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Abstract: An innovative physical simulation apparatus, including high speed camera, red thermal imaging system, and mechanical
quantity sensor, was used to investigate the friction heat generation and atom diffusion behavior during Mg—Ti friction welding
process. The results show that the friction coefficient mainly experiences two steady stages. The first steady stage corresponds to the
Coulomb friction with material abrasion. The second steady stage corresponds to the stick friction with fully plastic flow. Moreover,
the increasing rates of axial displacement, temperature and friction coefficient are obviously enhanced with the increase of rotation
speed and axial pressure. It can also be found that the there exists rapid diffusion phenomenon in the Mg—Ti friction welding system.
The large deformation activated diffusion coefficient is about 10° higher than that activated by thermal.
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1 Introduction

Friction welding, as a typical solid state joining
technology, enables the high quality welding between
two parts with similar of dissimilar materials, and has
aroused growing interest in many practical engineering
fields. During the friction welding process, the contact
interfaces of two components are compelled to rub
against with each other, leading to the heat production at
the rub interface. Then the contact interfaces were heated
and softened, accompanied with material flow, dynamic
recrystallization and atom diffusion [1,2]. Consequently,
a detailed understanding of heat generation and atom
diffusion during the friction welding process is
significantly important for controlling and improving the
welding process.

In the aspect of heat generation, the coefficient of
friction has a significant influence on the heat generation
and accordingly temperature field [3]. The thermal
models that describe a precise temperature of friction
welding process need accurate frictional data, such as the
friction coefficient. In the beginning of the research of

rotating friction welding or friction stir welding, many
researchers adopted a constant friction coefficient to
quantitatively characterize the heat generation and
temperature [4—6] But the friction during friction
welding process experiences low temperature to high
temperature [7], during which the material properties are
changed from elastic state to viscoplastic state, resulting
a variant friction coefficient. Since then, a rigid
viscoplastic materials model was proposed, in which the
torsional friction was used to characterize the heat
generation of friction welding [4,8]. They pointed out
that the friction experienced Coulomb friction in a
low-temperature range, and a high-temperature range in
which the shear yield stress was equal to friction stress.
Although the simulation study based on the
sliding-sticking model was found to fit for the
experiment result [9], the model failed to establish a rule
differentiating the low and high temperature ranges. In
the other aspect of atom diffusion of friction welding, the
particularity is that the diffusion is not only activated by
thermal, but also enhanced by large stress, due to the
strongly thermal and stress coupled nature of friction
welding. Although previous literatures reported the stress
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hence diffusion phenomenon in friction welding process
[10,11], the detailed influencing factors were still not
clear. Above all, the previous researches have not
addressed heat generation and atom diffusion accurately
and convincingly, thus a further investigation is, thereby,
necessary.

In this work, an innovative physical simulation
apparatus of friction welding, including high speed
camera, red thermal imaging system, and mechanical
quantity sensor, was set up to investigate the friction heat
generation and atom diffusion. The axial displacement,
friction temperature, mechanical parameters, friction
coefficient, microstructure and atom  diffusion
characteristics under different rotate speeds and axial
pressures were detected.

2 Experimental

Commercially pure titanium and magnesium alloy
(ZK61) were used, and the dimensions are schematically
shown in Fig. 1. Before the friction welding, the Mg
alloy rod was rotated around its axis while the Ti rod was
irrotational. When the rotation speed reached the
pre-established parameter, the Ti rod moved along the
axis then contacted with the Mg alloy rod under the
action of hydraulic pressure, thus the friction process
began. After the end of the friction, no upsetting
procedure was applied due to the fact that it has no use
for the present study. The friction welding parameters
were: rotation speed 800—1600 r/min, axial pressure
6—10 kN. In the meanwhile, the axial displacement and
the welding image were observed by a high-speed
camera (Vision Research Inc, Phantom v 310) with a
frame rate of 500 fps. The temperature field of the
welding process was collected by a red thermal imaging
system (InfraTec, VarioCAM®hr head-HS) with the
frame rate of 60 fps. The infrared emitting ability was
assumed as 1. The torque and normal pressure applied on
the friction rods were obtained by a mechanical quantity
sensor with frequency of 1000 Hz. At last, the welded
sample for metallographic
perpendicular to the welding interface. Then the samples
for metallographic analysis were produced by standard
means. The microstructures were analyzed by a scanning
electron microscope (SEM). The chemical composition
was obtained by energy dispersive X-ray (EDX)

spectrometer analysis.
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Fig. 1 Schematic diagram showing dimensions of Mg alloy (a)
and Ti bars (b)

