0.222 

3.779 
2.317 

-0 .031 
-0.937 

3.469 
2.292 

10.95 

area, mm2 

Average 

0.588 
-0.297 

3.562 
2.304 
0.078 

-0.888 
3.996 
2.132 

11.45 

Cj<a» 

mm 

0.246 
-0 .131 

1.567 
1.014 
0.034 

-0 .391 
1.760 
0.938 
5.04 

in. 

0.010 
-0.005 

0.062 
0.040 
0.001 

-0.015 
0.069 
0.037 
0.199 

(a) The areas of the concave and reinforced portions of the root beads are converted to linear values (mm) by multiplying the area by a form factor, O.-H/mm (estimated accuracy ±0.066 mm) 
determined from measuring concave cross sections. Actually the reinforced zones tend to be triangular in cross section when mismatch is large, i.e., a tiny fillet is formed on the root side of the 
mismatched joint. 
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Table 3—Nominal Welding Procedure 

Parameter 

Arc volts, DC 
Weld current, A 
High pulse time, s 
Low pulse current, A 
Low pulse time, s 
Filler metal feed, ipm 
Filler metal upslope, s 
Filler metal delay, s 
Filler metal decay, s 
Carriage speed, ipm 
Carriage delay, s 
Carriage travel 
Dwell-left, s 
Dwell-right, s 
Oscillator, cpm 
Synchronization 
Mode 

Shielding gas 
(75 He-25 Ar, vol-%), cfh 
Backing gas, (Ar), cfh 

Setting 
Pass 1 

11.7 
190 

0.2 
90 

0.8 
80 

4.0 
1.0 
0.1 
6.0 
2.0 

Low 

On 
ep pulse 

50 
10-20 

Pass 2 

11.8 
210 

50 

150 
4.0 
1.0 
0.1 
4.2 
1.2 

Low 
0.3 
0.3 

99 
On 

Pulse 

50 
10-20 

files of the root bead and fusion zone, 
one photomacrograph was made of the 
transverse cross section of each weld at 
60 deg from the start on welds made in 
the 2G position and at 6 o'clock on joints 
welded in the 5G position. Two types of 
measurements were made from these 
photomacrographs. 

Measurements Specified by the ASME Code 
and Department of Energy Nuclear 
Standards 

Measurements of concavity and rein­
forcement at the root of a weld are 
referenced to the lower of the inside 
abutting surfaces and to the higher of the 
abutting surfaces involved, respectively. 
The root bead contour or geometry at 
the mismatched zone between the lower 
and the higher of the inside abutting 
surfaces of inaccessible joints is not quan­
titatively defined in either Department of 
Energy (DOE) standards for nuclear piping 
or Code requirements. Nuclear standards 
do stipulate that permissible concavity 
has "a uniform radius and blends smooth­
ly with the adjacent base metal." 

Both the standards and the Code spec­
ify that concavity must not reduce the 
thickness of the weld below the mini­
mum thickness of the thinner member of 
the joint. On the other hand, when the 
joint is accessible, paragraph NB-4732.1 
of the Code quantitatively states that any 
mismatch within allowable tolerance "be 
faired to at least a 3 to 1 taper over the 
width of the finished weld or, if neces­
sary, by adding additional weld metal 
beyond what would otherwise be the 
edge of the weld." Consequently, in the 
present work, a method was sought for 
quantitatively expressing and comparing 
root geometries of unfaired joints experi­

mentally welded with various fitup 
conditions. 

The concavity or convexity of the fillet 
at the root of the joint was determined 
graphically from macrographs of the 
weld cross section. This measurement 
was performed by drawing a straight line 
between the points of intersection of the 
fusion lines with the inside circumfer­
ences of the joint members, and then 
measuring the maximum deviation of this 
line from the root bead profile. The data 
are presented in Table 4. 

The concavity or convexity measure­

ment only provides information about 
the fillet contour at the root of a butt joint 
that is fully penetrated and has no con­
cavity. Thus, it cannot be compared 
directly with other data in this experi­
ment. The areal measurement for deter­
mining concavity and reinforcement is 
described in the next section. 

Areal Measurements 

A method of measurement was 
needed that would provide sufficient 
data to quantitatively rate the ability of 
the welding process and procedure to 
produce welds on misaligned joints or 
compare root geometries of welds made 
on joints having a wide variety of fitups 
as listed in Table 2. As a consequence, 
other approaches were used as develop­
ment tools to analyze effects on root 
bead penetration and geometry. 

