
Formation of Plastic Strains 
During Welding of Aluminum Alloys 

Moire fringe dynamic strain analysis shows how large 
plastic strains form during GTA welding of an Al-Mg alloy 

BY LYTLE JOHNSON 

ABSTRACT. The principal and shear 
strains around gas tungsten-arc 
welds in Al-Mg sheet are measured 
using a projected-grating moire fringe 
strain analysis technique (described 
in detail in a previous paper). 
Dynamic strain patterns are re
corded during welding using a movie 
camera. The strain values are plotted 
as three-dimensional graphs to show 
clearly how strains develop around 
the weld pool. 

Nine different combinations of 
welding variables have been re
peated three times for increased 
precision. The temperature distribu
tions for these welding conditions are 
measured using thermocouples. The 
results indicate that the straining 
around the arc consists mostly of 
shear strain. The normal strains are 
much smaller. The planes of max
imum shear strain are oriented al
most exactly parallel and perpendi
cular to the weld bead. The strain pat
terns correlate well with the temper
ature distributions, and a theory is 
proposed which describes the forma
tion of plastic strains during welding 
and the influence of welding condi
tions on strain patterns. 

Introduction 

During a study of solidification 
cracking in aluminum alloys it be
came apparent that most previous re-
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search has been aimed at elucidating 
the metallurgical processes involved. 
Although the findings from such re
search have often been quite useful, 
the fact remains that the metal
lurgical processes occur while the 
surrounding plate is undergoing rapid 
heating and cooling and a phase 
change (solidification) is taking place. 
These factors result in a stress-strain 
pattern which directly affects crack
ing in and near the weld. This pattern 
could be expected to vary according 
to the set of welding parameters used 
and the mechanical properties of the 
alloy. Research which does not take 
into account this mechanical situ
ation is therefore bound to be of 
limited usefulness. 

The need to better understand 
welding stress and strain patterns is 
certainly not restricted to solidifica
tion cracking problems, nor is this 
paper the first to concern itself with 
such patterns. In the past both the
oretical and experimental research 
has been done to determine the 
magnitude and distribution of weld
ing stresses and strains. The theoret
ical work has often been unsatisfac
tory because of the complexity of the 
situation. Several factors contribut
ing to this complexity are: (1) the 
physical and mechanical properties of 
most materials at high temperatures, 
especially in the region of the sol
idus, are not well known, (2) these 
properties are often highly temper
ature dependent, and (3) heat flow 
theory is least accurate for the region 
quite near the weld, which is where 
the stresses and strains are most im
portant. The experimental research 
has either simulated the welding pro
cess with plastic models or has used 
strain measuring devices at a small 

number of points. Between them, 
these theoretical and experimental in
vestigations have not produced a de
tailed coherent picture of the forma
tion of welding stresses and strains. 

The work described here is an at
tempt to supply this overall picture. 
Recent contributions to the field of ex
perimental stress analysis have been 
applied to the gas tungsten-arc weld
ing of aluminum alloy sheet. The re
sults provide some new thoughts on 
straining during welding. 

Literature 

The stress-strain pattern which is 
formed during welding results from 
the non-uniform distribution of heat 
within the metal, with the net effect 
being localized deformation near the 
weld. This deformation can cause dis
tortion of entire structures.1 In gen
eral, when the temperature distribu
tion has been determined, the order 
of magnitude of thermal stress may 
then be represented by the stress re
quired to suppress free thermal ex
pansion or contraction.2 Tall3 de
scribes the formation of welding 
stresses and strains: as temper
atures in the plate increase around 
the approaching arc, the hottest metal 
undergoes plastic compression be
cause the cooler surrounding plate 
prevents its free thermal expansion. 
Behind the arc both solidification 
shrinkage and cooling contraction 
lead to the development of tensile 
stresses as temperatures and 
temperature gradients decrease. 

An understanding of welding heat 
flow is therefore necessary when dis
cussing welding stresses and strains 
Christensen et al4 summarized the re
sults from a number of previous 
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papers on the subject and rewrote the 
heat flow equations in dimensionless 
form. A comparison of the predic
tions from these equations with ex
perimental data showed that the dis
crepancies are most pronounced for 
points near the weld centerline. This 
same conclusion was drawn by 
Meyers et al5 in one of the most re
cent published surveys of welding 
heat flow. In examining distortion of 
aluminum alloys during welding Kazi-
mirov and Nedoseka6 found that heat 
flow theory for points near the weld 
pool was too inaccurate to be of any 
use, so they used thermocouples to 
obtain temperature distributions near 
the weld. 

