
Weld Thermal Efficiency 
of the GTAW Process 

A study of the arc energy distribution, material 
response, and changes in welding parameters using the 
GTAW process show improved melting and process 

thermal efficiency as travel speed is increased. 

BY R. W. NILES AND C. E. JACKSON 

ABSTRACT. The limitations of arc 
energy input to certain ranges may 
not provide an adequate means of 
predicting or controll ing mechanical 
properties when welding hardenable 
materials. This has been shown in the 
following investigation to be due, 
primarily, to the variation in energy 
distribution which occurs at the weld
ing arc with changes in weld ing 
parameters. This energy distribution 
has been experimentally determined 
as a function of welding parameters 
using the GTAW process and has 
been expressed in terms of thermal 
energy efficiencies. The total energy 
enter ing the base plate and the 
energy used to melt the weld nugget 
have been compared with the total arc 
ene rgy ava i lab le and e x p r e s s e d 
respectively as process and melting 
efficiencies. 

Results of this investigation show 
that the energy distribution at the 
weld ing arc can be signi f icant ly 
changed by variations in current level, 
travel speed, shielding atmosphere, 
and process selected. An increase in 
current level and a decrease in the 
travel speed produces a decrease in 
the process efficiency when welding 
with the GTAW process. This indi
cates that a lower percentage of the 
available heat enters the base plate 
material. An increase in travel speed 
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or current level, on the other hand, 
produces an increase in melting ef
ficiency with the GTAW process in
dicating that a greater percentage of 
the available arc energy is used to 
form the weld bead. 

Introduction 

Of major concern to the welding 
engineer has been the effect which 
the heat of weld ing has on the 
mechanical properties and structure 
of mater ia ls to be jo ined . Many 
methods have been tried in an at
tempt to predict the effects of the weld 
thermal cycle on mechanical and 
structural properties for the various 
materials and thicknesses encoun
tered. By limiting the energy input to 
certain ranges, some control of the 
m e t a l l u r g i c a l l y i m p o r t a n t peak 
temperatures and cooling rate has 
been obtained. However, the non
linear effect of travel speed, current 
and voltage on the energy input for 
any process is not generally recog
nized. 

The total energy input developed 
per unit length in the welding zone 
may be calculated by the equation: 

E t - = VA60/S (joules/l inear in.), or 
= VA/S (joules/linear mm) 

(1) 
where: 

E , = T o t a l a r c e n e r g y i n p u t 
(joules/l inear in. or mm) 

V = Arc voltage (volts) 
A = Arc current (amperes) 
S = Arc travel speed ( in./min 

or mm/s) 

This approach is l imited in its con
trol of metallurgical response be
cause it does not take into consider
ation changes in the distribution of the 
arc energy produced by variations in 
welding parameters. 

As shown in Fig. 1, only part of the 
total arc energy available is trans
ferred to the weldment. Also, only part 
of the energy which enters the weld
ment is used to melt the weld bead; 
the remainder heats up the base 
metal and forms the heat-affected 
zone. 

An accurate prediction of the quan
tity of heat or energy (E i) entering the 
base metal is needed to predict the 
metallurgical response. For a given 
arc energy input, the ratio between 
the total arc energy and the heat 
entering the base metal is significant. 
The particular welding parameters 
and process selected for use also af
fect the metallurgical response. In 
changing from one welding process 
to another, large variations in metal
lurgical response can result despite 
the fact that the total input energy of 
the two processes is identical. Shultz, 
Jackson, and others (Refs. 1, 2) 
have recognized that total energy in
put may predict only in a general 
manner the metallurgical response; 
hence, other methods of control have 
been suggested. Shultz and Jackson 
(Ref. 1) show a correlation between 
weld metal yield strength and bead 
size or weld nugget area. 

