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Thermal Expansion Coefficient and Mechanical Properties
of Friction Stir Welded Invar (Fe-36%Ni)
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Two high-temperature pin tools, one a polycrystalline cubic BN and the other of W-25%Re, were used to
friction stir weld 12.7 mm thick Invar (Fe-36%Ni) plate. Successful welds were produced at a rotational
speed of 600 rev min~' and travel speeds of 76, 102, and 127 mm min~'. The coefficient of thermal
expansion, tensile strength, and microhardness of the welds were measured and found to be essentially
unchanged from the parent material. The measured elongation was 52% for the parent material and 30 and
37% for welds made with the W-Re and the polycrystalline cubic BN pin tools. Both pin tools produced
comparable welds but the W-Re tool exhibited more wear and left small wear remnants in the weld

especially at the weld plunge.
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1. Introduction

The purpose of this investigation was to determine if friction
stir welding (FSW) could produce a high-quality Invar weld
that exhibits the same coefficient of thermal expansion as the
parent material, thereby overcoming the problems observed in
Invar fusion welding.

Invar is a Fe-36%Ni alloy with a face centered cubic
structure. It has excellent toughness, good formability, and very
low coefficient of thermal expansion (CTE) up to 400 °C.
Traditionally, it has been used primarily in precision measuring
devices and standards where dimensional stability over a wide
temperature range is required. More recently Invar is being
used for cryogenic liquid transfer systems and many defense,
aerospace, and research applications that require complex,
high-precision, and close-tolerance tooling. This tooling is used
for composite structure fabrication. The CTE of Invar can be
matched to that of the molding material and has the valued
advantage of excellent durability.

Even though Invar has ideal properties for such applica-
tions, its use is greatly complicated by the difficulty in
maintaining its properties when joined by fusion welding.
Such welding results in solidification cracking, porosity, and
reheating cracking when a matching CTE filler metal is used
(Ref 1-4). These problems can be addressed with the addition
of Ti, Mn, and increased C in the filler metal; however, these
alloying additions lead to a CTE mismatch in the weld
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regions (Ref 3). Attempts to obviate these problems by using
fillerless fusion welding are reported to have resulted in
unpredictable ductility and are to be avoided for structures
where reliability is needed (Ref 3).

FSW technology was invented in 1991 by The Welding
Institute (TWI), UK (Ref 5). The underlying principle is the
conversion to thermal energy the mechanical energy of a
rotating, nonconsumable pin tool plunged into the abutted edges
of the plates to be welded. During this process, heat is generated
within the material from (1) friction between the pin tool and
weld material and (2) severe plastic deformation of the material
being welded. Temperature may approach, but is unlikely to
reach, the melting point of the material (Ref 6). As the pin probe
rotates and proceeds in the direction of the weld, the plasticized
material is extruded to the back of the tool where it is forged and
consolidated under hydrostatic pressure (Ref 7, 8). The intense
plastic deformation in this process creates a fully recrystallized,
equiaxed, and fine-grained microstructure in the weld nugget.
This novel solid state joining process has been used to join or
process aluminum alloys (Ref 9), mild steels (Ref 6, 8, 10),
titanium alloys (Ref 11), oxide dispersion strengthened (ODS)
alloys (Ref 12), metal matrix composites (Ref 13), dissimilar
alloys (Ref 14), and nickel alloys (Ref 15, 16). Recently, FSW
has also been used for microstructural modification, grain
refinement, and inducing superplasticity (Ref 17-20).

As a solid state joining process that requires no filler
material, FSW avoids the problems associated with the filler
metal and the liquid state. Compared with conventional fusion
welding processes, FSW offers improved mechanical proper-
ties, reduced distortion, increased fatigue life, and minimal
residual stresses (Ref 21-24). Three essential FSW variables
(rotational speed, travel speed, and plunge depth) determine the
microstructure of a friction stir weld by controlling the heat
input to the weld (Ref 6). A measure of energy input per unit
weld length is the Specific Weld Energy (Ref 25) defined as

o - (Eq 1)

E=—, Jmm
K

where o = pin tool angular velocity, radians s~', T = pin tool
torque, N m, s = tool travel velocity, mm s7L
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Pin tool rotation velocity throughout this paper is reported as
rev min~', which differs from o (radians s™') by 2m/60. A
thorough review of the FSW process and technology is
available in the literature (Ref 26).

