
Residual Stresses and Strength of 
Friction Welded Ceramic/Metal Joints 

Joint geometry dominates residual stresses and strength of 
friction welded ceramic~metal joints 

BY R. WEISS 

ABSTRACT. Based on friction welding 
experiments of various ceramic materials 
to an aluminum alloy, the influence of 
residual stresses on the strength of ce- 
ramic/metal joints was examined numer- 
ically. Heat conduction calculations to 
estimate the temperature distribution 
have been conducted by the Finite Ele- 
ment Method (FEM), using experimental 
data for input. Afterward, residual 
stresses introduced through cooling and 
stresses introduced through a tensile test 
were determined by FEM. By applying 
multiaxial Weibull statistics to the ceram- 
ic specimen and examining tensile 
strength for different geometries of the 
joint, different process parameters and 
different material combinations were 
estimated and compared. 

Introduction 

In most engineering fields, the appli- 
cation of ceramics is often restricted by 
the availability of an adequate joining 
technique. For the joining of ceramics to 
metals, brazing, active brazing and diffu- 
sion welding have been established. As 
earlier work indicates (Refs. 1-4), friction 
welding may be an interesting and cost 
effective alternative in many applica- 
tions, provided that the strength of fric- 
tion welded joints reached or exceeded 
the strength of those joints produced by 
other techniques. The strength of a ce- 
ramic/metal joint is not only determined 
by the strength of the interface, but also 
by the residual stresses introduced 
through the different thermal expansion 
in most material combinations. The influ- 
ence of these residual stresses on the joint 
strength is the focus of this examination. 

R. WEISS, now with the Freudenberg 
Forschungsdienste KG, , Abtl. CAE, Wein- 
helm, Germany, was with the University of 
Karlsruhe, Institute for Reliability and Failure 
Analysis (IZSM), Karlsruhe, Germany at the 
time of this research. 

Experimental Procedure and 
Numerical Model 

Welding Experiments 

In preceding welding experiments 
(Refs. 4, 5), cylindrical specimens 10 mm 
in diameter and 50 mm in length of four 
different ceramic materials (alumina, zir- 
conia [MgO-PSZ], silicon carbide and 
silicon nitride) were friction welded to 
the aluminum alloy AI-SilMgMn - -  Fig. 
1. Material data of all materials involved 
and welding parameters are given in the 
appendix. 

Among other data, speed of rotation, 
burnoff and torque (PSZ specimen only) 
were recorded. Additionally, temperature 
in the friction plane was measured for a 
few PSZ samples using thermocouples of 
approximately 0.36 mm in diameter. To 
mount the thermocouples, holes were 
drilled by ultrasonic drilling, from the fric- 
tion face to the cylindrical face. For all ce- 
ramic materials employed, sound joints 
were obtained. However, after the joints 
were removed from the machine, the alu- 
mina specimens showed inclined cracks, 
starting at the ceramic/metal interface, of 
up to 7 mm long. 

Temperatures measured at two differ- 
ent radial positions in the friction plane 
show a steep increase in the initial stage 
of the process and a rather gentle in- 
crease afterward - -  Fig. 2. Toward the 
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end of the friction process, an almost 
constant temperature was reached. The 
temperatures measured at the interface 
were in the range from Tma x = 520°C to 
Tma x = 580°C, depending on radial posi- 
tion and welding parameters. Figure 2 
also shows a calculated temperature 
curve, obtained by FEM calculations 
(Ref. 6). 

Tensile Tests 

The strength of the joints was deter- 
mined by tensile tests. Due to the small 
number of tests for each set of parame- 
ters, Weibull parameters for the strength 
distribution have not been determined. 
To indicate the potential of these material 
combinations, the highest value of frac- 
ture strength measured, supplemented by 
the strength of the bulk material in terms 
of the Weibull parameters, is given in 
Table 1. 

