
Transient Temperature Distribution in Inertia 
Welding of Steels 

In tests on AISI 1020 steel bars, temperature reaches a peak value in 
0.2 sec compared to 20 sec obtained with conventional friction welding 

BY K. K. W A N G A N D P. N A G A P P A N 

ABSTRACT. The transient temperature distri
bution in inertia welding is investigated 
by analytical and experimental methods for 
AISI 1020 steel bars. The determination of 
the heat input at the contacting surfaces is 
based on the characteristics of the rotational 
speed history and the total welding time 
obtained from the experimental data. 
Variable thermal properties of the work-
piece material, possible melting and the 
cpntinuous upsetting at the interface are 
considered in the analysis. The finite 
difference method is used for the temper
ature calculations in this nonlinear problem. 

The results indicate that there are distinc
tive differences in the temperature response 
between inertia and conventional friction 
welding. The temperature reaches its 
peak value over the entire interface in 
0.2 sec during inertia welding as compared 
with 20 sec in the conventional process. 
The temperature gradient in the early 
part of the welding cycle of the inertia 
process is substantially higher. The effect 
of welding parameters is also discussed. 

Introduction 
Friction welding has been found to 

be an effective method of joining similar 
and dissimilar metals with high joint 
efficiency. Hazlett1 has concluded that 
the mechanism of bonding in the con
ventional friction welding process is 
primarily high-temperature diffusion. 
Sluetz et al.2 stated that joints bonded 
with the inertia welding process are 
the result of a mechanical mixing of a 
thin layer of molecules on each side 
of the interface. In both processes, 
nevertheless, the thermal behavior at 
the interface is obviously critical to 
the quality of the weld. Considerable 
work has been published regarding 
the thermal aspects of conventional 
friction welding.3-13 In contrast, very 
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little information is available in the 
literature about the inertia welding. 

Inertia welding differs essentially 
from conventional friction welding by 
the rate of energy input to the system. 
Instead of a prolonged frictional heating 
period followed by a short phase of 
forging in conventional friction welding, 
the inertia process dissipates all of the 
kinetic energy stored in flywheel in a 
much shorter time. The welding cycle is 
completed by pushing the stationary 
part against the rotating part braking it 
to a standstill.14 In essence, the inertia 
process has practically an instantaneous 
power input of large magnitude into 
the system, while the conventional 
process has a step power input of 
much smaller magnitude but longer 
duration. 

Figure 1 shows schematically the 
principles of inertia and conventional 
friction welding process. In the inertia 
welding, the flywheel and the other 
rotating parts are brought up to a 
preset initial speed of N rpm. The 
power to drive the flywheel is then 
shut off and, simultaneously, the sta
tionary part is pushed against the ro
tating part under constant pressure 
until it stops. With the conventional 
process, heat is generated continuously 
at the contacting surfaces under the 
conditions of constant speed and moder
ate pressure. Vill15 has characterized 
the process with three phases in the 
friction heating period: the initial phase 
predominated by dry friction, second 
phase with increasing seizures of as
perities, and the third phase tends to 
become steady at high temperature. 
Then the rotating part is brought down 
to stop rapidly by an external brake and, 
immediately, a high thrust force is 
applied to form a pressure weld. 

The parameters involved in both 
processes and their history during 
welding cycle are illustrated in Fig. 2. 
It is noted that inertia welding takes 
place practically under constant pres
sure with the speed decreasing, while 

the^conventional process runs at con
stant speed and several steps of thrust 
pressure. There are essentially three 
parameters involved in inertia process 
compared to five parameters in con
ventional process as shown in Fig. 2. 
The total welding time of conventional 
process is usually 10 times or more 
longer than that required by the 
inertia process. 

Because of the almost instantaneous 
release of total energy at the contacting 
surfaces in inertia welding, it is ex
pected to have high temperature gradi
ent and probably narrow heat-affected 
zone. This paper presents a method of 
evaluating the heat input at the inter
face and the calculation of transient 
temperature distribution using finite 
difference method. Variable thermal 
properties of the material and the con
vection heat loss at the boundary have 
been taken into consideration. In 
the experimental work, thermocouples 
were imbedded at various locations 
near the interface for temperature 
measurements in order to compare 
them with the calculated values. Similar 
material of AISI 1020 steel bars were 
welded in the experiments. 

