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The effects of punch radius, deep-drawing speed and amplitude on the friction coefficient were studied
on an improved drawing-bulging friction coefficient testing device on basis of ultrasonic vibration. A
contact friction model based on the tribology theory of adhesion and plowing was constructed and used
to explain the friction reduction phenomenon of applied out-of-plane normal vibration. The results show
that the friction coefficient decreases with the increase of ultrasonic vibration amplitude. At the same
deep-drawing height, the friction coefficient decreasing rates at amplitude of 7.8um and 10.1 um on the
deep-drawing speed of 0.1 mm/s and 10 mm/s, were 6.7% and 18.8%, respectively. The friction coeffi-
cients at the punch radii R0.3 and R1.5 declined from 0.18 to 0.13 and from 0.12 to 0.11. The friction
coefficients of thin specimens were larger than thick specimens whether ultrasonic vibration was applied
or not. The average friction coefficient from theoretical modeling (1,) was smaller than the friction co-
efficient without ultrasonic vibration (1), and the relative friction coefficient ratio declined with the rise
of amplitude and was inversely proportional to time.
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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.
Therefore, ultrasonic vibration is applied to plastic
forming processes, such as stamping [1], [2], [3], wite
drawing [4], [5], upsetting [6] and other technical fields
[71, [8], [9], [10]. Since micro plastic 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. Experimen-
tally, 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 im-
provement of surface quality were both associated
with the vibration amplitude and deep-drawing speed
[11]. 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
[12]. During micro-upsetting experiments, ultrasound
significantly affected surface roughness, which consi-
derably dropped from 1.376 to 0.77 after the applica-
tion of ultrasonic vibration [13]. Hung et al. determi-
ned friction calibration curves and friction factors
through the finite element method through upsetting
experiments on the ring compression of aluminum all-
oys, 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 [14]. Moreover, at the theoretical level,
the existing research is focused on in-plane and out-
of-plane aspects. Tsai et al. proposed a theoretical me-
thod based on the Dahl friction model and found
friction was lowered when tangential vibration
occurred at any in-plane angle [15]. The theoretical
and Experimental Research on the effect of in-plane
and out-of-plane vibration on friction, such as the
work done by Popov et al., have been carried out sys-
tematically [16], [17], [18], [19]. Teidelt et al. theoreti-
cally studied the effects of out-of-plane normal ultra-
sonic vibration on static friction and slide friction [20)].
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 testing device
about SUS304 sheets under ultrasonic vibration was
designed and used to simulate the friction status du-
ring practical deep-drawing forming. The friction co-
efficients of specimens with different thicknesses,
mould dimensions, deep-drawing speeds and ampli-
tudes during drawing-bulging were studied. The
effects of thickness, mould, deep-drawing speed and
amplitude on friction coefficient were analyzed. At the
same time, a contact friction model based on the tri-
bology theory of adhesion and plowing was construc-
ted and used to explain the friction reduction
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phenomenon of applied out-of-plane normal vibra-
tion. Together with experimental results, relevant pa-
rameters of the theoretical model were calibrated and
used to analyze modeling precision.

2 Drawing-bulging experiment

Metal sheet drawing-bulging experiments under ul-
trasonic 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 coeffi-
cient. In practice, however, the friction coefficient of
metal plastic forming is affected by many factors, inclu-
ding 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 coeffi-
cient measurement method and built a metal sheet dra-
wing-bulging friction coefficient measurement plat-
form based on ultrasonic vibration and used it to eva-
luate contact friction. During drawing-bulging experi-
ments, a metal sheet passed two cylindrical friction he-
ads fixed below the lower mould, and the two ends of
the sheet were fixed on the upper mould. The punch
formed from deep drawing was simulated through the
two cylindrical friction heads, and the diameters of the
friction heads were 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 coeffi-
cient on the contact surface was computed. In actual
deep-drawing forming, however, deep drawing and
bending occur simultaneously. Hence, Wang et al. mo-
dified the drawing-bulging measuring method by ad-
ding the contact between cylindrical friction heads and
metal specimens, and simulated the co-occurrence of
deep drawing and bending through a progressive con-
tact form or namely with the contact angle gradually ri-
sing from zero [21]. Our experiment platform was
based on the modified method of Wang et al., but we
replaced the cylindrical friction heads with punch with
varying radius. The deep-drawing forming was realized
by the downward movement of punch. 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 ultrasonic transducer, con-
centrator, clamping parts, force sensors, digital display,
and upper pressure head (punch).

