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ABSTRACT. Friction stir welding (FSW)
is of interest to the shipbuilding commu-
nity because of the need to reduce weld
distortion in thin structures to improve
fairness. The project objectives were to
evaluate FSW tools and equipment, de-
velop procedures, and demonstrate the
feasibility of FSW 0.25-in.- (6-mm-) thick
HSLA-65 steel weldments fabricated from
10-ft- (3-m-) long plate sections, on a pro-
duction-size, purpose-built FSW machine.
Measurements were taken to compare the
amount of weld distortion with that of a
conventional submerged arc weldment
(SAW). In addition, the mechanical prop-
erties and microstructures of the weld re-
gions were evaluated to further compare
the two welding processes.

Two types of tool materials were evalu-
ated: a polycrystalline cubic boron nitride
(PCBN) tool and a tungsten-25% rhe-
nium (W-25%Re) tool. W-Re was evalu-
ated as a pin material in a two-piece FSW
tool using a Mo-1%Ti-0.3%Zr-0.15%C
(Mo-TZM) shoulder. The W-Re pin per-
formed well with minimal wear, but the
Mo-TZM shoulder wore excessively dur-
ing fabrication of the 10-ft weldment.
Transverse and longitudinal weld distor-
tion measurements were obtained on a us-
able 6.0-ft (1.8-m) length of this weldment
and compared to those of a similar length
of the submerged arc weldment. Trans-
verse weld tensile, Charpy V-notch (CVN)
impact and guided bend tests were ob-
tained from the W-Re friction stir and sub-
merged arc weldments.

Both the friction stir and submerged

arc weldments exhibited significant longi-
tudinal weld distortion. The submerged
arc weldment was bowed in the transverse
direction, while the friction stir weldment
exhibited no transverse distortion. The
transverse weld tensile strengths of both
weldments were acceptable, and the CVN
toughness of the FSW stir zone was signif-
icantly higher than that of the submerged
arc weld metal. There was little difference
in heat-affected-zone toughness. 

The present trials indicate that FSW is
technically feasible for joining HSLA-65
steel for structural applications.

Introduction

Friction stir welding (FSW) is a weld-
ing process that reportedly results in less
weld distortion than does arc welding. It
has been successfully applied to the joining
of aluminum and other relatively low-melt-
ing-temperature metals; however, the ap-
plication of FSW to joining high-melting-
temperature metals such as steel is more
challenging due to the higher operating
temperatures (typically 1000°–1200°C
[1830°–2190°F]) that the tools have to with-
stand, as well as the lower thermal con-

ductivity and higher material flow stress in
some cases. Thus, refractory metals or ce-
ramics are being evaluated for use as tool
materials for FSW of steels. FSW of steels
has been conducted by several researchers
(Refs. 1, 2), but these trials were generally
conducted on short weld lengths in a lab-
oratory setting.

HSLA-65 (ASTM A 945) is a high-
strength, low-alloy steel with 65-ksi (448-
MPa) specified minimum yield strength
that has been approved by the U.S. Navy
as a substitute for conventional higher-
strength steels such as DH-36 (51 ksi or
351 MPa yield strength) for ship structures
to reduce weight and/or allow higher de-
sign loads. Most of the steel used in ship-
building is joined as structural assemblies
that are welded on panel lines. A substan-
tial quantity of plates will be as thin as 0.25
in. (6 mm). Production experience indi-
cates that weld distortion increases sub-
stantially as component thickness de-
creases below 0.5 in. (13 mm). This results
in increased fabrication costs due to the
labor involved in distortion mitigation or
correction.

