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Fusion Welding 

Cooling rates, peak temperatures, and duration of heating under 
conditions of two dimensional heat flow are related to distance 
from the fusion line at which a given peak temperature appears 
BY D. E. S C H I L L I N G E R , I. G. BETZ AND H. MARKUS 

ABSTRACT. The purpose of this work was 
to investigate the relationships of cooling 
rates, peak temperatures, and duration of 
heating to the distance from the fusion 
line at which a given peak temperature 
appears when heat flow is two dimen
sional. Existing theory predicts that 
linear or near linear relationships exist 
among certain variables, so that it should 
be possible to assess the various aspects 
of thermal experience cited above from 
the measurement of the distance from 
the fusion line at which a given peak 
temperature appears. This measurement 
is easily made with temperature-sensitive 
lacquer. In addition, theory predicts that 
the relationships would be independent 
of plate thickness. 

A number of welds were prepared in 
Vi and % in. 7039 aluminum alloy 
plates, and thermal experience was 
tracked with thermocouples. It was found 
that the relationships predicted by theory 
and their independence of plate thickness 
were correct qualitatively but that they 
were not accurate quantitatively. It was 
also found that when heat flow is two 
dimensional, thermal experience can be 
assessed cheaply, easily, and nondestruc-
tively when certain thermal relationships 
are established. These relationships were 
established experimentally in this work 
but they could also be determined mathe
matically if the accuracy of existing the
ory could be improved. 

Introduction 
In arc welds, it is usually desirable 

to know the thermal history of the 
weldment when attempting to inter
pret or predict its mechanical or 
chemical behavior. Metallographic 
structure and mechanical and physical 
properties are invariably affected by 
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the thermal events which naturally 
accompany the welding operation. 
Some of the more important aspects 
of thermal history are centerline cool
ing rates, peak temperatures, and du
ration of heating. The meaning of 
these terms are perhaps best illustrat
ed by examination of Figs. 1 and 2. 

Figure 1 is a three dimensional 
model of the surface temperature dis
tribution around an arc making a full 
penetration weld in a V 4 in. thick 
7039-T64 aluminum alloy plate. No 
filler metal was used in this particular 
weldment. The weld was made in a 
single pass so surface temperatures ex
tend through the plate thickness and 
heat flow is two dimensional. The 
specific distribution illustrated resulted 
from a dcsp, tungsten arc operating 
at 240 amp, 12.1 v, at a travel speed 
of 9.38 ipm. Its power was 2900 
watts. Assuming an efficiency of 0.75. 
it delivered 158 BTU's per lineal foot 

to the plate. 
If sections are taken out of the 

model, the drawing shown in Fig. 2 
can be made. This permits more 
graphic definition of the previous ter
minology. Viewing the upper left hand 
sketch in Fig. 2, center line heating or 
cooling rate is the instantaneous 
change in temperature with respect to 
time for any given temperature on the 
curve where Y equals 0. The slopes of 
portions of the curve to the right of 
the dotted line represent heating rates 
and those to the left are cooling rates. 
Peak temperature is the maximum 
temperature reached by any point in 
the weld. For example, the curve 
marked V 2 in. in the upper left hand 
sketch of Fig. 2 may be viewed as a 
record of the thermal history of any 
point V 2 in. from the weld center 
line. The peak temperature here is 
seen to be approximately 800° F. The 
lower left hand sketch is also helpful 
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Fig. 1—Model of temperature distribution around arc making weld in 
VA in. 7039-T64 plate 
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Fig. 2—Graphical representation of temperature distribution around arc making 
weld in VA, in. 7039-T64 plate 

in illustrating peak temperature. For 
example, it may be seen that a 400° F 
peak temperature occurs at a distance 
of approximately 1.4 in. from the weld 
center line. 

The concept of duration of heating 
is also best illustrated by the upper 
left hand sketch. Viewing the curve 
where Y equals V 2 in., it can be seen 
that any point in the weldment V 2 in. 
from the center line, spends approx
imately 13 sec above 600° F. Loca
tions for duration of heating are usu
ally defined in terms of peak tempera
tures so, for this particular location, 
the duration of heating would be 
about 13 sec above 600° F at any 
point where an 800° F maximum (or 
peak) temperature occurs. 