Measurements of the areas of zones 
defined graphically in Fig. 3 were used to 
analytically show the tendency of fitup 
variations to cause concavity and rein­
forcement of the root bead with respect 
to the lower of the inside abutting sur­
faces. The areas of these zones were 
measured from macrographs with a pla-
nimeter. These areas can be mathemati­
cally related to the conventional expres­
sions of concavity and reinforcement by 
making the simplifying assumption that 
the convex and concave contours and 
geometries are similar but opposite in 
sign. A form factor was used to express 
these areas as depth of concavity or 
height of reinforcement, a dimension 
more easily visualized and of more prac­
tical significance. 

Table 4—Reinforcement in Welds on 

Weld 

UG 14(100)—25 
- 9 
- 1 3 
- 1 1 
- 2 3 
- 1 0 
- 2 8 
- 2 6 

UG 14(100)-16 
- 2 0 
- 3 4 
- 3 2 
- 3 8 
- 3 6 
- 1 9 
- 3 5 
- 3 7 
- 1 7 
- 3 1 
- 3 0 

Welding 
position 

2G 
2G 
2G 
2G 
2G 
2G 
2G 
2G 

5G 
5G 
5G 
5G 
5G 
5G 
5G 
5G 
5G 
5G 
5C 
5G 

Root 
mm 

0 
0.79 
0 
0.76 
1.22 
0 
0.76 
0 

0 
0 
0.81 
0.89 
0.86 
0.86 
0.84 
0 
0 
0.84 
0.89 
0.81 

Joints With 

opening 
in. 

0 
0.031 
0 
0.030 
0.048 
0 
0.030 
0 

0 
0 
0.032 
0.035 
0.034 
0.034 
0.033 
0 
0 
0.033 
0.035 
0.032 

1.59 mm (}% in.) Uniform Mismatch 

Root bead,a) fillet 
shape + convexity — 

concavity 
mm 

0.38 
0.20 
0.20 
0.15 
0.15 
0.10 

-0 .22 
-0.25 

-0 .25 
-0.27 
-0.27 
-0 .28 
-0.34 
-0 .34 
-0 .40 
-0 .47 
-0 .47 
-0 .55 
-0 .55 
-0 .58 

in. 

0.015 
0.008 
0.008 
0.006 
0.006 
0.004 
0.009 

-0.010 

-0 .010 
-0 .011 
-0 .011 
-0 .011 
-0.013 
-0.013 
-0.016 
-0 .019 
-0 .019 
-0.022 
-0.022 
-0.023 

Macrograph 

-
Fig. 13 
Fig. 8 
Fig. 14 

— 
Fig. 9 

-
-

Fig- 10 

-
Fig. 15 

-
-
-
— 
-
-
— 
-
— 

Taper 

-
2.1 
2.2 
2.6 

-
2.2 

-
-

2.1 

— 
1.9 

— 
-
-
-
-
— 
-
— 
— 

(a) Location: 60 deg f rom weld start in 2G position and 6 o'clock in 5G position, (Note: None of these welds has either concavity or 
reinforcement according to requirements oi DOE standards for nuclear piping and Par. NB-4426.2, Sec. Ill, ASME Boiler and Pressure 
Vessel Code.) 
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Hemlorcemenl ( 

Reinforced root on Concave 
:h mismatch, mismatch 
slightly 

Fig. 3 — Definition of areal measurements relating to concavity and 
reinforcement tendencies 

| 0) 

1(5) 
(M^**n5.79 mm 

• •(T) Weld ing posit ic 

1.76 

(7) 

1.57 

(3) 

(W 
'--*ao3 

Weld ing pos i t ion 

0.25 

(1) 

0.94 

(8) 

•0 ,39 

m 

Fig. -I-Average values in millimeters of C, for each of 8 trials indicated in 
parentheses: A—Factorial experiment represented as a cube; numbers in 
parentheses are fitup combination numbers of Table 1. B-Average concav­
ity/convexity, in millimeters, for each fitup combination 

Data Analysis 

Table 2 shows data obtained from the 
replicated 23 factorial experiment. The 
average area of concavity or reinforce­
ment, as defined in Fig. 3, is multiplied by 
0.44/mm to produce a conventional ex­
pression of concavity or convexity 

(±q. 
The calculated values of C are listed in 

Table 2 and also shown at the corners of 
the cube in Fig. 4. The diagram in Fig. 4 is 
used to visualize main effects and interac­
tions between variables. Linearity has 
been assumed in calculations of main and 
interaction effects. 

Main Effects 

The effect of one variable on concavi­
ty/convexity can be determined by aver­
aging the differences of the values of C 
for fitup combinations which hold the 
other two variables constant. For exam­
ple, to determine the effect of mismatch 
(EM), identify the pairs of fitup combina­
tions that vary the mismatch while hold­
ing the root opening and welding posi­
tion constant (1 and 3, 2 and 4, 5 and 7, 6 
and 8) and average the differences of the 
values of C. Thus: 

EM = VA (C3 - C ) + (C, - C2) 
+ (C7 - C5) + (Q - C6) 
= 1.38 mm (0.054 in.) 

