
The Character of Stress Fields Around a Weld Arc 
Moving on Aluminum Sheet 

The large area of heating around a moving weld can produce some 
large and complex effects. But a simple pattern of the stresses 
and strains that can develop forms the basis for explaining 
all of the dynamic activity that occurs 

BY RUSSELL A. C H I H O S K I 

ABSTRACT. The familiar isotherm map that 
describes the temperature decline on a 
metal surface around a moving heat source 
is seen as a family of ellipse-like curves one 
inside the other, close together at the for
ward end and spaced at the trailing end. A 
faster moving source gives narrower, more 
elongated isotherms. The temperature of 
the material confined by isotherms causes a 
calculable expansion of that material over 
its original volume. The displacement of 
any point from a reference point could be an 
accumulation of all linear changes. The 
outward displacement which might occur 
does not occur because of the restraint of 
the mass of surrounding cool material. 
Instead, local compressed fields of material 
are created. Outside of these, tensile fields 
appear in reaction. 

It is convenient to picture transverse 
strips across the weld and longitudinal 
strips parallel to it. The longitudinal strips 
close to the weld centerline would expand 
in length more than parallel strips further 
from the centerline. This would cause two 
plates not welded together on the travel 
centerline to curve apart for a distance 
after the heat source. 

On the other hand, the transverse strips 
just ahead of and over the source would 
lengthen; a few after the source would 
lengthen some, then all others after would 
shrink. A two-dimensional plot of these 
expanding forces shows a small intense 
biaxially compressed field maintained ahead 
of the heat source and under some condi
tions a biaxially compressed field just after 
solidification. 

Ahead of the forward swelling field may 
be either a gap or a tension field in reaction. 
After the trailing compressed field may be a 
tensed field or a crack. The melt of metal 
around the source in combination with 
plastic flow around the melt tend to isolate 
somewhat the effects of the forward and 
the aft stress fields. 

The volume change through bead solidi
fication also interacts. The relative size and 
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shape of the forward and aft compressed 
fields vary largely according to travel speed 
and preweld gap. The intensity of either 
field is limited by the plasticity of the 
material at a given temperature. The ex
panding cell ahead of the source and the 
expanding cell after the source act as 
competing pistons, one to spread the for
ward sections apart, the other to push the 
aft sections apart. Bead solidification just 
after the point heat source and general 
contraction much further aft act as pistons 
to pull the materials together. The relative 
influence of some of these over the others 
can be judged by visible reactions. 

The shape and intensity of compressed 
or tensed fields is illustrated by stress maps 
at two weld speeds to demonstrate "in 
opera" conditions around the heat source; 
not post weld residual stresses. The partially 
quantitative expression of the calculated 
data provides a pattern which can be used 
to explain a number of common exper
iences: cracks and microcracks, forward 
gapping, varying shrinkage, upset, and part 
distortion, sudden changes in current 
demand, and unexpected responses to 
welding gaps. Several experiments demon
strate these fields operating in the expected 
locations. The recognition of this phe
nomenal order suggests the kind of correc
tive actions that are appropriate for 
the problems that are produced by these 
stresses. 

Introduction 

In solving the problem of weld 
cracking, several relevant approaches 
have been employed to identify causes. 
Most frequently studied are changes in 
solidifying microstructure, welds in re
straint, or magnitudes and signs of post
weld stresses. It seems that none of these 
provide substantial or complete ex
planations for crack vs non-crack ex
periences. Few references deal with the 
possibly large and complex effects of the 
heating in a greater area around a 
moving heat source. 

It was felt that a definition of stresses 
and strains directed into the puddle-
and-plastic zone on the alloy of im
mediate interest, 2014-T6 aluminum, by 
the greater heat pattern would have 
immediate practical usefulness and 
would be vital prepara t ion for investi
gating reactions in microstructure and 
for understanding the ultimate residual 
stress status. It has turned out that the 
derived pat tern to be described put into 
order a multi tude of isolated stress and 
strain experiments, and metal move
ment experiences. In spite of more com
plicated sub-effects, the essential pat
tern forms a basis for explaining all the 
dynamic activity occurring around a 
heat source moving along the surface 
of a thin piece of material . Reasons 
why welds crack or do not crack appear 
to have been provided now for the 
aluminum alloy studied and for other 
alloys also. 

Method of Experiment 

To produce an understanding of 
temperature distributions around a gas 
tungsten arc moving on a thin alumi
num plate the essential Rosenthal 
formula was used. Considering a point 
heat source moving at 6 ipm and the 
heat input (q) adjusted to make the 
1000F isotherm 0.8 in. wide the tem
perature rise ( A r ) was calculated 300 
times, once for each of 300 "x" and "y" 
positions around the source; a sufficient 
number of points to define the iso
thermal map shown in Figure 1. The 
process was repeated with the velocity 
of the moving heat source changed to 
20 ipm and the heat input corrected to 
make the 1000F isotherm 0.8 in. wide 
to simulate assumed conditions (point 
heat source and no temperature differ
ential from the top to the bot tom sur
face) and a weld bead of equal width 
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Fig. 1—Calculated isotherms and strip expansions caused by 
a moving point heat source, moving at 6 or 20 ipm, with heat 
sufficient in each case to produce an 0.8 in. wide bead in 
0.250 in. thick aluminum alloy, (a) heat source moving at 6 
ipm; (b) heat source moving at 20 ipm 

Table I—The Components for Calculating Temperature Rise 
of Any Position Around a Moving Point Heat Source 

AT = temperature rise over ambient 
V = velocity of moving point heat source 
a = diffusity, K/C 
x = position forward(—) or after(+) the source 
y = position on either side of centerline 
K = thermal conductivity 

q = heat input thru plasma/Al interface 
p = density 

Cp = specific heat 
t = time 

"solut ion" 
6, 20 
1.11 
"select" 
"select" 
2.57 X 10-' 

1.82, 2.71 
0.101 
0.23 
' 'solve" 

°F 
ipm 
in'/sec 
Inches 
inches 
BTU-in 

sec-in!-°F 
Btu/sec 
lbs/in8 

Btu/lb/°F 
seconds 

for both cases. An algebraically con
venient version of the formula em
ployed is: 

AT 
q • e" 

j-(x- Vx1 + y') 

2Kt ti' -Vx1 + y2 

Physical dimensions and values em
ployed are shown in Table 1. 