Determination of Heat Input 
The rate of heat generated at the 

contacting surfaces due to frictional 
force is a function of the distance 
from the center and the rotating speed. 
Since the rotating speed varies in inertia 
welding, it can be shown4 that the rate 
of heat generation at the interface can 
be expressed by: 

1440TT 
q = -y^g- p-p-r-n(t) Btu/ft'2-hr (1) 

The specific power input to the shaded 
annular element as shown in Fig. 3 is: 

q =-^p-p-n(l)'r2-dr Btu/hr (2) 

where p = coefficient of friction; p 
= unit thrust pressure, psi; n(t) = ro-
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tating speed, rpm, a function of time; 
r = distance from the center, in. 

The coefficient of friction depends 
on the thrust pressure and rubbing 
speed which, in turn, vary with the 
distance from the center and the time. 
Consequently, both p and p are func
tions of the distance r and the time t. 
Therefore, the total heat generated 
in Btu over the entire interface during a 
complete welding cycle can be written 
as: 

4 15 16 

Fig. 2—Comparison of welding parameters for inertia and 
conventional friction welding. Welding parameters: 
Inertia process—1. moment of inertia, I; 2. initial speed, 
N; 3. thrust pressure, P. Conventional process: 1. rotating 
speed, N; 2. initial pressure, Pi; 3. heating time, t i ; 4. 
braking time, t>; 5. upsetting pressure, Pj 

where J is the mechanical equivalent 
of heat energy. 

However, the distributions of the 
coefficient of friction p(r, t) and the 
unit pressure p(r, t) are not known. A 
satisfactory relationship was reported 
by Vill3 in 'which the coefficient of 
friction varied inversely with the square 
of the linear velocity: 

Q = 7.03 x 1 
rr fit 

0-* 
Jo Jo 

MO) = 
K 

(Nrf 
(6) 

p(r, t) • p(r, t) • n(i) • r- -dr • dt (3) 

where R is the radius of the specimen 
in inches and T is the total welding 
time in seconds. 

The total kinetic energy of the rotat
ing parts just before welding starts is: 

In inertia welding, the rotating speed 
varies with respect to time. Vill's 
relationship may be extended to: 

transient phenomena occurring at the 
interface during a very short period of 
time, an assumption is made that the 
product p-p is constant. By this it is 
meant that the average value of the 
distribution of this product is taken 
into consideration in the analysis. 
With this assumption, the right side 
of eq (3) can be integrated when the 
speed function n(t) is known. 

The experimental data indicate that 
the speed-time history follows some
what a second order curve. Suppose 
the speed curve can be represented by a 
general second order equation: 

MO*, 0 = 
[n(t)rf 

(7) 
n(t) = at2 + bt + c (8) 

2 2 V 60 / 
ft-lb (4) 

where / is the polar moment of inertia 
of the rotating mass in lb-in.-sec2, and 
N is the initial speed in rpm. For a 
given set of welding conditions, the 
values of / and A'' are predetermined; 
hence, the kinetic energy E can be 
calculated. 

Since the total welding time in the 
inertia process is usually very short 
and the contacting surfaces are not 
exposed to the surroundings, the heat 
losses through convection and radiation 
can be neglected. Thus, the total 
kinetic energy is assumed to be com
pletely converted into heat, i.e.: 

Q =E(J (5) 

It can be seen from eq (7) that the 
coefficient of friction increases with 
time and decreases with the distance 
from the center. 

The distribution of unit pressure 
over the interface can be assumed 
uniform in the early stage of welding 
cycle when the mating surfaces come 
into perfect contact. This situation is 
expected to change as the temperature 
at the outer region becomes high enough 
to reduce the strength of material and 
to cause plastic flow. At this moment, 
the unit pressure would be higher at 
the center than that at the periphery. 
The pressure distribution may become 
uniform again when the temperature 
turns out to be more evenly distributed 
as a result of heat flowing toward the 
center by conduction. 