In a similar manner, estimates of the 
main effects of welding position (EP) and 
root opening (EG) are determined: 

EP = - (Cj - Ci) + ( Q - C3) 
4 

+ (C6 - Cs) + ( Q - C7) = -0 .55 mm 
(-0.021 in.) 

EG = - ( C 5 - C 1 ) + ( C 6 - C 2 ) 

+ (C7 - C3) + (C8 - Q = -0.09 mm 
(-0.004 in.) 

range tested, has an apparently insignifi­
cant effect on the shape or buildup of the 
root bead. 

Interaction of Two Variables 

The two-way interaction effects of 
welding position, root opening, and mis­
match were checked to determine if the 
effect of one is significantly dependent 
on the presence of each of the other two 
variables. 

The diagram in Fig. 5 was formed by 
collapsing the diagram of Fig. 4 in the 
direction of the welding position vector, 
thus combining corners (1) and (2), (3) 
and (4), (5) and (6), and (7) and (8). Then 
the pairs of values were averaged to 
form a two-way diagram for checking the 
interdependence of mismatch and root 
opening (EMc) vvith welding position held 
constant. The effect of changing the root 

1.59 
(1/16) 

opening at zero mismatch is then ob­
tained by subtracting the lower left 
corner (average of fitups 1 and 2) from 
the lower right corner (average of fitups 
5 and 6) yielding -0 .18 - 0.06 = -0 .24 
mm (-0.009 in.). The effect at 1.59 mm 
(Y\b in.) mismatch is 1.35 - 1.29 = 0.06 
mm (0.002 in.) or practically nil. 

The above data show that the effect 
of root opening on concavity is slightly 
dependent on the magnitude of mis­
match in the joint —that is, the weld with 
0.79 mm (}32 in.) root opening is some­
what less prone to concavity when the 
joint contains a moderate amount of 
mismatch. It has already been shown, 
however, that the main effect of mis­
match for preventing concavity is very 
potent irrespective of interaction ef­
fects. 

Conventionally, the two-way interac­
tions for mismatch/root opening (EMG), 

Thus, it can be seen that mismatch has 
a powerful and, paradoxically, beneficial 
influence on shaping the root bead. On 
the other hand, a change of welding 
position from 2C to 5C has a strong 
negative effect. Root opening, within the 

J 

Fig. 5-
shape 

0 0.79 
Root opening, mm (in.) (1/32) 

- Two-factor diagram illustrating mismatch/root-opening interaction effect on root bead 
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Table 5—Effects of Variables on Root Concavity/Reinforcement and 95% Confidence Limits'3' 

Main effect 

Position, EP 

Mismatch, EM 

Root opening, EG 

Two-Factor Interaction Effect 

Position-mismatch, EPM 

Position-root opening, 
EPC 

Mismatch-root 
opening, EMc 

Three-factor interaction 

Position-mismatch-root 
opening, EPMc 

Effect ± standard 
deviation, mm (in.) 

-0 .55 ± 0.07 
(-0.022 ± 0.003) 

1.38 ± 0.07 
(0.054 to 0.003) 
-0.09 ± 0.07 

(-0.003 ± 0.003) 

-0.14 ± 0.07 
(-0.006 ± 0.003) 

-0.08 ± 0.07 
(-0.003 ± 0.003) 

0.15 ± 0.07 
(0.006 ± 0.003) 

0.05 ± 0.07 
(-0.002 ± 0.003) 

95% Confidence interval'6) 
limits, mm (in.) 

- 0 .61 to -0 .49 
(-0.024 to -0.020) 

1.32 to 1.44 
(0.052 to 0.056) 
-0 .15 to -0.03 

(-0.005 to -0.001) 

-0.20 to -0.08 
(0.008 to -0.004) 
-0.14 to -0.023 

(-0.005 to -0.001) 
0.09 to 0.21 

(0.004 to 0.008) 

-0 .11 to 0.01 
(-0.004 to 0.000) 

(a) Due to rounding, differences may occur in comparison of English and metric units 
(b) Confidence interval for the estimated effect = ± t5ot,(7)SE = ± 0.06 mm ( ± 0.002 in.) 

n ' ' 

pos i t i on / roo t opening (Epc), and posi­
t i on /mismatch (EPM) are calculated as fo l ­
lows: 

1 
EMC - 7 (Ci + C 2 + C7 + Cs — C3 - C4 

4 
- C5 - C6) = 0.15 m m (0.006 in.) 

EPC = 7 ( C 1 + C 3 + C 6 + C 8 - C 2 - C 4 

4 
- C5 - C7) = - 0 . 0 8 m m ( - 0 . 0 0 3 in.) 

