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Material Flow Behavior during Friction 
Welding of Aluminum 

Stir 

Tracers embedded in the weld path and a "stop action" technique give insight into 
the movement of material during friction stir welding 

BY K. COLLIGAN 

ABSTRACT. Friction stir welding (FSW) is 
a new technique for joining aluminum 
alloys. Invented in 1991 at The Welding 
Institute (Ref. 1 ), this technique results in 
low distortion and high joint strength 
compared with other techniques, and is 
capable of joining all aluminum alloys. 
To date, the majority of research has con- 
centrated on developing the tools and 
procedures for making reliable welds in 
a variety of alloys, on characterizing the 
properties of welds and on developing 
design allowables (Refs. 2-7). However, 
very little is known about material flow 
behavior during welding. The purpose of 
the current study is to document the 
movement of material during friction stir 
welding as a means of developing a con- 
ceptual model of the deformation 
process. In this paper, two new tech- 
niques for visualizing material flow pat- 
terns in friction stir welds are presented. 
Based on measured results in welds of 
6061 and 7075 aluminum, material 
movement within friction stir welds is by 
either simple extrusion or chaotic mix- 
ing, depending on where within the weld 
zone the material originates. These re- 
sults impact the development of welding 
procedures and suggest ways to model 
the process for predicting welding tool 
performance. 

Introduction 

Friction stir welding is a new welding 
technique for aluminum alloys invented 
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by The Welding Institute, Cambridge, 
U.K., in 1991 (Ref. 1). This technique 
uses a nonconsumable steel welding tool 
to generate frictional heating at the point 
of welding and to induce gross plastic de- 
formation of workpiece material while 
the material is in a solid phase, resulting 
in complex mixing across the joint. A de- 
tailed account of the process has been 
provided by others (Refs. 1, 3, 7). Al- 
though friction stir welding can be used 
to join a number of materials, the primary 
research and industrial interest has been 
to join aluminum alloys. Defect-free 
welds with good mechanical properties 
have been made in a wide variety of alu- 
minum alloys, even those previously 
thought to be "unweldable," in thick- 
nesses from less than 1 mm to more than 
35 mm. In addition, friction stir welds 
can be accomplished in any position. 
Clearly, friction stir welding is a valuable 
new technique for butt and lap joint 
welding aluminum alloys. 

Of importance to this work, and sub- 
sequent interpretation of results, is the 
FSW tool design and how it interacts with 
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the workpiece. The steel tool is com- 
prised of a shank, shoulder and pin, as 
shown in Fig. 1. The welding tool is ro- 
tated along its longitudinal axis in a con- 
ventional milling machine and the work- 
piece material is firmly held in place in a 
fixture. The shoulder is pressed against 
the surface of the metal generating fric- 
tional heat while containing the softened 
weld metal. The pin causes some addi- 
tional heating and extensive plastic flow 
in the workpiece material on either side 
of the butt joint. As can be seen in Fig. 1, 
the pin is equipped with a screw thread. 
This thread was found to assist in ensur- 
ing that the plastically deformed work- 
piece material is fully delivered around 
the pin, resulting in a void-free weld. To 
achieve full closure of the root, it is nec- 
essary for the pin to pass very close to the 
backplate, since only a limited amount of 
plastic deformation occurs below the 
pin, and then only very close to the pin 
surface. 

A typical butt joint welding sequence 
proceeds as follows: 

The workpiece material, with square 
mating edges, is fixtured on a rigid back- 
plate. The fixturing prevents the plates 
from spreading or lifting during welding, 
and holds the material at a slight angle 
relative to the axis of the welding tool. 
The welding tool, fixed in its holder, is 
spun to the correct spindle speed and is 
slowly plunged into the workpiece mate- 
rial until the shoulder of the welding tool 
forcibly contacts the upper surface of the 
material and the pin is a short distance 
from the backplate. At this point the 
welding tool is forcibly traversed along 
the butt joint, which continues until the 
end of the weld is reached. The welding 
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Fig. 1 - -  Schematic of  friction stir welding tool (Refs. 1, 4, 8, 9). The 
tool is composed of a steel shaft with a pin and shoulder on one end 
and a shank on the opposite end, which is mounted to the spindle of 
a milling machine. 
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Fig. 2 - -  The tracer line technique employs a continuous line of O.38- 
mm steel shot tracer material sprinkled into a small rectangular 
groove machined in the butting edge of a plate. 
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Fig. 3 - -  Tracer line positions for the 6.4-mm 6061-T6 plate. The groove 
containing the steel shot tracer material was oriented at various posi- 
tions relative to the welding tool pin and at various depths in the work- 
piece plate, as shown in this schematic. 

tool is then retracted, generally while the 
spindle continues to turn. Once the tool 
is completely retracted, the spindle is 
stopped, and the welded plate can be re- 
moved from the fixture. It should be 
noted that when the tool is retracted the 
pin of the welding tool leaves a hole in 
the workpiece at the end of the weld. 