Fracture occurred either at the inter- 
face or in the ceramic specimen at simi- 
lar strength values - -  Fig. 3. If fracture 
occurred in the ceramic specimen, it 
took place close to the interface. A con- 
vex ceramic layer about 2 mm thick 
remained on the aluminum specimen. In 
the case when fracture occurred at the 
interface, electron microscopy revealed 
that on the entire surface of both fracture 
faces small particles of the other material 
adhered. 

Residual Stresses 

The processes in the friction stage of 
ceramic/metal friction welding are very 
complex and not yet completely under- 
stood. As a result, modeling the friction 
stage for numerical examinations would 
be rather involved. Since the object of 
this work is not to predict the friction pro- 
cess but to examine the influence of var- 
ious parameters, e.g., geometry of the 
joint and material combination, on the 
resulting joint strength, a different ap- 
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Fig. 1 - -  A friction welded joint, finite element mode/and magnifications o f  the critical point. 

proach was chosen. As will be shown 
subsequently, it is the thermal mismatch, 
effective during the cooling stage, that 
plays the most significant role in induc- 
ing residual stresses, therefore, the 
thermomechanical calculations begin at 
the end of the friction stage. All the pa- 
rameters describing the state of the joint 
at this moment (temperatures, stresses, 
geometry) must be determined. They 
constitute the "initial conditions" of the 
subsequent calculations. 

Estimation of Strains 

At any time, stresses at any point in the 
metal specimen cannot exceed the yield 
stress (strain hardening neglected). The 
yield stress is strongly temperature de- 

pendent, so the maximum stress at any 
point in the metal depends on the local 
temperature. At 400°C, a temperature ex- 
ceeded in a region from the interface up 
to some 5 mm in the metal at the end of 
the friction stage, the yield strength of the 
aluminum alloy is as low as 20 MPa, 
while Young's modulus is only reduced 
from 70 GPa to about 24 GPa at 400°C. 
Now, information about the deformation 
processes in the friction stage can only be 
passed along into the cooling stage by 
means of elastic stresses and the accord- 
ing strains. Therefore, at the end of the 
cooling process, the effect of stresses due 
to plastic deformation (yielding, for- 
mation of flash) during the friction stage, 
expressed in terms of elastic strains, is in 
the order of magnitude of 

_ •  20 MPa = 0.083% (1) 
~'yield = E 24000 MPa 

with (~T being the yield stress at the 
local temperature reached at the end of 
the friction stage and E being Young's 
modulus. 

On the other hand, the difference in 
thermal strains (A(z • AT), which arises 
during cooling (when the yield strength is 
increasing again due to decreasing tem- 
peratures), is almost completely taken 
over from the metal close to the interface, 
as the ceramic is very stiff and does not 
yield. That difference in thermal strains is 
approximately 

1 -550K ~th = Aa- AT = 15-10 -6 ~- 

= 0.82% (2) 

This is about ten times larger than the 
elastic strains due to plastic deformation. 
The stress distribution after cooling is 
dominated by the stresses arising during 
the cooling stage, due to thermal mis- 
match. Therefore, at the end of the fric- 
tion stage, when bonding is assumed to 
take place, the stresses in the metal are 
neglected. 

Initial Conditions 

Geometry. Geometry, i.e., the shape of 
the joint after the friction process with the 
flash fully developed, just before the cool- 
ing begins, is approximated by the shape 
of the joint after cooling. As deformations 
due to thermal strains during cooling are 
small compared to the dimensions of the 
specimen (< 1%), the error introduced by 
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Fig. 2 - -  A - -  Temperature at the interface vs. time (measured and calculated); B - -  Distance from the interface (calculated). 
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this simplification is small. 
T e m p e r a t u r e  D i s t r i b u t i o n .  To deter- 