The results of this effort were the two 
isothermal maps in Fig. 1. In spite of 
the assumptions, the ideal curves which 
are produced are felt to be more useful 
for this study than curves derived from 
close-in thermocouple measurements 
that have their own faults. The larger 
curves compare reasonably with some 
published results but naturally show 
more consistency. 

The peculiar thermal expansions of 
the aluminum sheet is related to the 
temperature distribution. Every interval 
of area expands according to its own 
temperature rise. The increase in dimen
sion of the interval was calculated by 
the following technique. The isothermal 

map (Fig. 1) had been marked with 
0.5 x 0.5 in. grid squares which were 
to be the foundation for identifying the 
particular unrestrained expansion. Each 
0.5 X 0.5 in. square was marked with 
its new dimension according to its 
raised temperature by the formula 
Al = 1„ (11.6 + .0064 T) T where T is 
in °F. After that, the theoretical in
crease (Al) between any two points is 
easily found by the difference between 
the original and the new sum of the 
intervals between the points. 

Transverse expansion is the sum of all 
added increments, from OD to the center-
line in each 0.5 in. wide X„ strip. The 
expansion is shown as displacement in 
inches over the centerline. Longitudinal 
expansion is the sum of all increments 
in each Y„ strip running from — oo to 
+ o=; except the strip by the centerline. 

Strip expansion techniques have been 
questioned because of the customary 
assumption of no interaction between 
strips when in fact a shear stress must 
relate strip to strip. Two points may 
relieve some weight from that reserva
tion. First the coarseness of this obser
vation system prevents conclusions 

Fig. 2—Half-inch grids on an aluminum 
alloy sheet that is heated by a 6 ipm 
point heat source could be distorted in 
the manner shown above 

attached to very small distances. Second, 
other coordinate systems have been 
tried in this study: the growth of lines 
radiating from the source and the growth 
of arcs circling the source. These two 
systems each produce expansion pro
files remarkably like those of Fig. 1. 

All welding experiments presented 
herein were accomplished on 2014-T6 
aluminum alloy by automatic GTA 
(gas tungsten-arc) dscp welding with 
helium. 

Discussion 
Stresses Around Moving Heat Source 

An over-simplified graphical analogy 
of an aluminum specimen heated in the 
isothermal pattern of Fig. 1 gives (in 
Fig. 2) the beginning of an organized 
instinct for the distortion which may be 
expected on pieces of real gridded alum
inum. Figure 2 was derived from the 
0.5 in. grids seen in Fig. 1 by the follow
ing process. Starting with the front X 
strip and outside edge Y strips each 
area increment was increased in area 
in accordance with its temperature over 
ambient. Growth was made to accumu
late from the leading edge toward the 
rear in the longitudinal strips and from 
the outside edges toward the center in 
the transverse strips. When the enlarged 
area increments were fitted together the 
grid lines were distorted showing a con
sequence of a static Fig. 1 temperature 
pattern. Prominent features include (1) 
the side volumes moving into one 
another and (2) the greater growth of 
the longitudinal strips near the center-
line. This diagram supposes unresisted 
volumetric expansion: the zero pressure 
status. When material expands without 
restraint, points on the surface are 
displaced and no internal stress develops. 

However, when material wants to ex
pand in an area which is constrained all 
around and displacement theoretically 
cannot occur then the pressure rises in 
the would-be expanding areas. This 
extreme of zero displacement will be 
illustrated later. In an examination of 
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Fig. 2 it can be appreciated that the 
metal swelling around the heat source 
will in fact combine two practical effects: 
(1) upset of the heated metal, and (2) 
a tendency to push the two plates apart. 
A more correct illustration of the first 
conclusions of this study are found in 
Fig. 3 which presents a more natural 
interbalance of displacement and stress. 
Displacement and stress must be con
sidered convertible in the sense that a 
given expansion will move one point 
away from a reference point to a new 
location if it is unrestrained, but as re
straint is increased, the point's move
ment is inhibited and compression 
stress in the enclosed area rises. 

Here is the thesis. A proof will be 
given later. In Fig. 3a a pair of alum
inum panels are shown heated but not 
welded by a point heat source which 
moves at 20 ipm. The leading tempera
ture-rise causes a small swelling G just 
in front of the puddle. It brings little up
set and only a small transverse force to 
push the edges of the panel apart. The 
puddle N (null, liquid incapable of 
supporting any two dimensional stress) 
dissolves all inward displacement of 
material coming from the expansion on 
either side. The onset of solidification 
creates a tensile cell Tm across the rear 
of the mushy zone. From the liquidus 
to the solidus it grows in magnitude and 
strength. After the solidus, because net 
transverse expansion across the plates is 
still increasing (see Fig. lb), an expand
ing compressively stressed cell G may 
be found on the centerline. The gap T2 

found after that is a reaction to G 
pressure and to the transverse recession 
of large slowly cooling areas on both 
sides of the centerline on back. 

It is helpful here to coin some new 
terms. When a portion of matter 
(aluminum area here) expands because 
it is heated it will be called a positive 
expansion or compressive motor. The 
tensile field around it is a tensile reaction. 
If an area thermally shrinks it will be 
recognized as a negative or tensile 
motor. Reactions to it will be com
pressive reactions. 

If plates like those used for Fig. 3a 
are bound together after the heat source, 
as they are in welding, the aft expansion 
motor G supports a tensile field reaction 
after it across the centerline instead of a 
gap. This is expressed figuratively in 
Fig. 3b. The magnitude of that tension 
Ti across the centerline is a resultant of 
the magnitude in the expanding motor 
(Ci) ahead of it and the negative motor 
in the after-recession (T2). If transverse 
tension and strain across this area at 
7"2 exceeds the strain limit of the ma
terial at its temperature then the tension 
will render the material apart creating a 
crack that follows the weld down the 
centerline. The consequence actually 
looks like Figure 3a. 