Experimental  Procedures 

Steel Shot Tracer Technique 

To better visualize the flow of mater- 
ial around the welding tool, two new 
techniques were used. First, small steel 
balls (0.38 mm diameter) were used as a 
tracer material embedded at different po- 
sitions within butt joint welds of 6.4-mm- 
thick 6061 -T6 and 7075-T6 plate. A weld 
was run along the length of the "seeded" 
butt joint and stopped at a point along the 
tracer pattern. By stopping the forward 

motion of the 
welding tool while 
it is still in the 
seeded material, 
the steel shot dis- 
tribution around 
the welding tool is 
preserved in the 
end of the weld, 
revealing the path 
that the tracer ma- 
terial took in trav- 
eling around the 
welding tool. Each 
weld was subse- 
quently radi- 
ographed to reveal 
the distribution of 
the tracer material 
as it transitioned 

from its original position, around the 
welding tool and into the welded joint. 

A number of techniques for embed- 
ding the steel tracer material were evalu- 
ated in preparation for the detailed ex- 
perimental work in this study. However, 
the most effective method of embedding 
the tracer material involved machining a 
small groove, 0.75 mm high by 0.3 mm 
deep, along the butting edge of a plate of 
6.4-ram aluminum and filling the groove 
with steel balls, as shown in Fig. 2. Prior 
to welding, the plates are forced together 
to imbed the 0.38-ram balls into the 0.3- 
mm groove. This technique results in a 
horizontal line of steel shot arranged at 
any desired position within the weld by 
making the groove at different depths and 
by orienting the butt joint at different lat- 
eral positions relative to the path of the 
welding tool. The initial tracer line loca- 
tions are shown in Fig. 3 for the 6061 and 
in Fig. 4 for the 7075. Inspection of the 

weld by radiography then revealed the 
line of tracer material in advance of the 
welding tool, as the material was de- 
forming around the tool, and after pas- 
sage of the welding tool. 

The second technique used in this 
study involved ending friction stir welds 
by suddenly stopping the forward motion 
of the welding tool and simultaneously 
retracting the tool at a rate that caused the 
welding tool pin to unscrew itself from 
the weld, leaving the material within the 
threads of the pin intact and still attached 
to the keyhole. By sectioning the keyhole 
at the end of a weld that was made using 
this "stop action" technique, one can 
study the flow of material in the region 
immediately within the threads of the 
welding tool. This technique requires the 
use of a numerically controlled (NC) 
milling machine. 

The welds in 6061 were made on a 
three-axis NC milling machine equipped 
with a special fixture for friction stir weld- 
ing. The use of the NC mill allowed the 
stop action technique used on the 6061 
alloy. Due to the higher forces required 
to weld 7075, it was necessary to use a 
different FSW system for those welds. 
Unfortunately, this equipment was not 
capable of performing the stop action 
motion at the end of the weld; therefore, 
the tracer dispersal patterns in the region 
immediately around the welding tool are 
not valid representations of the path 
taken by the steel shot for the 7075 as it 
traveled around the pin. 

Welding Procedures 

The welding parameters and details of 
the welding tool geometry are restricted 
from publication by agreement with the 
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Fig. 4 -- Tracer line positions for the 6.4-mm 7075-T6 plate. The groove 
containing the steel shot tracer material was oriented at various positions 
relative to the welding tool pin and at various depths in the workpiece 
plate, as shown in this schematic. 

Fig. 5 -- The plan view radiograph of 6061 tracer position 7 
weld, its position defined in Fig. 3, shows the unwelded tracer 
material at the top of the figure, as it flows around the welding 
tool pin, and as it is dispersed within the weld. The outline of 
the welding tool shoulder can just be seen. The hole left by the 
extracted welding tool pin is clearly visible. 

companies that funded industrial devel- 
opment of FSW at The Welding Institute 
(TWl). However, it can be said that the 
welding tool pin had a threaded surface, 
as shown schematically in Fig. 1, and the 
weld travel speed can be in excess of 30 
cm/min. For reference, some public do- 
main information about the details of 
welding tool geometry and attitude dur- 
ing welding is available (Ref. 8). It should 
be noted that different welding tools and 
parameters were used for the welds made 
in the 6061 alloy and the 7075 alloy; 
however, it is expected that the small dif- 
ferences between the welding tools used 
does not preclude comparison of the re- 
sults obtained. 