To simulate the effects of punch radius on friction
during actual deep-drawing forming, we designed punch
with varying sizes in a modularized way for friction co-
efficient measurement. To avoid the interference of
contact between specimens and punch lower surfaces,
we concaved the lower surfaces of punch. In the mean-
time, to avoid the interference from the substances atta-
ched to the punch and from the impurities inside the
punch, we precisely ground and polished the punch.
The real object of a punch is shown in Fig. 3.
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¢lamping part
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Fig. 2 Friction coefficient testing device
R1.5 RO.75 RO.3

Fig. 3 Upper pressure head (punch)

The effects of deep-drawing speed, specimen thic-
kness and amplitude on the friction coefficient were stu-
died. The concrete working parameters were listed in
Tab.1. The rated excited frequency of the ultrasonic ge-
nerator 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 corro-
sion method. The grid dots were in diameter of 1 mm
and distance of 2 mm. The long axis and short axis stra-
ins of each grid dot after deformation were measured
using an electron microscope. The specimen working si-
zes 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.

Tab. 1Experimental parameters of friction coefficient measure-
ment

Parameters value
. 0.1
Drawing speed (mm/s) 10
thickness (mm) 8;
3.9
Vibration amplitude (um) 7.8
10.1
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Fig. 4 The shape and size of SUS304 specimen/ mm

According to the friction coefficient measurement
principle (Figure 1), the pulling forces P1 and P3 at the
left and right straight parts of each specimen were me-
asured using a force sensor, and the measured data
were fed back to digital display. Then P1=P3 was ad-
justed according to structure principle and force ba-
lance. The pulling force P2 at the middle of each spe-
cimen was determined indirectly: the long axis and
short axis strains of each printed grid dot after defor-
mation were measured firstly, then the corresponding
stress was determined according to the tensile stress
strain curve of SUS304 and finally [22], P2 was calcu-
lated according to a function. Hence, P2 can be com-
puted as follows:

P, = o;wt 1)

Where:

05 ...Instant principal stress,

w...Specimen width,

t...Specimen thickness.

At this time, the friction coefficient was calculated
as follows|23]:

e =M%, )
Where:
B...Contact wrap angle between a specimen and a
punch and it varies with the change of punch stroke
and meets the following equation:

Asing + Becosp =1, 3)
At OSBSE, we have A=$ and
B= %. Then B can be determined according to the

punch stroke H.

The friction coefficients at varying punch radius
(R0.3/ R0.75/ R1.5) and at the experimental parame-
ters in Tab.1 were measured, and the effects of each
parameter on the friction coefficients were analyzed.

3 Theoretical approach

During analysis and research on applied in-plane
vibration, it is generally hypothesized that the contact
friction coefficient and normal force are both con-
stant. With the applied out-of-plane vibration, the not-
mal force periodically changes, the real sliding velocity
also fluctuates at a certain amplitude, and the slide dis-
placement is related to time in a fluctuating way, which
is called stick slip. Moreovert, it is deduced from the

acoustic softening effect that the contact surface is
also affected by acoustic softening, so the contact sur-
face possesses more micro asperities plasticity and is
more easily flattened, leading to the enlarged contact
surface area and smaller friction coefficient and
average friction force [24].

The applied out-of-plane vibration induced a peri-
odical fluctuation of normal force, and the resulting
instant friction force Fg(t) also periodically changed
Figure 5). The object was imposed by the normal load
Fy, the contact surface friction coefficient was g, and
the constant driving force was Fq. With one vibration
period at the stage of t; < t < t, or namely when the
driving force Fy surpassed static friction force, the
two surfaces slipped relatively, forming the instant sli-
ding friction force Fe(t) = poFn(t). Atty <t or na-
mely when the driving force Fq was smaller than the
static friction force, the two surfaces stuck relatively,
forming the sliding friction force Fe(t) # poFyn(t).
The kinematic relation based on the out-of-plane ul-
trasonic vibration on two interactive surfaces is shown
in Fig. 6.
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Fig. 6 Object motion relationship based on out-plane nltraso-
nic vibration
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Microscopically, the body surface is composed of
randomly-distributed micro-convexes, so the real con-
tact area between two sutfaces (Sp) is smaller than the
theoretical contact area (Sy), but duting theoretical
analysis, the two are approximately considered as
being equal. Hence, the real area can be expressed as:

S =2, @
Where:
FN,0---Normal load without ultrasonic vibration,
H...Hardness of the relatively soft material
between two contact surfaces. After the out-of-plane
ultrasonic vibration was applied, the normal force or
namely the periodical wave force Fy (t) can be written

as equation (4), and the real instant contact atea Sy is:

Fn(t
Sy =23 ®)
Where the periodically fluctuating normal force is:
Fn(D) = Fyo + AF, ©)

Where:

AF.. Stress increment induced by the out-of-plane
normal ultrasonic vibration. The AF can be calculated
as:

AF = k; - § - cos(wt), (7)

Where:

K¢...Normal hardness of the relatively soft mate-
rial between two contact surfaces,

§...Amplitude,

w...Vibration angular frequency.

According to the tribology theory of adhesion and
plowing, when two rough contact surfaces relatively
slip, the top of the hard-surface rough micro asperities
causes furrows on the soft surface, and the plowing
resistance is namely the friction force, which consists
of shear stress (Tg) and plowing force (Ty). Hence, the
friction force is:

Fr(D) = Sy(ts + ) » ©)

Itis generally believed that Tg >> Ty, so the friction
force can be approximated as:

Fe(D) = Sy 15, ©)

By combining equations (5) to (8), we can deter-

mine the instant friction force:
Fn o tkt&-cos(wt)

Fe(t) = =—f—— " 15, (10)

Research on the volume effect shows that ultraso-
nic vibration can cause acoustic softening, leading to a
decrease of yield strength [25]. Since yield strength is
associated with shear strength, the shearing strength
(tg) declines and the decreased level of shearing stren-
gth is proportional to the amplitude, or namely the
shearing strength under vibration (Ty) can be calcula-
ted as:

T, =Ts — 0 , (11)

Where:

o...Parameter related to the acoustic softening
effect. Thus, the instant friction force based on the
acoustic softening effect can be determined as:

Fnot+ki§-cos(wt)

Fs(t) = (s —ag), (12)

According to the theory of adhesion and plowing
slide friction of F.P.Bowden and D, Tabor, the contact
micro-areas is under a plastic flow state, and the in-
stant high temperature generated during friction
causes the metals to stick, forming an stick force[20].
Then under the friction force, the stick micro-areas is
overcome to cause cutting slip, or namely the slide
friction is the leap of stick-slip alternation. After the
application of the out-of-plane normal vibration, the
slide friction may be under a stick slip state (Fig. 5).
Thus, the friction force theoretical model was analy-
zed from two states of stick and slip.

At slip stage (t; < t < t;), the friction at the slip
stage was characterized by slide friction, and slip stat-
ted at t; and ended at t,, and the instant friction force
can be expressed as Equation (11). Then the total
average friction force within one vibration period was
calculated as:

Franp = Jo Fre(D) dit, (13)
When in the stick stage (t, < t), the shear stress at
the stick stage (Ty) can be approximated as a linear
change. Thus, the instant friction force at this stage
can be calculated as:
Festick(D) = Frs(t2) + Fis() - (t—t3), (14
The total average friction force within one vibra-

tion period was calculated as:
2T

—_— 4t
Ff_Sthk = ft;‘) ! Ff_stick(t) dt, (15)
In all, the average friction force within one period
was calculated as:

» — —
(Fes) = — (Fr g, + Fesuer) » (16)

The average periodical normal force under out-of-
plane normal vibration Fy(t) within one period was:

2T
(Fn) = 5= [ Fn (O dt, 17
Thus, the friction coefficient under ultrasonic vib-

ration was:
(Fts)

=—= 18

M =y (18)
The vibration-free normal force was Fy ¢ and the
shear stress was Tg. Based on equations (4) and (7), the

. . .. . T

vibration-free friction coefficient was g = ES, and the

ratio to the friction coefficient under ultrasonic vibra-
tion was:
W _ H (Fe) (19)
Ho ts (Fn)’

