
Welding Thin Plates of Aluminum Alloys 
A Quantitative Heat-Flow Analysis 

Experimentally observed thermal cycles are in agreement 
with computer heat-flow model calculations 

BY S. KOU, T. KANEVSKY AND S. FYFITCH 

ABSTRACT. Bead-on-plate, full-penetra
tion, gas tungsten-arc welding was car
ried out in thin plates of commercial 
aluminum alloys, including 6061, 5052, 
2014 and 7075. The workpiece was ther
mally insulated from specially designed 
fixtures to avoid heat sinks during weld
ing. An automatic arc voltage controller, 
capable of maintaining arc voltages with
in ± 0 . 1 volt of the desired values, was 
employed, and the arc heat input was 
accurately controlled. 

Thermal measurements inside, as well 
as outside, the fusion zone were con
ducted, and information regarding the 
degree of liquid pool convection was 
obtained. A computer heat flow model, 
which takes into account the heat of 
fusion, the convection of the weld pool, 
the size and distribution of the heat 
source, the temperature dependence of 
thermal properties and the heat loss from 
the surface of the workpiece, was devel
oped. The experimentally observed ther
mal cycles, widths of the fusion zone and 
weld microstructures agreed very well 
with the calculated results, thus verifying 
the validity of such a welding heat flow 
model. 

In order to make the results of welding 
heat flow studies more general, dimen
sionless variables were introduced. Also, 
the results of this study were presented 
and discussed using such dimensionless 
variables. 

Introduction 

The fusion welding of thin plates has 
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been used frequently as a simple tool for 
studying the effects of welding heat input 
on the structure and properties of engi
neering materials. The understanding of 
the heat flow during thin-plate welding 
can make such studies both more quanti
tative and more systematic. 

The analytical solution to the steady 
state, 2-dimensional heat flow problem 
involving the bead-on-plate, full-penetra
tion welding of thin plates was first 
derived by Rosenthal (Ref. 1) in 1941. The 
major assumptions made were: 

1. A point heat source. 
2. No heat of fusion. 
3. No surface heat loss due to convec

tion or radiation. 
4. Constant thermal properties of the 

workpiece material. 
Many subsequent investigators (Ref. 

2-10) have tried either to modify or to 
verify such an analytical solution. Howev
er, major improvements over Rosenthal's 
original theory have not been achieved 
until the recent application of numerical 
methods in the simulation of heat flow 
during thin-plate welding (Ref. 11-13). 

In the present study, attempts were 
made to verify, under carefully controlled 
heat flow conditions during welding, the 
validity of the heat flow model devel
oped. Such a model takes into account 
the size and distribution of the heat 

source, the heat of fusion, the convec
tion of the weld pool, the surface heat 
loss due to convection and radiation, and 
the temperature dependence of thermal 
properties. 

Commercial aluminum alloys of practi
cal welding applications, such as 6061 
and 5052, were employed. Alloys 2014 
and 7075, although less weldable in prac
tical situations, were also included due to 
their readily available information on 
weld microstructures. 

Theory 

The theory of the steady-state, 2-
dimensional welding heat flow has been 
described in details elsewhere (Ref. 13) 
and thus is mentioned only very briefly 
here. In short, the heat flow equation can 
be written in terms of a coordinate sys
tem (x,y), which moves with the heat 
source at the same velocity (see Fig. 1). In 
other words: 

5 xv ax' d Y dy d x 

where T is temperature, k the thermal 
conductivity, Q v the volumetric heat 
source or sink, U the welding velocity, p 
the density and H the specific enthalpy of 
the workpiece material. The boundary 

Fig. 1 - The schematic illustration of a pair of thin plates being butt welded with a heat source of 
constant velocity U 
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F/g. 2 — The thermodynamic relationship 
between the dimensionless enthalpy H* and 
the dimensionless temperature T* in the solid 
phase (S), the liquid phase (L) and the mushy 
zone (S + L). The dashed line in the mushy 
zone indicates a possible nonlinear H* vs. T* 
relationship due to a nonlinear temperature vs. 
fraction liquid relationship 
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Fig. 3 — The grid mesh (41 by 81) used for simulating heat flow during thin plate welding. The grid 
spacing increases in an exponential function of the distance from the origin (the location of the heat 
source) 

where T0 and w are the original temper
ature and the width of the workpiece. 