Various mathematical relationships 
have been published1-5 which permit 
the calculation of peak temperatures, 
cooling rates, thermal distribution, 
and duration of heating. These gener
ally require accurate knowledge of arc 
current, voltage, travel speed, and 
data on the physical properties of the 

materials being welded, through a 
range of temperatures. Arc efficiency 
must also be known, and this is some
times difficult to ascertain with ac
curacy. In addition, some of the rela
tionships have not proven to be as 
accurate as might be desired.5 

It is shown in this paper that cool
ing rates, peak temperatures, and du
ration of heating can be related to the 
distance from the fusion line at which 
a given peak temperature appears un
der conditions of two-dimensional 
heat flow. Graphical solutions or sim
ple equations are used to arrive at the 
desired information. The only in
formation required from the welding 
operation is the distance from the fu
sion line at which a selected peak 
temperature appears. This informa
tion can be acquired with tempera
ture-sensitive lacquers or other tem
perature-sensitive materials or, in 
some instances, from metallographic 
structural changes. The graphs and 
equations presented are specific to the 
7039-T64 aluminum alloy welded at 

Table 1—Welding Conditio 

Weld Current, 
series amp 

1fi in. plates: 
1 235 
2 240 
3 237 

s/i in. plates: 
4 533 
5 533 
6 533 

ns 

Voltage, 
V 

13.5 
13.5 
13.5 

16.5 
16.5 
16.5 

Corrected 
voltage, 

v 

12.1 
12.1 
12.1 

13.3 
13.3 
13.3 

Travel 
speed, 
ft /hr 

65.9 
46.9 
28.8 

23.8 
20.9 
18.1 

Arc 
power, 

btu/hr 

9,710 
9,910 
9,790 

24,200 
24,200 
24,200 

Energy 
input3 

to plate, 
Btu/ft 

110 
158 
255 

764 
866 

1000 

room temperature and two-dimension
al heat flow. 

However, the major purpose of 
presenting the material is to illustrate 
that relatively simple, inexpensive, and 
nondestructive methods may be used 
to obtain useful information on cool
ing rates, peak temperatures, and 
time above temperature in the heat-
affected zone. These methods may be 
extended to any material or preheat 
with further work. 

Theory 
Adams2 presented the following 

equations for calculation of weld cen
ter line cooling rates (R) and base 
metal peak temperatures (Tp) when 
heat flow is two dimensional. 

Cooling rate: 

R = 2wKpCp ( p Y (T -

Peak temperature: 

1 

'v — Tn 

4.13 PCPY, 
(Zq/V) + 

ny (i) 

(2) 
lm — To 

Rykalin4 presented the following 
equation for calculation of the time 
(th) spent above a selected tempera
ture at a point in the heat affected 
zone where a given peak temperature 
occurs. This relationship also applies 
to two-dimensional heat flow. 

Duration of heating: 

th = 
<w 

Kp cp ( r m a x — T0)
2 (3) 

where f2 is a coefficient which is 
chosen from the nomograph shown in 
Fig. 3 and in accordance with a di-
mensionless parameter (6) related to 
temperature. 

6 is found from the following rela
tionship, also given by Rykalin: 

n TR - To 

' max -'0 

: Arc efficiency assumed to be 0.75. 

All of the relationships are, in part, 
functions of the effective arc energy 
input (Zq/V). 

For this reason, the equations can 
be solved for the quantity (Zq/V) 
and subtracted so that this term is 
eliminated. Cooling rate, duration of 
heating, and peak temperature can 
then be related to the peak tempera
ture at some point, materials con
stants, starting temperature, and tem
peratures of interest. An important 
aspect of the rearrangement is that 
the plate thickness terms cancel from 
the relationships so that the equations 
relating cooling rate, duration of 
heating, and peak temperature to the 
distance from the fusion line at which 
a given peak temperature appears are 
independent of plate thickness. The 
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relationships arrived at by this process 
are shown below. Physical properties 
are assumed not to vary with temper
ature: 

R = 
.368 K / 1 _ 
p Cp \ Tp — To 

1 Y(T - To)3 

r±~-(—— pi — T0 \Tp> — To 

) 

(1A) 

^ . + ^ ( 2 A ) 
Tm — To) Yi Jm — /( 

where Tpl occurs at Yy and Tpi occurs 
at Y2. 

th = 
1 7 . 0 6 / , P c p r 2 

l\Tp -To Tm- T0) 

] 

(3A) 

(.Tm To)\ K 

Equation 1A shows that for a given 
material, initial temperature, and se
lected peak temperature for measure
ment, 

R-c£=M (IB) 

where Ct is a constant if physical 
properties are assumed constant with 
respect to temperature, and Ys is the 
distance from the fusion line at which 
the selected peak temperature ap
pears. 

Equation 2A shows that for a given 
material, initial temperature, and se
lected peak temperature (JTJ>2), 

1 
Tpi — TQ 

= G £ + C3 (2B) 

where C2 is a constant if physical 
properties are assumed constant, and 
C3 is a constant depending on melting 
point and preheat; Ya is the distance 
from the fusion line at which the 
selected peak temperature appears. 

Equation 3 A shows that for a given 
material, initial temperature, and se
lected peak temperature for measure
ment, the duration of heating above 
another selected temperature at a 
point defined by a maximum tempera
ture is given by: 

th = C4 X,2 (3B) 

where C4 is a constant if physical 
properties are constant; Ys is, again, 
the distance from the fusion line at 
which the selected peak temperature 
appears. 

