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Microstructural Characterization of a 
Double-Sided Friction Stir Weld on a 

Superaustenitic Stainless Steel 

The formation of different microstructural zones in friction stir welded AL-6XN is 
described using results from various characterization techniques 

BY S. KLINGENSMITH, J. N. DuPONT, AND A. R. MARDER 

ABSTRACT. The microstructure of AL-
6XN plates joined via a double-sided fric
tion stir weld has been investigated. The 
microstructural zones that develop during 
friction stir welding (FSW) reflect de
creasing strains and less severe thermal cy
cles with increasing distance from the weld 
centerline. The nugget, located around 
the centerline, has a refined structure of 
equiaxed grains as a result of the extreme 
strain and temperatures experienced dur
ing welding. Several features are seen 
within the nugget, one of the most promi
nent being a steady stream of tungsten in
clusions created by accelerated tool wear. 
The heat-affected zone consists of a mix
ture of relatively large austenite grains 
and smaller recrystallized grains present 
at grain boundaries. These fine grains 
were shown to be austenite and no evi
dence of sigma phase in this region was ap
parent. The thermal mechanical-affected 
zone, located between the nugget and 
heat-affected zone, shows a microstruc
tural transition from the completely re
fined structure to a structure very similar 
to the base metal. Of particular impor
tance is that, unlike fusion welding, mi
crosegregation has been avoided during 
FSW. Due to the changing microstructure 
from base metal to the weld zone, there 
are corresponding changes in hardness. 
Moving toward the centerline from the 
base metal, hardness increases due to re
finement of the microstructure. 

Introduction 

Friction stir welding (FSW), which was 
developed by The Welding Institute 
(TWI) in 1991 (Ref. 1), is a solid-state 
welding process that offers an attractive 
alternative to fusion welding. The entire 
process appears relatively simple in that a 
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rotating tool is plunged between the sur
faces of two abutting plates and is then tra
versed along the length of the plates. The 
advancing and retreating sides of the weld 
are defined by the direction of tool rota
tion with respect to the tool translation. 
On the advancing side, the tool rotation 
and translation are in the same relative di
rection while tool rotation and weld direc
tion oppose each other at the retreating 
side. The tool consists of a shoulder that 
rotates against the plate surface and a pin 
that rotates beneath the plate surfaces. 
During the FSW process, frictional forces 
between the tool and plates create intense 
local heating. Instead of melting, a highly 
plasticized region of material around the 
rotating tool is created (Ref. 2). Material 
flow during FSW is very complex, but can 
be explained as a simple extrusion process. 
Tool rotation causes material transfer 
around the tool, stirring the two plates to
gether. As the tool is translated, it essen
tially extrudes the stirred material through 
a "die" created by the tool and the unsoft-
ened plate material (Refs. 3-6). 

Although a number of materials have 
been joined via FSW, aluminum is the 
most commonly welded. Research has 
been performed on similar and dissimilar 
welds of aluminum alloys of the lxxx, 2xxx, 
5xxx, 6xxx, and 7xxx series (Refs. 2-5, 7-9). 
Microstructural zones that develop in 
heat-treatable aluminum alloys are similar 
and have been characterized extensively in 
the literature (Refs. 2-5, 7-10). Recently, 
there has been increasing interest in FSW 
of higher temperature materials such as 
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stainless steels. Although most stainless 
steels are readily weldable using standard 
welding techniques, FSW offers a number 
of advantages over fusion welding. Some 
benefits such as lower distortion, lower 
shrinkage, and elimination of porosity are 
a direct result of the lower operating tem
peratures and solid-state nature of FSW 
(Ref. 11). For stainless steels, two advan
tages make FSW particularly desirable. 
First, hexavalent chromium, a carcino
genic gas generated in arc welding by 
evaporation from the liquid pool and 
molten metal droplets (in consumable 
electrode processes), is absent in FSW 
(Ref. 12). Second, and most importantly, 
solidification defects commonly seen in 
fusion welding such as microsegregation 
can be avoided (Ref. 13). Microsegrega
tion, resulting in Mo-depleted dendrite 
cores, is highly detrimental to the corro
sion resistance of fusion welds and limits 
weld lifetime (Refs. 14-16). Despite these 
advantages, progress in FSW of higher 
temperature materials has been slow. 
Higher temperature materials like stain
less steels are harder than aluminum al
loys and have a higher flow stress. This 
harsh tool environment causes acceler
ated tool wear (Ref. 17), which ultimately 
limits process productivity and may also 
result in contamination of the weld zone. 
With proper tool design and better selec
tion of tool material, however, wear can be 
minimized (Ref. 18). 

