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Abstract

Experiments have been carried out to �freeze� the friction stir welding process by stopping the tool and immediately quenching the

work piece in an Al-2195 plate welded under typical conditions. Sectioning through the �frozen� weld keyhole with the tool in place

has allowed the microstructure development, leading to the formation of the ultrafine grained nugget material, to be directly

observed as fresh material encounters the deformation field surrounding the rotating pin. The grain refinement process is shown

to be driven by grain subdivision at the colder periphery of the tools deformation zone, and the geometric effects of strain, which

together reduce the overall high angle boundary spacing with increasing deformation. However, it also involves thermally activated

high angle grain boundary migration, which increases as the temperature rises towards the tool. The higher temperature latter stages

of the refinement process are closely reminiscent of geometric dynamic recrystallisation seen in high strain hot torsion experiments.

The nugget grain structure has also been found to become more equiaxed and coarsens slightly, due to static annealing in the ther-

mal wake of the tool.

� 2005 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Friction stir welding (FSW) is becoming an increas-

ingly popular method for joining aluminium alloys be-

cause it can produce welds with less distortion and

superior, more reproducible, properties than can be ob-

tained by fusion welding. Furthermore, as FSW is car-

ried out in the solid state it avoids the problems of

solidification and liquation cracking, which are inherent
when fusion welding high strength Al-alloys that have

compositions with wide freezing ranges [1].

In friction stir welding a rotating mushroom shaped

tool, consisting of a cylindrical shoulder and a profiled
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pin (or probe), is plunged into the join line between
two butted plates. The tool is then traversed under con-

ditions where frictional heating and the plastic work rate

raise the temperature of the material (400–500 �C) so

that it can be plastically deformed at a low flow stress.

The hot metal is constrained by the colder surrounding

material and between the tool shoulder and a backing

plate forcing it to flow around the rotating probe form-

ing a joint [2–4]. The majority of material ahead of the
tool is extruded around the retreating side of the pin, fill-

ing in the cavity to the rear of the tool. However, com-

plex interacting flows can occur due to features

machined into the pin, such as threads and flutes, which

are designed to drive material downwards near the

probe surface, as well as from flow under the tool shoul-

der [2–6]. The material that flows around the tool under-

goes extreme levels of plastic deformation reaching
effective strains in excess of 40 [7,8] and this normally
ll rights reserved.
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leads to a very fine 2–10 lm recrystallised grain structure

being formed in the centre of the weld [9,10]. This region

of the weld is commonly referred to as the �nugget zone�
and is part of the thermo-mechanically affected zone

(TMAZ) of the weld [1]. The surrounding material that

constrains the nugget metal is deformed by passage of
the tool and forms the remainder of the TMAZ, and

experiences much lower plastic strains (eeff � 0–5) [7,8].

The grains in this region are rotated and elongated by

interaction with the tool, but do not generally recrystal-

lise [1,11]. Very large strains are also experienced under

the shoulder contact area where fine grain structures

similar to those seen in the nugget can be formed [9].

Due to its unusual ultrafine grain size, the nugget
zone is an interesting feature of friction stir welds and

there has been some debate as to how it develops (e.g.

[11–19]). The grain structure found in FSWs is of the or-

der of the subgrain size and cannot therefore be formed

by a discontinuous recrystallisation process which

would typically require large scale high angle boundary

(HAGB) migration. It is thus most probably the result

of a form of continuous recrystallisation. The formation
of the ultrafine nugget grain structure has been widely

attributed to �dynamic recrystallisation� [11–19],

although relatively little attention has been paid to the

actual mechanism by which recrystallisation takes place

or the fact that material first encounters the edge of the

tool�s deformation field at a relatively low temperature.

In fact dynamic recrystallisation is rare in aluminium al-

loys because recovery occurs rapidly at elevated temper-
atures in high stacking fault energy face-centred cubic

metals, lowering the driving force for recrystallisation

[20]. However, few deformation studies have been car-

ried out at the high strains rates and extreme strain lev-

els experienced in friction stir welds.

Due to the extremely high strain levels reached in the

weld nugget, several researchers have proposed that

continuous dynamic recrystallisation may occur in
FSWs simply by the rotation of subgrains, due to the

absorption of dislocations into the subgrain boundaries,

until they develop high misorientations (e.g. [11,12,15]).

Unfortunately, such a hypothesis is not in agreement

with the results of experiments from high strain torsion

testing. This has consistently shown that during hot

deformation of Al-alloys, under conditions where the

grains deform homogeneously and do not develop sig-
nificant orientation gradients, the subgrain misorienta-

tions reach a steady state of only a few degrees after

an effective strain of about three and do not continu-

ously increase to ultra high strains [21–23]. Continuous

dynamic recrystallisation by progressive lattice rotation

has been observed to occur at elevated temperatures in

some aluminium alloys containing high solute levels,

such as Al–5%Mg [24]. This phenomenon is associated
with materials in which restricted dislocation glide

causes localised plastic deformation in a grain mantle
region and the rotation of subgrains adjacent to the

grain boundaries gives rise to the development of new

subgrain-scale grains along the original grain bound-

aries [25]. A further continuous recrystallisation process

that is known to produce fine grain structures in alumin-

ium alloys at very high strains is that of geometric dy-
namic recrystallisation (GDR) [23,26–28]. GDR occurs

when grain boundaries present during deformation start

to impinge because of the geometric requirements of

strain. In large strain deformation high aspect ratio fi-

brous grains will develop with a width that eventually

approaches the subgrain size, at which point, if there

is sufficient boundary mobility, the grains become unsta-

ble due to the effects of surface tension, and pinch off,
breaking up into short segments. This characteristically

produces fine elongated grains of the order of two to

three subgrains long and one subgrain wide [23,27].