At lower travel speeds such as 6 ipm 

the size and position of the fields change 
and the character of the pattern changes. 
Fig. 3c shows that the much larger area 
heated ahead of the heat source creates 
a very large expanding force G and also 
much more upset. That motor has the 
ability to induce a large gap (T,) ahead 
of it. After the puddle the tension in the 
solidification zone (tensile motor Tm) 
joins the aft tension (recession TT). 
Note the peak of expansion at 6 ipm 
occurs over the puddle; at 20 ipm it 
occurred after solidification. When a 
compressed cell (CT) does exist after the 
puddle at slower speeds it can be ex
plained as a reaction to the tension 
motor (Tm) ahead of it and to some 
extent the tensile motor (T2 recession) 
after it. An increase in the magnitude of 
expansion motor G forward of the 
heat source would tend to increase 
separation of parts and the magnitude 
of the aft tension cells Tm and T2 and 

Fig. 3—This study concludes that trans
verse stresses on a panel being welded 
change from tension (TJ, occurring in 
reaction, to compression (G from ad
vance heating and swelling) to null (0) 
over the puddle, to tension (Tm) over the 
mushy zone of solidification, to com
pression (CJ after the puddle caused 
at high speeds by a lag in gross ex
pansion, to the tension (TJ created 
when the bead area shrinks while panel 
area cannot move in quickly to relieve 
it. This is seen in (b) above. Without 
centerline joining the edge would shrink 
back from the centerline as in (a) above. 
A slow speed as in (c) above lets the 
peak expansion of the greater area oc
cur over the puddle while the much 
greater forward expansion (CJ pushes 
or holds the pieces apart to magnify 
the aft tensions 

decrease any growth of cell G, thus 
insuring that all transverse stresses 
after the puddle are tensile. 

The location of the switch-over from 
the after compression G to the after 
tension T2 and the magnitude and length 
of the transverse tensile stress field T2 

are related to the plasticity at G and 
the width and stiffness of the surround
ing plate. A quantitative knowledge of 
those dimensions is worth knowing but 
their derivation is a very large task. 
This paper will only try to justify the 
order and qualitative nature of the 
stresses around a weld heat source. In 
summary, the stresses imposed from 
the sides (transverse) on the centerline 
are simply those shown in Fig. 3b. The 
logic that led to these status diagrams 
will follow. 

Analytical Justifications 
To discuss metal movements it is 

useful to define reference margins and 
watch the metal volumes shift with 
respect to them. In welds it was con
venient to project the boundaries of a 
center band equal to the maximum 
width of the puddle onto the weld 
specimen to be discussed. A band 0.806 
in. wide is appropriate here. 

The transverse expansion of alum
inum plate resulting from the 20 ipm 
moving heat source defined by the 
heights of the X strips in Fig. lb was 
recalled and plotted as a dashed line 
(Li) in Fig. 4c. For two panels that butt 
each other along a straight centerline 
when cold, the lines L, could represent 
the overlapped volumes if each edge 
were to grow inward because of the 
heat island specified in Fig. 4b. Of 
course, one side does not accept the 
other so easily so the mutual intrusion 
is proportioned between two compo
nents: plastic deformation and pressure. 
The volume represented by Li repre
sents the potentially possible movement 
of material into the center. It is possible 
to make reasonable speculations on the 
amount of metal that does move 
permanently into centerband thick
ening. 

A line called L2 was drawn in Fig. 4c 
to do this. It is plotted in the terms of 
metal displacement into the center. 
Note now that any difference between 
Li (the potential move) and L2 (the 
expected move) can represent the stress 
component. This difference (LT) was 
plotted from the centerline on the dis
placement scale and horizontally shaded. 
The approximation of L2 was made as 
follows: Up to the neighborhood of 
650F little plastic deformation can be 
expected even under rising stresses. 
After 650F resistance falls and plasticity 
rises quickly up to melting where of 
course all the inward movement of Li is 
taken into the centerband without re
sistance. For the length of the puddle L2 

must coincide with L\. The L3 quantity 
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Fig. 4—The heat mount of a 20 ipm moving heat source on 
aluminum alloy (a and b) gives the transverse expansion pro
file of Li. At the point of solidification S all the transverse 
movement of metal is fixed so changes after S have been 
shown by Li'. The net expansion that does occur after S gives 
upset and a compressive cell before the void or tension 
caused by the receding side areas. L*j is drawn to illustrate 
the stress component that builds up before the metal be
comes plastic and is pushed into center thickening 
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Fig. 5—When the heat source slows down to 6 ipm the peak 
expansion moves forward to a position ahead of the solidus. 
So actually the inside boundaries of the pieces are being 
pulled from the center increasingly through the puddle, the 
mushy zone, and the soft and harder material thereafter. But 
the gap growth has been illustrated from the solidus point 
S, by the spread of L/. The most conspicuous feature of the 
slow weld is the very much larger area of rigid metal that is 
heated ahead of the source. The strength and size of this 
expanding mass adds a considerable influence to the upset 
and shrink, and after puddle tension scaled here. 

that grew with the increasing expansion 
fell to zero when the centerband became 
soft and of course it remained zero for 
the length of the puddle, say until 0.6 
in. (point S, the effective solidus). Now 
with a bridge hardening over the rear of 
the puddle a resistance to the move
ment of material appears again. Stress 
rises and L2 can diverge from Li again. 