Reynolds et al. (Ref. 19) has recently 
reported on the friction stir welding of a 
superaustenitic stainless steel (AL-6XN). 
These results showed that the base metal 
consisted of large equiaxed austenite 
grains with the sigma phase at the center-
line. Similar to all other FS welds, the 
nugget consisted of refined grains, but no 
"onion rings" were observed. Surrounding 
the nugget, in the heat-affected zone 
(HAZ), a region of large austenite grains 
was observed with some type of phase with 
a small grain size at the grain boundaries. 

WELDING JOURNAL 



M=H»] I : [ * ! : ! 4*1 =f:!:W: 

A 

tx 
jym 

5$ 

"n -

•IE-
) 

\ 
\ 

r— 
30 

I . 
- * . - ; • 

• - ' 

~ys 

fim 

1 
Fig. 1 — Base metal microstructure, which consists of large equiaxed 
austenite grains with annealing twins. 

It was suggested that the smaller grains at 
grain boundaries were either the sigma 
phase or new, recrystallized austenite 
grains (Ref. 19). No detailed characteriza
tion was conducted to investigate this phe
nomenon. Although chemical nonhomo-
geneties (e.g., microsegregation) in FS 
welds arc not expected due to the solid-
state nature of the process, this has not 
been confirmed for FS welds produced on 
stainless steels. Thus, the objective of the 
present investigation is to provide a com
prehensive microstructural characteriza
tion of a double-sided friction stir weld on 
AL-6XN. 

Experimental Procedure 

Two plates of AL-6XN were joined via 
a double-sided FS weld in a groove weld in 
a butt joint configuration. The plate thick
ness was 6.35 mm (0.25 in.). Welds were 
produced with a proprietary tungsten-
based tool using a travel speed of approx
imately 0.847 mm/s (2 in./min), a tool ro
tational speed of 150 rpm, and a z-axis 
load of approximately 80 kN (18000 lb,). 

Cross sections of the transverse view of 
the welds were cut and prepared for mi
crostructural analysis. Samples were 
mounted in a thermosetting epoxy and 
prepared according to standard metallo
graphic preparation techniques. Samples 
were then electrolytically etched in a 10% 
oxalic acid solution and analyzed using 
light optical microscopy (LOM) and scan
ning electron microscopy (SEM). SEM 
was conducted on JEOL 6300 and XL30 
microscopes. Grain size measurements 
were performed in selected areas accord
ing to ASTM El 12 (Ref. 20). Four micro
hardness traces across the welds were per
formed with a LECO M400FT hardness 
tester in accordance with ASTM E384 
(Ref. 21) using a load of 300 gm. 

Characterization ofthe elemental distri
bution across different regions of the weld 

was performed using elec
tron probe microanalysis 
(EPMA). Regions of in
terest were marked and 
the samples were ana
lyzed in the as-polished 
condition to avoid any 
surface relief from etch
ing. EPMA was con
ducted using a JEOL 733 
Superprobe equipped 
with four independent 
wavelength dispersive 
spectrometers. The analy
sis was completed using 
an accelerating voltage of 
15 kV and a beam current 
of 32 nA. The Ka lines 
were used for elements 
Fe, Ni, and Cr, while the 
La line was used for Mo 
(Ref. 22). Raw data were 
converted to weight per
centages using an estab
lished ZAF algorithm 
(Ref. 23). The base metal 
and weld zone were 
probed randomly to ac
quire representative com
positions while four line 
scans were performed to 
check for composition 
changes across various re
gions of the weld. Two 
scans traversed from the 
first weld pass to the sec
ond weld pass, while two 
other line scans traversed 
from the weld zone into 
the base metal. Data were 
acquired at 10-n.m incre
ments along lines that 
were approximately 500 
pm in length. 