Several investigators have studied 
the relationship of weld metal yield 
strength to weld metal cooling rates. 
The cooling rates for weld metal have 
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Fig. 1 — Energy distribution at the welding arc. E, = total energy input/unit length; E, = 
total energy entering plate; Em= energy to melt weld bead; E t = E-, x losses 

been determined experimentally by 
measuring the weld metal thermal 
curves with thermocouples inserted 
into the molten weld pool. Another 
approach used by many investiga
tors has been to calculate temper
ature distribution and cooling rates 
using var ious mathemat ica l heat 
transfer expressions (Refs. 3-6). In 
order to use these and other ap
proaches to predict and contro l 
mechanical proper t ies, an under
standing of the energy distribution 
during welding is needed. 

Thermal Efficiency 

Generally, efficiency is expressed 
as the ratio of output to input ener
gies. In this investigation, two thermal 
efficiencies are used to describe the 
energy distribution in the welding arc. 
These are referred to as the process 
efficiency (Zt) and the melting ef
ficiency (Zm). 

Process Efficiency 

The process efficiency (Z, ) is de
fined as the ratio of the total energy 
which enters the plate or section be
ing welded per unit distance traveled, 
to the total energy input of the arc 
over that same distance. This rela
tionship is stated as follows: 

( E . / E . ) X 100 

where: 

Z i = 
E, = 

E, = 

(2) 

Process efficiency (%) 
Energy per unit dis
tance entering the work 
Total arc energy available per 
unit length 

rived for predicting welding temper
ature distribution and cooling rates 
depend upon the insertion of an ef
ficiency term for their solution. If the 
transfer efficiency of the total energy 
input is not considered, the energy in
put term does not represent the ac
tual energy entering the plate. 

Melting Efficiency 

Equally important is the relation
ship between melting efficiency and 
welding parameters. The melting ef
ficiency, Zm, can be defined as being 
the ratio of the energy required to 
melt the weld bead to the total energy 
input over the same distance. This 
relationship can be expressed as: 

Zm = (Em /E. ) X 100 (3) 

where: 

Z„ 
E, 

E, = 

Melting efficiency (%) 
Energy per unit length 
required to melt the weld bead 
Total arc energy available per 
unit length 

This relationship is important since 
most heat transfer expressions de-

The Equation of Heat Distribution 

Extensive studies have been car
ried out by Rosenthal (Refs. 4, 7), 
Rykalin (Ref. 5), Christensen (Ref. 8) 
and others. Rosenthal mathematical
ly described the weld thermal cycle 
for several of the most common weld
ing cases. His work is based on the 
heat conduction equation as derived 
by Fourier. Rosenthal assumed In the 
solution of this equation that: 

1. Material physical coefficients 
were constant. 

2. The welding heat source was a 
point heat source. 

3. Heat losses to the surrounding 
atmosphere were negligible. 

Joule heating effects in the plate 
material were neglected. Ronsenthal 
has shown that for the case of weld
ing on the surface of a semi-infinite 
body, the temperature distribution 
can be expressed by the relation
ship: 

T-To = (P a „ /27rkr). 
(4) 

e exp. (-v/2a) (x + r) 

where: 

T 

To = 

Peff = 

r = 

Temperature of the point in 
question 
Initial tempera tu re of the 
point in question 
Effective power input 
(x2 + y2 + z2)"2 distance from 
the point in question to the 
heat source where x, y, and z 
are the coordinates of posi
tion (see Fig. 2). 

k = Thermal conductivity (Ref. 9) 
of the base material which is 
assumed to be a constant 
equal to 0.11 cal/(s) (cm2) 
(deg C/m). 

a = Thermal diffusivity (Ref. 9) of 
the base material which is 
also assumed to be a con
stant equal to 0.12 cm2 /s . 

v = Rate of travel of the heat 
source. 

By arbitrarily making the initial tem
perature level the zero level of tem
p e r a t u r e , t h e T0 t e r m may b e 
eliminated and T becomes a mea
sure of the temperature increase at 
the point in question. 

It is important to recognize the 
limitations of this expression. For ex
ample, as "r" approaches zero, the 
temperature "T" increases to infinity, 
which is an impossible situation. This 
results from assuming an infinitely 
small point heat source when deriv
ing the equation. Since the weld bead 
which acts as the heat source in the 
semi-infinite body, is of finite size, the 
equation is only valid at a distance re
moved from the fusion area. 