1 
EPM — ~ (Ci + C 4 + C5 + CB — C 2 — C3 

- Q, - C7) = - 0 . 1 4 mm ( -0 .006 in.) 

Three-Factor Interaction 

The comb ined interact ion ef fect o f all 
three variables (posit ion, mismatch, and 
roo t opening) is de termined as fo l lows: 

EpMC~^("~Cl-EC2 + C 3 - C 4 + C 5 — C 6 

- C 7 + C8) = - 0 . 0 0 6 m m ( - 0 . 0 0 0 2 in.) 

Confidence Limits for Effects and 
Analysis of Variance 

The est imated exper imental error 
(standard dev ia t ion, u) fo r the 8 f i tup 
combinat ions listed in Table 2 is calcu­
lated in the Append ix : 

0 = 0.147 m m (0.006 in.) 

Also s h o w n in the Append ix is the 
standard deviat ion o f the main and inter­
act ion effects, rjE: 

ffE = 0.074 m m (0.003 in.) 

The 95% conf idence limits for the esti­

mated effect (E) are calculated as fo l ­
lows: 

E = + t5, °A 

w h e r e t5% of 7 degrees of f r eedom is 
2.365 f r o m statistical t-tables and n = 8, 
the number o f trials. Thus: 

E 2.365-
0.074 m m 

2.83 

= ± 0.06 m m ( ± 0 . 0 0 2 in.) 

Table 5 summarizes the results of the 
factorial exper iment . Use of an analysis-
of-var iance table (Table 7) shows the 
fo l low ing : 

1. The main effects, we ld ing posit ion 
and mismatch, w e r e very significant at 
the 5% level o f significance. This level 

corresponds to a 95% conf idence inter­
val. 

2. Root openings up t o 0.79 m m Q/i2 
in.) d id not significantly affect roo t bead 
concavi ty w i th in the condit ions of the 
exper iment . 

3. None o f the interact ion effects was 
significant at the 95% conf idence level of 
significance. 

Metallography 

Photomacrographs of roo t bead p ro ­
files o f welds for the f i tup combinat ions 
used in the factorial exper iment are pre­
sented in Figs. 6 th rough 15. Photomacro­
graphs are or iented so that the welds are 
presented in the actual we ld ing posi t ion. 
T w o or ientat ions of mismatch are shown 
for combinat ions 3 and 7, in Figs. 8 and 9, 
and 13 and 14, respectively. Tapers, as 
def ined in Fig. 3, are f o r m e d at the roots 
of mismatched joints. Ratios of the tapers 
are approx imate ly 2 : 1 . Concav i ty , mea­
sured per Depar tment of Energy nuclear 
piping standards, occur red only on joints 
no t having mismatch. 

Root bead geometr ies fo r all 32 welds 
we re der ived f r o m the areal measure­
ments de f ined in Fig. 3. The results o f 
regression analyses p e r f o r m e d on these 
data, w i th mismatch and we ld ing posi t ion 
as parameters, are s h o w n in Fig. 16. 
Corresponding correlat ion coeff icients 
(r2) are indicated w i t h each equat ion; 
values near 1 indicate a g o o d fit o f the 
curve w i th the data whereas values near 
zero signify scatter o f data points and a 
p o o r fit. 

Joints Without Mismatch 

Data for welds made on joints w i thou t 
mismatch are given in Table 6 and are 
shown in Fig. 17. The curves w e r e f i t ted 
by linear regression analyses, and the 
correlat ion coeff icients (r2) are listed in 
Fig. 17. 

Table 7—Analysis of variance 

Source 
of 

variance 

Replicates 
Main effects 

Position, P 
Mismatch, M 
Root opening, C 

Two-factor 
interactions 

PM 
PC 
MG 

Three-factor 
interaction 
PMC 
Error 
Total 

Sum of 
squares, 

mm2 

6.339 

1.182 
7.613 
0.032 

0.083 
0.025 
0.087 

0.011 
Vi 2d 2 = 0.173 

Level of 
Critical F 

Degrees 
of 

freedom 

1 

1 
1 
1 

1 
1 
1 

1 
8 

16 
significance: 0.05 
-ratio: 5.32 

Mean 
square, 

mm2 

6.339 

1.182 
7.613 
0.032 

0.083 
0.025 
0.087 

0.011 
0.022 

F-ratio 

53.73 
346.05 

1.45 

3.77 
1.14 
3.95 

0.50 
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% 7 2 - t V e W L7C 14(100)-18, 5G position, 
0.79 mm (1/32 in.) root opening, zero mismatch. 
1 mm scale (reduced 53"o on reproduction) 