In addition, thin spec
imens approximately 20 x 
10 mm were extracted 
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Fig. 2 — A — SEM image of the secondary phase located at midplate 
thickness in the base metal; B — EDS spectra of ihe base metal; C — 
EDS spectra ofthe second phase. 
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Fig. 3 — Light optical micrograph of a cross-section of the FSW: A — Defining microstructural regions in the weld; B — showing location of microhardness 
and EPMA traces and several microstructural features. 

from the HAZ using a FEI D B235 fo
cused ion beam milling machine and used 
for preparation of TEM samples. All spec
imens were prepared across the grain 
boundaries in the HAZ by milling with a 
Ga ion beam at an accelerating voltage of 
30 kV. To protect the thin section during 
milling, the surface was covered with a 
1-pm-thick Pt layer internally deposited 
before the milling. After rough sectioning, 
the specimens were cleaned by a low-dose 
Ga ion beam (beam current of 300 pA) as 
the last step to avoid significant Ga conta
mination. After extracting the specimens 
from the HAZ, the specimens were 
mounted on a Cu grid with an amorphous 
holey carbon film. 

Microstructural observation and elec
tron-diffraction analysis of the specimens 
were both performed in a JEOL JEM-
201 OF TEM operated at 200 kV. Selected-
area diffraction (SAD) was used for phase 
identification and analysis orientation rela
tionship around grain boundaries in the 
HAZ. In addition, these regions were also 
analyzed by energy-dispersive X-ray spec-
trometry (XEDS) with the incident beam 
size of ~ 3 nm to support the results of the 
electron-diffraction analysis. 

Results and Discussion 

Base Metal Microstructure 

The microstructure of the AL-6XN 
base metal consisted of equiaxed austen
ite grains with annealing twins — Fig. 1. 
The average grain size measured approx
imately 63 ± 5.6 pm. This is a typical mi
crostructure for a rolled and annealed su
peraustenitic stainless steel (SASS). The 
composition of the base metal was deter
mined using EPMA techniques. As seen 
in Table 1, the measured composition 
compares closely to the industrial stan
dard for AL-6XN, with Mo and Ni slightly 
below the lower limits of the specification. 

At higher magnifications, a second 
phase appearing as streaks was observed 
near the midplane ofthe as-rolled plate. A 
secondary electron SEM image shows this 

Table 1 — Composition Analysis of a Doubled-Sided Friction Stir Weld on AL-6XN Obtained 
Using EPMA 

Element 

UNS N08367 
Tolerances 
Base Metal 
Nugget 

Cr 
wt % 

20.00-22.00 

20.47 
20.53 

Mo 
wt % 

6.00-7.00 

5.97 
5.95 

Fe 
wt% 

Balance 

Balance 
Balance 

Ni 

wt% 

23.50-25.50 

23.40 
23.41 

phase is different from the rest of the base 
metal — Fig. 2A. The EDS spectra of both 
the base metal and second phase are seen 
in Figs. 2B and C, respectively. Compared 
to the base metal, the second phase has an 
increased amount of molybdenum and was 
previously identified in AL-6XN plate as 
sigma phase (Refs. 19, 24). Sigma forma
tion is promoted by microsegregation of 
chromium and molybdenum (Refs. 25, 26) 
and has been shown to form during solidi
fication of superaustenitic stainless steels 
(Refs. 26-28). In the case of these AL-6XN 
plates, sigma likely formed at the centerline 
of the plate due to segregation during ini
tial solidification of the continuous cast 
product and persisted during subsequent 
plate processing. Because sigma is a brittle 
intermetallic, it can be deleterious to me
chanical properties of steel structures and 
should be avoided (Ref. 29). 

Weld Zone Microstructure 

Macroscopic views of the double-
sided FSW on the AL-6XN plates are 
seen in Fig. 3A, B. Figure 3A identifies 
the nugget, the thermal mechanical-af
fected zone (TMAZ), the retreating 
(RET) and advancing (ADV) sides of the 
weld, and some notable features includ
ing tungsten swirls (as confirmed later), 
banding, and the crowns and root overlap 
ofthe weld. At the crown (or surface side) 
of both weld passes, there is a long, shal
low region of affected material that is cre