HSLA-65 was first FS welded through
an internal research project at Concurrent
Technologies Corp. (CTC) and supported
by The Welding Institute, Cambridge, UK
(Ref. 3). Single-pass butt-joint welds in
0.25-in.- (6-mm-) thick plates and two-
pass butt-joint welds in 0.5-in.- (13-mm-)
thick plates were successfully made. These
trials were conducted using a laboratory
FSW facility and an early FSW tool made
from tungsten-rhenium (W-Re) that ex-
hibited significant wear after a short
length of weld. Subsequent trials were
conducted for CTC on EH-36 steel at
Brigham Young University, Provo, Utah,
and at MegaStir, Provo, Utah, on high-
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hardness armor steel using a tool system of
polycrystalline cubic boron nitride
(PCBN) (Ref. 4). 

The above welds were made on short
lengths of steel using a rigid converted
milling machine built to stringent machine

tool tolerances. In
order to demonstrate
the feasibility of FSW
steel for fabricating
large structures, addi-
tional trials should be
conducted on a pro-
duction-size FSW
system on longer
weld lengths to evalu-
ate tool durability.

For FSW of steel,
the major benefit is
the expected reduc-
tion of weld distortion.
Preliminary trials on
short (28 in. or 711

mm in length) welds in HSLA-65 showed
that FSW resulted in less angular distortion
than single-pass, gas metal arc welds (Ref.
5). However, distortion comparisons have
not been demonstrated for longer welds. 

The objective of this task was to deter-

mine the production process conditions
leading to successful application of the
FSW process for HSLA-65 in ship con-
struction. This was accomplished by eval-
uating tool materials and equipment, de-
veloping procedures, demonstrating the
feasibility of FSW long sections on a pur-
pose-built FSW machine, measuring and
comparing the amount of weld distortion
with that of a conventional submerged arc
weldment, and characterizing the me-
chanical properties and microstructures of
the weld regions.

Experimental Procedure

FSW Machine

The production-scale FSW machine
used at CTC is shown in Fig. 1. It was de-
signed as a post and column type machine
to avoid the size limitations of a gantry ma-
chine, and is capable of welding in a 13-ft
vertical by 26-ft horizontal (4-m by 8-m)
envelope. It has been used primarily to
fabricate demonstration components of
aluminum alloys for combat vehicles, but
is flexible enough for other applications
and process development. Most FSW
equipment is not made to machine tool
standards. Thus rigidity and tolerances are
usually not as precise as in machine tools.

PCBN Tools and Equipment

The initial work on FSW of HSLA-65
steel (Ref. 3) was conducted using a tung-
sten-rhenium (refractory metal) tool.
However, severe tool wear was encoun-
tered after a few feet of welding, which is
considered a major impediment to FSW
of steels in a shipyard environment. To

Fig. 1 — Friction stir welding facility at CTC in Johnstown, Pa.

Fig. 2 — Details of PCBN tool used in FSW.

Fig. 3 — PCBN tool assembly in place.

Table 1 — Chemical Composition of HSLA-65 Plate

Element CTC Analysis(a) ASTM A 945 Requirement
C 0.084 0.10 max
Mn 1.3 1.10–1.65
P 0.016 0.025 max
S 0.018 0.010 max
Si 0.01 0.10–0.50
Cu 0.09 0.35 max
Ni 0.028 0.40 max
Cr 0.05 0.20 max
Mo 0.01 0.08 max
V 0.056 0.10 max
Ti 0.008 —
Nb 0.031 0.05 max
Al 0.041 0.08 max

(a) Glow discharge spectrometer.
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overcome such an impediment, a FSW
tool made from polycrystalline cubic
boron nitride (PCBN) has been developed
for joining steel (Ref. 6) by MegaStir, a
business alliance between Advanced
Metal Products, West Bountiful, Utah,
and Megadiamond, Provo, Utah. The high
temperatures generated during FSW and
differences in thermal expansion among
the various materials in the welding tool
required a special tool design for fastening
the PCBN tool to the tungsten-carbide
shank by a superalloy locking collar. The
welding tool is shown in Fig. 2. A fluid-
cooled tool holder is used to limit the tem-
perature rise in the shank of the tool,
thereby solving problems that were en-
countered with overheating of the shank
during welding. Although the initial welds
were made without external gas shielding,
weld appearance was improved and tool
life extended by use of an argon gas shroud
to protect the weld region during welding. 
The limiting factor in PCBN tool life is
currently considered to be tool breakage,
which can occur if the tool is improperly
plunged or extracted, if the operating tem-
perature is too high or low, or if the tool
system has excessive eccentricity or
runout. Limited tool life trials at MegaStir
have shown that PCBN tools should be
useful for producing welds in steel that are
several hundred feet in length.