Fig. 6 - Weld UG 14(100)-7, 2G position, zero 
root opening, zero mismatch. I mm scale 
(reduced 4 l"„ on reproduction) 

Fig. 9- Weld UG 14(100)-10, large ID on top, 
2G position, zero root opening, 1.59 mm (1/m 
in.) mismatch. I mm scale (reduced 41% on 
reproduction) 

I I 
Fig. 7- WeldUG 14(100)-22, 5G position, zero 
root opening, zero mismatch. 1 mm scale 
(reduced 53", on reproduction) 

Fig. 10-Weld UG 14(100)-16, 5G position, 
zero root opening, 1.59 mm (1/i6 in.) mismatch. 
1 mm scale (reduced 53'% on reproduction) 

Fig. 13-Weld UG 14(100)-9, large ID on 
bottom, 2G position, 0.79 mm (1/32 in.) root 
opening, 1.59 mm (1/i6 in.) mismatch. I mm 
scale (reduced 41°o on reproduction) 
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</> 
UJ 

tr 
Fig. 8-Weld UG 14(100)-13. large ID on 
bottom. 2G position, zero root opening, 1.59 
mm C/16 in.) mismatch. 1 mm scale (reduced 
4 /"„ on reproduction) 

Fig. II-WeldUG 14(100)-14, 2G position, 
0.79 mm (1/32 in.) root opening, zero mismatch. 
1 mm scale (reduced 41",, on reproduction) 

Fig. 14 - Weld UG 14(100)-11, large ID on top. 
2G position, 0.79 mm (1/32 in.) root opening, 
1.59 mm 0/16 in.) mismatch. 1 mm scale (re­
duced 41% on reproduction) 
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Root opening (in.) 

Fig. 15-Weld UG 14(100)-34, 5G position, 
0.79 mm C/32 in.) root opening, 1.59-mm 0% 
in.) mismatch. 1-mm scale (reduced 53% on 
reproduction) 

Joints with Uniform 1.59 mm (VK in.) 
Internal Mismatch 

The shape (concavity or convexity) of 
the fillet formed at the root of mis­
matched joints for each root opening and 
welding position is plotted in Fig. 18 and 
listed in Table 6. Table 4 gives the taper 
formed at the offset zone and references 
the photomacrograph of the weld. The 
equations and correlation coefficients (r2) 
in Fig. 18 were determined by linear 
regression analyses. 

Discussion 

Mismatch permitted by the ASME 
Code when inside surfaces are inaccessi­
ble is covered in NB-4233. The average 
uniform inside mismatch is limited to 0.79 
mm (ji2 in.), and the maximum mismatch 
at a point must not exceed 2.38 mm (^2 
in.). A maximum value less than 2.38 mm 
(ty,2 in.) may be used when the smaller 
mismatch is specified in design. 

The 1.59 mm (Y\b in.) value for mis­
match used in this study is twice the 
uniform mismatch allowed by the ASME 
Code. As a consequence, root bead 
conditions obtained are conservative 
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- 0 

•0.025 

0.5 1.0 

Fig-

Root opening (mm) 

76 — Effect of root opening and mismatch on root bead geometry 

except for special situations (e.g., at the 
point of intersection of longitudinal and 
girth seams) in which local mismatch may 
be as high as 2.38 mm (^2 in.) and still 
comply with the Code. 

The effect of combinations of mis­
match and root opening on concavity 
was used to assess weld quality. Concav­
ity was determined after the root pass 
and one filler pass were completed. If it is 
assumed that radial shrinkage resulting 
from additional passes would decrease 
concavity somewhat, measurements of 
concavity are correspondingly more con­
servative. 

The ASME Code requires that the roots 
of accessible joints with misalignment be 

Table 6—Reinforcement in Welds 

Weld 

UC 14(100)-7 
- 1 2 
- 8 
- 1 4 
- 2 7 
- 2 4 

UC 14(100)-22 
- 1 5 
- 1 8 
- 2 1 
- 3 3 
- 2 9 

Welding 
position 

2C 
2C 
2G 
2C 
2C 
2C 

5G 
5C 
5C 
5C 
5C 
5G 

on Joints Without Mismatch 

Root 
mm 

0 
0 
0.69 
0.71 
1.24 
1.35 

0 
0 
0.81 
0.81 
1.17 
1.12 

opening 
in. 

0 
0 
0.027 
0.028 
0.049 
0.053 

0 
0 
0.032 
0.032 
0.046 
0.044 

Root bead'3' 
— concavity 

+ reinforcement 
mm 

0.30 
0.15 
0.10 

-0 .10 
-0 .18 
-0 .18 

-0 .15 
-0 .20 
-0 .36 
-0 .36 
-0 .38 
-0 .51 

in. 