R e s u l t s  

Steel  Shot  T racer  Results  

Before presenting the results, it is nec- 
essary first to discuss the convention used 
for referring to locations within friction 
stir welds. Since friction stir welds are 
asymmetrical, it is necessary to accu- 
rately convey which side is intended 
when referring to specific locations 
within a weld with respect to the tool ro- 
tation and feed directions. The following 
convention will be used in the discus- 
sions to follow. The side of the welding 
tool where the motion of the surface of 
the welding tool is in the same direction 
as the feed direction is referred to as the 
advancing side. The opposite side, where 
the motion of the surface of the welding 
tool opposes the feed direction, is re- 
ferred to as the retreating side. A termi- 
nology convention that is also used (Ref. 
10) refers to the advancing and retreating 
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Fig. 6 - -  Drawings generated from each of the plan view radiographs for the 6061 welds are 
shown here. The positions are defined relative to the welding tool path in Fig. 3. 
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Fig. 7 - -  Drawings generated from each of the side view radiographs for the 6061 welds are 
shown here. 
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sides as the shear side and the flow side, 
but since this convention makes assump- 
tions about the material flow, the more 
generic terminology will be used here. 

Another convention used here is to 
refer to tool movement in indicating the 
feed direction, as opposed to workpiece 
movement. Also, the welding tool rota- 
tion direction used in the welds made in 
7075 was clockwise when viewed from 
above; however, the diagrams of tracer 
dispersal patterns were reversed in order 
to make them appear the same as the di- 
agrams from the 6061 alloy, which had a 
counterclockwise tool rotation. 

The tracer line technique produced a 
comprehensive depiction of material 
movement in friction stir welds. A typi- 
cal radiograph is shown in Fig. 5. This 
sample was taken from 6061 alloy, 
tracer line position 7 as defined in the 
layout in Fig. 3. This plan view shows the 
weld keyhole, the steel shot in advance 
of the keyhole (in the upper portion of 
the figure) and the reoriented steel shot 
behind the keyhole (in the lower portion 
of the figure). Figure 6 shows the plan 
views of all of the 6061 tracer line radi- 
ographs, Fig. 7 shows the side views 
from the same specimens, Fig. 8 shows 
the plan views from the 7075 radi- 
ographs and Fig. 9 shows the side views 
from the same specimens. The "stop ac- 
tion" technique was used when welding 
the 6061 specimens, but not with the 
7075 specimens. 

Results shown in Figs. 6 and 7 confirm 
some conclusions drawn from conven- 
tional metallographic FSW cross sections 
and also introduce new information in 
the development of a comprehensive 
material flow description. Referring to 
Fig. 6, one can immediately observe dif- 
ferent material movement patterns in dif- 
ferent parts of the weld. In positions 1 
through 3, lines of steel shot originate 
near the upper surface of the plate. The 
tracer material in these positions is 
brought around the pin on the retreating 
side and scattered behind the pin, the 
final resting place being biased toward 
the advancing side, but the material is 
otherwise randomly scattered. It is evi- 
dent from Fig. 7 that this tracer material 
also rises slightly in front of the pin and 
is then driven down to a final depth that 
is deeper than the original level. 

The pattern of movement of tracer ma- 
terial in position 2 is representative of 
that seen in each of the first three posi- 
tions. In position 2 a nearly continuous 

Fig. 8 - -  Drawings generated from each of the 
plan view radiographs for the 7075 welds are 
shown here. The positions are defined relative 
to the welding tool dimensions in Fig. 4. 

232-s [JULY 1999 



line of tracer material in front of the weld- 
ing tool is lifted and brought counter- 
clockwise around the pin as it enters the 
weld zone. Both motions take place well 
in advance of the pin, as can be seen by 
viewing both the plan view and side view 
in Figs. 6 and 7. The appearance of tracer 
material on the advancing side of the pin 
implies that some of the tracer material 
may make at least one full rotation 
around the pin as it is being driven down 
into the weld. This observation is re- 
peated in position 3, where a number of 
steel shot are seen on the advancing side, 
very close to the pin. It appears that in po- 
sition 2 the steel shot is driven from an 
initial depth of 1 mm to a maximum ob- 
served depth of about 2 mm, or 30% of 
the plate thickness. 

Position 4 appears to fundamentally 
differ from the first three positions. The 
material is not significantly propelled 
downward into the weld and the tracer 
material is not chaotically scattered be- 
hind the pin. The tracer material in this 
position appears to be dragged behind 
the pin by the rotation of the shoulder 
and is deposited behind the shoulder 
within about 1 mm of the upper surface 
of the weld, near its initial depth. 