mine the temperature distribution at the 
end of the friction stage, one- and two-di- 
mensional uncoupled heat conduction 
calculations have been made using the 
Finite Element Method (FEM). A time -de- 
pendent surface heat source in the inter- 
face was assumed. Its spatial integral over 
the friction surface was chosen to equal 
the measured friction power. This follows 
from the assumption that all the energy 
supplied by the friction process is dissi- 
pated into heat. The burnoff and the re- 
sulting creation of the flash causes severe 
problems for the FEM calculations. Hot 
metallic material is extruded from the re- 
gion close to the interface into the flash. 
The interface therefore moves axially for- 
ward, deeper into the metal specimen. 
To model this process, the heat source 
would have to move forward, "deleting" 
these elements, which would be between 
the heat source and the ceramic surface. 
The deleted elements represent the ma- 
terial that, in reality, would have gone 
into the flash. This behavior could be 
modeled with finite elements, assuming 
the velocity of this forward movement 
(burnoff) is given. The burnoff rate, how- 
ever, is not known in advance; it depends 
on all process parameters, as the me- 
chanical and thermal processes are cou- 
pled in nature. Deleting these elements 
therefore is not possible. To account for 
the burnoff the following was done: 

The finite elements representing the 
material that would have gone into the 
flash cannot be removed, but they can be 
rendered inactive. In that sense, inactive 
means that they no longer take part in the 
heat conducting and heat storing pro- 
cesses. This behavior can be obtained by 
artificially modifying their thermal prop- 
erties from the moment they are to be ex- 
cluded. Now, this moment is temperature 
dependent, as it is the material that is soft 
enough, i.e., hot enough, that is extruded 
into the flash. If, for temperatures higher 
than this "softening point," the material 
parameters are rendered in the sense that 
the specific heat is largely reduced and 
the thermal conductivity strongly in- 
creased, then the material that reaches 
this temperature will not further heat up 
but instantly conduct the heat to the 
cooler regions of the metal. The elements 
become inactive, identical temperatures 
at the ceramic friction face and at the as- 
sumed momentary metallic friction face 
are guaranteed. Thus, the coupling of 
thermal and mechanical processes is 
reintroduced through the temperature 
dependance of the softening point. The 
burnoff rate now results automatically 
from this calculation; it is equal to the in- 
crease of constant temperature in this in- 

Table 1 - -  Measured Maximum Fracture Strength 

Material Combination 
Maximum Fracture Strength 

(MPa) (Ib/in. 2) 

MgO-PSZEAI-SilMgMn 200 (29,000) 
SiC/AI-Si 1MgMn 70 (10,150) 
Si3N4/AI-Sil MgMn 60 (8700) 
AI2Og/AI-Sil MgMn Not Tested (Cracks) 

Weibull Parameters of Bulk Ceramic 
in 4-Point-Bending a (Ref. 7) 
m (-) b (MPa) 

20 500 
8 350 

10 600 
11 300 

a b is often referred to as %, but is different from a0 used later in this report. 

Fig. 3 - -  Fracture surfaces. A - -  Fracture at the interface; B - -  Fracture in the ceramic specimen. 

active region; however, the softening 
temperature has to be known. In reality, 
this, of course, is a temperature range, 
depending on the material, the heat treat- 
ment and other parameters. If the 
temperatures at the interface have been 
measured in welding experiments of the 
respective materials for identical welding 
parameters, this softening temperature 
can be taken as the maximum tempera- 
ture measured. The accuracy of the ther- 
mal calculation can then be estimated by 
comparing the burnoff measured in the 
experiments and the length of the inef- 
fective region in the calculation. For all 
cases examined, these were in reason- 
ably good agreement (error < 25%), indi- 
cating that the total energy balance of the 
process is approximately accounted for 
by this simplified approach. 