Recently, as a result of a detailed electron back scat-

tered diffraction (EBSD) study, the process of nugget

formation has also been described as one of grain sub-

divison induced by severe plastic deformation with dy-

namic recovery [29]. Grain subdivision due to texture
instability is known to occur in low temperature defor-

mation (typically less than 300 �C [30]) and may extend

to higher temperatures under the high strain rates seen

in friction stir welding. Grain subdivision would cer-

tainly accelerate the rate at which boundary impinge-

ment processes like GDR can occur. However, if the

mechanism of the formation of new grains involves

some high angle boundary migration it is better de-
scribed as a recrystallisation process. An additional pos-

sibility is that static continuous recrystallisation may

occur in the trailing thermal field following formation

of the weld. Work on severe deformation processing,

and annealing cold friction stir welds, has clearly shown

that high strain deformation structures, containing

greater than �70% HAGBs will continuously recrystal-

lise into an ultrafine grain structure on annealing [31,32].
Unfortunately, the extent to which any of these possible

mechanisms contribute to the formation of nugget zone

grain structures has not yet been conclusively

demonstrated.

The nugget zone within friction stir welds also fre-

quently contains flow features comprised of concentric

�onion� rings that correspond in width to the incremental

advance of the tool per revolution [10]. The formation of
these rings has been variously attributed to differences in

grain size, particle density, and texture [9,33–35], but

their origin has not yet been fully clarified.

Virtually all previously published results on the grain

structures of FSWs have been obtained from �post-mor-

tem� studies of completed welds. Static recrystallisation

and recovery can occur very rapidly at elevated temper-

atures, and there is a considerable time lapse after the
nugget material has been deformed until the weld has

cooled, which could easily confuse microstructural
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interpretation. Furthermore, post-mortem studies do

not show how the grain structure develops as the mate-

rial interacts with and flows around the tool. To develop

a better understanding of the formation of the unusual

grain structures seen in friction stir welds, here, observa-

tions are reported on samples obtained from �stop action
welds�, where experiments have been carried out to

freeze the welding process by rapidly breaking the tool

motion and immediately quenching the work piece. This

approach has allowed the material interacting with the

probe to be directly observed by sectioning through

the �frozen� weld keyhole with the tool in situ. The re-

sults presented focuses on an example weld produced

under typical conditions in an Al–Cu–Li–Mg alloy,
AA2195, and should be seen as complementary to the

work of Fonda et al. [29], who have investigated similar

samples in a parallel study.
2. Experimental

A �stop action� weld sample was supplied by Concur-
rent Technologies Corp., following an idea proposed by

the author. The weld was produced in a 1 in. thick 2195

Al-alloy plate in a proprietary under-aged temper, with

a composition of 4.1%Cu, 0.9%Li, 0.3%Mg, 0.3%Ag,

0.14%Zr, Fe + Si <0.1% (wt.%). The bead on plate weld

was made using a tool with a conical threaded pin and

three symmetrically opposed flat faces (see weld section

in Fig. 1). The weld was produced with a spindle and
Fig. 1. Overview of the �stop action� weld obtained from stitching

together orientation contrast optical images, taken under polarized

light on an anodized sample. The dashed circles indicate the pin

diameter and thread depth, arrows show direction of metal flow.
traverse speed of 180 rpm and 1.7 mm/s, giving a �pitch�
of 0.57 mm/rev (travel per revolution). When the weld-

ing head had travelled �200 mm the welding machine�s
emergency stop was engaged, which immediately re-

moved power from the translation and spindle drives.

The resistance of the work piece dissipated the momen-
tum of the drive train and stopped the rotation of the

spindle within 0.1 of a second, corresponding to �1/6

of a rotation. On activating the emergency stop, water

was simultaneously poured onto the work-piece to

quench the plate. The plate centre cooled to less than

80 �C within �30 s, but importantly in the context of

trying to prevent static recrystallisation, cooled much

more rapidly in the critical higher temperature range
of above 300 �C (�5 s). The weld stop position was then

sectioned in thin slices through the pin using electrical

discharge machining in the plane of the plate, permitting

a plan view of the �frozen� weld keyhole. Although, due

to the thread, some vertical flow can occur in the weld

near the pin, the majority of the deformation occurs in

the horizontal plane and the sections in the plane of

the plate are therefore more revealing than the tradition-
ally used weld cross-sections presented in most post-

mortem studies. These slices were quartered (Fig. 1) to

allow removal of the remnants of the pin, which was

not strongly adhered and fell away without damaging

the contact surface.

Microstructural studies focused on the slice from the

centre plane of the weld to avoid the more complex flow

that occurs near the shoulder and weld root. This slice
was examined metallographically by optical microscopy

using polarized light to obtain orientation sensitive con-

trast after polishing and anodizing with Barkers reagent.

Higher resolution quantitative analysis was also per-

formed by using a CamScan MaXim FEG-SEM to

obtain EBSD orientation maps, after lightly electro-pol-

ishing. In the EBSD data, a lower limit boundary mis-

orientation cut-off of 1.5� was used to eliminate
orientation noise. High angle boundaries were defined

as being >15� in misorientation for an angle axis pair.

Where shown, in the EBSD maps presented, black and

light lines indicate high and low angle boundaries,

respectively.
3. Results and discussion

3.1. Overview of the �stop action� weld

An overview of the metal flow and grain structure

seen in the sectioned �stop action� weld is shown in the

composite orientation contrast optical image in Fig. 1

(higher magnification images of the sectioned quadrants

are shown below in Figs. 2, 4, 6 and 7). The metal flow,
indicative from the grain structure in the TMAZ, is in

good agreement with modelling predictions (e.g. [7,8])



Fig. 2. Composite orientation contrast optical image of the deforma-

tion zone ahead of the pin (a), with selected areas shown at higher

magnifications in (b) and (c). The white box (I) indicates the position

of the EBSD map shown in Fig. 3.

Fig. 3. EBSD map from directly ahead of the tool, showing the effect

of the progressively increasing strain and temperature with proximity

to the tool (a). Moving from top to bottom of the map, grains can be

seen splitting into deformation bands (i) which increase in misorien-

tation and reduce in spacing (ii) until they form finely spaced, parallel

new HAGBs that then break-up along their length by thermally

assisted boundary migration to form fine nugget-scale grains (iii),

enlarged in (b) (see also Fig. 13). The material immediately next to the

pin surface is shown in (c). An accumulative misorientation line scan

along the line indicated in (a) is included in (d).
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and shows that grains surrounding the weld region are

sheared in the same sense as the pin rotation (clockwise).

