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EXPERIMENTAL INVESTIGATION OF FRICTION BASED
ON ULTRASONIC VIBRATION

Changli ZHA?, Shenlong ZHA 2

The effects of punch radius, deep-drawing speed and amplitude on the
friction coefficient were studied on an improved drawing-bulging friction coefficient
measurement platform on basis of ultrasonic vibration. The changes of friction
coefficient curves were more gentle at larger deep-drawing speed, and the friction
coefficient declined as the vibration amplitude increases. From no ultrasonic
vibration to the amplitude of 10.1 um, the friction coefficients at the punch radii
R0.3 and R1.5 declined from 0.18 to 0.13 and from 0.12 to 0.11 respectively. The
friction coefficients of thin specimens were larger than thick specimens whether
ultrasonic vibration was applied or not.
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1. Introduction

Ultrasonic vibration-assisted metal plastic forming can effectively
decrease forming force and contact friction and improve surface quality of formed
parts. Thus, this process, especially microplastic metal material forming, is
extensively applied into stamping [1-4], brushing [5], upsetting [6-7], spinning
[8], cutting and other technical fields [9-11].

Since microplastic metal forming is different from metal macro-forming,
friction directly affects the forming properties and quality of formed metal parts.
Hence, the friction during micro-forming processes has been a research hotspot.
Experimentally, Siegert et al. applied ultrasonic vibration into a strip-drawing
process to study the effects on friction and found the decrease of frictional force
and the improvement of surface quality were both associated with the vibration
amplitude and deep-drawing speed [12]. Ngaile and Bunget probed into extrusion
micro-forming of aluminium materials and copper materials and noticed that the
surface quality of formed parts was obviously improved under ultrasonic vibration
[13]. During micro-upsetting experiments, ultrasound significantly affected
surface roughness parameter Ra, which considerably dropped from 1.376um to
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0.77um after the application of ultrasonic vibration [14]. Hung et al. determined
friction calibration curves and friction factors through the finite element method
through upsetting experiments on the ring compression of aluminum alloys, and
further quantitatively analyzed the relation between friction coefficient and
ultrasonic vibration through double-cup extrusion experiments, which showed
ultrasonic vibration significantly affected the friction factor [15]. Moreover, at the
theoretical level, the existing research is focused on in-plane and out-of-plane
aspects. Tsai et al. proposed a theoretical method based on the Dahl friction model
and found friction was lowered when tangential vibration occurred at any in-plane
angle [16]. Popov et al. elaborated the effects of large-amplitude in-plane
frictional contact on hardness [17-20]. Teidelt et al. theoretically studied the
effects of out-of-plane normal ultrasonic vibration on static friction and slide
friction [21-22]. Based on a simplified model, Popov et al. constructed a friction
reduction theoretical model of out-of-plane applied ultrasound against velocity
vibration amplitude and displacement amplitude [17]. The above studies
empirically underlie the qualitative interpretation and analysis concerning the
effects of ultrasonic vibration on contact friction, but the results of theoretical
models and experiments are inconsistent to some extent.

For this reason, a frictional property test installation about SUS304 sheets
under ultrasonic vibration was designed and used to simulate the friction status
during practical deep drawing forming. The friction coefficients of specimens
with different thicknesses, mould dimensions, deep-drawing speeds and
amplitudes during deep-drawing forming were studied. The effects of thickness,
mould, deep-drawing speed and amplitude on friction coefficient were analyzed.

2. Experimental

Metal sheet drawing-bulging experiments under ultrasonic vibration for
friction coefficient measurement were conducted to investigate the effects of
specimen sizes, deep-drawing speed and punch radius on contact friction force, or
namely the variation of friction coefficient. In practice, however, the friction
coefficient of metal plastic forming is affected by many factors, including
stamping velocity, mould dimension parameters, lubrication status, and
temperature. To display the actual metal plastic forming as much as possible, we
modified the traditional drawing-bulging friction coefficient measurement method
and built a metal sheet drawing-bulging friction coefficient measurement platform
based on ultrasonic vibration and used it to evaluate contact friction. During
drawing-bulging experiments, a metal sheet passed two cylindrical friction heads
fixed below the lower mould, and the two ends of the sheet were fixed on the
upper mould. The punch mould formed from deep drawing was simulated through
the two cylindrical friction heads, and the diameters of the friction heads were
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changed to alter the punch radius. Under external loading, the upper mould moved
upwards, so the middle segment and the straight wall segment on the metal sheet
generated different strains, and then the tensile forces at the two segments were
calculated separately. Finally, the average friction coefficient on the contact
surface was computed. In actual deep-drawing forming, however, deep drawing
and bending occur simultaneously. Hence, Wang et al. modified the drawing-
bulging measuring method by adding the contact between cylindrical friction
heads and metal specimens and simulated the co-occurrence of deep drawing and
bending through a progressive contact form or namely with the contact angle
gradually rising from zero. Our experiment platform was based on the modified
method of Wang et al. [23], but we replaced the cylindrical friction heads with
punch molds with varying punch radius. The deep-drawing forming was realized
by the downward movement of punch molds. The working principle was
illustrated in Fig. 1.
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Fig. 1. Schematic illustration of the friction coefficient testing device