One drawback of this method is that 
only one-dimensional calculations are 
possible. In two-dimensional calcula- 
tions, the heat source would not remain 
planar, which obviously does not make 
sense. Therefore, the radial component 
of the temperature distribution either has 
to be taken from temperature measure- 
ments or has to be approximated through 
a calculation neglecting the burnoff. The 
two-dimensional temperature distribu- 
tion then has to be approximated by a 
combination of these. Figure 2 shows the 
result of a one-dimensional calculation. 
Figure 2A shows the temperature curve 
for the interface, calculated and mea- 

sured; Fig. 2B gives the temperature 
distribution along the axis of symmetry of 
the specimen at the end of the friction 
stage. The inactive area ("burnoff") is 
clearly visible as an area of constant 
temperature. 

T h e r m a l  stresses. From Fig. 2 it is ob- 
vious that the temperature distribution is 
very inhomogeneous, especially in the 
ceramic (PSZ), which has a very low ther- 
mal conductivity. The ceramic therefore 
is exposed to thermal stresses, even be- 
fore stresses due to thermal mismatch 
can evolve (so far, ceramic and metal are 
assumed to be separate bodies). These 
thermal stresses are calculated in a sepa- 
rate FEM calculation for the ceramic 
specimen, with temperature being the 
only load. Thermal stresses in the metal 
are neglected as the temperature gradient 
is much smaller and, furthermore, ther- 
mal stresses are limited by the yield 
strength of the metal, which is very low 
in the hot region close to the interface, as 
pointed out earlier. 

Calculation of Residual Stresses 

With the initial conditions being de- 
termined, the calculation of the residual 
stresses after the cooling (thermal mis- 
match) is done applying the following as- 
sumptions and simplifications: 

• The temperature distribution is given 
by the results from the calculations 
described above; 

WFI IOlNG RFSFARCH c,t Ippl FIk4FiXrT I 11"~ o 



400-  
300" radial stresses at the interface (metal)., 

Si3N4 / ' ~  
200-  - . . . . . . .  SiC 

.............. A~O3 ,~  
#. lOO-  - - P s z  / ,  
=E 0 "  
U-lOO-" ....... =':: . . . . . . . .  

.200- 

-300-  

-400- 
0.01 0.1 
normalized distance from critical point (1-r/R) 

(A) 

O. 

-200. 

# . 4 0 0 .  

I~ -600, 

-800 - 

-1000 

radial stresses at the interface (ceramic] 

li',, ,;;,;,t 
0.01 0.1 1 
normalized distance from critical point (1-r/R) 

(B) 

100- 

0 
m 

11. 

t~- lO0 

-200 

axial s t r e T :  a : : j  i n t e r f a ~  

0.01 0.1 1 
normalized distance from critical point (l-r/R) 

(c) 

400[ .  axial stresses in ceramic edge 

1 - -  - -  - S~l~ 
3001~ " . . . . . . . .  SiC 

• ~ .............. AI2C~ 
, ",. PSZ 

:E 200, \ ~'" - ..... \,~',.,.,, 
"% ~ "--..,~ 

"% ,.~ 100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  :%. 

0 i I I V R I I I  U I I U I U B U U  l U U U I J l U  

0.1 1 10 
normalized distance from interface (z/R) 

(D) 

Fig. 4 - -  Stresses along different lines in the joint for different material combinations. 

• Due to nonuniform temperature dis- 
tribution, the ceramic specimen is 
subjected to thermal stresses. These 
are determined separately and consti- 
tute initial conditions of the subse- 
quent calculation; 

• The metal specimen is assumed to be 
free of thermal stresses at this mo- 
ment, as the metal is able to reduce 
stresses by creep, relaxation and re- 
crystallization; furthermore, the tem- 
perature gradient is much smaller 
than in the ceramic specimen; 

• A "perfect joint" is assumed at the in- 
terface; imperfections or interface 
cracks are neglected; 

• Linear elastic material behavior is 
assumed for the ceramic specimen; 

