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Abstract: The internal residual stress within a TC17 titanium alloy joint welded by linear friction welding (LFW) was measured by
the contour method, which is a relatively new and destructive technique to obtain a full map of internal residual stress. The specimen
was first cut into two parts; the out-of-plane displacement contour formed by the release of the residual stress was then measured,
finally, taking the measured contour of the cut plane as the boundary conditions, a linear elastic finite element analysis was carried
out to calculate the corresponding distribution of residual stress normal to the cut plane. The internal stress distribution of the TC17
titanium alloy LFW joint was also analyzed. The results show that the tensile residual stress in the TC17 LFW weld is mainly present
within a region about 12 mm from the weld centerline; the peak tensile residual stress occurs at the weld centerline and reaches 360
MPa (about one third of the yield strength of TC17 alloy); within the weld zone of the TC17 LFW weld, the through-thickness stress
is not uniform, and the internal stress is larger than that near the top or bottom surface.
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1 Introduction

Titanium alloys are widely used in aerospace, power
generation and chemical processing applications owing
to their high specific strength and good -corrosion
resistance in many environments. Conventional fusion
welding is less optimal when used with titanium alloys,
as the material is highly reactive at -elevated
temperatures. The introduction of friction-based solid-
state welding processes has provided an optimal welding
method for titanium alloys [1,2]. These friction welding
processes eliminate the necessity for a protective
environment when welding, since the material does not
reach fusion temperature. Among the friction welding
processes, linear friction welding (LFW) is designed to
join unaxisymmetry components through the relative
motion of two components under compressive forces. In
addition, the weld seam of LFW is very narrow, resulting
in a fact that thermomechanically affected zone (TMAZ)
is limited [3,4].

Although liquation does not occur during LFW, the

extensive deformation and severe thermal excursion
generate significant changes in microstructure and
thereby, introduce mechanical property and residual
stress variations across the weld. Residual stress
produced by various manufacturing methods is a crucial
factor when assessing the integrity of engineering
components [5] and has been attracted attention all the
time [6,7].

Experimental measurement is a direct method for
measuring the distribution of welding residual stress. A
wide range of residual stress measurement techniques are
available for the characterization of residual stress in
engineering components [8], but few are available to
measure the whole stress distribution within the weld.
The slitting method [9], hole-drilling method [10] and
X-ray diffraction (XRD) method [11] can be used to
determine the welding residual stress. However, these
methods can only be used to determine the surface
residual stress. The measurement of internal stress within
thick welded components is difficult. Measuring the
whole internal stress distribution within the very narrow
weld zone produced by LFW is even more difficult. The
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deep hole drilling (DHD) technique [12] has been
successfully applied to large and thick engineering
structures, but it may be unavailable to measure the
stress within narrow welds [13]. Neutron diffraction is a
popular non-destructive technique that has been used to
map multi-axial components of stress in engineering
components [14], but its application is limited by the
thickness of the sample, the component geometry, the
sensitivity to microstructure and the need to take
components to a neutron source.

The contour method is a relatively new technique
for measuring residual stress in structures which offers
some advantages compared with neutron diffraction and
DHD techniques [14]. It provides a two-dimensional (2D)
map of residual stress on a cut surface, and it is not
limited by the microstructure or the thickness of the
component.

The contour method has been applied to measuring
internal residual stress introduced by various welding
methods and various welding joints, such as friction stir
welding of thick aluminum alloy plates [15], arc welding
of a T-type joint [16], variable-polarity plasma-arc
(VPPA) welding of aluminum alloy plates [17], and
multi-pass welding of pipes [18]. In particular, it can also
be available to obtain the full 2D map of stress field
within the narrow welds produced by LFW [19] and
electron beam welding [20].

In the present work, the 2D map of residual stress
over the entire middle cross section of titanium alloy
LFW joint is obtained using the contour method. The
detailed measuring procedure is introduced and the stress
distribution of the LFW joint is also analyzed.