Boulton and Lance Martin7 pre
sented one of the first theoretical 
analyses of welding stresses and were 
the first to demonstrate that welding 
causes permanent plastic deforma
tion in the heat-affected zone. How
ever, the analysis did not consider the 
nature of the stress pattern around 
the moving arc, and only longitudinal 
residual stresses were calculated. 
Tall3 calculated welding stresses by 
summing incremental stresses and 
strains due to the changing temper
ature distribution as welding pro
gresses, with time being divided into a 
number of intervals for the calcula
tion. Although this approach comes 
closer to the actual stiuation than 
Boulton and Lance Martin's, Tall also 
calculated only longitudinal stresses 
and assumed that plane transverse 
sections through the plate remain 
plane during welding. Prokhorov8 and 
Makhnenko9 used a computer to sim
plify calculations similar to Tail's, but 
they still consider only plane trans
verse sections. Masubuchi and Ich10 

used a finite-element computer pro
gram to calculate stresses near the 
completed weld. Al though the 
analysis considered transverse 
welding stresses, the dynamic stress-
strain pattern was not included in 
their approach. 

The previous experimental work to 
determine welding stresses and 
strains has been divided into post-
welding and during-welding groups. 
Although post-welding measure
ments are of little use for studying the 
dynamic stress-strain patterns dur
ing welding, a few have been in
cluded because they can be used for 
dynamic measurements. 

The post-welding techniques in
clude all residual stress measuring 
methods, most of which have been 
adequately reviewed by Dawes.12 

Boulton and Lance Martin7 and 
Makhnenko et al13 measured the 
change in distances between sets of 
markings on the plate due to weld
ing. Prokhorov et al14 examined band 
patterns around electron beam welds 
on polished steel surfaces. Dantu15 

and Cargill16 used moire fringe tech

niques and found large (2-4%) 
residual transverse strains near the 
weld. 

Some of these techniques can also 
be used during welding. Dyatlov and 
Sidoruk17 measured transverse 
strains near the weld with various 
types of extensometers. Dechaene et 
al18 developed a moir6 fringe tech
nique for measuring strain cycles at 
the tip of a notch cut in the heat-af
fected zone. Their moire method was 
also used by Soete et al19 in a study of 
exhaustion of ductility caused by 
these strain cycles. Some further ex
perimental work has used photo-
elasticity,2021 although it is question
able whether the welding of metals 
can be simulated in plastics. 

Summary 

1. For areas near the heat source, 
direct measurement of welding ther
mal cycles is probably more satisfac
tory than calculating thermal cycles 
from heat flow theory. 

2. Existing mathematical methods 
for calculating welding stresses and 
strains do not apply to the transient 
patterns surrounding a moving heat 
source. The assumptions which are 
necessary for these calculations are 
usually not valid in the transient situa
tion. 

3. Only a few strain measuring 
methods can be used for dynamic 
measurements. Of these, only two, 
photoelasticity and moire, are cap
able of measuring stresses and 
strains over a large surface area. 
Photoelasticity is limited by the prob
lem of simulation. Therefore moire 
techniques seem to be the most 
promising for measuring welding 
strain patterns. 

Scope of This Work 

The purpose of this research is to 
measure and characterize the tran
sient strain fields around a moving 
welding arc. The research program 
therefore includes the following fea
tures: 

1. Gas tungsten-arc welding is 
used without filler metal to minimize 
variations caused by the welding pro
cess. 

2. The specimens are made of 3 
mm sheet to keep the heat flow and 
strain patterns essentially two-di
mensional. 

3. All welds are bead-on-plate to 
eliminate fit-up as a source of com
plication. 

4. Aluminum alloys have been 
chosen for the study because they un
dergo fairly large deformations dur
ing welding. In addition, there are no 
phase changes below the solidus 
temperature, and the metallurgical 
structures are not particularly cool

ing rate sensitive. 
An important part of the work is to 

develop suitable experimental strain 
analysis techniques for making the 
necessary measurements. A moire 
fringe method is used because it is 
well suited to high temperature strain 
analysis and gives all necessary strain 
data from a single photograph. 
Temperature distributions around the 
arc are measured as an aid to under
standing the significance of the strain 
patterns. 