• The behavior of the metal is described 
by a multilinear plasticity law with 
limited isotropic hardening (yield 
strength Oy = 180 MPa, ultimate ten- 

sile strength OUT s = 250 MPa). The 

results presented here have been 
obtained using temperature-indepen- 
dent material parameters. The influ- 
ence of temperature-dependent 
strength parameters was examined 
and was found to have only little ef- 
fect on the residual stresses (Ref. 6); 

• For the results presented here, axial 
pressure is neglected; 

• Axial symmetry is assumed. 
The result of this calculation is the 

stress distribution in the joint. In Fig. 4, 
the stresses along certain lines (indicated 
in the small plots) are plotted for joints of 
the four different ceramic materials used 
in the experiments. The underlying tem- 
perature distributions were calculated 
under the assumption that the maximum 
interface temperature is the same for all 
material combinations, as this tempera- 
ture is primarily determined by the soft- 
ening behavior of the metal. Thus for the 
different material combinations, the heat 

flux measured for PSZ was iteratively 
multiplied by a factor until the calcula- 
tions yielded identical maximum tem- 
perature for all material combinations. In 
these diagrams, the distance from the in- 
terface or from the critical point, normal- 
ized with the radius R of the specimens, 
is plotted in logarithmic scale. 

From Fig. 4A, one can see that the ce- 
ramic is exposed to compressive stresses 
close to the interface. This behavior 
arises as all four ceramic materials have 
a much smaller coefficient of thermal ex- 
pansion than the aluminum alloy. It 
should be noted that the stresses in the 
ceramic seem to exhibit singular behav- 
ior, i.e., they rise toward infinity as the 
critical point is approached. The equilib- 
rium of forces requires that tensile 
stresses result in the metal. However, as 
the metal can undergo plastic deforma- 
tion, these tensile stresses do not rise to- 
ward infinity. Also, the flash stiffens the 
metal part in the vicinity of the critical 
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point, slightly reducing deformation and 
stresses in the metal and increasing those 
in the ceramic, compared to a hypo- 
thetical joint without flash. Figure 4D 
also shows singular behavior of the 
stresses in the ceramic. Axial stresses in 
the ceramic edge seem to rise toward in- 
finity, showing differences for the differ- 
ent ceramic materials. 

Figure 5 shows the stresses along the 
same lines for three joints of PSZ to 
AISi lMgMn. This figure was obtained 
using different welding parameters than 
those from Fig. 4. The joints differ only in 
geometry, the first represents a joint after 
welding (with flash), the second a joint 
after removal of the flash (ideally cylin- 
drical joint). The third represents a joint 
with an additional groove close to the in- 
terface, machined after removal of the 
flash - -  Fig. 6. 

The singular character of the radial 
stresses in the ceramic close to the inter- 
face is lost if the flash is removed or if a 

groove is added after removal of the flash. 
The same is true for the axial stresses 
along the ceramic edge. However, the 
axial stresses at the interface, close to the 
critical point, are shifted from negative 
values into the positive range, thus in- 
creasing the dangerous tensile stresses in 
the ceramic and at the interface. 

From these stress distributions alone, 
it is difficult to decide which material or 
which geometry is most suitable for fric- 
tion welding to the aluminum alloy 
AISilMgMn. Axial stresses at the inter- 
face are highest for the joint with zirco- 
nia, axial stresses along the edge of the 
ceramic specimen are highest for the 
joint with silicon carbide. In addition, the 
stresses have to be put in relation to the 
strength of the corresponding ceramic 
material. The difficulties increase, if the 
distribution of stresses does not only dif- 
fer quantitatively but qualitatively (Fig. 
5). In this case, it is almost impossible to 
rate the different stress distributions. 

Therefore, a criterion has to be found that 
allows comparison of different stress dis- 
tributions with respect to their harmful- 
ness to the ceramic specimen - -  a 
criterion that fulfills this requirement is 
the probability of failure. 

