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Abstract

A simple plunge test was used to evaluate some of the interactions between 6061 + 20 wt%
Al,O3 plates and flat-faced, cylindrical pin tools of H13 steel, WC bonded with 10 wt% Co, and
gas pressure sintered SisN4. The 12.5-mm-diameter pin tools were rotated at 800 rpm under a
normal force of 13,344 N and then driven into the plates to a depth of approximately 10 mm.
Each test consisted of two segments, a constant-displacement-control plunge to a depth of 1.5
mm followed by a constant-force-control plunge from 1.5 mm to about 10 mm. The forces
supported by the pin tools in the constant displacement segments varied with pin tool material.
The displacement rates supported by the pin tools in the constant force segment varied with pin
tool material. Normal force and spindle torque measurements were used to cal cul ate effective
friction coefficients, ues, for each pin tool material on the 6061/Al,05. These values were: pi =
1.024 for the H13, we = 0.768 for the WC10Co, and s = 0.621 for the SisN4. The variationsin
behavior for the pin tools were attributed to the effect of s on frictional heating. An
accumulation of the 6061/A1,03; was found on the H13 pin tool after testing but not on pin tools
of the other two materials.

Introduction

There are afairly wide variety of techniques that rely on frictional heating to bond metal [1].
The frictional heating results from rubbing two parts together at high surface speeds under
pressure. Asthe temperature at the region of contact rises to the forging range, the pressure
across the interface forces the components together resulting in ametallurgical bond. The more
common methods of friction welding rely on rotation to produce the high speed rubbing action.
To make effective use of this process, at |east one of the partsis often axisymmetric in its shape
perpendicular to the bond interface. The rotary variants of friction welding are ideal for making
jointsin rods and tubing, and for bonding parts of axisymmetric shape to ones that are not.
These more traditional methods of friction welding can be applied to avery wide variety of
aloys, from lead to refractory metals[1], and they are used routinely to make automotive,
aerospace, and medical components.

The requirement of having at least one axisymmetric part of modest diameter is a limitation of
rotary friction welding which has been overcome by the invention and development of the
friction stir welding process[2]. In friction stir welding, frictional heating is accomplished by



use of arotating, nonconsumable tool that is translated through the joint while the parts being
welded remain stationary [2,3]. Plates can be welded together using the friction stir process, and
this has catalyzed considerable interest init. Friction stir welding is already being used
commercialy to fabricate various auminum alloy plate components for marine applications [4],
and it is being considered for a number of other situations that require welding of aluminum
aloy sheet and plate [5,6].

The friction stir weld zone microstructures are similar to those developed during
thermomechanical processing [5,7]. Ideally, melting is avoided so the metallurgical issues
associated with solidification during welding are also avoided. Because the peak temperatures
experienced during friction stir welding are lower than those of fusion welding processes
distortion may be reduced and microstructural changes associated with the welding thermal cycle
are minimized. Characteristics such as these make friction stir welding an attractive process for
welding a variety of high temperature aloys and metal matrix composites. For these alloys,
however, the selection of materials for the rotating nonconsumable tooling are crucia to
successful deployment.

Properties that are likely to be important for tool materials include strength, fatigue resistance,
wear resistance, thermal conductivity, toughness, and chemical stability. High strength relative
to base materials is an absolute necessity for tools. However, the relative importance of other
propertiesis not well understood [3].

The work described in this paper represents an attempt to determine whether arelatively ssmple
plunge test can be used to provide useful insightsinto any of the interactions between base
materials and tool materials.

Experimental Details

The base material used for the experiments was 6061 aluminum containing 20 wt% of aluminum
oxide particles. The 6061/Al,03 was supplied as an 280-mm-diameter extruded billet (QED
Extrusions Developments Inc., San Diego, CA). The billet was sliced perpendicular to its
extrusion axis to provide 19-mm-thick circular plates for the experiments. The plate surfaces
were turned to afinish of 0.8 xm average deviation from the mean surface with top and bottom
surfaces parallel to + 50 xm.

Three tool materials were evaluated against the 6061/Al1,03: H13 tool steel, a cermet of tungsten
carbide bonded with 10 wt% Co, WC10Co, and a gas-pressure-sintered silicon nitride (Kyocera
SN282). Thetool materials were machined into 12.5-mm-diameter cylindrical pinswith flat
circular faces.

Typical handbook property values for the 6061/Al,03 and the three tool materials are given in
Table 1.