3 Results

The axial displacements of Ti rod as a function of
time under different rotation speeds were collected by a
high speed camera system, as shown in Fig. 2. The axial
pressure of 7.5 kN was fixed as constant. It can be found
that the friction welding process experienced two
processes at any rotation speed. In the first friction
process, there was no visible axial shortening because it
was the beginning stage that the Ti rod contacted the
rotating Mg alloy rod while the friction heat was
inadequate to soften the metal at the friction interface. In
the second friction process, there was clear axial
shortening due to the adequate friction heat and
accordingly high temperature which could soften the
metal at friction interface and form the flashing. By
comparing the different rotation speeds, it can be found
that the time used for the appearance of axial shortening
was lessened with the increase of rotation speed.
Moreover, with the increase of rotation speed, the axial
shortening quantity increased at the same friction time.
In other words, the axial shortening speed was increased
with increasing the rotation speed. It was because that
increasing the rotation speed could enhance the input
power of friction welding, leading to the shorter time for
the heat generation, softening, plastic deformation and
axial displacement. Figure 3 shows the axial
displacement of Ti rod as a function of time under
different axial pressures. The rotation speed of 1200
r/min was fixed as constant. This indicated that the time
for appearance of axial displacement was lessened with
increasing the axial pressure. Furthermore, the increase
of the axial pressure can enable a high axial displacement
at the same friction time. In other words, the axial
shortening occurred more quickly as the high axial
pressure was applied. This was because that during the
friction process, the input power of friction heat was
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Fig. 2 Axial displacement of Ti rod as function of time under
different rotation speeds



LI Rui-di, et al/Trans. Nonferrous Met. Soc. China 22(2012) 26652671 2667

12+ (a)—6.5kN M-E—c-_)_._._'____.-f'"
(b)—7.5 kN
_ 10} (©)—8.25kN P d)_—
E (d)—8.9kN
g 8F (©)—9.75kN  / i
=
S 6t
E
z (b)
& 4
il (a)
0 : . . |
. 2 3 4 5 6

Time/s
Fig. 3 Axial displacement of Ti rod as function of time under

different axial pressures

governed by the friction work. When a high axial
pressure was applied, the input power was enhanced,
leading to quick heat generation, metal softening and
resultant axial displacement.

The temperature of flash external as a function of
time under different rotation speeds were measured by
red thermal imaging system, as indicated in Fig. 4. It
revealed that the temperature variation contained two
stages. The temperature firstly experienced a rising stage,
and then reached a steady state no matter at any rotation
speed. More interestingly, it can be found that the
temperature was contiguous at any rotation speed when
the friction reached the steady stage. By comparing the
temperature variant curves at different rotation speeds, it
can be found that the rotation speed had a notable
influence on the temperature rising curve. At a relatively
lower rotation speed from 800 to 1400 r/min, the
temperature and the heating rate were enhanced with
increasing the rotation speed. However, when a higher
rotation speed from 1400 to 1800 r/min was applied, the
heating rate showed a little change under different
rotation speeds. In addition, it should be noted that

270
(a)—800 r/min (d)— 1400 r/min
(b)—1000 r/min  (e)— 1600 r/min

210k (€©)—1200 /min  (H—1800 /min | (D

I
E
2 150t
3]
oL f
=] /
ﬁ y
90 1 /
_;.J"‘I(
.-Jr:l
30 :--—5-'-‘#-’[ L | | !
~1 | 3 5 7
Time/s