A tool assembly, radio-frequency
telemetry system for transmitting tool
temperature, and several PCBN tools
were procured from MegaStir. Tool tem-
perature was measured by a thermocouple
adjacent to the tool inside the shoulder.
The spindle on CTC’s machine is a modi-
fied 60-taper, thus an adapter was de-
signed and machined to accommodate the
existing 50-taper tool holder. The spindle

and adapter were precision ground in
place to minimize the tool runout. Mega-
Stir emphasizes that an extremely low
value of runout (less than 0.0003 in. or
0.008 mm) is required to prevent breakage
of its PCBN tools. Runout as measured on
the tool holder in the middle of its body on
a ground surface was 0.0005 in. (0.013
mm) and was 0.0028 in. (0.071 mm) on the
shaft of the PCBN tool. Thus, the runout
was higher than recommended, but as sug-
gested by MegaStir, satisfactory runout
was demonstrated by successfully plung-
ing a small-diameter carbide bit into a
steel plate multiple times while held in the
tool holder. Additionally, the CTC ma-
chine does not have the rigidity found in a
milling machine; however, this is not con-
sidered a significant factor in tool life.

Initially, two tools were obtained with a
pin length of 0.1765 in. (4.5 mm). Subse-
quently, four additional tools were obtained
that were designed for welding 0.25-in.- (6-
mm-) thick steel from one side. The latter
tools were reportedly made from an im-
proved grade of PCBN and had a pin length
of 0.242 in. (6.15 mm).

The completed assembly installed on
the CTC machine is shown in Fig. 3. The
tool holder was cooled by use of an ethyl-

ene-glycol/water mixture circulated
through an ice bath to extract heat from
the coolant. Initial trials resulted in moder-
ate oxidation of the weld surface; thus, an
adapter was designed (not shown) to extend
to the gas shroud so that the shroud would
cover the entire length of the tool and pro-
vide better shielding of the weld region. 

Argon inert gas shielding through the
shroud surrounding the tool is not neces-
sary, but it is recommended by MegaStir
to improve weld quality and enhance tool
performance. Comparisons of the surface
appearances of two friction stir welds
made at MegaStir with and without argon
shielding are shown in Fig. 4.

W-Re Tools and Equipment

As a potential alternative to the PCBN
tools, which are costly and susceptible to
breakage, refractory metal tools were also
evaluated. Various investigators reported
that the most promising material is a
tungsten-25% rhenium (W-Re) alloy.
Earlier trials on one-piece W-Re FSW
tools exhibited significant pin wear be-
cause the bar stock, made by cold isosta-
tic pressing and sintering, contained
porosity at the center region of the bar.

Fig. 4 — Appearance of FS welds in steel. A — With argon shielding; B — without argon shielding.

Table 2 — Friction Stir Welding Parameters

Groove Tool Pin Spindle Travel Energy
Material Length Speed, rpm Speed Input(a)

Square butt W-25%Re 0.235 in. 400 3 in./min 97 kJ/in.
pin Mo-TZM (5.97 mm) (1.27 mm/s) (3.82 kJ/mm)

shoulder

(a) Calculated based on power, torque, and travel speed.