Graphs were later published by 
Adams2 which permitted correction 
of eqs 1 and 2 for surface heat losses 
due to the combined effects of radia
tion, conduction, and convection. 
These are discussed later. 

In any event, Adams'1 and 

Rykalin's4 equations do indicate that 
cooling rates, peak temperatures, and 
heating times can be determined from 
knowledge of the distance from the 
fusion line at which a given peak 
temperature appears. The advantages 
of this approach are that no values of 
arc voltage, current, or travel speed 
need be known, nor is any estimate of 
arc efficiency required. 

Experimentation was undertaken to 
verify, experimentally, the validity of 
this approach. 

1 m n * *f% \ m a x "o 

Materials and Equipment 

The materials used for the experi
mental weldments were V 4 and 3 / 4 

in. thick 7039-T64 plates. Filler met
als were not used. 

Welding was performed with an 
automatic voltage control, tungsten 
arc welding head mounted on a side 
beam carriage, guided by a steel 
track. A 600 amp, d-c motor genera
tor power source of drooping charac
teristic provided power for all welds. 
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Fig. 3—Nomograph giving coefficients for calculation of duration 
heating as a function of dimensionless temperature (6)* 
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1 6 

CHROMEL-ALUMEL 
THERMOCOUPLES 

HON-CONSTANTAN 
RMOCOUPLE' 

Fig 
me 

Table 2 -

Weld 
1/t in. pli 

1 
1A 
IB 
1BR 
1R 
2 
2A 
2B 
3 
3A 
3B 

s/t in. pie 
4B 
4C 
4D 
5B 
5C 
5D 
6B 
6C 
6D 

a Defec 

Table 3 -

Welc 
1/i in. pU 

1 
1A 
IB 
1BR 
1R 
2 
2A 
2B 
3 
3A 
3B 

3 A in. pU 
4B 
4C 
4D 
5B 
5C 
5D 
6B 
6C 
6D 

^ 
ASBESTOS PAPER 

' r ' 

CARBON 
BACKING ASBESTOS PAPER 

ALUMINUM SUPPORT BARS 

4—Arrangement of supports and thermocoupl 
i ts 

-Peak Temperatures Observed at Thermocouple 

Energ\ 
input 
Btu/ft 

ites: 
110 
110 
110 
110 
110 
158 
158 
158 
255 
255 
255 

fes: 
764 
764 
764 
866 
866 
866 

1000 
1000 
1000 

1 • 
Prnlf t r 
r c d i \ ic 

Weld 
centerline '/ 

1685 
1580 
1515 
1430 
1410 

>1800 
>1800 

tive thermocou 

1360 
1775 
1800 
1770 

1575 
1800 
1690 
1550 
1650 
1700 
1540 
1660 
1760 

pie. 

mperatures at ther 

2 in . 

740 
735 
700 
695 
730 
810 
860 
820 

1020 
1065 
1110 

955 
1060 
1025 
1020 
1055 
1050 
L070 
1090 
1080 

V-/i in. 

405 
405 
400 
390 
395 
450 
465 
475 
580 
600 

DTC" 

620 
695 
655 
670 
695 
675 
740 
695 
740 

es for welding experi-

Lo cation; 

r r i r i ^ f M 1 

2 in. 

275 
280 
280 
275 
270 
300 

DTC 
335 
390 
420 
450 

475 
520 
485 
500 
505 
505 
580 
520 
545 

pie Ic 

1 

patinn*? 
U* CJ I 1 \J 1 1 J ) 

»/« in. 

215 
220 
220 
215 
225 
240 

3TC» 
280 
290 
325 
350 

390 
410 
385 
405 
410 
405 
465 
420 
430 

-Peak Temperatures at Various Distances from Fusion Line" 

Energy 
input, 

i Btu/ft 

ites: 

ites: 

110 
110 
110 
110 
110 
158 
158 
158 
255 
255 
255 

764 
764 
764 
866 
866 
866 

1000 
1000 
1000 

°F —„ 

3»/i in. 

180 
175 
175 
175 
180 
190 
200 
210 
250 
260 
280 

325 
340 
315 
335 
340 
330 
400 
340 
355 

^——Peak temperature at distance from fusion line, °F 
* / i i n . 

610 
595 
575 
570 
610 
635 
690 
660 
780 
800 
850 

820 
870 
830 
855 
850 
840 
865 
865 
895 

1 in. 