The metal sheet drawing-bulging friction coefficient measurement
platform based on ultrasonic vibration is illustrated in Fig. 2. This platform
consists of a CMT4203 electronic universal tensile testing machine, an ultrasonic
generator, an energy converter, amplitude transformers, clamping parts, force
sensors, digital display, and upper indenters (punch molds).

To simulate the effects of punch radius on friction during actual deep
drawing forming, we designed upper indenters (punch molds) with varying sizes
in a modularized way for friction coefficient measurement. To avoid the
interference of contact between specimens and mould lower surfaces, we
concaved the lower surfaces of punch molds. In the meantime, to avoid the
interference from the substances attached to the punch molds and from the
impurities inside the punch molds, we precisely ground and polished the punch
molds. The real object of a punch mould is shown in Fig. 3.
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The effects of deep-drawing speed, specimen thickness and amplitude on
the friction coefficient were studied. The concrete working parameters were listed
in Table 1. The rated excited frequency of the ultrasonic generator was 19.891
Khz, and its peak power output was 2 kW. The specimens were polished, cleaned,
and made into surface printed grids by an electrochemical corrosion method. The
grid dots were in diameter of 1 mm and distance of 2 mm. The long axis and short
axis strains of each grid dot after deformation were measured using an electron
microscope. The specimen working sizes and the real object after gridding were
shown in Fig. 4. During the experiments, each specimen was repeated at least 3
times under each scheme, which ensured the effectiveness of the experimental
results.

Table 1
Experimental parameters of friction coefficient measurement
Parameters value
. 0.1
Drawing speed (mm/s) 10
. 0.1
thickness (mm)
0.2
3.9
Vibration amplitude ( -3

pm)

10.1




Experimental investigation of friction based on ultrasonic vibration 21

160

100

— )

. .
"

10
20

/ N\ s

(@) (b)
Fig. 4. The shape and size of SUS304 specimen/mm (a)the size of specimen/mm, (b)
specimen with printed grid

According to the friction coefficient measurement principle (Fig. 1), the
pulling forces P1 and Pz at the left and right straight parts of each specimen were
measured using a force sensor, and the measured data were fed back to digital
display. Then P1=P3 was adjusted according to structure principle and force
balance. The pull P2 at the middle of each specimen was determined indirectly:
the long axis and short axis strains of each printed grid dot after deformation were
measured firstly, then the corresponding stress was determined according to the
tensile stress strain curve of SUS304 [24] and finally, P> was calculated according
to a function.

Hence, P> can be computed as follows:

P, = oywt )
where o is the instant principal stress, w is specimen width, and t is
specimen thickness. At this time, the friction coefficient was calculated as follows

[25]:
1 PR
He = —In—- (2)

B P

where B is the contact wrap angle between a specimen and a punch

mould and it varies with the change of punch mould stroke and meets the
following equation:

Asin S+ Bcos f=1 (3
At Oﬁﬂsg , we have A:%F:ZR and Bz% Then A can be

determined according to the punch mould stroke H.