Experimentation 

All welding coupons were cut from 
Vs in. (3 mm) N6 sheet in the as-re
ceived Vi-hard condition. This alloy, 
with 4.5-5.5% Mg, is quite similar to 
5056 or 5356. The rectangular 
coupons measured 300 X 800 mm, 
and welds were made along the 
centerline in the long direction. The 
top surfaces of the coupons were 
ground with 600-grade paper along 
the centerline to ensure uniform sur
face emission characteristics for the 
welding arc. 

The coupons are prepared for 
strain measurement by etching a 
high-frequency grating (500 line/in., 
or 20 line/mm) onto the bottom of 
each one, because subsequent 
superposition of a similar grating on 
this one will produce an interference 
pattern of light and dark bands called 
moire fringes. The method de
veloped for this work superimposes 
the two gratings by projecting a re
mote grating (on glass) onto the bot
tom of a coupon with etched grating. 
The grating projection system is built 
into the welding work table and is 
shown in Fig. 1. 

This system produces a moire 
fringe pattern on the bottom of the 
coupon which can be easily photo
graphed during welding. The fringe 
pattern will be altered quite drastical
ly as welding takes place because the 
specimen grating (on the coupon) de
forms slightly. A 3 mm reference grid, 
also etched onto the coupons, great
ly simplifies analysis of the moire pat
terns. The principles of moire strain 
analysis are somewhat involved and 
are not essential for the present 
paper, so they are not described here. 
A complete account can be found in 
Johnson,22-23 and Theocaris24 gives a 
good account of moire methods in 
general. 

Gas tungsten-arc (ac) welding with 
a surge injector and zirconiated tung
sten electrodes was used throughout 
this work. All welds were bead-on-
plate with no filler metal. Three cur
rents were chosen for each of three 
travel speeds — 200, 500, and 800 
mm/min, or 8, 20, and 32 ipm — to 
give weld beads ranging from 50% to 
full penetration. The nine sets of weld
ing conditions are given in Table 1. 
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Fig. 1 — The grating projection system and welding work table with cover for light source 
removed. A specimen is shown mounted in the fixturing device 

Each welding condit ion was repeated 
three times, and all welds were made 
in random order to minimize pos
sible effects of uncontrollable t ime-
dependent variables. A 16 mm movie 
camera fi lmed first the initial fringe 
patterns and then the fringe patterns 
as they changed dur ing we ld ing . 
Reversal black-and-white film was 
used because of its high speed (160 
A.S.A.). The framing rate was 16 
frames/second. 

One set of nine welds was made on 
coupons with thermocoup les at
tached to their undersides. The ther
mocouple junctions were spot welded 
in a row across the plate 150 mm from 
one end and at distances of 7, 12, 17, 
and 22 mm from the weld centerline. 
Each thermocouple had its own pair 
of cold junctions in ice water. (Some 
preliminary work had shown that a 
common cold junction for one lead 
from each couple would not give inde
pendent readings for each thermo
couple because the hot junctions 
could not be electrically insulated 
from each other.) A six-channel ultra
violet light recorder was used to trace 
the thermocouple outputs. 

Results 

Individual f rames were pr in ted 
from the fi lms taken of the moire 
fringe patterns during welding. Since 
a quasi-stationary (steady with re
spect to the mov ing e lec t rode) 
temperature distribution occurs dur
ing welding of these specimens (see 
Ref. 5), and since the coupons are 
of constant width and sufficiently long 
so that end effects can be ignored, 

a quasi-stationary strain pattern 
around the electrode has been as
sumed. This means that individual 
prints from the movie f i lm, represent
ing the strain pattern at various 
times for a fixed area of the spec
imen, could be thought of as rep
resenting various positions on the 
specimen at a particular t ime. 