On the advancing side of the weld the grains in the

TMAZ are bent forwards in the welding direction and

there is a sharp interface with the nugget material.

Ahead of the tool there is a narrow deformation zone
of grains deformed in the same direction as the tool

rotation. Material ahead of the tool close to the pin

flowing in the threads and at the flats within the locus

of the tool diameter can be seen to have a similar ultra-

fine grain structure to the nugget behind the tool (e.g. I

in Fig. 1). This suggests the thread and flats on the tool

can trap and move some material from the rear of the

pin right around the tool so that it experiences more
than one rotation. Similar predictions have been made

in model simulations [8,36].

In comparison to the advancing side of the weld, the

deformation zone (or TMAZ), on the retreating side of

the pin is wider due to the clockwise rotation of the tool

causing all the material displaced ahead of the pin to

flow past this side of the probe. This rotational flow

close to the pin meets a second flow of material past
the pin from ahead of the tool to the retreating side

(at (II) in Fig. 1). To the rear of the tool the nugget re-

gion is wider than the pin diameter on the advancing

side of the weld, suggesting the nugget cavity is ex-

panded by pressure from material flow caused by the

clockwise rotation of the tool, while on the retreating

side of the weld, the nugget zone is narrower than the

pin diameter and there is a much more diffuse boarder
between the nugget and the TMAZ.
Within the fine grained nugget behind the tool dis-

tinct bands, or onion rings, can be seen, which under

polarised light correspond to rings with different crys-
tallographic orientations (discussed further in Section

3.3). These bands appear to result from the periodic

flow of material around the rear of the pin and their

spacing is normally found to coincide with the tool ad-

vance each revolution [10]. Here it can be seen (bottom

left; Fig. 1(a)) that there is a strong ring, with a spacing

that corresponds to the distance the tool moves in one

full revolution (0.57 mm), but within this ring there are
two further equispaced weaker rings. These weaker

rings are related to the three flats on the tool, which

disturb the metal flow every third of a revolution, while

the large ring reinforces this effect every full revolution

due to any non-concentricity and vibration in the weld-

ing head.



Fig. 4. Orientation contrast optical images from the advancing side of

the weld at increasing magnifications. The white box (I) corresponds to

the EBSD map area in Fig. 5(a).
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3.2. Grain structure evolution around the pin

Direct interaction between the tool and weld micro-
structure has not been previously widely studied in

FSWs. The grain structures that develop around the

pin are described below in three sections corresponding

to the regions; ahead of the tool, and to its advancing

and retreating sides. This distinction is somewhat artifi-

cial and has been used to try to highlight examples of

important features in the microstructure that can be

used to interpret how the grain structure develops, and
ultimately leads to the very fine grain structure seen in

the weld nugget. It should be noted that there is consid-

erable commonality between the observations in the dif-

ferent regions and the original coarse grains that start

off on the advancing side may be sheared by the pin to

finally break-up into material with an ultrafine nugget

grain structure on the retreating side, or the rear of

the pin. The possible mechanisms of grain refinement
will be discussed further in Section 3.4.

3.2.1. The grain structure ahead of the tool

Magnified optical images and an EBSD map taken

from the material ahead of the advancing tool are shown

in Figs. 2 and 3. This region of the weld experiences the

steepest thermal gradient and the plastic zone extends

<1 mm ahead of the tool. The microstructure shows
characteristics of both cold and hot deformation, with
the strain and temperature initially increasing gradually

and then dramatically close to the pin. In the colder re-

gion near the edge of the deformation zone the sur-

rounding grains can be clearly seen to be distorted and

split into coarse deformation bands, as they are com-

pressed and sheared in a clockwise direction by the
advancing pin (Figs. 2(c) and 3(a); position (i)). Fig.

2(c) shows an example of an unstable grain orientation

that has split into two alternating orientations. This

behaviour is typical of a coarse-grained aluminium alloy

deformed at relatively low temperatures (<300 �C) to

strains of greater than �0.5 [30,37]. These deformation

bands subdivide the original grains into new slab-shaped

grains, which rotate towards the shear direction and re-
duce in width as the strain increases closer to the tool.

Their reduction in spacing and increase in misorienta-

tion with proximity to the tool can be seen in the line

scan in Fig. 3(d). Near to the tool, thinner fibrous

grains, originating from similar deformation bands from

the advancing side of the tool (Fig. 2(b)), are drawn out

and become highly elongated as the strain level and tem-

perature rapidly increases. As the temperature rises, a
mixed structure of bands of fine nugget-like grains and

very thin fibrous grains appears, indicating the initial

stages of recrystallisation (Figs. 2(b) and 3(c)). The

microstructure at this position is consistent with there

being sufficient thermal energy for some localised

boundary migration, in that �wavy� HAGBs have now

developed (see also Fig. 4(c) below). The material closest

to the pin�s outer circumference can be seen at the bot-
tom of Fig. 3(c) and is comprised predominantly of

�3 lm low aspect ratio grains similar to those seen in

the nugget zone at the rear of the tool (see Fig. 8(a) be-

low). However, there are still some larger retained grain

fragments containing subgrains and the HAGB area

fraction is around 60%.

3.2.2. Advancing side of the weld

On the advancing side of the weld (Fig. 4) the parent

grains in the TMAZ are sheared forwards in the welding

direction, due to the clockwise tool rotation. Similar ef-

fects are seen to those reported above, but are more

spread out because of the shallower thermal and strain

gradients. In the cooler less strained region near the

TMAZ edge grains are split into coarse deformation

bands (Fig. 4(a) and arrow (i) in 5(b)) which rapidly
develop high misorientations (Fig. 5(c)). As the tool

advances the grains, which were originally ahead of

the pin, are rotated, compressed, and elongated. During

this process the coarse deformation bands, that initially

subdivided the parent grains into slab-shaped grains at

low temperatures on the edge of the deformation zone,

are drawn out to form long thin fibrous grains (Fig.