Calculation of Process Efficiency, Z ; 

In the equation for process 
efficiency Z , (eq. 2) E , can be deter
mined by using eq. 1. Ei can be 
determined by using Rosenthal 's 
equation for the heat distribution in a 
semi-infinite body in conjunction with 
a measured weld thermal cycle. 
Equation 4 can be expressed in the 
form: 

T - To e exp.(-v/2a) 
57E7— 

x +r ) 

(5) 

where all terms have been defined, 
T-To for a particular point in the mea
sured weld thermal cycle can be 
determined empirically, and since the 
ratio of tempera tu re to effect ive 
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power input is known from applica
t ion of Rosenthal 's equat ion, the 
effective power input needed to pro
duce the measured thermocycle can 
be determined. The effective power 
input can be converted to joules per 
unit length for calculat ion of the 
process efficiency. Hence, 

E , (J / In.) = Peff ( J / s ) (60min / in . ) 
(6) 

0 r E i (J / mm) = Peff ( J / s) (s/ mm) 
(7) 

and Z can be determined by using 
eqs. 1 and 6. 

Calculation of Melting Efficiency, Z 

The weld metal volume represents 
the total amount of metal which has 
reached the molten state. This volume 
has a heat content per unit length 
proportional to its cross-sectional 
area which remains constant along 
the length of the weld bead when con
stant welding condit ions are main
ta ined (Refs. 10, 11). Based on 
measurements of the nugget area, the 
calorific heat content of the molten 
weld bead per unit length can be cal
culated, compared with the total arc 
energy available, and used to deter
m i n e the t h e r m a l e f f i c i e n c y of 
melting. 

This is done by calculating first the 
heat content of a gram of iron heated 
to the average effective maximum 
temperature of the weld metal. The 
maximum temperature of weld metal 
has been the subject of many in
vestigations. The effective temper
ature must be above the melting 
temperature of the base metal. The 
temperature at the weld metal-base 
metal interface is at the mel t ing 
temperature of the base metal. The 
maximum temperature is dependent 
upon the process (Refs. 8, 12, 13) and 
has been genera l l y r e p o r t e d at 
temperatures below 2000 C with 
s o m e i n v e s t i g a t o r s s u g g e s t i n g 
temperatures up to 2300 C. The 
effective temperature will depend 
upon the arc environment associated 
with the particular process. For this 
investigation the effective temper
ature to which the molten metal has 
been heated is taken as 1750 C. The 
heat content of a unit weight of mol
ten weld metal then can be calcu
lated as follows: 

The temperature of the weld metal 
- 1750 C (2023 K) 

The heat necessary to melt 1 gram 
of steel = q 

Cp
2 0 2 3 = 10.5 c a l o r i e s / mo le 
1000 

weight (Ref. 14) 

q = AHp- A H „ 

/ ' 
C p dT 

Known quantities are: 

AH18oo = 17.61 k i loca lor ies / mole 
weight (Ref. 14) 

So: q 17.61 + / i o 
2023 

5 dT 

q = 17.61 + 2.34 = 19.95 kcal / 
mol. wt. 

For Fe, mole weight = 55.85 g and 1 
calorie = 4.186 joules 

Thus, q = (19.94 kcal /mol . wt.) 
(4.186 J/cal) (10-3 cal/kcal) 

55.85 g / mol. wt. (8) 

and finally, 

q = 1495.3 J / gram 

This is the heat necessary to raise one 
gram of steel to a temperature of 
1750 C. 

Knowing the heat content of one 
gram of iron, the calculation of the 
melting efficiency of the iron weld 
bead can be made. E t would be 
d e t e r m i n e d f r o m the p rev ious ly 
stated relationship of eq. 1. Em would 
be determined from the weight of the 
weld bead per linear mill imeter mul
tiplied by the above derived heat con
tent per gram of iron and converted to 
units comparable to those for E t . 
Thus, the weight of the weld metal / 
linear mm = nugget area (mm2) (1 
mm) (density of iron) and the weight 
of weld metal / linear mm = na (mm2) 
(1 mm) (0.00786 g / mm3). The heat 
content per gram of iron is 1495.3 
Joules, therefore: 

Em (J / mm) = na(mm2) (1 mm) 
(0.00786 g / mm3) (1495.3 J / g) 

(9) 

Now Zm can be calculated using equa
tions 1 and 9. 