This quasi-stationary condit ion is 
necessary for this work because the 
area of good contrast and reason
able sharpness of the fringe pattern 
was only slightly over 12 mm wide (in 
the direction of welding) and 18 mm 
long (transverse to the weld). There
fore three and one-half of these basic 
analyses were used to give an overall 
analysis area of 18 mm x 42 mm, as 
shown in Fig. 2. The initial (prior to 
welding) fr inge pattern was also used 
in the analysis, and is shown at the left 
in Fig. 2. 

The strain analysis procedure com
bines these basic analyses mathe
matically, and normal strains {£* and 
i y) and shear strains (7Xy) are com
puted f rom them assuming small 
strains and small rotations.25 Then, 
using Mohr's two-dimensional strain 
circle for these small strains, the 

Table 1 — 
ditions Used 

Travel 
speed 

m m / m i n 
200 
500 
800 

Nine Sets of Welding Con-
in Preparing Specimens 

Welding current, amp 

105 115 125 
165 182 200 
210 230 250 

maximum shear strain, principal 
strains, r igid-body rotation, and nor
mal strains on the planes of maxi
mum shear strain — 7max, <?,- £2 , a 
(£x + Sy)/2 can be calculated. The 
three complete sets of strain val
ues f rom the repeated welds for each 
set of welding condit ions are then av
eraged. The averaged strain values 
are presented as three-dimensional 
graphs over the 18 x 42 mm area ad
jacent to the weld by using the com
puter's graph plotter. Figure 4 shows 
typical strain patterns, and Fig. 3 
shows how the graphs are related to 
the weld bead and torch. The equa
tions and computational details can 
be found in Ref. 23. Only a few of the 
results, from two of the welding 
conditions (105 amp — 200 m m / 
min and 250 amp — 800 mm/min) , 
have been presented here. The com
plete results can be found in Ref. 22. 

Temperature recorder traces for 
these two welding condit ions are 
shown in Fig. 5. A distance scale has 
been added along the bottom of each 
set. Although the electrode location 
(the zero point on the distance scale) 
was not recorded, it could be esti
mated fairly accurately f rom the peak 
of the traces for the thermocouple 
nearest the centerline. These traces 
were used to obtain the temperature 
gradients 5T/5Y (est imated f rom 
hand-drawn tangents to the traces, 
and given in Table 2) and 5T/5X 
(shown in Fig. 6). Cross-sectional 
macrophotographs of the three re
peat welds made at these same two 
sets of welding condit ions are shown 
in Fig. 7. 

Discussion 

Errors 

The error in the strain graphs for 
three averaged welds is approxi
mately 0.003. Most of this error arises 
from unsharpness in the fringe pat
terns and the difficulties in assigning 
numerical values to points of the 3 
mm reference grid. Errors f rom using 
small strain equations and assuming 
no out-of-plane deformation of the 
coupons are probably less than 0.003 
and thus detract very little f rom the 
accuracy. The largest errors are caus
ed by extrapolation and occur at cor
ners or along the edges of the 18 X 42 
mm rectangle. 

The tempera ture record ing ap
paratus was checked by recording 
cooling curves for several aluminum 
alloy melts. The agreement with pub
lished data for these alloys was quite 
good, so most of the estimated error 
of ± 5 C in Fig. 5 seems to arise f rom 
widening of the trace lines during 
welding. This widening comes from 
mechanical vibration of the recorder 
and fluctuating electrical currents in 
the coupons.22 
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•WELDING DIRECTION 
•ELECTRODE POSITDN 

FRINGE PATTERNS DURING WELDING 

Fringe photographs which comprise the experimental results for one weld 
analysis. The bending of the fringes can be seen by sighting across the page at a shallow 
angle 

•RTION OF SPECIMEN 

(all figures are in mil l imeters) 

Fig. 3 — The location of the 18 x 42 mm 
analysis area in relation to the weld bead, 
weld pool, and moving torch. This diagram 
shows how the graphs in Fig. 4 are related 
to the welding process 

Temperature Distributions 

As welding speed and current in
crease, there is a marked increase in 
the temperature gradient ahead of the 
electrode. Also, as current increases 
at constant welding speed, the peak 
temperature experienced at a point 
near the weld increases. Finally, as 
travel speed increases (while main
taining as nearly as possible con
stant penetration), there is a greater 
temperature gradient at right angles 
to the d i rect ion of we ld ing . This 
means that at high welding speeds 
the maximum temperature reached at 
a point near the weld will be lower 
than at slower welding speeds. To

gether with Table 2, Fig. 6 shows that 
temperature gradients ahead of and 
on either side of the weld pool are al
most doub led when the welding 
speed increases from 200 mm/min to 
800 mm/min . 