4(a) and (b)). If these grains are tracked individually
in the optical orientation contrast images, as they are

sheared around the pin, they can be seen to reach



Fig. 5. (a) EBSD map from ahead of the tool on the advancing side of

the weld, showing a grain splitting into deformation bands with two

alternating orientations at (i) and steep orientation gradients across

their borders (c) (Linescan 1). At a higher magnification in (b) bands of

fine nugget-scale grains can be seen forming as the temperature and

strain rises closer to the tool.
Fig. 6. Optical micrographs at low (a) and high (b) magnification from

the retreating side of the pin; arrows in (a) indicate metal flow.
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extreme aspect ratios as the shear strain and tempera-

ture increases (Figs. 1 and 4). At the edge of the tool a

fully nugget-like region is seen and at its periphery there

is a mixed structure, similar to that found ahead of the

tool, comprised of bands of ultrafine nugget like-grains

and surviving thin fibrous grains that eventually break

up into fragments and evolve into the nugget-like grain

structure as they are further deformed.
At higher magnifications new HAGBs originally

formed by grains splitting into deformation bands, when

the material was colder nearer the edge of the deforma-

tion zone, can be seen to develop wavy boundaries (Fig.

4(c)) and fine grains of a similar scale to those found in

the nugget form along their borders (arrow (ii), Fig.

5(a)), as the strain and temperature increases closer to

the tool. When the shear strain and temperature further
increase towards the edge of the nugget-like region, con-

tinuous bands of ultrafine nugget-scale grains can be

seen delineating the original deformation band/grain

boundaries (Figs. 4(b) and 5(b)). Closely spaced parallel

HAGBs, that formed by grain subdivision earlier during

colder deformation, can be seen to break-up into strings

of fine grains when they approach one subgrain wide

(arrowed in Fig. 5(b)). At the same time the average
width of the fibrous grain boundaries, which develop

into bands of ultrafine grains, reduce in spacing due to
the increasing shear strain and closer to the pin surface

the volume fraction of ultrafine nugget scale grains

increases.

3.2.3. The retreating side of the weld

On the retreating side of the weld the deformation
zone is wider than that on the advancing side, because

all the material displaced by the tool is extruded around

this side of the pin, driven by its clockwise rotation

(Figs. 1 and 6(a)). The flow around the front of the

pin of material originally from the advancing side and

ahead of the tool follows an inner path close to the

probe surface and meets a second flow from material

ahead of the tool on the retreating side that is displaced
by the pin (arrows in Fig. 6(a)). In general, the micro-

structure evolution shows similar features to those al-

ready described. Grains are divided into coarse

deformation bands on the edge of the deformation zone,

which are rotated in the direction of the tool rotation (in

this case opposite to the tool travel direction) as they are

forced to flow around the advancing pin. The subdi-

vided grains increase in rotation and become thinner
with higher aspect ratios as the strain increases towards

the tool and this forms the microstructural gradient seen

in the TMAZ, outside of the nugget region. Material

that was initially ahead of the tool is found closer in
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to the pin and experiences higher temperatures and

strains, which draws out the deformation bands first

formed on the periphery of the deformation zone into

long thin fibrous grains. Bands of new nugget-scale fine

grains again form along their borders. Closer to the pin

the fibrous grains, which have probably originated from
as far round as the advancing side of the weld, have

experienced extremely high strains and greater tempera-

tures and thin to subgrain dimensions, within a mixed

structure of bands of fine nugget-scale grains (Fig.

6(b)). Immediately next to the pin there is a narrow layer

of fully refined nugget-like material.

On the retreating side of the weld, behind the tool,

there is a much more diffuse boundary between the nug-
get and surrounding material than on the advancing side

(Fig. 7(a)). This is magnified in Fig. 7(b) and can be seen

to be comprised of material that has a fine nugget grain

structure, blended in layers with the material that has

not yet received enough strain to form a typical nugget

structure until it travels further into the central region

of the weld behind the pin. A similar intermittent behav-

iour has previously been seen in marker experiments
[3,38,39]. This transition region may, therefore, partly

be caused by an intermittent flow caused by the rotating

tool facets, which mixes the rotational flow close to the

pin, where a higher strain is experienced, with the flow
Fig. 7. (a) Optical micrograph and (b) higher magnification EBSD

map from the rear of the pin on the retreating side of the weld showing

the diffuse nugget boundary.
past the pin as the pin cavity is filled behind the tool.

However, there is also an influence of the individual par-

ent grains which refine at different rates depending on

their initial orientation (see Section 3.4).

3.3. The nugget grain structure in the trailing weld

EBSD orientation mapping has been used to analyse

the grain structure in the nugget behind the �stopped
tool� along the weld centreline. Because the welding pro-

cess was quenched, the thermal exposure will increase

with distance behind the pin, due to the trailing thermal

field. In Fig. 8 example EBSD maps are compared from

next to the tool�s surface and at 0.5 and 2 mm behind the
pin. It can be seen that the grain structure immediately

behind the pin is not as recrystallised in appearance

(Fig. 8(a)) and is comprised of fine elongated fibrous
Fig. 8. EBSD maps showing the nugget grain structure along the

trailing weld centreline: at (a) immediately behind the pin, (b) 0.5 mm

behind the pin and (c) 2 mm behind the pin.
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grain fragments with a significant proportion of low an-

gle boundaries (50% HAGB area). 1 mm behind the pin

a more equiaxed grain structure is seen (Fig. 8(b)), typ-

ical of most nugget zone weld post-mortem studies (e.g.

[9,10,15]), and further behind the pin a similar equiaxed

grain structure is again seen, but the grains are signifi-
cantly coarser (Fig. 8(c)). It should, however, be noted

that there was some variability within the material

immediately next to the pin surface and the map shown

in Fig. 8(a), was the least recrystallised seen. The effect

of the deceleration of the tool and simultaneous quench-

ing are also difficult to determine on the grain structure

of the material at the tool surface. Other areas close to

the rear pin surface contained a higher fraction of
HAGBs (�60%) and were more similar to that seen in

Fig. 3(c).