In order to make the results of welding 
heat flow studies more general, dimen
sionless variables are adopted here. 
Listed below are the definitions of the 
dimensionless variables used in this 
study: 

H* = (H-H0)/(TS-T0)CS 

dimensionless enthalpy. 
T* = (T-T0)/(TS-T0) 

dimensionless temperature. 
Tf = (TL-To)/(Ts-T0) 

dimensionless liquidus temperature. 
Ste = Q(T5-T0)/AH 

Stephan number. 
C* = C/Q 

dimensionless specific heat. 

where H0 is the specific enthalpy at 
temperature T0, Ts the solidus tempera
ture, Q the specific heat of the solid 
phase, TL the liquidus temperature and 
AH the heat of fusion. 

The above dimensionless variables 
describe the thermodynamic relationship 
between the enthalpy and the tempera
ture of the material. Such a relationship is 
illustrated in Fig. 2. Although the heat 
flow model developed takes into 
account the temperature dependence of 
thermal properties (Ref. 13), this was not 
necessary for the present study, since the 
thermal properties of aluminum alloys do 
not vary significantly with temperature. 

In addition to those listed above, the 
following dimensionless variables were 
also needed in the heat flow calcula
tion: 

Q* = Q/(TS-T0)gks 

dimensionless heat input. 
Bi = hef f«l/U2gks 

Biot number. 
k* = k/ks 

dimensionless thermal conductivity. 
x* = xU/a s 

dimensionless distance. 
y* = yU/a s 

dimensionless distance. 
a* = aU/as 

dimensionless radius of heat source. 
w* = w U / a s 

dimensionless width of workpiece. 

where Q is the net heat input, g the 
thickness of the workpiece, ks the ther
mal conductivity of the solid phase, heff 
the effective heat transfer coefficient due 
to convection and radiation, cts the ther
mal diffusivity and a the radius of the heat 
source. 

The relationship between Q and Q v 

has been given elsewhere (Ref. 13). With 
the help of the above dimensionless vari
ables, the heat f low equation and the 
boundary conditions were rewritten as 
follows: 

Enthalpy Equation: 

,dl*^ . 3T 
I ) dT* + Q* 

dy* y dx* 

r rdt-i* 

Boundary Conditions: 

T* = 0 as x* — ± oo 

dl* 

cfy* 
0 at y* = ± w * / 2 

The above equations were broken 
down into the finite difference form and 
solved for the dimensionless tempera
ture. Figure 2 was then used to find the 
corresponding dimensionless enthalpy 
needed for the next iteration of tempera
ture calculation. Such calculations were 
repeated until the absolute value of the 
difference between the new and old 
values of the dimensionless temperature 
in two subsequent iterations became less 
or equal to 0.001, which corresponds to 
about 0.5°C. 

The finite difference grid system used 
in this study is shown in Fig. 3. The 
center of the heat source, i.e., the origin 
of the coordinate system, coincided with 
the center of the area occupied by those 
very tiny squares. Since highest tempera
ture gradients were expected near the 
heat source, very small grid spacings 
were used in order to gain better accura
cy in calculations. However, farther away 
from the heat source, temperature gradi
ents decreased and coarser grid spacings 
were used in order to cut down the 
storage and the computation time 
required. 

Experimental Procedure 

Commercial aluminum alloys including 
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clamp 

Fig. 4 — The fixtures used for the welding of thin aluminum plates. Both the top of the aluminum 
base and the bottoms of the clamps were thermally insulated with bakelite to avoid heat sinks 
during welding. The basin of the bottom fixture was to provide the bottom inert gas for protecting 
the weld metal from oxidation and for preventing the weld metal from sagging 

6061, 5052, 2014 and 7075 were 
employed in this study. The dimensions 
of the plates were 200 X 130 X 1.6 mm 
(8 X 5 X /i6 in.). Oxides were polished off 
the surfaces of the plate. The polished 
surfaces were then cleansed with ace
tone before welding. 