Welding Strain Patterns 

The strain graphs, of which four are 
shown in Fig. 4, can be more readily 
understood by first looking at Fig. 3. 
This figure shows the relation of the 
18 X 42 mm analysis area to the weld 
bead and moving torch, as well as 
showing how the X and Y axes are 
oriented and calibrated for this work. 
The vertical displacements in the 

graphs are the strain values at points 
(x, y) in the 18 X 42 mm area. The 
three-dimensional graphs therefore 
represent a strain 'surface' over this 
rectangular area next to the torch. A l 
though only four of the 45 strain 
graphs have been shown here, the 
following discussion describes the 
trends observed in the entire series of 
welding results. 

The normal strain in the X-direc-
tion (transverse strain, Sx) has been 
plotted with negative, or compres
sive strain upward in order to better 
show the straining behavior near the 
weld. The most striking feature of the 
£x plots is the increasingly sharp 
negative curvature in the strain pat

ios amps. 250 amps. 800 mm/min 

(a ) 

105 amps 

( c ) 

250 amps, 600 mm/min 

( b ) ( d ) 

Fig. 4 — Three-dimensional plots of the calculated strains near the weld, (a) and (b) are transverse strain (£x) and maximum shear 
strain (Vmax) for a low-speed weld, while (c) and (d) are the same graphs for a high-speed weld 
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Fig. 6 — Temperature profiles perpendicular to the welding direction at three locations 
behind the electrode (Y = -10, -20, -30 mm). The data were taken from Fig. 5 

Table 2 — 

Travel 
speed, 

mm/m in 

200 
800 

Temperature Gradients in Vicinity of the Arc (See Fig. 6) 

Current, 
amp 

105 
250 

In front 
of arc 

+ 20 
+ 3 4 

Temperature gradient,6T/6y, C /mm 

- 1 0 m m - 2 0 m m - 3 0 m m 

- 6 - 4 - 2 
- 7 - 5 - 4 

terns as welding speed increases. If 
the coupons were free to expand, in 
accordance with the temperature dis
tributions, then strains would be
come more and more positive near 
the centerline due to thermal expan
sion. It can be seen from the strain 
patterns for points away from the weld 
centerline that this thermal expan
sion begins to take place, but nearer 
the centerline a substantial amount of 
compressive plastic strain occurs. 
Since near the weld centerline the 
free expansion would be at least 1Vi% 
(0.015), a measured welding strain 
value of zero would represent 1'/2% 
compressive strain at room temper
ature. The negative welding strain 
values then represent even more 
plastic straining. This agrees with the 
results from Dantu15 and Dyatlov and 
Sidoruk.'7 The effect becomes greater 
at high welding speeds. 

The normal strain in the Y-direc-
tion (longitudinal strain, <?y) is gen
erally quite uniform and slightly posi
tive, as would be expected from ther
mal expansion considerations. The 
rather small change in £y seems to 
be related to the elongated isotherms 
associated with welding; the metal 
near the weld pool could shift rear
ward, thus avoiding large strain con
centrations (this point is discussed in 
greater detail later). £x, on the other 
hand, could build up near the center-
line because of the restraining effect 
of the cooler metal away from the 
weld and the steep thermal gradients 
in the X-direction. The small strain 
values near the weld are less than 
would be predicted by free thermal 
expansion, so compressive plastic 
straining is predicted by theoretical 
analyses of welding straining (see 
Literature section of this paper) and 
has often been deduced from residual 
stress studies (for example Ref. 3). 

The substantial maximum shear 
strains ( -ymax) which are apparent in 
these results (Fig. 4) have not been 
mentioned by previous authors ex
cept for Cargill.16 Although Chihos-
ki's19 discussion of welding strains 
implies that shear straining should 
occur, he does not specifically point 
this out. Maximum shear strain gen
erally increases throughout the anal
yses as current and welding speed 
increase. As was the case for £x, 
the shear strain is increasingly con
fined to the immediate vicinity of 
the weld as welding speed increases. 
Thus the gradient of shear strain in 
the X-direction behaves much like the 
temperature gradient near the weld 
pool. The results show that this shear 
strain shifts points near the weld rear
ward. 