A B
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Thus, the pin was located in the region of
inferior material. The material vendor,
Rhenium Alloys, Elyria, Ohio, recom-
mended using a two-piece tool in which
the shoulder can be made from a one-in.-
diameter bar, and a pin can be made from
a more highly compacted smaller diame-
ter bar. A 1.25-in. (31.8-mm) diameter by
4.25-in.- (108.0-mm-) long piece of shoul-
der stock and 0.625-in. (15.9-mm) diame-
ter by 4.75-in.-(120.7-mm-) long piece of
pin stock were provided to CTC by Rhe-
nium Alloys. The pin stock was machined

into two 0.375-in.- (9.5-mm-) diameter
pins. Machining of the shoulder stock was
abandoned because of the difficulty of
boring a hole for the pin and machining a
threaded hole for a set screw to hold the
pin in place.

To enable evaluation of the W-Re as a
FSW pin material, a shoulder was obtained
that was made of molybdenum TZM (Mo-
1%Ti-0.3%Zr-0.15%C). This material had
shown good wear performance in prelimi-
nary FSW trials. A photograph of the two-
piece tool is shown in Fig. 5.

Plate Materials

A plate identified as HSLA-65 (ASTM
A 945) steel, 10 ft × 20 ft × 0.25 in. (3 m ×
6 m × 6 mm), was procured from a sec-
ondary steel supplier; thus, no informa-
tion on mechanical properties or compo-
sition was supplied. Subsequently,
chemical analysis of the plate material re-
vealed that the S and Si in the steel did not
meet A 945 requirements, as shown in
Table 1. The high S and low Si would not
be expected to have a significant effect on
the FSW characteristics or degree of dis-
tortion; however, it would have an effect
on mechanical properties. The plate was
cut into several short panels for setup tri-
als and several 10-ft × 6-in. (3-m × 152-
mm) panels for process demonstration tri-
als. The panels were cut by water jet to
eliminate thermal distortion and provide a
suitable square edge for a butt joint, and
were subsequently grit blasted. 

FSW Trials/PCBN Tools

The PCBN tools were used in various
trials to validate the equipment setup and
to establish suitable operating parame-
ters. The plates to be welded were held by
hydraulic clamps and welded in the verti-
cal position with downward travel pro-
gression. A Type 304 stainless steel back-
ing bar was positioned to support the
backside of the weld. Several trials re-
sulted in tool breakage; thus no satisfac-
tory operating parameters were 
established.

W-Re TOOLS

Preliminary trials using the W-Re pins
with the Mo-TZM shoulder were encour-
aging; thus, a trial was conducted to
demonstrate the feasibility of making a 10-
ft- (3-m-) long weld in HSLA-65 to evalu-
ate tool life in a simulated production
weld and to measure and compare weld
distortion with that of a SAW weldment of
similar length. The FS welding parameters
are shown in Table 2. Figure 6 shows the
FS weld in progress. 

Submerged Arc Welds

To compare the FS weldments with
conventional arc weldments, a pair of 10-
ft- (3-m-) long HSLA-65 plates was joined
by the submerged arc welding (SAW)
process in a single pass using 1⁄16-in.- (1.6-
mm-) diameter MIL-100S electrode, Lin-
coln 800H flux, and a square butt groove
geometry. The plates were tack welded at
10-in. (254-mm) intervals with a 1⁄16 -in.
(1.6- mm) root opening and held in place
over a grooved copper backing bar by
clamps. The submerged arc welding para-
meters are shown in Table 3.
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Fig. 5 — Photograph of two-piece refractory metal pin and shoulder assembly with locking
screw.

Table 3 — Submerged Arc Welding Parameters

Groove Electrode Flux Voltage Current Travel Energy 
Speed Input

Square MIL-100S, Lincoln 28 V 400 A 20 in./min 33.6 kJ/in.
butt, 1⁄16-in. 1⁄16-in. 800H (8.5 mm/s) (1.32 kJ/mm)
(1.6-mm) (1.6-mm)
root opening diameter

Table 4 — Transverse Tensile Properties of SAW and FSW in 0.25-in. (6-mm) HSLA-65

