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ABSTRACT. Temperature, stress and 
strain fields are three main physical pa- 
rameters of friction welding. With the de- 
velopment of computer and numerical 
calculation, the theoretical simulation of 
these three fields has become one of the 
most important subjects in thermal pro- 
cessing technology, including friction 
welding. The present paper carries out 
the analysis of the coupled thermo- 
mechanical problem during friction 
welding by using finite element method, 
according to the constitutive relation of 
large elastoplastic deformation and the 
principle of the virtual work. The heat 
flow and stress-strain process at the heat- 
ing stage of friction welding are simu- 
lated. The law of variation of 
temperature, stress and strain fields dur= 
ing friction welding is systematically in- 
vestigated. Accordingly, the formation of 
the plastic deformation zone for the 
welded joint and the uneven distribution 
of the deformation degree are analyzed. 
The calculated results of temperature 
agree well with the experimental data 
obtained at some measurable points. The 
calculated axial stress distribution on the 
frictional surface at different instances is 
integrated to compare it with the mea- 
sured results of the axial pressure and 
shows excellent fit between them. 

Introduction 

Friction welding is a complicated 
metallurgical process including the inter- 
action of heat and force. It is accompa- 
nied by and coupled with a series of 
physical phenomena, heat generated by 
plastic deformation, dynamic stress- 
strain process and thermal effects for 
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metal behavior, etc. (Ref. 1). To simulate 
the friction welding process, the coupled 
thermomechanical analysis of tempera- 
ture, stress and strain fields should be 
carried out (Ref. 2). 

However, previous studies (Refs. 3-5) 
primarily concentrated on numerical 
simulation of temperature field. Most of 
them were done under the noncoupling 
condition. In 1990, Andrzej Sluzalec 
(Ref. 2) first proposed the increment 
theory for the thermal elastoplastic finite 
element calculation and adopted the 
method of the coupled thermomechani- 
cal analysis to calculate the temperature 
field at the heating stage of friction weld- 
ing. However, he did not report the re- 
sults of stress and strain fields. 

In the present paper, the finite element 
calculation model of the coupled defor- 
mation and heat flow analysis has been 
established for friction welding. The tran- 
sient temperature, stress and strain fields 
for frictional welded joint of GH4169 
nickel-base superalloy are then cal- 
culated under the given boundary 
conditions. The calculated results are 
compared with experimental data ob- 
tained in our self-designed friction weld- 
ing apparatus. 
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Calculation Model 

The coupled analysis of deformation 
and heat flow is realized through the 
thermal effect generated by plastic defor- 
mation. That is to say, the calculated re- 
suits of the transient temperature field are 
correspondingly utilized in the calcula- 
tion of the transient stress-strain field at 
each instance. In return, the calculated 
results of the transient stress-strain field 
are coupled with and incorporated into 
the calculation of the temperature field 
through the thermal effect of plastic 
deformation. 

The dimension of frictional weldment 
for calculation is shown in Fig. 1. The 
radius of its outer circle is R. The axial di- 
rection is Z-axis. The length as shown in 
Fig.1 is L. Under the coupled condition 
of deformation and heat flow, the funda- 
mental nonsteady equation of heat con- 
duction with changeable thermal 
properties in the solid is as follows: 

pC aT _ l  a I r2L aT I 
at r ar ~. -~r J 

(1) 

where c/ is the coupling factor for the 
thermomechanical action, whose ex- 
pression is 

acT~ (2) 

where ~ refers to equivalent stress, 
is equivalent strain rate and a is thermal 
efficiency of plastic deformation. Here 
we take a = 90% as Ref. 2. 

Disregarding the heat exchange 
caused by natural convection and radia- 
tion, the boundary condition of the tem- 
perature field is determined as follows: 
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Fig. 1 - -  Column coordinate in the bar and selection of calculation zone. 

elastoplastic, that is, 

{~}=[P]ep({Pij}-{piOjj}l+{~o} (7) 

where 

(for initial strain rate) 

OH f [0]° 
{a01 -- 

, a ~  a ~  
HT ÷ 0]° a{c~} 

(for initial stress rate) 

..IDle p = elastoplastic matrix. 

K aT - ~z  z = ° = q ( r ' t )  

~-rT r=R,0=0 

aT z=L = 0  
az 

(3) 

where q(r, t) refers to heat flow density 
at frictional surface. Under the condition 
of constant revolution, the total heat gen- 
erated over the entire interface is propor- 
tional to the frictional torque (Ref. 6), 

Q = 1 . 0 2 7 x 1 0 ~ x N - M . r /  (KW) (4) 

where 

N = revolution (rpm), 
M = torque (Nm), 
r/ = thermal efficiency of mechani- 

cal work, 7/= 1 (Ref. 6). 

If the heat flow density at the frictional 
surface distributes linearly in the radial di- 
rection, its value can be given as follows: 

q(r , t )  3Q 
4~R 3 

(KW/mm 2) (O<_r<_R) (5) 

The thermal properties (thermal con- 
ductivity, specific heat) vs. temperature 
used in our calculations are given in 
Table 1, which is matched by spline in- 
terpolation function. 