Objective 

The objective of this investigation 
was to examine and to show the ef
fect of changes of welding param
eters on the energy distribution dur
ing welding. The process efficiency of 
the gas tungsten-arc welding (GTAW) 
process was studied. The program 

was aimed also at measuring the 
melting efficiency with the GTAW 
process. 

Experimental Procedure 

Automatic gas tungsten-arc weld
ing systems were used in this in
vestigation to control the welding vari
ables of current, voltage and travel 
speed. A standard chromel-alumel 
thermocouple, made from 28 gage 
wire, was capacitor discharge welded 
to the top surface of a one-inch thick 
steel base plate to measure the weld 
thermal cycle as the welding arc 
passed its position. Measurements of 
thermocouple to weld centerline 
distance, thermocouple to weld 
edge distance, and weld width were re
corded. 

The welding parameters used with 
the gas tungsten-arc welding process 
in this investigation are reported in 
Table I. A 5/32 in. (4 mm) diameter 
2% thoriated tungsten electrode with 
conical t ipped vertex angles of 30 to 
120 deg was used during this in
vestigation. The effects of varying ver
tex electrode tip angle, shielding gas 
composit ion, and current level on the 
process and melting efficiencies were 
examined. All weld samples were 
cross-sectioned and polished. Photo
macrographs were taken of the weld 
and heat-affected zone from which 
nugget areas and heat-affected zone 
areas were determined. Using the 
nugget areas, and applying eq. 9, the 
calorific heat content per unit length 
of molten weld metal was calculated 
for each sample. This heat energy 
was then compared with the total heat 
energy developed per unit length by 
the welding arc to obtain the melting 
efficiency. 

To determine process efficiency, 
the peak temperature and position 
were used in calculating the effective 
power input. Since Rosenthal's equa
tion was derived for a point source 
traveling in a straight line, and the 
molten weld bead interface actually 
acts as the heat source, the edge of 
the weld bead was used to represent 
the Y coordinate distance from the 
thermocouple to the line heat source 

H e a t S o u r c e 

<L m(mmi{{mtt 
T h e r m o c o u p l e 
P o s i t i o n 

Fig. 2 — Thermocouple position as related to the heat source at the time ot the peak 
temperature 
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Fig. 6 — Nugget area versus vertex angle 
for gas tungsten-arc surface welds made 
on HY-80 plate with an electrode to work 
distance of 0.10 in. (2.54 mm) and 175 A 

LEGEND 
O 5 imp (2 I mm/s) 
Q 10 imp (4 2mm/s ) 
A 15 imp (63 mm/s) 
0 20 imp (84 mm/s) 

30 60 90 

Vertex Angle (degrees) 

Fig. 4 — Effect of shielding gas and vertex 
angle on arc voltage for the gas tungsten-
arc process with an electrode to work dis
tance ot 0.10 in. (2.54 mm) and 175 A on 
HY-80 plate 

as shown in Fig. 2. The distance (r) 
between the thermocouple and the 
heat source was used in the calcula
tion of effective power input. Figure 3 
shows a typical thermal curve as 
drawn by a X-Y recorder. The process 
efficiency was determined by com
paring the effective power input with 
the total arc energy available per unit 
length. 

The bead size or nugget area, heat-
affected zone area, process and 
melting efficiency were determined 
for each welded sample. These 
results are reported in Table 1. 