In view of the complex and correlated 

In such a case, the parameters a, b, 
and c can be evaluated by using the 
initial and final conditions n(0) = N, 
n(T) = 0, and one additional point 
selected from the actual speed curve. 
Once the speed function is established, 
eq (3) can be integrated and it becomes: 

Q = 3.92 xWp-p-R3-T 

(2aT2 + 3bT + 6c) (9) 

Substituting eqs (9) and (4) into eq 
(5), the average value of the product 
pp can be obtained as: 

p-p 
1.8 IN2 

R*T (2aT* + 3bT + 6c) 
(10) 

in which all the parameters are known. If 
this quantity is represented by A, the 
rate of heat input q in eq (1) can then 
be expressed as: 

q(r,t) = 5.SA-r-n(t) (11) 
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which is linearly proportional to r at 
a given instant as shown in Fig. 3. 
If the heat flux is assumed to flow 
equally into the stationary as well as 
the rotating parts, the heat source 
going into either part will be one-half 
of the total, i.e.: 

q(r,t) = 2.9A-r-n(t) (12) 

The Heat Transfer Equations 
The general partial differential equa

tion for unsteady heat conduction 
in solids is given by:16 

d2T 
dr2 + 1 dT 

r dr 
+ 1 

r2 

d2T d2T 

d~Lp2 + d~z2 

1 dT 

adt 
(13) 

where T is the temperature, t the time, 
a the thermal diffusivity of the solid, 
q'" is the heat sink per unit volume 
within the solid and r, </>, z are the cylin
drical coordinates as shown in Fig. 3. 
The rotational symmetry and the lack 
of a heat sink inside the solid in this 
problem reduces eq (13) to two-di
mensional unsteady heat flow as ex
pressed by: 

d2T 1 dT 
— 1 
dr2 r dr 

d2T 
dz2 

a at 

The initial condition is a uniform 
temperature anywhere in the solid. Thus, 

T(r, z) = Tx (15) 

where Tx is the ambient temperature. 
The boundary conditions are: 

, dT 

dT 
~dr~ 

ar 
dr 

dT 

dz 

a(r, i) 

h(Ts 

T - = 0 

(16) 

(17) 

Too) (18) 

(19) 

where k is the thermal conductivity of 
the material, q(r, t) is the heat input 

*~z 

Fig. 3—Distribution of heat input 

function at the interface as expressed 
in eq (12), h is the average coefficient of 
heat convection, Ts is the temperature 
at the peripherial surface, and / is 
the length of the workpiece. 

It is known that the thermal proper
ties k and a of AISI 1020 steel vary 
with temperature.17 Figure 4 shows the 
variations of these properties are sub
stantial within the working range of 
the welding process. With variable 
thermal diffusivity, eq (14) becomes a 
two-dimensional nonlinear partial dif
ferential equation for which an exact 
analytical solution is difficult to obtain. 
In this situation, the transient temper
ature calculation can be carried out by 
numerical methods using digital 
computer. 

Formulation of Finite 
Difference Equations 

In performing the finite difference 
approximation, the upper half of the 
longitudinal cross section of the work-
piece is represented by the grid network 
as shown in Fig. 5. In the radial direc
tion there are five nodal points with 
equal grid size Ar = 3/64 in. The grid 
size along the axial direction is Az 
= l/*« in- in the region close to the 
interface and is much larger toward 
the free end of the workpiece where 
temperature gradient is negligible. 

As indicated in Fig. 5, the heat 
input q is taken as surface heat flux 
into the nodal points at the interface. 
The shaded boundaries on the axis 
and on the free end indicate that no 

heat transfer is assumed. Convection 
heat loss through the periphery of the 
workpiece is calculated based on a 
rotating horizontal cylinder in still air 
with a variable coefficient of convec
tion h and an ambient temperature Tx.

ls 

By using the forward step finite 
difference method, the general transient 
heat conduction equation which applies 
to all interior nodes can be written as: 

T< + 1. . — Tt. • 

aAt I - / 9 - 2A Tt 
+ (Ar)2 L^IO - 11) <_1' ' 

+ ( A z ) 2 (T t. J-i 

+ t'i, j+i - 2T'„ ,) (20) 

The subscript (/,/) indicates the po
sition of a node in the coordinate 
system for which the temperature is 
calculated. The superscripts t and t + 1 
represent respectively the temperature 
at the present time and that at a time 
interval Ar later. The value of 0.001 sec 
is chosen for Ar in order to fulfill the 
stability criterion 

2aAt 
1 

(Ar)2 + 
1 

(Az)2 < 1 (21) 

such that the iteration will converge. 
Following the same procedure and 

applying the appropriate boundary 
conditions, the difference equation for 
the nodal points at the interface is: 
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Fig. 4—Variation of thermal properties of AISI 1020 steel 
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Fig. 5—Grid network and boundary conditions 
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Fig. 6—Experimental setup 
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aAt 