Fig. 4 Temperature of flash external as function of time under
different rotation speeds

during the friction welding process, the Ti rod had no
deformation and inserted into the Mg alloy rod, so the
temperature obtained by infrared video camera was the
flash external temperature, which was bellow the friction
interface temperature. However, the variation trend under
different welding parameters can be obtained. Figure 5
shows the temperature as a function of time under
different axial pressures. Generally, the heating process
also obeyed the rising stage and the steady stage.
Moreover, it can be found that a higher axial pressure
could enable the relative temperature, although the axial
pressure had a modest effect on the temperature.
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Fig. 5 Temperature of flash external as function of time under
different axial pressures

The friction coefficients under different rotation
speeds were measured by mechanical quantity sensor, as
clearly indicated in Fig. 6. It was obvious from Fig. 6
that the friction coefficient experienced two rising stages,
two steady stages, two overshooting and fallback stages
at any rotation speeds. Concretely speaking, the friction
coefficient firstly experienced a rapid rising stage from 0
to about 0.15, and instantaneously an overshooting and
fallback phenomenon appeared, and then the friction
coefficient reached a steady stage of about 0.1. Afterward,
the friction coefficient experienced the second rising
stage from 0.1 to 0.45 coupled with the second
overshooting and fallback phenomenon, and then
reached the second steady stage of about 0.35. Although
all the friction coefficients were present in similar variant
stages, the rising rate in the second rising stage was
found to vary with the rotation speed. It was clear that a
higher rotation speed could yield a more rapid rising rate
especially in the second rising stage. Figure 7 presents
the effect of axial pressure on the friction coefficient
versus time curves. At relatively lower axial pressures
(6—7.5 kN), the friction coefficient versus time curves
were present in two rising and steady stages. However,
when higher axial pressures (8.25-9.75 kN) were applied,
the friction coefficient versus time curves presented one
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Fig. 6 Friction coefficient as function of time under different
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Fig. 7 Friction coefficient as function of time under different
axial pressures

rising steady stage only. Overall, it also revealed that a
high axial pressure could enable a rapid rising rate.

In order to understand the relationship among above
parameters, the curves of temperature, axial
displacement and friction coefficient versus time are
shown in Fig. 8(a). Figures 8(b—e) show the exterior
morphologies of friction rods in different friction stages
taken by high-speed photography. Figures 8(f—i) present
the temperature filed of friction rods in different friction
stages obtained by red thermal imaging system. In
general, one can notice that the variant of various
parameters can be divided into four stages. In the first
friction stage, there were no axial displacement and
friction chip (Fig. 8(b)). In the meantime, the
temperature rising of friction interface was also not
obvious, coupled with the rapid increase of friction
coefficient from 0 to about 1.5. In the second stage,
although the friction chips were formed (Fig. 8(c)), the
axial displacement was not obvious, but the temperature
rising of the friction interface was apparent. At the same

time, the friction coefficient reached a platform. In the
third stage, the temperature has been elevated to a
maximum value, and the axial displacement tended to
occur, accompanied with the gradual increase of friction
coefficient. It was obvious that the friction flashing
appeared for Mg rod due to the plastic flow (Fig. 8(d)).
In the fourth stage, the temperature and friction
coefficient reached steady stages while the axial
displacement increased continuously. Meanwhile, the
plastic deformation of Mg rod was obvious (Fig. 8(¢)).

Figure 9 shows the SEM image of backscattered
electron (BSE) mode and the EDX result of Mg—Ti
friction welding interface at a rotation speed of 1000
r/min. The EDX result indicated that there existed inter
diffusion zone at the Mg—Ti interface with the depth of
about 4.8 pum. Similarly, the diffusion depths under
different rotation speeds were measured according to this
method, as shown in Table 1. It revealed that the
diffusion depth was increased. According to the
parabolic protocols, the diffusion coefficient was
calculated by D=x"/t, where x is the diffusion depth and ¢
is the diffusion time. The diffusion coefficients are listed
in Table 1. In our previous work, the vacuum diffusion
welding of Mg and Ti was conducted, and the relevant
diffusion coefficient was 2x107'7-6x10""7 m%s [12].
Therefore, it was obvious that during friction welding
process the plastic deformation activated diffusion
coefficient is 10° higher than thermal activated diffusion
coefficient. It should be noted that the diffusion
coefficient has correlations with temperature, crystal
structure, and crystal defects. In this work, we consider
the differences between friction welding and diffusion
welding as follows. The atom diffusion during diffusion
welding is mainly promoted by temperature. However,
the atom diffusion during friction welding is not only
promoted by temperature, but also by severe deformation.
The temperatures of diffusion welding and friction
welding are similar, so we can infer that the enhanced
diffusion coefficient of friction welding is caused by
stress and severe deformation.