Variations In Arc Characteristics 
Using the GTAW Process 

Variations in shielding gas 
composition and electrode tip vertex 
angle were investigated for the GTAW 
welds made on HY-80 plate. An In
crease in current causes the arc 
plasma to climb the surface of the 

Hel ium Shield ing Gos 

LEGEND 
5 ipm (21 mm/s) 

10 ipm ( 42 mm/s) 
15 ipm (6.3 mm/s) 

0 SO ipm (84 mm/s) 

0 30 60 90 120 

Electrode Tip Vertex Angle (degrees) 

Fig. 5 — Effect of vertex angle on melting 
efficiency for gas tungsten arc surface 
welds made on HY-80 plate with an elec
trode to work distance of 0.10 in. (2.54 
mm) and 175 A 

conical tip of the electrode. The 
amount of climb was found to be ap
proximately proportional to the in
crease in current thus the current 
density of the emitting surface re
mained essentially constant. For a 
small electrode vertex angle, the 
amount of climb necessary to obtain a 
certain emitting surface area on the 
electrode tip was greater than the 
amount of climb necessary to main
tain a given emitting surface area with 
a larger vertex angle. Since the arc 
voltage drop is proportional to the 
length of the arc column, the longer 
arc column produced with the greater 
electrode climb for the small vertex 
angles, produces a greater total arc 
voltage drop. This was found to be the 
case in this investigation as Illustrated 

by the results of Fig. 4. Results of 
similar tests reported by Savage 
et al (Ref. 15) confirm these observa
tions. 

The effect of using argon and 
helium shielding gases on the arc 
voltage is also illustrated in Fig. 4. It 
should likewise be noted that since 
the arc voltage increases with a 
decreasing vertex angle while at a 
constant current of 175 A that the arc 
energy available also increases with a 
decreasing vertex angle. As a result, 
the melting efficiency should in
crease with increasing vertex angle. 
This trend was determined for gas 
tungsten-arc welds made with either 
helium or argon shielding as shown in 
Fig. 5. Both of these cases indicate 
that the heat distribution at the plate 
surface varies with changes in the 
vertex angle. As the vertex angle in
creases, a greater percentage of the 
heat available in the arc is used to 
melt the weld nugget. It is also in
teresting to note that for the two cases 
where arc instability was observed, 
due to cathode spot wandering on the 
120 deg electrode surface, that the 
efficiency of melting decreased 
as shown by the dashed lines of Fig. 5. 

As shown in Fig. 6, the weld nugget 
areas remained essentially constant 
with changes in vertex angle. The 
process efficiency results shown in 
Fig. 7 indicate that the total heat 
entering the plate material remains 
essentially constant for changes In 
vertex angle. Since the melting ef
ficiency, as shown in Fig. 5, increases 
with increasing vertex angles, this 
suggests that with increasing vertex 
angle, an increasing percentage of 
the total heat entering the plate 
material is used to form the weld 
nugget. The ratio of nugget area to 
heat-affected zone area should there
fore increase with Increasing vertex 
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Table 1 -

Weld 
no. 

1 
2 
4 
6 
7 
8 
9 

10 
11 
12 

13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
38 
39 
40 
41 
42 

43 
44 
45 
46 
47 
48 
49 
50 
51 
52 

53 
54 
55 
56 
57 
58 
59 
60 
61 
62 

63 
64 
65 
66 
67 

- Welding Conditions Used for Gas Tungsten-Arc Weld Beads Made on One Inch Thick Base Plate , a ) 