Statistical data from similar EBSD maps are summa-

rized in Fig. 9, as a function of distance behind the pin

along the weld centreline. These results indicate that

close to the pin the material is less recrystallised. The

fraction of high angle boundary area (%HAGB) rapidly

increases with distance and reaches the normally ob-
served level of �70–80% [9,10] by �0.6 mm behind the

pin, as static annealing by the trailing thermal field re-

sults in the formation of a more recrystallised equiaxed

grain structure (Fig. 8(b)). Some grain coarsening also

occurs and the grain size increases slightly until

�2 mm behind the pin, from �4–5.5 lm (note the data

point immediately next to the pin shows a larger �grain
size� due to the non-typical low HAGB fraction seen
at this point). The changes due to static annealing of

the nugget in the welds thermal wake behind the tool

are therefore relatively subtle, but do appear to result

in a more equiaxed and coarser grain structure.

The grain size within the nugget was reasonably uni-

form and where these measurements were made along

the weld centreline showed no obvious correlation with
Fig. 9. The average grain size (equivalent circular diameter) and the

fraction of high angle boundary area within the nugget region,

measured from EBSD maps, as a function of distance behind the tool

along the weld centreline.
the onion rings seen in Fig. 1. To study the orientation

banding seen in the nugget further, EBSD analysis was

used to investigate the local texture variation within

the annular rings. Most previous studies of friction stir

welds have found the nugget zone to have shear textures

because the deformation close to the pin is predomi-
nantly by simple shear [29,40,41]. Shear textures are

conventionally defined in terms of the crystallographic

plane {hk l} and direction Æuvwæ, aligned with the shear

plane and shear direction, respectively [42,43]. In a fric-

tion stir weld the shear plane and direction are not sim-

ply related to the sample geometry, but might be

expected to be approximately parallel to the pin surface,

or nugget flow lines.
In Fig. 10(a) three example {111} pole figures are

shown, obtained from selected orientation bands taken

from the accompanying EBSD map (Fig. 10(c)), with

increasing distance behind the tool close to the weld

centreline. The pole figures on the left-hand side (Fig.
Fig. 10. {111} pole figures showing microtextures of selected bands

form within the weld nugget, at three different distances behind the pin

near the weld centreline (indicated in the accompanying EBSD map).

In (a) the pole figures have the same orientation as the map (i.e. from

the weld mid-plane with the welding direction vertical). In (b) the pole

figures have been rotated, around the axes specified, to align the

assumed shear plane normal (SPN) vertical and the shear direction

horizontal.
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10(a)) have not been rotated relative to the sample and

have the same orientation as in Fig. 1 (i.e. from the

mid-plane of the plate with the welding direction verti-

cal). These pole figures can be described as having a

prominent {112}Æ110æ shear texture, with the shear

plane and direction aligned very approximately tangen-
tial to the surfaces of the nugget rings, although there

was frequently some spreading of the texture around

ND, which will be discussed below. In the long thin

EBSD map of the weld behind the tool, from which

these pole figures were obtained (Fig. 10(c)), the shear

plane normal is approximately parallel to the welding

direction and the shear direction lies roughly horizontal.

The textures become clearer if the pole figures are ro-
tated to present them using the conventional orienta-

tion, with the shear plane normal vertical in the plane

of the page and the shear direction horizontal, as shown

in Fig. 10(b). The rotations required to obtain this con-

ventional alignment of the shear plane are given under

each pole figure and are different for each area. They

were typically within 10� around ND, as well as up to

15� for the out of plane rotations.
The {112}Æ110æ texture results from strong symmet-

rically related ideal B=�B orientations on the {hk l}Æ110æ
B partial fibre [42,43]. The middle example pole figure is

from a smaller selected area and shows the most clearly

defined {112}Æ110æ components, with a small degree of

spread along the B fibre. In the other pole figures (top

and bottom) the texture is more noticeably spread

through an arc by rotation around the ND. This strong
ideal B=�B orientation has previously been found in sim-

ple shear deformation of high stacking fault energy met-

als, like aluminium, at temperatures in excess of 400 �C
[43]. It increases in intensity with strain and becomes

dominant at large deformations [43]. In similar samples

Fonda et al. [29] have noted a comparable texture and

alignment close to the tool, which reflects a dominant

simple shear deformation parallel to the tool surface,
but have found that there can be a bigger spread along

the B fibre in regions of the weld where the strain is

lower. The spreading of the texture around ND clearly

reduces with the size of the area selected from the EBSD

map (Fig. 10). This is because, if the shear plane/direc-

tion is aligned roughly with the surface of the pin it fol-

lows a curved surface, which causes a ND rotation,

spreading the strong {112}Æ110æ component through
an arc if a larger map area is selected.

The examples in Fig. 10 show that similar

{112}Æ110æ shear textures are seen within different

onion rings, but the shear plane/direction are slightly ro-

tated relative to each other between bands. The nugget

zone onion rings, revealed by orientation differences in

the optical image in Fig. 1, are thus most probably

caused by perturbations in the metal flow every time
the flats machined on the tool rotate to the retreating

side of the weld. This results in a rigid body rotation,
between adjacent rings, which causes small misorienta-

tions of the {112}Æ110æ shear texture. Other strain com-

ponents, and different strain levels, experienced by a

volume of material during its passage around the tool,

could also cause the texture to rotate, or alter the inten-

sity along the B partial fibre. The observed texture var-
iability is, therefore, not that surprising, given the

complex nature of the metal flow filling the cavity be-

hind the pin, but in general the texture in the nugget is

that expected for hot simple shear deformation of alu-

minium alloys to high strain levels.