ated by the pressure of the rotating shoul
der against the plate surface during weld
ing (Ref. 30). Below this shallow region, 
the widths of the first and second pass 
were approximately 11.5 and 12.7 mm, re
spectively. At increasing distances from 
the crown, the weld zone gradually be
comes narrower. There is a minimum 
weld zone thickness of about 6.3 mm near 
the plate midplane, where the roots (or 
bottom sides) ofthe weld passes overlap. 
A slight asymmetry of each weld pass is 
seen — the retreating side has a more 
gradual slope than the advancing side. It 
is suggested that the asymmetry is created 
by differences in flow between the ad
vancing and the retreating sides of a FS 
weld (Ref. 31). On the advancing side, the 
tool rotation and translation are in the 
same direction and cause chaotic flow and 
complex mixing. Flow on the retreating 
side, however, is generally not as complex 
— material is simply deformed by tool ro
tation, but no significant mixing takes 
place (Refs. 6, 32). Another view of the 
general shape of the FSW is seen in Fig. 
3B. In this figure, the approximate loca
tions of the microhardness traces (Traces 
A-D) and the approximate lines (Lines 
1^1) and areas (Areas 5 and 6) on which 
EPMA was performed are indicated. 

Nugget 

As seen in Fig. 3A, the nugget consti
tutes the majority of the weld affected 

WELDING dOURNAL 



•JU[*l:14^4iV.W 

i a ifeti 

1995 

c 

0 
u 

0 _ 

W 
Peak 

i; 
0.000 

4:37:03 PM 3/24/2003 

F 

Cr 

I 
lil 

keV 

15KV 40 Degree 

C 

i 

Ni 

lili -
10.240 

Fig. 4 —A and B are SEM images ofthe swirl found in the nugget and the EDS spectra obtained from (C) the swirl und (D) the nugget matrix. 

zone. No composition change should 
occur since FSW is an autogenous process 
requiring no filler metal or flux. The aver
age composition of the nugget, deter
mined by EPMA, was essentially the same 
as the base metal (Table 1). In general, the 
microstructure of the nugget consisted of 
very fine grains not clearly visible using 
LOM. The nugget grain size was mea
sured at several locations to contrast the 
—60-pm sized grains of the base metal. 
The average grain size near the crown of 
the weld was approximately 5.9 ± 0.6 ,um. 
Near the middle of the nugget, grains were 
slightly smaller with an average size of 5.1 
± 0.3 jam. Grains near the weld roots were 
the smallest at an average of 4.3 ± 0.6/xm. 
Decreasing grain size from the crown to 
the root is a trend seen in aluminum alloys 
as well (Refs. 7,9). The pressure applied by 
the tool shoulder results in higher peak 
temperatures and longer exposure times 
on the plate surface, allowing for greater 
grain growth near the surface (Refs. 7, 9). 
It is important to note that the thermal me
chanical cycle of FSW decreases grain size 

by an order of magnitude. 
Several distinct features are seen in the 

nugget. Two of the most prominent fea
tures are the swirl patterns in each weld 
that extend from the advancing side of the 
weld beyond the centerline — Fig. 3A. B. 
At high magnifications (Fig. 4A, B), it can 
be seen that the swirls consist of some sec
ond phase dispersed in the nugget. Com
paring the EDS spectrum from the sec
ondary phase (Fig. 4C) to the nugget EDS 
spectrum (Fig. 4D), it can be seen that 
tungsten is detected in the swirl, but is ab
sent in the surrounding material. Al
though tool wear is not significant during 
FSW of aluminum alloys, it can be sub
stantial when welding harder materials. 
For example, during FSW of mild carbon 
steel using a molybdenum-based tool, 
wear was shown to result in molybdenum-
enriched regions in the weld zone (Ref. 
12). In the present case, temperatures and 
frictional forces are significant enough to 
cause tool wear, resulting in tungsten con
tamination in the nugget. There is some 
evidence that the advancing side may pre

sent a slightly harsher environment com
pared to the retreating side. First, the rel
ative velocities of the tool and workpiece 
are faster on the advancing side. Also, as 
mentioned previously, material flow is 
more disruptive on the advancing side be
cause the relative directions of tool rota
tion and translation. It has also been re
ported that thermal cycles were more 
severe on the advancing side than the re
treating side (Ref. 33). 