Kirchhoff balance equation or its 
equivalent virtual work equation is 

adopted as the calculation model for the 
stress and strain fields at the heating stage 
of friction welding, 

Vo SIJ6EIJdV = ;vo P°iSuidV 

+;SOT Zoi~uids (6) 

where SIj is Kirchhoff stress tensor, ~EIj is 
Green strain tensor, ~U i is component of 
virtual displacement, Poi and Toi are unit 
volume force component and unit area 
force component acting on the deformed 
body, respectively. 

To resolve the above equations, the 
methods of Green strain and increment 
loading are adopted to treat the geomet- 
rical and physical nonlinearities, respec- 
tively. Considering the Green strain 
expression is nonlinear and its calcula- 
tion process is very complex, we adopt 
the Euler determinant to simplify the cal- 
culation process. 

As for the large deformation thermal 
elastoplastic problem, if it is treated as 
rheologic process, the rate model consti- 
tutive equation (7) can be deduced by 
means of the increment constitutive 
equation of small deformation thermal 

The boundary conditions are as fol- 
lows: The measured variation of the axial 
shrinkage of the workpiece with time 
during friction welding is adopted as the 
displacement boundary condition of the 
calculation equation; the fixed end of 
the workpiece is supposed to have zero 
displacement. 

As stated above, the fundamental heat 
conduction equation and the large de- 
formation thermal elastoplastic equation 
are systematically reduced by finite ele- 
ment and can be described as in Equa- 
tions (8) and (9), respectively. 

[c] {T}:{Q} (8/ 

where 

[C] = entropy production rate matrix, 

[K] = heat transmission matrix, 

{Q} = general heat flow vector matrix. 

([K0]÷[Ks]) {a}:{R} 
where 

[K0] = small deformation elasto- 
plastic rigidity matrix, 

Table I - -  Thermal Properties of the GH4169 Superalloy 

Temperature (°C) 1 O0 200 400 

Thermal conductivity, 14.5 15.5 19.0 
k (W/m • °C) 

Specific heat, 450 480 510 
C (J/Kg °C) 

600 800 1000 1100 

22.0 14.0 27.5 29.1 

570 660 710 770 
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Table 2 - -  Friction Welding Parameters 

Rotational Friction Upset Friction Upset Max. 
Speed Pressure Pressure Time Time Torque 
(rpm) (MPa) (MPa) (s) (s) (Nm) 

1468 360 658 10.2 5 5.9 

[Ks] = initial stress element rigidity 
matrix, 

{(~} = speed train vector of the panel 
point of the matter, 

R]r = load rate train vector (includ- 
L J ing thermal load). 

The friction bases have a diameter of 
18 mm and lengths of 80 mm and 
160 mm, respectively. The welding pa- 
rameters harnessed in both calculation 
and experiment are listed in Table 2. The 
instructions both for braking and forging 
are synchronously sent out by a computer 
measurement control system. The heat 
generated and displacement boundary 
condition are measured by experiment. 

Results and Discussions 

Temperature Field 

Under the conditions (two-dimen- 
sions, axial symmetry, nonsteady and 
temperature dependent thermal proper- 
ties, etc.) of the calculation, the calcu- 
lated results of the transient temperature 
field for the GH4169 superalloy bar are 
shown in Fig. 2. 

As shown in Fig. 2A-C, during the ini- 
tial frictional stage (0-1.8 s), the temper- 
ature distribution along the radial and 
axial directions of welding heat affected 
zone (HAZ) appears as a rather complex 
curved shape. There is a very high heat- 
ing rate and a steep temperature gradient 

in this zone. With the frictional heating 
time increasing, the curved plane of tem- 
perature distribution extends, as shown 
in Fig. 2D-F, due to the heat conduction 
along the radial and axial directions, and 
the temperature gradually increases. 
Consequently, the temperature gradients 
in both radial and axial directions gradu- 
ally become smaller. At the breaking and 
forging instant (10.2 s set in this study), 
the shape of the temperature distribution 
almost becomes planar, and the axial 
width of the zone heated above 700°C 
reaches 7 mm. 

During the period (before 1.8 s) when 
the frictional torque does not reach its 
front peak value, the temperature on the 
frictional surface rises rapidly, and the 
rate at which the temperature rises at the 
outer boundary is the fastest, about 
980°C/s. At 1.8 s instant, the frictional 
torque increases to its front peak value. 
After the peak value, the friction charac- 
teristics of the frictional surface transform 
from the original shearing with many ad- 
hesive points to high-temperature plastic 
metal shearing. Accordingly, the fric- 
tional torque decreases gradually to a sta- 
ble value (balance torque). 
Corresponding with the variation of the 
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surable points in the 
weldment is detected 
by armored thermal 
couple Ni-Cr+Ni-Si. 
Figure 3 gives the com- 
parison of the detected 
and calculated results, 
showing excellent fit 
between them. 

A 

o 

I.- 

8 10 

According to the 
plastic theory, equiva- 
lent strain or plastic 
work density can be 
considered as the plas- 
tic criterion of the strain 
strengthening material. 