Since the stresses in the material are 
really the greater concern a change in 
the portrayal of the Lj volume change 
has been made at S to portray events 
more realistically than Fig. 2 did. This 
is done to demonstrate the character of 
post-puddle stresses more clearly. By 
accepting the 0.016 in. of inward move
ment (the exact magnitude of expansion 
by S) of the sides as an unqualified con
tribution to centerband thickening an 
unequivocal status for point S is estab
lished. It is true that after S any trans
verse length change will be manifested 
by the appearance of some stress. To 
make this clear, L\ was shifted 0.016 in. 
to zero at station S. Now the Li growth 
or shrink after zero is plainly seen in the 
movement of L/ over or away from the 
centerline; then the form of the stress 
on the centerline at any station after 5 
may be easily inferred. 

Events Trailing a Puddle 

Having established this rule of ex
pression the events trailing a puddle 

moving at 20 ipm can be noted. The X 
strips continue to grow until x station 
0.8. This gives a further expansion of 
0.0015 in. from each side that peaks 0.2 
in. after the effective solidification S. 
The peak is clearly seen in the apparent 
overlap of the two L/ lines. The 900 
to 650F temperature of this trailing 
area guarantees plastic deformation 
here instead of any consequential push-
apart force. The general after-recession 
is well defined by the profile of the L/ 
lines that part as if there were no fusion 
after the heat source. 

Without centerline fusion as shown 
here, that profile scales the spreading of 
an after-gap or crack and there is no 
transverse stress. With centerline fusion, 
a cell of transversely stressed material 
would be found for some distance after 
the compressive cell at the expansion 
peak. The needed shrink eventually 
shows up in a width reduction of the 
specimen some distance after the heat 
source. It is the inability of the pieces to 
immediately reduce width after most of 
the heated area has dropped that cre
ates a stressed area there. 

Various interplays must be recognized 
in that simple version. The after tension 
pulls the two sides together increasing 
the stress on the nubs of expansion, 
much like a tweezers. A quantity of 
tensile force in the mushy zone ahead of 
these nubs can also increase the scaled 

0.003 in. of upset after the puddle. 
These occurrences at this peak expan

sion are very interesting because they 
constitute an antidote to out-of-puddle 
cracking and they can, by plastic de
formation, alter the cast structures. So, 
because tension and cracking does not 
grow out of the mushy zone after the 
puddle, a fascinating and critical ques
tion appears, "Where across the center-
band and at what temperatures do 
dangerous tensions or shears begin?" 

While these events (a pull, a push, and 
a pull) are occurring across the material 
after the puddle an event is occurring 
ahead of the puddle that will affect the 
magnitude of those three stress zones. 
The push-apart force (LT) ahead of the 
puddle adds a measure of tensile strain 
to all those "after" events. 

When the travel speed of the heat 
source is reduced, the magnitude of all 
the stress zones change and a changed 
character becomes established. Because 
the isothermal ovals surrounding a 6 
ipm moving heat source (Fig. 5) do not 
trail the heat source as much as the 
ovals surrounding the 20 ipm source the 
maximum expansion (a kind of weighted 
thermal center of gravity) does not trail 
the heat source as much. In fact the 
calculations indicate that the peak 
expansion surely occurs before the 
solidus and across the puddle. Here the 
traditional view of centerline cracking 
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is expressed: there is nothing but trans
verse recession after the puddle, and 
that is sizable. 

A conspicuous difference appears in 
the illustration of the slowly welded 
aluminum. Because of the more leading 
and wider advance heating of the alum
inum G expansion must be greater. 
The volumetric expansion appears to be 
nearly four times greater. Employing 
the rule that the volumetric expansion 
is resolved into upset quickly after 650F, 
one sees first that the centerband 
thickening is enriched up to 0.022 in. by 
contributions from each side and 
second that the push-apart force by the 
rigid expanding material before 650F 
(the area enclosed by the LT) is con
siderable, both in its force (somewhat 
represented by its length) and by its 
extension power (represented by its 
width). This means that G motor can 
push the plates apart both forcefully 
and far. 

The separation of plates (which must 
occur to a degree) has a serious effect 
on the after heat source events. It in
creases strain and tension on all the 
transverse elements after the puddle. 
Such holding apart or pushing apart 
force can itself be the most sizeable 
cause of out-of-puddle centerline crack
ing. 

A study of the L / profile suggests that 
it is conceivable that there may still be 
upset nubs after the solidus as a re
action to solidification tension ahead of 
them and the recessional tension after 
them, even though solid state thermal 
volume changes indicate the peak ex
pansion lies across the puddle. But this 
compressed cell that then might exist 
for longer than it should can be quickly 
diminished by a tensile strain addition 
in the after area caused by the gross 
expansion in the forward area. 

It appears that travel speed has some 
profound and largely unappreciated 
effects on an interesting play of forces. 
Centerline cracking in slow welds can 
be attributed to shrink right out of the 
puddle's mushy zone compounded by 
the forward swelling that keeps the 
plates apart. But the centerline cracking 
in fast welds comes from a tensile stress 
that has moved back some distance 
from the solidus. The former's stresses 
are exerted on a hot (800F) weld transi
tion line (the centerband boundary) and 
a hotter (950F) centerline. The latter's 
stresses have moved rearward in the 
faster weld to exert their pull across 
cooler transition line (580F) and center-
line (640F) material. 

Several logical trends might exist. The 
form of degradation suffered at low 
speeds (such as weld center strain or 
rupture) diminishes as speed is in
creased. The form of degradation suf
fered at high speeds (such as micro
cracking and microporosity in the cast-

to-wrought transition structure) dimin
ishes as speed is decreased. Picture the 
line of maximum tension moving for
ward as the weld speed is gradually 
decreased. Besides changing in magni
tude, it does (at different stations) stress 
some interesting structure/temperature 
combinations from the cooler-harder, 
through hot-plastic, to hotter and hot-
short areas of material. It is even the
oretically possible to find a critically 
bad speed between the too fast and too 
slow welding under the conditions where 
the stress is placed at a critically sensi
tive station. 