There is no appearance of "onion rings" 
in the nugget as seen in some aluminum al
loys (Refs. 9, 10) and 304 stainless steel 
(Ref. 18), but a "banding" type of phenom
enon is seen near the root overlap — Fig. 
3A. Figure 5A, a secondary electron SEM 
image, shows the banding at a higher mag
nification. In contrast to onion rings in 304 
SS FS welds, consisting of alternating layers 
of ferrite and austenite (Ref. 18), SEM im
ages of the light and dark layers creating the 
banding in AL-6XN reveal only differences 
in etching response. The microstructure of 
the dark layer (Fig. 5B) consists of fine 
equiaxed grains. However, in an SEM 
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Fig. 5 — A — SEM image ofthe banding seen at the boundary of 
weld pass I and!. High magnification SEM images ofthe (B) dark 
and (C) light bands seen in A. 

Fig. 6 — EPMA data of lines 1 and 2, both of which extend across 
the boundary of weld pass I and 2. 

image of the light layer (Fig. 5C), the mi
crostructure is very fine and difficult to re
solve. EPMA data of Lines 1 and 2 extend 
through the banding at the root overlap 
(Fig. 3B), and a plot of these data (Fig. 6) 
shows concentration of the elements in this 
region remained constant. Thus, banding is 
not the result of composition changes. A 
possible explanation for the banding is th 
complex material flow occurring during 
FSW. When dissimilar metals are joined via 
FSW, the complex mixing of the two plates 
is obvious, as etching reveals complex swirls 
and distinct layers throughout the weld 
zone (Ref. 2). When two plates ofthe same 
material are joined, however, the swirls and 
vortex patterns are less evident since there 
are no real composition differences. In this 
case, the subtle appearance of distinct lay
ers can be the result of variations in defor
mation regimes (Ref. 34). 

Similar to the base metal, a second 
phase was found near the midplane of the 
plate in the weld zone — Fig. 7A. EDS 
analysis of the second phase (Fig. 7B) 
again detects an increased concentration 

of molybdenum compared to the base 
metal (Fig. 2B). Some ofthe second phase 
was also found near the edge ofthe nugget 
bordering the TMAZ — Fig. 7C. Only a 
few, isolated fragments of sigma were 
seen in the nugget in contrast to the base 
metal. Before welding, the morphology of 
the sigma in this region most likely ap
peared similar to the centerline sigma in 
the base metal. The intense deformation 
and complex material flow during weld
ing, however, caused the sigma to be re
distributed away from the midplane. It is 
likely that more sigma is distributed 
throughout the nugget, but is very fine and 
was undetected with the LOM or SEM 
magnifications used in this study. It should 
be stressed that the sigma phase found in 
the nugget originated in the base metal 
and thus existed prior to the welding 
process. Nevertheless, from Fig. 6, it is 
seen that microsegregation, which pro
motes sigma formation during solidifica
tion of fusion welds, has been avoided. 
Thus, it is unlikely that sigma would form 
during FSW. 

Heat-Affected Zone and Thermal Mechanical-
Affected Zone 

As mentioned previously, the TMAZ 
surrounds the nugget and the HAZ sur
rounds the TMAZ. The HAZ consists of 
the same large equiaxed austenite grains 
seen in Fig. 1 of the base metal. Having ex
perienced only the thermal cycles of FSW, 
grain growth in the HAZ might be ex
pected but is not evident. The difference 
between the base metal and the HAZ is 
very subtle and defining the exact bound
ary between the two is difficult. The only 
distinguishing feature between the two re
gions is the presence of a fine phase at the 
grain boundaries in the HAZ — Fig. 8. 
Posada et al. noted the same phenomenon 
in A1-6XN FS welds and suggests that it is 
either recrystallized grains or precipitated 
sigma phase (Ref. 19). 

A TEM photomicrograph of the mi
crostructure around a grain boundary in the 
HAZ is shown in Fig. 9. This image shows 
two original austenite grain boundaries (in
dicated by several arrows) and the small 
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Fig. 8 — Light optical micrograph showing smaller grains located 
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Fig. 9 — Microstructure at the original austenite grain boundaries ofthe 
HAZ. 

Fig. 7 — A — SEM image of the secondary phase in the nugget similar 
to the sigma phase in the base metal; B — the EDS spectrum of that 
phase; C — additional sigma located throughout the nugget. 
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Fig. 10 — A-F— SAD patterns obtained from regions labeled A-H. 

features decorating the boundary (indi
cated by letters). The SAD patterns from 
the indicated features were obtained for 
phase identification and to determine their 
orientation relationship — Fig. 10A-H. 