0.012 
0.006 
0.004 

-0.004 
-0.007 
-0.007 

-0.006 
-0.008 
-0.014 
-0.014 
-0.015 
-0.020 

Macrograph 

Fig. 6 

— 
-

Fig. 11 

— 
-

Fig- 7 

-
Fig. 12 

— 
— 
— 

(a) Location: 60 degrees f rom weld start in 2G position and 6 o'clock in 5C position. (Note: Measurements of concavity and 
reinforcement were in accordance with requirements of DOE standards for nuclear piping and Paragraph NB-4426.2, Section III, 
ASME Boiler and Pressure Vessel Code, respectively.) 

faired to a 3:1 taper. Because of this, the 
shape at the root of an inaccessible joint 
is of interest. Tapers of welds made in this 
experiment (see Table 4) on joints having 
1.59 mm [Y\b in.) mismatch were approx­
imately 2:1. Assuming the width of the 
weld at the root remains unchanged, a 
0.79 mm (Vil in.) uniform mismatch, per­
mitted by the Code, would result in a 4:1 
taper. Also, these results show that root 
geometries of the mechanized welds 
were within the most likely maximum 
taper (2:1) assumed in an analysis used at 
the Oak Ridge National Laboratory (Ref. 
3) to determine stress indices of girth 
joints. 

At the 7 to 10 o'clock position, melt-
thru and hole formation tend to develop 
when there are moderately wide root 
openings and large mismatches. Welding 
in this position is sensitive to melt-thru, 
because gravity displaces the weld pool 
to the rear. The arc, without the cushion 
of the pool and in response to the 
automatic voltage control mode, has high 
melting and penetrating efficiency. This 
condition combined with poor fitup 
causes excessive melt-thru. Heat input 
can be reduced to minimize this problem. 
However, joints with poor fitup can be 
welded satisfactorily using the downhill 
mode. In this mode the weld pool cush­
ions the arc and prevents excessive melt-
thru. 

Concavity was observed only in joints 
not having mismatch. The degree of 
concavity was slight, as indicated in Fig. 
17, but tends to increase for welds in 
both welding positions as root openings 
become larger. Correlation coefficients 
indicate a good linear relationship 
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Root opening, G (in.) 
0.01 0.02 0.03 0.04 

Mismatch = 0 

Root opening, G (mm) 

Fig. 17 —Effect of root opening on root bead concavity for joints 
without mismatch 
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Fig. 18-Effect of root opening on root bead shape for joints having 
1.59 mm (Jib in.) uniform internal mismatch 

between root opening and root bead 
geometry. 

The corresponding curves and equa­
tions derived from areal measurements 
and shown in Fig. 16 are in good agree­
ment with those in Fig. 17 acquired by 
direct measurement. Results in Fig. 16 
show that root beads will be flush within 
about 0.25 mm (0.010 in.) for root open­
ings up to 0.79 mm (%2 in.) with the 
tendency toward concavity being in 
welds made in the 5G position. 

Ironically, the propensity toward con­
cavity with increase in root opening dis­
appears when mismatch occurs in the 
joint. In fact, the upper curves in Fig. 16 
show that root reinforcing power in­
creases as root opening becomes larger. 
A wide root opening apparently provides 
better access for the arc which then can 
fuse the inner mismatch zone more effi­
ciently. This material provides filler metal 
to supplement the wire that is fed into 
the root opening synchronously with the 
welding current high pulse. 

The contour of the fillet formed at the 
root of mismatched joints is relatively 
independent of root opening. Linear cor­
relation coefficients for the graphical data 
in Fig. 18 reveal considerable scatter. 
However, it is the relative positions of the 
two curves that are of interest. The 2C 
fillets are relatively flush, while the 5G 
fillets are slightly concave. 

This effect becomes visually apparent 
when comparing weld cross sections in 
Figs. 8 and 14 with those in Figs. 10 and 
15, respectively. Also, the influence of 
mismatch orientation in the 2C position 
has a slight effect on the contour of the 
fillet. When the lower member is smaller 
in diameter than the upper member, it 
supports the root pass and there is a 
smoother transition at the toe of the fillet. 
The smooth transition at a large obtuse 
angle is, of course, conducive to lower 
stress intensity. This effect, caused by a 
difference in mismatch orientation in 2C 
joints, is evident in a comparison of welds 
shown in Figs. 8 and 13 with those in Figs. 
9 and 14. 

Results of the factorial experiment (Ta­
ble 5) indicate all effects (main and inter­
action), except welding position and mis­
match are comparable in magnitude to 
the standard deviation of each effect. 
This suggests that effects other than mis­
match and welding position are not very 
significant. An analysis of variance (Table 
7) confirms that only mismatch and weld­
ing position have significant effects, 1.37 
and -0 .56 mm (0.054 and -0.022 in.), 
respectively, on the geometry at the 
weld root. The interaction effects of 
mismatch/root opening and position/ 
mismatch could be significant at the 10% 
level. 