In position 5, tracer material is signif- 
icantly lifted as it passes the pin and is 
slightly pushed away from the weld zone. 
A small amount of tracer material is de- 
posited outside of the general trend of the 
rest of the tracer material. Referring to the 
plan view of position 5, a small cluster of 
tracer material was deposited toward the 
back of the shoulder on the retreating 
side. Despite this exception, a large ma- 
jority of the tracer material is pushed 
away from the pin and lifted as the pin 
passes. A very similar trend is followed in 
position 9, originating at the same lateral 
position as 5 but just below it in the weld. 
As can be seen in the plan and side 
views, about half of the tracer material is 
lifted and pushed away from the pin but 
the balance of the material, a larger per- 
centage in this position than in the previ- 
ous one, is deposited on the retreating 
side of the pin. In both positions 5 and 9, 
the material deposited on the retreating 
side is left at the same depth in the weld 
as that on the advancing side. 

Similar tracer deposition patterns are 
found in positions 6 through 8 and 10 
through 12. Generally, tracer material 
from these welds was brought around the 
retreating side of the pin, while being si- 
multaneously lifted to a higher position 
within the weld. The tracer material was 
typically deposited adjacent to the re- 
treating flank of the pin, or slightly be- 
hind this side of the pin. 

In positions 13 and 14 the steel shot 
passes under the pin and does not signif- 
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Fig. 9 - -  Drawings generated from each of the side view radiographs for the 7075 welds are 

shown here. 
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Fig. 10 - -  In this 6.4-ram 6061 specimen the "stop action" technique was used to capture ma- 
terial flow patterns during welding near the welding tool pin and shoulder. A - -  Initial butting 
surface intersection with section plane; B - -  material filling thread space; C - -  filled thread space 
in front of pin; D - -  void behind upper portion of pin; E - -  filled thread space behind pin; F - -  
material flowing upward behind pin; G - -  material extruded under pin; H - -  material extruded 
under shoulder. 
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Fig. 11 - -  View o f  the 6.4-mm 6061 "stop act ion"  keyhole trai l ing 
edge longi tudinal  section. A - -  Partially f i l led threads; B - -  fu l ly  f i l led 
threads; C - -  dark band; D - -  downward  distort ion o f  material;  E - -  
upward distort ion o f  material. 

Tool Feed  Di rec t ion  
1.0 m m  

Fig. 12 - -  An enlargement o f  the specimen from Fig. 10 in the region 
beh ind  the pin. A - -  Area wi th no mater ial  f i l l ing beh ind  the p in;  B 
- -  fu l ly  f i l led threads; C - -  mater ial  f i l l ing beh ind the p in  from below. 

icantly change its depth or lateral posi- 
tion. It appears that there is only slight 
material movement in this region. 

Referring to Figs. 8 and 9 for welds in 
7075, it can be s.~en that simil -~, results 
were observed in this alloy. It should be 
noted that these tests were done on a 
welding machine that could not perform 
the "stop action" pin withdrawal, and as 
a result, the tracer dispersal pattei,,3 very 
near the pin should not be interpreted as 
being representative of those present dur- 
ing actual welding. Positions 1 through 3 
show the same chaotic dispersal pattern 
as was seen in the 6061 radiography re- 
sults. The steel shot is slightly lifted in ad- 
vance of the welding tool pin and is then 
driven to a greater depth within the weld. 
For example, in position 3 the steel shot 
originates at a depth of 1 mm and is de- 
posited behind the pin as deep as 4 ram, 
or "~A of the plate thickness (twice as deep 
as that observed in the 6061 for a similar 
tracer line position). 

In position 4 the steel shot also rises as 

the pin passes but is not driven down into 
the welded plate. Instead, the steel shot 
remains just below the surface and is re- 
oriented counterclockwise behind the 
pin by a small distance. The majority of 
the steel shot is deposited in a straight 
line with a percentage of the tracer ma- 
terial being deposited in a somewhat dif- 
ferent pattern. This pattern is somewhat 
different from position 4 in the 6061. 

In positions 5 and 9 the dispersal pat- 
terns observed are quite similar to those 
observed in the 6061 results. In position 
5 the steel shot is lifted in advance of the 
pin to very near the upper surface of the 
material under the shoulder of the weld- 
ing tool and is slightly pushed away from 
the pin. In position 9 the shot is also lifted 
in advance of the pin and most of the 
tracer material passes the pin without 
much lateral movement, except for a per- 
centage of the tracer material that is cap- 
tured by the pin, moved counterclock- 
wise and deposited on the retreating side 
of the pin. 