The planes of maximum shear 
strain are oriented in almost the same 
directions as the X and Y axes, as 
shown in Fig. 8. This orientation is 
about the same for all welding condi-
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Fig. 7 Transverse sections of the three repeat welds for two welding conditions (3 mm sheet) 

Fig. 8 — The orientation of the maximum 
shear strain planes for three locations near 
the weld. Although the results shown are 
for the 182 amp, 500 mm/min weld, very 
similar results were obtained tor all the 
welding conditions used 

t ions and is typical of a situation 
where yXy is much larger than the 
quantity (£x- £y). 

Rigid-body rotation is a measure of 
the net angular displacement result
ing from shear and normal strains. In 
every case the rotation was such that 
points near the weld are displaced 
rearward. (In other words, transverse 
lines which were straight prior to 
welding are permanently bent rear
ward during welding). The r igid-body 
rotation patterns are quite similar to 

the Tmax strain patterns because the 
analysis equations interpret this rear
ward shifting as both shear strain and 
rigid-body rotation, even though lines 
originally parallel to the Y-axis have 
changed very little. 

The graphs for the normal strain on 
the maximum shear planes — £x + 
£y)/2 — show a small thermal expan
sion effect and, as was the case for £x 
and £y, there has been compressive 
plastic yielding during welding. As the 
weld area cools down, the strain be
comes negative. Normal strain on the 
maximum shear strain planes is im
portant because if a large amount of 
shearing has caused voids to form 
along grain boundaries oriented on 
planes of maximum shear strain, the 
normal stress on these voids or lines 
of voids can easily cause cracking. (A 
normal stress could develop, for ex
ample, if normal cooling contraction 
were restrained). 

Formation of Plastic Strains 
During Welding 

From the preceding discussion of 
weld ing temperature d is t r ibut ions 
and the va r ious s t ra in pa t te rns 
around the moving weld pool, a s im
ple explanation of plastic strain for
mation around the pool readily sug
gests itself. This explanation takes 
into account the substantial amount of 
shear strain measured during these 
experiments, whereas previous work 
has usually failed to recognize that 
this shearing even occurs. 

The welding thermal strain pat
tern, as pointed out in the literature 
survey, depends on the temperature 
distribution around the moving weld 

pool. Compare the elongated 'tear
drop ' isotherms character is t ic of 
welding heat flow with the concentric 
circle isotherms of a stationary heat 
source. The two cases are shown 
graphically in Fig. 9. In Fig. 9(a) the 
hot metal immediately surrounding 
the stat ionary heat source is re
strained from expanding freely by the 
cooler metal further f rom the heat 
source. This restraint is uniform on all 
sides, and the resulting stress pat
tern caused by this restrained free ex
pansion is thus uniform. As the heat 
input increases and the hottest ma
terial begins to yield in compression, 
the metal near the heat source will be 
compressed equally on all sides, and 
no net shifting of this region will oc
cur. 

However, the moving heat source 
situation in Fig. 9(b) is not so simple. 
Al though the tempera ture prof i le 
through the arc in the X-direction is 
symmetrical around the weld center-
line, the temperature profile in the Y-
direction is distinctly asymmetrical. 
This is clearly shown by the recorder 
traces in Fig. 5 and by the temper
ature gradients measured from these 
traces in Table 2. Thermal stresses 
will be caused by this temperature 
distribution, just as in the stationary 
heat source example, but for the mov
ing heat source, the compressive 
stresses will be much more intense in 
front of the arc than behind it, due to 
the much steeper temperature gradi
ents there. This asymmetry of com
pressive stresses means that when 
plastic flow occurs, there will be a net 
shifting of metal rearward, so as to 
reduce the unbalanced front-to-rear 
stress pattern. 
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Fig. 9 — Comparison of thermal effects for 
a stationary and a moving heat source. The 
different temperature distributions give 
rise to different shapes and character
istics of the region where plastic flow takes 
place 

The amount of shifting will clearly 
be dependent on the high temper
ature plastic behavior of the base 
metal as well as on the temperature 
distributions near the weld pool, but a 
detailed study of such behavior is 
beyond this paper. The non-quantita
tive simplification, that the alloy yields 
and flows more easily as temper
ature increases, is adequate for the 
present discussion. 