In order to protect the weld metal 
from oxidation and also prevent the liq
uid pool from sagging, a special type of 
fixture was designed. Shown in Fig. 4 is a 
sketch of the fixture. Argon gas was 
introduced into the basin of the bottom 
fixture, and a gas dam was used to hold 
the gas inside the basin. A hole was drilled 
through the dam to provide the outlet for 
the thermocouple wires. Furthermore, in 
order to avoid heat sinks during welding, 
both the top of the aluminum base and 
the bottom of the steel clamps were 
thermally insulated with bakelite. 

A programmable power source was 
used in conjunction with a traversing 
carriage of adjustable travel speeds for 
the welding of the plate. DCRP GTA 
welding was used to produce bead-on-
plate, full-penetration welds, with essen
tially parallel fusion boundaries in the 
thickness direction of the plate. All welds 
were made using argon shielding gas and 
a 2.4 mm 0i2 in.) tungsten-2% thoria 
electrode with a balled end of 4 mm (0.16 
in.) diameter. 

During the early stage of experiment, 
slight buckling of aluminum plates was 
found to change the arc voltage rather 
significantly. As a result of the nonuni
form heat input during welding, nonuni
form bead widths were encountered fre

quently. Therefore, in order to maintain a 
constant arc voltage during welding, an 
automatic arc voltage control system was 
employed. 

Figure 5 shows the welding equipment 
hooked up with the arc voltage control 
system. The welding torch, instead of 
being attached directly to the traversing 
carriage, was fixed to the drive unit of the 
control system. The electrode was con
nected to the torch sense lead of the 
drive unit, while the plate was connected 
to the ground sense lead of the same 
unit. With the help of the voltage control 
unit, the arc voltage during welding was 
maintained within ± 0.1 volt (v) of pre
determined values. The welding current, 

on the other hand, varied less than 1% 
during all welding experiments. The 
welding power input was, therefore, 
very accurately controlled and very 
reproducible in the present study. 

Thermal measurements were con
ducted by using a high speed, oscillo
graph-type multiple-channel recorder. In 
order to minimize their interference with 
the heat flow during welding, thermo
couple wires of 0.13 mm (^iooo in.) diam
eter were used. The tips of the thermo
couple were planted into small holes of 
0.60 mm (0.024 in.) diameter, which were 
drilled at the predetermined positions of 
the bottom surface of the plate. These 
holes were then sealed tightly against the 
tips of the thermocouples mechanically 
to ensure good thermal contact. 

After welding the weld beads were 
etched macroscopically to reveal the 
fusion zone structure. The observed ther
mal cycles, widths of the fusion zone and 
weld microstructures were compared 
with the calculated results of the heat 
flow model. 

Results and Discussion 

Thermal Cycles and Widths of the Fusion 
Zone 

The experimental work in the present 
study is unique in that temperature mea
surements were conducted inside, as 
well as outside, the fusion zone. It is to be 
noted that temperature measurements 
inside the fusion zone provide the infor
mation regarding the degree of convec
tion in the liquid pool. This is important 
not only for the study of the weld pool 
solidification, but also for the simulation 
of heat flow during welding. 

It can be expected that, with the same 
heat input, if the effective liquid conduc
tivity used in the heat flow simulation is 
too high, the calculated thermal cycle for 
a point located inside the fusion zone will 
tend to indicate both too flat a peak and 
too low a peak temperature. On the 
other hand, if the effective liquid conduc-

a:power source 
b :d r ive uni t 
c : ca r r i age 
d:arc vol tage control 

uni t 

e:workpiece 
f:TIG torch 
g: torch sense lead 
h:ground sense lead 

Fig. 5— The GTA welding system hooked up with an automatic arc voltage control system. The 
drive unit moved the torch up and down and the control unit maintained the voltage drop across 
the arc gap within ± 0.1 V of the desired value 

WELDING RESEARCH SUPPLEMENT 1177-s 



Fig. 6 — The fusion zone macrostructure in 
6061 aluminum, plate #14. The columnar 
grains curved in the welding direction 

tivity is too low, both too steep a peak 
and too high a peak temperature will be 
obtained. 