The tracer material dispersal patterns 
seen in positions 6 through 8 and 10 and 
11 are similar to each other, as were the 
corresponding positions in the 6061 re- 
sults. In these positions the tracer mater- 
ial is delivered counterclockwise around 
the pin and delivered to different posi- 
tions behind the welding tool. At the 
same time, the tracer material is lifted 
nearly to the upper surface of the weld, 
just behind the pin and pushed back 
down into the weld as the shoulder 
passes. In all cases the final vertical posi- 
tion is above the original vertical posi- 
tion. Positions 6, 7, 10 and 11 differ from 
the 6061 counterparts only in that the 
tracer material is left more directly be- 
hind the pin in the 7075 case than in the 
6061 and the lifting as the pin passes is 
more pronounced in the 7075 case than 
in the 6061. Based upon the regularity of 
the dispersal pattern behind the pin in 
each case, it is likely that the tracer ma- 
terial does not make more than a partial 
revolution around the pin in all cases ex- 
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Fig. 13 - -  A schematic view of  the average final positions of  steel shot 
tracer material in a 606 I-7-6 transverse section for positions 5 through 
14. The init ial positions are shown in Fig. 3. 

Fig. 14 - - A  schematic view of  the average final positions of  steel 
shot tracer material in a 7075-7-6 transverse section for positions 4 
through 14. The init ial positions are shown in Fig. 4. 

cept for positions 1, 2 and 3. 
In positions 13 and 14 the tracer ma- 

terial approximately remains at its origi- 
nal depth in the plate, but the lateral lo- 
cation is slightly reoriented to the 
retreating side of the weld. 

Stop Action Test Results 

To gain further insight into the mech- 
anisms of material flow in friction stir 
welds, an analysis of weld sections taken 
from the keyhole region of welds in 6061 
was undertaken. The welds studied were 
produced using the "stop action" tech- 
nique described above. A number of 
weld keyholes specimens were exam- 
ined, produced by taking a longitudinal 
section in 6061 and etching for 60 s in a 
concentrated Keller's etch. These welds 
were produced using a two-piece weld- 
ing tool that had an H13 tool steel body 
and a tungsten carbide pin with smoothly 
ground threads. Figure 10 illustrates a 
typical microstructural morphology. 
Starting from the right side of the photo- 
graph, the unwelded base metal in ad- 
vance of the welding tool is horizontally 
banded, with the upper and lower thirds 
being darker than the center third. As the 
welding tool advances, these bands re- 
veal an upward distortion of material, 
contacting the leading edge of the weld- 
ing tool shoulder. Behind the welding 
tool, the weld can be seen to consist of a 
number of horizontal layers. The top 
layer consists of a thin band of horizon- 
tally striated material extending from the 
upper portion of the back edge of the pin, 
along the welding tool shoulder surface, 
and on down to the fully developed weld 
(feature H in Fig. 10). The next layer 
down, comprising about half of the thick- 
ness of the weld, consists of vertically ori- 
ented bands, which appear to emanate 
from the lower portion of the back edge 
of the pin (feature F). Previous investiga- 

tions have shown this banded structure to 
be associated with differences in grain 
size (Ref. 7). The bottom half of the weld 
consists of a layer that is also vertically 
banded but much fainter. The very bot- 
tom layer of the weld is very dark in ap- 
pearance and is not as distinctly struc- 
tured as other portions of the weld. 

As can be seen in Fig. 1 O, the hole left 
by the threaded pin is bounded by alu- 
minum that occupied the thread spaces 
when the welding tool was retracted. 
Close inspection of the hole left by the 
pin reveals that the profile in front of the 
pin (the right side of the hole) is different 
from the trailing side. Looking from top 
to bottom along the front side of the hole, 
the thread form appears to gradually de- 
velop from curls of aluminum that in- 
crease in size, progressing downward 
(detail B in Fig. 10) until the fully devel- 
oped thread form is observed at about 
halfway through the thickness. Looking 
from top to bottom along the trailing side 
of the hole, the hole is smooth sided in 
the top half of the thickness (detail D) and 
has fully formed thread shapes in the bot- 
tom half of the weld (detail E). 

Figure 11 shows a higher magnifica- 
tion view of the leading edge of the key- 
hole. The progressive filling of the thread 
form can clearly be seen in the top half 
of the weld (detail A), with the bottom 
half of the hole having fully developed 
thread forms (detail B). In addition, a dark 
vertical band (detail C) is seen just in ad- 
vance of the pin, leading from the dark 
horizontal band in the lower portion of 
the base metal (Fig. 10), up along the 
leading margin of the pin and into the 
first fully formed thread form. Material in 
front of the pin in the upper portion of the 
plate is seen to be distorted first upward 
and then downward near the tool (detail 
D), while in the lower portion of the weld 
the material is only distorted upward (de- 
tail E). Finally, the fully formed thread 

forms are vertically banded with light 
and dark material. 