+ 
2aAr 
(Az)2 r,-,, + m - 2i , (22 

where q is the heat flux which goes into 
the nodal point as calculated by eq 
(12). The equation for the nodes on 
the peripheral surface is: 

Tt — Tt 
1 1 . 1 - ' 1,1 

2aAt 

(Ar)2 T\ i 

lhAr 
~967c~ 

( T « i , y - r j -2T\i 

+ 
aAt 

(Az)2 T'i, i+i 

+ T\ - 2T«i, i (23) 

Equations (20), (22), (23), and six 
additional equations for nodes lying 
on the axis, free end, and the four 
corners are used to calculate the 
transient temperature at all nodal 
points for each time interval of 0.001 
sec using a UNIVAC 1108 computer. 

Consideration of Melting 
and Upsetting 

In the calculation, the transient 
temperature at the interface based on 
above equations may reach the melting 
point of the material. In reality, how
ever, the liquid phase of the material 
either does not exist or is squeezed 
out before the melting starts. This is 
evidenced by the lack of metallurgical 
changes at the interface as reported by 
Sluetz et al.2 

Weiss and Hazlett11 have concluded 
that, in conventional friction welding, 
the interface temperature does not 
reach the melting point also based on 

6000 
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Fig. 7—Typical experimental results 

the metallurgical examination of the 
interface and results obtained by direct 
measurement using the Seebeck effect 
of dissimilar metals. Cheng7, s on 
the other hand has stated that a molten 
layer was formed and he treated the 
problem in his analysis as one-dimen
sional heat conduction in a melting 
solid with a moving heat front. 

The possibility of melting at the 
interface has been taken into account in 
this analysis. In view of the uneven 
distribution of heat input at the inter
face, the two-dimensional heat conduc
tion in a melting solid with a moving 
heat front is considered. By neglecting 
the lateral radiation loss, the partial 
differential equation for this case can be 
written as: 

i ar . ar 
- — + u (z) — 
a dt dz 

, s dT <PT 

6V' 

i ar ajr 
+ r dr + dz2 (24) 

where u(z) and u(r) are velocities of the 
moving front in z and r directions 
respectively. Since the molten metal 
is removed, if it does occur, as soon 
as it is formed, «(z) and u(r) are both 
negative. 

The boundary conditions at the 
interface and periphery are respectively: 

- k ~ - PLu (z) = q (25) 
oz 

and 

k ^ -pLu(r) = h(Ts-TJ (26) 
dr 

where p is the mass density and L is 
the latent heat of fusion of the metal. 
The values of u(z) and u(r) can be 
calculated by solving finite difference 
forms of eqs (25) and (26) for a particu
lar node under consideration at a 
given instant.18 By knowing u(z) and 
(/(/-), the transient temperature at any 

interior nodal point can be calculated 
byjhe finite difference form of eq (24): 
Tt+1 . . — Tt . . 
' I, 3 ' ', 3 

aAtu(z) 
H — i ^ z \ l i.3 + 1 ' 1.3-1) 

, ccAtu(r) 
+ 2Ar + ' %-1'1' 

aAt r / 9 - 2A 
+ (Ar)2l\,0-2i)1 '-1'3 

+ TU.i+i-2Tl
t.i) (27) 

Difference equations for other bound
ary nodes were similarly derived. 

The computer program for calcu
lating the transient temperature is 
written in such a way that eqs (20), 
(22), (23), etc. are first used. The 
computed temperature is then compared 
with the melting point, Whenever 
the temperature at any node reaches the 
melting point, the calculation based 
on eqs (27) etc. is used for that par
ticular node. 

The computed temperatures for the 
nodes in the vicinity of interface are 
further modified after each time interval 
by taking the amount of upset into 
consideration. In this regard, assump
tions were made that equal amount 
of upset occurs for both the stationary 
and the rotating piece, and that the 
rate of upsetting is linear with respect 
to time.20 Modified temperature at 
the upset interface were obtained by 
means of linear interpolation based 
on the temperatures of adjacent nodes 
and the amount of upset at that moment. 

Experimental Setup 
and Procedures 

Figure 6 portrays the overall view of 
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the experimental setup. The machine 
spindle with flywheel and collet is 
driven by a variable speed motor 
through a timing belt and magnetic 
clutch. In line with the spindle is a 
three-jaw chuck mounted on the end of 
the piston rod of a pneumtic cylinder. 
The reciprocating motion of the piston 
rod is guided by a pair of parallel rods to 
prevent it from rotation. 