3.4. Formation of the TMAZ and nugget grain structures

In friction stir welding cold material initially ahead of

the tool is heated and deformed by the rotating tool as it

advances. The strain and temperature both increase

simultaneously. In the typical weld sample studied, if

the behaviour of an original grain in the parent material

ahead of the tool is tracked, that eventually forms the

ultrafine grained nugget material behind the pin, its

microstructure develops in the following sequence, as
it experiences increasing levels of strain and temperature

and follows a flow path around the pin from the cold

edge of the deformation zone, too close to the hot tool

surface, and is finally deposited within the trailing weld

nugget.

(i) At low temperatures near the periphery of the

deformation zone the grains in the parent plate
split into coarse deformation bands, commonly

seen in aluminium alloys below �300 �C at strains

>�0.5–2 [30]. This occurs in grains of orientations

that are unstable within the imposed strain field

and generates orientation gradients and new

HAGBs at the deformation band borders (e.g.

Figs. 2(a), (c) and 3(a) location (i), 4(a), 5(c)).

(ii) As the strain and temperature increases, the origi-
nal grain boundaries and new deformation band

boundaries rotate towards the shear direction

and increase in area and reduce in separation,

due to the geometric requirements of strain, form-

ing elongated fibrous grains (Figs. 2(b) and 4(a)).

Further grain subdivision occurs simultaneously

with this process, on a finer scale, as different

regions of grains rotate towards diverging texture
orientations (Figs. 3(a) locations (i)–(ii), 3(d)).

Grain subdivision will, however, reduce with

increasing temperature as this will lead to more

homogeneous slip.

(iii) At higher strains, the fibrous grains formed from

the original subdivided parent grains increase in

aspect ratio, while reducing in width. The HAGBs

at deformation band/fibrous grain boundaries
become wavy as the thermal energy increases and

boundary migration starts to occur (Figs. 3(b)



Fig. 11. (a) The average misorientations of subgrain (<15�) bound-

aries along �70 lm long misorientation line scans, obtained from the

EBSD map in Fig. 3(a), taken transverse to the welding direction as a

function of distance ahead of the tool within stable texture bands and

avoiding recrystallised regions. In (b) boundary misorientation distri-

butions are shown with distance ahead of the advancing tool, taken

from the same map, using selected areas of 75 · 250 lm.
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location (ii), 4(c)). Bands of fine nugget scale

grains start to appear along the borders of some

deformation bands/fibrous grain boundaries as

the temperature and strain increases nearer to the

pin (Figs. 3(b) and 5(b)). Closely spaced parallel

HAGBs that formed by grain subdivision earlier
during colder deformation (e.g. Fig. 3(b) location

(ii)) break-up into strings of fine grains when they

approach one subgrain wide (e.g. Fig. 3(b); loca-

tion (iii), 5(b); arrowed).

(iv) With further increasing strain a mixed microstruc-

ture evolves of nugget scale grains with some

retained high aspect ratio fibrous grains that have

now thinned to approach a few subgrains in width
(Figs. 2(b), bottom Fig. 3(b), 5; location (iii)).

These retained fibrous fragments probably have

more stable crystallographic orientations [29].

(v) Finally, a reasonably uniformly refined nugget-like

microstructure is formed comprised of low aspect

ratio fine 3–5 lm grains (e.g. Figs. 3(c) and 8(a)).

The nugget grains are elongated in the shear direc-

tion with aspect ratios of �1–3 and there is fre-
quently a significant fraction of retained low

angle boundaries (up to �40%, Fig. 8(a)).

(vi) The very fine grain structure close to the pin within

the weld nugget becomes more equiaxed and

coarsens slightly after deformation, due to static

annealing in the tool�s thermal wake. This can be

accompanied by a reduction in the level of retained

low angle boundaries (Figs. 8 and 9) [31]. It is,
however, difficult to interpret the extent of this

effect due to the delay in quenching the plate and

the influence of the tool deceleration on material

close to the pin.

With the addition of some static annealing in the welds

trailing thermal field, (i)–(iv) above, can be satisfactorily

used to explain the grain structures seen within the
TMAZ, excluding the nugget formation. However,

the possible mechanisms involved in the evolution of the

fine-grained nugget structure deserve further attention.

3.4.1. Mechanism of continuous dynamic recrystallisation

It has been suggested by a number of authors that the

fine nugget grain structure in FSW forms by continuous

dynamic recrystallisation caused by subgrain rotation
(e.g. [11,12,15]). This mechanism has been proposed to

involve the adsorption of dislocations by subgrain

boundaries, under conditions where the subgrains are

pinned by second phase particles preventing growth,

which increase in misorientation until they become high

angle boundaries at the extremely high strain levels seen

in friction stir welds. However, high strain torsion tests

on aluminium alloys show that during hot deformation
subgrain misorientations generally saturate at relatively

low levels of �3� and do not increase greatly with fur-
ther strain. The increase in misorientation of a subgrain,

h, due to dislocation adsorption, in a homogeneously

deforming crystal, has been estimated by Pantleon [44]

as a function of shear strain, c:

h ¼
ffiffiffiffiffiffiffiffiffiffi
cb=d

p
; ð1Þ

where b is the Burgers vector and d is the cell size. This
relationship predicts that h increases very slowly even at

large strains. For example, for a typical value of b/d of

�10�4, h is only 3.7� at c = 40, and a misorientation of

15� required to form a HAGB is only reached at a strain

approaching 103.

Using the EBSD map shown in Fig. 3(a), �70 lm
long misorientation line scans have been taken trans-

verse (along TD; see Fig. 1) to the welding direction at
different distances ahead of the tool, from within stable

texture bands that do not contain high densities of

HAGBs formed by grain subdivision and avoiding re-

gions closer to the tool that have already recrystallised.

The average misorientations of the subgrain (<15�)
boundaries along these line scans are depicted in Fig.

11(a). This data show that they only increase marginally

in misorientation with distance from the tool, and hence
strain, and reach a maximum of just �4�, similar to

observations reported for torsion tests (the last line scan



Fig. 12. The theoretically expected width of a grain deformed

homogeneously in simple shear, for initial grain widths equivalent to

20–200 lm, showing the strain for convergence with a subgrain size in

the range 2–4 lm.
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closest to the tool was taken from a surviving fibrous

fragment on the periphery of the nugget material).