Many experiments have been run 
expecting stronger aluminum welds to 
come with faster weld speeds because of 
narrower transition and heat affected 
zones. The disappointing results could 
be due to stresses increased and harm
fully positioned by the higher speed of 
welding. The sum of two forms of deg
radation should have a general mini
mum at some particular intermediate 
weld speed. It is interesting to note that 
12 ipm shows up most frequently as the 
weld travel speed used on 2014 alloy. 

Longitudinal Expansions 

Until now only in opera transverse 
movement and stresses as they exist 
across the centerband have been dis
cussed. These were more obviously re
lated to shrinkage and cracking. Longi
tudinal expansions are less able to 
manifest themselves so obviously. None
theless they give rise to forces and stress 
intensities and plastic deformation which 
can exceed those caused by transverse 
expansions. 

It was obvious early that very sizable 
longitudinal compression does occur in 
the parallel strips just outside the center-
band near the heat source. Although 
interpretations could be discussed from 
longitudinal stress plots expressed like 
the transverse plots of Fig. 3, it was felt 
that a portrayal of longitudinal and 
transverse stresses acting in concert 
would be more revealing. After some 
consideration of method, a pictorial 
form analogous to a kind of lattice 
reaction was developed. In Fig. 6 a 
unit square represents a no-stress condi
tion. A reduction of a side of the square 
represents a proportional compression, 
an extension represents tension. 

To express longitudinal stresses a 
mat of unit width (actually equal to 
0.250 in.) horizontal strips was laid over 
the isothermal map. The spacing of the 
vertical divisions was made according 
to temperature. Assuming no material 
displacement the higher temperatures 
should cause higher compression and 
that was expressed in shorter distances 
between lines. This could have been 
done rigorously except that the tensile 
reactions were also incorporated (guided 
by judgment) and shown as greater-

than-par spacing. The transverse stress 
mat was made on vertical unit-width 
strips by proportionately spacing hori
zontal divisions. The transverse and 
longitudinal stress mats were super
imposed and reproduced. The two 
examples shown in Fig. 6 are estimates, 
but correctly suggestive. A computer 
using the same scheme could produce a 
better plot by more rigorous scaling. An 
even better plot could be derived from 
that by integrating shear restraints and 
temperature dependent yield strengths. 

The most significant messages in 
these presentations are found in the 
locations of high biaxial stresses. The 
stresses in the 20 ipm diagram that are 
more exaggerated than the 6 ipm are of 
particular interest. The reason for those 
higher intensities lies in* the steeper 
temperature gradients which give highly 
expanded material close to much less 
expanded material. Because strain gage 
experiments have not made in opera 
behaviors clear, especially because of 
the stress sign reversals, the pattern to 
be studied that gives the coherent re
lation of stresses right up to the puddle 
edges can be quite useful in solving a 
variety of metallurgical and practical 
welding problems. The pattern of 
stresses should apply, with changes in 
magnitude and extent, to all materials 
heated by a moving point heat source. 
In this study the example has been made 
only of a highly thermally conductive 
material. 

Study the experience of a narrow Y 
strip just outside of the centerband. 
Fig. lb showed that it might grow more 
than 0.057 in. past its original length of 
14.0 in. by the temperature it experiences. 
But the distribution of that expansion 
is more interesting. Given a totally 
elastic reaction (like Fig. 2) the magni
tude of expansion would be distributed 
as the height of the first profile line 
(dashed) in Fig. 4a. A further out Y 
strip would be compressed like the 
second profile line, and so on further 
out. The peak of the profile line marks 
the divide between expanding material 
and shrinking material. In plan view 
the line connecting all the peaks has 
been called the line separating expan
sion and contraction. Often it is used as 
a line dividing compressive and tensile 
stresses but that is not the case. First, 
as in the cases of transverse expansion 
the shrink of the centerband just after 
the puddle can.be so exceeded by the 
still expanding wider material that 
pressure rises momentarily on the 
centerline. 

Second; the expansion of an inde
pendent longitudinal strip, like the one 
at Y = 1.5 in. (Fig. 4a and b) (which 
should suffer no plastic deformation) 
could never see tension. It could only 
see the rise and decline of compression 
at various points along the strip. Be
cause of restraint on the cooler side of 
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Fig. 6—Categorical differences exist between the metallurgical experiences of a 
fast weld (top) and a slow weld (bottom). Just after the solidus (XiJ the centerband 
(Y0 to YJ of the fast welded aluminum alloy experiences a strong biaxial compres
sion whereas the same site in a slow weld experiences strong transverse tension 
with some measure of longitudinal compression. The squeeze of the former may 
not be considered salutary without reservation since extreme upset at the site will 
increase the latter tension and cracking tendency. A format like the one above, 
rigorously drawn for an alloy, can identify the harmful combinations of stresses 
and temperature so they may be altered to reduce cracks and harmful events 

the strip (the less changed side) the 
places of greater expansion on the strip 
are likely to be near the points of greater 
compression. This lead to the logic that 
operated to illustrate longitudinal stress
es estimated in the "zero displacement" 
illustration of Fig. 6. 

But the situation is a little more 
complex because the strips are actually 
closely tied to one another while the 
steep temperature gradients cause big 
differences between strips. A peak of 
thermally caused compression by the 
side of the puddle will produce longi
tudinal tension in the strips further 
out that have not yet been heated. In 
truth the longitudinal compressive stress 
just by the side of the puddle can never 
get too high because the longitudinal 
growth pinches softened material which 
flows and is squeezed into the center 
and the puddle. Note on the faster weld 
that most of the longitudinal AV must 
relocate because the outer lying strips 

have not expanded to let the inner ones 
expand without deformation. So al
though the growth of the Y2 strip of the 
20 ipm weld and the 6 ipm weld are 
both about 0.057 in. the larger fraction 
of the former is extruded into the pud
dle. This can explain why the weld 
shrinkages actually experienced are 
close to the same in the high and low 
weld speeds in spite of the fact that 
transverse upset is high 0.044 in.) on 
the slow weld and lower (0.034 in.) on 
the fast weld. 