In the following, the experimental 
results are presented and compared with 
the calculated ones for each alloy system. 
The dimensionless distance, instead of 
the dimensionless time, was used in the 
presentation of thermal cycles. This was 
because the dimensionless distance could 
be readily converted into the dimension
less time. Therefore, it is unnecessary to 
introduce one extra dimensionless vari

able. 
It was also found during the heat flow 

simulation that the surface heat loss dur
ing the welding of aluminum alloys was 
very small and, therefore, was neglected 
for practical purposes. Furthermore, 
since the specific heat of the solid phase 
is very close to that of the liquid phase for 
aluminum alloys, the dimensionless spe
cific heat C* was set equal to one in the 
heat flow simulation. Finally the size of 
the arc at the workpiece surface 
observed in this study was between 12 
(0.47 in.) and 13 mm (0.52 mm) in diame
ter. According to Pavelic (Ref. 10), the arc 
heat distribution can be approximated 
with a Gaussian type distribution func
tion. This was adopted in the present 
study. 

606 J Aluminum. Shown in Fig. 6 is the 
fusion zone macrostructure of 6061 alu
minum, plate #14. The current used was 
58.5 amperes (A), the voltage drop 
across the arc 17.5 V and the welding 
velocity 4.31 mm/s (10.2 ipm). As can be 
seen in Fig. 6, the columnar grains curved 
in the welding direction and the width of 
the fusion zone was about 7 mm (0.28 
in.). 

The thermal cycles and the width of 

the fusion zone, both measured and 
calculated, are shown in Fig. 7. The 
dashed lines indicate the experimental 
results and the solid lines the calculated 
ones. The values of the dimensionless 
variables used in the calculation are also 
listed. The dimensionless heat input 
Q* = 3.65 corresponded to about 53% 
of the heat generated at the arc, i.e., the 
current times the voltage drop measured 
across the arc gap (not the overall volt
age indicated on the voltmeter of the 
welding machine). This rather low effi
ciency was perhaps due to the reverse 
polarity and the shape of the electrode 
used. 

When Rosenthal's solution was used, a 
46% efficiency was required in order to 
match the measured width of the fusion 
zone, while a 47% efficiency was 
required to match the measured thermal 
cycle outside the fusion zone, i.e., at 
y* = 0.52. The dimensionless conductivi
ty k*, on the other hand, corresponded 
to an effective liquid conductivity twice 
the conductivity of the solid phase, indi
cating significant effects of the weld pool 
convection. As can be seen, the calcu
lated thermal cycles showed very good 
agreement with the experimentally mea-

measured 
calculated 
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Fig. 7 — Calculated and measured thermal cycles, isotherms and widths 
of the fusion zone for 6061 aluminum, plate #14. The dashed lines are 
the experimental results and the solid lines the calculated results. The 
number indicated on each isotherm is the dimensionless temperature 

0 1 
DIMENSIONLESS DISTANCE, x* 

Fig. 8 — Calculated and measured thermal cycles, isotherms and widths 
of the fusion zone for 6061 aluminum, plate #21. The dashed lines are 
the experimental results and the solid lines the calculated results. The 
number indicated on each isotherm is the dimensionless temperature 
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Fig. 9 — Calculated and measured thermal cycles, isotherms and widths 
of the fusion zone for 5052 aluminum, plate #22. The dashed lines are 
the experimental results and the solid lines the calculated results. The 
number indicated on each isotherm is the dimensionless tempera
ture 

DIMENSIONLESS DISTANCE, 

Fig. 10 —Calculated and measured thermal cycles, isotherms and widths 
of the fusion zone for 2014 aluminum, plate #25. The dashed lines are the 
experimental results and the solid lines the calculated results. The number 
indicated on each isotherm is the dimensionless temperature 

Table 1—Physical Properties of Materials Used (Ref. 14) 

Materials 

6061 
5052 
2014 
7075 

Liquidus 
temperature, °C 

652 
649 
638 
635 

Solidus<a> 
temperature, °C 

582 
607 
507 
477 

Thermal 
conductivity. 
wat ts/m°C 

168 
139 
155 
130 

Density, 
kg/m 3 

2700 
2680 
2800 
2740 

(a) This is the lower bound of the freezing range. 

sured ones. 
Figure 7B shows the calculated iso

therms, including the liquidus isotherm 
T* = Tf, i.e., the weld pool. The mea
sured width of the fusion zone in this 
case was exactly the same as the calcu
lated one. 