425 
420 
415 
410 
415 
455 
475 
475 
565 
570 
620 

620 
670 
635 
660 
665 
650 
700 
655 
705 

1V» in. 2 in 

325 255 
325 265 
325 260 
320 260 
320 255 
350 280 
370 300 
375 305 
425 340 
445 365 
475 390 

510 440 
555 465 
520 440 
535 455 
535 455 
535 460 
590 510 
545 470 
580 485 

2 'A in 

220 
220 
220 
215 
215 
245 
250 
255 
290 
315 
335 

390 
400 
380 
400 
400 
395 
455 
410 
420 

3 in. 

195 
185 
190 
185 
190 
210 
215 
225 
260 
270 
290 

340 
355 
330 
350 
355 
350 
410 
355 
370 

3'A in. 

175 
170 
170 
170 
180 
185 
190 
205 
240 
245 
265 

305 
315 
295 
315 
315 
305 
375 
310 
335 

a Determined by interpolat ion. 

Other equipment consisted of strip 
recorders for current and voltage. 
Two dual pen and two single pen 
potentiometric strip-temperature re
corders provided a total of six chan
nels for continuously recording the 
thermal history of weldments. The sin
gle pen instruments were calibrated for 
chromel-alumel thermocouples, while 
the dual-pen instruments were cali
brated for iron-constantan. Early ex
perimental work utilized thermocou
ple wire 0.010, 0.0125, or 0.020 in. in 
diameter. Later experiments utilized 
0.005 in. diameter wires because of 
their lower thermal inertia. 

Methods and Procedures 
AH weldments consisted of dcsp gas 

tungsten-arc square butt welds joining 
two plates, approximately 8 by 16 in., 
to make a weldment 16 by 16 in. 
Weldments were made from V 4 and 
3 / 4 in. 7039-T64 plate and were 
prepared at three different levels of 
energy input for each plate thickness. 
All welds were of the single pass type, 
with full penetration, so that heat flow 
conditions were essentially two dimen
sional. 

To vary energy input, the arc was 
operated at a constant power level for 
a given plate thickness and travel 
speeds were varied. Theoretically, the 
method used to vary energy input 
(whether by variation of travel speed 
or arc power) has no effect on cooling 
rates, peak temperatures, or heating 
times. The welding conditions are 
shown in Table 1. It will be noted that 
a corrected welding voltage is given. 
This is because it was found that an 
appreciable voltage drop occurred in 
the welding head, cables, and tungsten 
electrode. For this reason, the electri
cal resistance of these items was meas
ured and the arc voltage was correct
ed accordingly. The resistance of the 
tungsten electrode was calculated as
suming it to be evenly heated to 
3000° F. Arc efficiency was taken as 
0.75 because other work* indicated 
this to be a reasonably accurate esti
mate. 

In order to acquire information on 
the thermal history of the weldments, 
thermocouples were affixed as illus
trated in Fig. 4. These were connected 
to suitable recording instruments, as 
previously described. The thermocou
ples were attached to the plates by 
inserting them into small holes about 
0.1 in. in diameter drilled halfway 
through the plates. The thermocouples 
were then wedged into the holes with 
short lengths of aluminum wire to 
secure intimate contact of the thermo
couple tip with the plate and to min-

*See Appendix A. 
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Table 4—Weld Center Line Cooling Rates Observed at 
Various Center Line Temperatures 

Weld 

'/'. in. plates: 
1 
1A 
IB 
1BR 
1R 
2 
2A 
2B 
3 
3A 
3B 

5A in. plates: 
4B 
4C 
4D 
5B 
5C 
5D 
6B 
6C 
6D 

Energy 
input, 
Btu/ft 

110 
110 
110 
110 
no 
158 
158 
158 
255 
255 
255 

764 
764 
764 
865 
865 
865 
1000 
1000 
1000 

Table 5—Time above 420° F at 
Point in Heat-affected Zone where 
590° F Peak Temperature Occurred• 

-Cooling rate (°F/sec) at center line temperature of -
1000° F 800° F 600° F 400° F 

164 
175 
182 
204 
151 
95 
98 
78 
43 
59 
57 

40 
33 
35 
36 
36 
32 
24 
23 
25 

72 
82 
84 

113 
76 
47 
53 
49 
24 
29 
28 

16 
13 
15 
15 
14 
15 
10 
14 
13 

31 
32 
33 
37 
30 
20 
23 
22 
12 
13 
11 

6 
5 
6 
5 
6 
6 
4 
5 
6 

10 
10 
10 
10 

9 
8 
7 
7 
5 
4 
4 

1.4 
1.4 
1.5 
1.5 
1.3 
1.4 
0.9 
0.8 
1.2 

Weld 
1/i in. plates: 

1 
IB 
1BR 
2 
2A 
2B 
3 
3A 
3B 

SA in. plates: 
4B 
4C 
5B 
5C 
6B 
6C 

Energy 
input, 
Btu/ft 

110 
110 
110 
158 
158 
158 
255 
255 
255 

764 
764 
866 
866 

1000 
1000 

Time, 
sec 

16 
17 
16 
24 
28 
26 
47 
47 
50 

91 
108 
107 
110 
148 
124 

imize as much as possible, interference 
with normal heat flow by the holes. 
The center line thermocouple was 
clamped at the butt interface, between 
the two plates to be welded. A slight 
groove was provided for this purpose. 