Evaluation of the tool materials consisted of vertically plunging the rotating cylindrical pin tools
into the 6061/A1,03 plates. The experiments were conducted on a purpose-built friction stir
welding machine with servo-hydraulic actuation of force and displacement functions (MTS



Table 1. Typical properties at room temperature

Thermal conductivity Strength Fracturetoughness
Material W/m-K M Pa M Pa-ym
6061+20% Al,O3 130 359 18
H13 steel 29 2,000 30
WC-10% Co 100 2,100 10
SisNy 35 800 6

Corporation, Eden Prairie, MN). The procedure consisted of an initial plunge to a depth of 1.5
mm using displacement control. The plunge rate in this segment was 0.1 mm/s. Theinitial
plunge was used to seat the tools into the plate surfaces. Thereafter, the tools were plunged an
additional 8 mm into the plates using force control. This means that the displacement ratesin the
second plunge segment were not controlled by machine settings, rather they were determined by
material properties and interactions between the tool materials and the 6061/Al,03. In the force-
controlled segments, the tools were programmed to rotate at 800 rpm under a normal load of
13,344 N, valuesthat are in the ranges of those frequently used for friction stir welding of Al
alloys. The parameters recorded during the plunging tests included actual normal loads, spindle
torques, tool displacements, times, tool rotation speeds, and surface temperatures of the plates.

Results

Figure 1 shows plots of the variations of normal force and torque with pin tool displacement into
the 6061/A1,0; plates for the three pin tool materials. Vertical linesare placed at 1.5 mmto
distinguish between the segments of the seating plunges and the test plunges. In al three cases,
the constant-displacement-rate seating segments show initial spikesin normal load as the rotating
pin tools were driven into the plates. The normal forces increased throughout this period, but
those measured at the end of the seating segments varied with the tool material. These normal
forces were 8,362 N for the H13 tool, 10,991 N for the WC10Co tool, and 13,246 N for the SizN4
tool. During the test segments, the normal forces rapidly approached the requested setpoint of
13,334 N, that isindicated by horizontal linesin Fig. 1.. For the H13 pin tool the measured force
never actually attained the setpoint value. In contrast, the 13,344 N force was supported during
the test by both the WC10Co and the SizN,4 tools.

The measured spindle torques showed initial rapid increases followed by slight gradual increases
as the tests were run to completion. The pin rotational speed of 800 rpm was maintained during
each test.

The normal force and spindle torque measurements were combined to calculate an effective
friction coefficient, ues, for each data set using the analysis developed by Cheng [8]. The face of
the spinning cylindrical pin tool in contact with the 6061/Al,03 plate surface is characterized by
the elementary area, dA = 2zrdr, as shown in Fig. 2. Then the friction force, Fy, acting on the
elementary areais given by:



dF; = Puy 2ardr

where P is the pressure on the pin tool face. Because
torque isthe product of force and radial distance, the
torque, T, on an elementary area of the tool faceis:

dT = Puy 27 *dr

Assuming that P and ue do not vary with position on the
tool face, integration of the torque expression and
appropriate substitutions lead to the rel ationship:

Fig. 2. Schematic of 3 T,
elementary area on pin tool Hat =5 F, xR
face.

where Fy isthe normal force on the pin tool, and Tsisthe
spindle torque. The variations of the effective friction coefficients with displacement are shown
in Fig. 3 for the entire data sets including the seating segments. Because the normal force values
were erratic and the torque values require finite times to stabilize during seating, the effective
friction coefficient values during these segments appear artificially high and variable. The
effective friction coefficient values during the force-controlled test segments, for the
displacement ranges from 1.5 mm to end of tests, are shown in Fig. 4. In the test segments,
beyond the 1.5 mm displacement, the effective friction coefficient values were relatively
constant showing only slight increases up to the maximum plunge displacements. The variations
of effective friction coefficient values with displacements mirrored those of the torque values as
expected. The average effective friction coefficient values during the test segments are a'so
shownin Fig. 4. The average values were ues = 1.024 for the H13, ue = 0.768 for the WC10Co,
and e = 0.621 for the SigNa.

The displacement rates for the tests are shown in Fig. 5. Because plunging was displacement
controlled up to adepth of 1.5 mm theinitial displacement rates were identical for all three pin
tool materials. Beyond 1.5 mm of displacement, the plunging condition was changed to force
controlled. In the force-controlled test segments there were clearly significant variationsin
displacement rates. The average displacement rates in these segments were 0.56 mm/s for H13,
0.18 mm/s for WC10Co, and 0.10 mm/sfor SizNa.