2. Experimental

High-temperature pin tools made of polycrystalline BN
(PCBN) and W-25%Re (W-Re) were used to make bead-on-
plate FSW welds on Invar plates (12.7 x 95.2 x 609.6 mm).
Each weld was 76 mm long and made using an MTS-istir-10®
FSW system equipped with a Megastir® water-cooled, high-
temperature pin tool (HTPT) adapter. This multiaxis machine
is fitted with an AdAPT® (adjustable and adaptable pin tool)
head (Fig. 1) that has the advantage of welding complex
shapes and also can eliminate the exit hole by slowly
retracting the pin probe at the end of the weld. All the welds
were made using a controlled shoulder plunge depth of
0.0127 mm. Both tools had a 6.35 mm pin probe length and a
concave shoulder and a frustum-shaped pin probe with three

Forge and Pin
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Forge Pressure
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Tools
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(not included)

-

flats. The tool-to-workpiece angle was maintained at 3.5° for
all the welds. Figure 2 shows the pin tools, clamping, and
welding setup used for FSW of Invar plates. The pitch axis of
the AJAPT® head was isolated using hard mechanical stops
to minimize potential damage to the pin tools, especially the
PCBN tool. The Megastir® HTPT adapter radio-frequency
telemetry system was used to monitor the temperature of the
friction stir welds at a location immediately above the pin tool
shoulder. The tools and Invar were shielded with Ar gas
during welding to prevent oxidation. Different combinations
of rotational and translational speeds were employed in this
investigation as summarized in Table 1.

The X-force (sliding) is the force in the direction of weld
travel. The Y-force (separation) is transverse to the direction of
travel and the Z-force (forge) is applied normal to the
workpiece surface. These forces were measured at a sampling
rate of 20.1 Hz using sensors embedded in the MTS-istir-10%
system.

After welding, the plates were sectioned perpendicular to the
welding direction and prepared for metallographic examination
using standard metallographic polishing procedures. The pol-
ished specimens were etched with a solution consisting of
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Fig. 1 Multiaxis AAAPT FSW head at Advanced Materials Processing Center of South Dakota School of Mines and Technology
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Fig. 2 Friction stir welding setup showing Invar plate, clamping, and pin tools

Table 1 Friction stir welding process parameters used
for making welds

Travel speed, Rotational speed,

Pin tool mm min~! rev min~ !
PCBN 76, 102, 127 500
PCBN 76, 102, 127 600
W-Re 76, 102, 127 600

100 mL HCI, 2 g CuCl,, 7 g FeCl;, 5 mL HNOs, 200 mL
methanol, and 100 mL H,O for 30 s. The specimens were
examined using a metallurgical microscope. All samples in this
investigation were cut while water-cooled.

Specimens (8.0 x 4.5 x 4.0 mm) for CTE measurements
were cut from the parent metal and the FSW weld nuggets
made at 600 rev min~' rotational speed and 76, 102, and
127 mm min~" travel speeds. The measurements were made
using a thermomechanical analyzer (TMA) from 25 to 450 °C
at the heating rate of 5 °C min~' according to ASTM 831-03
(Ref 27). Measurements were obtained in the direction of the
weld (longitudinal) and perpendicular to the weld direction
(transverse).

Room temperature tensile test samples were cut transversely
from welded FSW plates joined with both PCBN and W-Re pin
tools using the optimal parameters of 600 rev min~' and
127 mm min~" as determined by a series of preliminary welds.
The ultimate tensile strength (UTS), yield strength (YS), and
percent elongation were recorded for each specimen. Speci-
mens (12.7 mm thick) for the tensile testing for the welds made
with W-Re pin tool were cut from the full thickness double-
sided welds (welded top and bottom). The specimens made
with PCBN tools (5.0 mm thick) were extracted from the
partial penetration single-sided weld. The bottom part of the
plate was machined to simulate a full penetration weld. Vickers
microhardness measurements were made across the weld
nugget at a distance of 3.0 mm from the top of the weld and
at a horizontal spacing of 0.25 mm across the polished
metallographic weld cross sections. The measurements were
made at a load of 500 g and a loading time of 15 s in
accordance with ASTM E92-82 (Ref 28).
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X-ray radiography (160 kV, 5 mA, 60 s) was performed on
the welds to identify possible defects and weld contamination
from the pin tools. The source-to-film distance was kept at
711 mm. Invar and the pin tool materials have much different
absorption characteristics, which facilitated finding weld con-
tamination. A scanning electron microscope (SEM) energy
dispersive X-ray (EDX) analysis was performed on the
specimens in the unetched condition to verify the composition
of presumed weld nugget contamination.