Residual Stress Measurements 

Only a few measurements of residual 
stresses were undertaken on the PSZ-AI- 
SilMgMn joint, due to the difficulties of 
these measurements in ceramic/metal 
joints. Measurements are difficult be- 
cause of extremely high stress gradients 
close to the critical point. Furthermore, 
the area of interest, the ceramic surface 
close to the critical point, is hidden 
behind the flash. Removal of the flash, 
however, alters the residual stress distri- 
bution dramatically - -  Fig. 5. Also, PSZ 
cannot be drilled by conventional meth- 
ods, making measurement by the drilling 
method almost impossible. 
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Fig. 5 - -  Stresses along different lines in the joint for different flash geometry. 
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Fig. 6 - -  A - -  Schematic sketch of joint geometry with flash; B - -  Flash removed; C - -  Groove 
added. Furthermore, the position and shape of the region neglected in 5TAU is indicated by a 
black square (size exaggerated). 

Experiments 

Machine parameters: speed of 1 
rotation, axial force, friction time / 

t 
Measured process parameters: I 
interface temperature, torque, i 
bum-off 

t , 
Derived process parameters: 
power and energy of friction 

L Measurement: I ~, 
residual stress distribution 1 "~ 

Results from tensile tests: • 
tensile strength i--. 

I 
Fig. 7 - -  Scheme of the calculations. 

Calculations 

T 

I 
==~L Temperature distribution I 

t 
Comparison Thermal stresses I 

t 
Residual=es--s I 

t 
1Residual stresses "+" stresses 

/ L  ~om extemat load I 
(Com..son)/ C 

21' 
Probability of failure 

(Comparison) ~ Strength 

Table 2 - -  Probability of Failure after Cooling (with Flash) 

AI-Sil MgMn- PSZ AI203 SiC 

Pf 3.1 * 10 -8 1.0 * 10- 2 1.3 * 10- 2 

Table 3 - -  Probability of Failure for Different Joint Geometries after Cooling 

AI-SilMgMn-PSZ with Flash Flash Removed 

Pf 3.3 * 10 -9 9.1 * 10-11 

Si3N4 

2.3 * 10- 5 

Groove Added 

2.8 * 10 -11 

strength of ceramic parts can only be 
given in terms of probability of failure. 

For the ceramic component of the 
joint, this probability of failure is calcu- 
lated by the program STAU, developed at 
the Institute for Reliability and Failure 
Analysis, University of Karlsruhe (Refs. 8, 
9). The program needs for input the stress 
distribution in the form of FEM results, 
the Weibull parameters of the ceramic 
material and the failure criterion (multi- 
axiality criterion) to be used. It must 
be emphasized that only failure in the 
ceramic specimen is taken into consider- 
ation by this calculation, failure at the 
interface or in the metal cannot be 
predicted. 

For the calculation of the probability 
of failure, a few more simplifications 
have to be made. The most important 
simplification is necessary because of the 
singular character of the stresses in the 
vicinity of the free edge of the interface. 
In linear elastic theory, stresses at such a 
point rise toward infinity. As the FEM is 
not able to describe this behavior in an 
adequate manner, FEM results for the el- 
ements next to this point are meaning- 
less. These elements have to be exempt 
from the calculation of the probability of 
failure. This will cause an error in the cal- 
culated probability of failure, because a 
small but highly loaded region is ne- 
glected. However, the size of this region 
is chosen identically for all calculations. 
The results, therefore, do have meaning if 
they are compared to each other. The val- 
ues obtained do underestimate the prob- 
ability of failure and should be compared 
only qualitatively to experimental results. 
It also has to be noted that the size of the 
neglected region, depicted in Fig. 6, is 40 
pm x 40 pm. For the PSZ used, this equals 
approximately the size of one grain (av- 
erage 50 pro). Thus, even without a sin- 
gularity, the FEM results would be 
inaccurate in such a small region, as the 
continuum mechanics approach disre- 
gards the real microscopic structure of 
the material. 