Figure 4 shows the 
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Fig. 3 - -  Comparison between the calculated results and measured 
points of  temperature. 
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frictional torque stated above, the heat- 
ing rates at each point of the frictional 
surface become slower and slower. Once 
the frictional torque reaches its balance 
value, the heating rates on the frictional 
surface become uniform and near the 
constant value, about 25°C/s. The outer 
circle of the frictional surface has the 
highest temperature. 

Before the frictional torque reaches its 
front peak value, the highest temperature 
is about 800°C. At the moment of 10.2 s, 
the highest temperature is about 1240°C. 
Apparently, the highest temperature on 
the frictional surface does not exceed the 
melting point of the welded material. This 
is due to the interconstraint relation be- 
tween the frictional heating power and 
frictional characteristics on the surface. 

The thermal cycle curve at some mea- 
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Fig. 4 - -  Variation of the equivalent strain distribution with time during frictional heating stage. 
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Fig. 6 - -  The isoline distribution of  the axial normal stress in the one 
quarter o f  the jo in t  calculated at selected moments o f  10.2 s. 
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Fig. 7 - -  Variation o f  stress (~z distribution along the axis (r = 0) with 
time. 

distribution of the isoline for equivalent 
strain (isoline is drawn in equal numeri- 
cal space) on the one quarter of the 
welded joint during the frictional heating 
stage. Plastic deformation phenomenon 
related to the welding process can be ob- 
served from this figure: 

1) The equivalent strain at the axial 
zone of the frictional welded joint is 
larger than that at the other zone. 

2) The distribution area for the isoline 
of the equivalent strain at the outer circle 
zone of the welded joint is wider than 
that at the axial zone; that is, the plastic 
deformation area at the outer circle zone 

is wider than that at the axial zone. 
Figure 4 also reflects the variation of 

the equivalent strain distribution with 
welding time. With the frictional time in- 
creasing, the temperature rises rapidly 
and the high-temperature zone along ra- 
dial and axial directions widens. Ac- 
cordingly, the equivalent strain gradually 
increases, and its isoline becomes more 
and more intensive and tends to dis- 
tribute near the frictional surface. This 
phenomenon shows that, with the fric- 
tional time increasing, the plastic defor- 
mation of the welded joint tends to 
concentrate on the frictional surface and 

the zone adjacent to that surface. More- 
over, the extent of plastic deformation 
along axial and radial directions in- 
creases unevenly. 

The variation of the plastic work den- 
sity distribution in the one quarter of the 
joint with time is shown in Fig. 5. The dis- 
tribution characteristics and variation 
law of the plastic work density fit well 
with those of the equivalent strain field 
shown in Fig. 4. 

The isoline distribution of the axial 
normal stress ~z in the one quarter of the 
joint calculated at selected moment of 
10.2 s is shown in Fig. 6. From this figure, 
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Fig. 9 - -  Comparision between the integrated value o f  stress a z along 
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= 0) with time. 
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we find that the frictional surface and the 
zone adjacent to that surface are com- 
pressive stress zones, and that a certain 
zone far away from the frictional surface 
is the tensile stress zone, which is sur- 
rounded by the zones with larger com- 
pressive stress. 

Figure 7 shows the variation of a z dis- 
tribution atthe axis (r= 0) with time. When 
t < 4 s, o z is a compressive stress. When t 
> 4 s, c~ z is still a compressive stress in the 
zone of z < 6 mm and z >18 mm; whi le in 
the zone o f 6 m m < z <  18mm, a zbe- 
comes a tensile stress. As frictional time in- 
creases, the tensile stress zone widens and 
the value of the tensile stress increases, 
whi le the compressive stress zone narrows 
and its value decreases. 

Figure 8 shows the variation of Oz dis- 
tribution along the radial direction (z= 0) 
with time. Here, the axial stress a z acted 
on frictional surface is all compressive 
stresses. As the frictional time increases, 
the compressive stress rises, then 
decreases. 

The main cause for the variation of 
stress distribution with time stated above 
is that the local high temperature of the 

welded joint  leads to its deformation, 
which wi l l  be strongly restricted by the 
other cooler part of the weldment. Sub- 
sequently, the internal stress of the weld- 
ment redistributes due to the deformed 
weldment and ultimately reaches a new 
balance state in the weldment. Further- 
more, metal softening at the fr ict ional 
surface and the decrease of average com- 
pressive stress in the weldment also result 
in producing tensile stress. 

By using the related method of me- 
chanics calculation, the axial stress a z 
distribution on the frictional surface at 
different instances has been integrated. 
The calculated results are in good agree- 
ment with the measured results of varia- 
tion of axial pressure with time as shown 
in Fig. 9. 

Summary 

The analysis and calculation carried 
out in this paper show that the finite ele- 
ment coupled analysis of deformation 
and heat f low is an effective way for sim- 
ulating the dynamic variation process of 
the temperature, stress and strain fields of 

frictional welding. The calculated results 
are in good agreement with the experi- 
mental points. The information obtained 
from our numerical calculation work is 
valuable to further develop the funda- 
mental theory and engineering 
application research of friction welding. 
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