The short escape port moves with the 
heat source from one end of the speci
men to the other. This is quite a different 
condition from the experiment where a 
narrow band the length of the specimen 
is heated quickly past the liquidus then 
cooled. Two specimens of the same 
dimension and bead width, one pre
pared by a moving point-heat-source and 
one prepared by a stationary line-heat-
source, both show the customary re

sidual longitudinal tension in the bead 
and longitudinal compression astride 
the bead; but the stress levels in the 
former were reported to be unaccount
ably high and seemingly unwarranted. 
The extraordinary upset moving as a 
zone appears to be able to explain that 
difference. 

Figure 6 can be used to trace the 
interesting and critical events that 
occur close to the moving heat source 
and are of greatest interest to metal
lurgists. Black chips have been laid onto 
the described stress construction to 
show, by their proportions, the condi
tion at particular points. The condi
tions just mentioned can be seen by 
following the experiences along the T3 

strip in Fig. 6a. starting from the no-
stress status on the left at some distance 
from the heat. It should be kept in mind 
that under the Ys band is the transitional 
material, the line aside of the puddle 
where cast structure integrates with 
wrought structures at about 980F. 

Approaching the heat source along 
Y3 the point at Xt which is not yet 
heated, is influenced by the swelling 
material around the puddle. It is 
stretched transversely. Coming into the 
heated material at Xs brings a height
ened biaxial compression. What really 
might be seen around the heat source 
(leaving for a moment the orthogonal 
representations) is a parabolic shaped 
zone of compression that leads the 
puddle like a shock wave. The trailing 
arms following the lines of peak tem
peratures describe well the increase of 
longitudinal stress. A general zone of 
tension parallel and outside the com
pressed zone can be seen. Inside the 
compressed zone may be discerned a 
mild tendency for a tensed parabolic 
zone to occur. But the general trans
verse compression in the compressed 
zone is diminished and even turned to 
tension after the puddle. 

An expression preferred by the author 
for the meaning it conveys is the loca
tion of small ellipses distributed in 
close array on the surface of the piece. 
Each one of these squeezed or stretched 
by the stress vectors could express the 
true orientation, the magnitude, and 
sign of the forces exerted on the point 
it represents. This would be most useful 
in displaying obviously and most 
naturally the pattern or flux of stresses 
in the macro dimensions of Fig. 6. 
Also the peculiar impositions on any 
point of heated material could be seen 
giving a micro sense of the experiences 
of a point. But the orthogonal expres
sion of Fig. 6 is easier to derive and to 
describe in a short space. 

Moving along Y3 through Xn and to 
X\2 the biaxial compression increases 
until the puddle side opens up. A further 
rise of stress is avoided as the material 
extrudes into the puddle from ahead 
and aside of the puddle. As the solidus 
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Xis approaches the transverse suction of 
solidification in combination with longi
tudinal compression moves matter from 
Y3 into the solidifying center volume. 
This has a salutary effect for it dimin
ishes the tendency of the mushy and 
granular material in the centerband to 
grow any kind of void. After the solidus 
and by Xn the still expanding greater 
area produces two effects on the center-
band: (1) the wider material forces its 
edges toward the center increasing 
transverse compression, (2) the in
creasing longitudinal compression can 
raise a longitudinal compression in the 
centerband material which emerged 
neutral from the puddle and otherwise 
would immediately tend toward tension. 
So, on the center at X\ 5 the cast material 
at 750F is receiving biaxial compression 
and could enjoy the results of some 
forging strains. Back on Y3, at XK the 
biaxial compression stresses may be 
higher where the temperature is lower 
(600F). 

By the arrival of the next milestone, 
A"iS, the level of longitudinal compres
sion is lower but the transverse stress 
has shot to a significant level of ten
sion encouraging a shear deformation 
on Y3 the weld transition material which 
is now 550F. After that the greater 
decrease of T in the centerband (Y0) 
compared to the just outlying strip 
(T3) helps to put it into tension when 
the thermal gradients have disappeared. 

In the slow weld (6 ipm in Fig. 6b) 
the very important area after the puddle 
and between L3's will differ categorically 
from the same area after the puddle of a 
fast weld. The forward heating, being 
broader and more gradual, changes the 
approach only by degree and extent; 
and the longitudinal compression is less 
while the transverse displacement is 
greater. But since material has begun to 
retreat transversely before the solidus 
(X13) and the magnitude of longitudinal 
compression is lower and the relief to 
potential cracking or pore formation 
in the mushy area is reduced. 

The special difference between slow 
and fast categories lies at Xls in the 
illustration of transverse tension exist
ing (not uniformly) across the center at 
Xn, Xi5 and Xn where temperatures in 
the cast and the transitional material 
run down from 950 to 400F. 

The events occurring between Xvl 

and Xa and the Y3's, where strain gauges 
are never found, are not so elementary 
as once believed. An expanded scale 
portrayed of this stress scene is possible 
and very much needed. With such a 
picture the diminution of defects or 
interior qualities caused by deleterious 
stresses can be accomplished by tech
nicians, surprisingly, through the use 
of such practical instruments as travel, 
speed, gaps, chills, holddowns, and 
others (see the feature story up front 
in this issue). This will happen if they 

can see the rational and progressive 
effect produced by a little or a lot of 
change. Such a view can open the 
possibilities and improve the economics 
on many an alloy which is either avoided 
or welded with painful results. 

Experimental Verifications 
Two 48 in. long by 4 by 34 in. plates 

were vertically welded uphand as shown 
in Fig. 7. Before the welding, scribe 
marks were placed % in. away from 
the seam at 5, 16, 23, and 46 in. from 
the bottom end of the plate. The weld 
was started at the bottom. As the arc 
passed the 23 in. station the gap at the 
46 in. station was marked. The enlarged 
gap noted at this time was attributed to 
the swelling forward of the arc (CT) that 
pushes the plates apart. 