The SAD pattern at region A was typi
cal for an FCC metal oriented along the 
(112) plane — Fig. 10A. Regions B and C 
produced similar SAD patterns with slight 

orientation differences — Fig. 10B, C. 
Therefore, regions identified as A-C are 
subgrains. separated by only low angle grain 
boundaries. On the opposite side of the 
grain boundary, regions E-H have a similar 
orientation to one another (Fig. 10E-H). 
but arc different than regions A-D. Again, 
regions E-H differ in orientation by a small 
angle and are subgrains. Although these 

subgrains are not oriented along a major 
zone axis, the crystal structure is still re
vealed. The diffraction patterns of Fig. 
10E-H are also of an FCC structure, not the 
tetragonal crystal structure of sigma. Re
gion D has a similar pattern to regions E-H 
and probably constitutes another FCC 
grain separated from subgrains A-C by a 
grain boundary. This phenomenon was also 
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investigated at another site in the HAZ and 
similar results were found. From the TEM 
analysis, it can be said that the fine grains 
found in the prior austenite grain bound
aries in the HAZ are due to austenite re
crystallization at these sites and not the for
mation of sigma phase. 

The exact source ofthe deformation re
quired to cause this recrystallization at the 
grain boundaries is not clear. One possi
bility is that the combination of residual 

stress from plate processing and the spe
cific time and temperature environment 
produced during FSW promoted recrystal
lization of austenite. It is also possible that, 
although this microstructure was referred 
to as the HAZ (implying that only temper
ature cycles affected the microstructure), 
strain may have reached the critical mini
mum to induce recrystallization. 

The microstructure of the TMAZ is 
best described as a transition region from 

a complete HAZ microstructure to a com
plete nugget type of microstructure — Fig. 
11 A. The transition is a result of decreas
ing strain and strain rates and milder ther
mal cycles with increasing distance from 
the centerline. Because the changes from 
the TMAZ and HAZ zone arc so gradual, 
the line drawn in Fig. 11A defines only an 
approximate HAZ/TMAZ boundary. 
Near this boundary, microstructural 
changes of the TMAZ are mainly the re-
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suit of thermal cycles — evidence that de
formation is minimal here. Moving toward 
the right in the figure, strain caused by tool 
rotation begins to dominate the mi
crostructural changes, leading to a more 
refined structure. As seen in Fig. 11A, 
higher strains deform the original austen
ite more severely and promote more re
crystallization at the original austenite 
grain boundaries. Adjacent to the weld 
nugget, most of the TMAZ appears com
pletely refined, but several larger austen
ite grains persist. 

In addition, EPMA data along Lines 3 
and 4 (Fig. 3B) provided a composition 
analysis of the different microstructural 
regions. The data showed no variation in 
elemental concentration with distance 
(Fig. 11B), and appeared essentially the 
same as data obtained from Lines 1 and 2 
(Fig. 6). From all EPMA traces, it can be 
concluded there is no form of segregation 
in the AL-6XN welds. 

Microhardness 

The average microhardness of the base 
metal was measured at approximately 243 
± 9 HK. Four microhardness traces were 
performed across the welded region (Fig. 
3B). Figure 12A-C shows plots of micro
hardness as a function of distance from the 
centerline for traces A, B, and C, respec
tively. As labeled on the figures, changes in 
microhardness are correlated to the mi
crostructural transition from the base metal 
to the nugget. In all plots, hardness is high
est in the fine-grained nugget region. All mi
crostructural zones are represented in trace 
B — Fig. 12B. Since the TMAZ is narrow, 
no data points fell within this region for 
trace A (Fig. 12A) and trace C (Fig. 12C). 
Despite this, it can clearly be seen that 
hardness decreases with increasing distance 
from the weld centerline. As mentioned 
above, the TMAZ consists of a mix of de
formed austenite grains and small grains at 
grain boundaries. In general, this mi
crostructure yields hardness values similar 
to, but slightly lower than, the nugget. The 
large austenite grains and smaller grains of 
the HAZ yield a range of hardness values 
between the TMAZ and base metal hard
ness. The TMAZ and HAZ, both transition 
zones separating the nugget and the base 
metal, show a trend of decreasing hardness 
moving away from the nugget. These zones 
also exhibit considerable scatter in the data 
— a result of the nature of the microstruc
ture and of microhardness testing. 