Together with equations (12) and (14) to (16), the
friction force was lowered under the applied ultrasonic
vibration, or namely the variation of friction coeffi-
cient ratio [y /g was related to the amplitude and the
acoustic softening effect parameter a. The applied ul-
trasonic vibration caused a softening effect inside the
materials and softened the micro asperities on the con-
tact surface to some extent, so the contact surface slip
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shear force T4 changed under the normal force. Ac-
cording to equation (11), this will directly affect the
instant friction force Fgg(t), and it was related in a cer-
tain way with o, amplitude & and slip sticking.
According to the above derivation based on the
contact friction theoretical model, the functional rela-
tions between the tested parameters and friction co-
efficient were calculated, and the parameters involved
in the theoretical model were determined. In equation
(4), the vibration-free normal load Fy ¢ can be directly
measured by the electronic universal tensile testing
machine. The hardness H of the soft material between
two contact surfaces can be detected from hardness
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experiments. The stress increment AF induced by the
out-of-plane normal ultrasonic vibration was determi-
ned. Together with Section 2, the k¢, § and w were
identified; the shear stress Tg and the acoustic softe-
ning effect parameter « were obtained from the re-
search findings about the volume effect[22].

4 Results and discussion

4.1 Effect of deep-drawing speed

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. 7).
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Fig. 7 Friction coefficient nnder different drawing speed

As shown in Fig. 7, the applied ultrasonic vibration
significantly affected the friction coefficients under
both deep drawing speeds (0.1 and 10 mm/s). The
change of friction coefficient curve in Fig. 7b is gentler
than that in Fig. 7a. 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 sur-
face, and (2) the smaller molecular attraction between
contact surfaces resulted in a smaller friction coeffi-
cient. As the ultrasonic vibration amplitude rose, the
friction coefficient decreased, and the decreased value
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at low velocity was approximately uniformly distri-
buted, but at high drawing velocity, the effects of vib-
ration 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
um and 10.1 um at drawing velocity of 0.1 mm/s and
10 mm/s decreased by 6.7% and 18.8% respectively.

4.2 Effect of punch radius

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. 8 Friction coefficient under different punch fillet radius
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Clearly, the punch radius significantly affected the
friction coefficient (Fig. 8). As the punch radius rose,
the friction coefficient declined. Without the ultraso-
nic 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 am-
plitude of 10.1 um, the friction coefficients became
0.13 and 0.11 respectively, indicating the applied ultra-
sonic vibration more sensitively affected the smaller
punch radius.

4.3 Effects of thickness

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
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T y T T ¥ 7 v v v

v T
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Punch Height (mm)
a) thickness 0.1mm

can be expressed as [21]:
1
!

P,—-AP
He = Eln :

P,+AP’

(20)
Where:

AP...Additional pulling force induced by bending
deformation.

As shown in Fig. 9, at the drawing speed of 0.1
mm/s and punch radius R0O.3, the friction coeffi-
cients at the thickness of 0.2 mm were always smaller
compared with the thickness of 0.1 mm, whether ul-
trasonic vibration was applied or not. Thinner speci-
mens were more prone to bending deformation and
at this time, the additional pulling forces at the mid-
dle part and at both sides of straight walls were small.
According to equation (19), the resulting friction co-
efficients were larger than at the thickness of 0.2 mm,
so the experimental results are consistent with theo-
retical results.
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Fig. 9 Friction coefficient under different thickness

4.4 Verification of the theoretical model for
friction coefficient
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Fig. 10 Relative friction coefficient based on contact friction

theory model

Based on the experimental parameters and results
in Section 2, the parameters involved in the contact
friction theoretical model in Section 3 were identified
to further explore the relation between the theoretical
model and ultrasonic vibration. The rated excited
frequency of the applied ultrasonic vibration was
19.891 kHz, its peak power output was 2 kW, and the
amplitude parameters were listed in Tab.1. The con-
tact friction theoretical model established in Section 3
was programmed on Matlab.

The calculations from the contact friction model in
Figure 10 showed that ultrasonic vibration signifi-
cantly affected contact friction. The ratio of average
friction coefficient [, to vibration- free friction co-
efficient P was 1, indicating the two friction coeffi-
cients were the same. After ultrasonic vibration was
applied, the ratio of [y to Yy was < 1, indicating Hy
was smaller than [, and the ratio declined with the
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tise of amplitude § Moreover, the ratio of Wy, /Py was
inversely proportional to the prolonging of X-axis
time t;, indicating the friction coefficient decreased
with the increase of drawing speed. The above com-
putation based on contact friction theoretical model is
consistent with the experimental results.