Eight specimens of this configuration 
were welded, each with a different 
travel speed. The welding at 18 ipm 
gave an in opera gap at A (station 46) 
of 0.080 in. At slower speeds the in 
opera gap at A was proportionately 
larger: at 7 ipm it exceeded 0.127 in. 
Every time the welding was stopped 
the gap ahead closed completely within 
30 seconds when the thermal gradients 
disappeared and the panel stabilized. 
The large forward swelling force of the 

slower speeds was clearly a powerful 
reality; sufficient to deflect a 4 in. wide 
by M in. thick plate edgewise by 0.063 
in. in 23 in. 

The final shrinkage across the weld 
at either the 5 or 15 in. station (see the 
B and C curves) was little affected by 
weld travel speed. The date exemplified 
previously in Figs. 4 and 5 suggests that 
the slower speed with its wider area of 
greater expansion should give greater 
transverse weld shrink. This lack of 
difference requires some rationaliza
tion. One was provided in the previous 
section. The minimum shrink on welding 
speeds from 12 to 13 ipm was noted. 
Could this be a sign of minimum stress 
on the post-puddle material? 

The upset associated with the for
ward swelling is clearly demonstrated 
in Fig. 8. The top photo shows a section 
taken 0.080 in. after the leading edge of 
a puddle being made at 20 ipm. It shows 
almost no upset. The bottom photo 
shows a section taken 0.050 in. after the 
leading edge of a puddle being made at 
6 ipm. The magnitude and extent of the 
upset of the latter is impressive by 
comparison. The forward swelling of 
the G area is familiar to some welders. 
It is not hard to accept. 

A compression after the puddle is 
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on A the gap of the piece ahead of the weld, B steady state 
transverse shrinkage, and C shrinkage near the start of the 
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Fig. 8—Sections taken across the leading edge of a 20 ipm 
and a 6 ipm bead-on-plate show the increase in thickness 
ahead in the latter specimen 
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Fig. 9—A bead-on-plate made at 20 ipm has a centerline crack that originates at 
and opens up from a point one inch after the solidus where the material is calcu
lated to be 650F. The origin of the crack seen here above the marker followed the 
solidus across the panel at this constant distance. Between the puddle and the 
crack lay wholly sound cast alloy 

subtle, hard to prove, and indeed it is a 
surprise. Two examples of experimental 
evidence are offered. The most impres
sive is Fig. 9. Picture this as if the weld 
puddle were seen advancing at 20 ipm. 
One would be seeing a tear-shaped 
puddle. Now it is commonly assumed 
that a centerline crack runs out of the 
mushy or hot shortness zone just after 
the puddle and only grows larger after
ward. Here in this specimen is evidence 
that a crack can nucleate at a point 

more than one inch behind the solidus 
and in metal as low as 640F. In the 
specimen illustrated in Fig. 9, there is, 
between the rear puddle boundary and 
the point at which the crack begins, an 
inch of firm solid metal. This is totally 
unexpected and can be explained by 
some compression (CT) ahead of the 
ultimate recession. 

This specimen came from a 24 in. 
long panel. When the weld had gone 18 
in. the centerline crack had followed it 

for 17 inches and at the original end of 
the panel the crack had opened up to 
34 in. One minute after extinguishing 
the arc, when the panel had distributed 
its heat evenly, the crack's gap behind 
the weld had closed tightly crushing a 
wooden dowel placed in the gap. That 
was a dramatic demonstration'of the 
dissolution of the stresses caused by the 
temperature gradients which give an aft 
expansion motor and a spreading flare 
to the crack edges. If a load value re
quired to pull those plates 34 in. apart 
again could be converted into compres
sive stresses at the expected sites the 
magnitude of the stresses no doubt 
would be impressive. 

In Fig. 10 is found an unusual and 
complex specimen. Here is a weld 
burn-through which created a ball of 
molten metal about one inch from the 
end of a 0.125 in. plate. When this 
accident was examined it was recognized 
as a dramatic illustration of the magni
tude of tension possible from a mushy 
zone. The view is toward the approach
ing arc. What appears to have happened 
is that the ball was cooling while the 
temperature of the two arms of plate on 
this side of the ball were rising. The 
shrinking of the former during the ex
pansion of the latter caused the plates 
to intrude and overlap. 

The shrinking of the solid ball (from 
900 to 70F) and the growth of the arms 
(from 70 to 700F) combined could not 
produce an overlap greater than 0.007 
in. The actual 0.100 in. overlap must 
have resulted from the large change in 
volume ( — 9%) of the ball as it changed 
from liquid to solid. It was the extent 
and strength of that shrinkage that 
forced the two sides so much over 
one another. That element alone (Tm) 
in the stress pattern is felt to be of 
sufficient importance to be able to create 
by reaction a compressed cell (CT) in 
the post solidus area in any alloy. 

Some unusual effects produced by 
welding into or out of a gap reveals 
much about how the in opera stresses 
alter the welding process. Figure 11 
represents two 4 by 72 by 0.330 in. 
plates of 2014 aluminum placed to
gether along their long edge. A long 
tapered gap was filed into each part 
before the set up. The gap opened from 
zero at the 8 in. station to 0.044 in. at 
the 36 in. station and then gradually 
closed to tightness again by the 64 in. 
station, as illustrated by the dashed 
line C in Fig. 11. 

A straight line was scribed into each 
panel J--2 in. from the panel's inside edge 
before the filing and the welding. This 
is scaled into the figure by the dashed 
line A. After the weld the line A had 
shifted to position B. The inward move
ment of A to B at any station represents 
the transverse shrink of the weld at that 
station and so, ordinarily, the move
ment of metal volume into upset and 
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weld bead thickening. But if there is a 
centerline gap at a given station then 
the ordinary inward volume move
ment must be reduced by the gap 
volume to determine the upset volume. 
So B minus C at each station gives 
upset volume D (the long dashed line) 
at each station. The area between the D 
lines has been shaded. 