2 Measuring principle and specimen

2.1 Measuring principle

When a specimen containing residual stress is cut
into two parts, the residual stress acting normally to the
cutting planes will release completely, arousing the
deformation of the cut planes. Assuming that the residual
stress relaxation is elastic when the specimen is cut and
the material removal process does not introduce
significant stress, if the deformed free surface created by
cutting is forced back to its original flat shape, the
resulted stress can give the original stress acting normal
to the cutting plane based on the Bueckner’s
supperposition principle [14].

In the contour method, the resulting relaxed surface
contour was measured, then the elastic finite element
(FE) method was used and the opposite of the measured
contour is applied as boundary conditions to the cut face
of the FE model, thus producing the original residual
stress field that is present along the flat plane before the
cutting [14].

The basic steps of a contour method measurement
include cutting the part into two pieces, measuring the
deformation of the cut surfaces, analyzing the measured
deformation data and FE analysis to determine residual
stress normal to the cutting plane.

2.2 Specimen preparation

A linear friction weld was produced with two TC17
titanium alloy blocks in Beijing Aeronautical
Manufacturing Technology Research Institute. One
titanium alloy block was rubbed across the face of the
second block, which is rigidly clamped, using a linear
reversing motion. Based on a large number of
experiments, the welding parameters were optimized to
produce reproducible and high-quality LFW welds of
TC17 titanium alloy. The final dimensions of the welded
specimen were 250 mm in length, 70 mm in width and
20 mm in thickness, as shown in Fig. 1. After welding,
the flash around the weld was milled away.

Weld seam

Fig. 1 Schematic diagram of TC17 LFW weld (unit: mm)
3 Measuring procedure

3.1 Specimen cutting

The cutting plane was of mid-thickness,
perpendicular to the x-direction, as shown in Fig. 1. The
specimen was clamped close to the cutting line on both
sides, and cut with a SODICK AQ400LS wire electric
discharge machining (EDM) machine with a 0.2 mm-
diameter brass wire at the cutting speed of 6—9 mm/h.
These parameters were chosen by the operators for better
precision and a finer surface finish with low likelihood of
wire failure, and also for minimizing any recast layer and
cutting-induced stress [14].

3.2 Contour measurement

After the specimen was cut into two halves, the
out-of-plane displacement contour was measured using a
HEXAGON GLOBAL coordinate measuring machine
(CMM).

Both halves of the cut specimen were measured
with a point spacing of approximately 1 mm over the
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entire cutting surface. Subsequently, a region consisting
of about 20 mm to either side of the weld center was
measured with a point spacing of 0.2 mm to better
capture the surface profile in the weld region. The
irregular point spacing for contour measurement was also
used by DEWALD et al [21] to measure the residual
stress in Alloy 22 welds with or without laser peening.
The measured out-of-plane displacements of the
two halves are shown in Fig. 2. As seen in Fig. 2, the
surfaces are low in the weld region with peak-to-valley
surface heights of 115 um and 175 um on the two halves.

Displacement/mm

0.05

-0.05

Displacement/mm

=0.10

-0.15

»Ymm

Fig. 2 Measured out-of-plane displacements: (a) First halve;
(b) second halve

3.3 Surface data processing

The presence of noise and outliers in the measured
raw displacements from the CMM is inevitable, that is
why the profile and the peak-to-valley surface heights of
the two halves are different, as shown in Fig. 2. This
might also be due to cutting artefacts, surface roughness
or errors in measurement [22]. The noise and outliers can
lead to the dramatic errors in the final measured stress.
Hence, it is necessary to process the raw displacements
prior to their application as displacement boundary
conditions in the FE model.

The most important steps of surface data processing
are the alignment of measured data from both cutting
faces, removing of noise and outliers, averaging of the
two sets of measurements in order to remove shear stress

effects and cutting imperfections, and finally fitting
smoothly to the cleaned and averaged data [22].