To further discuss the precision of the contact

Tab. 2 Experimental values of friction coefficient

friction theoretical model, we measured the friction
coefficient of specimen SUS304 in thickness of 0.1
mm and drawing speed of 0.1 mm/s and recorded the
parameters at drawing height of 60 mm, which will
provide calculating parameters for the contact friction
theoretical model. The experimental data were listed
in Tab. 2.

Vibration amplitude

Parameters
Oum 3.9um 7.8um 10.1um
Friction coefficient 0.216 0.191 0.187 0.174
Equivalent pressure (N) 645 605 587 523

The equivalent compressive force at varying ampli-
tudes, or namely the normal pressure, ultrasonic vib-
ration frequency and amplitude of the theoretical

Tab. 3 Calcnlation results of the ratio i

model were substituted into the contact friction theo-
retical equation (18) to determine the ratio i of Wy / g

(Tab. 3).

Vibration amplitude

Parameters
Oum

3.9um

7.8um 10.1um

0.885

0.7699 0.7021

The slide friction coefficient of specimen SUS304
was 0.25. Then based on the calculated results, the
theoretical and measured data of contact friction co-
efficients were compared.

@Cal.

BExp.

0,25

0,15 1|

0,1 1

Friction coefficient

0,05 1+

0+ . JE 222
3.9um 7.8um 10.1um

Vibration amplitude

Fig. 11 Comparison between the calculated and experimental
values of friction coefficient

As shown in Fig. 11, comparison shows the
calculated values generally surpass the experimental

values, and the differences between the two decre-
ase with the increment of vibration amplitude, indi-
cating the calculated values are closer to the expeti-
mental values and the theoretical model and experi-
mental results are basically consistent. This compa-
rison validates the accuracy of the friction coeffi-
cient theoretical model set up in Section 2.

4.5 Effects of vibration amplitude on sutface
morphology

After the experiments, surface morphology were
taken using a scanning electron microscope to me-
asure the surface quality. Results indicated the ultra-
sonic excitation improved the surface quality of spe-
cimens SUS304. The experiment results of speci-
mens SUS304 with the vibration amplitude without
ultrasonic vibration, and with ultrasonic vibration
3.9um, 7.8um and 10.1lum for the thickness of
0.1mm and drawing speed of 0.1 mm/s are presen-
ted in Fig. 12.

As shown in Fig. 12, it is easy to notice that the
surface deformed after applying ultrasonic vibration
and surface is smoother, and the surface roughness
is decreasing exponentially with vibration ampli-
tude. The results show that the volume effect of ul-
trasonic vibration can also soften the surface of me-
tal, which makes the surface of micro asperities
easier to be flattened.
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Fig. 12 Surface micrographs at different vibration amplitude

5 Conclusions

The effects of punch radius, deep-drawing speed
and amplitude on the friction coefficient were studied
on a friction coefficient measurement platform assis-
ted by ultrasonic vibration. A contact friction model
based on the tribology theory of adhesion and plowing
was constructed and used to explain the friction re-
duction phenomenon 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 experimen-
tal parameters were the same. As the ultraso-
nic vibration amplitude rose, the friction co-
efficient decreased, and the decreased value at
low drawing speed was almost uniformly dis-
tributed, but at high drawing speed, the
effects of vibration amplitudes on the decre-
ased values of friction coefficient were largely
different. At the same drawing height, the

friction coefficients at the amplitudes of 7.8
um and 10.1 um at drawing speed of 0.1
mm/s 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 re-
spectively, 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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(4) Theoretical model showed the average
friction coefficient [y was smaller than the
vibration-free friction coefficient gy, and the
Wy /Mo ratio declined with the increment of
amplitude. The Wy/Hy ratio was inversely
proportional to the prolonging of X-axis time
ty, indicating the coefficient decreased with
the increase of the drawing speed and the
calculated values are consistent with the expe-
rimental results.

(5) Different vibration amplitudes have signi-
ficant influence on the surface morphology of
metal. The surface becomes smoother and
with the increase of vibration amplitude, and
the surface roughness is decreasing exponen-

tially with vibration amplitude.
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