Although measured shrink B looks 
largely rational, increasing in propor
tion to gap except at the terminal end, 
the plotted upset D emphasizes the 
interesting anomalies: (1) from station 
0 to 8 the upset increased from 0.020 
to 0.040 in. then (2) during the gap 
opening up to station 36 the upset re
mained nearly constant at 0.032 in. 
but (3) when the gap clearly started to 
close after station 40 the upset jumped 
to 0.052 in. where it stayed until the 
prepared gap had terminated at 64 then 
(4) the upset declined even to become a 
0.030 in. stretched-out by the end. 

Why should the upset jump 60% to 
another level after the center station 
when station for station the second half 
of the specimen mirrors the first? The 
difference comes simply between the 
welding out of a wedge of space and 
welding into a closing wedge of space. 
Assume for the moment a constant 
magnitude holding and shrinking force 
aft of the puddle. Less forward (G) up
set can be expected when there is less 
material ahead of the heat than the 
norm. Likewise when there is more ma
terial ahead than behind, then the for
ward upset should be greater because 
the aft holding-together force is "con
stant". But really this first condition 
will permit a less-than-nominal trans
verse tension on the after bead during 
the first condition followed abruptly by 
a greater-than-nominal tension after the 
start of the second condition. The lesser 
upset and the lesser post puddle tension 
at first followed by greater upset mate
rial and greater tension work neatly to 
explain those differences exemplified 
above. The significance of changing the 
space ahead of the arc is surprisingly 
great and it also goes beyond interpret
ing just shrinkage and distortion anom
alies. 

Welding Heat 

Take welding heat as a first example. 
Specimens welded at constant settings 
(280 amp, etc.) lost penetration at 
station 42, just where upset increases. It 
was found that 10 amp added at this 
point would maintain penetration con
stant and at its previous level. This 
says that 10 amp are required to com
pensate for conditions created by a gap 
closing at the rate of 0.0015 in. per inch 
of run. Note that the mass of metal 
being added inward on the gap space 
really is insignificant and not enough 
to warrant any current change. But the 
new level of upset thickening ahead of 

Fig. 10—Two views of a plate whose material was upset by 
the combination of the solidifying bead and the expanding 
material ahead of the heat source 
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Fig. 11—Shrink and upset as they occur welding into and out of a prepared gap 
showing upset as considerably higher welding out of the gap 

the arc was significant. Note too that it 
is the rate of gapping (that is, rise over 
run) which is most significant. A con
stant gap will not give trouble whereas 
a gap that opens or closes at a high rate 
will. The opening and closing of sup
posedly small gaps have been respon
sible for more rapid and considerable 
heat changes than the automatic welding 
machine operator could ever have 
realized. 

It was interesting in this experiment 
to observe that there was no open slit 
ahead of the arc until the arc reached 
station 23 where the prepared gap had 
been 0.040 in. wide. The fact was used 
to estimate the unrestrained forward 
swelling (G) of the aluminum at about 
0.020 in. from each side. The arc and 
puddle advanced then on an open slit 
until it reached station 42 where the 
edges pressed together again and closed 
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the slit. The prepared gap there had 
been 0.050 in. This may indicate that the 
aft shrinking forces had gradually 
drawn the plates together some amount 
in the absence of butt line material re
sistance. 

The major push-apart force (CJ 
ahead of the heat source is always acting 
in opposition to the major pull-together 
force (T2) after the source. In the steady 
state the firm aft tension brings upset 
to the more plastic forward material 
and the firmer part of expanding for
ward material strains the after material 
somewhat. The result is some con
stant net value of upset and net shrink. 
But a shift of balance can be created 
easily. When a heat source moves onto 
an opening gap the push-apart force 
diminishes along with the diminishment 
of net upset. The reduced tension on 
the after material allows it to shrink 
more, and closer to the value predicted 
by thermal calculations. 

When the heat source moves on a 
closing gap the push-apart force rises 
putting an increased tension on the aft 
material. An examination of over 50 
welds has shown an increased incidence 
of cracks, porosity, burn-thru, and 

excessive penetration associated with 
such a gap value change. It is felt that 
they are related to an actual stretchout 
of the after material and the puddle. 
It may be cruel irony that an insigni
ficant increase of metal ahead of the arc 
should require a current reduction for a 
thinned puddle just before a current 
increase for the upset thickening. The 
incidence of lack-of-penetration also 
did increase in the neighborhood of 
gap value changes. Consider the poor 
welder. He is almost bound to react late 
and then over-react. The right reactions 
to gap changes are vital. In automatic 
weld machine operations the demand 
for sudden, seemingly unjustifiable 
changes are disconcerting, to say the 
least. The uncomplicated solution, of 
course, is precisely made straight edges. 

It is easier now to understand the 
transient effects at the beginning or at 
the end of the panel. At a start the push-
apart force of the forward swelling 
dominates. The swelling rises and 
pushes the plates apart. The shrinking 
material aft is easily stretched because of 
its short length, at the beginning. It 
can offer only a small force of resistance. 

So at the start the nominal shrinkage 
(line B) in Fig. 11 is less than nominal 
because of high mechanical tensile 
stress during its cooling. The forward 
expansion can generate so much stretch 
aft that the bead may crack. If it does 
crack then it can easily follow the heat 
source down the centerline of the panel. 

At the terminal end the figure shows 
expansion of the original width of the 
panel instead of shrink. As the source 
approaches the end the thermal dam at 
the panel end allows the forward expan
sion to grow quite large over a large 
area thereby causing an extraordinary 
push-apart force. From this, extraor
dinary tension may be expected after 
the puddle when the heat source is one 
to two inches from the end. When the 
stretched bead hardens in the extended 
state, the panel ends up wider at the 
terminal end, as B shows in this figure. 

But interesting reactions to various 
kinds of gaps and to starts and stops 
actually can be used to prove and meas
ure the major theses of this report, 
which are the character of the stress 
pattern and an after compression in 
some stress patterns 

Editor's Note: Conclusions and recommendations will be found at the end of the Chihoski article at the front of the magazine. 
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Most publications on lamellar tearing relate to metallurgical investigations, although 
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