Ultimate 0.2% Offset Original
Tensile Yield Gauge Elongation Reduction

Strength Strength Length Increase of Area Fracture

Code (ksi) (ksi) (in.) (%) (%) Location

SAW1 87.7 73.0 2.00 14.5 52.0 Base Metal
SAW2 85.0 72.0 2.00 12.0 49.5 Base Metal
Mean 86.4 72.5 2.00 13.3 50.8

FSW1 87.5 70.5 2.00 18.0 48.4 Base Metal
FSW2 86.1 69.2 2.00 16.5 55.3 Base Metal
Mean 86.8 69.8 2.00 17.3 51.9

ksi × 6.89=MPa
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Machining of Weldments for 
Characterization

Portions of the 10-ft- (3-m-) long SA
and FS W-Re weldments were sectioned
to obtain duplicate rectangular trans-
verse-weld tensile specimens, 1⁄2-size
Charpy V-notch (CVN) toughness speci-
men blanks, from the weld region and base
metal, and a metallographic specimen.
The tensile and CVN specimens were ma-
chined in accordance with ASTM A 370.
The CVN blanks were etched and notched
(five each) in the stir zone or weld metal,
the weld interface, the heat-affected zone
(HAZ) at 1 mm from the weld interface
and the unaffected base metal. The CVN
specimens were tested at –20°F (–29°C),
which is the test temperature typically pre-
scribed for consumables for welding
HSLA-65. The polished transverse section
of each weldment was photographed,
along with a transverse section of a PCBN
friction stir weldment.

Results and Discussion

PCBN Welding Trials

Varying degrees of success were expe-
rienced during establishment of process
parameters when using the PCBN tools.
Although the tools exhibited little or no
wear when operated properly, they were
sensitive to operating temperatures,
which were difficult to control, especially
whenever the thermocouple located be-
hind the PCBN shoulder did not work
properly. MegaStir recommended a tool
temperature, as measured by the thermo-
couple, of 800°–900°C (1472°–1652°F).
(Due to thermocouple location, this is not
the actual tool temperature, which would
be somewhat hotter.) In welds made at
lower temperatures, tool breakage oc-
curred. At higher temperatures, tool wear
and/or separation of the PCBN insert
from the locking collar were experienced.
All of the available tools were consumed
during process development; thus, CTC
was unable to make a 10-ft- (3-m-) long
weldment with the PCBN tools for com-
parison of tool life or comparison of dis-
tortion with the W-Re weldment or the
submerged weldment. 

A photograph of the weld surface of a
PCBN FS bead-on-plate weld is shown in
Fig. 7. There is a slight degree of surface ox-
idation compared to the gas shielded FS
weld made at MegaStir — Fig. 4. The
MegaStir weld was made in the flat posi-
tion, whereas the CTC weld was made in
the vertical position. Due to convection ef-
fects from the surrounding hot metal, the
CTC weld may have had insufficient gas
coverage.

W-Re Welding Trials

In general, the welding of the 10-ft (3-
m) length of HSLA-65 with the two-piece
refractory alloy tool (W-25%Re pin +
Mo-TZM shoulder) was successful. The
W-Re pin exhibited essentially no wear or
change in length at the completion of the
weld. The surface of a setup weld is shown
in Fig. 8. The metal flash is attributed to
excessive shoulder depth during welding.
However, during welding of the 10-ft (3-
m) joint the Mo-TZM shoulder did wear
excessively during the trial, which was not
observed during the shorter setup trials.
This wear caused the tool to plunge
deeper into the workpiece during welding
and resulted in the W-Re pin penetrating
through the HSLA-65 and into the back-
ing bar after about six feet of welding. The

length of weldment that was not fused to
the backing bar was cut and the amount of
distortion in a 6-ft (1.8-m) length was mea-
sured, as will be described later.