The 95% confidence limits for the main 
effect of mismatch show that concavity 
should not occur when there is mismatch 
and that reinforcement as a result of 
mismatch alone could be as high as 1.45 
mm (0.057 in.). Actually, concavity did 
not occur in welds on joints with mis­
match, and reinforcement higher than 
1.45 mm (0.057 in.) tended to occur 
mainly in the 2C welding position; this, as 
can be seen in Fig. 16, is not prone to 
concavity irrespective of mismatch and 
root opening of the magnitudes used in 
the factorial experiment. 

The effect of position on concavity at 
the 6 o'clock 5G position is well known. 
Results in Table 5 confirm that welding in 
the 5G position is more risky than weld­

ing in the 2G position. When there is a 
choice of the two positions, the 2C 
position should be chosen unless there is 
moderately high uniform mismatch; in 
this case, welds in either position are not 
likely to contain root concavity. 

The use of areal measurements con­
verted by a form factor to represent 
either concavity or reinforcement pro­
vided a continuous analytical expression 
for measuring the susceptibility of the 
narrow-groove joint geometry to fitup 
conditions. Concavity and reinforcement, 
including the weld metal zone between 
the inner surfaces of mismatched mem­
bers, are accounted for by the equations 
in Fig. 16 for all fitup conditions. The 
narrow-groove weld joint design, com­
pared to a number of conventional joints 
having relatively thin root faces and wide 
groove angles, is tolerant of moderate 
variations in fitup, particularly root open­
ing. 

Mismatch stresses in girth joints are 
proportional to mismatch and inversely 
proportional to wall thickness. For exam­
ple, the axial bending stress caused by 
pressure at a mismatched zone is: 

0"ab = + -
PD0 M 

2t t 
where P = internal pressure; D0 = out­
side diameter; t = wall thickness; 
M = mismatch. 

Table 8—Calculation 

Fitup 
combination 

1 
2 
3 
4 
5 
6 
7 
8 

Data 

1st weld 

0.368 
-0.164 

1.472 
1.008 
0.082 

-0.369 
1.990 
0.868 

C, mm 
2nd weld 

0.123 
-0.097 

1.663 
1.019 

-0.014 
-0.412 

1.526 
1.008 

Difference 

0.245 
-0.067 
-0 .191 
-0 .011 

0.096 
0.043 
0.464 

-0.140 

(Difference)2 

mm2 

0.060 
0.004 
0.036 
0.000 
0.009 
0.002 
0.215 
0.020 
0.346 
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This relationship shows that mismatch 
obviously penalizes design, and for this 
reason mismatch should be avoided. On 
the other hand, Fig. 16 shows that mis­
match is beneficial in preventing root 
bead concavity. This benefit occurs, 
because the innermost edge of the mis­
matched joint provides filler metal for the 
weld root. 

All 32 welds met the requirements of 
DOE standards for nuclear piping and 
paragraph NB-4426.2, Section III of the 
ASME Code. Welds in joints without 
mismatch tend to be slightly concave at 
the 6 o'clock 5G position, as defined in 
Fig. 3. This condition is evidently pre­
ferred instead of large root-reinforce­
ment, in certain sectors of the nonde­
structive testing community (Ref. 4). In 
any event, all measurements were well 
within the allowable values for concavity 
and reinforcement at the root of welds 
made in the 2C and 5C positions on joints 
having a practical range of mismatch and 
root opening. 

Conclusion 

The experimental work and its results 
were reviewed to provide an overall 
perspective and draw conclusions there­
from. This study covered two separate 
considerations. The first was related to 
overall quality and conformance to stan­
dards. It resulted in a mathematical 
description of the area of each reinforced 
or concave zone to show the reinforcing 
tendency of the narrow-groove welds 
used. 

The second consideration was to detail 
the effects of varying mismatch in combi­
nation with welding position and joint 
geometry (root opening). Cross-section-
areal measurements and their mathemati­
cal description were needed. This was 
because the zone between the two inner 
mismatched surfaces is not explicitly and 
quantitatively defined by either the ASME 
Code or DOE standards for nuclear pip­
ing. 

Conclusions and related recommenda­
tions drawn from this work are as fol­
lows: 

1. Joints welded in the 5G position are 
more susceptible to concavity than those 
welded in the 2C position. Consequently, 
when there is a choice of position, the 2G 
position provides the least risk of defects 
due to concavity. 