These ideas can now be used to ex
plain the variation in the strain pat
terns caused by changing welding 
conditions. The discussion is i l 
lustrated by Fig. 10, showing the rela
tive sizes of plastic flow regions 
around a weld pool with different 
welding conditions. Figures 10(a) and 
10(b) compare both high and low 
welding speeds while maintaining a 
constant weld bead size. Since the 
heating is concentrated closer to the 
pool, the thermal gradients are 
steeper for the high welding speed 
than for the low welding speed (see 
Fig. 6). The strains will also be higher 
immediately adjacent to the weld 
bead, but they will decrease rapidly 
away from the weld bead because of 
the rapid decrease in temperature 
and the corresponding increase in 
plastic flow resistance. 

In the case of the low welding 
speed, however, lower thermal gradi
ents occur which give rise to lower 
strain values near the weld ana a 
more gentle decrease in strain away 
from the weld. The «£xand y max results 
show this travel speed effect. The 
effect of changing welding current at 
constant welding speed is shown in 
Fig. 10(b) and 10 (c). Although the 

thermal gradients are quite similar for 
the two cases, the temperature distri
bution in the high current weld will 
generally consist of higher tem
peratures at every point, thus leading 
to plastic straining over a larger area 
around the weld pool. 

The strain graphs (Fig. 4) bring out 
several additional characteristics of 
welding plastic straining. The build
up of compressive normal strain in 
the X-direction indicates that power
ful expansive forces around the arc 
are squeezing the nearby hot metal 
against the cooler restraining plate. 
The large shear strains caused by 
rearward displacement of the hot 
metal near the weld do not seem to be 
entirely the result of large compres
sive stresses in front of the arc. The 
fact that the cooling metal just be
hind the arc is still somewhat plastic 
while contracting means that it can 
therefore accommodate the expan
sion from ahead of the arc and con
tribute to this shearing. The combina
tion of the £x compression and the 
7max shearing causes a slight tem
porary bending of the originally 
straight lines which were parallel to 
the Y-axis. This bending only occurs 
to accommodate the build-up of com
pressive £x strains, however, and it 
quickly disappears. The rearward 
bending of originally straight lines 
which were parallel to the X-axis is 
much greater, however, and is a per
manent feature of the completed 
weld. 

Not all of the compressive strain 
causes in-plane plastic flow. Prok
horov et al14 and Chihoski11 point out 
that the base metal near the weld 
thickens somewhat. Although the ef
fect was not specifically measured 
during this work, some preliminary 
work showed this thickening quite 
clearly because it causes the plane of 
the surface to deflect slightly. Moire 
gratings which were at first thought to 
have been destroyed by heat were 
later found to be in perfect condition 
except that bulging caused them to 
reflect normal illumination slightly off-
center, giving a dark region of very 
poor fringe contrast in the movie 
films. Compressive upsetting is also 
evident in Fig. 7, where the hot metal 
under the fusion zone has been de
formed. 

Conclusions 
1. The projected-grating grid-

analyzer moire fringe techniques de
scribed here are capable of ac
curately measuring the dynamic 
plastic strain patterns around a mov
ing welding arc and solidifying weld 
bead. 

2. Dynamic plastic strain patterns 
from a series of welds in an Al-Mg 
alloy show that large shear strains ac
company the welding process. The 
planes of maximum shear strain are 

Fig. 10 — The relative amounts and dis
tribution of plastic flow occurring around 
welds und.&r three different conditions: 
(a) high welding speed; (b) low welding 
speed, tow current; (c) low welding speed, 
high current. The arrows at the right of 
each diagram show the amount of rear
ward deformation taking place. The arrows 
at the left indicate the welding direction 

oriented almost exactly parallel and 
perpendicular to the direction of 
welding. This shearing displaces the 
metal near the weld rearward. 

3. A theory of plastic strain forma
tion during welding has been present
ed. The main feature of this theory is 
that the extent of the region of plastic 
flow near the weld and the amount of 
deformation in this region are direct
ly related to the temperature dis
tribution in the base metal. 
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