Current"3 ' 
A 

175 
175 
177 
175 
175 
175 
177 
177 
177 
177 

177 
177 
177 
177 
177 
177 
177 
177 
179 
176 

177 
177 
174 
173 
176 
175 
174 
175 
175 
176 

174 
175 
176 
177 
125 
125 
125 
228 
227 
227 

125 
126 
124 
150 
150 
150 
202 
199 
225 
226 

225 
200 
175 
175 
175 
150 
150 
150 
125 
125 

125 
200 
175 
125 
225 

Voltage, 
V 

14 
14 
15 
13.5 
13 
13 
13 
15 
14 
13.5 

14 
15 
14 
14 
13 
15.5 
14 
15 
13 
16 

15 
14 
19 
21 
17 
17.5 
19 
18 
16.5 
16 

19 
17 
16.5 
15 
17 
17 
17.5 
19 
19 
19 

13 
13 
12.5 
13 
13 
13 
14 
14 
14 
14 

13 
13 
13 
13 
13 
13 
13 
13 
12.5 
13 

12 
13 
13 
13 
14 

Travel 
speed 
ipm 

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

5 
10 
10 
10 
10 
15 
15 
15 
15 
20 

20 
20 
15 
15 
15 
15 
10 
10 
10 
10 

5 
5 
5 
5 
5 

10 
15 
15 
10 
5 

5 
10 
15 
15 
10 
5 
5 

10 
5 

10 

5 
5 
5 

10 
3 
5 

10 
15 
5 

10 

3 
3 
5 
5 
5 

Vertex 
angle, 
deg 

60 
60 
30 
90 

120 
120 
120 

30 
60 
90 

90 
30 
60 
90 

120 
60 
90 
30 

120 
60 

90 
120 
60 
30 

120 
90 
30 
60 
90 

120 

30 
60 
90 

120 
60 
60 
60 
60 
60 
60 

60 
60 
60 
60 
60 
60 
60 
60 
60 
60 

60 
60 
60 
60 
60 
60 
60 
60 
60 
60 

60 
60 
60 
60 
60 

Nugget 
area, 
in.2 

0.023 
0.021 
0.023 
0.020 
0.015 
0.015 
0.017 
0.022 
0.025 
0.028 

0.027 
0.014 
0.013 
0.013 
0.012 
0.010 
0.010 
0.009 
0.012 
0.07 

0.009 
0.007 
0.018 
0.014 
0.019 
0.016 
0.030 
0.025 
0.024 
0.026 

0.050 
0.044 
0.049 
0.050 
0.023 
0.017 
0.011 
0.027 
0.038 
0.064 

0.011 
0.006 
0.005 
0.007 
0.008 
0.015 
0.028 
0.018 
0.031 
0.022 

0.024 
0.018 
0.013 
0.006 
0.016 
0.009 
0.006 
0.004 
0.006 
0.002 

0.006 
0.024 
0.020 
0.010 
0.030 

HAZ 
area, 
in.2 

0.043 
0.036 
0.041 
0.032 
0.030 
0.032 
0.033 
0.045 
0.037 
0.033 

0.030 
0.026 
0.026 
0.022 
0.019 
0.017 
0.014 
0.018 
0.015 
0.015 

0.013 
0.010 
0.017 
0.029 
0.023 
0.022 
0.034 
0.029 
0.026 
0.026 

0.056 
0.056 
0.046 
0.038 
0.030 
0.018 
0.011 
0.031 
0.053 
0.071 

0.021 
0.013 
0.010 
0.012 
0.016 
0.024 
0.034 
0.025 
0.049 
0.028 

0.045 
0.035 
0.032 
0.014 
0.044 
0.018 
0.014 
0.008 
0.014 
0.005 

0.017 
0.039 
0.047 
0.030 
0.070 

Total heat 
transfer 
efficiency, 
Z , (%) 

— 
— 
— 
— 
— 
40.19 
38.88 
41.40 
36.91 

42.70 
43.33 
43.47 
43.90 
44.58 
45.37 
52.83 
53.33 
44.75 
43.30 

45.24 
52.14 
53.64 
50.39 
46.34 
51.30 
37.15 
36.49 
36.91 
40.16 

37.04 
40.00 
38.97 
38.29 
50.43 
50.37 
49.75 
44.39 
34.09 
30.98 

63.32 
61.45 
60.84 
51.90 
58.32 
40.61 
38.72 
42.98 
32.46 
33.85 

— 
— 
— 
— 
— 
— 
— 
— 
— 

— 
— 
— 
— 

Melting 
efficiency, 
Z m (%) 