3. Results

Figure 3(a) shows the X- and Z-forces as function of pin tool
travel speed. The use of pitch isolator system for minimizing
the potential damage to the pin tools made Y-forces suspect.
Therefore, they are not reported. Peak temperatures measured
during welding as a function of travel speed are shown in
Fig. 3(b). The variation of specific weld energy with travel
speed is shown in Fig. 3(c). Figure 4 shows the microstructures
of the Invar before and after welding with each pin tool. CTE
measurement results for material welded with each pin tool
material at 600 rev min~' are shown in Fig. 5.

Figure 6 shows close-up photographs of the pin tools
before and after welding. Radiographic results for the welds
made with the PCBN and the W-Re pin tools are shown in
Fig. 7. Figure 8 is a high magnification micrograph and EDX
spectrum for the remnants left in the weld by the W-Re pin
tool evident in Fig. 7(d). Hardness profiles across the weld
nugget are shown in Fig. 9. Results of the tensile measure-
ments are tabulated in Table 2. The reported tensile results are
the average of two specimens for the welds and the parent
material.

4. Discussion

Four topics are of great importance to any consideration of
FSW to join Invar: (1) weld process response of the material
(effect of FSW parameters on weld quality), (2) microstructural
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and CTE properties of the optimally welded material,
(3) possible pin tool remnants in the weld as determined by
radiographic analysis, and (4) mechanical properties of the
weld.

4.1 Weld Process Responses

Comparisons of X- and Z-forces as a function of travel speed
for welds made with both pin tools at 600 rev min~' shown in
Fig. 3(a) are the average values from the steady state section of
the weld. The W-Re pin tool forces were significantly lower
than those for the PCBN pin tool. The X-force is an important
variable since this bending stress causes pin tool breakage. The
X-force increased with travel speed. Increasing the Z-force also
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Fig. 3 Comparison of weld process responses as a function of tra-
vel speed for welds made with PCBN and W-Re pin tools showing:
(a) X-force and Z-force; (b) peak temperatures; and (c) specific weld
energies
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increases the probability of tool breakage, especially for PCBN
tools. Tool life is extended by lowering these forces. The lower
forces observed for W-Re pin tool is believed to be the
consequence of its lower thermal conductivity, which trans-
lates to lower heat loss through the tool and higher Invar
temperatures.

The lower temperatures reported for the PCBN pin tool
compared to the W-Re pin tool are the result of relative thermal
conductivity differences (PCBN 100-250, W-Re 55-65 W m ™'
K™') in the pin tools. Since the PCBN pin tool has the higher
thermal conductivity, it conducts the same heat with a smaller
temperature gradient than does the W-Re pin tool.

Since the pin tool-Invar interface is some distance
(~10 mm) from the thermocouple used to measure the
temperatures reported in Fig. 3(b), the actual weld temperatures
are higher by perhaps few hundred Celsius degrees. The trend
of decreasing measured temperatures corresponds well with the
decreasing specific weld energy with increasing weld speed
shown in Fig. 3(c) and as expected from Eq 1.