A control box on the right side of the 
machine controls the motor speed, 
solenoid-operated air valves, and the 
magnetic clutch. The spindle speed is 
measured by means of a tach-generator 
from which the output voltage goes into 
a calibrated indicator as well as the 
recorder so that the speed variation 
and total welding time can be recorded. 
A pressure gauge is used to indicate the 
air pressure in the cylinder during the 
welding cycle. 

A junction panel is attached in the 
vicinity of the three-jaw chuck facili
tating the connections of thermocouple 
wires. Temperature measurements were 
made by using fine gage chromel-
alumel thermocouples inserted at the 
bottom of holes drilled in the stationary 
piece. All the thermocouples were 
led through extension wires and a 
reference temperature bath to a 24-
channel Honeywell Visicorder. As many 
as nine temperature signals were £ re
corded simultaneously by this electro-
optical recorder with high frequency 
response. The recorder galvanometers 
have the sensitivity of 0.204 in. deflection 
per millivolt of input. 

The specimens were made~of 3/s*in. 
diameter AISI 1020 cold rolled steel. 
The joining end of the workpiece was 
machined to ensure that the joining 
surfaces are parallel. Before taking 
any temperature measurements, a series 
of preliminary tests were performed to 
determine appropriate parameter set
tings which would produce satisfactory 

Table 1--Calculated Temperature 
Distribution at the Interface 

Time 
sec 

0.00 
.01 
.02 
.03 
.04 
.05 
.06 
.07 
.08 
.09 
.10 
.20 
.30 
.40 
.50 
.60 
.70 
.80 

i~—Temperatures 

Periphery 

75 
575 

1,029 
1,487 
2,002 
2,416 
2,657 
2,652 
2,646 
2,641 
2,635 
2,588 
2,547 
2,513 
2,488 
2,477 
2,483 
2,503 

Mid-
radius 

75 
329 
548 
752 
943 

1,129 
1,313 
2,649 
2,645 
2,641 
2,638 
2,607 
2,580 
2,557 
2,540 
2,530 
2,526 
2,531 

(°F) at . 

Center 

75 
94 

114 
196 
255 
314 
372 
429 
882 

1,421 
1,803 
2,618 
2,609 
2,594 
2,579 
2,566 
2,556 
2,549 

welds. Tensile and bending tests were 
performed to determine the quality of 
the joint under various welding con
ditions. The parameters selected for the 
final experiment were: spindle speed at 
2900 rpm with the total mass moment of 
inertia of 0.43 lb-in.-sec2, and a thrust 
force at 1070 lb. 

For temperature measurement, the 
holes for accommodating the thermo
couples had a diameter of 0.039 in 
and were drilled at a 45 deg angle to the 
axis. The closest distance to a thermo
couple was V32 in. from the interface. 
The thermocouples were welded on 
the bottom of the holes by an electric 
capacitor discharge method. 

In running the experiment, the two 
pieces were first brought close together 
without touching. The rotating piece 
and flywheel was then brought up to a 
predetermined initial speed. At the 
start of the welding cycle, the control 
opens up the air valves, cuts off power 
source, and de-energizes the magnetic 
clutch simultaneously. The recorder 
monitors the temperature signals from 
the thermocouples, and records the 
speed-time curve from which total 
welding time can be measured. The 
amount of upset was measured by 
taking the difference between the total 
length of the workpiece before and 
after welding. 

Results 

The typical measured temperatures 
and speed curve are shown in Fig. 7 
as solid lines. The rotating speed starts 
at 2,900 rpm and drops very little 
during the first 0.15 sec. This is pre
sumably due to the time lag for building 

up air pressure in the cylinder to the 
preset magnitude. The speed then 
decreases almost at a constant rate until 
it reaches a full stop at the end of the 
welding cycle. 

The effect of the delay on the pressure 
build-up is also reflected in the recorded 
temperature traces. During the first 0.2 
sec, the temperatures at all four loca
tions do not rise appreciably. This is in 
contrast to a temperature trace as 
shown by a dotted line in Fig. 7, ob
tained from a production machine 
which uses hydraulic power. These 
data, supplied by Caterpillar Tractor 
Company, were obtained by inserting a 
thermocouple on the mid-radius of the 
interface. The thermocouple covered a 
length of 1/i in. on the radius of a 1 in. 
SAE 1045 steel bar. 