The welding condition of 6061, plate 
#21, was the same as that of #14, except 
that the travel speed was increased 
about 25%. As a result of such an 
increase, the dimensionless radius of the 
heat source and the dimensionless width 
of the plate both increased 25%. As can 
be seen in Fig. 8, a decrease in both 
the dimensionless peak temperatures and 
the dimensionless width of the fusion 
zone was observed, both experimentally 

and theoretically. Again, the agreement 
between the experimental and the calcu
lated results was very good. The dimen
sionless heat input Q* here was slightly 
lower than that of plate #14. The reasons 
for such a slightly lower efficiency are not 
exactly clear. 

5052 Aluminum. The welding condi
tion of 5052 aluminum, plate #22, was 
the same as that of 6061, plate #21. The 
thermal cycles and width of the fusion 
zone are shown in Fig. 9. 

As shown in Table 1 (Ref. 14), the 
freezing range of 5052 is only about 60% 
that of 6061, giving a dimensionless liq
uidus temperature Tf as low as 1.07. The 
combination of a lower Tf and a slightly 
higher Q* resulted in a greater dimen

sionless width of the fusion zone —Fig. 
9B. 

It is interesting to note that the thermal 
cycle at y* = 0.15, which is inside the 
fusion zone, shows a rather flat "peak". 
This implies that the temperature in the 
liquid pool was rather uniform, due to the 
presence of a rather rigorous liquid con
vection. This point was confirmed by the 
fact that a higher effective liquid conduc
tivity, i.e., k* = 3.0, did reproduce such a 
flat "peak". 

2014 Aluminum. The welding condi
tion of 2014 aluminum, plate #25, was 
also the same as that of 6061, plate #21. 
The thermal cycles and the width of the 
fusion zone are shown in Fig. 10. Both the 
thermal conductivity ks and the solidus 
isotherm Ts are lower than that of 6061, 
thus giving a significantly higher dimen
sionless heat input Q*. This, together 
with a somewhat lower dimensionless 
conductivity k*, resulted in significantly 
higher dimensionless peak temperatures, 
as shown in Fig. 10A. Although, due to 
the significantly wider freezing range, the 
dimensionless liquidus temperature Tf 
appears to be significantly higher than 
that of 6061. Also, the effect of the 
higher dimensionless heat input Q* was 
apparently dominating, since the dimen-
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measured 
calculated 

Table 2—Comparison Between the 
Measured and the Calculated Dimensionless 
Widths of the Fusion Zone 

Dimensionless Width of 
Fusion Zone 

DIMENSIONLESS DISTANCE, 

Material 

2014 
5052 
6061 
6061 
7075 

Measured 

.71 

.60 

.52 

.48 

.82 

Calculated 

.69 

.59 

.52 

.46 

.82 

Fig. 12 — Transverse microstructure near the 
weld center line of 6061 aluminum, plate #14. 
X200 (reduced 52% on reproduction) 

DIMENSIONLESS DISTANCE, x* 

Fig. 11 — Calculated and measured thermal cycles, isotherms and widths of the fusion zone for 7075 
aluminum, plate #24. The dashed lines are the experimental results and the solid lines the calculated 
results. The number indicated on each isotherm is the dimensionless temperature 

sionless width of the fusion zone was still 
significantly greater than that of 6061. 

7075 Aluminum. The welding condi
tion of 7075 aluminum, plate #24, was 
also the same as that of 6061, plate #21. 
The measured thermal cycles and width 
of the fusion zone are shown in Fig. 11. 
Due to the significantly lower thermal 
conductivity ks and solidus temperature 
Ts, a much higher dimensionless heat 
input Q* than that of 6061 was obtained. 
Therefore, as expected, significantly high
er dimensionless peak temperatures and 
greater dimensionless width of the fusion 
zone were observed. 

The calculated and the measured 
widths of the fusion zone are summa
rized in Table 2. As can be seen, the 
agreement was very good. It is interesting 
to note that, when Rosenthal's equation 
was used, the measured thermal cycle 
and width of the fusion zone could not 
both be matched at the same time. In 
fact, when the width of the fusion zone 
was matched, calculated peak tempera
tures in the heat affected zone as much 
as 20% off the measured ones were 
found in some cases. On the other hand, 
with the peak temperatures in the heat-
affected zone matched, the calculated 
widths of the fusion zone were some
times more than 30% off the measured 

ones. 
The worst of all was, of course, at the 

weld center line, where Rosenthal's cal
culation yielded infinitely high peak tem
peratures, while the experimental results 
indicated only finite values. 

