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Figure 13 provides a cutaway view, showing the variation in strain evolution through the
thickness of the torsion sample (at the center of the gauge length). The amount of strain varies
significantly according to both radius and axial position. In this cutaway plane, the maximum
strain at the outer radius is 1.9 mm/mm and the strain at the inner radius is about 0.8 mm/mm.
The model provides us with critical data on the thermomechanical history at each point in the
cross section to correlate with the hardness and microstructure measurements.

While the reader should keep in mind that the surface texture seen in Figure 13 is a
numerical artifact of the mesh refinement and use of a Lagrangian reference frame, it is
anecdotally true that the actual test specimens had a similar surface texture appearance after
deformation (in addition to a classic orange peel pattern).

Figure 13 Distribution of effective strain seen in transverse cutaway view
through center of the gauge after testing.
Hyperlink to animation: STRAIN TRANSVERSE CUTAWAY.mov

Although the rotational velocity of the drive chuck is constant, the strain rate is neither
constant nor uniform during this test. Figure 14 shows the spatial variation in effective strain
rate, and the animations reveals how strain rate changes throughout the specimen during the
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course of the test. Note that these animations were generated with a slightly different mesh than
the other animations. This resulted in the simulated sample deforming in a slightly different
manner, although the calculated strains are nearly identical. The bend in the gauge section is
more prominent with this mesh than with the others.
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Figure 14 Spatial variation of strain rate within the sample at the end of the
deformation.

Hyperlink to animation showing temporal variation in strain rate on the surface:

STRAIN RATE SURFACE.moy

Hyperlink to animation showing temporal variation in strain rate through the cross
section: STRAIN RATE CUTAWAY.mo\
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Iso-strain contours provide a unique insight into the behavior of metal flow during the test.
In Figure 15, the dark blue surfaces, which are the first to appear, are the surfaces at which the
strain is zero—all points outside of these surfaces, away from the center, also have zero strain.
Increasingly higher strains are continually generated in the center of the gauge length, on the OD
surface, then those iso-strain surfaces move toward the sample ends and sink radially inward as
the test progresses, creating a striking visual effect in the animation.
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Figure 15 Iso-strain surfaces within the sample show that increasingly higher
strains are generated on a central ring in the middle of the sample,
then move outward toward the sample ends.

Hyperlink to animation: ISO-STRAIN SURFACES.mo\
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The point tracking feature provides quantitative information at points of interest in the
sample. The surface points shown in Figure 16 started as a straight line of points at the top of the
sample, and rotated to different positions after one revolution of the chuck. The point in the
center of the gauge length accumulated an effective strain of 1.86 mm/mm.
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Figure 16 Point tracking provides quantitative information at points of interest.

Hyperlink to animation: [STRAIN SURFACE MULTI{
POINT TRACK.mow
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Validation of the Model

Use of the metric *angle of twist along gauge length after deformation’ is a reasonable test
of the model’s ability to correctly predict deformation behavior. We compared experimental
measurements of surface deformation to the model’s predictions (see Figure 17). The results
show good agreement between experimental measurements and numerical predictions.

Potential sources of error. The experimental measurements excluded elastic springback of
the sample at the deformation temperatures." However, this only made a minor difference in the
measured values, with a maximum error of 2° at the end of the gauge length. The numerical
simulation predicted that the drive side of the sample whould shift off-axis (i.e., buckle) a
maximum of 0.9mm during testing. The extent of buckling in the actual sample is unknown.
The numerical simulation angle of twist measurements accounted for the shifted geometric
center, but the experimental measurements may have been non-uniformly influenced by any
sample distortion. The quality of the numerical simulation is directly related to the quality of the
constitutive data; better high temperature data could improve the agreement with experimental
measurements.
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Figure 17 Graph comparing predicted versus actual surface deformation.

! Before experimental testing, a straight line was scribed on the surface of the gauge length from shoulder to
shoulder (fixed to rotated end). After testing, the sample was removed from the Gleeble chucks and a new straight
line was scribed in place of the original, starting from the fixed end shoulder to the rotated end. The scribed line
was used as a quantifiable measure of angular deflection against the superimposed “original line.” In all torsion
samples the new scribed lines never reached the original lines’ end points at the rotated end shoulder. This resulted
in the angle of twist at the rotated sample end to not be equal to 360°, but slightly less. The “incomplete” rotation
was attributed to the relaxation of elastic strain built in the system as the sample was removed from the Gleeble
torsion chucks, or “springback.”
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Conclusions and Recommendations

We developed a numerical model of a Gleeble torsion test that predicts the deformation
behavior of a specimen to a high degree of fidelity, and provides detailed quantitative
information about the strain, strain rate, and temperature history with time throughout the
volume of the specimen. The torsion test had been performed as a physical experiment to model
the friction stir welding of HSLA-65 steel. However, the numerical model was necessary to
determine the complex thermomechanical distribution within the sample, in order to interpret the
test results. The numerical model is being used as part of the continuing ILIR project to relate
different torsion sample microstructures and properties to their actual thermomechanical histories
for comparison with actual friction stir welds.

Another benefit of this work is that we now have a material model for the high temperature
deformation of HSLA-65 that can be used for future DEFORM simulations. For example, we
can use DEFORM 3D to model the friction stir welding process itself, accounting for many of
the physical effects that are not taken into account by our current friction stir model [16].
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