Trace D was taken through the plate 
thickness near the weld centerline (Fig. 
3B). Figure 12D shows a plot of micro
hardness measurements as a function of 
distance from the midplane of the plate. 
The two maximum data points correspond 
to the microhardness of the tungsten 
swirls in the microstructure. 

Conclusions 

The resulting microstructure of a dou
ble-sided FSW on AL-6XN plate was 
examined using LOM, SEM, TEM, and 
microhardness techniques. Significant re
sults of the study are as follows: 

1. The intense deformation and tem
peratures experienced by the nugget pro
duce a very fine microstructure of 
equiaxed grains. 

2. Evident from the stream of tungsten 
contamination found in the microstruc
ture, tool wear proves to be a significant 
problem in FSW of AL-6XN with the cur
rent tool material. The wear debris was 
predominately observed on the advancing 
side of the weld. 

3. As expected, there was no evidence 
of segregation in any region of the weld, 
which is significantly different than con
ventional fusion welding where microseg
regation is an unavoidable occurrence 
when joining SASS. 

4. The HAZ and the TMAZ are transi
tion zones between the base metal and the 
nugget. The HAZ microstructure is char
acterized by large austenite grains similar 
to the base metal with recrystallization of 
austenite at grain boundaries. No evi
dence of sigma phase at the austenite 
grain boundaries was found. There are no 
apparent signs of deformation in this re
gion. The TMAZ is simply a microstruc
tural transition from the HAZ to the 
nugget. Approaching the weld centerline, 
effects ofthe increasing strains and higher 
temperatures produced during FSW are 
seen by the increased grain deformation 
and recrystallization at grain boundaries. 

5. Microhardness traces reflect the mi
crostructural changes in the different re
gions created during FSW. Generally, the 
base metal is softer than any weld-affected 
region. Hardness increases toward the 
centerline, through the HAZ and TMAZ, 
as a result of increasing microstructural 
refinement. The fine-grained structure of 
the nugget yields maximum hardness. 
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Correction 
In the welding research paper that ran 

on pages 41-s to 51-s of the March 2005 
Weldingjoumal titled "Processing of Alu
mina-Niobium Interfaces via Liquid-
Film-Assisted Joining," each instance in 
which the symbol © appears should have 
been an approximately equal to sign (=). 
For example, the abstract should have 
read as follows: 

"Alumina-niobium interfaces were 
fabricated at 1400°C via solid-state diffu
sion brazing of a 127-u.m-thick niobium 
foil between alumina blocks. Prior to 
brazing, some ofthe alumina mating sur
faces, both polished and unpolished, were 
evaporation-coated with copper films 
"1.4, =3.0, and =5.5 p.m thick to induce 
liquid-film-assisted joining at the brazing 

temperature. The effects of copper film 
thickness and surface roughness on frac
ture characteristics and ceramic-metal in
terfacial microstructure were investigated 
by room-temperature four-point bend 
tests, optical microscopy, profilometry, 
and atomic force microscopy. The aver
age strength of bonds between niobium 
and polished alumina substrates in
creased with the introduction of copper 
film interlayers, and the scatter in 
strength tended to decrease, with an opti
mum combination of strength and 
Weibull modulus arising for a copper film 
thickness of 3.0 jam. The strength charac
teristics of niobium bonded to unpolished 
alumina substrates were also improved by 
liquid-film-assisted joining, but were un
affected by the thickness ofthe copper in
terlayers." 

The incorrect signs also appeared on 
pages 42-s through 49-s. 

In addition, two less than or equal to 
signs (<) appeared as quotation marks. 
The last two sentences in the first column 
of page 43-s should have read as follows: 

"Increasing alumina roughness resulted 
in a modest (<10%) decrease in average 
strength, increased scatter in strength, and 
a decrease in the area fraction of alumina-
niobium contact (98%—»=80%). In con
trast, increasing niobium roughness re
sulted in a modest (<10%) increase in 
average strength, and an increase in the 
area fraction of alumina-niobium contact 
(=80%^>99%)." 

The Welding Journal apologizes for the 
errors. 
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