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Abstract; A dynamometer was designed and manufactured to measure the joining force in the linear friction welding
process. The error percentages of the dynamometer in the upset (x) and vibration (y) directions were 0. 9% and
0.75%, respectively. The cross-sensitivity range of the dynamometer was 1. 2% —3. 3% in the two directions.
The precision level satisfies the requirements of the dynamometer test. The joining force of the TC17 and TCI11
heterogeneous titanium alloys in the linear friction welding process was used to test the manufactured dynamome-
ter. The test results showed that the upset force was large, but the vibration force showed a smaller change in
TC11 during the linear friction welding process. In addition, the upset and vibration forces of the linear friction
welding were greater with a short welding time than those with a long welding time.
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0 Introduction

Linear friction welding involves joining two
surfaces in contact with each other at a certain
pressure and vibrating them at a certain frequency
and amplitude to produce a reciprocating move-
ment in a straight line. This generates [riction
heat to join the surfaces™™.

Linear friction welding is a new type of solid
phase joining technology and has a series of
unique advantages. It can be used to join dissimi-
lar alloys and is widely used in the automotive and
aerospace fields!®®. Linear friction welding can
join heterogeneous metals and is an important
method to develop double alloys for high-per-
formance blisks in compressors and turbines.
Currently used by engine companies in USA,
UK, and Germany, linear friction welding tech-
nology is mature. Linear friction welding has
been applied to manufacture titanium alloy aero-

engine blisks'™,

At present, research on linear friction weld-
ing technology has mainly focused on the linear
friction welding process, joining region micro-
structure, and joining region performance-'",
There are few reports in the literature on measur-
ing the joining force in the linear friction welding
process. A dynamometer was designed and manu-
factured to measure the joining forces of a TCI11
and TC17 heterogeneous titanium alloy during the
linear friction welding process. These findings
will provide basic data for manufacturing blisks
from heterogeneous titanium alloys by linear fric-

tion welding.

1  Design of Special Dynamometer
for Linear Friction Welding

The elastic element of the dynamometer
comprises an octagonal ring body. Resistance
strain gages are placed at suitable locations on the

ring body. When a force deforms the ring body,
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the strain gage resistance also changes. The data
acquisition instrument collects the signal with an
electrical bridge circuit, and the strain of the oc-
tagonal ring is measured to calculate the force.
The width &, thickness ¢, and round radius » of

the octagonal ring are obtained as follows
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The size of the dynamometer is determined
according to the sizes of the workpiece and actual
linear friction welding equipment. Fig. 1 shows

the detailed design drawing.
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Fig. 1 Design drawing of the dynamometer for linear

friction welding

2 Special Linear Friction Welding
Dynamometer Calibration

The main principle of the linear friction
welding dynamometer is to indirectly measure the
external load that causes the micro-strain of the
octagonal ring for obtaining the joining force.
Thus, the dynamometer needs to be calibrated
with the actual measured joining force. The linear
friction welding dynamometer on the experimen-
tal platform was calibrated with hydraulic cylin-
ders and the weighing sensor, as shown in Fig. 2.
In the calibration process, different fixed methods
were adopted for loads in different directions™®.

The calibration range of the linear friction weld-

Fig. 2 Linear friction welding dynamometer calibration

device

s

Force / kN

Micro-strain ue

B

Force / kN

Fig. 3 Calibration curves of linear friction welding dy-

namometer
ing dynamometer in the upset force (x) and vi-
bration force (y) directions were 3 000X9. 8 and
1 200X9. 8 N, respectively. Fig. 3 shows the re-
sults. The error percentages in the x and y direc-
tions are 0. 9% and 0. 75% , respectively, as pres-
ented in Table 1. The cross-sensitivity range in
the two directions was 1. 2%—3. 3%, as given in
Table 2. Thus, the dynamometer meets the de-

sign requirements.

Table 1 Linear test results for the linear friction weld-
ing dynamometer
Load Load/ Test micro- Calibration Error/
direction kN strain e  micro-strain pe %
x 4.9 150.0 151.3 0.90
y 4.9 320.1 322.5 0.75
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Table 2  Cross-sensitivity test results for the linear friction

welding dynamometer

Load Load/ Test micro-strain ye Average error/ %
direction kN X Y X Y
x 4.9 150 B 3.3
y 4.9 4 320.1 1.2

3 Experiment to Test Joining Force
of Linear Friction Welding

The TC17 and TC11 titanium alloys were
employed in the linear friction welding experi-
ment. The 45

51.5 mmX51.5 mm.

specimen size was mm X

The linear friction welding forces were meas-

ured with the specially designed and manufac-
tured dynamometer. The four octagonal rings
were the main part used to measure the forces.
The dynamometer was clamped to the linear fric-
tion welding machine.

The process to measure the joining forces of
linear friction welding is as follows. The vibration
specimen was clamped to the vibration end, and
the other specimen was clamped to the dynamo-
meter. The dynamometer was fixed for the linear
friction welding. The position accuracy of the
specimen was guaranteed by the precision of the
linear friction welding equipment, fixture, and
dynamometer. Table 3 presents the linear friction

welding experimental parameters.

Table 3 TC11-TC17 linear friction welding experimental parameters
Frequency Friction Upset Upset time Amplitude Joining time
‘ Vibration end
f/Hz pressure P, /kN pressure P,/kN t/s A/mm ty/s
TC17
4
- TC11
40 0.74 1.5 4.5 4
, TC17
TC11

4 Experimental Results

Fig. 4 shows photos of TC11-TC17 joining by
linear friction welding under different processing
parameters. At the beginning of the joining, the
upset and vibration forces were zero. The upset
force produced by the hydraulic cylinder caused a
wave curve. Then, the workpiece at the vibration
end started to move up and down from the recip-
rocating vibration. Figs. 5—8 show that the upset
force remained basically unchanged during the vi-
bration friction process, while the vibration force
gradually increased to the maximum. During the

upset process, the upset force quickly reached a

maximum value that it maintained for the upset-

Fig. 4 Photos of TC11-TC17

ting time before slowly and smoothly decreasing.

At the same time, the reaction force in the vibra-
tion direction rapidly decreased due to the work-
piece being joined at both ends. There were inter-
nal forces between the workpiece and fixture until
the former was loosened, and the forces in the
two directions went back to zero. Figs. 5,6 show
that the upset force is smaller when TC17 is the
vibrating end than the one when TCI11 is the vi-
brating end, but the vibration force does not
change. The main reason is that TCI11 is less hard
than TC17, so the joining pressure needed to be
large. However, the f{riction joining the TCI1
and TC17 surfaces remained the same, so the vi-
bration force hardly changed. Figs. 7,8 show the
results of the above analysis. The upset forces in
Figs. 7,8 are bigger than those in Figs. 5,6. This
was mainly due to the short joining time for
Figs. 7, 8; the friction heat was lower, so the up-
set force was big. The vibration force shown in
Figs. 7, 8 is large. This was mainly due to the
short vibration time, low degree of material plas-
ticization, and relative increase in friction resist-

ance.
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5 Conclusions

(1) A device suitable for measuring the
forces of linear friction welding was designed and
manufactured. After calibration, its error per-
centages in the x and y directions were 0. 9% and

0.75% , respectively. The cross-sensitivity range

as the vibration end, 3 s joining time)

in the two directions was 1. 2%—3. 3%.

(2) The measured results of the dynamome-
ter showed that the upset force generated by line-
ar friction welding was significantly greater when
TC11 was the vibration end than the one when
TC17 was the vibration end, but the vibration

force did not change.
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(3) The upset and vibration forces were
greater with a short joining time than those with a

long joining time.
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