The contours of the pins were measured after the tests on a coordinate measuring machine with a
0.7-mm-diameter tungsten carbide stylus. The surface profiles from the centerlines to the outer
diameters of the H13 and the SisN4 pin tools are plotted in Fig. 6. The x coordinate values
represent radial distance from the centerline. They coordinate values represent distance from the
pin tool faces. The horizontal portions of the traces provide the profiles on the tool faces. In Fig.
6, the profile from the SisN4 pin is offset in the y coordinate direction for clarity. The SisN4
profile clearly shows the chamfer that was machined into the pin. The profile after testing was
essentially identical to that measured prior to testing. The H13 pin tool was originally machined
to the same shape as the SisN,4 tool including the chamfer. However, its profile was significantly



different after testing. Material from the 6061/Al,03 has actually adhered to both the face and
the chamfer of the H13 tool. The 6061/Al,03; material accumulated on the H13 tool facein a
toroidal ring that extended up to 0.25 mm above the original tool surface. No significant
accumulations of 6061/A1,03 were found on either the WC10Co tool or the SizN,4 tool after
testing.

Optical micrographs taken at the corners of the blind plunge holes are shown in Fig. 7. The
bottoms of the holes are on the bottoms of these micrographs. For the H13 tool, Fig. 7a, the
profile of the holeis very irregular, and this clearly resulted from fracturing of the 6061/A1,05
caused by its adherence to the tool face. The hole profiles for the WC10Co and Si3N4 tools, Fig.
7b and 7c, respectively, were smooth and they provide a direct impression of the shape of these
tools including the chamfer details. These micrographs also suggest that any microstructural
modifications caused by the plunge tests were localized in the 6061/Al,05 to its interfaces with
the various tool materials.

Discussion

The variations of normal force and spindle torque shown in Fig. 1 are similar to those observed
during friction welding of aluminum aloys[9]. One important difference between friction stir
welding of plates and the plunge test is that steady state conditions may be achieved in welds of
sufficient length. In contrast, the geometry and configuration of the plunge test are likely to
prevent atrue steady state condition from ever being established. For instance, cylindrical pin
tools cannot be plunged to infinite depths into plates of finite thicknesses. Consequently, the
temperature fields around the pin tools are likely to vary continuously during plunge tests. These
effects will depend on the dimensions of the pin tools and the plate thicknesses, and they may be
small but they will exist.

A possible explanation for the failure of the H13 pin tool to support the setpoint normal force of
13,344 N isthat the stress equivalent of 105 M Pa exceeded the yield strength of the 6061/A1,03
in the plasticized zone during this plunge test. If this occurred the 6061/Al,03 would be
incapable of supporting the setpoint load during the plunge with the H13 pin tool. Thiswould
require the temperature in the plasticized 6061/Al,03 to exceed about 350°C [10]. In addition,
the resultsin Fig. 1 suggest that higher temperatures were experienced in the 6061/Al,03 using
the H13 pin tool than those for either the WC10Co tool or the SisN4 tool. Conditions under
which this could occur will be discussed later.

The dataplotted in Fig. 3 and Fig. 4 are referred to as effective friction coefficients because the
measurement techniques and geometry do not lend themselves to an analysis that would yield a
friction coefficient according to a classical treatment [11,12]. However, the normal force, and
tool rotation speed of the plunge test do approximate those of actual friction stir welding. The
flat face of the cylindrical pin tools also approximates the shape of friction stir welding tools
without the complication of a pin or other intricate details of tool shape. Having test conditions
that closely match application conditions is desirable when measuring friction properties[13].
Consequently, the effective friction coefficients given in Fig. 4 may then be considered
representative of the actual friction conditons for those material couples during friction stir



welding. The effective friction coefficient values shown in Fig. 4 are aso in the range of friction
coefficients found for dry contact between other metal-metal couples[10,13], but somewhat
higher than those between martensitic stainless steel and similar aluminum metal-matrix
composites [14]. Theincreases of effective friction coefficient during the plunges were at least
partially due to frictional drag between the pin shafts and plunge hole surfaces. Thiswas
evidenced by visible scuffing on the pin tool shaft surfaces after testing.