In Fig. 11(b) boundary misorientation distributions

are also shown as a function of distance ahead of the

advancing tool. These distributions indicate that for

low strains on the edge of the deformation zone, or
TMAZ, there are mainly low angle boundaries present

and the distributions shift to the right and become cen-

tred about a misorientation of �45� as the strain in-

creases closer to the tool. However, this does not

occur by the whole distribution progressively moving

to greater misorientations, but rather by the build-up

of the frequency of boundaries with higher misorienta-

tions over a wide range from 15� to 60�, and a bimodal
distribution is seen at intermediate distances from the

tool. This behaviour mirrors the observations described

in the images shown above, in that fine grains of a sim-

ilar size to those in the nugget are first found to form

heterogeneously in thin bands frequently associated with

prior HAGBs/deformation bands, rather than by the

continuous rotation of subgrains.

Continuous dynamic recrystallisation can occur at
grain boundaries in some aluminium alloys containing

high levels of solute, such as Mg and Zn, by progressive

lattice rotation [24,45]. This phenomenon has been sum-

marised by Humphreys and Hatherly [25] and involves

the rotation of subgrains adjacent to pre-existing grain

boundaries within a local lattice orientation gradient

that develops across the boundary. It occurs in Al-alloys

where dislocation glide is restricted by solute drag and
deformation is concentrated within a grain boundary

mantle region. Bulges in boundaries formed by interac-

tion with the substructure rotate to form new grains,

resulting in a necklace of new subgrain-scale grains that

decorate the original grain boundaries. In the enlarged

images shown in Fig. 4(c), and at (ii) in 5(a), examples

of wavy HAGBs can be seen, indicating that the temper-

ature has increased sufficiently for local HAGB migra-
tion to occur and closer to the pin, bands of fine

grains were seen to form along similar boundaries (Figs.

3(b) and 5(b)). These new grains are of the same scale as

those found in the nugget, but there is little evidence of

rotation caused by a locally deforming grain mantle re-

gion and they appear to develop mainly by rearrange-

ment of HAGBs formed by deformation bands in

unstable original grains that split into diverging
orientation.

During high strain deformation with an approxi-

mately constant strain path, even if no new HAGBs

are formed by subdivision, geometry requires that the

original HAGBs must increase in area [46] and reduce

in spacing, forming elongated high aspect ratio fibrous

grains, until ultimately the boundaries in the grain width

direction will approach each other. This fact was first
recognised by Humphreys [26,28] and McQueen

[23,27], who proposed that it could lead to a continuous
dynamic recrystallisation process, termed geometric dy-

namic recrystallization (GDR). Classically, GDR occurs

when the wavy boundaries present during hot deforma-

tion impinge, due to the compression of their spacing

with strain causing the fibrous grains to break up into

shorter lengths. This mechanism requires some bound-
ary mobility, which allows wavy boundaries to develop

and pinch off driven by the equilibration of boundary

tensions. If GDR occurs when the boundary spacing ap-

proaches one subgrain wide, then the strain for the onset

of GDR in plane strain compression can be predicted

from

ecri ¼ lnðZ1=mD0Þ þ C; ð2Þ
where Z is the Zener–Hollomon parameter, which deter-

mines the subgrain size for a given temperature and

strain rate, D0 is the original grain size and m and C

are constants (see [47]). GDR is thus more likely at high

temperatures and low strain rates, as encountered in tor-

sion tests, when the subgrain size is large. In the presence

of fine particles inhibiting grain growth, such as the

Al3Zr dispersoids in the alloy studied, this mechanism

can also result in a similar fine grain microstructure to

that seen in weld nuggets. However, pinning particles

will delay GDR to higher strains than predicted by
Eq. (2), due to their effect on reducing boundary

mobility [47].

The theoretical reduction in width of a homoge-

neously deforming grain in simple shear can be calcu-

lated from

d ¼ d0

ð
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c2

p
Þ
; ð3Þ

where d0 is the initial grain width and d is the grain

width after a shear strain, c [48]. Eq. (3) has been plotted

against strain in Fig. 12 for assumed initial grain widths

of 20–200 lm, where 200 lm is equivalent to the grain

size seen in the parent plate and 20 lm the approximate

coarse deformation bandwidth, seen at the edge of the



Fig. 13. (a) High resolution EBSD map from ahead of the tool

showing the formation of bands of ultrafine nugget scale grains by a

GDR related mechanism, highlighted at a higher magnification in (b).
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tool deformation zone. The subgrain sizes on the edge of

the nugget are within the range 2–4 lm. It can be seen

from Fig. 12, that the grain width will easily converge

with the subgrain size well within the strain range ex-

pected in the nugget region, particularly if the grains

subdivide at an early stage. For example, for an original
HAGB spacing of �20 lm, after forming coarse defor-

mation bands, the grain width will converge with the

subgrain size by an additional shear strain of �5, or

an effective strain of 3. In addition, on a local scale, con-

vergence will occur at a wide range of strains depending

on the stability of a given grain orientation.

Evidence of a GDR related process leading to the for-

mation of the nugget grain structure is shown in Figs. 3
and 5. This occurs first heterogeneously from closely

spaced HAGBs that develop at lower temperatures from

deformation band boundaries, leading to bands of fine

grains being formed. In Fig. 3(a) at location (i), fine-

scale secondary deformation bands of alternating orien-

tations can be seen to be forming within coarser primary

deformation bands near the edge of the tools deforma-

tion zone. Coarser alternating deformation bands that
already have HAGBs can also be seen in Fig. 5(a) at

location (i) (misorientations in Fig. 5(c)). At location

(ii) similar deformation bands can be seen as at location

(i) in Fig. 3(a), but with a reduced spacing and higher

misorientations as the strain increases closer to the tool

(this behaviour can be seen quantitatively in the accu-

mulative misorientation line scan in Fig. 3(d)). In the

higher magnification view in Fig. 3(b) (which includes
HAGBs >15� in misorientation as black lines) it can