The surface fitting in the contour of cutting surfaces
for LFW welds is quite difficult because most of the
surface has a very low gradient compared with a high
gradient present close to the weld line (Fig. 2). Fourier
surface fit was used by PRIME [14] and DEWALD et al
[21] for the residual stress measurement of arc welding
with contour method; spline fitting algorithm was also
used to smooth the measured deformation [22-24]. In
the present study, the averaged surface contours were
divided into two parts by the weld centerline, one part
was fitted to a high-order Fourier surface, while the other
smoothed with a high-order polynomial fit. Figure 3
shows the single-line profiles of measured displacements,
averaged and smoothed results, and the line is located on
the cutting plane and 10 mm below the welded plate
surface. This figure clearly shows that the measured
displacements on the two cutting surfaces are different
and the fitted profile matches the measured surface
profile very closely. The resulting smooth surface is
shown in Fig. 4.
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Fig. 3 Comparison of measured, averaged and smoothed
displacements
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Fig. 4 Smoothed surface after data processing

3.4 Finite element analysis
In the contour method, the original stress is finally
inferred by applying the smoothed contour as a boundary
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condition to the previous flat cutting face. A one-half
plate FE model is first built after which a linear elastic
finite element analysis is then undertaken to calculate the
corresponding distribution of residual stress normal to
the cutting face. The material behavior is isotropic and
linear elastic with an elastic modulus of 112 GPa and
Poisson ratio of 0.34. Additional constraints are adopted
to prevent rigid-body motions of the FE model. Figure 5
shows the finite element model of the weld zone with the
opposite smooth contour applied as the boundary
conditions to the cutting surface. In Fig. 5, the
deformation is magnified by 200.

Fig. 5 Finite element model with opposite measured
deformation on cutting surface

4 Results and discussion

Figure 6 shows the 2D residual stress in the TC17
titanium alloy LFW weld measured by the contour
method. The measured stress is normal to the cutting
surface, which is the x-direction stress shown in Fig. 1.
The estimated uncertainty for contour method is a +32
MPa for the welding residual stress measurement using
touch probe CMM to measure the deformation and spline
fitting algorithm to fit the contour data [25].
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Fig. 6 Measured longitudinal residual stress in cross-section of
weld plate

As seen in Fig. 6, the weld zone is characterized by
the tensile stress and the peak stress (about 360 MPa) is
located at the weld center line. The peak stress is about
one third of the yield strength of the TC17 titanium alloy
at room temperature (about 1030 MPa). Out of the weld
zone, the stress decreases very quickly to zero, which
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shows a very steep stress gradient within the LFW weld.
In Refs. [19,26], the measured residual stress via
diffraction method and contour method in the LFW of
titanium alloys is also less than the yield strength of the
materials at room temperature; in addition, the stress
distribution trend in the present study is similar to that in
these references. Moreover, the measured stress in the
present study would be smaller than the actual as-welded
stress because the removal of the flash may result in
some stress release.

To clearly demonstrate the stress distribution in the
TC17 alloy LFW joint, four lines on the cutting surface
were selected to evaluate the measured stress (Fig. 7).
The stresses along these lines are plotted in Figs. 8 and 9.
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Fig. 7 Schematic diagram of stress evaluation lines (unit: mm)
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Fig. 9 Stress distribution along lines L,, L3 and L,
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As seen from Fig. 8, high tensile stress occurs at the
weldline center, and decreases sharply to a small peak
compressive stress (about 50 MPa) at distance of 11 mm
(left side) and 14 mm (right side) from the weldline
center, and then increases slowly to zero. From Fig. 8, it
can be concluded that the steep stress gradient within the
TC17 alloy LFW weld can be captured with the contour
method.

It can be seen from Fig. 9 that the through-thickness
stress is not uniform from top surface to bottom surface,
and the stress near the top and bottom surfaces is smaller
than the interior stress. In addition, the stress magnitude
decreases sharply with increasing the distance from the
weld centerline. At the location of 6 mm from the weld
centerline, the stress is compressive through the entire
thickness.

5 Conclusions

1) The contour method can produce a 2D map of
residual stress over the entire cross-section of welded
components. It can capture the steep stress gradient
within the narrow LFW weld.

2) The peak tensile stress appears at the weld
centerline of the TC17 LFW weld and reaches 360 MPa
(about one third of the yield strength of TC17 alloy), and
at locations of 11 mm to 14 mm far from the weld
centerline, the tensile stress drops to a small peak of
compressive stress (about 50 MPa).

3) Within the weld zone of the TC17 LFW weld, the
through-thickness stress is not uniform; the interior stress
is larger than that near the top or bottom surface.
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