As the work progressed, thermo
couples of 0.005 in. diameter wire 
were acquired and were used in all ex
periments. These were inserted into 
small punch marks on the surface of 
the plate, made with a scriber tip. 
The edge of the punch marks were 

Table 6—Distance from Fusion Line 
at Which a 500° F Peak Temperature 
Occurred1 

peened to hold the thermocouples in 
place. All center line thermocouple 
wires were 0.0125 in. because the 
smaller couples were too fragile to 
withstand clamping. Sheet metal 
shields were also placed over the ther
mocouples in later work to prevent 
radiation from the arc from influenc
ing the readings. 

Chart speeds of the potentiometric 
temperature records were carefully 
calibrated so that cooling rates and 
heating times could be determined 
from the charts. Center line cooling 
rates at various temperatures were ob
tained by graphical differentiation of 
the center line cooling curve. Peak 
temperatures were determined from 

a Determined by interpolat ion. 

graphs plotted from peak tempera
tures measured at the five thermocou
ple locations in the heat-affected zone. 
A sixth point was taken as the melt
ing point at the fusion line. 

Duration of heating above 420° F 
at the point in the heat-affected zone 
where a 590° F peak temperature oc
curred was obtained by interpolating 
thermal experience between thermo
couple locations. These reference 
temperatures were chosen because 
other experimental welding work had 
shown that the 7039-T64 alloy expe
rienced maximum overaging, as shown 
by hardness surveys, at a point where 
a 590° F peak temperature was ex
perienced, and that overaging began 
at temperatures above 420° F. Room 
temperature throughout the welding 

Weld 
l/i in. plates: 

1 
1A 
IB 
1BR 
1R 
2 
2A 
2B 
3 
3A 
3B 

3/i in. plates: 
4B 
4C 
4D 
5B 
5C 
5D 
6B 
6C 
6D 

Energy 
input, 
Btu/ft 

110 
110 
110 
110 
110 
158 
158 
158 
255 
255 
255 

764 
764 
764 
866 
866 
866 

1000 
1000 
1000 

Distance, 
in. 

0.73 
0.72 
0.69 
0.67 
0.73 
0.84 
0.91 
0.92 
1.15 
1.25 
1.38 

1.50 
1.77 
1.62 
1.67 
1.70 
1.72 
2.14 
1.78 
1.91 

240 

200 • 1/4 INCH PLATE 
A 3/4 INCH PLATE 

—EXPERIMENTAL LINE 
CALCULATED LINE 

* Determined by interpolat ion. 

(T-80)1 I °f \ 

( Y M a ) 2 X . 0 8 <N* 

Fig. 5—Relationship between center line cooling rate (R) and (T — 80)3/ 
(Y2™, X108) 
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operations was approximately 80° F . 

Results and Discussion 
Tables 2-5* show the experimental 

data acquired on peak temperature, 
cooling rates, and time spent above 
420° F at the point in the heat-
affected zone where a 590" F peak 
temperature occurred. Table 6 shows 
the distance from the fusion line at 
which a 500° F peak temperature 
appeared (Y 5 0 0 ) . This temperature 
(500° F) was chosen as the reference 
temperature because it appears far 
enough from the fusion line to be 
easily measured and it is high enough 
so that the distance at which it ap
pears is not greatly affected by surface 
heat losses. The data appearing in 
Table 2-5 were used in plotting all of 
the following experimental curves. 

d o l i n g Rates SSj 

Figures 5 and 6 show plots of weld 
center line cooling rate (R) vs. (T -
80)3/F 2

5 0 0 x 108). (See eq IB of 
Theory). Figure 6 is an expanded 
version of the lower left portion of 
Fig. 5, so that the data at slower 
cooling rates may be seen in greater 
detail. The solid lines are obtained by 
calculation, using Adams' equations 
(eq 1 and 2 of Theory). (Appendix A 
describes the calculations; Appendices 
B and C show the dataf on physical 
properties used in making the calcula
tions.) Two lines are shown: one is 
not corrected for surface heat losses 
while the other is corrected for sur
face heat losses using the graphs 
shown in Fig. 7 and 8 and the meth
ods described by Adams et al.2 In 
order to make the corrections, it was 
necessary to have data on the overall 

6 0 

*Note: The units for time are changed to 
seconds and the units for distance from the 
fusion line to inches for convenience and 
as an aid to comprehension. 

tShown in Figs. 11, 12 and 13 (Appendix 
B) and Fig. 14 (Appendix C). 