Figure 12 shows a higher magnifica- 
tion view of the trailing edge of the key- 
hole from the weld in Fig. 10. The upper 
portion of the keyhole does not contain 
thread-formed material, but instead is 
relatively smooth (detail A). The lower 
portion of the keyhole contains full 
thread forms (detail B). The depth at 
which fully formed threads are seen on 
the trailing side closely matches the 
depth of the first fully formed threads ob- 
served on the leading edge, as can be bet- 
ter seen in Fig. 10. The vertical light and 
dark banding behind the pin can be seen 
in this view (detail C) emanating from the 
region of the fully formed threads on the 
trailing side of the keyhole. 

Discussion of Results 

Steel Shot Tracer Results 

The tracer line tests performed on 
both 6061 and 7075 give insight into the 
flow of material in the region around the 
welding tool pin. First, the material flows 
indicated from the various positions in 
Figs. 6 through 9 can be divided into two 
general categories: those where the con- 
tinuous line of steel shot was reoriented 
and deposited as a roughly continuous 
line of steel shot behind the pin, and 
those where the line of steel shot was de- 
posited chaotically behind the pin. In 
Figs. 6 through 9, positions 1,2 and 3 (for 
both alloys) represent situations where 
the material was chaotically deposited, 
and positions 4 through 14 represent 
continuous line deposits of tracer mater- 
ial. In this context, chaotic dispersal of 
tracer material refers to production of a 
tracer pattern in which no evidence of the 
original line of tracer remains. In this type 
of dispersal, individual tracer elements 
are scattered in an unpredictable way 

WELDING RESEARCH SUPPLEMENT I 235-s 



within a relatively broad zone behind the 
welding tool pin. 

It should also be noted that in those 
cases were the tracer material was chaot- 
ically deposited, the tracer material was 
also moved from its original depth and 
scattered through the thickness to a some- 
what greater depth. Conversely, in those 
cases where the tracer material was de- 
posited in a nearly continuous line of ma- 
terial behind the pin, the tracer material 
was moved from its original position to a 
final position that was somewhat closer to 
the upper surface of the material. 

Based on these observations, it is ap- 
parent that those cases where the tracer 
material was deposited as a roughly con- 
tinuous line of material behind the pin 
represent cases where the aluminum im- 
mediately surrounding the original tracer 
line position was simply extruded around 
the pin. In this case, extrusion refers to a 
flow of material where plastic deforma- 
tion takes place without mixing, i.e., ad- 
jacent elements of material are deformed 
but remain adjacent to each other. 

If the lateral and vertical positions of 
the lines of tracer material are measured 
from the drawings in Figs. 6 through 9 
and plotted on a cross section of the weld 
schematic, the final positions can be 
compared with the original positions, as 
shown in Fig. 13 for the 6061 and Fig. 14 
for 7075. The data from positions 1 
through 4 are omitted from these draw- 
ings since the final dispersal pattern 
could not be represented as a point on a 
cross section drawing, as was the case 
with the extruded lines of tracer material. 
These drawings reveal that in the case of 
the 6061, material from positions 6 
through 11 is deposited in an area on the 
retreating side of the pin just behind the 
edge of the pin. Material from positions 
5, 9 and 12 are moved upward and out- 
ward away from the pin, while material 
that passes under the pin was only 
slightly displaced. Similar results were 
observed for the 7075, but the zone 
where material from positions 4, 6, 7, 9, 
10 and 11 was deposited is higher in the 
weld and closer to the centerline of the 
weld than in the 6061 case. 

It seems clear from these results that 
as the welding tool approaches, material 
from the mid-section of the plate directly 
in the path of the pin is lifted and ex- 
truded around the pin in the direction of 
pin rotation. Material from the mid-sec- 
tion of the plate, which is aligned with 
the margins of the pin, is also lifted, but 
is less affected by the shear forces im- 
parted by the rotating pin. On the ad- 
vancing side of the weld, this marginal 
material may be captured by the pin's ro- 
tational flow and carried around to the 
retreating side, or it may simply lift and 

be pushed away from the weld center- 
line. On the retreating side the mid-thick- 
ness material, which is aligned with the 
margin of the pin, is simply lifted as the 
surrounding material extrudes by the pin 
without much displacement laterally. 