Figure 7 also shows that the temper
ature at point D on the periphery rises 
faster than the interior points C and B 
which are located at the same distance 
from the interface. This reflects the 
effect of the highest intensity of heat 
input at the periphery during the early 
part of the welding cycle. The temper
ature at point D levels off after 0.4 sec, 
while the temperature at center B 
starts rising quickly. This can be at
tributed to the rapid change in pressure 
and temperature distributions during 
this part of the welding cycle. 

The thermocouple imbedded at point 
A is the closest to the interface as shown 
in Fig. 7. The temperature at point A 
increases rapidly as the pressure is built 
up reaching a peak value of about 2,150° 
F in 0.41 sec after the start of the welding 
cycle. Then, this temperature signal 
drops to zero perhaps due to the 
shearing of the thermocouple hot 
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Fig. 11 (right)—Temperature distribution on the periphery 
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Fig. 10—Transient temperature gradients at the interface up 
to 0.2 sec 
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junction during the spiral upsetting of 
the welding process. 

The experimental results provide 
information on the speed-time curve, 
the total welding time, and the amount 
of upset. From these data and the 
values of the preset welding parameters, 
the transient temperature at various 
locations can be readily computed by 
employing the finite difference equations 
established before. Table 1 lists a part of 
the computer output showing the tem
peratures at the interface for three loca
tions at the end of time intervals as indi
cated. It is noted that the temperature 
at the outmost point reaches its highest 
value of 2,657° F at the end of 0.06 sec, 
while the temperature at the center 
is only 372° F at the same instant. How
ever, the interface temperature distri
bution at the end of the welding cycle 
is practically uniform with only a 
slightly higher value at the center. 

The calculated temperature distri
bution at the interface can be better 
appreciated through a plot as shown in 
Fig. 8. The plot was made on semi-
logarithmic paper so that the tempera
ture variation in the first 0.1 sec of the 
welding cycle can be clearly differen
tiated. It is noticed that the temperature 
at position A climbs first and reaches its 
peak in 0.06 sec. Temperatures at 
positions B and C follow and also reach 
the maximum value after 0.01 sec. At 
the end of 0.2 sec the interface temper
ature is nearly uniform over the entire 
cross section. The calculation is based 
on a total welding time of 0.82 sec 
and an upset of 0.062 in. measured 
from the experiment. 

In Fig. 9, the computed and measured 
temperatures are plotted for comparison. 
This plot shows substantial discrepancy 
between them at the early part of the 
welding cycle. The measured tempera

tures at all locations are much lower 
than the calculated ones. The slow re
sponse of the air pressure build-up in 
the cylinder is primarily responsible for 
the discrepancy. The time constant of 
the thermocouple could have also 
contributed to the delay. However, 
the discrepancies are significantly re
duced to an acceptable average value 
of about 8% in the later part of the 
welding cycle. 

Discussion 
The results indicate clearly that 

there is considerable difference in 
temperature response between the inertia 
and conventional friction welding proc
esses. For the same workpiece ma
terial, Rykalin4 has reported that it 
took 20 sec to reach a peak temperature 
of 2370° F at the periphery of the inter
face by conventional process. The 
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maximum temperature gradient be
tween the periphery and the center of 
the interface was approximately 1110° F 
which occurred at about 6 sec. after 
the start of the welding cycle. 

In contrast, Fig. 10 shows that by 
inertia process the temperature at 
the periphery climbs up to a peak value 
of about 2530° F in only 0.06 sec, while 
the temperature gradient of approxi
mately 2100° F is also the largest at 
that moment. Then, the heat flows 
toward the center by conduction and 
the temperature becomes almost equal
ized over the whole interface at the 
end of 0.2 sec. The temperature at 
this moment is slightly over the forg
ing rang: of the material. The plastic
ally deformed material at the interface 
is squeezed out perhaps under a uniform 
pressure. After the first 0.2 sec. the 
temperature stays within the range of 
2500 to 2600° F with the temperature 
at the center slightly higher. 

Figure 11 further shows the transient 
temperature distribution on the periph
ery. It can be seen that the tempera
ture and temperature variation decrease 
as the distance from interface increases. 
At the location 3/s in. away from the 
interface, the temperature remains prac
tically unchanged at the end of the 
welding cycle. 