.1/4 INCH PLATE -
* = 3/4 INCH PLATE 

EXPERIMENTAL LINE 
— CALCULATED LINE 

(YSoo) X 10 

Fig. 6—Relationship between center line cooling rate (R) and (T — 80)3/ 
(Y2;«, X 108), expanded 

coefficient of surface heat loss (h). 
This was obtained experimentally, as 
described in Appendix C. 

It may also be noted that the the
oretical line without surface heat loss 
corrections is slightly curved. This is 
because in making the calculations, 
the fact is taken into account that 
physical properties do vary somewhat 
with temperature.3 

There is considerable disagreement 
in slope between the theoretical lines 
and the experimental data, and there 
is appreciable scatter. However, the 
linear or near linear relationship be
tween R and (T - 80)S/Y*S00 and its 
independence of plate thickness is ob
vious. 

A dashed straight line is shown 
drawn through the experimental data. 
Its equation is: 

R 10.9 
(T - soy 
YW X 10s 

Lines of somewhat better fit can be 
drawn through the data, but these are 

considerably higher order equations 
and the slight increase in accuracy 
(about 10%) is perhaps not worth 
the added complexity when assessing 
cooling rates. To use Fig. 5 and 6, one 
needs to know the distance from the 
fusion line at which a 500° F peak 
temperature appears (JY50O) and the 
temperature at which one wishes to 
know the cooling rate (T). 

Peak Temperatures 

Figure 9 shows a plot of 10 3 / (T p -
80) vs. Y/Y500. Again, two solid 
lines are shown. The lower one rep
resents the theoretical relationship 
when surface heat losses are not con
sidered. When surface heat loss is 
taken into account, the data fall into a 
band in the graph which is labeled 
"Surface Heat Loss Included." The 
curvature of the lower line is again 
caused by the fact that variation in 
thermal properties with temperature is 
taken into account in the calculations. 

The experimental data agree well 
with the curves predicted by theory in 
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many respects. The slope of the upper 
right portion of the experimental data 
disagrees somewhat, but in the lower 
portion agreement is quite good. The 
experimental data also shows the 
widening of the band as YI Y500 

becomes greater. A straight line may 
be drawn through the data for com
parison with eq 2B. Its equation is: 

10' 
T p - 8 0 

+ 0.60 

However, this equation yields obvious
ly inaccurate information at points 
close to the fusion line. A higher or
der equation produces a slightly 
curved line and yields much more 
reasonable results at points close to 
the fusion line. Its equation is: 

103 

80 
0.957 + 1.127 

0.308 (£f-oo35(£)| 
This equation represents the curved 
dashed line drawn through the data in 
Fig. 9. 

If F 5 0 0 is known, the curve or the 
third order equation may be used to 
assess the peak temperature, Tp, at 
any distance, Y, from the fusion line. 

Duration of Heating 
Figure 10 shows a graph of th vs. 

Y2
500 where th is the time spent 

above 420° F at the point in the 
heat-affected zone which experiences 
a 590° F peak temperature. The solid 
line is calculated from eqs 2 and 3. (A 
curve corrected for surface heat loss is 
not shown because the available liter
ature5 did not contain methods for 
correcting eq 3.) f. 

There is considerable disagreement 
in slope between the experimental 
data and the calculated line in this 
graph, too. However, the linear rela
tionship between th and Y2

SOo and its 

independence of plate thickness is rea
sonably clear. 

The equation for the straight 
dashed line drawn through the data is: 

th = 35 .6 Y-500 - 1.2 

The equation is, of course, unreal 
where Y2

500 is so small that negative 
heating times are arrived at (Y 5 0 0 < 
0.184), but this is a negligible portion 
of the line. In this instance, also, 
better fitting lines can be obtained 
with higher order equations. This 
graph may be used to assess tn if 

500 is known. 

Conclusions 
1. When heat flow is two dimen

sional, weld center line cooling rates, 
duration of heating above a given 
temperature, and peak temperatures 
in the heat-affected zone can be as
sessed by observing the distance from 
the fusion line at which a selected 
peak temperature occurs. The rela
tionships among these quantities are 
independent of plate thickness. 

2. Existing heat flow theory success
fully predicts that the above relation
ships exist, but disagrees with experi
ment in quantitive description of the 
relationships. 

3. Where thermal experience is crit
ical, graphs such as those shown in 
this report can be used to monitor 
important thermal events or to de
velop or check welding procedure. 
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Appendix 

A. Determination of Theoretical Lines 
The theoretical lines shown in Figs. 

5, 6, 9, and 10 could be arrived at 
directly from eqs 1A, 2A, and 3A of 
the Theory section of this report. How
ever, it would not then be possible to 
take into account the fact that physi
cal properties vary with temperature, 
nor would it be possible to make the 
surface heat loss corrections from ex
isting relationships. Therefore, a 
somewhat different approach was used 
as described in the following sections 
of this Appendix. 