The variation of displacement rate with pin tool materialsin the force-controlled segments of the
plunge tests, shown in Fig. 5, was unexpected. As described earlier, the displacement ratesin the
force-controlled segments were not controlled by machine settings. Instead, the pin tools were
free to plunge into the 6061/Al,0; at rates determined by material properties and any interactions
between the pin tool materials and the 6061/A1,03. Because the pin tool materials were the only
significant variable in the tests, they must have been responsible for the observed behavior.

One way of increasing displacement rate in this plunge test is by making the plate material easier
to deform. How this could occur can be determined by considering the factors that contribute to
frictional heating. Heat flow in friction stir welding has been treated using the Rosenthal
approach [15] where it was shown that the temperature rise, A7, due to surface heating of a base
material from atool shoulder under constant pressureis.

AT o 4@
A

In this expression, u isthe friction coefficient, P is the pressure on the pin tool, o is the rotation
speed of thetool, and A isthe thermal conductivity of the base material. For the force controlled
segments of the plunge tests all of these parameters are constant except for , which varied with
pin tool material. Assuming that 2 can be approximated by the g shown in Fig. 4, it can been
seen that the temperature rises associated with the pin tools will rank with H13 as the highest,
WC10Co as an intermediate value, and SisN, as the lowest. For a given increment of time, the
H13 will heat the 6061/Al,03 to a higher temperature than the other pin tool materials, and
therefore should plunge into the plate at a higher rate as Fig. 5 shows. The effectiveness of
heating for the H13-6061/Al,03 couple undoubtedly contributed to the apparently anomalous
behavior shown for normal forcein Fig. 1.

Implicit in thisanalysisis the conclusion that plunge displacement rates as well as the
temperature rises are proportional to ue. However, the plunge displacement rate for the H13 pin
tool was about 5 times higher than that of the SizN4 tool, but its e was only about 1.6 times
higher than that of the SisN4. In addition, the thermal conductivities of H13 and SisN, are
similar so that the difference in their plunge rates cannot be attributed solely to the effects of heat
flow into the pin tools. This situation indicates that factors other than strictly frictional heating,
such as viscous dissipation of mechanical energy in the plasticized zone of the 6061/A1,0s3,
contributed to the heating process.

From a practical point of view, the plunge displacement rate can be expected to also scale with
maximum welding speed. Of course, tool life could be a much more important consideration



than welding speed, especially for metal-matrix composites. Wear behavior could ultimately
dominate tool selection criteriafor aloys such as 6061/Al,03, and the duration of a plunge test
may be too short to evaluate this aspect of tool properties.

The accumulation of plate material on the face of the H13 pin, shown in Fig. 6, suggests that it
has a greater tendency for chemical reaction with the 6061/A1,03 than either the WC10Co or the
SisN4. Further analysis will be required to determine the nature of the fracture of the 6061/A1,05
at the bottom of the plunge hole and of its chemical reaction with the H13. However, the
strength of the bonding at the H13-6061/A1,05 interface must be relatively high considering the
strength of the 6061/Al,03. It seems likely that the nature of the interface contributed to the
heating process in some way.

Conclusion

Flat-faced, cylindrical pin tools of H13 steel, WC10Co, and SizN4 were plunged into 19-mm-
thick plates of 6061+20wt%Al,03 to depths of about 10 mm. The pin tools were rotated at 800
rpm. The plunge tests consisted of two segments. An initial plunge to a depth of 1.5 mm was
used to seat the pinsinto the plate surfaces, and it was conducted at a constant displacement rate
machine setting. The test segment beyond 1.5 mm was conducted using a force-control setting
of 13,344 N. The displacement rate in the test segment was not controlled by machine settings.

The test results indicated that behavior during the plunges depended on the tool material. The
measured normal force and spindle torque values were used to calculate effective friction
coefficients for the three pin tool materials on the 6061/A1,03. These valueswere: e = 1.024
for the H13, e = 0.768 for the WC10Co, and e = 0.621 for the SisN4. The plunge
displacement rates during force-controlled operation increased with s , and this behavior was
consistent with heat flow analysis. The 6061/Al,0; adhered to the H13 pin after the plunge test
suggesting that chemical reaction between the pin tool and the plate contributed to the observed
behavior.
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Fig. 1. Variations of normal force and spindle torque measured during plunging of pin tools of
H13 steel (a), WC10Co (b), and SizN4 (€), into 6061/Al,05 plates.
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Fig. 7. Optica micrographs taken at the corners of the blind plunge holes made in 6061/Al,03
plate with pin tools of (a) H13 steel, (b) WC10Co, and (c) SizNa.