Weld Distortion

The amount of longitudinal distortion
in both the original 10-ft (3-m) W-Re FS
weldment and the SA weldment can be
seen in Fig. 9. At first it appears that the
FSW exhibits less overall distortion than
the SAW. However, as described previ-
ously, the final 4 ft of weld was welded to
the backing bar, which would provide ad-
ditional restraint. To directly compare the
distortion of the 10-ft (3-m) SA weldment
with that of the 6-ft (1.8-m) FS weldment,
the final four feet of both the FS and the
SA weldments were removed and the lon-

Fig. 6 — FSW of HSLA-65 with W-Re tool in progress.

Table 5 — CVN Toughness of SAW and FSW in 0.25-in. (6-mm) HSLA-65

Material Location Test Temperature, Specimen CVN Shear %
°F Size, in. Toughness

ft-lb

SAW Weld –20 1/2 13 47
metal

SAW Weld –20 1/2 12 57
interface

SAW HAZ –20 1/2 9 47
1-mm

FSW Stir zone –20 1/2 55 76
FSW Weld –20 1/2 10 52

interface
FSW HAZ –20 1/2 12 61

1-mm
Base Plate, –40 1/2 7 41
Metal Transverse

ft-lb × 1.356=J
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gitudinal distortion was remeasured. The
results are shown in a side-by-side com-
parison in Fig. 10.

An additional complicating factor is
that the unwelded plates also exhibited
longitudinal distortion prior to welding.
The before-and-after distortion measure-
ments for FSW and SAW are shown in
Figs. 11 and 12, respectively. The initial
distortion was subtracted from the final
distortion measurements, and was 1.15 in.

(29.21 mm) for FSW and 1.16 in. (29.46
mm) for SAW. Thus, for this trial, there
was essentially no difference in longitudi-
nal distortion between the two weldments.
However, others (Ref. 7) have determined
that longitudinal distortion is dependent
on FS welding parameters; thus, longitu-
dinal distortion could likely be improved
by proper selection of process parameters.

However, there was a substantial im-
provement in transverse distortion with the

FSW process. Distortion readings were ob-
tained using the top plate surface as a ref-
erence point. As shown in Figs. 13 and 14,
the SA weldment exhibited a 0.090-in.
(2.29-mm) reverse bow across the 12-in.-
(305-mm-) wide weldment; whereas, the FS
weldment remained essentially flat.

Mechanical Properties

The results of transverse weld tension,

Fig. 7 — Appearance of a FS bead-on-plate weld in HSLA-65 with PCBN
tool.

Fig. 8 — Appearance of weld surface in 0.25-in.- (6-mm-) thick HSLA-65
FSW weldment using W-Re tool.

Fig. 9 — Completed 10-ft- (3-m-) long, 0.25-in.- (6-mm-) thick HSLA-65
weldments.

Fig. 10 — Appearance of 0.25-in.- (6-mm-) thick × 6-ft- (1.8-m-) long SA
(top) and FS (bottom) weldments in HSLA-65.

Fig. 11 — Longitudinal distortion in 6-ft (1.8-m) length of 0.25-in.- 
(6-mm-) thick HSLA-65 FS weldment.

Fig. 12 — Longitudinal distortion in 6-ft (1.8-m) length of 0.25-in.- (6-mm-)
thick HSLA-65 SA weldment.
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CVN toughness, and guided face- and
root-bend tests on the FS and SA weld-
ments are shown in Tables 4–6, respec-
tively. For both weldments, the weld re-
gion was overmatching in tensile strength
and the specimens fractured in the plate
material. (Yield strength and ductility val-
ues are not meaningful in transverse weld
tensile tests because the results can be af-
fected by weld geometry and gauge length,

thus they are reported for information
only.)

The CVN properties are summarized
in Table 5. Because the plate is only 0.25
in. (6 mm) thick, ½-size CVN specimens
were used. The weld region specimens
were tested to the Navy’s weld metal and
HAZ requirement for HSLA-65 (–20°F or
–29°C) and the base metal at the –40°F
(–40°C) base-metal requirement. Note

that the base metal toughness is low: 7 ft-
lb (9.5 J) at –40°F (–40°C). The ASTM A
945 requirement for full-size specimens is
20 ft-lb (27 J) transverse, and the Navy re-
quirement is 70 ft-lb (95 J) at –40°F
(–40°C). As discussed previously, this
plate was procured from a steel supplier;
thus, the certified plate composition was
not initially available prior to the welding
trials. The out-of-specification S and Si

Fig. 13 — Transverse distortion in 6-ft (1.8-m) length of 0.25-in.- (6-mm-) thick
HSLA-65 SA weldment.