Figures 5 and 6. Figure 6 is simply 
an expansion of Fig. 5 so that the 
theoretical lines in both are obtained 
in exactly the same way. The lines are 
obtained as follows: 

Using eq 1, V, t, and q were taken 
for the various welds from Table 1. Z 
was taken as 0.75. Entry of experi
mental data into the various equations 
indicated this to be a reasonable ap
proximation. T was selected at the 
same temperature as the headings in 
Table 6 (1000°, 800°, 600°, 400° 
F ) , although any temperatures could 
have been used. T0 was taken as 80° 
for all welds since they were made at 
room temperature. The values for the 
physical properties K, p, and Cp must 
be selected at some specific tempera
ture and this reference temperature, 
which we will denote as TRet , was 
found from the following equation. 

T -TB 
+ To (Al) 

The values for the physical proper
ties were then selected from Fig. 11, 
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12, and 13*. R was then calculated. 
Having found R, its value was cor
rected for radiation losses using Fig. 
7. The values for the physical proper
ties to be used in calculating the 
parameters of Fig. 7 were taken at a 
reference temperature T'Bet which 
was obtained from the following rela
tionship: 

T'p 4r + r0 (A2) 

h in Fig. 7 was determined from Fig. 
14 f of this paper. 

In order to obtain Y500 to be used 
in the abscissa of Figures 5 and 6, 

Equation 2 of Theory can be arranged 
to be explicit for Y. However, in this 
form it is difficult to make the radia
tion corrections from existing in
formation in the literature. To over
come this, peak temperatures can be 
calculated at various distances from 
the fusion line and then each peak 
temperature can be corrected for ra
diation losses using Figure 8. Plots of 
Tp at various distances, with and 
without radiation losses, can then be 
prepared and Ynoo can be assessed 
graphically for both circumstances. 
Values for q, V, Z, and t must, of 
course, correspond to those used to 
determine 7?. T„ is the initial tem
perature of the plate (80° F in this 
work) and Tm is the liquidus tem
perature of the plates being welded 
(1180° F for 7039). Y is the distance 
from the fusion line, and is purely 
arbitrary. 

The problem arises again of select
ing a reference temperature (Tay) 
for determining the value of the physi
cal properties. This is determined 
from the following relationship. 

7V Ta 

-To 
2.07 

( , -

0.685 

where 

erf —= 
V2J 

(A3) 

./' = (Tp - T0)/(Tm - To), and 
f 

erf —j= = a tabulated value available 

if the value of fly/2 is known. 

*Appendix B. 
tAppendix C. 
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7039 aluminum alloy as a function of 
temperature 

It will be seen that Tp appears in 
the above equation. Therefore, it is 
necessary to calculate Tp using rough 
approximations of physical property 
values; then calculate Tnv; and then 
recalculate Tp more accurately. 

The radiation corrections were 
made using Fig. 8 and, once again, the 
problem arises of choosing tempera
tures for the selection of physical 
properties. The reference temperature 
T"Uet was determined from the fol
lowing relationship: 

T"t 
4Tp + To 

(A4) 

After the radiation corrections were 
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Fig. 13—Density (Ib/cu ft) of 7039 alu
minum alloy as a function of tempera
ture 
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made, the previously described plots 
of Tp vs. Y, with and without radia
tion corrections, were prepared and 
Ys00, with and without radiation cor
rections, were assessed graphically. 

With the information acquired at 
this point, it was possible to plot the 
two theoretical curves of Figs. 5 and 6. 
For any given weld, calculated values 
of R, with and without radiation cor
rections, at any temperature T were 
known, as well as corresponding val
ues of Y500 with and without radia
tion corrections. 

Figure 9. The method of determin
ing points for the theoretical lines of 
Fig. 9 is the same as that used for the 
peak temperature calculations for 
Figs. 5 and 6. The necessary data can 
easily be obtained from the previously 
described curves of Tp vs. Y with and 
without radiation corrections for any 
given weld. 

Figure 10. To obtain the theoretical 
line for Fig. 10, Y500 for any given 
plate thickness and energy input was 
acquired by the combined mathemati
cal and graphical techniques previous
ly described. Corresponding points for 
th were obtained by solving eq 3 
found in the Theory section of this 
paper. No theoretical curve corrected 
for radiation losses is given, because 
no method is immediately available in 
the literature for correcting eq 3 al
though, presumably, the problem 
could be treated theoretically. In the 
solution of eq 3, physical properties 
K, p, and Cv were selected at 575° F 
in accordance with the recommenda
tion of the author, N. N. Rykalin. 