Table 1 Diffusion conditions at different rotation speeds

Rotation Diffusion Diffusion
speed/(rrmin ") depth/pum coefficient/(10 ?m?s ™)
1000 4.8 3.84
1200 4.8 3.84
1400 4.7 3.68
1600 5.1 4.34
1800 6.4 6.83
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Fig. 9 BSE image and EDX result of Mg—Ti friction interface
at 1000 r/min

4 Discussion

Above results indicated that the friction coefficients
exhibited two steady stages in any friction conditions,
which can be understood as follows. The two different
friction coefficient steadies corresponded to totally
different friction mechanisms. In the first friction steady
stage, the friction mechanism is sliding and the friction
type is Coulomb friction, because the corresponding
temperature is low (Fig. 8(g)) and there is no occurrence
of plastic flow (Fig. 8(c)). Although the contact
interfaces seem smooth in macroscopic level, the friction
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interface is not smooth but there exist many irregularities
in microscopic level. The actual contacts are made
between the asperities of the two interfaces and the real
contact area is small than the apparent contact area.
Moreover, in this steady stage the friction stress is lower
than the shear yield stress. However, with the proceeding
of heat generation, the temperature of friction interface is
enhanced gradually (Fig. 8(i)), thereby inducing a full
plastic flow (Fig. 8(e)) at the friction interface, whose
friction mechanism is sticking [4]. In this steady stage,
the real contact area is close to the apparent area and the
friction stress is equal or higher than the shear yield
stress of material and independent of axial pressure.
Therefore, it is reasonable to conclude that the first
friction steady stage is sliding and the second friction
steady stage is sticking.

During friction process, the heat generation is
derived from friction and plastic deformation. Thus the
heat power can be expressed as [4]

g=(1=x)fvtxnry €]
where x expresses the extent of sticking mechanism; fthe
friction stress; v is the friction speed; # is the thermal
power conversion efficiency; and 7 is the shear yield
stress. When the friction is in the first steady stage, the
heat is generated by Coulombic friction and the x is 0.
When the friction enters the second steady stage, the
interface is filled with high temperature plastic metal
which induces the heat generation and the x is 1.
Therefore, when the friction is in the overmixing stage of
the two steady stages, the two heat generation
mechanisms coexist. This indicates that with the increase
of friction speed and axial pressure the friction power
increases, inducing a higher thermal flow density and
accordingly rising rates of temperature, axial
displacement and friction coefficient. Thus a high
friction speed and axial pressure could enable the rapid
increase of axial displacement, temperature rising and
increase of friction coefficient.

During the large deformation process, the rapid
atom diffusion phenomenon has been detected in many
other material processing technologies, such as the
mechanical alloying [13], ultrasonic welding [14], and
friction stir processing [15]. This is because that many
vacancies tend to be occurred during the large
deformation process. The vacancies could induce the
atom diffusion significantly during friction welding, due
to large deformation at the action of the highly thermal
and stress coupled effect. However, the detailed
mechanisms of deformation enhanced diffusion are still
not clear and will be an important research direction in
the further.

5 Conclusions

1) The friction welding of Mg—Ti experiences two

steady stages and two transitional stages. The first steady
stage corresponds to the Coulomb friction with materials
abrasion. The second steady stage corresponds to the
stick friction with fully plastic flow.

2) With the increase of rotation speed or axial
pressure, the friction power is enhanced, leading to the
rapid transformation to the steady of the axial
displacement, temperature and friction coefficient during
friction welding process.

3) During rotation friction welding process, the
atom diffusion is enhanced significantly by a large
plastic deformation at the Mg—Ti interface. The diffusion
coefficient activated by deformation is 10° higher than
that activated by thermal.
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