Equation 3 gives the basic equation of 
the calculation of the probability of fail- 
ure, implemented in the program STAU, 

The measurements of radial stresses in 
the metal specimen by the drilling 
method (conducted at the 5taatl iche Ma- 
terialprCffungsanstalt, MPA, University o f  
Stuttgart, a partner in the friction welding 
research program) yielded stresses simi- 
lar to those obtained by the FEM calcula- 
tions (error -< 15%). The stresses were 
measured between 2 mm and 6 mm from 
the interface. Taking all the simplifica- 
tions and assumptions into account, this 
is in reasonable agreement. 

Probability of Failure 

Fracture of ceramic materials is initi- 
ated from natural volume flaws or from 
surface flaws. Fracture occurs if one 
crack exhibits unstable (catastrophical) 
crack growth, i.e., if for the most danger- 
ous combination of crack position, crack 
length, crack orientation and stress distri- 
bution the fracture resistance of the ma- 
terial is exceeded. As flaws are 
distributed in a statistical manner, 

_(" I r  I~2~oeq3 m 
Pf = 1-exF~ -~-~ J'~'~J JI-zEI 

\ 0v 0 0 \  02 
sine dO de dV (3) 

where Vis the volume of the specimen, V o 
is the unit volume, o'eq is the equivalent 

stress (not identical with the yield criterion 
in plasticity), describing the effect of the 
multiaxial stresses in terms of an equivalent 
uniaxial quantity (calculated using a flaw 
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Fig. 8 - -  Probability o f  failure vs. external load for different material combinations. 

model and a failure criterion), 0 and ~ are 
the angles describing the orientation of a 
flaw and o" 0 and m are the Weibull param- 

eters of the ceramic material. 
Before the results of these calcu- 

lations are presented, the course of such 
a calculation is demonstrated in a 
s c h e m e -  Fig. 7. 

Results 

Table 2 gives the probability of failure 
Pf for the different material combinations 
after cooling, e.g., under residual 
stresses only. 

Table 2 clearly shows that the joint 
with PSZ has the lowest probability of 
failure, while that for the joint with SigN 4 
is about 3 orders of magnitude, for the 
ones with AI203 and SiC even 5 orders of 
magnitude higher. More important for the 
application of these joints is the strength, 
i.e., the failure probability under external 

load, which can be obtained for the 
joints. It is calculated for a joint subjected 
to tensile loading. Again, it has to be em- 
phasized that these strength values de- 
scribe failure of the ceramic due to 
residual stresses and stresses from exter- 
nal loading. No statement is made about 
the strength of the interface. Interfacial 
failure may occur before these values are 
reached. Figure 8 shows the probability 
of failure versus the applied tensile stress. 
The joint with AI203 yields the lowest 
strength, the one with SiC is slightly bet- 
ter, but shows larger scatter ( i .e . ,  the 
curve is less steep). The joint with PSZ 
yields an excellent scatter at even higher 
strength, whereas the joint with Si3N4, 
whiCh reaches the highest strength val- 
ues, shows very wide scatter. For small or 
zero loading, its probability of failure ex- 
ceeds that for the joint with PSZ (Table 1 ). 

From Table 2 and Fig. 8 it follows that 
the AI-Sil MgMn-PSZ joint seems to have 
the highest potential in regard to joint 

strength at small scatter. Table 3 gives the 
probability of failure for the AI- 
SilMgMn- PSZ joint with flash and the 
joints of the same material combination 
with the flash removed and a groove 
added. 

The removal of the flash seems to have 
a positive influence on the residual 
stresses. The probability of failure is 
strongly reduced. An additional groove re- 
duces the probability of failure even fur- 
ther. Under external load, the joint with 
the flash fails at lower tensile stresses than 
either the one without flash or the one 
with an additional groove - -  Fig. 9. A bet- 
ter picture of this situation can be obtained 
if the results are plotted on a Weibull dia- 
gram, which clearly shows that for all 
stress levels the joint with the flash re- 
moved exhibits a lower probability of fail- 
ure, i.e., it should be stronger. On the other 
hand, there is the increase of the axial 
stresses at the interface (Fig. 5C), which 
may lead to early interface failure, thus it 

1.0 

0.8. 