Material that passes below the pin, 
from positions 13 and 14 in both alloys, 
is not greatly displaced, although in the 
case of the 7075, the tracer material did 
appear to be under the influence of the 
rotation of the pin and was displaced in 
a manner similar to that of the mid-sec- 
tion material (positions 5 through 12). In 
the case of the 6061, this effect was less, 
and differences in the pin geometry be- 
tween these two welds is likely responsi- 
ble. For example, the welding tool used 
for the 6061 had a smaller pin diameter 
and had a relatively flat end when com- 
pared to the tool used for the 7075 welds, 
which would certainly alter material 
movement patterns in the bottom portion 
of the weld. 

Stop Action Weld Results 

The welding tool affects material from 
the upper portion of the plate in a much 
different manner than in the case of the 
other positions within the weld. Based 
upon the stop action welds, it appears 
that material from positions 1, 2 and 3 is 
curled directly into the threads of the 
welding tool pin and is then delivered 
deeper into the weld. Figure 11 clearly 
shows material that was filling the thread 
space at the time the tool was retracted. 
This mechanism of filling the thread 
space shows that the material curling into 
the thread space is still attached to the 
base metal directly in front of the pin as 
it is extruded into the thread space. If this 
is the case, the material being curled into 
the thread space is not rotating with the 
pin, but is sliding against the rotating 
thread surface. Therefore, relative to the 
material in front of the pin, the thread is 
moving downward as it rotates and is 
moving forward with the overall motion 
of the welding tool; thus, the curl of ma- 
terial continuously grows as it is extruded 
into the thread space. Also, the existence 
of a void behind the pin, seen in Fig. 12, 
detail A, supports the notion that the ma- 
terial curling into the thread space is at- 
tached to the base metal in front of the 
pin and not traveling around the pin with 
the rotation of the threads, although other 
interpretations are possible. 

It should be noted that no material 
was detected clinging to the welding tool 
pin after welding. In order for this tech- 
nique to work, it is important that the 
threads of the welding tool pin should be 
free of aluminum alloy, with the excep- 
tion of the thin film of aluminum that 

commonly clings to friction stir welding 
tools after use. 

Material curls into the thread space 
until the space is filled, at about the mid- 
point of the plate thickness. The evidence 
produced by the stop action tests is less 
clear about what happens at this point, 
but Fig. 12 provides two clues that allow 
speculation about how material is trans- 
ported around the pin. First, the thread- 
formed material that is seen behind the 
pin occurs only at the depths where fully 
formed threads exist on the leading edge 
of the pin. Second, it appears that the ma- 
terial rising behind the pin (detail C) orig- 
inates from the thread-formed material on 
the rear of the pin. It can be speculated 
that once the thread space is filled, the 
continued downward motion of the 
thread relative to the material in advance 
of the pin causes the material captured in- 
side the thread space to be separated from 
the surrounding material by a narrow 
band of excessively strained material. The 
material inside of the thread space then 
begins rotating with the welding tool pin. 
As the material within the thread space 
comes around the back of the pin, it is 
then deposited behind the pin. 

Validity of the Techniques Used 

The above discussion describes ma- 
terial movement in the upper portion of 
the weld as being caused by material 
curling into the welding tool's threads at 
a rate dictated by the amount of forward 
motion of the tool in each revolution. 
Since this rate is about '/~ the diameter of 
the steel shot tracer material, it is likely 
that the tracer material does not flow into 
the thread space in the same way as the 
alloy. Therefore, it is expected that in the 
portions of the plate where this type of 
material movement takes place the 
tracer does not accurately reflect move- 
ment of the aluminum alloy. Instead of 
continuously curling into the thread 
space, it is likely that the steel shot is 
pushed out of the thread space by the 
thread's downward motion. However, 
the downward movement of tracer ma- 
terial seen in positions I through 3 for 
both alloys does support the conclusion 
reached based on stop-action testing of 
6061 plates: that material from the upper 
portion of the weld is pulled down by the 
thread form and deposited low in the 
weld behind the pin. Although using a 
smaller tracer material would improve 
its ability to accurately reflect material 
deformation, the smaller tracer materials 
would also be more difficult to detect 
using radiography. 

In the middle and lower portions of 
the plate, aluminum appears to move by 
a more orderly deformation process. This 
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is reflected in the way that the tracer ma- 
terial largely remains in a line even after 
passage of the welding tool. It is expected 
that in this area the geometry of the tracer 
material used is adequate as an indicator 
of deformation in the surrounding alloy, 
and conclusions can be inferred from the 
tracer dispersal patterns observed. 