The friction coefficients at varying punch radius (R0.3/ R0.75/ R1.5) and
at the experimental parameters in Table 1 were measured, and the effects of each
parameter on the friction coefficients were analyzed.
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3. Results and Discussion

When the punch radius was R0.3 and thickness was 0.1 mm, the friction
coefficients at low and high deep drawing speeds (0.1, 10 mm/s) were measured

(Fig. 5).
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Fig. 5. Friction coefficient under different drawing speed (a) drawing speed 0.1mm/s, (b)
drawing speed 10mm/s

The applied ultrasonic vibration significantly affected the friction
coefficients under both deep drawing speeds (0.1 and 10 mm/s) (Fig. 5). The
change of friction coefficient curve in Fig. 5(b) is gentler than that in Fig. 5(a).
This was mainly because (1) the increased drawing speed led to a shorter contact
time between punch molds and specimens, which lowered the various
accumulative effects on the contact surface, and (2) the smaller molecular
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attraction between contact surfaces resulted in a smaller friction coefficient. As
the ultrasonic vibration amplitude rose, the friction coefficient decreased, and the
decreased value at low velocity was approximately uniformly distributed, but at
high drawing velocity, the effects of vibration amplitudes on the decreased values
of friction coefficient were largely different. At the same drawing height, the
friction coefficients at the amplitudes of 7.8 and 10.1 pum at drawing velocity of
0.1 and 10 mm/s decreased by 6.7% and 18.8% respectively.

The punch radius affected the friction and bending deformation during
drawing forming to some extent. Hence, the effects of 3 punch radii (R0.3, R0.75,
R1.5) on the friction coefficient were studied.
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Fig. 6. Friction coefficient under different punch fillet radius (a) R0.3, (b) R0.75, and (c) R1.5

Clearly, the punch radius significantly affected the friction coefficient
(Fig. 6). As the punch radius rose, the friction coefficient declined. Without the
ultrasonic vibration, the friction coefficients at drawing height of 50 mm
corresponding to R0.3 and R1.5 were 0.18 and 0.12 respectively. With the
vibration at amplitude of 10.1 um, the friction coefficients became 0.13 and 0.11
respectively, indicating the applied ultrasonic vibration more sensitively affected
the smaller punch radius.

During practical drawing forming, the bending deformation differs along
with the sheet thickness. The differences in thickness induce additional pull forces
to the middle and straight- wall parts of sheets, thereby affecting the friction
coefficient. When the pull force caused by bending deformation during deep
drawing is considered, the friction coefficient can be expressed as [23]:

, 1, P-AP

=—In
M= 3P AP

(4)

where AP is the additional pulling force induced by bending deformation.
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Fig. 7. Friction coefficient under different thickness (a) thickness 0.1mm, and (a) thickness

0.2mm

At the drawing speed of 0.1 mm/s and punch radius R0.3, the friction
coefficients at the thickness of 0.2 mm were always smaller compared with the
thickness of 0.1 mm, whether ultrasonic vibration was applied or not (Fig. 7).
Thinner specimens were more prone to bending deformation and at this time, the
additional pulling forces at the middle part and at both sides of straight walls were
small. According to Eq. (4), the resulting friction coefficients were larger than at
the thickness of 0.2 mm, so the experimental results are consistent with theoretical

results.
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4. Conclusions

The effects of punch radius, deep-drawing speed and amplitude on the
friction coefficient were studied on a friction coefficient measurement platform
assisted by ultrasonic vibration. A contact friction model based on the tribology
theory of adhesion and plowing was constructed and used to explain the
antifriction surface effects of applied out-of-plane normal vibration. Together with
experimental results, relevant parameters of the theoretical model were calibrated
and used to analyze modeling precision.

1. The deep-drawing speed significantly affected the friction coefficient,
and the friction coefficient curve at a larger speed changed more gently when
other experimental parameters were the same. As the ultrasonic vibration
amplitude rose, the friction coefficient decreased, and the decreased value at low
drawing speed was almost uniformly distributed, but at high drawing speed, the
effects of vibration amplitudes on the decreased values of friction coefficient were
largely different. At the same drawing height, the friction coefficients at the
amplitudes of 7.8 and 10.1 um at drawing speed of 0.1 and 10 mm/s decreased by
6.7% and 18.8% respectively.

2. With the absence of ultrasonic vibration, the friction coefficients at
drawing height of 50 mm corresponding to R0.3 and R1.5 were 0.18 and 0.12
respectively. After the vibration at amplitude of 10.1 um was applied, the friction
coefficients became 0.13 and 0.11 respectively, indicating the effect of the applied
ultrasonic vibration was more sensitive at the smaller punch radius.

3. When other experimental parameters were the same, since thinner
specimens were more prone to bending deformation, the additional pulling forces
at the middle and at two sides of straight walls were small and consequently, the
friction coefficients of thinner specimens surpassed those of thicker specimens
whether ultrasonic vibration was applied or not.
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