4.2 Microstructural Characterization and CTE Studies

The parent metal has an austenite grain structure with a
high density of twins shown in Fig. 4(a). The micrographs of
the weld nuggets that were processed with PCBN and W-Re
pin tools and at 600 rev min~' and 127 mm min~" are shown
in Fig. 4(b) and (c). The grains in the weld nugget regions are
relatively coarser and had a lower density of twins than the
parent material shown in Fig. 4(a). The microstructure
throughout the weld nugget region was not uniform and a
large variation in grain size was observed. Very fine grains
were observed in the crown region of the welds and relatively
coarser grains were observed in the weld nugget region.
A slight increase in grain size was observed in the thermo-
mechanical-affected zone, which lies between the weld nugget
and parent material. The heterogeneous nature of the defor-
mation in the processed region explains the observed micro-
structural variations.

The fine, equiaxed, and recrystallized grains in the weld
nugget shown in Fig. 4(d) are observed on the advancing side.
This is the side of the weld nugget where the direction of tool
travel is same as the direction of pin tool rotation. These
recrystallized grains were only observed for the welds made
with the PCBN tools, which suggests a temperature-related
effect since thermal conductivity is the salient difference in the
pin tools used. The same fine-grain structure in the nugget
region of aluminum alloys is attributed to dynamic recrystal-
lization (Ref 29-31). Proposed mechanisms for this effect
include discontinuous, continuous, and geometric dynamic
recrystallization (Ref 26, 32).

Each CTE point in Fig. 5, which is the average of three
tests in each orientation, shows there is no significant
difference in CTE between the weld nugget and the parent
material in both the longitudinal and transverse directions.
Also the pin tool material had no effect on the measured CTE.
Likewise, pin tool travel speed has no significant effect on the
coefficient of thermal expansion regardless of the pin tool
material used.

4.3 X-ray Radiographic Analysis

The SEM backscattered image of weld nugget showing the
W-Re pin tool remnants shown in Fig. 8(a) was confirmed by
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Fig. 4 Micrographs of Invar showing: (a) parent material; (b) nugget region processed with PCBN pin tool; (c) nugget region processed with
W-Re pin tool; and (d) recrystallized grains in the weld nugget that is processed with PCBN pin tool

SEM EDX analysis as shown in Fig. 8(b). The severe wear and
degradation of the W-Re pin tool for even the short welds
distances were not unexpected since the W-Re alloy is not
designed for wear resistance. Conversely, the inconsequential
PCBN pin tool wear is to be expected since PCBN is a much
harder material known for its wear properties.

No wear debris was identified in the welds made with the
PCBN pin tool. This is not surprising since the PCBN pin tools
showed no significant wear. On the other hand, the significant
wear of the W-Re pin tool corresponds to the substantial debris
appearing in Fig. 7(d). The debris was greatest during the initial
weld plunge during which time the pin tool undergoes the
greatest duress. Little debris was observed during the steady
state portion of the weld. Debris was concentrated on the
retreating side of the weld. Possible strategies for decreasing
the wear of the W-Re tool includes preheating the Invar plate
before welding, lowering the rotational speeds, and providing
sufficient inert cover gas to prevent oxidation.

X-ray radiography not only aided in identification of pin tool
remnants, but also identified a wormhole defect formed during
the welding process at 500 rev min~' made at 127 mm min '
travel speeds using the PCBN tool as shown in Fig. 7(b). The
defect did not appear when the weld speed was decreased to
76 mm min~', which is a relatively hotter weld. The dark lines

Journal of Materials Engineering and Performance

perpendicular to the welding direction indicate cuts made of the
welds before the X-ray radiographic analysis.

4.4 Mechanical Properties Evaluation

The hardness profiles show that neither the pin tool nor the
pin tool travel speeds used for welding had an effect on
hardness across the nugget or heat-affected zone. This is not
unexpected because the alloy is not heat treatable. Similar
response is observed for nonheat-treatable aluminum alloys
(Ref 26). Conversely, many heat-treatable aluminum alloys
exhibit a softened region in the weld nugget likely caused by
the dissolution and coarsening of the strengthening precipitates
during friction stir welding (Ref 33-36).