It should be appreciated from the 
foregoing discussion that the theoreti
cal lines are comparable to the specific 
experimental data shown in Tables 
3-6. For example, if very thin plates 
were assumed or very low peak tem
peratures or cooling rates at very low 
temperatures (say, 125° F ) , the curves 
corrected for surface heat losses 
would probably be shifted somewhat. 

Temperature for Selection of Physi
cal Properties. Equations A-l, A-2, 
and A-4 were obtained through per
sonal communication with Dr. C. M. 
Adams.* Presumably, they are empiri
cal and were arrived at by experience 
as the best approximations available 
at the time. Equation A-3, on the 

other hand, was arrived at on theoret
ical grounds.1' 

The practice recommended by the 
Russian author Rykalin for arriving at 
the reference temperature for physi
cal properties seems to be, generally, 
that once the basic equations are de
rived, physical properties should be 
selected at some average temperature 
which empirical data have shown 
yields the most accurate results. In 
some of his work, average tempera
tures and properties are given for 
various materials. 

B. Physical Properties of 
7039 Aluminum Alloy 

Figures 11-13 show, respectively, 
the thermal conductivity, specific 
heat, and density of the 7039 alumi
num alloy as a function of tempera
ture. These data were provided by the 
Aluminum Company of America. 

C. Overall Surface Coefficient 
of Heat Transfer 

Figure 14 shows a graph of the 
overall surface coefficient of heat 
transfer (h) vs. plate temperature for 
7039 aluminum alloy plates which are 
horizontally oriented in air at room 
temperature (91° F) and losing heat 
by convection, radiation, and conduc
tion. The coefficient was determined 
with V 4 and 3 / 4 in. thicknesses by 
heating 16 by 16 in. plates to 860° F 
in a furnace. They were suspended 
horizontally from a centrally located 
wire, and cooling curves were ob
tained from an attached thermocou
ple. These were differentiated graph
ically to obtain cooling rates, h was 
then determined from the following 
formula: 

R' Cp W 
h = 

A (V - Tr) 

where: 

/; = overall surface coefficient of 
heat transfer (Btu/hr-ft2-°F) 

R' = cooling rate (°F/hr) 
Cp = specific heat (Btu/lb °F) 

'Previously. Associate Professor of Metal
lurgy. Massachusetts Institute of Technol
ogy, Cambridge. Massachusetts', now asso
ciated with the University of Wisconsin. 

W = weight of plate (lb) 
A = total surface area of plate (ft-) 
V = temperature of plate (°F) 
TT = room temperature (°F) 

D. Nomenclature 

Cv Specific heat (Btu/lb °F) 
f A coefficient proportional to di-

mensionless duration of heating 
and a function of dimensionless 
temperature 

/* Overall surface coefficient of heat 
transfer (Btu/ft2 hr °F) 

K Thermal conductivity (Btu/ft hr 
°F) 

q Arc power (Btu/hr) 
R Weld center line cooling rate at 

temperature T (°F/hr) 
R' Cooling rate of evenly heated 

plate cooled in air (°F/hr) 
/ Plate thickness (ft) 
ti, Duration of heating above tem

perature TR, at point where peak 
temperature, rmBx, occurs in heat 
affected zone (hr) 

T Temperature at which weld center 
line cooling rate is to be deter
mined (°F) 

T' Temperature of evenly heated 
plate cooled in air (°F) 

7"„, Melting point of plate being 
welded (°F) 

Tm^ Peak temperature at point where 
duration of heating is to be 
determined (°F) 

T0 Initial temperature of plate (°F) 
Tp Peak temperature experienced at 

distance, Y, from the fusion line 
(°F) 

Tr Room temperature (°F) 
T„ Temperature above which dura

tion of heating, //,, is to be deter
mined (°F) 

V Arc travel speed (ft/hr) 
Y Distance from weld fusion bound

ary (ft) 
Y, Distance from weld fusion bound

ary at which a selected peak 
temperature appears (ft) 

Ysoo Distance from weld fusion bound
ary at which 500° F peak tem
perature occurs (ft) 

Z Arc efficiency (fraction of total 
arc, heat delivered to the base 
metal) 

d Dimensionless temperature (TB 

— ' ol Tmnx — 1 0) 
p Density (lb/ft3) 

. . . LAST CALL FOR ALTHORS . . . 
All authors interested in presenting papers at the AWS 52nd Annual Meeting which will be held in 

San Francisco, California, during April 26-30, 1971, will find that "An Invitation to Authors" and "Au
thor's Application Form" appeared as a detachable insert on pages 469 and 470 of the June 1970 issue of 
the WELDING JOURNAL. 

Additional copies of the forms may be obtained by writing to AWS Headquarters, 345 E. 47th St., 
New York, N. Y. 10017. 

The deadline for mailing 500-word abstracts with the "Author's Application Form" is September 15, 
1970. 
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