Fig. 15 — Transverse section of 10-ft- (3-m-) long W-Re FSW in 0.25-in. (6-
mm) HSLA-65.

Fig. 16 — Transverse section of 10-ft- (3-m-) long SAW in 0.25-in. (6-mm)
HSLA-65.

Fig. 14 — Transverse distortion in 6-ft (1.8-m) length of 0.25-in.- (6-mm-)
thick HSLA-65 FS weldment.

Table 6 — Guided Bend Test Results for SAW and FSW in 0.25-in. (6-mm) HSLA-65

Original Original Maximum
Specimen Specimen Plunger Load

Bend Width Thickness Radius Obtained Test
Code Type (in.) (in.) (in.) (lbf) Comments

SAW FB-1 Face 1.9957 0.2404 0.50 5762 No cracking was observed.
SAW FB-2 Face 1.9961 0.2400 0.50 5745 No cracking was observed.

SAW RB-1 Root 1.9959 0.2365 0.50 5850 Acceptable edge cracking
SAW RB-2 Root 1.9953 0.2420 0.50 5837 No cracking was observed.

FSW FB-1 Face 1.9958 0.2355 0.50 5822 Cracking greater than 1/8 in.
FSW FB-2 Face 1.9957 0.2388 0.50 5920 No cracking was observed.

FSW RB-1 Root 1.9939 0.2377 0.50 6033 No cracking was observed.
FSW RB-2 Root 1.9955 0.2381 0.50 6123 No cracking was observed.

in. × 25.4=mm  lbf × 4.448=N

BM HAZ TMAZ SZ BM HAZ WM
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contents noted in Table 1 most likely con-
tributed to the low base-metal toughness.
The MIL-100S weld metal exhibited 13 ft-
lb (18 J) toughness at –20°F (–29°C),
which is typical for this electrode in a sin-
gle-pass thin-gauge weldment. The FSW
stir zone exhibited much higher tough-
ness: 55 ft-lb (75 J). This may be attributed
to the very fine grain size in the stir zone
discussed in the following section. Be-
cause of the curved boundary between the
FSW stir zone and plate material and the
indistinct transition among the SZ,
TMAZ, and HAZ, it was not possible to
locate the CVN notch entirely within a
specific region. Specimens with the notch
mid-length centered at the weld interface
and HAZ (at 1.0 mm from the weld inter-
face) also exhibited low toughness, and
there was little or no difference between
the SA and FS weldments.

The results of the 2T bend radius (T =
specimen thickness) face- and root-bend
tests are shown in Table 6. The four SAW
face and root bend tests exhibited satis-
factory performance (no cracking or edge
crack less than 1⁄8 in. or 3.2 mm). Three of
the four FSW bend specimens were satis-
factory; however, one of the face-bend
specimens had a tear, which could not im-
mediately be attributed to a specific cause.
It may have been associated with a sub-
surface region of stirred-in oxides, as will
be discussed.

Metallographic Examination

Transverse metallographic sections of
the 10-ft- (3-m-) long FS and SA weld-
ments are shown in Figs. 15 and 16, re-
spectively. BM, HAZ, TMAZ, and SZ
refer to base metal, heat-affected zone,

thermomechanically affected zone, and
stir zone, respectively.

The FSW has a relatively wide stir zone
and a visually indistinct transition between
the SZ, TMZ, and HAZ. Some swirls of
dark-etching regions are apparent near
the top of the stir zone in the FSW. Mi-
croscopic examination confirmed that this
material is debris from the Mo-TZM
shoulder, which wore significantly during
the trial. The SAW has a large weld rein-
forcement, a sharp weld interface and a
visible coarse-grain HAZ. The solidifica-
tion structure is also apparent. There is
also some vertical offset of the two plates. 