The transverse tensile test results from Table 2 show that the
ultimate strengths for the welds (453 MPa for W-Re and
461 MPa for PCBN) were essentially the same as the parent
material (461 MPa). All the welded specimens failed within the
nugget region. The elongation for the parent material was 52%
while elongations of 30 and 37% were achieved for the welds
made with the W-Re and the PCBN pin tools. Welds made with
W-Re pin tools showed pin tool material contamination in all of
the welds. Examination of the W-Re fractured tensile speci-
mens suggested a very small unwelded region in the center
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Fig. 6 Appearance of PCBN and W-Re pin tools before and after friction stir welding of Invar
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Fig. 7 X-ray radiographic analysis of the friction stir welds showing: (a) defect-free weld when processed at 76 mm min~' and 500 rev min~"'

with PCBN pin tool; (b) wormhole defect when processed at 127 mm min™

1 1

and 500 rev min~~ with PCBN pin tool; (c) good welds with no

contamination when processed with PCBN tool; and (d) W-Re contamination in welds when processed with W-Re pin tool

caused by a minor overlap mismatch of the double-sided weld.
This and the contamination are possible reasons for the lower
elongation of the W-Re welds.

Gottlieb and Shira reported ultimate strengths of 407 MPa
and elongations in the range of 8-14% for gas tungsten arc
welded (GTAW) Invar when similar-to-Invar filler metal was
used (Ref 3). The FSW-produced joints exhibit higher strengths
and elongations than the GTAW process. This is attributed to
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the solid state nature of FSW process, which produces a
wrought microstructure with narrow heat-affected zones rather
than a cast microstructure as produced by fusion welding.
Fusion welding creates a joint by locally melting the material
with subsequent solidification. The melting is subject to
cracking, porosity, segregation, and contamination. These
may result in degraded joint properties. Solid state joining
nature of the FSW avoids these undesirable characteristics.
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ing pin tool remnants and (b) EDX analysis showing Fe, Ni, W, and Re peaks

Even though X-ray radiographic studies confirmed the
presence of W-Re pin tool remnants in the welds, the
mechanical properties (except elongation) and the CTE of
the welded material were essentially the same as for the welds
made with the PCBN pin tool and the parent material. This
indicates that the remnant concentration in the specimens
extracted from the central region of the weld was below a
minimal threshold consequential to the reported mechanical and
thermal properties.

PCBN is a super abrasive with excellent wear resistance and
chemical stability at elevated temperatures. They are manufac-
tured at ultrahigh temperature and pressures, which makes them
expensive. These tools have very low fracture toughness and
hence require great care during welding to avoid breakage.
Slow penetration and retraction and very low eccentric spindle
movement must be observed to minimize tool fracture.

PCBN tools produce clean welds with no contamination in
Invar and can be used to produce contamination-free welds.
W-Re pin tools are relatively cheaper and have a better fracture
toughness but have inferior wear resistance compared to PCBN
tools. W-Re pin tools have been able to produce good quality
(defect free) welds in Invar but their poor wear characteristics
makes problematic their use in a continuous production
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environment. However, they can be used for periodic welding
or repair applications if W-Re contamination in the weld is not
an issue.

5. Conclusions

Friction stir welding of Invar eliminates solidification
cracking, porosity, reheating cracking, and other severe prob-
lems associated with the fusion welding; produces joints with
good mechanical properties; and results in an isotropic CTE
that matches the parent material. Excellent welds were
produced with both PCBN and W-Re pin tools at a rotational
speed of 600 rev min~' and travel speeds of 76, 102, and
127 mm min~'. A wormhole defect was observed in the weld
produced with the PCBN pin tools at a rotational speed of
500 rev min~' and 127 mm min~" travel speed.

The coefficients of thermal expansion, tensile strength, and
microhardness of the welds were essentially unchanged from
the parent material. The welded CTE was unaffected by pin tool
material or weld parameters. The measured elongation was
52% for the parent material and 30 and 37% for the welds made

Journal of Materials Engineering and Performance
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Table 2 Transverse tensile properties of Invar’s parent
metal and friction stir welds

Welds made  Welds made
Parent with W-Re with PCBN
metal pin tool pin tool
Ultimate strength, MPa 461 +7 453 +4 46140
Yield strength, MPa 292 +15 255+0 296 £ 17
Elongation, % 5241 30+1 375

with W-Re and PCBN pin tools. The PCBN pin tool produced
remnant-free welds with insignificant tool wear, but the W-Re

pin tool showed significant wear and left tool remnants in the
weld.
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