0.6, 
D.."- 

0.4. 

0.2. 

0 .  
0 

,... , 

- . o . -  groove added 
f l a s h  r e m o v e d "  

• . .e. . . .  w i th  f l a s h  i 

i 

100 200 
Tensile load, MPa 

(A) 

o 

lO 
-15 - 

- 2 0  
i 

,-  -25 
m 

-30 
-35 

10 

- . o . -  groove added = , i -  
....,>-. flash removed e "e _ .  

. e "  

• ..=-... with flash I.#" / 

. . 0 "  
,4V '°  

2'0 30 '5"0" "~ 
Tensile load, MPa 

(a) 

26o 

Fig. 9 - -  Probab i l i t y  o f  fa i lure vs. externa l  l oad  fo r  P S Z - A I - 5 i l M g M n  jo in ts ;  A - -  L inear  scale; B - -  Logar i t hm ic  scale. 

WELDING RESEARCH SUPPLEMENT[ 121-s 



is diff icult to judge whether the higher 
strength values predicted can really be ob- 
tained. However, it is clear that it has 
strong influence on the behavior of the 
joint. Results for variations of geometry or 
process parameters can be found in Refs. 
5 and 6. Experiments verifying these nu- 
merical results in terms of strength were 
undertaken and the results wi l l  be pub- 
lished in a separate paper (Ref. 10), to- 
gether wi th more experimental 
examinations. 

C o n c l u s i o n s  

For a wide range of process parame- 
ters, strength values can be expected that 
reach or even exceed those commonly 
obtained from other joining techniques. 

The theoretical examinations clearly 
indicate that the edge geometry of the 
joint in the vicini ty of the interface (flash) 
has strong influence on joint strength. Im- 
provement of joint strength seems to be 
possible by optimization of the geometry 
in the vicini ty of the interface. The influ- 
ence of we ld ing parameters on jo int  
strength through residual stresses is com- 
paratively small. However, welding pa- 
rameters may have great inf luence on 
joint strength by means of the bonding 
process, resulting in higher or lower in- 
terface strength. 

Furthermore, the good suitabil i ty of 

the combinat ion PSZ-AI-Si1MgMn for 
the friction welding process, which was 
observed in the experiments, was con- 
firmed through the calculations. Finally, 
the FEM post-processor STAU proved to 
be a powerful tool to rank the results of 
FEM calculations for different materials, 
geometries or loads in terms of suscepti- 
bi l i ty to failure. 
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Table A - -  Material Data 

A p p e n d i x  

Material: AI-SilMgMn PSZ AI203 SiC Si3N 4 

Young's Modulus E (GPa) 70 200 400 350 300 
Poisson's Ratio v (--) 0.3 0.26 0.22 0.20 0.28 
Density p (g/cm g) 2.7 6.0 3.9 3.0 3,25 
Thermal Expansion Coeff. (x (10-6K -1) 23.4 11.0 8.0 4.0 3.2 
Thermal Conductivity ~. (W/mK) 200.0 2.5 26.0 100.0 9.0 
Specific Heat c (J/gK) 0.95 0.5 0.9 0.6 0.8 
Yield Strength o r (MPa) 180 . . . .  
UItimateTensile Strength OUT s (MPa) 250 . . . .  

Weibull Parameters (4-point-bending): 

Bending Strength b (o" 0) (MPa) - -  500 300 350 600 
Weibull Modulus m (--) - -  20 11 8 10 

Table B m Welding Parameters 

Speed of Rotation (rpm) 1500-5000 
Friction Pressure (MICa) 20-80 
Forge Pressure (MPa) 30-150 
Friction Time (s) 0.5-1.5 
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