Microstructures 

In addition to the results presented and 
discussed above, the weld microstruc
ture was also examined. However, due 
to the limitation of space, only the results 
of 6061 aluminum, plate #14, will be 
discussed here. Figures 12 to 14 show the 
microstructures of the transverse cross-
section of the weld, from near the cen
terline to the outside of the fusion 
zone. 

The large grain appearing on the right 
hand side of the micrograph shown in Fig. 
12 was close to the weld center line. It 
was one of the axial columnar grains 
shown in Fig. 6. The grain that appeared 
on the left hand side of the micrograph 
was another columnar grain which was 
growing toward the weld centerline and 
was blocked by the other grain. The 
relatively small cell spacings shown in this 
micrograph suggest that the cooling rate 
through the solidification range was fairly 
high (Ref. 15). 

Figure 13, on the other hand, suggests 

Fig. 13 — Transverse microstructure at the 
fusion line in 6061 aluminum, plate #14. 
Coarser cells in the fusion zone (than in Fig. 12) 
are evident. X200 (reduced52% on reproduc
tion) 

significantly greater cell spacings and 
hence lower cooling rate near the fusion 
line of the weld. This is consistent with 
the calculation of the heat flow model. In 
fact, the calculated average cooling rate 
was 124°C/s (223°F/s) at the weld cen
ter line and was 44°C/s (79°/s) at the 
fusion line. The cell sizes for such cooling 
rates compare very favorably with the 
established cell size vs. cooling rate rela
tionship for commercial aluminum alloys 
(Ref. 15), indicating quantitative agree
ment between the heat flow calculations 
and the microstructure observed. 

It is to be noted that the cooling rates, 
whether calculated with the heat flow 
model or estimated from the observed 
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Fig. 14 — Transverse microstructure near the 
fusion line (outside the fusion zone) in 6061 
aluminum alloy, plate #14. X200 (reduced 52% 
on reproduction) 

cell sizes, seem lower than w h a t w o u l d 
have been expec ted in we ld ing . This, 
howeve r , is not surprising. Since, due to 
the high thermal conduct iv i ty o f alumi
num, the strong convec t ion o f the we ld 
poo l and the s low we ld ing veloci ty used, 
the tempera ture gradients w e r e no t very 
high. Also, thin plates are much worse 
heat sinks than thick plates and, there
fo re , cool d o w n w e l d beads much more 
slowly. 

Finally, Fig. 14 shows the microstruc
ture near the fusion zone. The calculated 
peak temperatures in this area we re 
above the solidus tempera ture , thus sug
gesting the remelt ing of eutect ic 
materials. Figure 15, wh ich shows the 
microstructure o f the same area at a 
higher magnif icat ion, does indicate such 
remelt ing along the grain boundar ies and 
inside the grains. 

Conclus ions 

The most impor tant conclusions are: 
1. The arc vol tage control ler main

tained a very constant arc vol tage across 
the arc gap, giving a very accurately 
contro l led arc heat input regardless of the 
distort ion tendency of thin a luminum 
plates dur ing we ld ing . 

2. Thermal measurements inside the 
fusion zone p rov ided valuable in forma-

Fig. 15—Transverse microstructure near the 
fusion line (outside the fusion zone) in 6061 
aluminum alloy, plate #14. The melting of 
eutectic materials along the grain boundaries 
and inside the grains is clearly visible. X800 
(reduced 52% on reproduction) 

t ion concern ing the degree o f w e l d p o o l 
convec t ion . 

3. Rosenthal's analytical solut ion 
showed fair agreement w i t h the exper i 
mental results, except in we ld pools. 

4. The experimental ly observed ther
mal cycles, w id ths of the fusion zone and 
we ld microstructures agreed very we l l 
w i t h those calculated w i t h the heat f l o w 
mode l deve loped . There fore , such a heat 
f l o w mode l can be used to study b o t h 
solidif ication and solid-state phase trans
format ions dur ing thin-plate we ld ing . 
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