The use of steel shot as a tracer mate- 
rial could also be an inaccurate indicator 
of material deformation due to the differ- 
ence in thermal conductivity and mass 
between the tracer and surrounding alu- 
minum alloy. The line of closely packed 
steel shot will certainly reduce heat con- 
duction along its length in advance of the 
welding tool, and will therefore disturb 
the temperature distribution in the sur- 
rounding aluminum. However, the small 
size of the steel shot should have pre- 
vented this inhomongeneity from altering 
the main heat conduction properties of 
the alloy. Also, the high thermal conduc- 
tivity of the aluminum would tend to re- 
duce thermal gradients in the vicinity of 
the line of tracer material. 

The difference between the mass of 
the tracer material and the aluminum 
alloy causes inertial forces to develop be- 
tween the materials in cases where they 
are accelerating. This effect is greatest 
where the acceleration is greatest, such 
as where the tracer and alloy are being 
pulled around the welding tool pin. Since 
the steel tracer material has a higher mass 
than the surrounding alloy, it would be 
expected that the tracer material should 
lag behind the surrounding alloy for pos- 
itive accelerations. However, at the tem- 
peratures expected in the weld zone (Ref. 
6), the aluminum alloy still has high vis- 
cosity and would likely resist relative mo- 
tion between the alloy and the tracer ma- 
terial. Therefore, it is expected that the 
difference in masses between the alloy 
and tracer material is not significant for 
this study. 

Normally, when making a butt joint 
weld using the friction stir technique the 
butt joint is located on the centerline of 
the welding tool path. The tracer method 
used in this study requires that the butting 
surfaces be located in various lateral po- 
sitions relative to the welding path in 
order to place the tracer material as de- 
sired relative to the welding tool path. 
The butting surfaces form a heat transfer 
barrier due to incomplete contact when 
compared to continuous material. In the 
friction stir welding process, there is a 
large thermal gradient in the radial direc- 
tion, along the length of the butting sur- 
faces, but one would not expect a signif- 
icant thermal gradient across the butting 
surface. As a result, it is reasonable to ex- 
pect that moving the butting surfaces lat- 
erally a small distance from their normal 

position should not significantly disturb 
the heat f low radially away from the 
welding tool. 

With respect to the stop action 
method, the main concern about the va- 
lidity of the technique relates to the ac- 
celeration and deceleration profiles of 
the axes of the machine tool used to 
make the welds. In order for this tech- 
nique to be valid, the longitudinal axis 
must quickly decelerate while the out-of- 
plane axis accelerates to full retract 
speed, leaving the material that was 
within the threads during welding intact 
and undisturbed. The theoretical accel- 
eration and deceleration rates of the ma- 
chine tool can be calculated based on in- 
formation from the machine tool 
manufacturer. One revolution of the 
welding tool takes about 39 ms. The lon- 
gitudinal axis takes only 1.07 ms to de- 
celerate from the full welding speed to 
zero, representing 9.9 deg of welding 
tool rotation. The vertical axis acceler- 
ates at the same rate but must reach a 
higher speed. This transition from zero 
speed to maximum retract rate takes 
about 8 ms, or 74-deg rotation, which re- 
sults in pushing the material within the 
threads down by about 0.1 ram. This dis- 
tortion of the thread form left within the 
keyhole is much less than the thread 
spacing, about 1 mm. While there are 
other sources of axis motion error, such 
as backlash in the drive system and de- 
flection of each axis, the welding tool 
and the tooling, it is expected that this 
small distortion does not invalidate the 
conclusions suggested by this technique. 

Conclusions 

Based upon welds in 6061 and 7075 
aluminum, it is apparent that in friction 
stir welds not all material influenced by 
the pin is actually "stirred" in the weld- 
ing process. Much of the material move- 
ment takes place by simple extrusion. 
The material that is stirred originates from 
the upper portion of the path of the weld- 
ing tool pin. The stirred material is forced 
down in the weld by the threads on the 
pin and is deposited in the weld nugget. 
Other material in the weld zone simply 
extrudes around the retreating side of the 
welding tool pin, rising in the weld as it 
goes around the pin. 

The objective of this study was to per- 
form tests to reveal the material move- 
ment patterns that take place in friction 
stir welds. The conceptual model pro- 
posed here is preliminary, and additional 
work must be undertaken to refine the 
conceptual model and give a more de- 
tailed understanding of how friction stir 
welds are made, especially to investigate 
the behavior of other aluminum alloys. 

The ultimate goal is to gain sufficient un- 
derstanding to formulate idealized mod- 
els of the process, which can be used to 
predict welding tool forces, temperature 
profiles and other parameters of interest, 
thereby, allowing researchers to evaluate 
changes to welding tool design and op- 
erating parameters and possibly suggest 
new improvements to the process. 
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