It has been noticed that the value 
of the total welding time plays an im
portant role in the calculation of temper
ature response. The total welding time is 
primarily dictated by the combination 
of tfn initial speed, the moment of 
inertia of the rotating mass, and the 
unit thrust pressure. For a given amount 
of kinetic energy, the change of thrust 

pressure results in the change of total 
welding time. The characteristics of the 
speed curve will also be different. 

Figure 12 illustrates the effect of 
total welding time on transient temp
erature distribution. It is noted that the 
peak temperature obtained at the pe
riphery of the interface decreases as the 
total welding time increases. At the 
same time the peak temperature shifts 
toward the right when the welding time 
is longer as indicated by the dotted 
line. The reduction of peak temperature 
is apparently caused by a lower power 
input which in turn is a function of the 
unit thrust pressure. In fact, this test 
which took 2.5 sec total welding time 
did not produce a satisfactory weld 
presumably due to the temperature 
being too low. 

Experiments were also performed to 
investigate how the characteristic of 
the speed history would affect the 
temperature response. A test was con
ducted at 1170 rpm with the mass 
moment of inertia of 2.1 lb-in.-sec2, 
and a thrust force of 1070 lb. The 
comparison was made based on the 
assumption of either a linear or a 
second order approximation of the 
speed-time curve which was obtained 
from the experiments. Figure 13 shows 
that the calculated peak temperature 
to the periphery of the interface based 
an a linear speed curve is slighly 
higher and occurs much earlier than 
that based on a second order curve. It 
was observed that most speed curves are 
not linear particularly for those which 
were obtained from a production 
machine as represented by a dotted line 
in Fig. 7. In view of the significant 

difference made by the two assump
tions, a second or even a third order 
equation would be more appropriate 
to be used in the calculation. 

Conclusions 
1. The calculated transient tempera

ture distribution by the numerical 
method agrees fairly well to the experi
mental results in the later part of the 
welding cycle. The discrepancy in the 
early part of the cycle can be signifi
cantly reduced by improving the 
experimental device with a hydraulic 
power unit. 

2. There are distinctive differences 
in temperature response between the 
inertia and the conventional friction 
welding processes. For welding low 
carbon steel bars of similar size, the 
inertia process causes the temperature 
at the periphery of the interface to 
reach the peak value in 0.06 sec with 
much steeper temperature gradient in 
contrast to the conventional process 
which reaches the peak temperature in 
20 sec with moderate temperature 
gradient. 

3. The range of peak temperatures at 
the interface in inertia welding is com
parable to that of conventional friction 
welding for the same material. The 
interface temperature does not reach 
the melting point of the material when 
upsetting is taken into consideration. 

4. The temperature distribution is 
essentially dictated by the combination 
of the initial speed, the moment of in
ertia, and the unit thrust pressure. The 
combined effect of all three parameters 
is also reflected by the magnitude of 
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the total welding time and the amount 
of upset. 
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"Influence of Weld Defects on the Mechanical Properties 
of Aluminum Alloy Weldments" 

By A. W. Pense and R. D. Stout 

The purpose of this report is to bring together the information presently avail
able regarding the extent to which defects in aluminum alloy weldments alter their 
mechanical properties. The report is intended to serve as a basis for formulating 
research programs that will lead to code rules and safe and economical criteria for 
evaluating the suitability of aluminum weldments in particular service conditions. 

An extensive survey of the literature (covering some 600 papers) was con
ducted in preparation for the report. Among the reference sources were the Amer
ican and British welding journals, the Aluminum Association Technical Informa
tion Service, government contract reports, several company literature reviews, and 
International Institute of Welding documents. Telephone inquiries were made to 
about 15 plants and laboratories, and visits were made to the George C. Marshall 
Space Flight Center at Huntsville, the U.S. Army Tank Automotive Command in 
Detroit, the Chicago Bridge & Iron Company in Chicago, and the Alcoa Research 
Laboratories in New Kensington. 

The emphasis of the report is on the effects that various defects in aluminum 
allow butt weldments exert on their engineering mechanical properties, such as 
tensile strength, fatigue strength, and notch toughness. 

Recommendations of subjects for further research programs are presented. 

This report was prepared for the Aluminum Alloys Committee of the Welding 
Research Council. Bulletin 152 is available for sale at $1.00 per copy. Orders for 
single copies should be sent to the American Welding Society, 345 East 47th 
Street, New York, N.Y. 10017. Bulk lots should be ordered from the Welding 
Research Council, 345 East 47th Street, New York, N.Y. 10017. 
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