be seen that with increasing strain new HAGBs form

along the fine deformation band borders, generating clo-

sely spaced segments of approximately parallel HAGBs

(arrow (ii)). Further down the map, at location (iii) in

Fig. 3(b), as the temperature increases local HAGB

migration can occur and comparable features to the clo-

sely spaced deformation bands delineated by approxi-
mately parallel HAGBs can be seen to break up along

their length into bands of subgrain-scale grains. A

higher resolution, clearer example of this behaviour is

shown in Fig. 13 from a similar position ahead of the

tool and a similar behaviour can be seen in Fig. 5 at po-

sition (ii), highlighted in Fig. 5(b). This process initially

occurs very heterogeneously as a function of the spacing

of the deformation bands formed within an individual
grain, which depends on their orientation and the local

deformation conditions, and leads to a mixed micro-

structure of bands of recrystallised subgrain scale grains,

and large fibrous grains of more stable orientation.

The volume fraction of the bands of new nugget scale

grains rises with strain, and temperature due to the pro-

cesses outlined above. However, the bands of fine grains

will start to impinge when they are forced closer to-
gether by the increasing strain, which is also essentially

a geometric effect. Eventually, on the nugget periphery,
only thin fibrous grains remain in a matrix of subgrain-

scale grains, which correspond to originally wider stable
crystal volumes that do not readily subdivide, and have

become compressed by the increasing strain. Ultimately,

with further deformation, these surviving fragments also

break up once their grain width reduces to the scale of

the subgrain size and a fully nugget-like structure is

formed.

Even though most of the original work on GDR was

carried out using optical microscopy, the recrystallised
grain structures formed at elevated temperatures close

to the nugget boundary (e.g. Fig. 13) and within the

nugget zone appear similar to those seen by McQueen

and colleagues [23,27] in very-high strain hot torsion

test, although the scale is finer and the boundaries do

not appear as classically �wavy� in the friction stir welds

due to the higher strain rate and larger density of pin-

ning particles. However, with closely spaced more pla-
nar lamellar HAGB boundaries, of around one

subgrain wide, instability will still occur due to the sur-

face tension of the transverse low angle boundaries

when there is sufficient thermal energy for some local
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boundary migration. This encourages �necking� or the

pinching off of the parallel HAGBs. A similar behaviour

has been seen on static annealing high aspect ratio thin

lamellar grains formed by severe deformation at room

temperature [31].

The grain refinement process therefore appears to be
one driven by grain subdivision, and the geometric ef-

fects of strain, which reduce the overall high angle

boundary spacing, but also involves thermally activated

boundary migration and local continuous recrystallisa-

tion, mainly by GDR, which increases in importance

as the temperature rises near to the tool. Grain subdivi-

sion is clearly an important aspect of the grain refine-

ment process during friction stir welding. In this
context it is interesting that it has recently been shown

theoretically by Barnett and Montheillet [22] that grain

subdivision will occur more readily in simple shear than

under other deformation conditions, like plane strain

compression. This behaviour is associated with the crys-

tal rotation field that produces a metastable texture in

simple shear. Taylor model predictions show that vol-

umes that develop a small deviation from the ideal shear
texture components will rotate away from the ideal

orientation with increasing strain; i.e. subgrains that

develop small misorientation differences within an indi-

vidual grain will increase in misorientation, encouraging

the splitting of a grain into diverging orientations. It is

not yet clear how important this effect is to the rate of

grain refinement in friction stir welding where, although

simple shear is the predominant deformation mode,
other minor strain components will affect the texture

and crystal stability.
4. Conclusions

The grain structure development from interaction be-

tween the material and tool during friction stir welding
has been directly observed by sectioning through a �fro-
zen� weld keyhole with the tool still in place. This has en-

abled the microstructure evolution leading to the

development of the weld nugget grain structure to be

studied with increasing strain and temperature, as fresh

material encounters the deformation field surrounding

the rotating pin. The grain refinement process is driven

by grain subdivision, and the geometric effect of strain,
which reduces the overall HAGB spacing, but also in-

volves thermally activated local boundary migration

that increases in importance as the temperature rises

near to the tool. The higher temperature stages of this

process are closely reminiscent of GDR seen in high

strain hot torsion experiments. There is no evidence to

support the idea of continuous dynamic recrystallisation

by subgrain rotation.
At the cold periphery of the deformation zone ahead

of the tool the parent grains first split into coarse pri-
mary deformation bands. As the strain increases, the

original grain boundaries and new deformation band

boundaries reduce in separation due to the geometric

requirements of the strain, forming elongated fibrous

grains. Further grain subdivision continues to occur

on a finer scale, probably encouraged by the dominant
simple shear deformation mode. With increasing tem-

perature closer to the tool, bands of fine nugget scale

grains are first formed, from closely spaced parallel

HAGBs that develop from finer scale deformation

bands. This process involves local boundary migration

driven by the surface tension of transverse low angle

boundaries. A mixed microstructure develops consisting

of a matrix of nugget scale grains containing high aspect
ratio fibrous grains corresponding to more stable orien-

tations. The bands of fine grains are forced closer to-

gether and increase in volume fraction with strain.

Finally, the remaining fibrous grain fragments become

unstable when they thin to subgrain dimensions and

break up to form a full nugget-like microstructure com-

prised of low aspect ratio ultrafine grains. Following

welding, the ultrafine grain nugget structure formed by
this process becomes more equiaxed and coarsens

slightly due to static annealing in the thermal wake of

the tool.

The nugget material was found to have a strong ideal

{112}Æ110æ texture or strong B=�B ideal simple shear

component, with the shear plane normal and shear

direction aligned approximately perpendicular to and

tangential with the flow lines in the nugget. Perturba-
tions to this alignment were found to be responsible

for the rings of orientation contrast seen in the nugget.

The spacing of strong onion rings, or texture banding,

in the nugget zone coincided with the pitch of a full rev-

olution; however, weaker rings were seen every third of

a rotation, caused by the flat faces machined on the pin.
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