15.13 
13.82 
13.66 
13.52 
10.79 
10.51 
12.14 
13.18 
15.93 
19.01 

17.30 
17.53 
17.23 
17.10 
16.74 
18.23 
19.82 
15.67 
24.00 
15.55 

21.49 
18.60 
26.61 
15.56 
30.90 
25.63 
29.62 
25.77 
27.24 
29.13 

24.16 
23.85 
26.37 
30.59 
22.15 
25.50 
25.61 
29.90 
28.04 
23.75 

10.96 
12.64 
14.89 
16.59 
12.68 
11.98 
15.95 
20.51 
15.90 
22.62 

13.23 
10.93 

9.38 
8.93 
6.90 
7.53 

10.36 
9.04 
6.72 
3.85 

3.72 
8.85 

14.39 
9.73 

15.64 

(a) Welds 1 to 52 on HY80; 53 to 64 mild steel; and 65 to 67 HY 130. 
(b) Electrode negative argon shielding used in all cases except welds 25 to 42, inclusive were shielded with helium. 
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Fig. 7 — Process efficiency versus vertex 
angle for gas tungsten arc surface welds 
made on HY-80 plate with electrode to 
work distance of 0.10 in. (2.54 mm) and 
175 A 
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Fig. 9 — Effect ot shielding gas and vertex 
angle on melting efficiency with electrode 
to work distance of 0.10 in. (2.54 mm) and 
175 A 
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Fig. 10 — Process efficiency versus weld
ing current for gas tungsten-arc surface 
welds made on HY-80 plate with electrode 
to work distance of 0.10 in. (2.54 mm) 
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Fig. 8 — Ratio of nugget to HAZ area for 
gas tungsten arc surface welds made on 
HY-80 plate using electrode to work dis
tance of 0.10 in. (2.54 mm) and 175 A 

angle. This result is shown in Fig. 8 
and can be considered significant 
since the heat-affected zone usually 
represents the area of greatest 
change and variation in properties, 
and any method which could offer an 
effective means of reducing the size 
of the heat-affected zone would be of 
practical importance. 

The effect of shielding gas com
position on the efficiency of melting 
for different vertex angle at 5 and 15 
ipm (2.12 and 6.35 mm/s) travel 
speeds is shown in Fig. 9. The greater 
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Fig. 11 — Melting efficiency versus welding current tor gas tungsten-arc surface welds 
made on HY-80 plate compared with surface welds made on HY-130 plate and mild steel. 
Electrode to work distance — 0.10 in. (2.54 mm) 
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efficiency of melting exhibited by 
helium at both travel speeds can 
again be related to the arc charac
teristics developed. In the arc column, 
a balance between power Input and 
radial heat losses exists. With the use 
of helium, a higher heat transfer ef
ficiency gas, the arc column con
tracts, reducing its surface area in 
order to balance the heat losses with 
energy input. This contraction has the 
effect of increasing the current den
sity of the arc, and since the voltage 
gradient has also increased, a high 
power density resulting in higher arc 
temperature is concentrated on a 
smaller surface area. The end result 
of this heat concentration is that a 
greater percentage of the heat avail
able is used for melting. This results 
in a higher melting efficiency for 
helium shielding. 

Effect of Welding Parameter 
Variations on Process 
Efficiency Using the 
GTAW Process 

A plot of process efficiency versus 
welding current shown in Fig. 10 indi
cates that a decreasing percentage of 
the total heat enters the plate with in
creasing current levels when using 
either argon or helium shielding 
gases. This indicates that heat losses 
from the arc column increase more 
rapidly with current level than does 
the percentage of the total heat enter
ing the base metal. The changes in 
the process efficiency varying from 
about 35% to 65% agree favorably 
with results obtained by Rykalin using 
calorimetric methods (Ref. 5). 

Effect of Welding Parameter 
Variations on Melting 
Efficiency Using the 
GTAW Process 

Varying the current between 125 
and 225 A and maintaining the vertex 
angle at 60 deg, the effect of current 
level on heat distribution was exam
ined. A plot of melting efficiency ver
sus welding current for gas tungsten-
arc surface welds made on HY-80 
plate, using both helium and argen 
shielding gas, is shown in Fig. 11. As 
expected f rom the previous analysis 
on the effect of shielding gas compo
sitions, the helium-shielded weld de
posits show a higher melting effi
ciency than those made with argon 
shielding. Also of significance is the 
increase in melting efficiency with in
creasing current and travel speed. 
The relative increase in the diameter 
of the arc plasma at the plate surface 
is small in comparison with the in
crease in current. Thus, the high heat 
concentration resulting f rom the in
creased current density results in an 
increased melt ing eff ic iency with 
higher current. 