2. Concavity of joints welded in the 
5C position has a tendency to occur in 
the lower quadrant of joints free of 
mismatch. This tendency is proportional 
to root opening. However, the magni­
tudes of concavity observed for the 
range of root openings studied were well 
within the requirements for nuclear pip­
ing. 

3. Moderate root openings up to 0.79 
mm (Y>>2 in.) do not cause concavity in the 
2C position. 

4. Joints with mismatch are not prone 

to concavity in either the 2G or 5C 
welding positions for the magnitudes of 
root opening used in this experiment. 

5. Small fillets are formed at the root 
of mismatched joints. By nuclear stan­
dards the roots of these welds would be 
neither concave nor reinforced. Howev­
er, the face of the fillet itself varies from 
slightly concave to flush. The as-welded 
tapers formed by the fillets were about 
2:1 when mismatch was 1.59 mm (Y\b in.). 
Based on these results, joints having 
allowable ASME Code uniform mismatch 
of 0.79 mm Qfia in.) should have tapers of 
approximately 4:1. 

6. The main effects of mismatch and 
welding position on root bead reinforce­
ment and concavity, respectively, were 
significant at the 95% confidence interval. 
The main effect of root opening and the 
two- and three-way interactions of the 
three factors (mismatch, root opening, 
and welding position) were not significant 
at the 5% level of significance (95% con­
fidence interval). 

7. Using negative values to represent 
concavity and positive values to relate to 
fused material above the lower inside 
surface of a mismatch joint, the 95% 
confidence intervals relating to effects of 
mismatch and welding position are as 
follows: welding position, P, is —0.61 to 
-0 .49 mm (-0.024 to -0.020 in.); mis­
match, M, is 1.32 to 1.44 mm (0.052 to 
0.057 in.) 

These values indicate that a moderate 
amount of mismatch is very effective in 
reducing concavity. Also, as known from 
practice, the tendency toward concavity 
is much more pronounced at the 6 
o'clock 5G position than elsewhere, as 
well as in the 2C position. The powerful 
effect of mismatch toward preventing 
concavity is due to the edge of the 
mismatched member melting in much the 
same manner as a consumable insert, 
thus becoming a gap filler. 

8. Levels of root opening greater than 
0.81 mm (0.032 in.) were examined in a 
limited experiment to acquire qualitative 
information with respect to welding posi­
tion and mismatch. Results indicated the 
uphill portion of the 5G position is sensi­
tive to melt-thru and hole formation at 
moderately large gaps and mismatch 
conditions. However, using nomimal 
welding procedure parameters, root 
openings up to 1.14 mm (0.045 in.) with 
1.59 mm (0.062-in.) mismatch were 
welded on the corresponding downhill 
side of the joint (2 to 5 o'clock) without 
defects. These observations show that 
downhill welding is more tolerant of poor 
fitup conditions than the uphill technique 
when using automatic voltage control of 
the welding head. More work should be 
done to define the tolerances of welding 
variables for the uphill and downhill 
mechanized welding techniques. 

9. Two types of mismatch that can 
occur in joints in the 2C welding position 
are illustrated in Figs. 8 and 13 and in Figs. 

9 and 14. The orientation in Figs. 8 and 13 
should be avoided in piping subjected to 
cyclical loading because of the tendency 
for high stress concentration at the toe of 
the fillet. Additional experimental studies 
of welds made in these two orientations 
are needed to quantitatively express root 
geometry in terms of stress intensity. 

10. The undefined zone between two 
mismatched surfaces can be expressed 
quantitatively along with reinforcement 
and concavity stipulated by ASME Code 
and DOE nuclear standards by using a 
form factor to relate the zone to rein­
forcement. This method can be used to 
compare the reinforcing propensities of 
different joint designs. The shape of this 
zone needs to be defined in terms which 
are related to the inspection process. 
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Appendix: Calculation of Estimated 
Experimental Error (Ref. 5) 

Calculation of Variance and Standard 
Deviation 

See Table 8. Estimated variance is: 

, S(C - C)2 2d2 1 0.346 1 

2 (d.f.) (d.f.) 

A = 0.022 mm2 

Estimated Standard Deviation, 
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(<r2),/2 =0.147 mm (0.006 in.) 

Calculation of Variance of Effects 

(a) Effects (main or interaction) = 
16 

Va 2 (Ci) 
i= 1 

(b) Variance of effects: 

16 

V(e,fec,s) = v[( ' /8) 2 (Q)] 

i = 1 

T h e n : 
V(effects) = ( 1 6 / 6 4 ) V (Q) = VA A 

= (!4)0.022 mm2 = 0.0055 mm2 

(8 X 10"6 in.2) 
(c) Estimated standard deviation of an 

effect: 

oE = (% A)'A=y 

= 0.074 mm (0.003 in.) 
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