The microstructures of the various
weld regions are shown in Fig. 17. The
HSLA-65 base metal, Fig. 17A, consists of
fine-grain ferrite (light etching) with small
pockets of dark-etching unresolved com-
ponents, which could be carbides or
martensite-austenite clusters. The FSW
HAZ (Fig. 17B) also consists of packets of
ferrite, with increasing packet size (re-
lated to prior-austenite grain size) closer
to the SZ. The FSW TMZ, Fig. 17C, has a
very fine ferrite grain size. The FSW SZ,
Fig. 17D, has a somewhat coarser ferrite
grain size than the TMZ. The SAW HAZ,
Fig. 17E, has a large ferrite packet size ad-
jacent to the weld interface, which is in-
dicative of the higher peak temperatures
experienced in arc welds vs. FS welds. The
SA weld metal, Fig. 17F, displays the clas-
sic columnar solidification structure with
pro-eutectoid ferrite on prior austenite
grain boundaries and acicular ferrite 
interior.

Microhardness Measurements

Vickers microhardness (HV) traverses
with a 1-kg load across the W-Re FS and
SA weld regions are shown in Figs. 18 and
19, respectively. The hardness across the
FSW base metal, HAZ, TMAZ, and SZ is
generally uniform, with most readings be-
tween about 190 and 230 HV, and one
reading of 243 HV in the SZ. The SAW
base metal and HAZ is also fairly uniform,
but the weld metal hardness is 256–282
HV. This is attributed to the strengthening
effects of the Mn, Ni, Cr, and Mo in the
MIL-100S electrode, which is designed for
welding the HY/HSLA-80 and
HY/HSLA-100 steels. Shipyards have se-
lected this electrode for SAW of HSLA-65
to achieve the specified CVN toughness
requirements in the weld metal.

Summary and Conclusions

• CTC installed a spindle adapter, liq-
uid-cooled tool holder, and telemetry sys-
tem for tool temperature monitoring on
their production-size FSW facility and was
able to make friction stir welds in 0.25-in.-

Fig. 17 — Microstructures of HSLA-65. A  — Base metal; B — FSW HAZ; C — FSW TMZ; D — FSW
SZ; E — SA HAZ; F — SA weld metal.
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(6-mm-) thick HSLA-65 steel. 
• It was difficult to establish process

parameters and techniques for using the
PCBN tools, due to breakage of all six
tools before a long demonstration weld for
distortion comparison could be made.

• A two-piece refractory alloy tool (W-
25%Re pin + Mo-TZM shoulder) was
successfully used to make a 10-ft- (3-m-)
long butt-joint weld in 0.25-in.- (6-mm-)
thick HSLA-65. However, the Mo-TZM
shoulder exhibited excessive wear after
about 6 ft of weld length.

• Both the W-Re FS and the SA weld-
ments exhibited overmatching transverse
weld tensile strength and fractured in the
base metal. The face- and root-bend tests
were acceptable for the SA weldment;
however, one of the FSW face-bend spec-
imens exhibited a rejectable tear that was
attributed to imbedded tool shoulder ma-
terial. It is expected that use of a W-Re
shoulder material would eliminate this
problem.

• The CVN toughness of the FSW stir
zone was significantly higher than that of
the MIL-100S SAW weld metal. There
was little difference in heat-affected zone
toughness for FSW and SAW.

• Both the FS and SA weldments ex-
hibited significant longitudinal weld dis-
tortion, with the FS weldment having mar-
ginally less distortion. The SA weldment
was bowed in the transverse direction,
while the FS weldment exhibited no trans-
verse distortion. 

• The present trials indicate that FSW
is technically feasible for joining HSLA-65
steel for structural applications.
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