The variations in weld nugget area 
with current level for the gas tung-
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Fig. 12 — Weld nugget area versus welding current for gas tungsten-arc surface welds 
made on HY-80 steel plate using argon shielding gas. Electrode to work distance of 0.10 in. 
(2.54 mm) 

sten-arc process using helium and 
argon shielding gases are shown in 
Fig. 12. As would be expected, the 
weld nugget area increases with the 
current level. It is to be noted that the 
weld nugget areas of the surface 
beads made with helium shielding are 
at least twice as large as those made 
with argon shielding at the same level 
of current and travel speed. 

Conclusions 

A description of energy distr ibu
tion during gas tungsten arc welding 
has been determined and presented 
in terms of two weld thermal efficien
cies, the process efficiency and the 
melting efficiency. Through an ex
amination of these efficiencies, better 
understanding has been gained as to 
how the welding energy distribution 
changes as a function of welding 
parameters and arc variations. Also 
obtained is an appreciation of how 
these changes in welding energy dis
tribution may affect the mechanical 
properties of hardenable materials. 

In particular, it has been shown 
that: 

1. The process efficiency remains 
constant with changes in tungsten 

electrode tip vertex angle when using 
the GTAW process, but increased 
from approximately 40% to 55% with 
an increase in travel speed from 5 ipm 
(2.1 mm/s) to 15 ipm (6.2 mm/s) with 
either helium or argon shielding. The 
process efficiency decreases by ap
proximately one-half f rom 65% to 
35% with increasing current level 
f rom 125 A to 225 A using the GTAW 
process and helium shielding. The 
process efficiency also decreases 
less drastically with increasing cur
rent level at a given travel speed when 
argon shie ld ing is used with the 
GTAW process. 

2. It is significant in these tests that 
the ratio of the nugget area to the 
heat-affected zone area increases as 
the vertex angle of the tungsten elec
trode increases. 

3. The melting efficiency increases 
with an increase in the tungsten elec
trode tip vertex angle when using the 
GTAW process and increases with a 
change in shielding from argon to 
helium gas. The melting efficiency in
creases with increasing current level 
and travel speed from approximately 
10% to 22% with argon shielding and 
from approximately 22% to 30% with 
hel ium shield ing when using the 
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GTAW process. 
The basic relationship and the 

significance of parameter changes in 
the GTAW process should be useful 
as a guide in programming studies for 
other arc processes. Other pro
cesses will undoubtedly show a vari
ation in melting and process ef
ficiencies dependent upon welding 
arc parameters and material con
stants. 
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1974 Revisions to Structural Welding Code 
The 1974 Revisions to Structural Welding Code (AWS Dl . l -Rev 2-74) 

contains the second set of authorized revisions to the Structural Welding 
Code, Dl.1-72. For convenience and overall economy in updating existing 
copies of the Code, 88 pages of the Code have been reprinted, 59 of which 
have been revised to incorporate changes. (The remaining pages are not 
changed but appear on the reverse side of revised pages.) To fulfill the 
needs of all Code purchasers, the 1974 revisions are available as a bound 
book and as individual looseleaf sheets. 

These are the principal changes in Code requirements: 

• SMAW fillet welding of studs is now permitted. 
• The prequalified status of joints welded by short-circuiting transfer 

GMAW has been removed. 
• Camber tolerances of welded members have been revised. 
• SNT qualification of all NDT operators is now required. 
• Additions and deletions have been made to the lists of prequalified 

steels for buildings, bridges, and tubular structures. 
• Bridge design criteria relating to fatigue stress have been eliminated. 

Prices 

Dl .1 -72 Structural Welding Code $16.00 
D l . l - R e v 1-73 1973 Revisions to Structural Welding Code $6.00 
D l . l - R e v 2-74 1974 Revisions to Structural Welding Code $6.00 

Discounts: 25% to A and B members; 20% to bookstores, public libraries and schools; 
15% to C and D members. Send your orders to the American Welding Society, 2501 NW 7th 
Street, Miami, FL 33125. Florida residents add 4% sales tax. Be sure to specify whether 
you want a looseleaf or a bound copy. 
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